Recreating a Functional Ancestral Archosaur Visual Pigment

Belinda S. W. Chang,* Karolina Jonsson,* Manija A. Kazmi,* Michael J. Donoghue, T and

Thomas P. Sakmar*

*Laboratory of Molecular Biology & Biochemistry, The Rockefeller University, New York; and TDepartment of Ecology &

Evolutionary Biology, Yale University

The ancestors of the archosaurs, a major branch of the diapsid reptiles, originated more than 240 MYA near the
dawn of the Triassic Period. We used maximum likelihood phylogenetic ancestral reconstruction methods and
explored different models of evolution for inferring the amino acid sequence of a putative ancestral archosaur visual
pigment. Three different types of maximum likelihood models were used: nucleotide-based, amino acid-based, and
codon-based models. Where possible, within each type of model, likelihood ratio tests were used to determine which
model best fit the data. Ancestral reconstructions of the ancestral archosaur node using the best-fitting models of
each type were found to be in agreement, except for three amino acid residues at which one reconstruction differed
from the other two. To determine if these ancestral pigments would be functionally active, the corresponding genes
were chemically synthesized and then expressed in a mammalian cell line in tissue culture. The expressed artificial
genes were al found to bind to 11-cisretinal to yield stable photoactive pigments with A\, values of about 508
nm, which is dightly redshifted relative to that of extant vertebrate pigments. The ancestral archosaur pigments
also activated the retinal G protein transducin, as measured in a fluorescence assay. Our results show that ancestral
genes from ancient organisms can be reconstructed de novo and tested for function using a combination of phy-

logenetic and biochemical methods.

Introduction

Visual pigments trigger the critical first step in the
biochemica cascade of vision (Stryer 1986). Several
key features of visua pigments have been conserved
throughout evolution. For example, a retinylidene chro-
mophore is linked covalently via a Schiff base to a high-
ly conserved lysine residue in all cases. But visual pig-
ments have also evolved to perform specialized func-
tions, such as color vision and scotopic (dim light) vi-
sion. Rhodopsin is specialized for high sensitivity under
conditions of dim light. It has evolved several unique
photochemical and biochemical properties, including an
unusually high quantum efficiency, an extremely low
level of biochemical noise in darkness, and an absorp-
tion maximum at about 500 nm (Menon, Han, and Sak-
mar 2001).

One experimental approach used in studies of mo-
lecular evolution is the use of phylogenetic methods to
infer ancestral sequences of biological molecules with
the aim of recreating extinct genes or proteins in the
laboratory (Chang and Donoghue 2000). This approach
shows much promise for investigating the function and
evolution of ancient proteins (Macolm et a. 1990;
Adey et al. 1994; Chandrasekharan et al. 1996; Dean
and Golding 1997; Bishop, Dean, and Mitchell-Olds
2000), and perhaps even the organisms in which they
existed (Jermann et al. 1995; Messier and Stewart 1997,
Nei, Zhang, and Yokoyama 1997; Boissinot et a. 1998;
Galtier, Tourasse, and Gouy 1999). But in taking these
studies of ancestral proteins into the laboratory, few ex-
perimental studies have explored the use of maximum
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likelihood methods of ancestral reconstruction, particu-
larly in the light of the plethora of likelihood models
now available. Using maximum likelihood methods
(Felsenstein 1981; Yang, Kumar, and Nei 1995) we ex-
plored different models for reconstructing an ancestral
archosaur rhodopsin. Once inferred, the phylogenetical-
ly reconstructed archosaur rhodopsin gene sequences
were then synthesized, expressed, and assayed for func-
tion in the laboratory. The ancestra archosaurs were
chosen as a test case for this type of molecular pale-
ontological approach for two reasons. First, although the
archosaur lineage gave rise to some of the largest rep-
tiles to walk the earth, including the late Cretaceous car-
nivorous dinosaurs, little is known yet of the physiology
and behavior of their ancestors. Because visual pigments
constitute the critical first step in the visual phototrans-
duction cascade in the eye and rhodopsin in particular
is essential for vision at low light levels, recreating the
inferred visual pigments of the archosaur ancestors in
the laboratory should be an important initial step toward
a better understanding of their visual capabilities that is
difficult to obtain using other means. Second, diver-
gences among extant archosaur rhodopsin protein se-
quences are no more than 16%, levels within the range
at which likelihood methods of ancestral reconstruction
should work reasonably well.

