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The assignment of phases to the observed structure factor
amplitude is the most crucial, albeit most complicated,
step in structure determination. As the phases cannot be
directly measured, their elucidation remains the least pre-
dictable task, even for average-sized proteins. Clearly, for
large macromolecular assemblies the magnitude and the
complexity of phasing is greatly enhanced.

The methods commonly used for phase determination in
biological crystallography are single and multiple isomor-
phous replacement (SIR or MIR). Both require the prepa-
ration of derivatives, usually by introducing electron-dense
compounds into the crystalline lattice at a limited number
of distinct locations while keeping the crystal parameters
isomorphous with those of the native molecule. As these
replacement methods exploit the changes in the structure
factor amplitudes resulting from the addition of the heavy
atoms, the derivatization reagents are chosen according to
their potential ability to induce measurable signals. For
proteins of average size, useful heavy-atom derivatives
consist of one or a few heavy-metal atoms that usually
have an atomic number (Z)>70. However, for producing
measurable signals from crystals of very large macromole-
cules that cannot be subdivided by non-crystallographic
symmetry, numerous atoms (approximately 35 per 10° Da)
are needed. Such multiple-site derivatives are extremely
difficult to locate in the unit cell, and therefore, practi-
cally, this approach is not feasible.

Alternatively, advantage can be taken of compact and
dense compounds containing a large number of heavy
atoms linked directly to each other or arranged in close
proximity. However, in contrast to the availability of
numerous single-atom derivatizing agents, there are only
a few stable water-soluble polymetallic compounds that
may be suitable for derivatization of large biological
compounds. These include heteropolyanions and multi-
coordination compounds, suitable for soaking experi-
ments, and monofunctional reagents of dense metal

clusters, designed for covalent binding at specific sites
before crystallization.

Independent of which method is chosen, the phasing
capacity of the clusters is limited by the usable resolution
of the X-ray data, which is dictated not only by the
quality of the crystals but also by the mode of binding of
the clusters. As clusters offer more than one atom capable
of coordination with the macromolecule, and as not all
clusters possess internal symmetry, they may bind in
several modes. If this occurs, they should be treated as
group scatterers and the individual positions of the heavy
atoms are not resolved. Under these conditions the clus-
ters are expected to phase, in most cases, to 6-8 A (about
66% of their average diameter). However, for clusters
with perfect symmetry, or when the attachment to the
macromolecule is created by a specific atom of the
cluster, the individual positions of the cluster atoms may
be resolved, and the phasing power may extend to almost
atomic resolution.

Soaking and co-crystallization

Derivatization of crystals of biological macromolecules is
routinely obtained by soaking in solutions containing mil-
limolar concentrations of heavy-atom compounds. This
method assumes that the high affinity of the metal com-
pound for specific exposed side chains will lead to selec-
tive attachment of the heavy atom with a high yield. Using
this equilibrium procedure, productive derivatization in
one or a few sites is largely a matter of chance, but the
probability of obtaining a useful derivative is sufficiently
high that more sophisticated techniques are rarely needed.
The large size of the dense clusters required for the
derivatization of large biological macromolecular assem-
blies may be advantageous as it should eliminate multiple-
site binding. However, at the same time, the cluster’s
large size may prohibit the diffusion of the clusters into
the crystal. Despite this legitimate doubt, conditions can
be established for the derivatization of crystals of very
large particles, including ribosomes, by soaking in solu-
tions containing multi-heavy-atom clusters.

The heavy metal cluster most frequently used for this type
of study, TAMM (tetrakis [acetoxymercuri] methane), is
rather small. It contains four mercury atoms and proved
suitable for phasing data from crystals of rather large
particles such as the photosynthetic reaction center [1],
the nucleosome core histone octamer [2], an iodotype—
anti—iodotype complex [3] and glutathione transferase [4].
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Table 1

Heteropolyanion clusters.

