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Procedures were developed exploiting organome-
allic clusters and coordination compounds in com-
ination with heavy metal salts for derivatization of
ibosomal crystals. These enabled the construction
f multiple isomorphous replacement (MIR) and
ultiple isomorphous replacement combined with

nomalous scattering medium-resolution electron
ensity maps for the ribosomal particles that yield
he crystals diffracting to the highest resolution, 3
, of the large subunit from Haloarcula marismor-

ui and the small subunit from Thermus thermophi-
us. The first steps in the interpretation of the 7.3-Å

IR map of the small subunit were made with the
id of a tetrairidium cluster that was covalently
ttached to exposed sulfhydryls on the particle’s
urface prior to crystallization. The positions of
hese sulfhydryls were localized in difference Fou-
ier maps that were constructed with the MIR
hases. r 1999 Academic Press

Key Words: ribosomes; crystallography of ribo-
omes; tetrairidium cluster; Ta6 Br14.

INTRODUCTION

Ribosomes are the supramolecular assemblies re-
ponsible for one of the most fundamental life pro-
esses, the translation of the genetic code into pro-
eins. The ribosomes are giant nucleoprotein
rganelles built of two independent subunits of
nequal size that associate upon the initiation of
rotein biosynthesis. In bacteria their molecular
ass is about 2.3 MDa and they are composed of
NA and proteins at a 2:1 ratio. The large subunit,
alled 50S1 in prokaryotes, is 1.45 MDa, contains two

1 Abbreviations used: 70S, 50S, 30S: the whole ribosome and its

wo subunits from prokaryotes. A letter as a prefix to the a
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NA chains with a total of 3000 nucleotides, and
ontains 38–50 different proteins. It catalyzes the
ormation of the peptide bond and provides the path
or the progression of nascent proteins. The small
ubunit, 30S, is 0.85 MDa and consists of one RNA
hain of 1500 nucleotides and 21 proteins. It offers
he site for the initiation and the progression of the
rocess of protein biosynthesis and facilitates the
ecoding of the genetic information.
Crystals have been grown from intact prokaryotic

ibosomes and their subunits. Diffraction to around
Å was obtained from two crystal types: the large

ibosomal subunits from Haloarcula marismortui,
50S (von Böhlen et al., 1991), and the small

ubunits from Thermus thermophilus, T30S (Yonath
t al., 1998; Harms et al., 1999). Experience showed
hat the complications in the elucidation of the
igh-resolution structure of the ribosome are linked
ot only to the huge size of the ribosomes and to the

ack of internal symmetry. They stem primarily from
he inherent flexibility and high instability of the
ibosomes, since their surface is composed of highly
egradable RNA alongside proteins that may be
oosely held. These undesired properties are accom-

ibosomal particles or ribosomal proteins represents the bacterial
ource (e.g., E, E. coli; T, Thermus thermophilus; H, Haloarcula
arismortui). tRNA and rRNA: transfer and ribosomal RNA. The
ames of the ribosomal proteins are composed of L or S (showing
hat this protein is of the large or small subunit) and a running
umber, according to the position of this protein on the two-
imensional gels. SR: synchrotron radiation; MIR: multiple isomor-
hous replacement; MIRAS and SIRAS: multiple and single
somorphous replacement combined with anomalous scattering;

AD: multiwavelength anomalous dispersion; MR: molecular
eplacement. The chemical formulae of the undecagold and the
etrairidium clusters (including their reactive bridging arms), as
ell as those of TAMM, PIP, WAC, Hg6, Hg3, W12, W17CsCo, W18,

nd W30, are given in Table I.
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142 WEINSTEIN ET AL.
anied by severe radiation sensitivity of the ribo-
omal crystals, observed even at cryo-temperature
hen using the bright SR beam required for high-

esolution data collection (Krumbholz et al., 1998)
nd often also by an extremely low level of isomor-
hism, fluctuations in the unit cell dimensions,
eformed spot-shape, and nonisotropic mosaicity.
wing to these problems, the assignment of phases

s being performed in a progressive fashion, from low
o higher resolution, and it is important that each
tep is supported and validated by several indepen-
ent approaches.
The commonly used methods for phasing diffrac-

ion data from crystals of biological macromolecules
re the multiple and single isomorphous replace-
ent (MIR and SIR) and their combination with

