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Eukaryotic initiation factor 5A (eIF-5A) is ubiquitous in eukaryotes and archaebac-
teria and is essential for cell proliferation and survival. The crystal structure of the
elF-5A homologue (PholF-5A) from a hyperthermophilic archaebacterium Pyrococ-
cus horikoshii OT3 was determined at 2.0 A resolution by the molecular replacement
method. PholIF-5A is predominantly composed of B-strands comprising two distinct
folding domains, an N-domain (residues 1-69) and a C-domain (residues 72-138),
connected by a short linker peptide (residues 70-71). The N-domain has an SH3-like
barrel, while the C-domain folds in an (oligonucleotide/oligosaccharide binding) OB
fold. Comparison of the structure of PholIF-5A with those of archaeal homologues
from Methanococcus jannaschii and Pyrobaculum aerophilum showed that the N-
domains could be superimposed with root mean square deviation (rmsd) values of
0.679 and 0.624 A, while the C-domains gave higher values of 1.824 and 1.329 A, respec-
tively. Several lines of evidence suggest that eIF-5A functions as a biomodular protein
capable of interacting with protein and nucleic acid. The surface representation of
electrostatic potential shows that PholF-5A has a concave surface with positively
charged residues between the N- and C-domains. In addition, a flexible long hairpin
loop, L1 (residues 33-41), with a hypusine modification site is positively charged, pro-
truding from the N-domain. In contrast, the opposite side of the concave surface at
the C-domain is mostly negatively charged. These findings led to the speculation that
the concave surface and loop L1 at the N-domain may be involved in RNA binding,
while the opposite side of the concave surface in the C-domain may be involved in
protein interaction.

Key words: archaebacteria, crystal structure, initiation factor 5A, Pyrococcus hori-
koshii.

Abbreviations: elF-5A, eukaryotic initiation factor 5A; MjalF-5A, initiation factor 5A from Methanococcus
Jannaschii; NCS, non-crystallographic symmetry; OB-fold, oligonucleotide/oligosaccharide binding fold; PaelF-
5A, initiation factor 5A from Pyrobaculum aerophilum; PEG, polyethylene glycol; PhoIF-5A, initiation factor 5A

from Pyrococcus horikoshii; rmsd, root mean square deviation.

Eukaryotic initiation factor 5A (eIF-5A), ubiquitous in
both eukaryotes and archaebacteria, consists of about
140 amino acid residues and was initially named based
on the findings that eIF-5A could be isolated from the
ribosome-bound fraction and stimulate the synthesis of
methionyl-puromycin (1, 2). However, the role of eIF-5A
in translation initiation has been questioned because of a
lack of correlation between eIF-5A and general protein
synthesis (3). Alternatively, it was proposed that eIF-5A
may facilitate protein synthesis by promoting nuclear
export of specific mRNAs (4). Furthermore, a recent
study has suggested that eIF-5A may facilitate the trans-
lation of mRNA species required for programmed cell
death (5).

elF-5A is the only cellular protein known to contain a
hypusine residue (for review, see Refs. 6 and 7). Hypu-
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sine is formed by a series of post-translational reactions.
The first reaction leading to the formation of hypusine is
catalyzed by deoxyhypusine synthase, an enzyme that
adds butylamine to the conserved lysine of elF-5A to
form deoxyhypusine. A subsequent reaction in which
deoxyhypusine is converted to hypusine is catalyzed by
deoxyhypusine hydroxylase (8—10). Hypusine formation
is tightly coupled to cell proliferation and is essential for
cell survival (11, 12). Disruption of either eIF-5A or the
deoxyhypusine synthesis gene in yeast leads to a lethal
phenotype (13, 14). Recently, it was reported that hypu-
sine is required for a sequence-specific interaction of elF-
5A with RNA (15).

Although eIF-5A is essential for cell proliferation and
survival, the precise physiological function of eIF-5A is
still unclear. In this study, we determined the crystal
structure of an eIF-5A homologue (PhoIF-5A) from the
hyperthermophilic archaebacterium Pyrococcus horiko-
shii OT3 in the hopes that it would be of help in under-
standing the cellular function and role of eIF-5A. P.

© 2003 The Japanese Biochemical Society.

