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Abstract
Transthyretin was discovered in the 1940s, named after its ability to bind thyroid hormones and retinol. In the genomic era, 
transthyretins were found to be part of a larger family with homologs of no obvious function, then called transthyretin-related 
proteins. Thus, it was proposed that the transthyretin gene could be the result of gene duplication of an ancestral of this newly 
identified homolog, later found out to be an enzyme involved in uric acid degradation, then named HIUase (5-hydroxy-
isourate hydrolase). Here, we sought to re-enact the evolutionary history of this protein family by reconstructing, from a 
phylogeny inferred from 123 vertebrate sequences, three ancestors corresponding to key moments in their evolution—before 
duplication; the common transthyretin ancestor after gene duplication and the common ancestor of Eutheria transthyretins. 
Experimental and computational characterization showed the reconstructed ancestor before duplication was unable to bind 
thyroxine and likely presented the modern HIUase reaction mechanism, while the substitutions after duplication prevented 
that activity and were enough to provide stable thyroxine binding, as confirmed by calorimetry and x-ray diffraction. The 
Eutheria transthyretin ancestor was less prone to characterization, but limited data suggested thyroxine binding as expected. 
Sequence/structure analysis suggests an early ability to bind the Retinol Binding Protein. We solved the X-ray structures 
from the two first ancestors, the first at 1.46 resolution, the second at 1.55 resolution with well-defined electron density for 
thyroxine, providing a useful tool for the understanding of structural adaptation from enzyme to hormone distributor.

Introduction

Transthyretins

Thyroid hormones (TH) are fundamental for body growth, 
development, and metabolism. The circulating TH in plasma 
is thyroxine (T4), which through action of deiodinases, is 
converted into its active form, triiodothyronine (T3) (Köhrle 
2007) . While the main TH carrier protein in blood plasma 
is the thyroxine binding globulin (TBG), followed by tran-
sthyretin (TTR) and albumin, in cerebrospinal fluid (CSF) 
TTR is the main T4 carrier, accounting for 80% of its trans-
port (Hagen and Elliott 1973).

Discovered in 1942 as a protein present in CSF and in 
human plasma (Seibert and Nelson 1942; Kabat et al. 1942), 
TTR was initially called pre-albumin due to its migration 
pattern in electrophoresis gel, running faster than albumin. 
Years later it was found to be involved in transport of TH 
and retinol (vitamin A1) and its name was then changed to 
transthyretin, which reflects its then known functionalities . 
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TTR was first described in Eutheria (placental mammals) as 
a T4 carrier protein, but in other vertebrates it has a higher 
affinity for the active form of this hormone (T3), a feature 
first observed in a bullfrog homolog (Yamauchi et al. 1993). 
The TTR crystallographic structure was initially determined 
in the seventies (Blake et al. 1971, 1974), and the Protein 
Data Bank (PDB) currently presents hundreds of transthyre-
tin structures from various vertebrates, while it appears to be 
absent in invertebrates.

In addition to carrying THs, TTR also participates in 
the retinol transport through the formation of the TTR-
RBP (retinol binding protein) complex (Kanai et al. 1968; 
Monaco et  al. 1995), thus avoiding loss of retinol and 
RBP in kidneys via glomerular filtration (Monaco 2009). 
Furthermore, some studies have shown that transthyretin 
can bind to retinoic acid  (Smith et al. 1994), flavonoids 
(Lueprasitsakul et al. 1990)  and associate with high-density 
lipoprotein (HDL) through binding to apolipoprotein A-I 
(apoA-I), which is also considered a substrate for possible 
TTR peptidase activity. This would characterize it as a zinc-
dependent metalloprotease (Liz et al. 2012) made possible 
by the structural changes observed upon metal binding (De 
Palmieri et al. 2010).

Another transthyretin function is related to sequestration 
of the Aβ peptide in CSF, forming stable complexes with 
TTR (Schwarzman et al. 1994). Although there are other 
proteins capable of binding to the Aβ peptide, TTR is the 
main protein that acts on β-amyloid peptide modulation 
in CSF, preventing amyloidosis and Alzheimer’s disease 
(Riisøen 1988; Schwarzman et al. 1994). Other roles in 
nervous system include participation in sensor-motor func-
tion and improvement in nerve regeneration (Riisøen 1988), 
increase in exploratory capacity in TTR knockout mice and 
reduction of depression behaviour (Sousa et al. 2004), neu-
ropeptide processing (Nunes et al. 2006), and maintenance 
of memory-related processes during aging (Brouillette and 
Quirion 2008).

Mutations in TTR can cause several types of diseases, 
from hyperthyroxinemia caused by increased thyroxine affin-
ity to neurodegenerative diseases related to the formation 
of amyloid fibrils (Refetoff et al. 1996; Saraiva 2001). Such 
diseases include senile systemic amyloidosis (SSA), familial 
amyloid cardiomyopathy (FAC), leptomeningeal amyloido-
sis (LA) and familial amyloid polyneuropathy (FAP).