nomalous diffraction (MIRAS and SIRAS, respec-
ively). These, as well as MAD, require the prepara-
ion of heavy atom derivatives, usually by introduc-
ng electron-dense atoms to the crystalline lattice at
istinct locations. The added atoms should be dense
nough to create measurable changes in the diffrac-
ion amplitudes, while keeping the crystal structure
somorphous with that of the native molecule. Deriva-
ization of crystals of biological macromolecules is
outinely obtained by their soaking in solutions of
eavy atom compounds, assuming that the high
ffinity of the metal compound to specific exposed
ide chains will lead to selective attachment with a
igh yield. Using this equilibrium procedure, produc-
ive derivatization in one or a few sites is largely a
atter of chance, but in most cases was found to lead

o useful derivatives.
As the changes in the structure factor amplitudes

esulting from the addition of the heavy atoms are
eing exploited, the derivatization reagents are cho-
en according to their potential ability to induce
easurable signals. Single heavy atom compounds

ielded useful high-resolution phases for several
arge macromolecules assemblies. Among these are
iruses that contain a very high internal symmetry
e.g., Yan et al., 1995; Rossmann, 1995; Hogle et al.,
985; Basak et al., 1997) and several macromol-
cules of lower internal symmetry, such as the 371
Da ATPase (Abrahams and Leslie, 1996), the 840
Da GroE1 (Braig et al., 1994), and the 250 kDa
RNAphe synthetase and its complex with its cognate
RNA (Goldgur et al., 1997). Somewhat larger heavy
tom compounds, such as TAMM and PIP (Table I),
ere the key for phasing the data obtained from the
ucleosome-core particle (O’Halloran et al., 1987;
uger et al., 1997), the photosynthetic reaction cen-
er (Deisenhofer et al., 1984), an idiotope–anti-
diotype complex (Bentley et al., 1990), and glutathi-
ne transferase (Reinemer et al., 1991). Another

edium-size material, Ta6Br14 (Harder and Preetz, h
990), was found to be useful for structure determina-
ion at 1.8 to 5.5-Å resolution (summarized by
näblein et al., 1997; Neuefeind et al., 1997). Ex-
mples are a recombinant immunoglobulin domain
Stepie et al., 1992), transketolase (Schneider and
indqvist, 1994), the 550- kDa ribulose-1,5-phos-
hate carboxylase/oxygenase (Andersson et al., 1989),
he 250-kDa GTP-cyclohydrolase (Nar et al., 1995),
nd the 673-kDa proteosome at 3.4 Å (Löwe et al.,
995).
Crystals diffracting to 3-Å resolution were ob-

ained by us from the large ribosomal subunits from
. marismortui, H50S, and from the small subunit

rom T. thermophilus, T30S. Exploiting the combina-
ion of heavy atom compounds of different sizes, from
onocation salts to multimetal clusters, led to suc-

essful derivatization of the T30S crystals to 3.6-Å
esolution and of H50S up to about 5-Å resolution. To
alidate the main features of the expected struc-
ures, we constructed MIR and its combination with
nomalous signal, MIRAS electron density maps, to
.2 and 8.5 Å, respectively (Yonath et al., 1998;
arms et al., 1999). Below we discuss these maps,

ocusing on the specific contributions of various

TABLE I
Metal Compounds

PIP, di-iododiplatinum (II) diethyleneaminea

TAMM, tetrakis(acetoxymercuri)-methane
WAC, W3O2(acetate)6(H2O) 3CF3SO3
Hg3, Hg3C6O4H8

a

Ta6Cl14
Ta6Br14 · 2H2Oa

Nb6Cl14
Hg6, C2Hg6N2O8

a

Ir4(CO)8R83R99; Ir4(CO)8R-4; Ir4(CO)8R83R9 a,b

Au11P86P9(CN)3
a,b

W11Rh, Cs5HxSiW11O39RhIII CH3COO(H)b

W17-Th, Cs7(P2W17O61Th(NC 5H5))nH2Ob

W30, K14(NaP5W30O110)31H 2O
W12(K), K5H(PW12O40)12H2O a

W18, (NH4)6(P2W18O62 )14H2Oa

W17CsCo, Cs7(P2W17O61Co(NC 5H5))14H2Oa

W17LiCo, Li7(P2W17O61Co(NC 5H5))14H2O
BuSnW17, K7[(buSn)(P2W17O61)]10H 2O
PhSnW15, K5H4[(phSn)3(P2W 15O59)]16H2O
BuSnW15, K5H4((buSn)3(P2W 15O59)]15H2O
W12(Na), Na16[(O3PCH2PO3) 4W12O36]40H2O