2T0Z ‘62 Joqueldes uo A1sleAlun pezy diwes| e /Biosfeudnolpioxorql//:dny wouy papeojumoq


http://jb.oxfordjournals.org/

76

Table 1. Summary of data collection.

Space group P3,

Unit cell a=b=9334,c=39.24,y=120°
Z 3 (Vyy = 2.16 A3/Da)
Wavelength (A) 0.90

Resolution (A)P 100-2.0 (2.11-2.0)
Number of observed reflections 148,604

Unique reflections 25,949
Completeness (%) 100 (99.9)
Averaged redundancy 5.7(5.7)

Averaged I/c (I) 8.5(2.4)

R eans (%)° 8.1(34.9)

27" is the number of molecules in an asymmetric unit. "Values in
parentheses are for the outermost resolution shell. ‘R, .= 2, [m/
(m — DIV2X, | <I>, — I, ;| Z,Z0, ;, where <[>, is the mean intensity of
symmetry-equivalent reflections and m is redundancy.

horikoshii OT3 isolated from the hot waters of the Oki-
nawa Trench can grow at high temperatures, favoring a
temperature of 98°C. The entire length of the genome is
1.74 million base pairs, comprising 2,061 open reading
frames. The functions of about 27% of the P. horikoshii
gene products can be assigned based on their amino acid
sequence analysis (16). A gene (ID code PH1381) prod-
uct was assigned as the homologue of eIF-5A, sharing
22% identical residues with Saccharomyces cerevisiae
elF-5A. Here, we report the three-dimensional structure
of PhoIF-5A determined at 2.0 A resolution by the molec-
ular replacement method using eIF-5A homologues from
Methanococcus jannaschii (PDB code 2EIF) (17) and
Pyrobaculum aerophilum (PDB code 1BKB) (I18) as
search models.

MATERIALS AND METHODS

Materials—Restriction enzymes were purchased from
MBI Fermentas. The oligonucleotide primers and thermo
sequenase fluorescent labeled primer cycle sequencing
kit containing 7-deaza-dGTP were obtained from Amer-
sham Pharmacia Biotech. Plasmid pGEM T-vector and
expression plasmid pET-22b were obtained from Promega
and Novagen, respectively. Escherichia coli strains
JM109 and BL21 (DE3) were used as host cells for clon-
ing and producing recombinant protein, respectively. Pol-
yethylene glycol 4000 (PEG 4000) was obtained from
Fluka Chemicals; reagents were purchased at the high-
est purity available.

Cloning, Overproduction, and Purification—The gene
(ID code PH1381) encoding the P. horikoshii IF-5A
(PhoIF-5A) was amplified by PCR and placed under con-
trol of the T7 phage promoter on the expression plasmid
pET-22b (19). Expression was induced with IPTG, and
the resulting protein was purified to apparent homogene-
ity by ion-exchange chromatography on S-Sepharose.

Crystallization and Data Collection—The purified pro-
tein PholF-5A was concentrated to 10 mg ml in 0.1 M
Hepes-NaOH buffer (pH 7.5). Crystallization attempts
were made by the hanging-drop vapor diffusion method
at 18°C using crystal screen kits (Hampton Research) as
reservoir solutions. Each drop was formed by mixing
equal volumes (2 pl:2 pl) of protein and reservoir solu-
tion. Crystals of PholF-5A were obtained under condi-
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tions of 10% isopropanol and 20% PEG 4000 in one week
with a size of 0.1 x 0.1 x 0.2 mm3.

For data collection, the crystals of PholF-5A were
transferred into a cryoprotectant solution containing
20% sucrose in reservoir solution, then mounted in a
nylon loop and flash-frozen in a nitrogen stream at 100
K. X-ray diffraction data were collected on beamline
BL41XU at SPring-8 of Japan, integrated, scaled and
merged by the MOSFLM (20) and SCALA (21) pro-
grams. A crystal of PholF-5A diffracts to 2.0 A and
belongs to space group P3, with cell dimensions of @ = b
=93.3 A, ¢ =394 A, and y = 120°. Crystals of PholF-5A
contain three molecules per asymmetric unit, correspond-
ing to a Vj; of 2.16 A3 Da-l. Assuming a value of 0.74 cm3
g1 for the protein partial specific volume (22), the calcu-
lated solvent content in the crystal is 43.1%. The statistics
of data collection are summarized in Table 1.

