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ABSTRACT: Theâ subunit of archaeal translation initiation factor 2 (aIF2â) is a representative of a family
of proteins whose members include theâ subunit of eukaryotic translation initiation factor 2 (eIF2â) and
the N-terminal domain within translation initiation factor 5 (eIF5); no members of this family of proteins
have been structurally characterized up to this time. In the work presented here, aIF2â from Methanococcus
jannaschiiwas expressed inEscherichia coli, purified, and analyzed using multidimensional NMR methods.
The aIF2â was found to contain two independent structural domains. The N-terminal domain contains a
four-stranded antiparallelâ sheet and twoR helices, and is structurally similar to the DNA-binding domain
of a yeast heat shock transcription factor and a domain within ribosomal protein S4. This structural similarity
was an unanticipated result, since no significant homology was detected at the level of primary sequence.
The C-terminal domain of aIF2â contains a zinc-binding motif of three antiparallelâ strands, with four
conserved cysteines arranged as two CXXC units separated by 17 residues. Conserved residues on the
surface of each domain that are likely candidates for direct interaction with other components of the
translational apparatus were identified. The significant primary sequence homology between archaeal aIF2â
and the eukaryotic eIF2â and eIF5, when combined with the structural results in the work presented here,
permitted structural features to be predicted for these latter two eukaryotic proteins.

The eukaryotic translation initiation factor 2 (eIF2) and
its homologue in archaea, aIF2,1 are heterotrimeric proteins
with R, â, andγ subunits. Eukaryotic eIF2, and presumably
aIF2 in archaea, play essential roles in the recognition of
the correct codon for the start of translation (for an overview,
see refs1-3). eIF2 forms a ternary complex with the
methionine initiator tRNA and GTP, which binds to the 40S
ribosomal subunit as part of the 43S preinitiation complex.
The â andγ subunits of eIF2 are responsible for recruiting
the initiator tRNA and GTP (4-6), while theR subunit is
involved in the regulation of the translation initiation process.
All three subunits of eIF2 and aIF2 are well conserved among
the diverse species of eukaryotes and archaea, but do not
occur in prokaryotes. The key role of eIF2 in the initiation
of translation has resulted in its being the focus of a large
number of biochemical and genetic studies, which have
provided insights into function and interactions between the

eIF2 subunits and various components of the translation
apparatus. However, little is known regarding the structure
of either eIF2 or aIF2, since there are no reported high-
resolution structural models of either complex or any of the
individual subunits. Thus, the understanding of the underly-
ing mechanism of the function of this key translation
initiation factor remains relatively poor.

The R subunit of eIF2 (termed eIF2R) is a major site of
control of overall protein synthesis in eukaryotes (7, 8).
Phosphorylation of eIF2R blocks its ability to recycle by
increasing the affinity of eIF2 for GDP and eIF2B, resulting
in the inhibition of exchange of GDP for GTP, eventually
leading to inhibition of initiator tRNA binding and thus of
translation. The most strongly conserved N-terminal region
of the R subunit has a primary sequence that predicts an
OB-like domain (9, 10) and contains the conserved serine
that serves as the site of phosphorylation. Theγ subunit of
eIF2 (eIF2γ) is believed to be responsible for binding GTP,
and is highly conserved among the various eukaryotes, with
a level of identity of more than 72% (6, 11-13). eIF2γ
contains the GTP binding motif found in a superfamily of
GTP-binding proteins, which includes prokaryotic translation,
elongation, and termination factors. The sequence of eIF2γ
is significantly homologous to that of EF-Tu (27% identical,
approximately 50% similar), with its sequence being compat-
ible with the three-domain structure of EF-Tu (14).

Sequence analysis of theâ subunit of eIF2 (eIF2â) from
a wide selection of eukaryotes and archaea reveals conserved
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regions and several notable features (Figure 1). eIF2â ranges
from 250 to 333 amino acids in length. The N-terminal
regions of the eukaryotic versions of these proteins are
divergent in their sequence and length, though they share
the notable feature of three polylysine tracts, which have
been implicated in binding the GTP exchange factor eIF2B
and GTPase-activating protein eIF5 (15-17). The homo-
logues of eIF2â found in archaea lack the divergent,
hydrophilic N-terminal region that contains the polylysine
tracts. The C-terminal half of eIF2â is well-conserved across
the different species of eukaryotes and is similar to the full

length of aIF2â in archaea. This region of eIF2â has been
shown to bind to the eIF2γ subunit in a recent study (18),
contains a C2-C2 zinc finger-like motif near its C-terminal
end that is conserved among all known archaea and eukary-
otic sequences, and is significantly homologous in sequence
to the N-terminal region of translation initiation factor eIF5.
The relationships between eIF2â and eIF5 in eukaryotes and
aIF2â in archaea are represented schematically in Figure 2.

In the work presented here, we have determined the
solution structure of theâ subunit of archaeal translation
initiation factor 2 (aIF2â) from the Methanococcus jann-