R8 5 P(CH2CH2CONH2) 3; R9 5 P(CH2CH2CONH2)2
(CH2CH2CONHCH2CH2NH 2)c

R- 5 P(CH2CH2COOH)3; R99 5 P(CH2CH2CONHCH2CH2
N(CH3)2)3

P8 5 P(C6H4CH2N(COCH3) CH2CH2OH)3; P9 5 P(C6H5)2C6H
4CH2NH2

c

Note. bu, butyl; ph, phenyl.
a Found useful for phasing or for map interpretation.
b Designed for covalent binding.
c The activation was via the primary amino group.
eavy atom compounds used by us.
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143METAL COMPOUNDS IN RIBOSOMAL CRYSTALLOGRAPHY
Owing to the complexity of the ribosomal struc-
ure, means for independent map interpretations are
eing developed. In this article we present studies on
ovalently derivatized T30S particles by a medium-
ize cluster, tetrairidium. Prepared as a monofunc-
ional sulfhydryl reagent, this cluster was bound to
ree -SH moieties on the surface of ribosomal par-
icles. The crystals of the modified T30S subunits
ere found to be isomorphous with the native ones
nd led to well-behaving data to 4.5 Å. Using the
urrently available MIR phases (Harms et al., 1999),
ifference Fourier analysis revealed the positions of
he bound clusters. Hence, the locations of the
urfaces of the proteins to which the cluster was
ound, namely TS11 and TS13, have been deter-
ined.

USEFUL HEAVY ATOMS IN RIBOSOMAL
CRYSTALLOGRAPHY

In contrast to the availability of numerous single
eavy atom materials, there are only a few stable
ater-soluble polyheavy atom compounds (Table I;
nd Thygesen et al., 1996). In the ideal case these
aterials should consist of a large number of heavy

toms, linked directly to one another in the most
ompact fashion. Examples are monofunctional re-
gents of dense metal clusters, designed for covalent
inding at specific sites, and compounds that may be
mployed for soaking experiments such as charged
lusters, heteropolyanions, and soluble multicoordi-
ation compounds. In soaking experiments, the large
ize of these compounds may be advantageous as it
hould eliminate multiple site binding, but on the
ther hand, it may hamper their penetration into the
rystals. Nevertheless, several heteropolytungstate
nions (e.g., Dawson, 1953; Brown et al., 1977;
lizadeh et al., 1985; Xin and Pope, 1994; Wei et al.,
997) that possess a high degree of internal symme-
ry yielded structures at relatively high resolution
or riboflavin synthase at 3.3 Å (Ladenstein et al.,
987), fumarase C at 2.6 Å (Weaver et al., 1994), and
he proteosome at 3.4 Å (Löwe et al., 1995).

Ta6Br14 was found to be the strongest heavy atom
mong those that led to the construction of the
lectron density maps of all three crystal forms
tudied by us, T50S, H50S, and T30S (Yonath and
ranceschi, 1998; Yonath et al., 1998). An additional
edium-size compound that yielded phase informa-

ion is C2Hg6N2O8 (called here Hg6), a compound that
as synthesized first almost 100 years ago (Hof-
ann, 1900). In contrast, TAMM, the key compound

n structure determination of several large biological
ssemblies (for references see Introduction), could
ot be used for soaking the ribosomal crystals, either
ecause of its limited solubility in the saline solution

f H50S or because it caused dramatic changes in c
ell dimensions of T30S (from 167 to 173 Å) and often
lso a significant increase in the mosaicity of these
rystals.
Quantitative covalent binding of a heavy atom

ompound at predetermined sites prior to crystalliza-
ion is an alternative for derivatization by soaking.
his approach requires complicated and time-
onsuming procedures, but is expected to yield infor-
ation about the localizations of the ribosomal com-

onents to which the heavy atoms are bound, which
ay be indispensable at the more advanced stages in

he course of structure determination. The feasibil-
ty of this approach has been recently proven at 2.8 Å
or another large cell organelle, the nucleosome-core
article (Luger et al., 1997). However, the procedure
eveloped for the latter, i.e., producing a recombi-
ant nucleosome from its individual components

nto which binding sites were introduced genetically,
annot be fully adopted for high-resolution phasing
f ribosomes, since so far all in vitro reconstituted
ibosomal particles studied by us, namely, T30S,
50S, B50S, T70S, and T50S (Berkovitch-Yellin et
l., 1992), did not yield well-diffracting crystals,
lthough they display high functional activity. There-
ore our strategy is to attach the heavy atom com-
ounds to exposed chemically active moieties on the
urface of the ribosomes or on materials that bind to
ibosomes with a high affinity and selectivity, such
s antibiotics.
Undecagold and tetrairidium clusters (Jahn,