Three‑Dimensional Structure

Transthyretin is a homotetrameric protein with a molecular 
mass of approximately 55 KDa, each of the four subunits 
having around 14 KDa. In human TTR, each monomer is 
composed of 127 amino acids arranged in eight β-strands, 
named A-H, which are connected by seven loops and divided 
into two β-sheets, forming a β-sandwich. The two β-sheets 

are composed of four antiparallel β-strands called DAGH 
and CBEF, and the structure also presents a small α-helix 
composed of nine residues between β-bands E and F (Blake 
et al. 1974).

TTR dimers are composed of two pairs of β-sheets, one 
internal called DAGHH’G’A’D’ and one external called 
CBEFF’E’B’C’ (Blake et al. 1974). Each monomer inter-
acts predominantly by hydrogen bonds between the adjacent 
H–H ’and F–F’ β-strands, forming the dimer. Formation of 
the tetrameric structure occurs through interaction of two 
dimers, AB and CD, predominantly by hydrophobic contact 
between residues located in two loops: A–B and G–H (Blake 
et al. 1974).

Tetramerization of transthyretin leads to formation of a 
broad hydrophobic channel through the protein, approxi-
mately 8 Å in diameter and 50 Å in length (Blake and Oatley 
1977) . In this channel there is one site of thyroid hormone 
binding on each end. However, under physiological condi-
tions, only one of the sites is occupied due to a negative 
cooperativity between the sites (Ferguson et al. 1975; Neu-
mann et al. 2001).

Transthyretin‑Related Proteins

In 2000, transthyretin-like sequences were found in open 
reading frames from Caenorhabditis elegans and several 
microorganisms (Prapunpoj et al. 2000) . Subsequently, it 
was proposed that the TTR gene could be the result of a 
gene duplication event of an ancestral of this newly iden-
tified homolog, which have been transthyretin-related pro-
tein (TRP). To test this hypothesis, TTR and TRP sequences 
were analysed and it was demonstrated that they shared 
motifs that could be mapped in structurally and functionally 
important regions of TTR (Hennebry et al. 2006b).

In 2001, a role for TRPs in purine catabolism was pro-
posed: Schultz et al. generated a series of mutants of Bacil-
lus subtilis with a mutation in TRP gene, which is located 
near the uricase gene (Schultz et al. 2001). These bacteria 
were then cultured in medium containing only uric acid as 
a source of nitrogen and the bacteria with this mutation had 
a low proliferation rate compared to wild bacteria, evidenc-
ing a possible role of TRP in a purine degradation pathway. 
In 2006, the conversion mechanism of 5-hydroxyisourate 
(5-HIU) to 2-oxo-4-hydroxy-4-carboxy-5-ureidoimidazoline 
(OHCU) was elucidated for Bacillus subtilis (Jung et al. 
2006) and TRP was renamed HIUase (5-hydroxy-isourate 
hydrolase).

Like TTR, each HIUase monomer is composed of the 
same eight anti-parallel β-strands (A-H) and a small α-helix 
(Hennebry et al. 2006a). Two monomers form dimers by 
means of interactions between the main chain of amino 
acids in the H and F ß-strands. The tetramer is formed by 
hydrophobic interactions between the AB and GH loops of 



372 Journal of Molecular Evolution (2021) 89:370–383

1 3

two dimers, leading to the formation of a channel similar to 
that of TTR. In addition to high structural similarity, they 
have considerable identity values. Human transthyretin and 
HIUase from snapper fish, for example, exhibit 48% identity 
(Hennebry 2009).

In the proposed mechanism for HIUase, a water molecule 
donates a proton to a histidine (His14) located at the channel 
entrance. After being deprotonated, it makes a nucleophilic 
attack on the C6 carbon of 5-hydroxy-isourate. The oxyanion 
resulting from nucleophilic attack is negatively charged and 
stabilized by Arg49. An electron rearrangement in the oxy-
anion leads to ring rupture at the C6-N1 bond, probably by 
extracting a proton from the guanidine group of Arg49. The 
catalytic cycle is completed by a proton transfer from His14 
to Arg49, re-establishing the original configuration of the 
enzyme site. Site-directed mutagenesis studies confirms the 
crucial role of His14 and Arg49 residues for the enzyme, 
since mutants lost their catalytic activity (Jung et al. 2006). 
The same happens for Tyr118Phe mutant, suggesting that 
this residue may be interacting with 5-HIU’s O8, probably 
stabilizing 5-HIU position during catalysis, and may also be 
related to OHCU’s O2 tautomerization (Jung et al. 2006) . 
We now know that four residues are fundamental to catalytic 
activity of this enzyme: His14, Arg49, His105, all located 
at the entrance of the channel, and residue Tyr118, posi-
tioned further to the bottom, closing the channel (Jung et al. 
2006). On the same year, Hennebry et al. have independently 
shown by site directed mutagenesis upon their publication of 
the Salmonella dublin structure, that mutations on residues 
His6, His95 and Tyr108 also abolished catalytic activity.

