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ABSTRACT: The solution structure of ribosome recycling factor (RRF) from hyperthermophilic bacterium,
Aquifex aeolicuswas determined by heteronuclear multidimensional NMR spectroscopy. Fifteen structures
were calculated using restraints derived from NOE, J-coupling, Tafiy anisotropies. The resulting
structure has an overall L-shaped conformation with two domains and is similar to that of a tRNA molecule.
The domain | (corresponding to the anticodon stem of tRNA) is a rigid thréelix bundle. Being
slightly different from usual coiled-coil arrangements, each helix of domain | is not twisted but straight
and parallel to the main axis. The domain Il (corresponding to the portion with the CCA end of tRNA)

is ano/s domain with ano-helix and twog-sheets, that has some flexible regions. The backbone atomic
root-mean-square deviation (rmsd) values of both domains were 0.7 A when calculated separately, which
is smaller than that of the molecule as a whole (1.4 A). Measuremépldf'H} NOE values show that

the residues in the corner of the L-shaped molecule are undergoing fast internal motion. These results
indicate that the joint region between two domains contributes to the fluctuation in the orientation of two
domains. Thus, it was shown that RRF remains the tRNA mimicry in solution where it functions.

Structures of ribosome and its subunits have been eluci-chain. After the hydrolysis of peptidyl tRNA, followed by
dated by cryo-electron microscopy and X-ray analysis on release of RF1 or RF2 from A site of ribosome by the action
their crystals {). The X-ray crystallography2-4) showed of RF3, the so-called posttermination complex, composed
the overall arrangement of the proteins and RNAs in the of 70S ribosome, deacylated tRNA, and mRNA, remains.
ribosome providing the location of the three essential sites, The 70S ribosome is then dissociated into its subunits either
aminoacyl-tRNA binding (A-site), peptidyl-tRNA binding  after (14) or simultaneous with1@) the release from mRNA.
(P—sne),. and e>§|t (E-site) sites. Furthermore, recent crystal- |5 1970, Kaji and co-workers found a protein that catalyzes
Ic_)graph|c stud|e§ revealed .the crysta_l structure of both {he preakdown of the post termination complex into 70S
ribosomal subunits at very high resolutiorss-(). _ ribosomes, tRNA and mRNA. They named it as the ribosome

On the other hand, solub_le proteins '”YO'Ved n the recycling factor (RRP)(16, 17). [First it was called ribosome
translation process were elucidated at atomic resolution byreleasing factor, but it was renamed as ribosome recycling
i:;gy ;:]y;ti!!g%r?ﬁ’ﬁg é?ga’;lM;;p?g;rg?;?n%lig' ITtrI]:?N A factor to avoid confusion with peptide release factor, RFs

Y y y comp . acy ' (18).] A model posttermination complex, polysome treated
EF-Tu, and GTP analogudJ) in comparison with EF-G with puromycin, was disassembled into 70S monosomes
(13) presented a remarkable similarity between their struc- ’ ’
tures. mRNA and tRNA by RRF and_EF-G. It has_a_ls_o been shown

that, in the absence of RRF, ribosomes reinitiate to translate

At the termination step of protein biosynthesis, RF1 or ) L
RF2 (release factor 1 or 2) recognizes the stop codon onthe 3 portion of the mRNA downstream from the termination

mRNA and then promotes the hydrolysis of peptidyl-tRNA €odon 9, 20). Recently, in vitro studie; on the mechanism
at the P-site of the ribosome to release the nascent peptid®f theé RRF action was performed using a synthetic poly-
nucleotide with poly-A tail and strong Shine Dalgarno (SD)

# Atomic coordinates have been deposited in the Protein Data Bank S€duence close by the termination cod@i—<23). It was

(accession code 1GE9). found in this system that 50S subunit is dissociated from
* To whom correspondence should be addressed. Phei#i-6-  the 70S ribosome complex during the disassembly process
79-8220. Fax:+81-6-6879-8224. E-mail: yujik in.osaka- - N

3%313 0 Fax:+81-6-6879-8 mall: yujk@protein.osaka- 1, remaining complex of tRNA, mRNA, and 30S subunit
§ Osaka University. is separated by IF3. In contrast, with natural mRN24,(

