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SI Results and Discussion

Structural information is required to investigate the features by
which proteins adapt to their environments. A crystal structure of
a resurrected ancestral protein for vertebrate hormone receptors
that might have existed ~450 million years ago has been solved
(1). However, to date, no structure has been available for any of
the most deeply rooted archaeal and bacterial proteins. We
successfully solved the crystal structures for the ancestral se-
quences for Archaea (Arcl) and Bacteria (Bacl) predicted by
CODEML to 2.4-A resolution. The Arcl and Bacl protomers
self-associate as hexameric structures, a quaternary structure
found for many extant nucleoside diphosphate kinases (NDKs)
(2-4), and the relationship among the protomers of Arcl and
Bacl is identical to that of all known hexameric NDKs (Fig.
S6A). Superdex 200 chromatography performed for purification
of the other ancestral NDKs indicated that they also are stable
hexamers. The Arcl and Bacl promoters each contain a pafppafp
supersecondary structure, which also has been found in the
structures of extant NDKs (5). The structures of Arcl and Bacl
are virtually superimposable on that of Thermus thermophilus
NDK (137 aligned residues; rmsd for Arcl and 7. thermophilus
NDK C,s is 0.53 A and the rmsd for Bacl and T. thermophilus
NDK C,s is 0.68 A; Fig. S6B) Subtle deviations in the backbone
C, positions are found only in the loops and both termini. The
rmsd for the active-site C,s of T. thermophilus NDK and Arcl is
0.87 A and for T. thermophilus NDK and Bacl is 0.86 A (Fig.
S6C). These very similar active-site structures are consistent with
the observation that all three enzymes exhibit similar kinetic
parameters (Table 2).

All ancestral NDKs have extremely high thermal stability,
suggesting that their conserved residues are responsible for their
stability. Therefore, to identify structural features that might be
responsible for the thermostability, we compared the Arcl and
Bacl structures with that of the NDK from the mesophilic Dic-
tyostelium discoideum (4). The C,s (of the 139 aligned residues)
of the reconstructed and D. discoideum NDKs superimposed
with an rmsd of 0.81 A (Arcl vs. D. discoideun NDK) and 0.82 A
(Bacl vs. D. discoideum NDK) (Fig. S6D), indicating that the
backbone structure is not responsible for the differences in sta-
bility. However, other structural features are thought to in-
fluence thermal stability. Because exposed nonpolar residues
interact unfavorably with the solvent, reduction of the nonpolar
solvent-accessible surface area contributes to protein stability.
Indeed, naturally occurring hyperthermophilic proteins often
have substantially reduced nonpolar surfaces and increased polar
surfaces (6). Nonpolar residues occupy 52% and 51% of the
Arcl and Bacl surface areas, respectively (Table S1). Con-
versely, 59% of the D. discoideum NDK surface area is nonpolar.
Therefore, the reduced nonpolar solvent-accessible surface areas
of the ancestral NDKs are likely to be at least partially re-
sponsible for their high thermal stability.

Thermophilic proteins often have increased numbers of
charged residues on their surfaces as compared with the surfaces
of their mesophilic homologs (7). However, because the differ-
ence in the numbers of intraprotomer ion pairs for the ancestral
NDKs and D. discoideurn NDK is marginal (Table S1), this type
of ion pairing does not seem to contribute substantially to the
ancestral proteins’ thermostability. More important are the dif-
ferences in the number of ion pairs and nonpolar interactions
found at the interfaces of the reconstructed NDKs and the
mesophilic protein protomers. Thermostable oligomeric proteins
often have increased numbers of improved ion-pair interactions
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(8-10) and/or nonpolar interactions (11) at their protomer in-
terfaces as compared with less stable, homologous proteins.
Each hexameric NDK structure can be viewed as a trimer of
three dimers or as a dimer of two trimers. The dimer interface is
formed by an a-helix and a p-strand from each protomer.
Compared with those found at the interfaces of the mesophilic
NDK, the reconstructed protein interfaces have increased
numbers of interprotomer nonpolar interactions that likely
contribute to their stability (Table S1). The reconstructed pro-
teins also have increased numbers of electrostatic interactions at
the dimer interfaces compared with the interfaces of D. dis-
coideum NDK. For Arcl and Bacl, 14 and 11 interprotomer
hydrogen bonds, respectively, are present at each dimer in-
terface, whereas only eight such hydrogen bonds are found in
D. discoideurn NDK. In addition, the dimer interfaces of Arcl
and Bacl have two and three interprotomer ion pairs, respec-
tively (Fig. S7A4), but no such interprotomer ion pairs are found
in D. discoideum NDK. Therefore, the additional interactions
across the dimer interface probably contribute substantially to
the stability of the reconstructed NDKs.

