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How do protein sequences evolve?

Can we identify evolutionary patterns of 
selection associated with adaptive shifts in 
protein function?

Can we identify the underlying mechanisms 
associated with adaptive shifts?
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Evolution of protein function

macroevolutioanry 
time-scale 

population 
time-scale 

phenomenological 

models 

“omega models” !

Qij =

0 if i and j  differ by > 1 
π j for synonymous tv.

κπ j for synonymous ts.

ωπ j for non-synonymous tv.

ωκπ j for non-synonymous ts.
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⎪
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Goldman"and"Yang"(1994)"
Muse"and"Gaut"(1994)"

•  phenomenological 

parameters 

•  ts/tv ratio: κ 

•  codon frequencies:  πj 

•  ω = dN/dS  

•  parameter estimation 

via ML 

•  stationary process  
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Rapid accumulation of sequence data



- Evolution of organisms, systematics

- Evolution of genomes

- Evolution of gene regulation

- Evolution of proteins

5

Comparative sequencing can be used to 
address questions at many different levels



- Phylogenetically based methods

- Models of evolution (nucleotide, amino 

acid, codon)

- Hypothesis testing of theories of selection

- dN/dS as a measure of the strength of 

selection 6

Evolution of protein-coding genes:
Comparative sequence analysis



Increased use of codon models
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- WHEN selection occurred in evolution

- Episodic, pervasive, lineage-specific selection

- WHICH proteins were targets of selection

- Physiology: sensory, metabolic, developmental

- WHICH regions of the protein 

- Mechanisms underlying evolution of function

- Hints as to WHY selection occurred 8

Codon-based testing for positive selection:
Why so popular? Hypothesis testing!
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Evolution of protein function
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Rapid accumulation of protein structures
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- Driven by interest in high-throughput 

crystallography

- Advances in protein structure determination 

methods

- Programs such as the Protein Structure Initiative

- Targeted difficult to crystallize proteins such as 
membrane proteins and large macromolecular 

assemblies
11

Rapid accumulation of protein structures
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- Largest family of TM signaling 
proteins

- Extremely difficult to crystallize

G protein-coupled receptors



Chloe et al 2011 Nature

Conformational changes upon activation
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- Bacterial ion 
transporter

- Large transmembrane 
protein

- 22 beta strands

Largest monomeric TM protein: FecA
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- Bacterial ion 
transporter

- Large transmembrane 
protein

- 22 beta strands

Largest monomeric TM protein: FecA
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- Largest membrane 
bound structure

- About 30 different 
proteins

- Diameter of 98 nm, 
50 MDa

Nuclear pore complex



- Difficulties of working with proteins
- Required the development of expression 

methods to obtain large amounts of properly 
folded protein

- Mostly X-ray crystallography, but also NMR, 
and more recently cryo-electron microscopy

- Homology modeling, molecular dynamics
- Structure predictions

18

Recent advances in protein structure studies



19

In vitro protein expression methodologies

Grow cells containing
gene of interest

Purify
protein

Functional assays

Figure 1. Crystal structures of rhodopsin before and after light activation. (A) Crystal structure of 
dark state rhodopsin [PDB: 1U19] with 11-cis retinal chromophore in green. Arrows indicate areas of 
large conformational change in the opsin protein upon light activation. (B) Crystal structure of 
light-activated rhodopsin [PDB: 3PQR] with all-trans retinal in green. (C) Isomerization of the cova-
lently bound retinal chromophore in the opsin binding pocket from the 11-cis to all-trans form upon 
absorption of a photon of light.
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- Many proteins only present in small 
amounts in tissue

- Purity of sample may be an issue with 
complex tissues

- Purification from tissue samples does not 
allow for site-directed mutagenesis studies

- In vitro expression allows for testing of 
evolutionary hypotheses of protein structure 
and function 20

In vitro expression vs. purification from tissue



- Bacteria: E. coli

- Yeast cells: S. cerevisiae

- Insect cells: SF9

- Mammalian cell culture: HEK293
21

In vitro protein expression methodologies



- Multiple conformations, flexible regions often 
unresolved

- Crystallization conditions not found in nature
- Serial femtosecond crystallography

22

Protein structure methodologies
X-ray crystallography

       Guide to Understanding X-ray Crystallography 

What is X-ray Crystallography and why do I need to learn it? X-ray Crystallography is a scientific 
method of determining the precise positions/arrangements of atoms in a crystal where beams of 
X-ray strikes a crystal and causes the beam of light to diffract into many specific directions.  