989a,b), in which the heavy metal cores are sur-
ounded by chemical ‘‘envelopes’’ that contain fea-
ures frequently observed in proteins, designed to
ncrease their solubility and stability, are being used
or this aim. These clusters were prepared as mono-
unctional reagents with a chemically reactive arm
hat can bind to selected moieties, such as sulfhy-
ryls or primary amines (Weinstein et al., 1989,
992). The undecagold cluster was found to be
uitable only for low-resolution studies (Bartels et
l., 1995), since its core is of a diameter of 8.2 Å and
ince its chemical envelopes possesses limited inter-
al symmetry. Consequently, its monofunctional re-
ctive arm may be any one of 21 potential binding
ites, belonging to three different symmetrically
roups, among which none possesses special proper-
ies that may direct specific binding to the macromo-
ecular target.

The tetrairidium cluster is similar to, albeit signifi-
antly smaller (core of a diameter of 4.8 Å) and more
ymmetrical than, the undecagold cluster. Hence its
hasing power may extend to almost atomic resolu-
ion. In order to maximize the rigidity and minimize
he free movement of its bridging arm, we designed it
ith a length slightly longer than the of lysine’s side
hain and with an amide bond in the middle of it (R9
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144 WEINSTEIN ET AL.
n Table I). So far we used maleimido as an SH
eagent despite its potential chirality, because we
ould optimize its binding to the ribosome. In con-
rast, the optimization of the binding of the cluster to
hich nonchiral hands (e.g., made from iodo- or
romo-acetate) were attached met with considerable
ifficulties.
Attempts to exploit the tetrairidium and the un-

ecagold clusters as soaking reagents were also
ade. In order to increase their suitability, they
ere prepared either as monofunctional reagents

hat were chemically activated shortly before soak-
ng or as charged compounds. Examples are a tetrai-
idium cluster with three basic groups or with 12
cidic groups (see also Table I).

THE SMALL RIBOSOMAL SUBUNIT

The T30S crystals diffract to 3-Å resolution and
xhibit reasonable isomorphism (Yonath et al., 1998;
arms et al., 1999). Consequently, despite their high

adiation sensitivity, complete data sets could be

FIG. 1. (Left) Harker sections of difference Patterson maps of T
alt (Pb3citrate). A typical example for a rather flat, albeit overcrow
atterson map of T30S constructed at 9-Å resolution. Derivat
lectrons/Å3). This map represents an exceptional case.

FIG. 2. The locations of the two bound tetrairidium clusters
quares, highlighted by arrows on one particle (one asymmetric un
f T30S (Harms et al., 1999) is superimposed is shown at the botto
f four derivatives were refined by MLPHARE yielding Rsym 5 8.
.671, phasing power up to 1.4, Rcullis 5 0.8–0.91. The MIR map

etail see Harms et al., 1999).
onstructed from native and derivatized crystals by
rradiating narrow regions of the crystals separately.

ost of the heavy atom compounds used for derivati-
ation (ranging from Ta6Br14 and Hg6 to monometal
ompounds) led to multisite binding that resulted in
vercrowded and rather flat difference Patterson
aps (Fig. 1). These, in turn, imposed the need for

xtensive cross-verifications with Fourier methods.
This 7.2-Å MIR map shows features of size and

hape consistent with those assigned for T30S within
he cryo-EM reconstruction of T70S (Stark et al.,
995; Frank et al., 1995; Gabashvili et al., 1999;
arms et al., 1999). These contain globular regions

f density appropriate in size and shape for ribo-
omal proteins as well as elongated continuous dense
eatures of a shape similar to that observed in the
aps of the nucleosome core particle at comparable

esolution (Richmond et al., 1984). The latter span
he particle at various directions and could be traced
s double- and single-stranded rRNA chains (Harms
t al., 1999).