" RRF Research Inc. 25), or with synthetic mRNA without the SD sequen@s)

Y University of Pennsylvania. . . .
1 Abbreviations: RRF, ribosome recycling factor; NMR, nuclear NO ribosome remained on the mRNA. This indicates that the

magnetic resonance; HSQC, heteronuclear single quantum coherencéehavior of ribosomes in response to the action of RRF is
spectroscopy; NOE, nuclear overhauser effect; EF-G, elongation factory,ery much dependent on the seguence of the mRNA
G; tRNA, transfer RNA; GTP, guanine nucleotide triphosphate; rmsd, y di h P . d q d din vi

root-mean-square deviatio, spin-lattice relaxation timeT,, spin— surrounding the termination codon as demonstrated in vivo

spin relaxation time. recently @7).
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Ficure 1: Multiple sequence alignment of RRFs. The numbering and location of secondary structure elements correspénéémlices

structure.

In our attempt to elucidate the structure of RRF with the
NMR techniques, the secondary structure of RRF from
Pseudomonas aeruginosas elucidated, and it was shown
that the molecule is characterized by three lengelices
(28). In this paper, we report the three-dimensional structure
of RRF fromAquifex aeolicusn solution as determined by
NMR. We confirmed the crystal structure ®hermotorga
maritima RRF, L-shaped conformation with the domains,
which has been suggested to mimic tRN2). The solution
structure ofA. aeolicusRRF is similar also to the crystal
structure ofEscherichia coliRRF except for the angle of
two domains 80).

EXPERIMENTAL PROCEDURES

Expression and PurificatiarThe DNA fragment encoding
RRF sequence (Figure 1) was amplified by PCR using
Aquifex aeolicugenome DNA 81) as a template. This was
kindly supplied as a gift by R. Huber (Univer&itRegens-
burg, Germany). The PCR product was cloned into the
pPET22b(t+) plasmid vector (Novagen, Madison, WI). The
construct, pPETARRF, was introduced int. coli strain
BL21(DE3). Uniformly >N and 3C-labeled protein was
obtained by growing the cells in M9 medium containitig]-
glucose (2 g/L) and/or*fNJammonium chloride (1 g/L) as
the sole carbon and nitrogen sources. Unifétinlabeling
was obtained using M9 medium containing 99%CD The
cells were grown at 37C in M9 medium toAspo = 0.5 and
the protein expression was induced by adding isopropyl-1-
thio-3-p-galactopyranoside (IPTG) to a final concentration
of 1.0 mM, followed ly 4 h incubation. Harvested cells were
suspended in buffer A [50 mM Tris-HCI, pH 8.0, 50 mM
NaCl, 1 mM EDTA, 1 mM (4-amidinophenyl)-methane-
sulfonyl fluoridehydrochloride monohydrate (APMSF)] and

protein loss because the majority of contaminating cellular
proteins were denatured and precipitated. The supernatant
was dialyzed against buffer B (50 mM Tris-HCI, pH 8.0, 50
mM NacCl), the solution was applied to a DEAE-sepharose
(Amersham Pharmacia Biotech, Uppsala, Sweden) column
equilibrated with buffer B, and flow through fractions were
collected. Fractions containingy. aeolicusRRF were con-
firmed by SDS-PAGE and concentrated using ultrafiltration
(YM-10, Millipore, Bedford, MA), followed by purification

by Superdex 75pg column (Amersham Pharmacia Biotech,
Uppsala, Sweden) equilibrated with buffer B. aeolicus
RRF was purified to homogeneity as judged by SIPAGE.

The NMR samples of)-!>N]RRF, [U-*N/*C]RRF, [U-?H/
I5N/3CIRRF, and U-10% °C]RRF were prepared in 93%
H.O/7% D,O or 99.9% DBO sodium acetate buffer of 20
mM at pH 5.2 with 20 mM NaCl. The protein concentration
was determined spectrometrically using the molar extinction
coefficient of 14 300 crhmol™%, and the solutions of 04

0.5 mM were used for NMR measurements.