FIGURE 1: Alignment of amino acid sequences of the aIF2â protein from five species of archaea, eIF2â from five species of eukaryotes,
and the N-terminal domain of eIF5 from four species of eukaryotes. The host organism and the Swissprot ID number for each represented
sequence are given: archaeaM. jannaschiiQ57562 (aIF2â MetJa),Methanobacterium thermoautotrophicumO27797 (aIF2â MetTh),
Pyrococcus abyssiO58312 (aIF2â PyrAb), Archaeoglobus fulgidusO27958 (aIF2â ArcFu), andAeropyrum pernix(AerPe); eukaryotes
Triticum aestiVumO24473 (eIF2â wheat),Saccharomyces pombeP56329 (eIF2â SacPo),Drosophila melanogasterP41373 (eIF2â DroMe),
Homo sapiensP20042 (eIF2â human), andSaccharomyces cereVisiae320774 (eIF2â yeast); andS. cereVisiaeP38431 (eIF5 yeast),Arabidopsis
thaliana (eIF5 Arabi),H. sapiensP55010 (eIF5 human), andS. pombeQ09689 (eIF5 SacPo). The four conserved zinc-binding cysteines
in the zinc ribbon domain are boxed in yellow. Other residues that are most likely to be conserved for structural purposes are boxed in
black; these residues provide strong evidence that the structures of aIF2â, eIF2â, and eIF5 proteins are significantly similar. Residues that
are accessible on the protein surface and are similar or identical in greater than 90% of the aIF2â, eIF2â, and eIF5 sequences are indicated
in red. Lysine and arginine residues indicated in blue are highly conserved among the aIF2â and eIF2â sequences, but have identities that
are distinct from the residues at the equivalent position in eIF5; these residues are the most likely to be involved in interactions that
distinguish eIF2â from eIF5. Asterisks indicate the positions of residues in eIF2â that have been implicated in initiation site recognition in
yeast (49). Although only 14 sequences are shown in the figure, a larger set of sequences was compared in deciding which residues are the
most well conserved.
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aschii, a 16 kDa protein whose amino acid sequence is 28%
similar to that of human eIF2â, 30% similar to that of eIF2â
from yeast, and approximately 50% similar to aIF2â
sequences of other archaea. A search of the Protein Data
Bank showed that aIF2â, eIF2â, and the N-terminal half of
eIF5 are not significantly homologous to any protein with
known structure. These proteins have been collectively
termed members of the eIf2â/eIF5 structural family.

MATERIALS AND METHODS

Protein Cloning, Expression, and Purification.The gene
encoding the aIF2â protein was amplified by PCR from a
fragment ofM. jannaschiigenomic DNA in anEscherichia
coli plasmid obtained from American Type Culture Collec-
tion (clone AMJPK64). PCR primers were designed so as
to incorporate uniqueNdeI and BamHI restriction sites,
permitting the insertion of the amplified aIF2â gene into the
pET-14b expression vector (Novagen) which encodes a six-
residue histidine tag and a thrombin cleavage site at the
N-terminus of the protein. DNA sequencing confirmed the
correct sequence of the full-length aIF2â gene. The histidine-
tagged aIF2â protein was expressed inE. coli BL21(DE3)
cells. Cells were grown at 37°C in Luria broth supplemented
with ampicillin, and protein expression was induced when
the cells reached an OD550 of 0.6 with 0.4 mM IPTG. Cells
were harvested by centrifugation at 6000 rpm for 10 min.
The cell pellet from a 1 Lculture was suspended in 10 mL
of 0.5 M NaCl, 0.1 M Tris-HCl (pH 7.9) buffer, and the
cells were lysed by freezing and thawing. The resulting cell
suspension was centrifuged for 20 min at 14 000 rpm. The
clear supernatant was loaded onto a nickel affinity column
(Pharmacia), and the protein was eluted from the column
with 0.5 M imidazole (pH 8). The protein-containing eluent
was submitted to dialysis against 10 mM phosphate buffer
at pH 7.0, and thrombin was added to remove the N-terminal
histidine tag. The dialysate was loaded onto an SP-Sepharose
(Pharmacia) column, and pure aIF2â was eluted using a
linear salt gradient from 0.0 to 1.0 M NaCl. The fractions
containing aIF2â were pooled and dialyzed against 10 mM
sodium phosphate buffer at pH 6 before being concentrated
in a Centricon-10 microconcentrator (Amicon).

Samples of aIF2â enriched in15N and/or13C were prepared
as described above, but with M9 minimal medium containing
1 g/L [15N]ammonium chloride and/or 1 g/L [13C]glucose
(Cambridge Isotope Laboratories) as the source of nitrogen
and/or carbon. A protein sample selectively labeled with
[15N]lysine was prepared by growing the cells in M9 minimal
medium supplemented with 50 mg/L15N-labeled lysine and

100 mg of the other 19 unlabeled amino acids per liter. A
protein sample selectively labeled with [15N]glycine, serine,
and cysteine was prepared using M9 minimal medium
supplemented with 100 mg/L15N-labeled glycine and 100
mg of each of 16 unlabeled amino acid types per liter (all
types except glycine, serine, cysteine, and tryptophan).
Samples that were simultaneously enriched with [15N]-
(uniform) and 1-[13C]leucine (or 1-[13C]isoleucine, 1-[13C]-
phenylalanine, or 1-[13C]valine) were prepared by growing
the cells in M9 minimal medium containing 1 g/L [15N]-
ammonium chloride and 100 mg/L 1-13C-labeled amino acid.
A synthetic peptide corresponding to residues 94-143 of
M. jannaschiiaIF2â was obtained from Biosyn, Inc.

NMR Spectroscopy.NMR spectra were recorded at 30°C
using a 500 MHz Varian Inova spectrometer equipped with
a triple-resonance probe andz-axis pulsed field gradient. The
NMR sample typically contained 1.0-1.5 mM aIF2â protein
and 10 mM sodium phosphate in a 90% H2O/10% D2O
solvent at pH 6. Pulse sequences were obtained from L.
Kay’s group at the Toronto NMR center, and have been
optimized before use on local NMR instrumentation. Back-
bone resonance assignments were obtained using three-
dimensional HNCA (19), HNCO (20), HCACO (21),
HNCACB (19), HACACBCO (22), and HN(CO)CACB (19)
spectra that correlate the backbone protons to the N, CR, Co,
and Câ signals of the same and adjacent amino acid residues.
Side chain resonance assignments were obtained by analyzing
three-dimensional15N-edited HMQC-TOCSY and13C-edited
HCCH-TOCSY (23) spectra, and two-dimensional homo-
nuclear 2QF-COSY and TOCSY spectra. NOE cross-peaks
were detected using two-dimensional1H-1H NOESY, three-
dimensional15N-edited HSQC-NOESY, and three-dimen-
sional13C-edited HSQC-NOESY (24) spectra. The13C-edited
HSQC-NOESY spectrum was acquired in a 90% H2O/10%
D2O solvent so that NOE cross-peaks between amide and
side chain protons could be resolved by the chemical shift
of the13C nucleus coupled to the side chain proton. In several
instances, chemical shift assignment ambiguities were re-
moved with the help of the amino acid type specifically
labeled samples. For example, amide resonances of amino
acids that follow phenylalanine were identified in an HNCO
spectrum of a protein that was uniformly enriched in15N
and specifically enriched with 1-[13C]phenylalanine; an
analogous procedure was used to assign resonances of amino
acids that follow valine, leucine, and isoleucine. Similarly,
assignments of glycine, serine, cysteine, and lysine reso-
nances were confirmed using HSQC spectra of protein
samples selectively enriched with the specific amino acid