For the trimer interface interactions, fewer interprotomer
nonpolar contacts exist in the reconstructed NDKs than in
D. discoideum NDK. The trimer interface of D. discoideum NDK
contains 12 interprotomer nonpolar contacts, whereas there are
only six and three in the trimer interfaces of Arcl and Bacl,
respectively. Conversely, the reconstructed proteins have in-
creased numbers of interprotomer ion pairs in the trimer in-
terface (Table S1). The NDK trimers contain a cavity parallel to
the threefold axis (Fig. S7B). One positively and two negatively
charged side chains are directed toward the center of the cavity
and toward each other. Specifically, the side chain of Arg27 from
one Bacl protomer forms two ion pairs with the side chains of
Glu20 (4.23-A separation) and Asp104 (4.12-A separation) from
a neighboring protomer. In Arcl, the side chain of Arg27 forms
an ion pair with the side chain of Glu20 (3.96-A separation) from
an adjacent protomer. In D. discoideum NDK, a lysine (Lys34) is
found in the same position as Arcl Arg27; however, the side-
chain amino group of Lys34 is not within ion-pairing distance of
a negatively charged side chain (the Glu27 carboxyl is removed
by 6.48 A and the Aspl111 carboxyl by 7.59 A) (Fig. S7B). Pos-
sibly, therefore, the enhanced stability of the reconstructed
NDKs is partly a consequence of the interprotomer ion pairs
within the central cavity.

S| Methods

Crystallization. Arcl and Bacl were crystallized at 20 °C using the
sitting-drop vapor-diffusion method. Each purified protein in 20
mM Tris-HCl, pH 7.4, and 20 mM KCl was added to an equal
volume of reservoir solution [0.1 M Hepes, pH 7.5, 0.8 M po-
tassium sodium tartrate tetrahydrate, 3% (wt/vol) (+)-2-methyl-
2,4-pentanediol (for Arcl) or 0.1 M sodium citrate, pH 6.5,
1.4 M sodium acetate trihydrate (for Bacl)]. The Arcl and Bacl
crystals had final dimensions of 0.1 x 0.1 X 0.1 mm and 0.2 X
0.2 x 0.2 mm, respectively.

Data Collection and X-Ray Crystallography of Arc1 and Bacl. The
crystals were cooled in a stream of nitrogen at 95 K after being
rapidly transferred individually into separate reservoir solutions
containing 25% (wt/vol) ethylene glycol. Diffraction data were
collected on the BLSA beamline at the Photon Factory and were
processed using HKL2000 (12). Evaluation of the Matthews
coefficient (13) indicated that each crystal contained two molecules
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per asymmetric unit: Vyy = 3.58 A3Da™! (Arcl), and Viy = 3.49
A’Da™! (Bacl). The structures were solved by molecular re-
placement using MOLREP (14) in the CCP4 suite (15), and the
coordinates of Pyrococcus horikosii NDK [Protein Data Bank
(PDB) code, 2cwk] and T. thermophilus NDK (PDB code, 1wkl)
as the initial search models for Arcl and Bacl, respectively.
Model building was performed with XFIT in the XtalView
package (16), and refinement was performed with Refmac5 (17)
and CNS (18). Data collection and refinement statistics are
summarized in Table S2. In the Ramachandran plots, 100% of
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the residue ¢-¢ values are in allowed conformational space for
both Arcl and Bacl. Although the crystallographic asymmetric
units of Arcl and Bacl each contain two NDK molecules, hex-
americ structures could be generated by rotation around a crys-
tallographic threefold axis. All images of the protein structures
were drawn using PyMOL (www.pymol.org). The crystal struc-
tures of the resurrected ancestral enzymes have been deposited
in the Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank (www.rcsb.org) under the accession
numbers 3VVT (Arcl) and 3VVU (Bacl).
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Fig. S1. Phylogenetic tree built with extant NDK sequences. (A) An unrooted tree constructed from 66 NDK sequences using the maximum likelihood (ML)
method. The number at each node indicates the percentage bootstrap probability associated with the correct positioning of the node. The bootstrap prob-
abilities were obtained from 100 pseudoreplicates generated by TREEFINDER. The accession number for each species obtained from GenBank is shown in
parentheses. Blue, black, and yellow lines identify the archaeal, bacterial, and eukaryotic lineages, respectively. The 10 sequences that represent the main
branches of the tree are shown in magenta. (B) The phylogenetic tree used to infer the amino acid sequences of the ancestral archaeal and bacterial NDKs. The
nodes corresponding to the last common archaeal and bacterial ancestors are identified.
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Fig. S2. The amino acid sequences of the ancestral NDKs reconstructed in this study. (A) A multiple amino acid sequence alignment for two contemporary
NDKs and the ancestral proteins. Afu, Archaeoglobus fulgidus NDK; Tth, Thermus thermophilus NDK. The sequence of ConsNDK contains the amino acid most
frequently found at each position. (B) Inferred ancestral amino acid sequences and their site-specific probabilities. The N-terminal methionines were not in-
cluded in the ancestral sequence analysis. The reliability that the ancestral residues are correctly inferred is expressed as their a posteriori probability (p): red,

