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Crystal Structure of
Thermotoga maritima Ribosome
Recycling Factor: A tRNA Mimic

Maria Selmer,” Salam Al-Karadaghi,” Go Hirokawa,? Akira Kaiji,2
Anders Liljas™

Ribosome recycling factor (RRF), together with elongation factor G (EF-G),
catalyzes recycling of ribosomes after one round of protein synthesis. The
crystal structure of RRF was determined at 2.55 angstrom resolution. The
protein has an unusual fold where domain I is a long three-helix bundle and
domain Il is a three-layer 8/a/f sandwich. The molecule superimposes almost
perfectly with a transfer RNA (tRNA) except that the amino acid-binding 3’ end
is missing. The mimicry suggests that RRF interacts with the posttermination
ribosomal complex in a similar manner to a tRNA, leading to disassembly of the
complex. The structural arrangement of this mimicry is entirely different from
that of other cases of less pronounced mimicry of tRNA so far described.

Protein synthesis, one of life’s fundamental
processes, usually is divided into three steps:
initiation, elongation, and termination. How-
ever, there is a fourth essential step, ribosome
recycling or disassembly of the posttermina-
tion complex. In bacteria, this is catalyzed by
RRF (/-3).

During the termination step, stop codons
are recognized by release factors RF1 or RF2
(4), leading to peptidyl-tRNA hydrolysis and
peptide release. These factors are then re-
leased from the ribosome by RF3 (5, 6). The
resulting posttermination complex presum-
ably consists of a 70S ribosome with a bound
mRNA, an empty A-site, and a deacylated
tRNA in the P-site. RRF and elongation fac-
tor G (EF-G) under guanosine triphosphate
(GTP) hydrolysis disassemble this posttermi-
nation complex (7, &).

RRF is an essential protein for pro-
karyotes (9). In the absence of RRF, the
ribosome remains bound to the mRNA and
initiates unscheduled translation downstream
from the termination codon (/0) without ini-
tiation signals. Here we present the crystal
structure of RRF and suggest a functional
hypothesis based on the structure.

The crystal structure of Thermotoga ma-
ritima RRF was determined at 2.55 A reso-
lution by multiwavelength anomalous disper-
sion (MAD) (/1) (Table 1). A portion of the
experimental map at 2.9 A resolution is
shown in Fig. 1A.

Thermotoga maritima RRF has overall
dimensions of 70 A by 47 A by 20 A and
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consists of two domains (Fig. 1B). Domain I
is a three-helix bundle containing residues 2
to 30 and 105 to 185. Helices H1, HS, and H6
are tightly packed against each other with an
unusual slightly right-handed twist. The an-
gles between the helices are 9°, 9°, and 13°,
respectively. The helices H1 and H6 are
straight, whereas helix HS is slightly bent.
About one-third of the residues in its hydro-
phobic core are isoleucins (Fig. 2).

Domain II is a three-layer $/a/f sandwich
inserted into domain I and consists of resi-
dues 31 to 104. A two-stranded antiparallel 8
ribbon and a four-stranded antiparallel
sheet are positioned on the top and bottom of
the three helices. Two of the helices, H2 and
H3, are short 3, -helices.

For domain I, the programs DALI (/2)
and TOP (13) failed to find any significant
matches. Other three-helix bundles are gen-

erally less tightly packed and are arranged as
left-handed supercoils. For domain II the clos-
est match is the NH,-terminal domain of a
thermostable B DNA polymerase (Protein
Data Bank code 1tgo) (/4) that lacks H3 and
36. For 64 aligned amino acids the root-
mean-square (rms) deviation is 2.7 A.

RRF is present in all organisms whose
genomes have been sequenced (/5) except
for Archaea (/6) and is generally well con-
served in terms of residue identity and length
(Fig. 2). The conserved residues are mapped
on the ribbon structure in Fig. 1B. Most of the
exposed conserved residues are basic and are
located in or near helix 5. Domain I has also
a prominent cluster of negative charges, pri-
marily on one side owing to sequences con-
taining between 20 and 29 acidic residues in
this domain. The water-accessible surface
area lost in the domain-domain interaction is
981 A2 (8.2%) out of the domain areas
(GRASP) (/7). This is lower than normal
(18) and may indicate a weak interaction
between the domains. In addition, the propor-
tion of charged amino acid residues at this
interface, 11 out of 26 (42%), is higher than
normal (18).