How does X-ray Crystallography work?  
1. X-ray beams are shot through a crystal of 
the atom. (Note: The crystal is mounted to a 
Goniometer to keep it in place during the 
process).    
2. The crystal causes the beam of X-Ray to 
diffract in a predictable pattern based on their 
crystal lattice structure.  
3.The result is a 
diffraction pattern 
generally seen as the 
picture on the right. 

 
 

 
 
What is the Significance of the Diffracted Pattern and why should I care? 
First we need to understand how the diffracted pattern is actually constructed and what figure out 
what it tells us. Only then will we fully understand how and why it is a valuable tool to 
understanding the molecular arrangements of atoms.  
 
1. Diffracted photons can add and subtract, giving different areas of photon intensities. 

 

DESTRUCTIVE INTERFERENCE 

Destructive interference occurs 
when there is a collision of photons in 
such a way that their intensities cancel 
out.  
 

 

Trough                   Crest      

 

How do I remember this? Think of destructive interference as adding and subtracting. 
When you add (-1) and (1), you get 0. The same concept applies. You’re adding a 
“function” with its “inverse function”; therefore they both cancel out.  

 

Synchotron Electron density mapDiffraction pattern
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Protein structure methodologies
NMR spectroscopy

NMR spectra

- Advantage of measuring proteins in solution
- Great for studying flexible proteins
- Limited to small proteins



- Advances in direct detection, sample prep, and instrumentation have 
achieved high resolution for larger protein complexes

- This technique offers high resolution of larger proteins in a native state
- Requires highly specialized instrumentation

24

Protein structure methodologies
Cryo-electron microscopy
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What about protein structure prediction?
508 HOMOLOGY MODEL ING
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Figure 25.1. The two zones of sequence alignments. Two sequences are practically guaranteed
to fold into the same structure if their length and percentage sequence identity fall into the
region marked as ‘‘safe.’’ An example of two sequences with 150 amino acids, 50% of which are
identical,�is�shown�(gray�cross).

Imagine that we want to know the structure of sequence A (150 amino acids
long, Figure 25.2, steps 1 and 2). We compare sequence A to all the sequences of
known structures stored in the PDB (using, for example, BLAST), and luckily find
a sequence B (300 amino acids long) containing a region of 150 amino acids that
match sequence A with 50% identical residues. As this match (alignment) clearly falls
in the safe zone (Fig. 25.1), we can simply take the known structure of sequence B
(the template), cut out the fragment corresponding to the aligned region, mutate those
amino acids that differ between sequences A and B, and finally arrive at our model
for structure A. Structure A is called the target and is of course not known at the
time of modeling. In practice, homology modeling is a multistep process that can be
summarized in seven steps:

1. Template recognition and initial alignment
2. Alignment correction
3. Backbone generation
4. Loop modeling
5. Side-chain modeling
6. Model optimization
7. Model validation

At almost all the steps choices have to be made. The modeler can never be sure to
make the best ones, and thus a large part of the modeling process consists of serious
thought about how to gamble between multiple seemingly similar choices. A lot of
research has been spent on teaching the computer how to make these decisions, so
that homology models can be built fully automatically. Currently, this allows mod-
elers to construct models for about 25% of the amino acids in a genome, thereby
supplementing the efforts of structural genomics projects (Sanchez and Sali, 1999,
Peitsch, Schwede, and Guex, 2000). This average value of 25% differs significantly

Where the twilight zone
is may depend on your 
of view

Krieger et al. 2003



The twilight zone for ab initio protein folding 
predictions

Dill & MacCallum, Science 2012
Jumper et al, Nature 2021
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Protein structure prediction

- Homology modeling
- MODELLER (https://salilab.org/modeller/)

- Rosetta suite (http://robetta.bakerlab.org/)

- SWISS-MODEL (https://swissmodel.expasy.org/)

- Molecular dynamics simulations

- Machine learning (AlphaFold)



DATA
- Genomic sequencing
- Protein structures

TOOLS
- Phylogenetic models of coding sequence 

evolution
- Experimental studies, mutagenesis and 

ancestral resurrection 29

Molecular evolution:
Evolution of protein function



Phylogenetic approaches to the study of 
protein structure and function

• Ancestral protein reconstruction

• Computational analyses of selection (dN/dS)

-> Combining computational with experimental 
approaches allows us to test hypotheses of 
selection in protein evolution

30
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Resurrecting 
ancestral 
proteins

Thornton, 2004
Nat. Reviews Genet. (5):366
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Ancestral reconstruction: considerations

- Most studies use ML/Bayes methods to infer ancestral 
sequence with highest probability, single point 
estimate