NMR SpectroscopyNMR experiments were carried out
at 40°C on Varian INOVAG00 or INOVA500 spectrometers
equipped with shielded gradient triple resonance probes.
Pulsed-field gradient technique with a WATERGATE|
or a Rance-Kay metho®B8) was used for all KO experi-
ments. Transmitter frequencies foi, >N, 13Ca,, aliphatic
13C, aromatic®®C, and carbonyl*C were typically 4.76,
119.0, 55.0, 43.0, 125.0, and 176 ppm, respectively. Proton
chemical shifts were referenced with sodium 4,4-dimethyl-
4-silapentane-1-sulfonate (DSSN and*3C chemical shifts
were indirectly referenced according to gyromagnetic ratio
(34). ™N-1H-HSQC,**N-separated NOESY-HSQC, atith-
separated TOCSY spectra were acquired UAN]RRF.
HNCO, HNCA, CBCANH, CBCA(CO)NH, HBHA(CBCA-

disrupted by sonication. The homogenate was centrifuged CO)NH, H(CCO)NH, HCCH-TOCSY, HCCH-COSY:C-
to remove the insoluble debris. The supernatant was heatedH HSQC, (H3)CS(CyCo)Ho, °C-separated NOESY-

at 80°C for 10 min and centrifuged. The heat treatment step
simplified the purification procedure and decreased the

HSQC, J-modulated HSQC spectra were acquiredJatil/
13C]RRF. HN(CA)CO, C(CO)NH, anéN-separated HMQC-
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NOESY-HSQC spectra were acquired @hH/*N/ZC]RRF. 48). The minimum ranges employed fgr were £20°.

Other experimental details, together with the original refer-  The preliminary structure calculation using restraints of
ences, are provided in the reviev(36). The mixing times  NOE-derived interproton distances and torsion angles indi-
employed for NOE experiments were 75 ms except for 3D cated that the structure @&. aeolicusRRF has a highly
*N-separated HMQC-NOESY-HSQC, for which 150 ms was anisotropic prolate shape. Since the anisotropy of the
used. A constant time HSQC was acquired OrL0%**C]- molecule was also shown in the observed profil@pand
RRF. Slowly exchanging-N were identified from a series T, data, we employed the dependence TafT, on the
of *N-HSQC spectra following a rapid buffer exchange to rotational diffusion anisotropy as restraints for further
99% D,O using a NAP-5 column (Amersham Pharmacia structure refinement procedure. The diffusion anisotropy
Biotech, Uppsala). Processing of the data was carried outrestraints were derived as follows: The initial diffusion tensor
using the NmrPipe software packad#). For analysis of  \as estimated from the examination of histogramsif T,/
the multidimensional spectra, PIPP/CAPP/STABB)@nd T, ratios for isotropically oriented vectors49). After
in-house written programs were used. calculating an ensemble of structures, the diffusion tensor
The backboné*N relaxation parameters comprising the and its unique axis were refined by simplex nonlinear
5N longitudinal relaxation timd;, transverse relaxation time  optimization to fit the observe®/T, ratios to the calculated
T2 and *N-{'H} NOE, were measured using HSQC type T/T, ratios derived from structures. In this procedure, a fully
pulse sequences. The relaxation decay was sampled at asymmetric diffusion tensor was used. The structures were
six time points (30, 234, 438, 642, 846, and 1050 ms) and calculated using the program CNSOf with torsion angle
the T,p decay was sampled at five points (12, 24, 36, 48, dynamics §1) followed by a simulated annealing refinement
and 60 ms) using &N spin-lock field strength of 2.2 kHz.  on a Linux workstation with Cerelon 400 MHz. The final

The™N-{*H} NOE values were derived from two series of structures were analyzed using the programs of MOLMOL
spectra, recorded with and without 3.5 s of saturation of the (52) and PROCHECK %3).

amide protons, respectively. All data were recorded in an

interleaved manner in order to minimize the effects of RESULTS

spectrometer drift. Th¥®N-{'H} NOE values were corrected

for the finite delay between scans usifigvalues oftHN, Resonance AssignmenBequential assignments for back-
which were estimated by a preliminary experime3®)(The ~ bone®N, 'HY,'*Cq, and side chaif*Cf nuclei were obtained

