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Fic. 1.—Alignment of a subset of FPs, spanning all representative genus. Phylogenic analysis was performed on the 104 sequences listed in the
supplementary file 1 (Supplementary Material online).
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F1G. 2.—Trees generated for the chromophore region (bottom) and for the nonchromophore terminal regions (top). The trees were generated using
parsimony and robustness of nodes inferred with bootstrap analyses. The dotted lines indicate the general region of the trees where robustness falls
below 70%. Bayes analyses were also performed (see supplementary file 3, Supplementary Material online), and the dotted line also indicates the
general region where posterior probabilities fall below 0.90. Colors at the tips of the tree indicate the color of the GFP—green = green; light blue =
cyan; orange = orange; black = mutant; yellow = yellow; pink = chromatic; red = red; dark blue = Kaede; and white = unknown.

indicated that the same or similar set of sites were under
selection. Rates of evolution of the 45-residue chromophore
region versus the rest of the protein were estimated using
HYPHY (Kosakovsky et al. 2005) with the relratio option.
Default settings were used, and the relative ratio of the rates
of these two regions of the protein was tested using six
different criteria: Dayhoff, WAG, Jones, Fitness, EX,
and reversible model (for details of each, see HYPHY;
Kosakovsky et al. 2005).

Results

Molecular evolutionary analysis of 18 Indo-Pacific
coral FPs (9 full length, 9 partial length) and 10 Caribbean
FPs (all full length) cloned by this group (Kao et al.
2007) and 74 additional FP sequences (encompassing
Scleractinia, Actiniaria, Corallimorpharia, Ceriantharia,
Hydroida, Copepoda, and Amphioxus) of known geo-
graphic origin (supplementary file 1, Supplementary Mate-
rial online) revealed a conserved region located
approximately in the middle of the molecule that includes
the light-emitting tripeptide chromophore (i.e., for en-
hanced green fluorescent protein, Ser65-Tyr66-Gly67)
(figs. 1, 3, and 6). Molecular phylogenetic analyses were
then undertaken by partitioned analysis of this conserved
region and the remainder of the protein. The initial analyses
using the intensive longitudinal data (ILD) test revealed dis-
tinct evolutionary processes at work on a central conserved
region and two flanking regions (we reject the null hypoth-

esis of congruence at P > (.25 with this test). The analysis
was repeated by sliding a 40—amino acid window (repre-
senting the potential boundary size of the region) in the car-
boxyl direction by 5—amino acid increments (fig. 3) to
precisely locate the boundary of the interior conserved re-
gion. This revealed a distinct central region, demarcated by
residues 70-115 (figs. 1 and 3; residues correspond to se-
quence alignment, fig. 1). The central region displays
a sharply divergent evolutionary pattern from the rest of
the protein (ILD test; P > 0.25). This central region
evolves slowly under stabilizing selection. Consistent with
this finding, the rate of molecular change in this middle con-
served region is much slower than the terminal regions
(relative ratio of rates of terminal regions to the middle
conserved region ranges from 1.68 to 1.77 depending on
input criteria; see supplementary data, Supplementary Ma-
terial online). This central region consists of the chromo-
phore containing alpha helix and a single beta strand.
The beta strand faces inward in the tetrameric FP complex
(fig. 4). The terminal regions are under intense Darwinian
selection and evolve rapidly with mutations appearing at
sites of putative protein—protein interactions (fig. 5), with
no difference (ILD test; P < 0.01) observed between the
amino and carboxyl regions. In addition, phylogenetic trees
generated from the middle region and from the combined
terminal regions revealed that fluorescence color is signif-
icantly associated with the terminal hypervariable regions
and not with the middle conserved region (KH test
P < 0.013-0.039; Templeton test P < 0.022-0.039;
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Fic. 3.—Regions of divergent molecular evolution in FPs. Map of a typical FP is shown with terminal regions in blue, the internal chromophore
region in yellow, and the 3-residue chromophore in red. Below the map are lines representing 40-residue sliding window segments (with region
designated) that were examined for congruence with the terminal regions. Blue lines indicate sliding windows that were shown to be incongruent with
the terminal regions with statistical significance. The histogram below the map plots the difference in number of steps it takes to construct
a phylogenetic tree using the N/C-terminal regions versus the middle region, for each residue in the protein. Residue position is indicated at the bottom.

marginal significance winning site test P < 0.071-0.125).  form a surface patch that closely aligns with the conserved

Surprisingly, similar tests for association of geography or binding region of the nidogens (fig. 6).

taxonomy with these FP regions were not significant.
FPs were aligned to the structure of nidogens, a family

of extracellular matrix proteins that unexpectedly displayed

anearly identical crystal structure to that of FPs (Hopf et al. The results indicate that FPs possess two regions under