- Violations of model assumptions, e.g. shifts in 
equilibrium frequencies

- Uncertainty in tree topology
- Statistical bias towards states with highest equilibrium 

frequencies
- This may also result in functional bias towards more 

stable proteins (Goldstein et al. 2013)

-> How to assess robustness of reconstruction in a 
functional context?
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Assessing robustness of reconstruction in a 
functional context

- Alternate tree topologies, species tree topology
- Alternate approaches, models of evolution
- Sampling alternate ancestors from the posterior 

distribution (Pollack & Chang 2012)
- Sampling of near ancestor sequences (Bar-Rogovsky et 

al. 2015)
- Uncertainty in genotype does not necessarily reflect 

uncertainty in phenotype (Gaucher et al. 2008)

-> Need for experimental data to inform effects of 
uncertainty in reconstruction on function
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Uricase evolution 
in primates

• Key enzyme metabolizing uric acid in vertebrates
• Lost in some primates, including humans
• Prevalence of diseases such as gout, hypertension, 
obesity, cardiovascular disease
• Uricase knockouts in mice result in mortality in first 4 
weeks

-> Kratzer et al. 2014 (PNAS) used experimentally 
recreated ancient uricases to determine exactly when, 
and how, uricase function was lost in primates. 
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Results
To test this alternative hypothesis, we resurrected ancient uricase
enzymes throughout mammalian history. Fig. 1 shows the bio-
chemical properties of uricases at major ancestral mammalian
divergences whose descendents ultimately trace to humans.
The most ancient of the ancestral uricases (An19/22) had the
highest enzymatic activity and is significantly more active than
modern pig uricase (considered to be one of the more active
modern mammalian uricases; P < 0.0001). Enzymatic assays for
descendents of An19/22 reveals a progressive stepwise decrease
in uricase activity from the last common ancestor of mammals
(∼90 Ma) to the last common ancestor of apes (∼20 Ma). In
support of this conclusion, An19/22 is significantly more cata-
lytically efficient than An26 (P < 0.0001), and An26 is signifi-
cantly more catalytically efficient than An27 (P < 0.0001). The
activity of An30 demonstrates that uricase function was nearly
enzymatically abolished before the pseudogenization events in
ancestral apes.
Such a progressive accumulation of slightly deleterious amino

acid replacements is consistent with the observation that it is not
possible to “reactivate” a functional human uricase enzyme by
simply replacing the two premature stop codons present in the
gene (Fig. 1). To better understand why the human uricase is not

functional without the premature stop codons, the 22 amino acid
replacements inferred to have occurred between node An19/22
and humans (numbers in brackets in Fig. 1) were individually
assayed within the background of the An19/22 enzyme. Nearly all
of the 22 amino acid replacements caused a substantial decrease
in catalytic efficiency (kcat/Km; Fig. S1). Three of these replace-
ments had striking effects on uricase purification and activity.
Two amino acid replacements (S232L and Y240C) prevented
uricase solubility; thus, catalytic efficiency could not be determined.
Both these replacements presumably occurred after the pseu-
dogenization events. Alternatively, the single replacement F222S
caused a decrease in uricase efficiency of nearly two orders of
magnitude, and this replacement is inferred to have occurred on
the branch connecting the origins of apes to the last common
ancestor of apes (i.e., before pseudogenization events).
To better understand the effects of these amino acid replace-

ments, as well as why it is not possible to reactivate the human
uricase gene by simply replacing the premature stop codons,
we determined the 3D crystal structure of apo An19/22. The
mammalian structure reveals a conserved uricase fold orga-
nized as a homotetramer (dimer-of-dimers) with the active site
located at the monomer–dimer interface. Mammalian uricase
displays divergent structural features compared with microbial
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Fig. 1. Phylogeny of the uricase gene family and enzymatic properties of inferred ancestral uricases. Shown is a phylogenetic tree depicting the evolutionary
relationship among mammalian uricase genes. Three genetic lesions are attributed with the pseudogenization of the human uricase gene. A nonsense
mutation at codon 33 is common to all great apes (orangutan, gorilla, chimpanzee, and human). An additional nonsense mutation is common for the
chimpanzee and human sequences at codon 187. Further, a mutation is located at the splice-acceptor site in intron 2 for the chimpanzee and human
sequences. A missense mutation at codon 18 of lesser apes is independent of the great ape uricase pseudogenization event. The ancestral nodes (An) on the
tree are labeled in bold. The protein sequences at nodes 19 and 22 are identical and labeled as An19/22. In addition, the protein sequences at nodes 32 and 33
are identical and labeled as An32/33. The numbers in brackets between nodes represent the number of amino acid replacements that occur along each
branch. The two stop codons in a full-length human uricase gene were replaced with arginine codons but this recombinant protein exhibited properties
analogous to An32/33. Enzymatically characterized uricases are denoted by solid black circles. The specific activity is the amount of uric acid substrate oxidized
per minute per milligram of total insoluble protein (shown in purple). Catalytic efficiency was also determined for modern and ancient uricases when possible
(shown in blue). (Inset) Example kinetic reaction as monitored by following the oxidation of uric acid. (*kcat/KM for An19/22 is significantly greater than
An26’s, P < 0.0001; #kcat/KM for An26 is significantly greater than An27’s, P < 0.0001.) Divergence times for ancestral nodes are provided along the x axis (49).