Reconstructing the History of HIUases 
and Transthyretins

Evidence indicates that the TTR gene would have originated 
during the emergence of vertebrates, from the duplication 
of an ancestral of modern HIUases—enzymes present from 
bacteria to vertebrates (Ramazzina et al. 2006; Zanotti et al. 
2006; Hennebry 2009; Kratzer et al. 2014). Given the same 
exon/intron structure of HIUase and TTR coding genes, fol-
lowing gene duplication, point mutations in the first coding 
exon could have led to changes in the peptide that in HIUase 
signals to peroxisomes, so that in TTR it signalled for cellu-
lar secretion (Zanotti et al. 2009). Such a proposition would 
agree with the fact that TTR expression occurs mainly in the 
liver, where the degradation of urate happens  (Stevenson 
et al. 2010). However, there are known cases on which the 
first exon is not detected (Hennebry 2009), and so another 
possibility would be that the exon 1 region could be replaced 
by other peptide signal encoding exon by exon shuffling.

Subsequently, a series of mutations would have dramati-
cally altered the protein function at the same time that the 
structure remained largely unchanged. Although only a few 

substitutions at the active site would supposedly be sufficient 
for conversion of HIUase to TTR, only after a fine tuning 
resulting from selection of several subsequent mutations 
has the thyroid hormone binding function been definitively 
established (Zanotti et al. 2006; Romero and Arnold 2009; 
Cendron et al. 2011).

Nonetheless, selective pressure would apparently have 
acted on the length and composition of the N-terminal por-
tion of TTR by a series of individual base mutations, result-
ing in a shift of the intron 1 / exon 2 border in the 3 ’direction 
(Aldred et al. 1997). This would have led to a gradual change 
in primary structure and, consequently, changed affinity of 
TTR from T3 to T4 (Chang et al. 1999; Eneqvist et al. 2004; 
Prapunpoj et al. 2006; Morgado et al. 2008; Prapunpoj and 
Leelawatwattana 2009; Kasai et al. 2018).

Resurrecting Ancient Proteins

In this work, we aim to re-enact the history of modern 
transthyretins by experimentally characterizing transthyre-
tins ancestors in key moments in their evolution. Ances-
tral sequence reconstruction studies consist of synthesis, 
expression and experimental characterization of hypothetical 
ancestral proteins inferred from large alignments of contem-
porary homologous protein sequences using phylogenetic 
methods (Pauling et al. 1963; Thornton 2004; Perez-Jimenez 
et al. 2011; Morrow et al. 2017). This approach has been 
benchmarked experimentally (Randall et al. 2016)  and has 
been successfully applied in many different cases (Risso 
et al. 2013; Kratzer et al. 2014; Wilson et al. 2015). This 
includes those similar to HIUase / TTR (Huang et al. 2012), 
having demonstrated, for example, that the structure of cer-
tain proteins is preserved for billions of years (Ingles-Prieto 
et al. 2013) . Therefore, the ancestral protein reconstruction 
method is ideal for experimental studies of molecular evolu-
tion and divergence of protein function. Here, we describe 
the sequence reconstruction of three ancestors of modern 
transthyretins and characterize them to understand how they 
evolved over time.

Results

We synthesized genes based on ancestral sequence recon-
struction data of three different timepoints in HIUase-TTR 
evolution as shown in Fig. 1. The first protein expressed 
from such genes, to be referred to as HIUase-TTR ances-
tor, corresponds to the sequence reconstruction of the node 
immediately before gene duplication. The second protein, 
named TTR ancestor is a reconstruction of the node right 
after duplication, corresponding to the ancestor of all con-
temporary transthyretins. Finally, the Eutheria TTR ances-
tor is a reconstruction of the ancestral node of the clade 
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containing all Eutheria transthyretins. All the three nodes 
of phylogenetic tree taken for ancestral sequences recon-
struction have support (posterior probability) of 100% (the 
original consensus tree file including support values for all 
nodes is included as supporting material).

A comparison of the three reconstructed ancestors and 
human transthyretin can be seen in the multiple sequence 
alignment shown in Fig. 2.

To study the three-dimensional structure of TTR 
ancestors and their binding to  T4, the three proteins were 
expressed in E. coli, purified, crystallized, subjected to 
x-ray diffraction and isothermal titration calorimetry (ITC) 
experiments (see Methods).