T. andTyp values were obtained by nonlinear least-squares from analysis of®N-'H-HSQC, HNCA, CBCANH, and
fitting of a two-parameter monoexponential function through CBCA(CO)NH spectra. These assignments were confirmed
the peak intensities, using the Levenbelgarquardt algo-  in the analysis of HNCO and HN(CA)CO spectra. Figure 2
rithm (40). The T, values were calculated froffy and Typ shows thé*N-*H-HSQC spectrum of RRF with assignments
with the resonance offset frequencies and the strength of thefor the cross-peaks indicated as residue number. Complete
spin-lock field @1). Uncertainties iff; andT,p values were  assignments of the backbohe", "N, *Ca, and*C', except
estimated from the covariance matrix of a least-squares fit. for *HY and **N of Leu5, were achieved. The amide
And those in NOE values were estimated by simple error resonance of Leu5 was not observed presumably due to the

propagation calculation based on baseplane rms noise inconformational exchange of the molecule. Backbone assign-
spectra. ments were extended to the side chaia/fHresonances were

Structure CalculationsNOEs were classified as strong, assigned in HBHA(CBCACO)NH aniiN-separated TOCSY-
medium, weak, or very weak, corresponding to distance HSQC spectra. Other aliphati€®C and 'H side-chain
restraints of 1.82.7 A (1.8-2.9 A for NOEs involving ~ @ssignments were obtained mainly from C(CO)NH and
amide protons), 1:83.3 A (1.8-3.5 A for NOEs involving H(CCO)NH spectra. Because of the relatively low sensitivi-
amide protons), 1:85.0 and 1.8-6.0 A, respectively42). ties for these experiments, HCCH-TOCSY and HCCH-
For distances involving methyl groups, methylene protons COSY spectra were employed to complement them. Aro-
and aromatic ring proton& 676 averaged distances were Matic side-chain assignments were obtained from
used 43). Protein backbone hydrogen-bonding restraints (two (HB)CA(CyCo)Ho spectrum. MostH and *3C resonances
per hydrogen bond: one between the amide proton and theof the side chain were aSSigned. In some cases, side-chain
carbonyl oxygen of 1.52.8 A and one between the amide resonances of residues with longer side chains could not be
nitrogen and the carbonyl oxygen of 23.5 A) were assigned unambiguously because of overlapping signals.
introduced 44). To collect all the distance restraints, an Stereospecific assignments for prochiral methyl resonances
iterative refinement strategyt$) was employed. The pro- ©Of Leu and Val were obtained in constant-time HSQC
gram TALOS @6) was used to derive the backbopeand ~ spectrum recorded ofJf10%**C]JRRF ©4). No stereospe-

y torsion angle restraints based on chemical shifts@f C  cific assignment for methylene protons was obtained.

CB, C, Ha, and N. The TALOS-derived torsion angles are  Ti/T, Restraints. T, T, and*>N-{*H} NOE values for 139
empirical and may contain a few errors. Therefore, the out of 173 assigned backbone nitrogen nuclei were analyzed
sufficiently larger rangest30°) were employed for TALOS-  to derive T4/T, restraints, whereas peak overlap prevented
derived restraints in the initial round of calculation. In the the analysis of cross-peaks for 34 residues. In the absence
final round of calculation, after the structures were well of significant internal motions, thEBN T,/T, ratio provides
defined and erroneous restraints were excluded, the minimumthe long-range structural information in the form of internal
ranges employed fap andvy were reduced ta-1.5 x SD, 15N-H vector constraints with respect to an overall molecular
where SD is the standard deviation for predicted valyes. reference frame. Residues with large-amplitude internal
angles for aromatic residues and for lle, Thr, and Val residuesmotions on subnanosecond time scale were recognized by
were derived frontJc,n and3Jc,co coupling constantsA, significant decreases ittN-{*H} NOE values. Thirty one
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Ficure 2: 'H-15N HSQC spectrum of\. aeolicusRRF with assignments for the cross-peaks indicated as residue numbers. Complete
assignments of the backbone amide groups, except for Leu5, were achieved. The cross-peaks for Gly29 and Val40 are aliasédNalong the

dimension.

residues which showed loWwN-{H} NOE values €0.65)
were excluded in the analysis of diffusion tens&6)(

restraints calculated by the program TALOS. Figure 4a
shows the best-fit superpositions of the backbone traces of