3764 | www.pnas.org/cgi/doi/10.1073/pnas.1320393111 Kratzer et al.

Uricase evolution in primates

Kratzer et al., 2014, PNAS
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Uricase evolution in primates

Kratzer et al., 2014, PNAS
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uricases, with large differences in the composition and confor-
mation of loops adjacent to subunit interfaces (i.e., β4–β5, α3,
β13–β14, α3) that are well separated from the active site (Fig. 2A
and Fig. S2). Despite these differences, the oligomeric interfaces
and active site residues are remarkably conserved (Fig. 2B) (7,
8). The three mutations with the largest deleterious effect on
catalytic activity cluster on the α4–α5 element, which is critical
for positioning the ligand during catalysis within the active site
(Fig. 2 C and D) (20). The α4–α5 loop contributes three hy-
drogen bonds to the bound ligand via Gln236 and the backbone
amide of Val235, and comprises one wall of the active site. The
net effect of each individual mutation is to destabilize oligo-
merization and thus the formation of the active site. The S232L
replacement eliminates an important hydrogen bond to the
backbone of Gly169 destabilizing the positions of Phe170 and
Gln236, which are critical for positioning the bound ligand
within the active site. S232L also introduces a polar incompati-
bility with neighboring residues S168, R187, and T238 preventing
proper packing of the β4–β5 and α4–α5 loop likely disrupting
protein folding and dimerization. The Y240C replacement elim-
inates aromatic stacking and hydrophobic interactions across the
monomer–dimer interface with a cluster of hydrophobic residues
destabilizing the dimer interface and formation of the active site
(Fig. 2F), confirming previous computational predictions (21).
Phe222, located on α4, stabilizes the dimer–dimer interface via
aromatic stacking and hydrophobic interactions and an intra-
subunit cation–π interaction with the highly conserved Lys164
(Fig. 2E). Mutation to serine would eliminate these interactions
and generate an energetic penalty by introducing a hydrophilic
residue in this hydrophobic pocket. The remaining amino acid
replacements are axially distributed around the structure and

their effects on activity are correlated across the nodes of the
phylogeny (Fig. S3).
The progressive loss of uricase activity in the ape lineage may

have provided a selective advantage (22). Although several theo-
ries have been proposed, a recent hypothesis is that the loss of
uricase may have aided the accumulation of fat stores in re-
sponse to fructose, a major nutrient in fruits that were a primary
staple of ancestral simians (23). Fructose increases hepatic fat
stores in part because of its ability to generate uric acid during
metabolism (24), whereas the inhibition of uricase enhances fat
accumulation in the liver in response to fructose (25). To better
understand the role ancient uricases would have in fructose
metabolism, human HepG2 cells were transfected with two
ancestral uricases (An19/22 and An27; Fig. 3A). Localization
studies documented that An19/22 and An27 colocalized with
catalase, demonstrating peroxisomal location (Fig. 3A). Increased
uricase activity was confirmed in lysates obtained from these
uricase-expressing cells (Fig. 3B). Uricase-expressing cells
exposed to fructose (5 mM for 72 h) showed less intracellular
uric acid accumulation (Fig. 3C) and less triglyceride accumulation
(Fig. 3D) compared with cells treated with an empty vector. In
addition, cells expressing An19/22 (Fig. 3E) or An27 (Fig. S4)
showed a tendency to have greater levels of phosphorylated AMP
kinase, and its target protein ACC, in response to fructose com-
pared with control cells. These results are consistent with earlier
work showing that uric acid is an inhibitor of AMP kinase (26).
These results also demonstrate that triglyceride accumulation is cor-
related with the enzymatic efficiency of uricases and that, whereas
ancient uricases are capable of managing uric acid levels in our
assay conditions, more derived versions such as recombinant
human uricase are not able to manage uric acid.