The HIUase-TTR ancestor crystal diffracted to 1.46 Å. 
In Fig. 3a and b, its three-dimensional structure is super-
posed to that of human transthyretin (PDB: 2ROX). On 
a cartoon representation, which considers the backbones 
only, the two proteins seem to have changed little over such 
a long period of time. However, changes in side chains 
modify the available volume in the channel (being bulkier 
in transthyretin as seen in Fig. 3c and d), which means 
less space for a molecule like  T4. Indeed, we detected no 
T4 binding to the HIUase-TTR ancestor from the ITC 
experiments and attempts to crystallize the protein with  T4 
yielded no electron density inside the tunnel. The overall 
structure of the HIUase-TTR ancestor is similar to modern 
HIUases, especially on the binding pocket, as can be seen 
in its superposition to proteins such as the HIUase from 
S. dublin (Hennebry et al. 2006a), as shown in Fig. 3e. A 
superposition of thyroxine as bound to human transthyre-
tin to H–T (Fig. 3f), which is incompatible with this bind-
ing pocket, further supports the hypothesis that the ability 
of thyroid hormone binding was not available before the 
lineage of proteins derived from gene duplication.

As opposed to the HIUase-TTR ancestor, the TTR 
ancestor has shown  T4 binding in isothermal titration calo-
rimetry (ITC) experiments as seen in Fig. 4. Its adjusted 
 KD was 2.33 μM, i.e., larger than that observed for human 
transthyretin (0.36 μM).

The TTR ancestor was also subjected to crystallization 
trials in the presence of  T4. The best available crystal dif-
fracted to 1.55 Å and this time an interpretable electron 
density was observed in both tunnel sides, which could 
be modelled as  T4 molecules. A superposition of the TTR 
ancestor to human transthyretin can be seen in Fig. 5.

Attempts to characterize the Eutheria TTR ancestor were 
also made. This construct expressed very poorly in E. coli and 
was not prone to crystallization. Although it was possible to 
obtain an ITC profile indicating binding to  T4, results were not 
sufficiently reproducible in different conditions. For this reason 
we included such results as supplementary material only.

Docking

To analyze the potential interactions among 5-HIU and the 
protein binding sites, we docked 5-HIU and the high energy 
intermediate (HIU_HEI) of the hydrolysis reaction against 
three protein structures: Bacillus subtilis PucM (PDB 2H0F), 
HIUase-TTR and TTR ancestor. Analysis of the best scoring 
binding modes suggests a very good fit between 5-HIU and the 
binding sites of PucM and HIUase-TTR, as indicated by good 
shape complementarity and the presence of many polar inter-
actions involving all polar atoms of 5-HIU (Fig. 6). For PucM, 
hydrogen bonds were predicted for residues His14, Arg49, 
His105, Tyr 118 and Ser121 (PDB 2H0F numbering) and the 
same structurally aligned residues from HIUase-TTR (Sup-
plementary Table S1). Among those, site-directed mutagenesis 
with a homologous protein indicated that His14, His105 and 
Tyr118 play an important role in catalysis (Hennebry et al. 
2006a). The best scoring binding modes were very conserved 
for 5-HIU and HIU_HEI, with additional hydrogen bonds 
involving the tetrahedral OH present in HIU_HEI and Arg49. 
This is in agreement with the reaction mechanism previously 
proposed by Jung et al., who hypothesized that the oxyanion 
formed during the reaction could be stabilized by the active 
site arginine (Jung et al. 2006).

On the other hand, poor chemical complementarity was 
observed between 5-HIU and TTR ancestor (Fig. 6). This is 
reflected in worse total docking scores when compared to 
the results for the other proteins (Supplementary Table S2). 
Only four hydrogen bonds were predicted between ligand 
and residues Ser120 and Thr122, leaving most polar atoms 
of 5-HIU and HIU_HEI stranded. This result was expected, 
considering the low identity among this binding site and the 
other two proteins considered in this study. Key differences 
are observed, such as the absence of the catalytic histidine 
involved in the cleavage of 5-HIU. Other important residues, 
such as Arg49 and Tyr118, which are predicted to stabilize 
the binding of 5-HIU in HIUase-TTR, are also replaced by 
residues with different physicochemical properties in TTR 
ancestor.

Discussion

The distribution of transthyretin homologs among different 
taxa shows that it is a very old protein family, earlier than 
the divergence of eukaryotes and prokaryotes (Prapunpoj 

Fig. 1  Phylogeny used for ancestral sequence reconstruction. Nodes 
marked in circles labelled H–T, T and ET refer to the points used for 
ancestral reconstruction for HIUase-TTR, TTR Ancestor and Eutheria 
TTR Ancestor. Unlabelled nodes marked with black circles show pos-
terior probabilities above 90%. Background colours refer to the divi-
sion between vertebrate HIUases (blue) and transthyretins (yellow) 
(Color figure online)

◂
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et al. 2000; Eneqvist et al. 2003). Context analysis of these 
genes and experimental characterization of their result-
ing proteins suggest that their earliest function was in uric 
acid catabolism. This was present until very recently in the 
human lineage, when primates lost the uricase gene, which 
was followed by the loss of the HIUase genes (Keebaugh 
and Thomas 2010).