2001). The N-terminal hypervariable amino acids of FPs  distinct molecular evolutionary pressures. When aligned to

Discussion

Fic. 4—The conserved central domain (red) and flanking variable domains (white/grey) imposed on a ribbon diagram of monomer (A) and
tetramer (B and C) of the red fluorescent protein crystal structure. (B) A standard view of the tetramer. (C) A slight rotation to highlight the proximity of
the beta strands of the conserved region. (D) Electron density map created in Chimera (Pettersen et al. 2004) depicting residues (in red) corresponding to
the middle conserved region mapped to the crystal structure of discosoma red flourescent protein.
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Fic. 5.—Ball and stick diagram depicting residues (in red) undergoing rapid molecular change mapped to the crystal structure of discosoma red
fluorescent protein. These residues were determined by analyses of FPs derived from Montastrea cavernosa from different geographic regions

(supplementary data, Supplementary Material online).

the crystal structure, residues undergoing rapid evolution
map to a single patch on the exterior of the tetramer and
point outward (fig. 5). By contrast, the middle conserved
region contains the chromophore followed by a single beta
strand, part of which forms a pocket or channel (figs. 3 and
4) in the center of the tetrameric structure. However, this
central conserved region does not appear to contain those
residues necessary for tetramerization of FPs. Based on the

Red fluorescent protein amino acid sequence
*

% * *
1 |mrssknvike fmrfkvrmeg tvngh

[+]
hefe gegegrpyeg Ihjnft kKl

sequence of the entire protein, FPs separate on the basis of
color (Ugalde et al. 2004; Field et al. 2006; Kao et al. 2007);
however, only the terminal hypervariable regions of FPs,
which do not include the chromophore, track with color
evolution. Conversely, the region containing the chromo-
phore evolves independently from the rest of the protein
and does not track fluorescence color (fig. 2). After identi-
fying the conserved internal region, we hypothesized that

*  *
kvtk ggplpfawdi

* * * * * % * %k
61 [1lspgfQY¥Gsk vyvkhpadip dykklsfpeg fkwervmnfe dggvvitvtqd sslgdgcfiy|

*
121 |kvkfigvnfp sdgpvmgkkt mgweasterl yprdgvlkge ihkalklkdg ghylvefksi]

181 |ymakkpvglp gyyyvdskld itshnedyti vegyertegr hhlfl]

is the conserved central FP region

Orange shade@ regions are the N- and C-terminal variable regions
Red represents fluorescent protein residues homologous to Perlecan-binding residues in Nidogens

*Asterisks are highly variable amino acids

Boxed|residues are both homologus Perlecan-binding residues in Nidogens and highly variable residues in

fluorescent proteins

CAPITAL sequence (QYG) are the chromophore forming residues.

FiG. 6.—FP residues homologous to perlecan-binding residues in nidogen proteins.


supplementary data
Supplementary Material

this region might group according to taxonomy or
geographic origin as it does not include hypervariable re-
gions. However, no correlation was found using both the
internal conserved region as well as the entire FP sequence.
It is possible that such correlations do exist, but it may
require a larger and more diverse sample size to reveal.

For a remarkably compact protein appreciated mainly
for its chromatic properties, FPs contain distinct regions—
one containing the chromophore (45 internal residues) and
the other enclosing it (50 residues on the N-terminus and
140 residues on the C-terminus)—with sharply contrasting
evolutionary behavior largely unrelated to its chromatic
properties. The highly divergent and externally facing ter-
minal regions are likely involved in protein—protein inter-
actions with a highly variable protein of external origin. In
addition, we report additional hypermutable sites (19 sites;
figs. 5 and 6) in this region as reported by Field et al. (2006)
(11 sites). Consistent with the proposed binding function,
alignment of FPs with the globular extracellular region of
nidogens reveals that the N-terminal hypervariable amino
acids of the FP form a surface patch that closely aligns with
the conserved binding region of the nidogens (fig. 3). This
conserved nidogen region is the surface that interacts with
perlecans, the major protein-binding partner of nidogens
(Kvansakul et al. 2001). By analogy, we propose that a main
function of the hypervariable terminal regions of FPs is to
bind to other protein targets.

This study reports, for the first time, these distinct
regions of FPs with divergent evolution. As FPs require
oxygen for chromophore formation and fluorescence (Tsien
1998) and quench superoxide radicals without altering fluo-
rescence (Bou-Abdallah et al. 2006), this “pocket” (fig. 4)
formed by the conservation of region structure may be
related to this process. Future studies aimed at examining
these separate regions of FPs may offer insights into more
sophisticated bioengineering involving the exchange or
mutagenesis of regions and may shed light on the elusive
natural function and evolution of the molecule.

Supplementary Material

Supplementary files 1-4 and figure 1 are available at
Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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