Structure Determination and Refinement—The crystal
structure of PholF-5A was determined by the molecular
replacement method using the program MOLREP (23).
Two search models of archaeal homologues from M. jan-
naschii (ID: 2EIF) and P. aerophilum (ID: 1BKB), which
have 46.4 and 48% identical residues with PhoIF-5A,
respectively, were constructed based on the alignment of
amino acid sequences. Structure refinement was per-
formed using the program CNS (24), and the 10% reflec-
tion data were set aside for the calculation of the free R-
factor to monitor the refinement. After the first step of
the refinement at 2.5 A resolution, a model of PholF5A
was rebuilt using the program O (25). Non-crystallo-
graphic symmetry (NCS) restraints were applied
throughout the refinement. The coordinates have been
deposited in the Protein Data Bank (ID: 11Z6).

RESULTS AND DISCUSSION

Structure Determination and Quality—In spite of the
presence of three independent molecules (MolA, MolB,
and MolC) in an asymmetry unit, the self-rotation func-
tion did not reveal any local symmetry. However, the
native Patterson function that was subsequently calcu-
lated showed a peak at translation vector [0.67, 0.33,
0.43] (fractional coordinate), which means that at least
two molecules have nearly identical orientations in the
asymmetric unit. Table 2 shows the results of the molec-
ular replacement calculated by the program MOLREP.
The best solution was obtained from space group P3, and
a search model of 1BKB, which gave a correlation coeffi-
cient of 40.3% and an R factor of 52.5%. Two of the three
independent molecules have nearly identical orientations
with a shift vector of [0.67, 0.33, 0.43].

The initial model constructed from 1BKB contained
134 residues (out of a total 136 residues) of which 62
residues possessed full side chains. After generating all
side chains by computer, the first round of refinement,
including rigid-body, positional, temperature and simu-
lated annealing, was carried out at 2.5 A resolution,
which gave free R- and R-factors of 42.9 and 33.4%,
respectively. The structure was remodeled using pro-
gram O. After several rounds of refinement and manual
fitting, the structure was refined to the free R- and R-
factors of 23.7 and 19.9%, respectively, at 2.0 A resolu-
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Table 2. Cross-rotation and translation function statistics.
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Model 01 (°) 02 (°) 03(°) x y z CC (%) R (%)
Cross rotation function (P3,)
1BKB answerl 22.79 67.92 -81.54 4.56
answer2 87.68 57.23 74.66 4.36
answer3 44.06 104.45 37.07 4.02
answer4 39.06 37.91 -80.41 3.73
answerb 57.39 69.98 183.05 3.72
2EIF answerl 58.87 107.00 32.9 4.38
answer2 82.72 100.71 66.89 4.09
answer3 75.60 72.56 119.94 4.08
answer4 65.06 108.67 45.80 3.88
answerb 4.33 46.90 127.29 3.80
Translation function
1BKB P3,
Third site using two sites of (22.79, 67.92, —81.54, 0.167, 0.118, 0.000) and (32.69, 38.81, —75.54, 0.797, 0.448, 0.334)
answerl 39.06 37.91 -80.41 0.462 0.789 0.771 40.5 52.5
answer2 39.06 37.91 -80.41 0.381 0.777 0.044 36.3 54.4
answer3 39.06 37.91 -80.41 0.477 0.688 0.815 36.1 54.0
P3,
Third site using two sites of (22.79, 67.92, —81.50, 0.607, 0.288, 0.000) and (39.06, 37.91, —80.41, 0.189, 0.239, 0.695)
answerl 22.79 67.92 -81.54 0.277 0.624 0.431 31.4 56.9
answer2 22.79 67.92 -81.54 0.218 0.144 0.036 30.3 56.7
answer3 22.79 67.92 -81.54 0.099 0.788 0.944 30.3 56.8
2EIF P3,
Third site using two sites of (58.87, 107.00, 32.95, 0.878, 0.050, 0.000) and (82.72, 100.71, 66.89, 0.544, 0.345, 0.332)
answerl 82.72 100.71 66.89 0.203 0.674 0.758 36.9 54.6
answer2 82.72 100.71 66.89 0.207 0.672 0.649 32.7 55.8
answer3 82.72 100.71 66.89 0.194 0.643 0.874 32.6 55.6
P3,
Third site using two sites of (58.87, 107.00, 32.95, 0.377, 0.284, 0.000) and (82.72, 100.71, 66.89, 0.056, 0.362, 0.584)
answerl 32.38 50.18 —65.46 0.394 0.421 0.082 31.5 55.8
answer2 32.38 50.18 —65.46 0.713 0.471 0.874 30.7 56.2
answer3 32.38 50.18 —65.46 0.200 0.295 0.534 30.7 56.3
Table 3. Final refinement statistics. geometries close to ideal with rmsd of 0.009 A and 1.5°
Resolution range (A) 10.0-2.0 from ideal values for bond lengths and angles, respec-
Number of reflections 95 746 tively. When the structure was checked using PRO-
Completeness (%) 100 CHECK (26), 91.2% of the non-glycine and non-proline
Total number of non-hydrogen atoms residues fell in the most favored regions and 8.8% in the
Protein 3,158 additional allowed region of the Ramachandran plot. The
Solvent 279 refinement statistics are summarized in Table 3.
R-factor (%)® 185 Overall Structure—The refined model of PholF-5A is a
R-free-factor (%)b 23.6 beta-rich structure with 52.9% B-strand, 8.0% helical
rmsd deviation from standard values (including 3;y-helix), 18% turn, and 27.1% unclassified
Bond lengths (A) 0.009 coil. PholF-5A consists of two distinct domains, an N-
Bond angles (deg) 1.628 domain (residues 1-69) and a C-domain (residues 72—
Average B-factor (A2) 138) (Fig. 1). The secondary structure of PholF-5A as
Protein 277 defined by the program DSSP (27) is shown in Fig. 2. The
Solvent 37.4 N-domain has an SH3-like barrel motif consisting of a
Ramachandran plote 3,0-helix (al) and six-stranded (B1, 2, B3, p4, p5, and B6)
Residues in most favored regions (%) 91.2 anti-parallel highly twisted p-sheets. The N-domain has
Residues in additional allowed regions (%) 8.8 a long hairpin loop, L1 (residues 33—41), including a spe-