FIGURE 2: Schematic diagram showing the relative locations of conserved structural regions in translation initiation factors aIF2â, eIF2â,
and eIF5. Numbers indicate the positions of structural elements within each protein. Residues of aIF2â are numbered as in theM. jannaschii
sequence. Residues of eIF2â and eIF5 are numbered as in the human sequences. The conserved four-cysteine motif occurs in all known
aIF2â, eIF2â, and eIF5 sequences, and is indicated in yellow.
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types labeled with15N. Data were processed using the
program Felix (Hare Research).1H, 15N, and13C chemical
shifts are referenced as recommended by Wishart et al. (25),
with proton chemical shifts referenced to internal 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) at 0 ppm. The 0
ppm 13C and 15N reference frequencies were determined
by multiplying the 0 ppm 1H reference frequency by
0.251 449 530 and 0.101 329 118, respectively.

Structure Calculation.Structure calculations were per-
formed using the restrained simulated annealing protocol in
the program CNS (26), with the goal of identifying the full
range of structures that are consistent with the distance and
angle constraints derived from the NMR data while having
reasonable molecular geometry, consistent with a minimum
value of the CNS energy function. Distance restraints were
derived from the intensities of cross-peaks within multidi-
mensional NOE spectra. Whenever possible, cross-peaks
were identified in two-dimensional1H-1H NOE spectra (in
either H2O or D2O solvent) acquired with a mixing time of
60 ms, to minimize the effects of spin diffusion; additional
distance bounds were obtained from the cross-peaks in three-
dimensional15N-edited HSQC-NOESY and13C-edited HSQC-
NOESY spectra. On the basis of the cross-peak intensity in
the NOESY spectra, distance restraints were classified as
strong (1.8-3.5 Å), medium (1.8-4.0 Å), weak (2.5-5.0
Å), and very weak (2.5-6.0 Å); these distance bounds were
calibrated by using interproton distances in regions of regular
secondary structure as internal distance standards. For NOEs
involving methyl protons, an additional 1.0 Å was applied
to the upper limits for the interproton distances, with
distances then being measured from the center of the three
protons in the methyl group. Backbone dihedral angle
restraints were included for residues within the regions of
regularR helical orâ strand secondary structure, identified
by characteristic NOE cross-peaks, chemical shift indices

(CSI) (27) for CR and Co, and patterns of protection of the
amide protons from exchange with the solvent. Each
hydrogen bond was defined using two distance restraints:
one between the donor hydrogen and the acceptor heavy atom
(1.9-2.1 Å) and one between the donor heavy atom and
carbonyl carbon atom (3.7-4.3 Å). Hydrogen bond restraints
were only included for amide protons that were located
within the regions of regularR helical orâ strand structure.
Covalent restraints for the Cys4 zinc site consisted of a length
of 2.3 Å for the cysteine Sγ-Zn bond and a value of 109.3°
for the cysteine Câ-Sγ-Zn bond angle. Experimental
restraints used for the structure calculations and structural
statistics are summarized in Table 1.

For each of the two domains, an initial set of 60 structures
was generated from an extended peptide conformation using
a simulated annealing protocol with dihedral angle restraints
only. From this set, 17 structures with low overall energies
were selected for further refinement. Pseudoatom corrections
were employed for aromatic rings, methyl groups, and
nonselectively assigned methylene protons in the initial
simulated annealing process (28). After an initial round of
structure refinement using NOE-derived distance restraints,
a set of structures with low overall energies was inspected
to discriminate between possible NOE cross-peak assign-
ments involving the two methyl groups of the leucines and
valines and the twoδ and ε protons of the phenylalanine
and tyrosine rings, thus eliminating the need for some of
the pseudoatom corrections. The selected structures were then
used as starting points to generate 10 structures each, via
restrained simulated annealing using different initial trajec-
tories. A set of refined conformers having the lowest energy
were retained for final analysis and evaluation using Procheck-
NMR (29), with the statistics reported in Table 1. These final
structures are a fair representation of the full range of
structures that are consistent with the experimental data while

Table 1: Structural Statistics for aIF2â from M. jannaschii

N-terminal domain
(residues 39-92)

C-terminal domain
(residues 108-140)

restraints for structure calculation
total no. of NOE restraints 222 156

intraresidue 70 69
interresidue

sequential (|i - j| ) 1) 77 59
medium-range (1< |i - j| < 5) 27 10
long-range (|i - j| e 5) 48 18

no. of dihedral angle restraintsa (φ, ψ) 72 (36, 36) 34 (16, 18)
no. of hydrogen bondsa 28 12

statistics for structure calculation
rmsdb for backbone heavy atoms (Å) 0.87 1.60
rmsdb for all heavy atoms (Å) 2.27 3.01
deviation from NOE restraints (Å) 0.065( 0.004 0.034( 0.002
deviation from dihedral restraints (deg) 0.696( 0.157 0.441( 0.102
no. of NOE violations of>0.5 Å none none
no. of dihedral angle violations of>5 Å none none
Ramachandran plot