W30 K14(NaPgW30410)31H,0 [8]
w12 KsH(PW,50 40)nH,0 [9]
w18 (NH,)(P,W1504,)14H,0 [10]
W17Co or CoWLi17 Cs4(P,W;704,Co(NCgH5))nH,O *
BuSNW17 K4[(BuSn)(P,W,,04;)InH,O [11]
PhSnW15 KgH,4[(PhSn)4(P,W;505)InH,0 [11]
BuSnw15 KgH4((BuSn);(Po,W45050)InH,O [11]
Nay 6[(O3PCH,PO3),W1,036]nH,0 *

Abbreviations: Bu, butyl; Ph, phenyl. *MT Pope, personal communication.

The first attempts to use somewhat larger compounds,
Ta,Cl4 and Nb(Cl,,, were made over 30 years ago. Both
compounds were co-crystallized with lysozyme [5] and the
difference in the electron densities of Ta and Nb was suf-
ficient to determine their exact location in the unit cells.
Nevertheless, these compounds were not useful for the
structure determination of lysozyme as the co-crystals and
native crystals were not isomorphous. Recently, Ta,Br;,
was shown to be suitable for phasing over a wide pH range
at different resolution limits. Thus, it was used for struc-
ture determinations of ribulose-1,5-phosphate carboxy-
lase/oxygenase (rubisco) and transketolase at 5.5 A [6], and
a proteosome from Thermus acidophilum at 3.4 A7

Several multi-tungsten compounds (Table 1; [8-11]; M'T
Pope, personal communication) are being used for deriva-
tization, some of which allow phasing at relatively high
resolution: 2.6 A for fumarase C [12] and 3.3 A for
riboflavin synthase [13]. These large heteropolytungstate
anions are of exceptional stability over a wide range of
pH and redox states. They possess a high degree of
internal symmetry and a correlation between this and their
binding sites was detected. Thus, a tungsten compound
[(W30,(0,CCH;)gl*, of a trigonal symmetry (bipyramid
of W;0,), binds on the threefold axis of riboflavin syn-
thase, whereas the W30 ion (Table 1), which is a pentago-
nal hollow disk formed by cyclic assembly of five PW,O,,
units [8], binds on the fivefold axis [13].

Figure 1

The high level of symmetry of these cluster compounds
does not exclude them from binding to particles with no
internal symmetry, but the mode of this binding is unpre-
dictable. Crystals of the large ribosomal subunits from
Haloarcula marismortui (H50S), soaked in either W30,
W18, W17Co or W12 (Table 1) diffract best to 4-7 A
[14,15], compared with 2.9 A for the native subunits [16].
All four clusters were found to bind at the same major
sites and of these four clusters, only the locations of W30
could be directly determined from a 12 A difference Pat-
terson map. This was done by two parallel approaches. In
one, the cluster was treated as a group scatterer. In the
second, all significant peaks in the difference Patterson
map were assigned as single W atoms. Interestingly,
during the refinement process, the so-assigned W atoms
merged to form clusters at the same positions found by the
other approaches (HAS Hansen, unpublished data). These
sites (Fig. 1) were also confirmed by @ initio calculations
using the differences between the structure factors of the
native and derivative crystals [14,15].

The crystals of the small ribosomal subunits from 7/kermus
thermophilus ('T30S), which diffract best to 7.3 A [17],
behave differently. Soaking them in a solution of W30
resulted in poor diffraction, whereas W12 and W18
(Table 1) led to a preliminary MIR electron density map
at 19 A. The map showed features similar to those
obtained by image reconstruction [18] and the packing
observed was in accord with the motif seen in thin sec-
tions of embedded crystals as well as with a map con-
structed from independent @b initio phase sets. For the
interpretation of the difference Patterson maps, the W12
cluster was approximated by a sphere, whereas the ellip-
soid W18 cluster was represented by two adjacent scatter-
ers, each composed of nine W atoms [14,15].