Superposition of 7. maritima RRF and
yeast tRNAPhe (19) reveals a marked similar-
ity (Fig. 3, A and C). The dimensions of the
molecules are closely identical if one disre-
gards the CCA end, where the amino acid is
attached to tRNA. The width of RRF is only
slightly bigger in the acceptor stem part,
whereas the tRNA has a slightly more pro-
nounced elbow. The absence of conserved
residues in the region corresponding to the
anticodon loop of tRNA (Fig. 1B) indicates
that this region of RRF is not involved in
specific interactions. The marked similarity
of RRF and tRNA is consistent with the
suggestion that RRF binds to the ribosome in

Fig. 1. (A) A portion of the 2.9 A MAD map after DM contoured at 1.0¢ with O (34) superimposed
on residue 4-24 (H1, left) and 157-176 (H6, right) of the final refined model. (B) Molmol (34)
ribbon representation of RRF. The chain starts from domain | (green), then goes through domain ||
(red) and back to domain | (blue). The conserved and conservatively substituted amino acids are
marked with orange (all known sequences) and yellow (for bacteria and chloroplast).
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Table 1. Data collection, MAD structure determination, and refinement statistics.

Data collection

D?)tji)et Resolution (A) Niea™ Norique Redundancy* R, *1 (%) Completeness* (%) o (h)*
Se peak (0.9786) 20-2.9(3.0-29) 27882 (2293) 8039 (937) 3.5(2.4) 6.4(26.0) 97.2(82.7) 9.5(2.9)
Se infl. (0.9788) 20-2.9(3.0-2.9) 24851(2021) 8009 (910) 31(2.2) 5.8 (22.5) 96.9 (80.5) 10.6 (2.9)
Se remote (0.9184) 20-2.9(3.0-2.9) 24751 (2048) 8010 (924) 3.1(2.2) 6.6 (22.1) 97.1(81.6) 83(3.1)
Native (0.947) 30-2.55 (2.65-2.55) 79947 (7119) 11927 (1261) 6.7 (5.6) 4.9(15.6) 99.8 (99.1) 26.4(8.9)
Phasing statistics from MLPHARE
Peak Inflection Remote
Centric Acentric Centric Acentric Centric Acentric
Phasing power} m 1.80 1.45 212 0 0
cutis 0.67 0.66 0.56 0.60 1 1.65
Resolution 13.33 10.00 8.00 6.67 5.71 5.00 4.44 4.00
FOM|| 0.725 0.687 0.763 0.771 0.691 0.679 0.625 0.587
Refinement
L 2
Reso- Number of Total number rms deviations B values (A?)
lution reflections of atoms RuordRiree (%)
Bonds Angles Wilson plot Mean
30-2.55 11878 1576 23.0/27.7 0.006 A 1.3° 50.7 40.8

*Values in parentheses concern the highest resolution shell.

reflections.

the tRNA binding A-site region (20) and is
supported by the findings that RRF and RF1
compete for binding to ribosomes (20) and
that the RRF reaction is inhibited by the
antibiotics tetracycline and streptomycin (21).
Judging from the ribosome-bound tRNA visu-
alized by electron microscopy (22) as well as
by crystallography (23), domain I of A-site—
bound RRF would point toward the decoding

tReym = Reym = (Sl — (DI/21) where / is the observed

1Phasing power = (F(calc)/E) where E is the estimated lack-of-closure error (isomorphous/anomalous).
F, and F, are the protein and heavy-atom structure factors, respectively, and £, (calc) is the calculated heavy-atom structure factor.

area of the 30S subunit and domain II toward
the peptidyl transferase region of the 50§
subunit. If RRF binds to ribosomes in the
same way as tRNA does, the spatial orienta-
tion of ribosome-bound RRF would be such
that helix 1 and 6 on the negatively charged
side of domain I would face the L7/L12 side
and the conserved arginyl residues of helix 5
would face the P-site tRNA.

intensity and (/) is the average intensity of symmetry-related
§Reuis = (BlFp — Fol — Fylcalc)//SIF,,, — £,]) where
[IFigure of merit = |F(hki), .. /IF(hki)|.