residues in most favorable region (%) 74.7 75.5
residues in other favorable regions (%) 22.6 20.2
residues in disallowed region (%) 2.7 4.3
rmsd from ideal bond lengths (Å) 0.0041( 0.0004 0.0024( 0.0001
rmsd from ideal covalent angles (deg) 0.668( 0.027 0.461( 0.062
rmsd for improper angles (deg) 0.652( 0.035 0.189( 0.045

a Each hydrogen bond was defined by two distance restraints: one between the donor hydrogen and the acceptor heavy atom (1.9-2.1 Å) and
one between the donor heavy atom and the carbonyl carbon atom (3.7-4.3 Å). Hydrogen bond restraints were only included for elements of regular
secondary structure that were identified by characteristic NOE cross-peak patterns. Backbone dihedral anglesψ andφ were restrained with a range
of (20°. b Calculated from residues 39-90 in the N-terminal domain and residues 108-140 in the C-terminal domain.
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having reasonable molecular geometry, and have no NOE-
derived distance constraint violations greater than 0.5 Å.
Searches for similar structures within the Protein Data Bank
were carried out using the Vector Alignment Search Tool
(VAST), located at the National Center for Biotechnology
Information (NCBI) web site, and the DALI search tool (30).

RESULTS

Sample Characterization.The purification strategy of using
imidazole affinity chromatography (exploiting the N-terminal
histidine tag) followed by cation exchange chromatography
was found to be effective for separating the aIF2â from other
cellular proteins. However, it was found that purified samples
of the 143-residue aIF2â protein quickly degraded to yield
two truncated versions of the protein, with migration rates
on an SDS-PAGE gel corresponding to deletions of 20-
30 residues. N-Terminal amino acid sequence analysis
performed on two independently prepared samples confirmed
that the two major components had sequences beginning at
residues 21 and 31. MALDI mass spectrometry showed that
the protein samples contained major components with

molecular weights consistent with deletion of the first 20
and 30 residues, as well as several other minor components
similar in mass. Interestingly, a sequence alignment of aIF2â
and eIF2â sequences from a range of species (Figure 1)
indicates a variable-length region just before residue 30,
indicating the likely presence of a loop, thus providing an
explanation for the high sensitivity of this region to pro-
teolysis. Cleavage of the first 20-30 amino acids of aIF2â
occurred within a few hours, even when thrombin was not
used to remove the N-terminal histidine tag of the protein.
The observation that residues 31-143 of aIF2â form a
relatively stable protein fragment provides evidence that the
first 30 residues of aIF2â are not essential for the structural
integrity of the core regions of the protein. Although residues
31-143 make up a fairly stable protein fragment, it was
found that even this fragment has a strong tendency to
degrade at its C-terminus, since resonances associated with
the C-terminal region of the protein decayed gradually over
a period of days. This sample instability made it necessary
to prepare a large number of samples to complete the
multidimensional NMR data collection. The major compo-

FIGURE 3: 15N-1H correlated HSQC spectrum of theâ subunit of translation initiation factor 2 (aIF2â) from M. jannaschiiobtained at 30
°C and pH 6.8. NMR assignments were obtained for 84% of the backbone resonances of the residues between positions 23 and 141 in the
primary sequence. Note that amide resonances from some amino acids appear twice in the spectrum (for example, V59, E63, E64, and
A67), a result of conformational or structural heterogeneity in the protein sample, as discussed in the text. Signals for which the assignments
are tentative are marked with a single asterisk, and some well-resolved signals that could not be specifically assigned are marked with two
asterisks. These resonances remained unassigned due to the lack of observable correlations in the triple-resonance spectra and/or the lack
of observable NOEs, and degeneracy in the chemical shifts of CR and Câ. Unassigned resonances can be attributed to residues in several
(fairly small) gaps in the sequential assignments apparent in Figure 4, or perhaps to resonances in the degraded or partially degraded
protein.
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nent within freshly prepared samples used for NMR analysis
consisted of residues 31-143 of aIF2â, indicated by mass
spectrometry.

NMR Analysis of aIF2â. The structure determination of
aIF2â represented a challenging task, for several reasons.
The NMR spectrum assignment process was made more
complicated by the presence of doubled peaks or shoulder
peaks on some of the resonances. This doubling was observed
in the chemical shifts of some of the amide protons and
nitrogens (Figure 3), as well as the Co and CR shifts observed
in the triple-resonance spectra, with the components of the

doubled peaks differing in chemical shift by typically 0.2
ppm in each frequency dimension. During the assignment
process, it became apparent that the doubled peaks belong
exclusively to residues located in the N-terminal domain of
the protein, with the doubling being most pronounced in
resonances of Lys58, Val59, Asp62, Glu63, Glu64, Ala67,
Leu71, and Lys72. The presence of doubled resonances can
potentially be attributed to multiple conformations within this
region of the protein structure, possibly as a result of
interaction with the N-terminal region of the protein that has
been shown to be heterogeneous by the mass spectrometry

FIGURE 4: Schematic representation of NMR and secondary structure data. Small circles in the row labeled CR indicate residues for which
CR chemical shifts have been assigned; the circles are linked where NMR assignments have been made by matching CR and/or Câ chemical
shifts obtained in triple-resonance spectra. Sequential and medium-range NOE connectivities involving the amide andR protons are shown
using horizontal bars, where the thickness of the lines represents the strength of the NOE as strong, medium, or weak. Only unambiguous
(nonoverlapping) NOE information is included. HR and CR chemical shift indices (CSI) correlate well with the identified secondary structural
elements.
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and N-terminal sequencing data. An abundance of isoleucine
(16) and leucine (16) residues made the NMR spectrum
assignments difficult and ambiguous at several points; these
ambiguities were eventually resolved through the use of
triple-resonance NMR methods, applied to samples that were
enriched with13C and/or15N at specific amino acid types.
In addition, the core regions of the protein were found to be
rich in leucine and isoleucine residues with protons and
carbon nuclei resonating within a very narrow chemical shift
range, making the assignment of NOE cross-peaks an
especially challenging task. Although the large majority
(84%) of the backbone resonances were unambiguously
assigned by matching of CR, Câ, and Co chemical shifts in
adjacent residues obtained in triple-resonance experiments
(Figure 4), several amide signals that were detected in HSQC
spectra remained unassigned (or only tentatively assigned)
due to a lack of observable connectivity information.