Fig. 2. Structural features of an ancient mamma-
lian uricase. (A) Superposition of the Anc19/22
structure (gray) on uricases from Bacillus sp. (red;
PDB ID code 1J2G), Aspergillus flavus (green; PDB ID
code 2YZE), and Arthrobacter globiformis (blue;
PDB ID code 1R56). Structurally conserved regions
are shown in gray, and divergent regions are high-
lighted red, green, and blue, respectively. For ref-
erence, uric acid from holo A. flavus uricase (PDB ID
code 3OBP) is modeled as black sticks; active site
residues are shown as white, side-chain sticks. (B)
Close-up view of the active site with side chains
shown as sticks (N, blue; O, red) and the α-carbon
shown as a sphere. (C) Global and close-up view of
the tetramer showing the location of the three
large-effect amino acid replacements in red. Mon-
omers A and C are colored white, whereas B and D
are colored tan. (D–G) Close-up views of S232, Y240,
and F222, respectively.

Kratzer et al. PNAS | March 11, 2014 | vol. 111 | no. 10 | 3765
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Uricase
evolution in 

primates

Kratzer et al., 2014, PNAS
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Why was uricase
lost in the great 

apes?

Thrifty genes vs. 
“drifty” genes



Oceanic paleoenvironments
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Paleoenvironments (EF-Tu)
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Paleoenvironments (EF-Tu)

• Resurrected proteins can provide clues about the temps 
at which ancient organisms lived
• EF-Tu, an elongation factor crucial for protein synthesis  
in all cells throughout evolutionary history
• Present day organisms have EF-Tu’s which are highly 
correlated to temp at which organisms live
• Express resurrected gene in E coli, measure 
thermostability (Tm) of proteins using CD
• Bacterial ancestors appear to be thermophilic (60-80 
deg C)
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Gaucher et al., 2008
Nature (451):704
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Gaucher et al. 2008 Nature



Rhodopsin evolution: 
Nocturnality of early mammals?
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Visual cycle: conformational changes in rhodopsin
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Spectroscopic assays of rhodopsin function

In vitro expression
& purification 

BRIEF COMMUNICATION
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Figure 2. Absorption spectra (A–D) and retinal release fluorescence data (E–H) of rhodopsins inferred for Amniota (B, F), Mammlia (C,
G), and Theria (D, H) nodes. Bovine rhodopsin is the control (A, E).

Results and Discussion
ANCESTRAL GENE RECONSTRUCTION

In order to test the hypothesis that the origin and successful rise
of the mammalian clade took place in a nocturnal environment,
ancestral rhodopsin coding sequences for the nodes Amniota (rep-
tiles, mammals), Mammalia (monotremes, marsupials, placen-
tals), and Theria (marsupials, placentals) were inferred by the
M3/M7 codon models implemented in PAML 4.2b (Yang et al.
1995; Yang 2007). M3 and M7 were the best-fitting random sites

models and resulted in identical ancestral sequences (Table S2).
The amniote and mammal ancestral sequences had 95% similar-
ity (18 variable amino acids), whereas the amniote and therian
sequences had 92% similarity (28 variable amino acids). As ex-
pected, the mammalian and therian sequences were more similar
with only 10 variable amino acids (97% similarity). The major-
ity of sites were reconstructed with high posterior probability
(Fig. S2) with only nine, eight, and five amino acids recon-
structed with less than 80% posterior probability for the amniote,

2 9 9 8 EVOLUTION NOVEMBER 2015

Wavelength (nm) Time since light activation (min)

Rhodopsin spectral tuning Lifetime of activated state

Bickelmann et al. 2015, Evolution
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BRIEF COMMUNICATION

Figure 1. Tetrapod phylogeny used in this study, with coelacanth and lungfish as outgroups. The topology is based on species relation-
ships from recent studies (Bininda-Emonds et al. 2007; Meredith et al. 2007; Murphy et al. 2007; Wible et al. 2007; Asher and Helgen
2010). Branch lengths are proportional to the number of nucleotide substitutions per codon as estimated by the M3 model of PAML.
Nodes with inferred ancestral rhodopsins are indicated by a gray star.

α-Select Silver Competent Cells (Bioline), plasmids were puri-
fied with a Plasmid Maxi Kit (Qiagen). All vector sequences
were confirmed using a 3730 DNA Analyzer (Applied Biosys-
tems). Expression vectors were used to transfect HEK293T cells
(8 µg/plate) using Lipofectamine 2000 (Invitrogen). Cells were
harvested 48 hours post-transfection, washed three times with
harvesting buffer (PBS, 10 µM aprotinin, 10 µM leupeptin) and
incubated in 5 µM 11-cis-retinal to regenerate visual pigments.
Samples were then solubilized in solubilization buffer (100 mM
NaCl, 1 mM CaCl2, 50 mM Tris pH 7, 1% dodecyl maltoside)
and immunoaffinity purified with the 1D4 monoclonal antibody
(Molday and MacKenzie 1983). Purified visual pigment samples
were eluted in sodium phosphate buffer (50 mM NaPhos, 0.1%
dodecyl maltoside, pH 7).