However, one of the paralogs that resulted from gene 
duplication in chordates followed a process of neofunction-
alization as commonly seen in events of duplication fol-
lowed by divergence (Hennebry 2009). Our results show 
that the early substitutions after duplication were already 
sufficient for that protein to be a fully functioning thyroxine 
distributor.

The third known function of modern transthyretins, i.e. 
cryptic protease, was proposed to have developed much later 
in TTR evolution (Liz et al. 2012). In 2010, we observed that 
the alpha-helix between loop E and loop F, which is involved 
in holo-RBP recognition, undergoes a conformational 

change upon binding to zinc (De Palmieri et al. 2010). This 
finding enabled Liz and colleagues to explain why the pro-
tease activity of transthyretin is cryptic: this change makes 
possible the rearrangement of the proposed catalytic resi-
dues (His88, His90 and Glu92) in order to make a func-
tional active site (Liz et al. 2012). They have also noted that 
the residues necessary for catalysis are present in humans 
and some other primates while most other organisms lack 
His90—from our reconstruction, that position is occupied 
by a tyrosine at least until Eutheria transthyretins.

It has been recently observed that the transthyretin 
from Crocodylus porosus also presents peptidase activity, 
although lower than human TTR (Leelawatwattana et al. 
2016). This study has not assessed the role of zinc as in the 
former analysis from Liz and colleagues, but the authors 
noted that a tyrosine could also bind zinc, and that the pro-
tein terminals would also be involved in catalysis. A later 
publication from the same group showed proteolytic activity 
also in chicken transthyretin (Tola et al. 2019). Even though 

Fig. 2  Multiple sequence 
alignment for HIUase and TTR 
proteins. Sequences include 
human transthyretin (hTTR, 
Uniprot: P02766), the recon-
structed ancestors for Eutheria 
transthyretins (TTR_Eutheria), 
all transthyretins (AncTTR) and 
the transthyretin/HIUase ances-
tor before the gene duplication 
event (HIUase-TTR). Positions 
marked in asterisks (*) refer 
to key positions for HIUase 
function. Numbers on top of the 
sequences refer to the HIUase-
TTR ancestor
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these studies on non-primate transthyretins did not include 
mutagenesis experiments to map which are the residues nec-
essary for catalysis, they show that it is possible to present a 
significant activity without His90. Further experiments and 
investigation on other proteins would be necessary in order 
to assess if the lack of His90 is compensated by the presence 
of other residue(s), whether protease function evolved inde-
pendently and if it could be or not cryptic in different taxa.

For the specific mechanism shown for human TTR (Liz 
et al. 2012), on which metal binding triggers a conforma-
tional change related to the formation of an active site, one 
could analyse the evolution of metal binding site residues 
in transthyretin. Three zinc binding sites have been found 
on human transthyretin (De Palmieri et al. 2010a): the one 
making up the proposed catalytic triad (Liz et al. 2012), a 
second one formed by Cys10 and His56 and a third one by 
Glu72/Asp74/His31. Those residues were all present in the 
TTR ancestral except for His31, where there is a lysine at 
least until the Eutheria TTR.

Yamauchi and Kasai have recently proposed that metal 
binding may be an ancient property in the HIUase/TTR fam-
ily, by observing the ability of different members to bind to 
Ni-affinity columns in the absence of His-tags, as well as the 
observation of  Zn2+ in different crystal structures (Yamauchi 
and Kasai 2018). As observed in that study, histidine binding 
residues observed in vertebrate and invertebrate HIUases are 
not the same ones seen in the zinc binding sites we previ-
ously described in human TTR (De Palmieri et al. 2010a), 
but they are present in the HIUase-TTR ancestor recon-
structed in this work. The authors propose, based on their 
observations that T3 binding to different transthyretins is 
zinc-dependant, that such zinc-binding histidines would be 
related to transthyretin being a high-affinity thyroid hormone 
distributor in early vertebrate evolution. This hypothesis is 
in accordance with our reconstructed sequences—five his-
tidines mentioned in the study appear in the Ancestral TTR 
sequence substituting Thr1, Pro55 and Gln101 (see Fig. 1) in 
the reconstructed HIUase-TTR ancestor, as well as inserted 
between residues 102–103 and in the C-terminal extension, 
but the ones in the N-terminal and C-terminal are lost in the 
reconstructed Eutheria ancestor already, and only the one 
substituting Pro55 is still present in human transthyretin.

Conclusions

In this article, we reconstructed the evolutionary history of 
the HIUase/transthyretin protein family, starting before the 
gene duplication that gave rise to modern transthyretins. By 
reconstructing ancestors in three evolutionary timepoints, we 
assessed how the various functions observed in this protein 
family likely arose over time, using various experimental 
and computational methodologies.