Specific covalent binding of heavy atom clusters

Quantitative covalent binding of a heavy atom compound
at predetermined sites prior to crystallization is an alterna-
tive for derivatization by soaking. This approach requires

Two views (in orange) of portions of the SIR

9-12 A electron density map of H50S on which
the positions of the W30 cluster are shown (in
green). Crystals of H50S grow as extremely thin
plates and diffract best to 2.9 A [16]. They are
typically 0.3x0.3x0.01 mm3 in size; symmetry,
C222;; cell dimensions, 212 A, 302 A and 567 A.
Crystals were soaked for up to 34 days in
solutions containing 1-2 mM of W30, W12, W18
or W17Co. For all sets the Ry¢/4¢(1)=8.4—10.3%
and the completeness was 74—81%. The number
of major sites are 2, 2, 1 and 4, respectively, with
occupancies between 0.2 and 0.6. Phasing power
was between 0.7 (for the W17Co cluster) and
1.36 (for the W30 cluster). The overall figure of
merit, after two cycles of solvent flattening was
0.65 [14,15].




complicated and time-consuming procedures, but is bound
to yield indispensable information not only for phasing but
also in the later stages of structure determination.

T'he feasibility of this approach for phasing data collected
from weakly diffracting unstable crystals of large macro-
molecular assemblies at low resolution has been demon-
strated in the construction of a 20 A SIR electron density
map of B50S [19]. Derivatization was performed by an
undecagold cluster which contains a core of 8.2 A diameter,
consisting of eleven gold atoms linked directly to each
other. These gold atoms are surrounded by hydrophilic
organic groups, designed to increase the solubility and sta-
bility of the cluster [20], which causes the overall diameter
to be 22 A. As the metal components of this cluster are
masked by a chemical envelope, they are not available for
direct attachment with the macromolecule. For this reason,
this cluster is not suitable for derivatization by soaking.

"This undecagold cluster was prepared as a monofunctional
reagent, specific to free sulthydryls, by attaching to it a
short aliphatic chain with a maleimido or an iodoacetyl
group at its end [21,22]. This group was then bound to a
sulfhydryl group of a purified ribosomal protein (BLL11),
after which the protein was reconstituted with core parti-
cles of a mutant lacking BL11. Although the cluster
binding was carried out under denaturation conditions (as
the isolated protein looses its iz situ conformation so that
its sulfhydryl group is no longer exposed as it is on the
surface of the ribosome), and although the molecular
weight of the cluster is almost half that of the protein
(6.2 kDa versus 15.5 kDa), upon incorporation of the mod-
ified protein into the mutated ribosomal core quantita-
tively modified particles were formed (Fig. 2 and [18-22]).
The fact that the bacteria can grow without BLL11, in addi-
tion to the ability to crystallize cores lacking this protein,
indicates that the removal of BLL11 does not cause gross
conformational changes in the ribosome and that BLL11 is
not likely to be involved in crystal packing. Indeed, the
native, mutated and derivatized B50S crystallize under the
same conditions and in the same space group and show
the same level of isomorphism as found among typical
preparations of native crystals.

The limited phasing resolution of this system stems not
only from the rather poor quality of the B50S crystals
(native crystals yield usable diffraction to about 18 /f\) but
also from the mode of binding of the undecagold cluster.
As there are 21 possible non-identical positions for the
attachment of the monofunctional arm, the position of the
cluster in the unit cells should be treated as an average of
many possibilities. Indeed, simulation studies have been
carried out relating to this property as well as to the mean
displacement that may occur due to the flexibility in the
hydrophilic envelope and of the binding arm. They show
that the phasing power of the cluster extends between 8 A
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and 20 A resolution [19], which is similar to that of the
crystals of native B50S. Along these lines, it is conceivable
that the undecagold cluster is suitable for phasing data
from crystals of complexes mimicking defined states in
the process of protein biosynthesis which diffract to com-
parable resolution. Examples are those of whole ribo-
somes with attached mRNA and tRNA, diffracting to
12-14 A [22,23]. Therefore, the undecagold cluster was
covalently attached to tRNAPhe and tRNAlle, It was found
that the cluster binding did not impair the tRNA amino-
acylation and its binding to the ribosome, and crystals of
modified complexes could be grown and are currently
being investigated [24].