Consequently, the number of NOE-derived distance restraints
is not as great as is ideally found in an NMR investigation
of protein structure. Chemical shift assignments for aIF2â
have been submitted to the BioMagResBank, and assigned
accession number BMRB-5294.

Despite the difficulties described above, NMR data of
sufficient quality for a structural analysis were obtained, and
the distance restraints derived from the NOE data were
sufficient to provide a useful and reasonably accurate model
of the protein structure. The large fraction of antiparallelâ
sheet structure within aIF2â was fortuitous, since distinctive
NOE cross-peak patterns permit regular antiparallelâ sheets
to be defined using relatively sparse NMR-derived restraints
(Figures 5 and 6). aIF2â is the first member of the eIF2â/
eIF5 family of proteins to be structurally characterized, by
either NMR or X-ray crystallographic methods. The dif-
ficulties we experienced in working with aIF2â (specifically,

FIGURE 5: Diagram of the four-strandedâ sheet structure within the N-terminal domain of aIF2â. Pairs of protons for which unambiguous
NOEs are observed are connected by arrows, and interstrand hydrogen bonds are indicated by dotted lines.

FIGURE 6: Diagram of the three-strandedâ sheet structure within the C-terminal domain of aIF2â, as derived from the NMR data. Pairs
of protons for which NOE cross-peaks are observed are connected by arrows, and interstrand hydrogen bonds are indicated by dotted lines.
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stability, heterogeneity, and resonance overlap) may provide
some explanation as to why no structures have been
previously reported for any members of this important protein
family.

Description of the N-Terminal Domain. The aIF2â protein
was found to contain two distinct structural domains, each
of which is internally well defined by interproton distance
constraints derived from assigned NOE cross-peaks. Residues
39-90 form a single structural domain (the N-terminal
domain), consisting of aâ sheet of four strands arranged in
an antiparallel manner (Figure 5), and two helices (R2 and
R3) packed on the same side of theâ sheet (Figures 7 and
8). Theâ sheet was defined by characteristic long-range and
short-range NOE cross-peaks, with the hydrogen-bonded
amide protons between theâ-strands being protected from
exchange with the solvent for a period of several days (Figure
5). Characteristic NOE cross-peak patterns show that strands
â1 andâ2 are connected by a type I turn (28), as are strands
â3 andâ4. HelicesR2 andR3 link strandsâ2 andâ3, and
were defined by characteristic NOE cross-peaks between
amide protons of sequential amino acids, as well as between

R protons and amide andâ protons three residues ahead in
the sequence. HelixR2 is separated from helixR3 by a loop
centered at Arg61, a residue which is conserved among all
available sequences of aIF2â and eIF2â proteins. NOE cross-
peaks between protons of conserved hydrophobic residues
in the interior of the domain (such as Leu49, Ala67, and
Leu85) served to orient the helices relative to theâ sheet.
Superposition of a set of low-energy structures along their
backbones demonstrates a well-defined fold in the N-terminal
domain (Figure 7); this set is a fair representation of a full
range of structures that is consistent with the NMR data and
reasonable molecular geometry. A Ramachandran plot for
these structures indicates that all except 2.7% of the backbone
dihedral angles are within the most favored, allowed, or
generously allowed regions according to the program
Procheck-NMR (29). Structural statistics for the N-terminal
domain of aIF2â are summarized in Table 1.

Backbone resonances for residues 21-30 show relatively
weak NMR signals, which we attribute to a major component
of the protein sample containing only residues 31-143. The
negative deviations of the HR chemical shifts and positive
deviations of CR chemical shifts from random coil values
(30) indicate a helical conformation for residues 25-30, as
do NOE peaks between sequential amide protons and some
(i, i + 3) NOE peaks. Chemical shift index data indicate
that this helix may extend to residue 33. However, no long-
range NOE peaks were observed linking this short helix to
other regions of the protein structure. The triple-resonance
NMR spectra did not contain signals that could be unam-
biguously assigned to residues 32 and 34-37; amide proton
signals from these residues may be unobserved due to
resonance overlap, rapid exchange with the solvent, and/or
flexibility.

The coordinates for structures of the core of the N-terminal
domain (residues 39-90) were compared against a database
of known structures using the VAST and DALI (31) search
tools. The N-terminal domain of aIF2â is significantly
structurally homologous to the DNA binding domain of yeast
heat shock transcription factor (HSF) (32) and a domain
within ribosomal protein S4 (33), despite the low level of
sequence homology between these proteins (Figure 9). The
structures share the sameRââRRââ topology, and the rmsds

FIGURE 7: Superposition of the backbones of 10 low-energy structures of the N-terminal domain of aIF2â that are equally consistent with
the NMR data, color-ramped from blue at residue 39 to red at residue 90. The 10 models are a fair representation of the full range of
structural backbones that are consistent with the NMR data.

FIGURE 8: Ribbon diagram of the N-terminal domain of protein
aIF2â, created using MOLSCRIPT (57), with the relative positions
of some of the most conserved surface residues indicated. As
discussed in the text, possible RNA-binding sites are located at
conserved Arg61 at the bend at the junction of two helices, and
also at conserved residues Arg46 and Arg90. Surface residues L41,
I48, and I86 form a moderately well conserved hydrophobic surface
for possible intersubunit contacts within the aIF2 heterotrimer. It
should be noted that the rmsd for the side chain coordinates is
approximately 2 Å; thus, the NMR data do not establish the precise
conformations of the side chains, but do serve to indicate the relative
positions of the residues that are on the protein surface.
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of the backbone atoms between the N-terminal domain of
aIF2â and the two homologues are 3.1 (HSP) and 2.8 Å (S4),
respectively. Although there is not any known functional or
evolutionary relationship among aIF2â, HSF, and ribosomal
protein S4, it is interesting that each of these proteins is
associated with nucleic acids. Coordinates for the N-terminal
domain of aIF2â have been deposited in the Protein Data
Bank as entry 1K8B.