Depending on the species, the differences between mod-
ern HIUases and the HIUase-TTR ancestor reconstructed 
in this study varied greatly. The HIUase from Japanese rice 
fish (UniProt: A0A3B3I7P0_ORYLA) is 97.5% identical 
to the reconstructed ancestor, while the closest primate 
sequence found in a BLAST search (Altschul et al. 1990), 
that of tufted capuchin (RefSeq: XP_032140684) changed 
almost half of its residues, showing only 55.83% identity to 
HIUase-TTR. The closest structurally characterized HIUase 
is the one from zebrafish, at 69.23% identity. Yet, structural 
analysis and docking support an identical binding and cata-
lytic mechanism for the HIUase-TTR ancestral.

Changes after gene duplication were far more dramatic. 
The TTR ancestral and HIUase-TTR share only 53.5% iden-
tity, with a longer C-terminal replacing the typical HIUase 
YRGS sequence. Yet these substitutions enabled it to bind 
to T4 very early in evolution, as shown by calorimetry 
and x-ray crystallography. A further 35 substitutions over 
a 124-residues overlap separates the TTR ancestral to its 

Fig. 3  a HIUase-TTR ancestor (salmon) superposed to human 
TTR (yellow). b Same as A upon a 180° rotation through the verti-
cal axis. c Available volume in the HIUase-TTR tunnel represented 
as cyan superposed spheres, calculated using CAVER (Jurcik et  al. 
2018). d Same as C for human transthyretin. e HIUase-TTR ances-
tor (salmon) superposed with the HIUase from S. Dublin (green). f 
The HIUase-TTR binding pocket superposed with thyroxine as posi-
tioned in human TTR. Figure prepared with PyMOL (DeLano 2007; 
Schrödinger 2010) (Color figure online)
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most likely sequence in Eutheria, which differs from human 
transthyretin by 15 additional substitutions. The substitution 
rate was clearly higher for transthyretins when compared 
to HIUases—while it is possible to find modern HIUases 
which are 97% identical to the HIUase-TTR ancestral (i.e., 
the most likely sequence before the gene duplication), mod-
ern transthyretins are at most around 77% identical to the 
TTR ancestral (those coming mostly from birds).

Interestingly, our analysis suggests that the other func-
tions found in transthyretins, binding to the retinol bind-
ing protein and presenting peptidase activity, could have 

appeared earlier in evolution and are worth investigating. 
Finally, our X-ray structures from reconstructed proteins in 
this family provide a useful tool for investigating the evolu-
tion of this protein family.

Methods

Phylogeny and Ancestral Sequence Reconstruction

Extant sequences were obtained from the UniProt database 
(UniProt Consortium 2018) through advanced search by 
protein family (family:"transthyretin family") and taxonomy 
(taxonomy:"Vertebrata [7742]"). In order to minimize redun-
dancy, only representative sequences from UniRef90 were 
used. Finally, manual screening was performed to remove 
excessively long sequences or fragments. The remaining 123 
sequences, 74 being transthyretins and 49 HIUases, were 
aligned using the M-coffee algorithm (Wallace et al. 2006). 
Alignment filtering was performed by TrimAl Automated 1 
method (Capella-Gutiérrez et al. 2009). From the multiple 
sequence alignment, a phylogenetic reconstruction was per-
formed using MrBayes (Ronquist and Huelsenbeck 2003) 
over 1,000,000 iterations with JTT as the best model accord-
ing to Prottest (Abascal et al. 2005; Darriba et al. 2011). 
Support values were estimated as Bayesian posterior prob-
abilities. The resulting phylogenetic tree was rooted by the 
midpoint method and, along with the alignment, was used 
as input to obtain candidate sequences for the reconstructed 
ancestral proteins by FastML (Ashkenazy et al. 2012)  with 
branch lengths optimization, Gamma distribution with 

Fig. 4  ITC experiments with 
transthyretin and the TTR 
ancestor. a T4 binding to human 
transthyretin b  T4 binding to the 
TTR ancestor

Fig. 5  a TTR Ancestor (cyan) as superposed to human TTR (yellow). 
b Same as A upon a 180° rotation through the vertical axis. Figure 
prepared with PyMOL (DeLano 2007; Schrödinger 2010) (Color fig-
ure online)
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8 discrete categories and JTT as amino acid replacement 
matrix.

Heterologous Expression and Purification

The nucleotide sequences for the ancestral proteins were 
synthesized and cloned into expression vector pET28a-TEV 
by GenScript, which includes codons for a 6xHis tag and 
a TEV protease site for its removal. Plasmids were trans-
formed by electroporation into electrocompetent bacteria E. 
coli BL21 (DE3) or BL21 (DE3) PLysS. These were cul-
tured in LB medium with antibiotic kanamycin, for E. coli 
BL21 (DE3), and kanamycin + chloramphenicol for BL21 
(DE3) PlysS, and expression was performed by addition of 
isopropyl β-D-1 thiogalactopyranoside during the log phase 
of bacterial proliferation. The theoretical molecular weight 
of the proteins was obtained using ProtParam (Gasteiger 

et al. 2003), available on the ExPaSy Proteomics Server 
("http:// www. expasy. org"). Expression was confirmed by 
SDS-PAGE, in which it was possible to observe a band with 
the expected molecular mass only in the cell extract at the 
end of the expression.