The demonstrated feasibility of using covalently bound
clusters for low resolution phasing encouraged further
effort relating to the construction of specifically deriva-
tized crystals of large assemblies that diffract to higher res-
olution. At the same time it indicates the need for
monofunctional reagents of either clusters of perfect sym-
metry, or those in which one specific atom can be ‘flagged’
and used for binding. An example of the latter is the tung-
sten clusters in which one or three structurally equivalent
W atoms have been replaced by Sn, to which a chemically
reactive arm can be bound (Table 1; [11]), or by metal,
such as Rh or Ru, which has a high affinity to -SH groups
allowing direct binding in a fashion similar to that of Hg.
Such compounds have been prepared and their binding
potential is currently being assessed (M'T' Pope, personal
communication).

Alternatively, clusters of smaller size, such as, TAMM or a
tetra iridium compound [25], may be used. The reduced
size of the clusters may necessitate quantitative binding at
several sites (4-6 for ribosomal particles). As it is unlikely
that so many natural potential binding sites are available
on the surface of the macromolecule, binding sites should
be inserted either by mutagenesis or by chemical modifi-
cations of surface amino acids. (See, for example, the
studies on the large halophilic ribosomal subunits [26].)
For choosing appropriate locations for these insertions,
procedures for specific quantitative detachment and
reconstitution of selected ribosomal proteins have been
developed, and the surfaces of the ribosomal particle have
been mapped by chemical and enzymatic methods [26].

Clusters for phasing by multiwavelength anomalous
diffraction (MAD)

MAD phasing is advantageous among crystals of large and
unstable assemblies as these usually exhibit a low level of
isomorphism. In contrast to MIR, which requires collect-
ing data from a native and several heavy atom derivatized
crystals, for MAD one crystal should be sufficient, pro-
vided that there is no radiation decay while measuring a
few datasets at different wavelengths. MAD has been
used to a lesser extent compared with MIR because its
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Figure 2
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experimental requirements are very demanding [27]; the
anomalous signal is 5-10 times lower than that obtained
per heavy atom with MIR. Nevertheless, due to the recent
vast progress in techniques for data collection, this method
is currently gaining power and is being used to determine
the structures of an increasing number of proteins of
average size.

T'he derivatization procedures for MAD are essentially the
same as performed for MIR, that is, soaking has been the
procedure of choice. For such experiments, Ta,Br,, seems
an attractive compound, as it contains two different moi-
eties ('T'a and Br) each with a significant anomalous signal

(M Roth and E Pebay-Peyroula, personal communication).
However, for large macromolecular assemblies, special
efforts for enhancing the probability of obtaining measur-
able anomalous signals should be made, preferably by
quantitative binding of rather large dense heavy atom clus-
ters at several sites. Some of the clusters mentioned above,
especially the monofunctional reagents prepared from W12
and W18 (Table 1), may be suitable for this purpose. The
anomalous contribution of several metal clusters, including
those of W, has been demonstrated by fluorescence mea-
surements even for soaked ribosomal crystals (Fig. 3). In
fact, recently it was shown, for the first time, that tungstate
is indeed an appropriate anomalous scatterer [28].



Figure 3

f'" as a function of wavelength derived from fluorescence spectra
measured from (a) a crystal soaked in a solution of W30 (closed
triangles), the solution itself (open triangles) and a tungsten foil
(squares); and (b) the solutions of different W clusters in the H50S
stabilization liquid. (For abbreviations see Table 1.)
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