aR-factor = 2| F s — Foy | /ZF 1, Wwhere F  and F, are observed and
calculated structure factor amplitudes. "R-free-factor value was cal-

culated for R-factor, using only an unrefined subset of reflections
data (10%). ‘Ramachandran plot was calculated by PROCHECK (26).

tion. The refined structure contains 407 residues [136
(MolA), 136 (MolB), and 135 (MolC)] and 278 water mole-
cules in the asymmetric unit. The N-terminal Met and C-
terminal Gln residues are disordered, and the loop L1
(residues 33-41) has weak density. The model has
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cific residue, Lys37, that is supposed to be modified to
hypusine residue. A quarter of the long B3 strand forms
hydrogen bonds with f2, and the remaining part with p4.
The B2 strand and the N-terminal portion of B3 are
approximately perpendicular to strands B3, p4, B5, and
B6. This highly twisted B-sheet forms a distorted B-barrel
with a short 3;,-helix on the top. Further, hydrophobic
residues Val7, Val9, Leul2, Ilel8, Ile20, Ile27, Val32,
Ala43, Ile45, Ile58, Val66, and Val68 form a hydrophobic
core inside the pB-barrel.
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Fig. 1. A stereoscopic drawing of the translation initiation
factor PholIF-5A from P. horikoshii. The balls-and-sticks repre-
sent the specific amino acid Lys37 that is supposed to be modified to
hypusine.

The C-domain has an oligonucleotide/oligosaccharide
binding fold (OB-fold), comprising two short a-helices (.2
and a3) and a five-stranded (B7, B8, B9, p10, and B11)
anti-parallel B-barrel arranged differently from the N-
terminal B-barrel. The top of C-terminal B-barrel is
capped by a loop between a3 and p10. The long B7 strand
forms hydrogen bonds with B8 at the center of the peptide
chain. Like the N-domain, the C-terminal B-barrel also
forms a hydrophobic core with residues Ala76, Val78,
Ile81, Val86, I1e88, Phe97, Val99, Ile101, Val105, Leull3,
Vall19, and I1e130.