C-Terminal Domain.The C-terminal domain of aIF2â,
corresponding to residues 108-143, folds into a “zinc
ribbon” structure that is strikingly similar to the structure of
ribosomal protein L36 (34). The most prominent feature of
the domain is a three-stranded antiparallelâ sheet (Figure
6). The four conserved cysteine residues (Cys110, Cys113,
Cys131, and Cys134) occur in two CXXC clusters located
at the turn between strandsâ6 andâ7 and in the loop just
prior to strandâ5. The four cysteines are clearly positioned
close together in the three-dimensional structure (Figures 10
and 11), with the side chains of the four cysteines located
on the same side of the sheet in such a way that they can
bind the zinc atom (the presence of zinc in the structure was
confirmed by atomic absorption spectroscopy, as well as
experiments involving a synthetic peptide model of the
C-terminal domain described below). The NOE cross-peak
pattern characteristic of a metal-coordinating “rubredoxin”

turn (35-37) was observed for residues Cys131-Ala136.
NOE data indicate that the loop consisting of residues 108-
114 at the beginning of the C-terminal domain (including
Cys110 and Cys113) was in neither a regularR helical nor
a regularâ strand conformation. Conserved hydrophobic
residues Ile120 and Leu129 form a small hydrophobic cluster
on one side of the sheet and are exposed on the surface of
the C-terminal domain. There is a possibility that this
hydrophobic cluster may interact with the conserved residues
found in the linker region; however, no long-range NOE
peaks could be identified.

In addition to its similarity to ribosomal protein L36, the
C-terminal domain of aIF2â bears a significant resemblance
to the zinc ribbon folds found in the N-terminal domain of
Pyrococcus furiosustranscription factor TFB (38) and the
C-terminal domain of eukaryal transcription elongation factor
hTFIIS (39, 40) (Figure 11). In each case, the structure
contains a three-stranded antiparallelâ sheet, with a zinc
ion coordination site at one end of the sheet.

The Two Domains Are Structurally Independent and
Connected by a Helical Linker.A 15-residue linker, consist-
ing of residues 93-107, connects the N- and C-terminal
domains of aIF2â. Although the NMR-derived structural
information is fairly sparse for the linker region, due to
chemical shift overlap, the sum of the available information

FIGURE 9: Ribbon diagrams comparing the structure of the N-terminal domain of translation initiation factor aIF2â with heat shock transcription
factor (HSF) and ribosomal protein S4. The ribbon diagrams were created using coordinates from PDB entry 2HTS for HSF (32) and PDB
entry 1C05 for ribosomal protein S4 (33). The coordinates for aIF2â have been deposited in the Protein Data Bank as entry 1K8B. The
rmsd along the CR backbone of the N-terminal domain of aIF2â and S4 is 2.8 Å; the rmsd between aIF2â and the heat shock transcription
factor is 3.1 Å.

FIGURE 10: Superposition of the backbones of 16 low-energy structures of the C-terminal domain of aIF2â that are equally consistent with
the NMR data, color-ramped from blue at residue 108 to red at residue 143. The position of the zinc atom in each structural model is
indicated by a red sphere. The 16 models are a fair representation of the full range of structures that are consistent with the NMR-derived
constraints.
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indicates that the linker is helical. For example, NOE cross-
peaks between sequential amide protons typical of helical
structure were observed for most residues in the linker region,
although it is noted that we were unable to specifically assign
amide protons for residues 101 and 102, and four of theR
carbons in the linker, due to resonance overlap. Relatively
high CR chemical shifts and low HR chemical shifts relative
to random coil values were observed for the majority of the
linker residues (Figure 4), consistent with anR helical
structure (30). Co chemical shifts were assigned for 10 of
the 15 residues in the linker, and in all cases were found to
have values between 177.2 and 178.6 ppm, also typical of a
helical structure (30). No long-range NOEs were observed
between the protons of the linker and either the N-terminal
or C-terminal domain. Furthermore, no long-range NOEs
corresponding to interdomain interactions were observed.
None of the amide protons of the linker region were observed
in the D2O solvent, indicating that they are not particularly
well protected from exchange. The absence of NMR-derived
structural constraints linking the N- and C-terminal domains
of aIF2â caused us to speculate that the two domains are
structurally independent.

The hypothesis that the N- and C-terminal domains are
structurally independent was tested using a peptide synthe-
sized (Biosyn) with a sequence corresponding to the last 50
residues of the aIF2â protein (residues 94-143). In the
absence of zinc, and in the presence of DTT, most of the
proton resonances of the 50-residue peptide have chemical

shifts near the values typical of a random coil (Figure 12),
indicating an unfolded or perhaps partially folded structure.
A two-dimensional NOE spectrum exhibited only weak and

FIGURE 11: Ribbon diagrams comparing the structure of the C-terminal domain of translation initiation factor aIF2â with ribosomal protein
L36, human transcription factor TFIIS-CTD, and TFB-NTD fromP. furiosus, created using coordinates from PDB entries 1DFE, 1TFI, and
1PFT, respectively. The sulfur atoms in the four cysteines of the zinc-binding motif are indicated by yellow spheres; the zinc atom in each
structure is indicated by a red sphere. The positions of side chains of Lys122, Arg125, Val126, and Ile140 in aIF2â from M. jannaschiiare
shown; these residues are located at positions that are homologous to residues in eIF2â in yeast that have been implicated in initiation site
selection, as discussed in the text. It should be noted that the rmsd for the Lys122, Arg125, Val126, and Ile140 side chain coordinates is
approximately 2-3 Å; thus, the NMR data do not establish the precise conformations of the side chains, but do serve to indicate their
relative positions on the protein surface, and their positions relative to the Cys4 motif.