onstructed at 6.4 Å. Derivatization was performed with a trimetal
ap. (Right) Harker sections from a readily interpretable difference

was performed by a multi-W cluster (electron density of 2.6

7.2-Å MIR map of T30S. The binding sites are shown as yellow
clarity, the same map on which the cryo-EM reconstructed model
88 reflections in the range of 7.2–30 Å were included and 46 sites
%, completeness 5 84–99%, Rscale (to native) 5 21–29%, FOM 5
bjected to density modification assuming 65% solvent (for more
30S c
ded m

ization
in the
it). For
m. 20 6
6–14.2
was su
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146 WEINSTEIN ET AL.
As mentioned above, in order to enable reliable
ssignments of the various components of T30S, we
re exploiting the monofunctional reagent of the
etrairidium cluster (Jahn, 1989b). As all ribosomal
articles contain only a few exposed SH groups,
hese are being used for cluster binding. Labeling
tudies showed one fully exposed and one partially
xposed SH group (Sagi et al., 1995), belonging to
roteins TS11 and TS13 (Wada et al., 1999). The
rystals obtained from the so-modified particles dif-
ract to 4.5-Å resolution and are isomorphous with
he native ones. As expected, the attachment of
pproximately one or two equivalents of the tetrai-
idium cluster created a rather weak derivative for
ndependent phasing. Thus, the 55 800 measured
eflections yielded quality data (completeness of
0%, Rsym of 12%) but a low signal (Rscale to native of
9%). However, this cluster was found to be a
owerful marker in the MIR electron density map of
30S. The data collected from the derivatized crys-
als were used together with the previously deter-
ined MIR phases (Harms et al., 1999) for the

onstruction of a difference Fourier map. Thus, two
rominent peaks were revealed in this map, both
ith noise to background signals of 2.5 and 4.5 s (the
ighest in the map). Incidently, corresponding peaks
ere also detected in difference Patterson maps, but

hese exhibited limited phasing power once exposed
o refinement (e.g., their final FOM was 0.3).

Based on the high level of clarity at which the sites
ssigned to the iridium cluster were observed, it
eems that although the arm bridging between the
lusters’ core and the SH group contains inherent
exibility, the crystallization of the modified T30S
articles limited its motion, as frequently happens to
ong side chains in proteins. Interestingly, no clear
eparation between the features belonging to T30S
nd the bridging arm was observed in the electron
ensity maps constructed with the data collected
rom the tetrairidium-bound crystals, since the
hemical nature of the arm (R9 in Table I) is very
imilar to that of proteins.
The site of the major iridium cluster is located at

he central part of the particle, not far from the part
alled the ‘‘neck’’ of the small ribosomal subunits
Stark et al., 1995; Frank et al., 1995; Gabashvili et
l., 1999). This location is roughly compatible with
hat suggested by immunoelectron microscopy for
rotein S11 in Escherichia coli 30S (Stöffler and
töffler-Meilicke, 1986). It is also rather close to the
osition suggested in recent assignments of ribo-
omal components within cryo-EM reconstructions
Mueller and Brimacombe, 1997). However, it devi-
tes by approximately 35 Å from the position as-
igned to the center of mass of this protein by

riangulation, a method exploiting neutron scatter- f
ng and the variations in the contrasts of protonated
nd deuterated ribosomal components (Moore et al.,
985). Such deviation is tolerable since the tetrai-
idium cluster and the immunoelectron microscopy
arget the external surface of the particles, whereas
he triangulation method approximates the posi-
ions of the centers of mass of the r proteins and
ears uncertainties about their shapes (elongated,
pherical, etc.). Furthermore, the discrepancy found
y us is smaller than the inconsistencies of 65 Å
etween the neutron scattering triangulation stud-
es and those exploiting complementary DNA for the
ocalization of ribosomal components (Alexander et
l., 1994).
The minor Ir site is located in the middle of the

article’s ‘‘head’’ (Fig. 2). It corresponds to the sulfhy-
ryl of protein TS13 (Wada et al., 1999). According to
he results of SH labeling experiments, this site is its
nly partially exposed end. This may explain its
ppearance with a lower height in the difference
ourier map (2.5 s vs 4.5 s of that assigned to be
ound to TS11), although we assume high homogene-
ty within the crystal. The location of this peak was
eadily determined and found to be in agreement
ith that of TS13, as determined by all the above-
entioned approaches (Moore et al., 1985; Stöffler

nd Stöffler-Meilicke, 1986; Mueller and Brima-
ombe, 1997).