The two domains of PholF-5A are connected by a pep-
tide linker (residues 70-71), which joins the last B-
strand, 6, of N-domain and the first B-strand, p7, of the
C-domain. The interface of the two domains is formed by
residues from B2, the loop between B4 and 5, and p10.
The contact between the two domains involves several
hydrogen bonds and a hydrophobic core including resi-
dues Tyrl7, Pro24, I1e50, Phe51, Ile71, Trpl122, Thr124,
and Leul25. PhoIF-5A has a concave surface between the
N- and C-domains with an approximate size of 6.5 A x 6 A
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Fig. 2. Sequence comparison of the translation initiation fac-
tor 5As. The alignment of amino acid sequences was first calcu-
lated by CLUSTAL W (28) and modified based on the secondary
structures of PholF-5A (present work), MjalF-5A (17), and PaelF-
5A (18). The amino acid residues are shown as follows: completely
identical (pink), conserved change (yellow), completely identical
only in archaeal IF-5As (light blue). The secondary structure ele-
ments are defined by the DSSP program (27). Lys37, which is mod-
ified to hypusine, is marked by an asterisk.

x 15 A calculated from the three independent molecules
(MolA, MolB, and MolC) in the asymmetry unit.
Structure Comparison—The amino acid sequence of
PholF-5A was aligned with those of two archaeal homo-
logues as well as eukaryotic homologues using the pro-
gram CLUSTAL W (28), as shown in Fig. 2. Most of the
conserved sequences are within the N-domain, while the
C-domain is less conserved. The overall structure of
PholF-5A displays significant similarity to those of
archaeal homologues (Fig. 3a). Superposition of the
entire PholF-5A with the two homologues PaelF-5A and
MjalF-5A using the program LSQABK (29) gave rmsd
values of 1.276 and 1.690 A, respectively, for 117 Co
atoms. When independent domains were superimposed,
the N-domains of the three archaeal IF-5As have a very
fixed structure (except loop L1) as shown by the small
rmsd values (0.624 and 0.679 A), whereas the rmsd val-
ues of the C-domains are 1.329 and 1.824 A (Table 4).
Distinct rmsd values for the two domains were also
obtained by comparison of the three independent mole-
cules of PholF-5A in the asymmetric unit, as shown in Fig.

Table 4. Superposition of IF-5As against PholIF-5A (MolA).

rmsd?
Fitting by N-domain® Fitting by C-domain® "
N-domain  C-domain N-domain  C-domain Fitting by all‘
PholF-5A (MolB) 0.447 2.754 3.861 0.989 1.216
PholIF-5A (MolC) 0.566 2.424 2.977 0.968 1.088
PaelF-5A 0.624 2.325 3.740 1.329 1.276
MjalF-5A 0.679 3.845 4.049 1.824 1.690

armsd = (Zi(xi,moleculel - %

+ molecule) /N)Y2, %; = (x;, y;, 2,). Prmsd values are calculated using Co

atoms of 59 residues (without loopl) and 58 residues in N- and C-domain, respectively, after
fitting by N-domain. ‘rmsd values are calculated using Co atoms of 59 residues (without loop1)
and 58 residues in N- and C-domain, respectively, after fitting by C-domain. 9rmsd values are

calculated using Ca atoms of 117 residues.
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Fig. 3. Structural comparison of the archaeal IF-5As. a: Super-
imposition of the backbone atoms of three archaeal homologues,
PholF-5A (MolA, red), PaelF-5A (green) (18), and MjalF-5A (yellow)
(17). b: Superimposition of the backbone atoms of three independ-
ent copies in the asymmetric unit of PholF-5A; MolA (red), MolB
(green), and MolC (yellow).

3b and Table 4, suggesting inter-domain movement within
the molecule. Thus, the peptide linker of the two domains
mediates an inter-domain flexibility of about 7°.