FIGURE 12: Comparison of the one-dimensional proton NMR
spectra of a 50-residue synthetic peptide with a sequence corre-
sponding to residues 94-143 of aIF2â from M. jannaschii(top),
the spectrum of the same peptide after the addition of a millimolar
amount of zinc (middle), and the spectrum of the full-length aIF2â
protein (bottom). Each spectrum was obtained at 30°C, with a 10
mM acetate buffer at pH 6. Note that the addition of zinc to the
50-residue peptide results in the appearance of downfield-shifted
resonances with chemical shifts that closely resemble those of the
full-length protein.
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predominantly intraresidue cross-peaks, providing further
evidence that the peptide structure was not well ordered.

Upon addition of ZnCl2 to the peptide sample, a new set
of dispersed NMR peaks appeared, withR protons with
chemical shifts of>4.8 ppm and amide proton shifts of>8.8
ppm (Figure 12), indicating a transition to a folded structure.
Proton resonance assignments for the peptide were obtained
from two-dimensional homonuclear NOESY and TOCSY
spectra. Chemical shifts in the peptide showed a strong
similarity to those of the corresponding residues in the full-
length aIF2â protein, in most cases differing by a few
hundredths of a part per million or less, although a few
differences of∼0.2 ppm were observed. The most downfield
proton resonance in the peptide is the amide proton of
Cys134 with a chemical shift near 9.6 ppm (Figure 12); this
corresponds to the most downfield resonance in the full-
length protein, which is also Cys134, with a similar chemical
shift near 9.7 ppm (Figure 12). NOE cross-peak patterns
observed in the two-dimensional spectra of the peptide were
characteristic of a rubredoxin turn for residues Cys131-
Ala136, strikingly similar to that observed within the full-
length protein, and confirmed the presence of the three-strand
antiparallelâ sheet. NOE data showed that the local geometry
around the four cysteine residues in the 50-residue peptide
was not measurably different from that found in the full-
length protein, despite the slight differences in some of the
chemical shift values. In summary, the NMR spectra of the
peptide provide strong evidence that the C-terminal domain
of aIF2â (1) is a structurally independent unit and (2)
contains the zinc binding site. The data also provide evidence
that the binding of the zinc atom is important for the folding
of the C-terminal domain.

An additional (and unintentional) experiment provided
evidence that the N-terminal domain of aIF2â also forms
an independent structural unit. A sample of what was
intended to be full-length15N-labeled aIF2â protein was
found to have degraded so that no resonances of the
C-terminal domain were observed in the NMR spectra, while
the familiar resonances and NOE cross-peaks of the N-
terminal domain and the part of the helical linker nearest
the N-terminal domain were observed at their usual chemical
shift values. These observations provided further evidence
in support of a model where the N- and C-terminal domains
of aIF2â do not strongly interact with each other, and behave
as two independently folded structural units connected by a
linker. Structural models of the C-terminal domain of aIF2â
have been deposited in the Protein Data Bank as entry 1K81.

NMR spectroscopy was used to address the question of
whether the linker connecting the N- and C-terminal domains
is ordered or relatively flexible. NMR-observable parameters
related to molecular motion in proteins include the15N-1H
heteronuclear NOE and the imino15N relaxation ratesR1

and R2 (reciprocals of the longitudinal and transverse
relaxation timesT1 andT2, respectively); measurements of
these three relaxation parameters were obtained using a
sample of15N-enriched aIF2â. Although the quantitative
analysis of the15N relaxation data was hampered by the
tendency of the protein samples to gradually degrade during
the data collection, data were obtained that were sufficient
for drawing at least qualitative conclusions regarding the
degree of ordering in the linker between the two protein
domains. Residues E94, L95, K97, S98, F103, and V108

within the linker region exhibit strongly positive15N-1H
heteronuclear NOEs, with values near 0.7, andR1 and R2

relaxation rates near 1.9 and 9 s-1, respectively; these values
are typical of ordered structure and are similar to relaxation
data obtained for residues withinâ sheet regions of the
protein. We note that15N relaxation data could not be
obtained for other linker residues, due to either the resonances
being in overlapped regions of the two-dimensional15N-
1H correlated spectra or, in a few cases, the assignments being
ambiguous. In summary, we find that the NMR data provide
evidence that (at least) a large fraction of the linker region
is well ordered, with the degree of ordering being uncertain
in two short segments containing residues 99-102 and 104-
107, for which relaxation data were not obtained.

Although our results provide strong evidence that the N-
and C-terminal domains of aIF2â fold independently, it is
likely that the linker region does play an important role in
maintaining the relative orientations of the two domains.
Evidence that supports this hypothesis can be found in the
alignment of primary sequences (Figure 1), which shows that
the length of the linker is conserved. In addition, there are
several conserved hydrophobic residues within the linker
region, such as L96, I100, F103, and L104. These conserved
residues may make essential contacts within the context of
the complete heterotrimeric aIF2 protein; these contacts may
be with either of the two domains of theâ subunit, or perhaps
with the R or γ subunits.

DISCUSSION

The sequences of archaeal aIF2â and eukaryotic eIF2â
are significantly homologous, to the extent that their struc-
tures are certain to contain similar features (41). Specifically,
the sequence alignment in Figure 1 shows that the C2-C2

zinc ribbon domain within the C-terminus of the protein is
universally conserved among the eukaryotes and archaea,
and eukaryotic eIF2â contains a central domain that is
homologous to the N-terminal domain of archaeal aIF2â,
although the archaeal versions of the protein lack the
variable-length N-terminal region that is present in the
eukaryotes and contains the lysine boxes (Figures 1 and 2).
The homology between eIF2â and aIF2â implies that
structural information gained in the work presented here can
be used to improve our understanding of eukaryotic eIF2â,
and provides a framework for interpreting some of the earlier
biochemical data.