For large scale purification, cells were lysed by sonica-
tion, centrifugated, and the supernatant was loaded onto 
an affinity chromatography column containing immo-
bilized nickel (His-Trap HP—5 mL—GE Healthcare) 
coupled to a AKTA pure system (GE Healthcare). The 
purity and integrity of the eluted samples was evalu-
ated by applying them to a polyacrylamide gel, which 
was subsequently stained with Coomassie Brilliant Blue 
R250. The eluted samples were incubated with the TEV 
protease to remove the polyhistidine tag and subjected 
to another affinity chromatography step to separate the 
TEV protease (which also has a polyhistidine tag) from 

Fig. 6  Predicted binding modes 
for 5-HIU and HIU_HEI. Poses 
predicted in the binding site of: 
PucM (PDB 2H0F) for 5-HIU 
(a) and HIU_HEI (b); HIUase-
TTR for -5HIU (c) and HIU_
HEI (d); and TTR ancestor, for 
5-HIU (e) and HIU_HEI (f). 
Docking was performed with 
the program Glide SP precision. 
Hydrogen bonds are repre-
sented as dashed lines. Figures 
prepared with PyMOL (DeLano 
2007; Schrödinger 2010)

http://www.expasy.org
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the recombinant proteins. This was followed by molecu-
lar exclusion chromatography. The concentration of the 
recombinant proteins was obtained by absorbance at 280 
nm using the molar extinction coefficient obtained by 
amino acid sequence analysis in the ExPaSy Proteomics 
Server.

X‑ray Crystallography

The HIUase-TTR and TTR ancestor crystal structures 
were elucidated by SAD (Single Anomalous Dispersion) 
phasing using, respectively, an iodine derivative crys-
tal (Iod-HIUase-TTR) prepared according to the quick 
cryo soaking approach (Dauter et al. 2000; Nagem et al. 
2003) and a native iodine containing T4/TTR ancestor 
complex crystal (Nat-T4/TTR ancestor). Briefly, crystals 
were transferred for a few seconds to a cryogenic solution 
(crystallization mother liquor with 10% ethylene glycol 
with or without 100–200 mM NaI) before freezing and 
data acquisition. All datasets were collected at the Brazil-
ian Synchrotron Light Source MX2 beamline (Guimarães 
et al. 2009). X-ray diffraction statistics for all datasets are 
shown in Table 1.

The HIUase-TTR structure was elucidated in a two-
step procedure. Initially, an Iod-HIUase-TTR incomplete 
model at 1.70 Å resolution was automatically built using 
the Phenix Program Suite (Adams et al. 2010) and later 
completed by manual building using Coot (Emsley and 
Cowtan 2004). Later, this model and the Nat-HIUase-TTR 
dataset were used for Molecular Replacement phasing, 
and the native model was refined to a final Rfactor/Rfree 
of 16.1/18.2. The T4/TTR ancestor complex preliminary 
model was also automatically built using the Phenix 
Program Suite. It was completed and refined to a final 
Rfactor/Rfree of 17.2/18.5 after a few cycles of manual and 
TLS refinement in Coot and Phenix, respectively. Refine-
ment statistics for the final models are also reported in 
Table  1. The Nat-HIUase-TTR and the Nat-T4/TTR 
ancestor final models, and their respective datasets, were 
deposited at the Protein Data Bank under the accession 
codes 7KCN and 7KJJ, respectively.

As usual with ligand bound transthyretin structures, 
one of the binding sites usually presents poorer electron 
density compared to the other. This makes the deter-
mination of the ligand binding mode more difficult, as 
transthyretin commonly crystallizes as a dimer in the 
asymmetric unit, with a two-fold axis passing through 
the tunnel where both binding sites lie, and therefore the 
electron density represents the combination of two bind-
ing modes rotated by a 180° angle. The orientation of the 
two rings can be very easily determined for both sites, 
mostly due to the electron density of the iodine atoms 

which are unequivocal even at higher σ omit maps, while 
the orientation of the amino acid group is less clear for 
one of the sites (see supplementary materials for electron 
density maps).

Isothermal Titration Calorimetry

T4 binding to the ancestral proteins was assessed using 
isothermal titration calorimetry (ITC). A HIUase from 
Herbaspirillum seropedicae (Matiollo et al. 2009) was 
used as negative control, and human TTR as a positive 
control. All proteins were dialysed against a buffer con-
taining 25 mM Tris pH 8,0, 100 mM KCl, 1 mM EDTA 
then centrifuged at 10,000 rpm for 10 min at 4 °C.  T4 
(100 μM) was titrated in a cell containing the proteins at 
12 μM in a VP-ITC (Malvern) microcalorymeter. Experi-
ments were made at 25 °C with a preliminary injection 
of 2 μM followed by 5 or 10 μM injections in 250 s inter-
vals. The heat of dilution was obtained from independent 
experiments and subtracted from each titration. Thermo-
dynamic parameters were obtained using Microcal Origin 
7 (OriginLab Corporation).