The ultraviolet-visible absorption spectra of purified bovine
and ancestrally reconstructed rhodopsins were recorded in the
dark at 25°C using a Cary 4000 double-beam spectrophotome-
ter (Varian). Activation was measured by a blue shift in peak
absorbance to !380 nm following light bleaching, representing
the active metarhodopsin II state. Dark-light difference spectra
were generated by subtracting metarhodopsin II spectra from re-
spective dark state spectra. All λMAX values were calculated after

fitting absorbance spectra to a standard template for A1 visual pig-
ments (Govardovskii et al. 2000). The protocol used to determine
retinal release rates of visual pigments was modified from that
of Farrens and Khorana (1995). Briefly, 0.08–0.15 µM visual
pigment samples in submicrofluorometer cell cuvettes (Varian)
were bleached for 30 seconds at 20°C using a Fiber-Lite MI-152
Illuminator external light source (Dolan-Jenner), using a filter to
restrict wavelengths of light below 475 nm. Fluorescence mea-
surements were integrated for 2 seconds at 30-second intervals
using a Cary Eclipse fluorescence spectrophotometer (Varian).
The excitation wavelength was 295 nm [1.5 nm slit width] and
the emission wavelength 330 nm [10 nm slit width]; no noticeable
pigment bleaching by the excitation beam was detected. Retinal
release was demonstrated through a sharp initial rise in intrinsic
tryptophan fluorescence, representing a decrease in fluorescent
quenching of W265 by the retinal chromophore. Data from the
initial rise was fit to a three variable, first order exponential equa-
tion [y = yo + a(1 – e−bx)], with half-life values calculated based
on the rate constant ‘b’ [t1/2 = ln2/b]. All curve fitting resulted in
r2 values of greater than 0.95. Differences in retinal release rates
were assessed using a two-tailed t-test with unequal variance,
where P-values of < 0.05 were deemed significant.
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Figure 2. Absorption spectra (A–D) and retinal release fluorescence data (E–H) of rhodopsins inferred for Amniota (B, F), Mammlia (C,
G), and Theria (D, H) nodes. Bovine rhodopsin is the control (A, E).

Results and Discussion
ANCESTRAL GENE RECONSTRUCTION

In order to test the hypothesis that the origin and successful rise
of the mammalian clade took place in a nocturnal environment,
ancestral rhodopsin coding sequences for the nodes Amniota (rep-
tiles, mammals), Mammalia (monotremes, marsupials, placen-
tals), and Theria (marsupials, placentals) were inferred by the
M3/M7 codon models implemented in PAML 4.2b (Yang et al.
1995; Yang 2007). M3 and M7 were the best-fitting random sites

models and resulted in identical ancestral sequences (Table S2).
The amniote and mammal ancestral sequences had 95% similar-
ity (18 variable amino acids), whereas the amniote and therian
sequences had 92% similarity (28 variable amino acids). As ex-
pected, the mammalian and therian sequences were more similar
with only 10 variable amino acids (97% similarity). The major-
ity of sites were reconstructed with high posterior probability
(Fig. S2) with only nine, eight, and five amino acids recon-
structed with less than 80% posterior probability for the amniote,
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Figure 2. Absorption spectra (A–D) and retinal release fluorescence data (E–H) of rhodopsins inferred for Amniota (B, F), Mammlia (C,
G), and Theria (D, H) nodes. Bovine rhodopsin is the control (A, E).

Results and Discussion
ANCESTRAL GENE RECONSTRUCTION

In order to test the hypothesis that the origin and successful rise
of the mammalian clade took place in a nocturnal environment,
ancestral rhodopsin coding sequences for the nodes Amniota (rep-
tiles, mammals), Mammalia (monotremes, marsupials, placen-
tals), and Theria (marsupials, placentals) were inferred by the
M3/M7 codon models implemented in PAML 4.2b (Yang et al.
1995; Yang 2007). M3 and M7 were the best-fitting random sites

models and resulted in identical ancestral sequences (Table S2).
The amniote and mammal ancestral sequences had 95% similar-
ity (18 variable amino acids), whereas the amniote and therian
sequences had 92% similarity (28 variable amino acids). As ex-
pected, the mammalian and therian sequences were more similar
with only 10 variable amino acids (97% similarity). The major-
ity of sites were reconstructed with high posterior probability
(Fig. S2) with only nine, eight, and five amino acids recon-
structed with less than 80% posterior probability for the amniote,
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Figure 2. Absorption spectra (A–D) and retinal release fluorescence data (E–H) of rhodopsins inferred for Amniota (B, F), Mammlia (C,
G), and Theria (D, H) nodes. Bovine rhodopsin is the control (A, E).