The eIF2â subunit of the heterotrimeric eIF2 complex has
been shown to be involved in interactions with several other
proteins in the assembly of the 43S preinitiation complex.
Interactions of eIF2â with the eIF2γ subunit (18), subunits
of eIF2B (17, 42), and the C-terminal domain of eIF5 (16,
17) have been reported, and it is plausible that interactions
with other initiation factors, rRNA, and the 40S ribosome
may also play roles in the initiation process.

While we were working on the structure of aIF2â,
Thompson et al. (18) reported the identification of three
separate functional segments in yeast eIF2â: an N-terminal
fragment responsible for binding to the C-terminal domain
of eIF5 and subunits of eIF2B, a central fragment for binding
to the eIF2γ subunit, and a C-terminal fragment for initiation
site recognition. The observation of a three-domain func-
tionality in the eukaryotic protein is consistent with our two-
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domain structure of archaeal aIF2â derived from NMR data.
The central fragment and the C-terminal fragment of yeast
eIF2â correspond to the N-terminal and C-terminal domains
in aIF2â of M. jannaschii, respectively. The lack of the
eukaryotic N-terminal fragment bearing the lysine tracts in
aIF2â (Figure 2) is consistent with the observation that
archaea do not appear to contain either eIF5 or eIF2B within
their genome (43-45).

Within the N-terminal domain of aIF2â (amino acids 39-
90), conserved residues Gly44, Arg46, Thr47, Asn51, and
Arg90 map to a relatively small surface among the secondary
structural elements (Figure 8), suggesting a functional role.
The positions of positively charged and conserved residues
Arg46 and Arg90, which are adjacent in the structure, suggest
that their side chains may be important for electrostatic
interactions with a ligand, possibly the negatively charged
phosphate backbone of a nucleic acid. Well-conserved
hydrophobic residues form hydrophobic patches on the two
sides of theâ sheet in the N-terminal domain. Leu49, Leu85,
and Leu87 contribute to the hydrophobic core of the domain
on the side of theâ sheet closest to helicesR2 andR3, while
another group of conserved residues (Leu41, Ile48, and Ile86)
forms a small hydrophobic patch on the surface of theâ
sheet opposite helicesR2 andR3. A recent study shows that
yeast eIF2â containing only the conserved regions that
correspond to the full length of aIF2â interacts with theγ
subunit of eIF2 to the same extent as the full-length wild-
type protein (18), and the minimum fragment of eIF2â
required for binding eIF2γ in yeast shown in their study
corresponds to residues 2-81 in theM. jannaschiisequence
(18). The solvent accessible hydrophobic residues Ile41,
Thr48, and Leu86 within the N-terminal domain of aIF2â,
and their homologues in eukaryotes, are thus likely candi-
dates for involvement in the interaction with theγ subunit.

Initiation site recognition by the translational apparatus
in eukaryotes involves primarily the base pairing interaction
between the anticodon of tRNAi-Met and the AUG codon
(46). In addition to this key interaction, genetic mutational
analyses have identified several additional components in
yeast that are important determinants for correct start site
recognition. Mutations in eIF1 (47, 48), all three subunits
of eIF2 (49-53), and eIF5 (53) allowed translation initiation
at non-AUG codons. In eIF2â from yeast, 10 independent
mutations involving six residues in or adjacent to the
conserved C2-C2 motif allowed initiation at non-AUG
codons. Among these six residues, four residues are identical
or conserved in all available eukaryotic eIF2â and archaeal
aIF2â sequences. On the other hand, none of the six residues
are conserved within the eIF5 family. When the correspond-
ing residues are mapped onto the structure of aIF2â, the four
conserved residues Lys122, Arg125, Val126, and Ile140 are
found close together at the surface of one end of theâ sheet
in the C-terminal domain, as shown in Figure 11. The
detailed mechanism through which eIF2 participates in
selecting the correct AUG codon is unknown, and most
archaea genes have a prokaryote-like Shine-Dalgarno se-
quence for selecting the starting codon. However, the
mutational and structural data that are now available suggest
that Lys122, Arg125, Val126, and Ile140 may serve as a
binding site for other conserved translational components
involved in ribosomal initiation site recognition common in
eukaryotes and archaea.

On the basis of primary sequence similarity (Figure 1),
the N-terminal domain of eIF5 is expected to share a
common fold with the aIF2â and eIF2â proteins; these
proteins have been recognized as being members of a single
structural family commonly termed eIF2â/eIF5. The struc-
tural features shared by eIF2â and eIF5 do not necessarily
imply functional similarity, since it has been shown in several
cases that one protein fold can contain a wide range of
functional diversity (54). For example, the zinc ribbon fold
has been found in many proteins with diverse functions (55,
56). The identities of conserved surface residues and residues
identified as being most likely to be critical for initiation
site recognition in eIF5 (53) differ from those shared with
eIF2â and aIF2â (Figure 1). Differences between eIF5 and
the eIF2â/aIF2â proteins, such as the presence of a C-
terminal domain in eIF5 that is not present in eIF2â/aIF2â,
and differences in conserved residues within the domains
that are homologous are likely to contribute to the ability of
each protein to recognize its own specific target, and the
control of GTPase activating activity attributed to eIF5.

Although the general roles of eIF2â and eIF5 within the
translation process have become increasingly well established
by recent biochemical studies, the detailed mechanisms by
which these proteins participate in the recognition and
recruitment of initiator tRNA, how phosphorylation of eIF2R
can affect the binding of eIF2B to eIF2â, how the GTPase
activity of eIF5 is triggered by the initiation complex, and
what interactions bring the 40S ribosome to the eIF2-GTP-
tRNAi ternary complex are unknown. The structural insights
provided by the results of this work serve as a starting point
for further elucidation of the mechanisms by which transla-
tion is initiated and regulated.
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