Furthermore, residues undergoing conformational exchange,15 structures oA. aeolicusRRF obtained by the simulated

which can be characterized byTg[— T,)/(T.0 — [((T:0—
Ty)/D,[J > 1.5 x SD, can be excluded, where SD is the

annealing refinement. The ensemble of 15 structures has no
distance restraint violations above 0.5 A, and no torsion angle

standard deviation of the left-hand side of the equation and restraint violations above°5 The structure statistics are

[T,Cand[T,are the average valuestf andT,, respectively
(55). However, such residues were not foundiinaeolicus
RRF.T; andT, values of 108 NH cross-peaks were utilized
to derive an anisotropic rotational diffusion tensor ant

T, restraints (Figure 3a). The histogramTafT, (Figure 3b)
had a bimodal profile and the maximum of tRgT, ratio
was about 3.2 times larger than the minimum ratio. Initial
estimates of the effective correlation time, anisotropy and
rhombicity from the analysis of a histogram ©f/ T, ratios
using a fully anisotropic diffusion model, were 13.4 ns, 2.75
and 0.25, respectively. The value of anisotropy is found to
be sufficiently large to employ th&:/T, restraints. Thus,
this method has been justified for structure elucidatioA.of
aeolicusRRF.

Structure DeterminatiorA total of 1687 distance restraints
derived from NOE experiments were employed for structure

summarized in Table 1. The Ramachandran plot shows that
86.0% of the nonglycine and nonproline residues are found
in the most favored region, 11.7% in the additionally allowed
regions.

The lowest energy structure among the 15 final structures
is shown as a ribbon representation in Figure 5a. The
resulting structure ofA. aeolicusRRF has an L-shaped
conformation with two domains. The overall structure is very
similar to that of tRNA (Figure 5b) in shape with nearly the
same dimension. Domain |, the leg portion of the molecule
corresponding to the vertical line of L, is a three-stranded
antiparallelo-helix bundle with length of 60 A consisting
of residues 428 (helix 1), 109-142 (helix 3), and 149
181 (helix 4). Each helix is nearly straight and packed
together in a slightly right-handed twist with helix-crossing
angle of 5. The H—N vectors of peptide plane in the three-

calculations, including 549 intraresidue, 496 sequential, 386 helix bundle are nearly parallel to the principal axis of

medium-range, and 256 long-range restraints. In addition, anisotropic diffusion tensor of RRF molecule. The helices
98 HN—-0 and N-O hydrogen bond restraints were used in in domain | have amphiphilic properties and the constituting
the later stages of the structure calculation. Torsion angle hydrophobic residues are positioned at the inner-face as
restraints comprised 2§ restraints derived from semiquan- usually seen in a helix bundle. Domain I, the foot portion
titative analysis 0f3Jc,n and 3Jc,co and 301¢/y angle of molecule corresponding to the horizontal line of L, of
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which instep is 30 A long, is a three-laygfo/3 sandwich DISCUSSION
consisting of am-helix (helix 2, residues 7588), a two-

stranded short antiparall@sheet (strand 1 and strand 2,  Recently, crystal structures of RRF from two different
residues 4546 and 5+52) and a four-stranded antiparallel bacteria have been elucidated9( 30). They are from
B-sheet (strand 3 and strand 4, residues&Dand 67-71; hyperthermophilic bacteriumThermotoga maritimaand

strand 5 and strand 6, residues-®6 and 106-103). Strand ~ from mesophilic bacteriumEg. coli. Both structures are