Possible RNA-Binding Site—The N-domain of PholF-
5A contains an SH3-like barrel motif, while the C-
domain folds in an OB-fold. The DALI-server (30) shows
that SH3-like barrel motifs are found in the DNA bind-
ing domain of HIV-integrase (31), the repressor of the E.
coli biotin biosynthetic operon (32), and the C-terminal
domain of the ribosomal protein L2-RBD (33). On the
other hand, the OB-fold is one of the most common RNA
binding modules and is found in several RNA binding

79

Fig. 5. A cluster of positively charged residues at the puta-
tive RNA-binding region of PholF-5A. a: The balls-and-sticks
represent positive charged residues that may contribute to RNA
binding. b: View rotated 90° from (a).

proteins that are known to be associated with transla-
tion, including initiation factors, such as IF-1 (34) and
elF-2a (35), ribosomal proteins, such as S1 (36), S17
(37), and L2 (33), and the N-terminal domain of aspartyl
tRNA synthetase (38). Interestingly, the ribosomal pro-
tein L2-RBD, like elF-5A, has an SH3-like barrel motif
and an OB-fold joined by a flexible peptide (33). However,
the N-terminal domain of L2-RBD is an OB-fold and the
C-terminal domain is an SH3-like barrel, the reverse of
the situation in eIF-5A. Nevertheless, these findings
strongly suggest that eIF-5A may interact with nucleic

Fig. 4. Surface representation of the electrostatic potential of PhoIF-5A. Surface representation of the electrostatic potential of
PholF-5A was calculated by GRASP (46). The surface potential is displayed as a color gradient from red (negative) to blue (positive). Each

view is rotated by 90°.
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acids, particularly RNA. Indeed, it is known that eIF-5A
is capable of binding to the Rev response element and U6
RNA in vitro (39). Furthermore, Xu and Chan reported
that yeast elF-5A specifically binds RNA containing the
consensus sequence AAAUGUCACAC (15). It is gener-
ally known that the electrostatic interactions between
exposed positively charged residues and the phosphate
backbone of RNA, and stacking interactions between
exposed aromatic side chains and non-base-paired RNA
nucleotides are common features of protein-RNA interac-
tions (40). As for the electrostatic potential of PholF-5A,
the concave surface between the N- and C-domains is
positively charged, as depicted in Fig. 4. Positively
charged residues Lys13, Argl6, and Arg26 in the N-
domain, and Lys73 and Argl132 in the C-domain are clus-
tered at the interface of the two domains (Fig. 5). Among
them, Lys13 and Lys73 are highly conserved as positive
charged residues (either lysine or arginine) in five elF-
5As including yeast and human eIF-5A. In addition, two
highly conserved aromatic residues, Tyrl7 and Phe51,
are located at the valley between the N- and C-domains.
These structural features, including inter-domain flexi-
bility, suggest that the concave surface between the N-
and C-domains may present a potential surface for inter-
action with RNA, and that the inter-domain flexibility
may become ordered upon RNA binding.

It has been reported that hypusine formation is
tightly coupled to cell proliferation and is essential for
cell survival (6, 7, 11). Disruption of either the eIF-5A or
deoxyhypusine synthase gene in yeast leads to a lethal
phenotype (12-14). Further, it has been reported that
this modification is required for the RNA binding activity
of eIF-5A (15). Apparently, a tip of the loop L1 is posi-
tively charged, due to the Lys37 and His38 residues.
Modification of Lys37 to hypusin further increases the
positive charge. It is thus assumed that the tip of loop L1
may be another RNA binding site in eIF-5A, although the
possibility that the modification of Lys37 could cause a
structural change that results in the formation of an
RNA binding site(s) in eIF-5A cannot be excluded. The
unambiguous assignment of the RNA binding site must
await the determination of the crystal structure of
elF-5A in complex with RNA containing the consensus
sequence (15).

In contrast, the molecular surface of the opposite side
of the concave surface in the C-domain is highly nega-
tively charged, as indicated in Fig. 4. It is thus unlikely
that the opposite side of the concave surface of the C-
domain interacts directly with RNA. It has been proposed
that eIF-5A functions as a bimodular protein, capable of
interacting with both protein and nucleic acid (39).
Indeed, it has been reported that eIF-5A interacts with
several proteins, including deoxyhypusine synthase (41),
transglutaminase II (42), L5 (43), CRM1 (44), and expor-
tin 4 (45). It is thus tempting to speculate that eIF-5A
may function as a bimodular protein, with RNA binding
sites at the concave surface and loop L1, and protein
binding sites at the C-domain.
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