p > 0.95; magenta, 0.95 > p >0.90; yellow, 0.90 > p >0.80; green, 0.80 > p >0.70; cyan, 0.70 > p >0.60; blue, 0.60 > p >0.50; white 0.50 > p.
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Fig. $3. Unfolding of NDKs monitored at 0,,,. Each enzyme (20 pM) was dissolved in 20 mM potassium phosphate, pH 6.0 (A, C, E, and G) or pH 7.6 (B, D, and
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Fig. S5. The proteins containing the “second-best” ancestral residues. (A) Pair-wise amino acid sequence alignments for the inferred ancestral NDKs and the
corresponding variants that contain the second-best ancestral residues at positions for which the prediction was uncertain (a posteriori probabilities <0.8). (B)
The effects of uncertainty on the ancestral sequence reconstructions assessed by thermostability measurements. The experiments were performed as described

for Fig. 3, with the pH of the solutions being 6.0.
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Fig. S6. Crystal structures of T. thermophilus and the resurrected ancestral NDKs. (A) The hexameric-type structure shown in the figure for Arc1 (Center) and
Bac1 (Right) has been found for extant NDKs, including that from T. thermophilus (Left). For clarity, each protomer within a hexameric structure is shown in
a different color. Upper panels are views along the threefold axis of rotation, and the lower panels are views along the twofold axis of rotation. (B) Comparison
of the structures of the resurrected ancestral and T. thermophilus NDKs. (Left) Superpositioned Arc1 (magenta) and T. thermophilus NDK (gray; PDB code
1wkj). (Right) Superpositioned Bac1 (blue) and T. thermophilus NDK (gray). Superpositioning was performed by PDBeFold (www.ebi.ac.uk/msd-srv/ssm/). (C)
Comparison of the ancestral and T. thermophilus NDK active sites. The T. thermophilus NDK structure (colored gray; PDB code 1wkl) was solved with an ATP
bound in the active site. (ATP is shown as a stick model in yellow and orange.) The crystal structures of Arc1 (Left) and Bac1 (Right) (colored magenta and blue,
respectively) were solved without substrate or product present. The side chains of the active-site residues are shown as stick models. Calculation of the C, rmsd
of the active-site residues K9, H48, Y49, F57, T91, R102, N112, and H115 was performed by the Swiss PDB Viewer (http:/spdbv.vital-it.ch/). (D) (Left) Super-
positioned Arc1 (magenta) and Dictyostelium discoideum NDK (orange). (Right) Superpositioned Bac1 (blue) and D. discoideum NDK (orange).
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Arci Bac1 D. discoideum NDK

Fig. S7. Comparison of the protomer interfaces. (A) Interprotomer polar interactions at the dimer interface. Residues involved in interprotomer electrostatic
interactions are shown as stick models. The yellow and green dotted lines indicate the interprotomer ion pairs and hydrogen bonds, respectively. (B) The
central cavity within the trimer structure of Arc1, Bac1, and D. discoideum NDK. The three sets of acidic/basic side chains directed toward the center of each
cavity are shown as stick models. lon-pair separations of <6 A are indicated by the yellow dotted lines.

Table S1. Comparison of factors known to be responsible for a protein’s stability

Factor Arcl Bac1 D. discoideum NDK
Total accessible surface area (ASA) (%) 32,200 A? (100) 35,000 A? (100) 34,500 A2 (100)
Polar ASA (%) 15,400 A? (48) 17,000 A? (49) 14,100 A (41)
Nonpolar ASA (%) 16,800 A2 (52) 18,000 A2 (51) 20,400 A2 (59)
Number of intraprotomer ion pairs (separation <6 A) 22 20 18
Dimer contact data (per interface)
Number of nonpolar contacts (separation <5 A) 22 21 16
Number of hydrogen bonds 14 1 8
Number of ion pairs (separation <6 A) 2 3 0
Trimer contact data (per trimer)
Number of nonpolar contacts (separation <5 A) 6 3 12
Number of hydrogen bonds 12 15 21
Number of ion pairs (separation <6 A) 9 12 6

Akanuma et al. www.pnas.org/cgi/content/short/1308215110 9 of 10


www.pnas.org/cgi/content/short/1308215110

PNAS

Table S2. Crystallographic data collection and refinement

statistics
Data collection Arcl Bac1
Space group P2,3 P2,3

Unit cell dimensions (A)

Resolution (A)
Completeness (%)
Rmerge (%)
Refinement
Resolution (A)
No. reflections
R/Rfree (%)
No. atoms
Protein
Water
B-factors
Protein
Water
Rmsd
Bond length (A)
Bond angles (°)
PDB ID code

a=b=c=110.40
20-2.40 (2.46-2.40)
100 (97.6)
7.1 (53.9)

20-2.40
17715
18.7/22.2

2,190
42

34.48
32.40

0.025
1.986
3WWT

a=b=c=109.35
20-2.40 (2.46-2.40)
100 (100)
5.8 (22.3)

20-2.40
17316
18.0/22.1

2,190
61

25.94
29.81

0.026
1.983
3vvu

Values in parentheses are for the highest-resolution shell.
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