5 and strand 6 are connected bg-turn. The toe of domain  a@lmost similar to each other except for the angle between
Il is composed of theg-turn and two turns linking strand 1~ two domains and characterized by their overall profiles of
and strand 2, and helix 2 and strand 4. The four-strandedan L-shaped conformation. The contact of the two domains
antiparalle|-sheet has an amphiphilic profile and forms the s @ccompanied by an 8.2% (98 H)oss in water-accessible
hydrophobic core with helix 2. In the tripeptide-339 region ~ surface areaASA in T. maritimaRRF @29). As judged from

of domain 1, backbone torsion angles show that these threethe published results d&. coli RRF @30), loss inASAdue to
residues are fit in a helical conformation, which coincide domain contact is about the same or possibly even smaller
with the indication in the chemical shift data. This helical than that ofT. maritimaRRF. These values are significantly
region was also indicated from the NMR analysis Rof smaller than those of usual domain interactions in which each

aeruginosaRRF (28) and observed in the X-ray structure domain forms stable binding to each oth&6)( suggesting
of T. maritimaRRF (29). weak interaction between the two domains of RRF molecule.
Orientation of Two DomainsAs shown in Figure 4, panels Therefore, it is possiple that packing forces or 'insertion of
b and c, the ensembles of structures were converged welldétergent molecule in the crystal is responsible for the
individually. The average atomic root-mean-square deviation difference between two structures of RRF.
(rmsd) values for backbone atoms of both domains were 0.7 The present result provides the structure of RRF in free
A. On the other hand, the rmsd value for the whole molecule state becausg. aeolicusRRF was analyzed in solution free
was substantially larger (1.4 A). The relative orientation of crystal lattice restrains. Structure determination procedure
between two rigid bodies is given by the set of three spherical by NMR usually relies on short range distance restraints.
polar angles:®, ¢#,andX as shown in Figure 6. In this study, However, these restraints are not sufficient for the determi-
the z-axis of reference frame of domain | is defined by the nation of the relative orientation of domains. We have tried
long axis of three-helix bundle, and itsaxis is set along a couple of new methods, which have been recently
the vector connecting the center of three-helix bundle to helix developed for defining the long-range order in NMR structure
1. On the other hand, th&-axis of domain Il is defined by  determination%7, 58). These approaches utilize the informa-
the long axis of strand 5 and thkaxis is set along the vector  tion from the relaxation time dependence on rotational
between strand 5 and helix 2. The average value®,af, diffusion anisotropy or the residual dipolar coupling of
and X, are 4.3, 89.7, and —62.6°, respectively. The  weakly aligned molecules. In the present study, a well-
standard deviations of zenith angléds,and rotation angles  converged structure could be elucidated through the relax-
of X-axis aroundz-axis, X, fall in narrow ranges£4.5° ation time dependence approach. Figure 3 shows the
and +7.4°). But the standard deviation of azimuth angles, agreement between the calculated and the obsépixed,/
@, spans rather a wide range #fL7.4. T, ratios, which indicates that the/T, anisotropy restraints
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Ficure 4: Best-fit superpositions of the backbone atoms of (a)
whole molecule, (b) the domain I, and (c) the domain Il of the 15
NMR-derived structures oA. aeolicusRRF. The rmsd values for

backbone atoms of both domains were 0.7 A, indicating that the

Yoshida et al.

Table 1: Structural Statistics for the Final Structuresfofeolicus
RRP

rmsd from
experimental restrains
distances (A) 0.015%- 0.003
torsion angles (deg) 0.8t 0.06
T4/ T;ratios 0.88+ 0.09

rmsd from idealized
covalent geometry

bonds (A) 0.0198t 0.0002
angles (deg) 0.42 0.03
impropers (deg) 0.45:0.04
coordinate precision
domain | (residues529, 109-142, 0.68
149-180)
domain Il (residues 36108) 0.73
whole molecule (residues8.42, 1.42
149-181)

aThe final force constants employed for the various terms in the
target function used for structure calculation are as follows: 1000 kcal
mol- A-2 for bond lengths, 500 kcal mdl rad2 for angles and
improper torsions (which serve to maintain planarity and chirality), 4
kcal mol* A= for the quartic van der Waals repulsion term, 30 kcal
mol-1 A-2for the experimental distance restraints, 200 kcalPld 2
for the torsion angle restraints, and 1.0 kcal mdbr for the T/T
restraints. The precision of the atomic coordinates is defined as the
backbone (G Ca, N) rmsd between the 15 final structures and the
mean coordinates. The disorderd residue#,1143-148, and 18%
184 are excluded for the calculation.

tion of RRF molecule is maintained in solution. This supports
the notion that RRF mimics the function of tRNASY).