Assuming that RRF binds to the A-site,
we propose that EF-G translocates RRF from
the A-site to the P-site and releases tRNA in
much the same way as in the translocation of
A-site—bound tRNA (24). Together with this
movement of RRF, the P-site—bound tRNA
would normally be translocated to the E-site
and released from the ribosomes (27). Simul-
taneous with this action, EF-G and RRF dis-
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and chloroplast. Open circles: hydrophobic core-residues of
domain |; filled circles: residues 110, 129, and 132. THEMA:
Thermotoga maritima (SwissProt, AAD36470); HAEIN: Hae-

mophilus influenzae (P44307); ECOLI: Escherichia coli (P16174); HELPY: Helicobacter pylori (P56398); RICPR: Rickettsia prowazekii (Q9ZEO08); MYCGE:
Mycoplasma genitalium (P47673); SPINA: Spinacia oleracea chloroplast (A)133751); HUMAN: Homo sapiens mitochondria (35). Abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S,

Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Fig. 3. (A) Stereo ribbon representation of the superposition of RRF (blue)
and yeast tRNAP" (red) with Molmol (34). (B) Comparison of EF-G (36) and
the ternary complex of EF-Tu + GDPNP + aatRNA (32). EF-G (left) is similar
in shape to EF-Tu + GDPNP + aatRNA (right). Domain Ill-IV of EF-G (purple)
imitates the shape of the tRNA (red) bound to EF-Tu (yellow). The remaining

sociate from the ribosome, resulting in the
release of ribosomes from mRNA (6, 7, 25)
(because there is no tRNA to stabilize its
ribosome binding), followed by dissociation
into subunits, especially in the presence of
IF3 (I, 26). When the ribosomes have strong
affinity to the mRNA due either to a proximal
SD sequence (8) or to the mRNA configura-
tion (27), RRF may not move into the P-site
but may instead reach an intermediate site.
The mRNA remains bound to the ribosome,
and thus P-site tRNA remains bound because
of the codon-anticodon interaction. Dissocia-
tion of the subunits will occur before the
release of tRNA (8) under these conditions.
For the release of this tRNA, IF3 is required
(8, 28).

If similar binding of RRF to the A-site
also can take place during elongation, this
may be part of the mechanism for the reduc-
tion of translational error (2) and for the
accidental release of peptidyl tRNA from the
ribosomes by RRF (29).

GTP analogs, which keep EF-G bound to
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the ribosomes (30), inhibit the RRF reaction
(8, 25). So does the antibiotic fusidic acid,
which also locks EF-G on the ribosome (21).
These observations support the hypothesis
that EF-G release is a prerequisite for ribo-
somal disassembly.

Mutations of the conserved residues Arg
110, 129, and 132 (Figs. 1B and 2) produce
nonfunctional Escherichia coli RRF (31). In
our superposition, Arg 129 and 132 partly
overlap with the minor groove near positions
31 and 41 of tRNA (Fig. 3A). This part of the
tRNA has no contacts in the spacious A-site,
but constitutes one of the ribosome-interact-
ing regions of tRNA in the tighter P-site (23).
To allow these residues to be functionally
critical, RRF has to move to the P-site where
they can take part in an interaction.

RRF is not the first case of protein-tRNA
mimicry. As shown in Fig. 3B, the overall
shape of the three-dimensional structure of
EF-G is similar to that of the ternary complex
of EF-Tu, GDPNP, and aminoacyl-tRNA
(32). Although domain I of RRF and domain

domains of EF-G (green) are structurally similar to EF-Tu. RRF (A) imitates
the tRNA in a totally different manner. (C) Grasp (34) surface representation
of the superposition of RRF (blue) and yeast tRNAP"® (red). The shapes and
sizes of the surfaces are nearly identical except for the acceptor end of tRNA
(to the right), which has no comresponding part in RRF.