Materials and Methods
Ancestral Reconstruction

Thirty vertebrate rhodopsin nucleotide sequences
were obtained from GenBank, aligned with ClustalW,
and adjusted by eye to ensure the alignment of struc-
turally important amino acids and that no gaps existed
within codons. Because the amino acids at the extreme
ends of rhodopsin (21 amino acids at the N-terminus
and 25 amino acids after the pamitoylation site at the
C-terminus) are not thought to be important in deter-
mining any aspect of either photon absorption or trans-
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Fic. 1.—Vertebrate phylogeny used for ancestral sequence reconstruction of the archosaur node, with approximate \ ., for extant rhodopsins
indicated in italics. References for rhodopsin genes and spectral measurements are as follows: American alligator, Alligator mississippiensis
(Lythgoe 1972; Smith et al. 1995a); pigeon, Columbia livia (Bowmaker et a. 1997; Kawamura, Blow, and Yokoyama 1999); chicken, Gallus
gallus (Takao, Yasui, and Tokunaga 1988; Bowmaker et al. 1997; Heath et al. 1997); zebra finch, Taeniopygia guttata (Bowmaker et al. 1997,
Yokoyama, Blow, and Radlwimmer 2000); green anole, Anolis carolinensis (Kawamura and Yokoyama 1998); human, Homo sapiens (Nathans,
Thomas, and Hogness 1984; difference spectrum); crab eating macaque, Macaca fascicularis (Baylor, Nunn, and Schnapf 1984; Schnapf et al.
1988; Nickells et a. 1995); dog, Canis familiaris (Kylma et a. 1997); European rabbit, Oryctolagus cuniculus (Lythgoe 1972; Smith et al.
1995hb); cow, Bos taurus (Nathans and Hogness 1983); mouse, Mus musculus (Lythgoe 1972; Baehr et al. 1988); Norway rat, Rattus norvegicus
(Z246957; Crouch 1976); Chinese hamster, Cricetulus griseus (Gale, Tobey, and D’ Anna 1992); Northern leopard frog, Rana pipiens (Pittler,
Fliesler, and Baehr 1992; Fyhrquist et al. 1998b); common frog, Rana temporaria (Fyhrquist et al. 1998a); European toad, Bufo bufo (Fyhrquist
et a. 1998h); giant toad, Bufo marinus (Fyhrquist et al. 1998b); African clawed frog, Xenopus laevis (Saha and Grainger 1993; Koskelainen et
a. 2000); tiger salamander, Ambystoma tigrinum (Makino et al. 1999); goldfish, Carassius auratus (Johnson et al. 1993); common carp, Cyprinus
carpio (Tsa et a. 1994); zebrafish, Danio rerio (Lythgoe 1972; Vihtelic, Doro, and Hyde 1999); Mexican characin, Astyanax fasciatus (Yo-
koyama, Knox, and Yokoyama 1995); sandgoby, Pomatoschistus minutus (Archer, Lythgoe, and Hall 1992); soldierfish, Myripristis berndti
(U57538); European eel, Anguilla anguilla (Archer, Hope, and Partridge 1995); conger eel, Conger conger (Archer and Hirano 1996); skate,
Raja erinacea (Cornwall et al. 1989; O'Brien, Ripps, and Al-Ubaidi 1997); Japanese lamprey, Lampetra japonica (Hisatomi et al. 1991); sea
lamprey, Petromyzon marinus (Harosi and Kleinschmidt 1993; Zhang and Yokoyama 1997). All measurements are for A1 pigments.

ducin activation and are more problematic to align with
confidence, they were excluded from the ancestra re-
construction analysis (with corresponding residues from
bovine rhodopsin used for the synthetic archosaur gene).
The aligned vertebrate rhodopsin sequences were used
to reconstruct the ancestral archosaur sequence using the
phylogeny in figure 1, which reflects current understand-
ing of systematic relationships among the major verte-
brate lineages (Carroll 1997; de Jong 1998).