The structures for each domain Af aeolicusRRF are
basically in agreement with those ®f maritimaRRF and
E. coli RRF 29, 30). The backbone traces of domain | and
domain Il ofA. aeolicusRRF can be superimposed on those
of T. maritima RRF with rmsd values of 1.7 and 1.8 A,
respectively. Thé&SAloss ofA. aeolicusRRF accompanied
by the domair-domain interaction is 829 4(6.5%), which
is close to the value of. maritimaRRF 29). The small
value in theASAloss indicates that the two domains contact
each other through a small area that seems to be insufficient
to fix the structural arrangement between them. The intrinsic
structure of the joint region, which is composed of double
polypeptide chains (Leu38Ser36 and LeulO4Thrl08)
with proline residues (Pro105, 106) (Figure 1) that restrict
the conformation of a polypeptide chain, may contribute to
stabilize the tRNA like conformation of RRF in solution.

Regarding the relative orientations of two domains,
differences among the three RRFs are found. The bending
angle of the joint between the two domaim3 {n A. aeolicus
RRF is 90 and seems to be significantly different from that
of E. coliRRF (110), but identical tor. maritimaRRF (90).
As aresultE. coliRRF is an open L-shaped molecule rather
than a strict L-shaped molecule. According to Kim et al.
(30), this makesE. coli RRF not a near perfect mimic of
tRNA in contrast toT. maritima RRF. The differences

ensembles of structures converged well individually. On the other betweenA. aeolicusRRF andT. maritimaRRF are found
hand, the rmsd values for the whole molecule were substantially in the rotational direction of domain Il around the long axis

larger than 1.4 A.

of domain | @). The angled varied 33+ 17° (error range
is defined by the standard deviation) when domain | of each

are consistent with other restraints and reliable. Thus, we RRF was superimposed (Figure 6). These comparisons
could conclude that the characteristic tRNA like conforma- suggest that the rotational angle of domaind®)(can vary
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FIGURE 5: Schematic presentation of the structure ofAapeolicusRRF and (b) tRNA"e

in solution while the angle between the domain3 hay straight three-helix bundle structure in RRF through hydro-
vary under the stress of crystal lattice formation. It is phobic interactions. The critical role of hydrophobic interac-
important to point out that the relative rotation of two tions at three-helix bundle on the stability is indicated in the
domains appears to occur maintainifgequal to 90 or study of temperature sensitive phenotyp&otoli RRF 0),
without much of rotation oK. It is possible that the relative  in which a single mutation (shown in Figure 7b) of a
movement of these two domains is functionally important hydrophobic residue in domain | influences the thermal
as discussed in a recent papg8)( As shown in Figure 6,  stability of RRF.

fluctuations of the relative orientation between domain | and  aqgitionally, amino acid residues on the surface also

Il are observed in the ensemble of NMR structures. Such moqylate the stability of helices. Although no specific salt
disorder originates from a lack of structural restraints that pyigge (within 4.0 A) was found im. aeolicusRRF, the
may be ‘fge 0 internal mobility of the joint region. The  piasad distribution of charged residues suggests that long-
values of*N-{ *H} NOE clearly show the flexibility of the 546 electrostatic interactions may contribute to stability of
joint region of A. aeolicusRRF (Figure 8). Recently, the  pRE molecule. It has been reported that, compared to
activities of RRFs from several bacteria were investigated pegophiles, proteins of thermophiles show higher contents
in E. coli. P. aerginoseRRF was _showr_1 to be active B of charged amino acid$8), and that charged amino acids
coli (60) while T. maritimaRRF is toxic toE. coli (59). on surface of protein enhance thermostabilig)( In case

FurthermoreT. thermophilsRRF failed to complement the ¢ thermophilic RRFs, the amount of charged residues (Asp,
lethal mutation ofE. coli on the RRF gene while truncated Glu, Arg, Lys, and His) within the residues of three-helix

RRF could 61). The C-terminal truncation dt. coli RRF bundle are larger (e.g., 52%; aeolicus52%;T. maritimg
has also been shown to cause temperature sensitivity of th§n that of mesophiles (e.g., 47%. coli, 44%: P.

