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Going soft and SAD with manganese

SAD phasing has been revisited recently, with experiments being carried out using previously
unconventional sources of anomalous signal, particularly lighter atoms and softer X-rays. A case
study is reported using the 75 kDa RNA-dependent RNA polymerase of the bacteriophase ¢o6,
which binds a Mn atom and crystallizes with three molecules in the asymmetric unit. X-ray
diffraction data were collected at a wavelength of 1.89 A and although the calculated anomalous
signal from the three Mn atoms was only 1.2%, SHELXD and SOLVE were able to locate these
atoms. SOLVE/RESOLVE used this information to obtain SAD phases and automatically build a
model for the core region of the protein, which possessed the characteristic features of the right-
hand polymerase motif. These results demonstrate that with modern synchrotron beamlines and
software, manganese phasing is a practical tool for solving the structure of large proteins.

1. Introduction

In recent years, the possibility of systematically modifying proteins to
replace sulfur atoms with selenium in methionine residues and the
availability of synchrotron beamlines where the wavelength of the
radiation is tuneable has rendered the multiple-wavelength anom-
alous dispersion (MAD) method (Hendrickson et al, 1990; Hen-
drickson & Ogata, 1997) the method of choice for solving protein
structures where molecular replacement is not possible. That being
said, the use of single-wavelength anomalous dispersion (SAD)
measurements for protein structure determination has seen a recent
revival (Rice et al., 2000; Dodson, 2003). A SAD experiment involves
collection of a single data set at (or as close as possible to) the high-
energy side of the absorption edge of the anomalous scatterer, thus
maximizing the anomalous signal obtained (as opposed to MAD
experiments, which involve the collection of two or more data sets at
different wavelengths; Walsh et al., 1999). The power of SAD even
with very small anomalous signals was illustrated over 20 years ago by
Hendrickson & Teeter (1981), who determined the structure of the
small protein crambin utilizing solely the anomalous signal from the
naturally occurring sulfur atoms in the protein. Furthermore, Wang
(1985) postulated that very small anomalous signals in SAD experi-
ments would be useful if these small differences could be measured
accurately and described a number of test cases utilizing the method.
However, the use of the weak anomalous signal from naturally
occurring sulfur atoms in proteins was largely ignored until Dauter et
al. (1999) demonstrated the utility of such signals measured with
softer radiation at synchrotron sources. These authors illustrated that
for hen egg-white lysozyme the small signal from sulfur at a wave-
length of 1.54 A was sufficient to determine the structure. This
solution was achieved by collecting highly redundant data. Since
then, the successful use of sulfur for de novo phase determination has
been reported by a number of groups (Brown et al., 2002; Gordon et
al., 2001; Lartigue et al., 2004; Liu et al., 2000; Micossi et al., 2002), as
has the use of other light atoms for protein structure determination,
such as phosphorous and manganese (Dauter & Adamiak, 2001;
Ramagopal et al., 2003a).

Manganese, with a K edge at 1.89 A, which is within the softer
X-ray range, is a natural cofactor for many enzymes and would seem
to be a perfect candidate for SAD phasing of proteins. The RNA-
dependent RNA polymerase (RARP) of bacteriophage ¢6 (75 kDa)
catalyses both replication and transcription of the viral RNA
(Makeyev & Bamford, 2000b). Polymerase activity is stimulated up to
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fivefold in vitro by the presence of manganese ions (optimal at 2 mM;
Ojala & Bamford, 1995; van Dijk et al, 1995; Yang et al., 2001;
Makeyev & Bamford, 2000b). The structure has been described
previously both in isolation and in a number of functionally relevant
complexes (Butcher et al, 2001; Salgado et al., 2004). It has the
characteristic ‘right-hand’ polymerase motif, with fingers, palm and
thumb subdomains. The crystal structures identified a high-affinity
binding site for Mn>" in the palm domain of the protein, providing a
potential source of phase information. Here, we report phasing of the
225 kDa protein asymmetric unit (three @6 polymerase molecules)
using the anomalous scattering signal from three manganese ions
recorded near the manganese K edge.

2. Methods and results
2.1. Expression, purification and crystallization

The Escherichia coli expression, purification and crystallization of
recombinant full-length polymerase has been described previously
(Makeyev & Bamford, 2000a; Butcher et al., 2000).

2.2. Data collection and processing

X-ray diffraction data were collected at the high-energy side of the
manganese K edge, 6.552 keV (wavelength 1.89 A), on the UK MAD
beamline BM14 at the European Synchrotron Radiation Facility
(ESRF), Grenoble, France using a MAR Research 165 mm CCD
detector. At this wavelength the expected f” signal for an Mn*" ion is
395e”, providing an expected anomalous scattering signal of
approximately 1.2%. All data were collected as 1° oscillation images
with the crystal maintained at 100 K in a nitrogen-gas stream. Crys-
tals were cryoprotected with 25%(v/v) glycerol.

Data were processed and scaled using HKL-2000 (Otwinowski &
Minor, 1997). Crystals were isomorphous with those reported
previously (Butcher et al., 2000, 2001; Salgado et al., 2004), belonging
to space group P2,, with unit-cell parameters a = 105.5, b = 93.6,
c=141.14, p=101.1°. As the anomalous signal expected was small,
highly redundant data were collected in order to provide highly
accurate measured diffraction intensities. Although restricted to a
single rotation axis, 647° of data were collected, providing an overall
redundancy of 20. The anomalous signal-to-noise ratio, as calculated
by XPREP (Bruker, Madison, WI, USA), is 2.2 in the low-resolution
shell (30-8 A) and13at35 A, reflecting the small anomalous signal.
Data-processing statistics are given in Table 1. Note that whilst the
diffraction is strong at low resolution [at 4 A (Y{o(I)) = 39], the
diffraction limit is little better than 2.9 A [(I)/(a()) = 25 at 3.5 A,
falling to 6.5 in the 3-2.9 A shell], i.e. the quality of diffraction from
the crystal is mediocre and representative of that observed for many
interesting proteins.