Ancestral reconstructions of the archosaur node
were performed using maximum likelihood methods
(Felsenstein 1981; Yang, Kumar, and Nei 1995), as im-
plemented in the PAML program (Yang 1997). Marginal
posterior probabilities at each site were also calculated
in this program. It is important to note that these pos-
terior probabilities are computed using the empirical
Bayes approach, which does not account for errors in
the parameter estimates or in the phylogeny itself.
Where possible, pairwise likelihood ratio tests were
used to assess among nested models which best fit the
data at hand, a common approach for identifying models
for use in likelihood analyses (Navidi, Churchill, and
von Haeseler 1991; Yang, Goldman, and Friday 1994;
Sullivan and Swofford 1997).

Synthetic Gene Design, Construction, and Expression

The artificial archosaur gene was synthesized in
large fragments (168 to 230-mers) on a solid-phase ol-
igonucleotide synthesizer (Applied Biosystems, model
392). The synthesized fragments were amplified using
the Pfu polymerase (Stratagene), cloned into the pCR-
Blunt vector (Invitrogen), pieced together using unique
restriction sites, and then cloned into a mammalian ex-
pression vector (pMT). The artificial archosaur gene was
expressed and purified by previously described methods
(Han et al. 1996), essentially by transient transfection
into COS cells using Lipofectamine Plus (Life Technol-
ogies), harvested after 48 h, regenerated in 5 uM 11-cis
retinal, solubilized in 1% n-dodecyl-B-p-maltoside de-
tergent, and immunoaffinity purified using the 1D4
monoclonal antibody. Absorbance spectroscopy was
performed at 25°C using a Perkin-Elmer Lambda 800
spectrophotometer, using quartz cuvettes with a 1-cm
pathlength. Transducin fluorescence was monitored at
10°C using an SPEX spectrofluorometer equipped with
a Xenon arc lamp by methods described previously (Ma-
rin et a. 2000).



Table 1
Maximum Likelihood Scores and Likelihood Ratio Tests

LIKELIHOOD RATIO TESTS

LIKELIHOOD

NuUCLEOTIDE SCORES GTR + ' HKY8 + T
JCE9 + 1T ...t —13,248 703.4* (8) 694.2* (4)
K8 + 1T ............. —12,964 134.4* (7) 125.2* (3)
F81L+1T ............. —13,184 574.0* (5) 564.8* (1)
HKY8 +T'.......... —12,901 9.2 (4) NA
GTR+T............. —12,897 NA NA

CoDbON F61 + T

Fuvelr+1T............ —11,784  719.9* (60)
FI1X4+T .......... —11,698  547.4* (57)
F3xXa4+T.......... —-11,572  296.6* (51)
F6L+ T ............. —11,424 NA

AMINO ACID
Poisson + F+ T"...... —5,065
MTMAM + F+ T .... —4715
Dayhoff78 + F + I'.... —4,607
Jones92 + F + 1 ..... —4,584

Note.—Likelihood ratio tests are pairwise comparisons to the model listed
at the top of the column. Significance of the likelihood ratio test statistic (2AL)
is approximated using the x?(qn, distribution, with degrees of freedom (indicated
in parentheses) equal to the difference in number of parameters between the two
models. Best fitting model of each type indicated in bold. * P < 0.001. NA, not
applicable.

Results and Discussion

Reconstructions of the ancestral archosaur rhodop-
sin were performed using the data set of vertebrate rho-
dopsin genes available in GenBank and a phylogeny
(fig. 1) that reflects current understanding of systematic
relationships among the major vertebrate lineages (Car-
roll 1997; de Jong 1998). Phylogenetic reconstructions
using model-based methods such as maximum likeli-
hood are known to be sensitive to the assumptions of
the particular model used in the analysis. Oversimplified
models can yield misleading phylogenetic reconstruc-
tions (Cao et a. 1994; Huelsenbeck 1997) and may aso
be problematic when reconstructing ancestral states
(Chang and Donoghue 2000). Therefore, we performed
ancestral reconstructions using several models for each
of the three types of reconstructions (nucleotide-based,
amino acid-based, and codon-based). To determine
which model of each type provided the best fit to the
data, likelihood ratio tests (Navidi, Churchill, and von
Haeseler 1991; Yang, Goldman, and Friday 1994) were
carried out among pairs of nested models (table 1).
Among nucleotide reconstructions, although GTR+T
(Yang 1994) gave the highest overall likelihood score,
it was not significantly better than HKY +I" (P = 0.33;
Hasegawa, Kishino, and Yano 1985), which in turn was
significantly better than all ssmpler models tested. For
codon-based reconstructions (Goldman and Yang 1994,
Muse and Gaut 1994), the most parameter-rich model in
which al the codon frequencies are alowed to vary,
F61+T", was significantly better than simpler models
tested. Among the amino acid models shown in table 1,
which differ only in the fixed substitution rate matrices,
Jones+F+TI" (Jones, Taylor, and Thornton 1992) gave
the highest likelihood score. For all models tested, elim-
inating the T" distribution, which accounts for among-
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site rate heterogeneity, resulted in a significantly worse
fit to the data (HKY: 2AL = 2824.6, x7,) = 6.63, P <
0.001; F61: 2AL = 4425, xj;; = 6.63, P < 0.001;
Jones: 2AL = 4488, xgy = 6.63, P < 0.001). Not
allowing amino acid frequencies to vary in the
Jones+F+G model aso proved to be significantly
worse (2AL = 110.7, xfiqy = 36.2, P < 0.001).