THE LARGE RIBOSOMAL SUBUNIT

Three-dimensional crystals were obtained from
arge ribosomal subunits from several bacterial
ources (Berkovitch-Yellin et al., 1992), among them
wo (of T50S and H50S) that seem to be suitable for
rystallographic studies. These crystals of T50S were
astly improved most recently, as strong diffraction
o 3.6 Å was observed (F. Franceschi, J. Muessig, and
. Janell, to be published). Until recently the crys-

als of this subunit led to high-quality diffraction
ata but only to low resolution, 9–10 Å (Volkmann et
l., 1990).
The crystals of H50S diffract to over 2.7 Å (von

öhlen et al., 1991). However, owing to the undesir-
ble properties of the crystals of H50S, despite the
ntensive studies carried out by us (Yonath and
ranceschi, 1998; Yonath et al., 1998) as well as by
thers (Ban et al., 1998), so far electron density maps
f H50S have been constructed only to 8 to 9-Å
esolution.
It was found that the very large metal compounds

sed for soaking or precrystallization covalent bind-
ng led to the phasing only in association with
dditional structural information, such as cryo-EM
econstructions (Ban et al., 1998; Harms et al., 1999).
he smaller heavy atom compound, Ta6Br14, was
ound to be much more powerful in phasing presum-
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147METAL COMPOUNDS IN RIBOSOMAL CRYSTALLOGRAPHY
bly because its small size permits penetration into
rowded regions, thus becoming tightly bound (Fig.
). Furthermore, the most occupied Ta6Br14 isomor-
hous sites of H50S were detected in difference
atterson maps up to about 5-Å resolution (Fig. 3), a
ange at which the contributions of the other three
ompounds (W12, W17CsCo, W30) used for construct-
ng the 10- to 12-Å resolution MIRAS map became
ery low. It should also be mentioned that the major
a6Br14 sites were detected in the difference Fourier
aps constructed with phases obtained by molecular

eplacement studies, using cryo-EM reconstructions
Yonath and Franceschi, 1998; Harms et al., 1999).
nterestingly, another research group, attempting to
hase data obtained from identical H50S crystals,
ound Ta6Br14 to be the weakest heavy atom com-
ound (Ban et al., 1998).
The packing scheme of the crystals of H50S (Fig. 3)
ay shed light on the odd combination of high

esolution and otherwise poor diffraction. Part of the
nit cell is closely packed, whereas the c axis (of 564
) is loosely held by a narrow contact region sur-
ounded by a very large continuous solvent volume.
he close packing may be connected to the high
esolution, 2.7 Å, whereas the limited size of the
oose contact region that permits only a small num-
er of interparticle interactions may be the cause of
he low level of isomorphism, the unusual morphol-
gy (very thin plates reaching typically up to 0.5
m2 with an average thickness of a few micrometers

n the direction of the c axis), and the variations in
he length of the c axis (from the average length of
64 Å to the extreme of 580 Å) caused by the
rradiation (Yonath et al., 1998).

The ability of the very large clusters to readily
iffuse into the H50S crystals may also be explained
y the special packing arrangement of this system. It
s conceivable that the large clusters that diffused
nto the sizable solvent body maintain some free

ovement, thus introducing subtle nonisomorphism
hat may not be detected as such in routinely treated
iffraction data, leading to limited or less reliable
hasing information (Schlünzen et al., 1995). In-
eed, only three to six cluster sites were detected in
ifference Patterson maps, by us (Schlünzen et al.,
995; Yonath et al., 1998) as well as by others (Ban et
l., 1998), whereas 18–20 equivalents of W30 clus-
ers per ribosomal particle were detected using
tomic absorption in dissolved ribosomal crystals
hat had been previously soaked in solutions contain-
ng millimolar amounts of heteropolytungstates for
0 h and then thoroughly washed, 24 times within 42
(Yonath et al., 1998). Simulation studies indicated

hat such large amounts of ‘‘floating’’ tungsten clus-

ers are sufficient to generate measurable anoma- t
ous signals at low resolution and may mislead the
rocess of phasing.