Results and Discussion
ANCESTRAL GENE RECONSTRUCTION

In order to test the hypothesis that the origin and successful rise
of the mammalian clade took place in a nocturnal environment,
ancestral rhodopsin coding sequences for the nodes Amniota (rep-
tiles, mammals), Mammalia (monotremes, marsupials, placen-
tals), and Theria (marsupials, placentals) were inferred by the
M3/M7 codon models implemented in PAML 4.2b (Yang et al.
1995; Yang 2007). M3 and M7 were the best-fitting random sites

models and resulted in identical ancestral sequences (Table S2).
The amniote and mammal ancestral sequences had 95% similar-
ity (18 variable amino acids), whereas the amniote and therian
sequences had 92% similarity (28 variable amino acids). As ex-
pected, the mammalian and therian sequences were more similar
with only 10 variable amino acids (97% similarity). The major-
ity of sites were reconstructed with high posterior probability
(Fig. S2) with only nine, eight, and five amino acids recon-
structed with less than 80% posterior probability for the amniote,
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Glutamate receptors: Excitatory synaptic neurotransmission
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Reconstructed ancestral AA-binding GPCR

Ancestral ligand binding site 
of AA-binding GPCR

Kuang et al., 2006
PNAS (103):14050
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Reconstructed ancestral AA-binding GPCR

Comparison of potency (EC50)
Glutamate R agonists

Kuang et al., 2006
PNAS (103):14050
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of the three was mutated, were generated and characterized.
Similar to the ancestral receptor, both the double and single
mutants retained high affinity for glutamate (Table 3). Thus, the
switch from very low glutamate potency in the WT 5.24 receptor to
high glutamate potency in the ancestral receptor was largely reca-
pitulated by mutating a single residue (at position 78) located in the
distal region of the binding pocket. Although a similar shift in ligand
selectivity was seen upon mutation of methionine 389 to lysine in
the 5.24 receptor (18), the ancestral reconstruction indicates that
the amino acid at this position in the predicted precursor was
isoleucine (Fig. 1), which would not be expected to confer the
arginine-preferring to glutamate-preferring ligand selectivity
switch.

Additional experiments demonstrated that DHPG also displayed
high potency at the Q78R!N310G double mutant but not the single
Q78R mutant (Table 1). Inspection of the molecular models of the
5.24 receptor (Fig. 3a) and the ancestral receptor (Fig. 3b) indicated
that the inability of DHPG and other Group I agonists to activate
the 5.24 receptor is likely due to steric block of the bulky side chains
of the Group I mGluR agonists by the large side chain of asparagine
310 (Fig. 3c). In the ancestral receptor and the double mutant, the
asparagine at this position was replaced with the small side-chain
amino acids alanine and glycine, respectively; the model indicates
that this change eliminates the steric hindrance and provides
sufficient space for the docking of DHPG (Fig. 3d).

Discussion
We investigated the pharmacological origins of Family C receptors
by using phylogenetic methods to reconstruct key sites within the
ancestral ligand-binding pocket of the predicted primordial recep-
tor. The ancestral reconstruction was carried out in the background
of the fish 5.24 chemosensory receptor. The WT 5.24 receptor was
not activated by mGluR-selective agonists and displayed very low
affinity for glutamate, whereas the predicted ancestral receptor was
highly sensitive to glutamate and Group I mGluR-specific agonists.
Further mutagenesis experiments demonstrated that this pharma-
cological switch could be accomplished by mutating only two
residues in the binding pocket to those predicted based on the
ancestral reconstruction. Together, these findings demonstrate (i)
that minor perturbations in the binding pocket can have profound
consequences on the pharmacological profile of Family C receptors
and (ii) that the primordial precursor to Family C receptors had
high affinity for glutamate.

The high affinity of the predicted ancestral receptor for gluta-
mate, similar to present-day mGluRs, and its ability to be activated
by highly specific Group I agonists, suggests that the key charac-
teristics of the ligand pocket mediating high sensitivity to glutamate
already were present in the ancestral receptor. Our data also imply
that the Group I mGluRs may have retained a more primitive
conformation of the binding pocket compared with the Group II
and Group III mGluRs. The binding pocket residue occupied by

glutamine 78 in the 5.24 receptor is predicted to be an arginine in
the ancestral receptor. This arginine, which is strictly conserved in
all extant functional mGluRs, establishes a bonding interaction with
the ! carboxyl group of the bound glutamate ligand (Fig. 3b) and
is buried within the core of the binding domain in the mGluRs (31).
This arginine residue likely played a critical role in mediating an
evolutionary progression to a glutamate-sensitive receptor that
would eventually be used in neurotransmission.