For the three best-fitting models, likelihood recon-
structions of the ancestral archosaur rhodopsin were
found to be in agreement at all but three amino acid
sites (positions 213, 217, and 218), at which one of the
three reconstructions differed from the other two. At po-
sition 213, the HKY +1I" model gave lle instead of Thr;
at 217, Jones+F+1I" gave Alainstead of Thr; and at 218,
Jones+F+TI" gave lle instead of Val. In designing the
synthetic archosaur gene shown in figure 2, the residue
that agreed in two of the reconstructions was chosen; in
fact, posterior probabilities for this residue tended to be
higher than that for the alternative reconstructions
(F61+I" model: T213 (0.85), T217 (0.82), V218 (0.76);
HKY +I" model: 1213 (0.60), T217 (0.86), V218 (0.75);
Jones+F+I" model: T213 (0.71), A217 (0.39), 1218
(0.62)). Note that across all reconstructed sites, marginal
posterior probabilities tended to be above 0.9 for the
best-fitting models (fig. 2, inset). On the basis of the
crystal structure of bovine rhodopsin (Palczewski et al.
2000), amino acid side chains at positions 213, 217, and
218 are expected to reside in the fifth transmembrane
helix facing the bilayer lipid and might not be expected
to significantly affect function, particularly in terms of
spectral sensitivity and second-messenger activation. To
test whether thisis the case, we also synthesized a series
of archosaur rhodopsin variants that contained the alter-
nate amino acid reconstructions at the three sites (single
mutants T213I, T217A, V218I, as well as atriple mutant
incorporating all three substitutions).

The reconstructed ancestral archosaur rhodopsin
amino acid sequence shown in figure 2 was used to de-
sign an artificial gene, which was synthesized in large
fragments (168- to 230-mers) on a solid-phase oligo-
nucleotide synthesizer. The synthesized fragments were
amplified using the Pfu polymerase, cloned into the
pCR-Blunt vector, pieced together using unique restric-
tion sites, and cloned into a mammalian expression vec-
tor (pMT). This artificially synthesized ancestral archo-
saur gene was then transfected into monkey kidney
(COS-1) cells, harvested, regenerated with 11-cis retinal
in the COS cell membranes, solubilized, and purified
(Ferretti et al. 1986; Chang, Kazmi, and Sakmar 2002).

The purified ancestral archosaur rhodopsin bound
to 11-cis retinal to produce a stable pigment with a vis-
ible absorption maximum at 508 nm (fig. 3A), which is
redshifted from that of most mammalian and fish rho-
dopsins but within the higher end of the range of values
reported for reptiles and particularly birds, which tend
to have longer wavelength—absorbing rhodopsins (see
fig. 1). Upon bleaching with light, the visible absorption
peak shifted to 383 nm, which is characteristic of the
active conformation of metarhodopsin Il (inset, fig. 3A).
To determine if the light-activated conformation of the
ancestral archosaur rhodopsin was functionally active, a
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Fic. 2—Protein sequence of the reconstructed ancestral archosaur rhodopsin drawn as a schematic on the basis of the crystal structure for
bovine rhodopsin (Palczewski et al. 2000). Sites that differ among the best three reconstructions, for which variants were aso synthesized, are
marked in red. The 38 residues that differ from bovine or alligator rhodopsin are marked in green. Inset, frequencies of marginal posterior
probabilities calculated for the most likely amino acid reconstruction at each site of the ancestral archosaur rhodopsin sequence. These posterior
probabilities, which represent the likelihood of having reconstructed the correct amino acid, under the assumptions of the model used, were
calculated for the best-fitting nucleotide (HKY +T", purple bars), codon (F61+1", yellow bars), and amino acid (Jones+F+T", red bars) models.