Ligand and Protein File Preparation

All steps were performed in Maestro version 11.6.13, 
Release 2018-2 (Schrödinger, LLC, New York, USA). The 
HIU enantiomer predicted by Pipolo (Pipolo et al. 2011) 
and the respective high energy intermediate state for the 
reaction were prepared with LigPrep 3.6 (Schrödinger, 
LLC, New York, USA). Tridimensional structures were 
generated from SMILES strings, employing the OPLS3e 
force field and with the protonation state predicted by 
Epik, at pH 7.0. Protein files were prepared with the Pro-
tein Preparation Wizard, with the addition of hydrogens, 
removal of waters and optimization of hydrogen positions, 
based on protonation states predicted with PropKa at pH 
7.0.

Docking

Grids were prepared with the Receptor Grid Preparation tool 
(Schrödinger, LLC, New York, USA). Grid centers were 
defined based on four residues from the binding site of each 
protein: His14 and His105 from chains B and D, for PucM 
(PDB 2H0F), HIUase; His13 and His104 from chains A and 
B for HIUase-TTR; Lys18 and Leu112 from chains B and D 
for TTR ancestor. Grids had inner box dimensions of 10 Å 
and outer box dimensions of 30 Å in each axis. Docking was 
performed with Glide 6.9 (Schrödinger, LLC, New York, 
USA), (Friesner et al. 2004) with the following parameters: 
scaling of van der Waals radii by a scaling factor of 0.8, with 
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charge cutoff = 0.15; SP precision; application of Epik state 
penalties for docking scores; enhance planarity of conju-
gated pi groups. Up to 5 poses were saved for each ligand. 
After docking, results were analyzed in PyMOL (DeLano 
2007; Schrödinger 2010).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00239- 021- 10010-8.
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Table 1  Summary of crystallographic data and refinement statistics

Numbers in parentheses refer to the highest resolution shell for all HIUase-TTR and TTR ancestor crystals
a XDS (Kabsch 2010)
b Rfactor = Σhkl ||Fobs|—|Fcalc||/Σhkl|Fobs|
c Rfree is the  Rfactor value calculated for 5% of the data not included on refinement
d Phenix (Adams et al. 2010)

Crystal Data Iod-HIUase-TTR Nat-HIUase-TTR Nat-T4/TTR Ancestor

Beamline LNLS—MX2 LNLS—MX2 LNLS—MX2
Wavelength (Å) 1.459 1.459 1.459
Temperature (K) 100 100 100
Detector Dectris Pilatus 2 M Dectris Pilatus 2 M Dectris Pilatus 2 M
Crystal-detector distance (mm) 118.7 98.6 98.6
Rotation range per image (°) 0.25 0.1 0.1
Total rotation range (°) 360 360 180
Exposure time per image (s) 2.5 1.0 1.0
Space group P4122 P4122 P4322
Unit cell parameters a = b = 67.23, c = 116.72 a = b = 67.03, c = 116.89 a = b = 92.43, c = 87.78
Resolution range (Å) 44.07–1.70 (1.80–1.70) 44.05–1.46 (1.55–1.46) 41.34–1.55 (1.59–1.55)
Total observations 730,111 (108,063) 988,157 (61,938) 664,160 (39,404)
Unique observations 56,263 (9,076) 85,577 (11,794) 105,128 (7,752)
Completeness (%) 99.9 (99.9) 97.1 (82.8) 99.9 (99.2)
(I)/σ(I) 34.3 (4.2) 24.7 (3.8) 26.3 (2.9)
Redundancy 13.0 (11.9) 11.5 (5.3) 6.3 (5.1)
Rmeas (%) 4.4 (55.6) 6.3 (35.3) 3.7 (70.3)
CC(1/2) (%) 99.9 (95.3) 99.9 (93.3) 99.9 (86.8)
Integration/scaling programs XDSa XDS XDS
Protein molecules – 2 2
T4 molecules – – 2b

Water molecules – 203 178
Rfactor

c (%) – 16.1 17.2
Rfree

d (%) – 18.2 18.5
 RMSD bond lengths (Å) – 0.016 0.016
 RMSD bond angles (°) – 1.519 1.474
 Overall B-factor (Å2) – 25.1 30.2
 Ramachandran plot
 Most favored (%) – 99.12 97.78
 Allowed regions (%) – 0.88 2.22
 Phasing/refinement programs Phenixe Phenix Phenix

https://doi.org/10.1007/s00239-021-10010-8
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