CONCLUSIONS AND PROSPECTIVE

We have shown that low- and medium-resolution
IR and MIRAS maps can be constructed for ribo-

omal particles and that selected locations on them
an be revealed by covalently bound medium-size
eavy atom compounds, such as a tetrairidium clus-
er. All the heavy atom compounds used by us may be
uitable for MAD phasing as their fluorescence curves
all within the usable SR energies. Among them,
a6Br14 may be an attractive compound, as it con-
ains two different moieties, each with a significant
nomalous signal. The MAD experimental require-
ents are very demanding as the anomalous signals

re significantly lower than those obtained per heavy
tom with MIR. Hence, quantitative binding is de-
ired and special concern is given for the optimiza-
ion of the extent and the accuracy of the precrystal-
ization covalent binding of reactive clusters to the
ibosomal particles.

PROCEDURES

rystal Growth, X-Ray Data Collection,
and MIR Phasing

The crystals of H50S, T30S, and T20S were grown
nder conditions described previously (von Böhlen et
l., 1991; Yonath et al., 1988; Volkmann et al., 1990),
ith some modifications. Data were collected with
R at cryo-temperature, according to the procedures
escribed in Berkovitch-Yellin et al. (1994) and pro-
essed by DENZO and SCALEPACK (Otwinowski,
993). The electron density maps were examined
sing the program O (Jones et al., 1991).
The data from native and Ta6Br14 soaked crystals

f T50S were collected to 10 Å at several wave-
engths at BW7b/EMBL/DESY. These were used for
onstructing two SIRAS difference Patterson maps,
rom which the common sites were extracted and
efined.
The data from native and soaked crystals of H50S
ere collected at BW6 and BW7b at DESY, at
1/CHESs, at BL26 PF/KEK, and at ID2/ESRF. The
ites of four derivatives, among them Ta6 Br14 and
hree tungsten clusters, were used for phasing. The
ositioning of the heavy atom sites was performed by
combination of difference Patterson and Fourier
ethods, based on the major position of Ta6Br14,

ound to be stable and consistent in all resolution
anges up to 5 Å. Each heavy atom position was
ross-verified and refined by MLPHARE with maxi-
um likelihood (CCP4, 1994). Since it was found

hat the contribution of the three tungsten clusters

o the phasing process was negligible beyond 10 Å,
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FIG. 3. A series of Harker sections of Ta6Br14 difference Patterson
bout 25 Å of the 10- to 12-Å MIR map of H50S (211 3 300 3 567 Å, C2
egions around z 5 1/4 and 3/4 and a very small contact region at z 5 1
llipse shows the region corresponding to one ribosomal subunit. The
ost occupied Ta6Br14 site, with significantly enlarged size. More than

hree derivatives (Ta6Br14; W12 and W17CsCo) were included. The pos
atterson and Fourier methods, based on the major position of Ta6Br1
eavy atom position was cross-verified and refined by MLPHARE w
egligible beyond 10 Å, their scattering curve could be approximated
12 5 8–9 Å). The Ta6Br14, however, was treated as in Knablein et a

.32–0.57; Rcullis: 0.76–0.97; phasing power: 0.98–1.15. The map was so
map of H50S, displayed at different resolution ranges. (Top right) A slab of
221), showing the packing arrangement of this crystal form: compact packing
/2. For clarity, two unit cells are shown along the Y direction (horizontal). The
dense areas at the interfaces between particles represent the position of the

11 000 reflections were measured, and a total of 15 heavy atom sites of the
itioning of the heavy atom sites was performed by a combination of difference
4, found to be stable and consistent in all resolution ranges up to 5.5 Å. Each
ith maximum likelihood. Since the contribution of the two W clusters was

by spherical averages of their corresponding radii (W17CsCo 5 10 Å and
l., (1997), owing to its potential to the higher resolution shells. Mean FOM:
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149METAL COMPOUNDS IN RIBOSOMAL CRYSTALLOGRAPHY
heir scattering curve could be approximated by
pherical averages of their corresponding radii
W30 5 12.5 Å, W18 5 10 Å, and W12 5 8–9 Å). The
a6Br14, however, was treated as in Knäblein et al.
1997), owing to its potential to phase at higher
esolution shells.
The data from T30S and its derivatized crystals
ere collected at BW6 and BW7b/DESY, F1/CHESS,