fluorescence assay was used to measure guanine-nucle-
otide uptake by the heterotrimeric G-protein transducin.
The photolyzed archosaur pigment activated transducin
at a rate similar to that of bovine rhodopsin (86% nor-
malized relative to bovine rhodopsin; fig. 3B). Similar
experiments were carried out on the ancestral archosaur
rhodopsin variants (T213l, T217A, and V218l), which
represent al possible aternate reconstructions. These
variants showed similar results both in terms of spectral
properties (\ma = 508 for all three) and transducin ac-
tivation rates (83%, 74%, and 79%, respectively). A tri-
ple-replacement variant was also found to have spectral
properties similar to the archosaur rhodopsin (\yax =
509).

These results indicate that the ancestral archosaur
rhodopsin synthesized in the laboratory is able to acti-

vate the G-protein transducin in much the same way as
bovine rhodopsin when assayed directly and that its
spectrum is glightly redshifted. Moreover, at this level
of divergence alternate amino acid reconstructions gen-
erated by different likelihood models, which were also
synthesized and expressed, displayed similar functional
characteristics. This indicates that archosaurs may have
had a class of visua pigments that would support dim-
light vision, which is consistent with the intriguing pos-
sibility that nocturnal, not diurnal, life histories may
have been the ancestral state in amniotes (Gauthier
1994), though further studies will be needed to clarify
this issue.

Fossils preserved well enough to shed light on
physiology and behavior are extremely rare (Ruben et
al. 1999; Fisher et al. 2000). Attempts to amplify ancient
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Fic. 3.—In vitro expression of the artificial ancestral archosaur rho-
dopsin gene. (A) Dark absorption spectrum for the archosaur pigment
recorded using a Perkin-Elmer spectrophotometer (model 800) at 25°C.
Inset, a difference spectrum generated by taking an absorbance spec-
trum after bleaching with a fiber optic lamp equipped with along-pass
filter (>495 nm) for 30 s and subtracting it from the dark spectrum.
Ancestral archosaur rhodopsin was expressed by transient transfection
into COS cells using Lipofectamine Plus (Life Technologies), har-
vested after 48 h, regenerated in 5 uM 11-cis retina, solubilized in
1% n-dodecyl-B-p-maltoside detergent (50 mM Tris pH 6.8, 100 mM
NaCl, 1 mM CaCl,), and immunoaffinity purified using the 1D4 mono-
clonal antibody. (B) Rate of transducin activation by purified ancestral
archosaur rhodopsin as measured by increases in fluorescence intensity
(plotted in red), plotted against similarly treated bovine rhodopsin as
a control (plotted in black). Fluorescence intensities are normalized to
values at the time of GTPyS addition. Fluorescence of G, (250 nM),
catalyzed by 1 nM rhodopsin in the presence of excess GTPyS, was
monitored at 10°C using a SPEX spectrofluorometer equipped with a
Xenon arc lamp by methods described previously (Marin et al. 2000).

DNA from exceptional samples preserved in amber or
from dinosaur bone extracted from Cretaceous period
coa beds have met with questionable success; in fact,
material older than several hundred thousand years may
not prove to be areliable source of DNA, except under
highly unusual circumstances (Hoss et al. 1996). An en-
tirely different approach is to use phylogenetic methods
to infer ancestral sequences (Yang, Kumar, and Nei
1995). One elegant study (Jermann et al. 1995) recreated
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in the laboratory the molecular evolution of ribonucle-
ase, specifically in the artiodacty! lineage, whose ances-
tor was estimated to have lived approximately 40 MYA.
These types of approaches combine phylogenetic infer-
ence of ancestral gene structure with gene synthesis
methods to obtain biological molecules that can be char-
acterized in detail to provide a better understanding of
the biology of ancient animals.

Supplementary Material

The vertebrate rhodopsin alignment used to infer
the sequence of an ancestral archosaur rhodopsin has
been deposited in the EMBL alignment database (Ac-
cession number ALIGN_-000323). The synthetic archo-
saur rhodopsin sequence has been deposited in GenBank
(Accession number AF310191).
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