molecule R0). These studies suggest that RRFs from
thermophiles are able to bind to ribosomekofcoli but are
inactive or less active in ribosome recycling assay performe
at the room temperature. This is because RRFs from > R k ) i :
thermophiles were not endowed with the interdomain flex- Of POsitive charges, which is effective for interacting with
ibility at the ambient temperature. Thus we could conclude the négative charge of the phosphate backbone of RNA. Any

that the domain movement is important for its action against Mutation of Arg110, Arg129, and Arg132 &. coli RRF
the ribosome. (corresponding to Argl12, Argl31, and Argl34 Af

Structures of Domain | and Domain IThe three-helix aeolicusRRF, respectively) is lethabf). This experimental
bundle structure found iA. aeolicusRRF is different from  result supports the hypothesis that the surface of helix 3 might
those of classical left-handed coiled-coils. The helicea.of P& necessary to interact with rRNA.
aeolicusRRF are nearly straight and packed together with  In contrast to the rigid structure of domain |, domain |
an unusual right-handed twist. In classical coiled-coils, the has several flexible regions, which are reflected by 1eM
heptad repeats, (abcdefgyvhich is a 7-fold repeat in the  {*H} NOE values (Figure 8). These results are consistent
primary sequences, contribute to stabilize the left-handed with the notion that domain Il is the basic structure critical
supercoil through hydrophobic interactions at position “a” for maintaining the function of RRF. It is therefore under-
and “d” (62). As shown in Figure 7a, in the case of RRF standable that several lethal mutations (for example, Leu65Pro)
domain |, the autocorrelation of hydrophobicity in the but no temperature sensitive mutations were found in this
primary sequence reveals undecad (11-fold) repeats ofdomain 65). It is known that the flexible region of a protein
hydrophobic residues in addition to normal heptad. It is is essential for its function6g, 67). It was noted that a
known that undecad repeats form a slightly right-handed conserved surface is located in the toe of domain Il. This
supercoiled structure6@). Such mixture of heptad and region consists of Tyr48, Trp73, and Asp74. These residues
undecad repeats may contribute to stabilize the characteristicare unusually exposed to solvent and, therefore, may play a

aeruginos.

d Domain | has a well conserved surface which is mainly
composed of residues in helix 3. This region has a cluster
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Ficure 6: Distributions of interdomain angles for the ensemble of K E R 160
the 15 NMR-derived structures & aeolicusRRF (open circles), F 10 M E
and for the X-ray structure of. maritima RRF (closed circle). 5 ! & I 140 & L
The interdomain angles are represented by the set of three spherica E E R
polar angles. The definitions for the angles are shown schematically i K
(for detailed definitions, see the section ofientation of two |
domainsin results). The average values®f ¢, andX, are 4.3, N terminal N /
89.7, and—62.6, respectively. The stqndard deviationsdaf 7,
andX, are 17.4, 4.5, and 7.4, respectively. FIGURE 7: (a) Discrete autocorrelations,if;(of hydrophobicity in

the primary sequencesHf] helix 1, (x) helix 2, and (*) helix 4]

crucial role in recognition of the target molecule. Further Of domain | ofA. aeolicusRRF. Thex values defined by Fauchere

; P ; ; P :« i~ and Pliska§8) are used as hydrophobicity.iCare calculated from
investigation to identify the binding partner of RRF is in a sum ofx(j)(j + i), wherej runs through the sequence. The values

progress. for the (Leu-Asn-Asn-Leu-Asn-Asn-Asplis a model of heptad
The structural information of the RRF molecules in repeats are also shown (open squares). (b) Schematic diagram of

solution should provide a clue to understanding the ribosomethree-helix bundle of domain I. Residues consisting of hydrophobic

recycling and further knowledge about the translation processcere are placed in the center of each helix. Hydrophobic residues

- . . are filled in yellow. Residues with positive charges and negative
on the ribosome of a prokaryote. Ultimately our goal is to charges are filled in blue and magenta, respectively. Red circles

design an antibiotic as a specific inhibitor for the RRF ingicate the locations of substituted residues in temperature sensitive
molecule using this information. mutants ofE. coli RRF 20).
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Ficure 8: Rapid internal motion on the subnanosecond time scale
for the backbone oA. aeolicusRRF. The trace is colored in red
where the value of*N-{1H} is smaller than 0.65.
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