The reconstructed ancestral receptor characterized in this study
subsequently gave rise to two major groups of receptors. One
lineage evolved into glutamate-sensitive receptors, and the other
lineage radiated to become the diverse group of present-day
sensory receptors, which lost high affinity for glutamate and
evolved broad sensitivity to other amino acids. Members of the
glutamate lineage have been found in basal chordates such as
the ascidian Ciona intestinalis, as well as protostomes including the
nematode Caenorhabditis elegans, and the fruitfly Drosophila mela-
nogaster (32). In the Ca. elegans genome, three mGluR receptor
sequences corresponding to the three subgroups of mGluRs are
present, although pharmacological studies have not been reported
(11). In insects, a single functional mGluR (DmGluR) and a Family
C orphan receptor (DmXR) that is not activated by amino acids
including glutamate have been described in refs. 33 and 34. Sur-
prisingly, members of the sensory class of receptors including T1R
taste, V2R, and 5.24!GPRC6A orthologs are either underrepre-
sented or missing from invertebrate species, although a single
sequence annotated as a CaSRs is present in Ca. elegans and in Ci.
intestinalis (32). However, The presence of at least one member of

Table 1. Comparison of EC50 values for mGluR agonists

Agonists
5.24

receptor
Ancestral
receptor

Q78R!
N310G Q78R mGluR1a

L-CCG-1 ! 4.9 " 1.2 3.5 " 0.8 1.3 " 0.1 24.7 " 1.9
ibotenate 183.7 " 22.5 0.8 " 0.3 3.2 " 0.4 6.4 " 0.3 4.4 " 0.9
quisqualate 230.0 " 58.0 0.8 " 0.2 3.5 " 0.8 8.3 " 0.4 0.4 " 0.2
(S)-DHPG # 2.4 " 1.3 3.8 " 1.1 ! 3.3 " 0.7
DCG-IV # # # # #
L-SOP # # # # #

The values (in micromolar) are means " SEM of three experiments. #, no
response at 500 "M; !, response at 500 "M but not 100 "M. Additional com-
pounds tested that did not activate the 5.24 receptor or the ancestral receptor at
500 "M include kainate, S-AMPA, NMDA, and GABA. L-CCG-1, (2S,1$S,2$S)-2-
(carboxycyclopropyl)glycine; DCG-IV, dicarboxycyclopropylglycine.

Fig. 3. In silico docking of ligands in the 5.24 and ancestral receptors. The
ligands are displayed as ‘‘ball and stick’’ representations with the carbon
atoms in green; the carbon atoms in the receptor-binding pocket are shown
in gray. Color coding for other atoms: nitrogen, blue; oxygen, red; sulfur,
yellow. Dashed lines depict atom pairs with the distances between atoms
listed in angstroms. (a and c) The conserved residues in the binding pocket
establishing bonds with the # amino and # carboxyl groups of the bound
ligand are numbered in black, whereas residues in the distal region of the
pocket that mediate amino acid selectivity are numbered in orange. Ligand
selectivity depends on the ability of the distal functional group of the ligand
to reach and establish an interaction with residues in the distal region of the
pocket. (a) Glutamate docked into the 5.24 receptor-binding pocket. (b)
Glutamate in the ancestral receptor pocket. (c) The inability of DHPG to dock
into the 5.24 receptor is illustrated. The Connolly surface of DHPG is shown as
a green meshwork. The side-chain atoms of asparagine 310, which are de-
picted in a space-filling mode, cause steric blockade of DHPG binding. (d)
DHPG in the ancestral reconstructed receptor with the residues mutated
shown in bold blue type.
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Reconstructed GFP-like proteins from coral

great star coral (Montastraea cavernosa)

Ugalde et al., 2004
Science (305):1433
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Ancestral reconstruction approaches can offer a window into the 
past in studying ancient adaptive shifts in protein function

Computational analyses can be used to generate specific 
evolutionary hypotheses that can then be tested experimentally

Experimental approaches should not be viewed as applications 
of computational methods, instead serve to extend the 
hypothesis testing framework to study the evolution of protein 
function

Need for more interaction between computational and 
experimental methods in order to provide better insight into 
both approaches in the study of molecular evolution
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Conclusions:  Ancestral reconstruction