IV of EF-G mimic the same portion of tRNA,
they have no structural similarity, indicating
that there are various ways for proteins to
mimic tRNA. IF1 (33) may also mimic the
anticodon stem of tRNA. However, none of
the cases of mimicry discussed above consti-
tute the near perfect mimicry of tRNA as
represented by RRF (Fig. 3, A to C).
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Microglial Activation Resulting
from CD40-CD40L Interaction
After 3-Amyloid Stimulation

Jun Tan,™ Terrence Town,'* Daniel Paris,’* Takashi Mori,’
Zhiming Suo,’ Fiona Crawford,” Mark P. Mattson,?
Richard A. Flavell,® Michael Mullant

Alzheimer's disease (AD) has a substantial inflammatory component, and activated
microglia may play a central role in neuronal degeneration. CD40 expression was -
increased on cultured microglia treated with freshly solublized amyloid-B (A8, 500
nanomolar) and on microglia from a transgenic murine model of AD (Tg APP_, ).
Increased tumor necrosis factor a production and induction of neuronal injury
‘occurred when AB-stimulated microglia were treated with CD40- ligand
(CD40L). Microglia from Tg APP_, mice deficient for CD40L demonstrated
reduction in activation, suggesting that the CD40-CD40L interaction is
necessary for AB-induced microglial activation. Finally, abnormal tau phos-
phorylation was reduced in Tg APP_, animals deficient for CD40L, suggesting
that the CD40-CD40L interaction is an early event in AD pathogenesis.

It has been suggested that AR activation of
microglial cells may be involved in the inflam-
matory component of AD (7, 2). However, the
mechanisms of microglial activation by AR
remain speculative. As CD40, an important re-
ceptor involved in cellular signaling and activa-
tion, plays a key role in inflammation (3), we
investigated whether the interaction of CD40-
CD40L with AP activates microglia. We used
reverse transcriptase polymerase chain reaction
(RT-PCR), protein immunoblot, and flow cy-
tometry [fluorescence-activated cell sorting
(FACS)] to determine whether AR could spe-
cifically induce CD40 expression on cultured
microglial cells after treatment with a low dose
(500 nM) of freshly solublized AB,_,, or
AR, The potentially pathogenic peptides
AR, _40 or AB,_4, induced CD40 expression on
cultured microglial cells when compared with
AB-fiee, reverse AR (AB4q.) or the 695 iso-
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form of soluble amyloid precursor protein
(SAPPa-695) (4, 5) (Web fig. 1) (6). To see
whether endogenous overexpression of A
could lead to microglial CD40 expression, we
measured CD40 expression on microglia from
a transgenic mouse model of AD (Tg APP_,
overexpressing AR, 4, and AB,.4,) (7) and
control (wild-type) littermates (4). Microglia
from Tg APP_,, newborn mice had markedly
increased levels of soluble AR, ,, compared
with control littermates (8), and the CD40-
expressing cell fraction was markedly increased
in primary cultured microglia from Tg APP,
mice compared with microglia from control
littermates (Web fig. 2) (6). CD40 expres-
sion was increased in microglia from control
littermates exposed to A, 4, and in Tg APP_,
microglia reexposed to exogenous AB,_,, com-
pared with those exposed to AB,q_; or SAPPa-
695 (Web fig. 2) (6). These data show that
AR peptides specifically inducé CD40 expres-
sion in primary cultured and N9 microglia.

To examine whether proinflammatory cyto-
kines could regulate AB-dependent CD40 ex-
pression, we treated AR-challenged microglia
with low doses of interleukin-13 (IL-1pB), IL-2,
IL-4, 1IL-6, IL-12, or interferon-y (IFN-y) (4),
as the expression of CD40 has been shown to
be variously regulated by these cytokines on
human thymic epithelial cells, human endothe-
lial cells, and keratinocytes (9). Only a low dose
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