D2/ESRF, and ID19/APS. Four heavy atom deriva-
ives were obtained by soaking crystals in solutions
f metal compounds of varying sizes. The heavy atom
ositions were determined and verified by difference
atterson and difference Fourier procedures. Each
eavy atom position was cross-verified. Refinement
as carried out by MLPHARE with maximum likeli-
ood.

he Synthesis of Acidic and Basic Tetrairidium
Clusters

The acidic cluster was prepared employing the
rocedure used for producing the tetrairidium clus-
er dodecaamide (Jahn, 1989b), but with trimethyl-
ilylester of tris-(2-carboxyethyl) phosphine instead
f tris-(2-carbethoxyethyl) phosphine. The desil-
lated product was purified by ion-exchange chroma-
ography and isolated as a triethylammonium salt.

The basic cluster was prepared by the method
escribed by Ros et al. (1986), starting from an
nionic tetrairidium cluster. The tris-(2-dimethylami-
oethylamide) of the tris-(2-carboxyethyl) phosphine
as introduced as a ligand first, followed by treat-
ent of the monosubstituted product with tris-(2-

arboxamidoethyl)phosphine to get a basic cluster
ith four hydrophilic ligands. The dimethylaminoeth-
lamide groups were introduced to tris-(2-carboxy-
ethyl)phosphine after activation with carbonyldiim-

dazole. The tris-(2-carboxamidoethyl) phosphine was
repared by treatment of tris-(2-carbethoxyethyl)
hosphine with methanolic ammonia.

reparation and Binding of the Monofunctional
Reagent of the Tetrairidium Cluster

For soaking experiments, the reactive tetrai-
idium cluster was prepared with one primary amino
roup. A linking arm for its specific binding to SH
roups was attached to its amino group, using
-maleimidopropionic acid-N-hydroxysuccinimide es-
er, as described in Jahn (1989b). Freshly prepared
ctivated monofunctional clusters were diffused into
he crystals by soaking. For precrystallization cova-
ent binding, the free motion of the linking arm was

inimized using N-methoxy carbonyl maleimide as
shorter linker. The binding procedure was similar

o that described above for the longer linker, except
or the last step of the separation of the modified

ibosomes from the reaction mixture, which was
erformed with a sucrose cushion at 40 000 rpm at
°C. In order to eliminate binding of the activated
luster to amino groups on the ribosomal particles,
he reaction was carried out at pH 6.0.

he Identification of the Protein to Which the IR
Cluster is Bound

Free sulfhydryl groups, exposed on the surface of
he ribosomal particles, were detected by their
eaction with radioactive SH reagents, such as
-ethyl-maleimide, parachloro-mercurobenzoate,

nd iodoacetamide, followed by polyacrylamide gel
lectrophoresis of the ribosomal proteins, as de-
cribed in Weinstein et al. (1989). In the case of T30S,
he amount of radioactivity detected on the particle
orresponded to about one and a half equivalents
nd appeared in the spot occupied by TS11 (one
quivalent) and TS13 (half of the previous site). As
ach of these proteins contains a single cysteine, we
oncluded that the cysteine of TS11 is fully exposed,
hereas that of TS13 is partially inaccessible.
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ifts of heavy atom compounds, to M. Safro for active participation
n phasing, to M. Eisenstein for predicting the conformational
lements of TS11 and TS9, and to C. Radzwill, H. Burmeister, R.
lbrecht, J. Müssig, C. Paulke, M. Laschever, S. Meier, Y. Halfon,
nd K. Knaack, for their excellent contributions in the different
tages of these studies. Data were collected at the EMBL and
PG beam lines at DESY; F1/CHESS, Cornell University, ID2,

D13, D2AM/ESRF, Grenoble, and BL26/PF/KEK, Japan, and
D19/APS. Support was provided by the Max-Planck Society, the
.S. National Institute of Health (NIH GM 34360), the German
inistry for Science and Technology (BMBF 05-641EA), and the
immelmann Center for Macromolecular Assembly at the Weiz-
ann Institute, A.Y. holds the Martin S. Kimmel Professorial
hair.
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Heel, M., Cuff, M., Schlünzen, F., Bashan, A., Franceschi, F.,
and Yonath, A. (1999) Elucidating the medium resolution
structure of ribosomal particles: An interplay between electron-
cryo-microscopy and X-ray crystallography, Structure, in press.
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näblein, J., Neuefeind, T., Schneider, F., Bergner, A., Masser-
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