2.3. SAD phasing

Phase determination requires solving the substructure of the
anomalous scatterers; in this case, the positions of the three manga-
nese ions present in the asymmetric unit (Fig. 1). Calculated phases
and derived electron-density maps were compared with reference
data derived from the previously refined 2.0 A model (Butcher et al.,
2001) by calculating mean phase errors with PHISTATS (Colla-
borative Computational Project, Number 4, 1994) and map correla-
tion coefficients with the program GAP (D. L. Stuart, J. M. Grimes
and J. M. Diprose, unpublished work) (Table 2). On the basis of the
anomalous signal-to-noise ratio calculated by XPREP, data were
initially truncated to 3.5 A and the bulk of the discussion in this paper
refers to results to this resolution. Subsequently, we repeated the

Table 1

Data-collection and processing statistics.

Values in parentheses refer to the highest resolution bin.

X-ray source _ ESRF BM14
Wavelength (A) 1.89
Space group P2,

Unit-cell parameters (A, °) a=105.5,b =936,
c=141.1, =101.1

Resolution range (A) 30.0-2.9 (3.0-2.9)

No. of images (1° oscillations) 647
Observations 1230575
Unique reflections 59598
Completeness (%) 99.2 (97.9)
Ilo(I) 29.6 (6.5)
Rierge (%) 9.5 (30.5)
Anomalous I/o(I)
00-8.0 A 22
8.0-6.0 A 2.1
6.0-50 A 19
5.0-4.5 A 1.8
45-43 A 17
43-41A 1.7
41-39 A 15
3937 A 14
37-35A 13
35-33A 1.1
33-31A 1.0
31-29 A 1.0
Solvent content (%) 60

calculations using data to 29 A (these results are summarized in
Table 2); the process still worked well, with improved side-chain
resolution compared with the maps at 3.5 A resolution.

2.3.1. Mn-substructure solution. Both SHELXD (Schneider &
Sheldrick, 2002) and SOLVE (Terwilliger & Berendzen, 1999)
correctly identified the three manganese-ion sites. The correlation
coefficients for the correct solution were 0.31 (all data) and 0.19
(weak data) from SHELXD. The mean figure of merit for the solu-
tions found by SOLVE is 0.32, with an overall Z-score value of 35.2.
In both cases, there was a clear step in the occupancies between
correct and incorrect atomic sites. The solutions found by each
program were verified by visual inspection of the self- and cross-
vectors in the difference Patterson maps (Fig. 1) and when brought to
a common origin the positions are identical within 0.1 A. The
SHELXD and SOLVE manganese substructures agree with those
described previously (Butcher er al, 2001). The hand of the
substructure could be determined in the usual manner by visual
comparison of electron-density maps calculated (by SOLVE) using
both alternatives.

2.3.2. Phase calculation. SOLVE was used to refine the positions,
occupancies and B factors of the manganese ions and to derive
estimates of the protein phases. The overall figure of merit calculated
by SOLVE was 0.25 and statistics of the quality of the phases are
given in Table 2. The mean phase error between the phases derived
from SOLVE and those of the reference set is 67°, which corresponds
to a figure of merit of 0.39. Visual inspection of the resulting maps
showed interpretable regions and secondary-structure features could
readily be identified (Fig. 2a). The high real-space correlation co-
efficient with the model-derived maps (0.69) indicates that those
features already correspond to the protein model, although the noise
level in the map is high.

2.3.3. Automated model building. Phases calculated by SOLVE
were improved by solvent flattening and density modification using
RESOLVE (Terwilliger, 2000) (Table 2). RESOLVE dramatically
improved the phases (mean phase error 45°) and the maps are very
similar to those derived from the reference model (correlation
coefficient = 0.80).
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Figure 1

Anomalous difference Patterson map. Harker section (v = 1/2). Self-vectors are
shown as cyan circles. Heavy-atom positions found by SHELXD were 0.610, 0.797,
0.126 with occupancy 1, 0.210, 0.710, 0.485 with occupancy 0.9 and 0.033, 0.333,
0.065 with occupancy 0.9. SOLVE positions were 0.610, 0.796, 0.126 with occupancy
0.44and B=34 1&2, 0.210, 0.710, 0.485 with occupancy 0.40 and B = 28 A?and 0.033,
0.333, 0.065 with occupancy 0.40 and B = 31 A2

Without recourse to any other external information, RESOLVE
built 1163 out of 1992 residues in the asymmetric unit, primarily

Table 2
Phase and map analyses.

Resolution Mean phase Map correlation
error (A) coefficient
SOLVE 30-3.5 67.0 0.69
RESOLVE 30-3.5 44.8 0.80
RESOLVE with NCS 30-3.5 34.7 0.85
SOLVE 30-2.9 712 0.68
RESOLVE 30-2.9 511 0.79
RESOLVE with NCS 30-2.9 374 0.89

polyalanine chains (only 37 side chains identified) in the core region
of the protein (Fig. 2b). Despite being incomplete, the polypeptide
built shows characteristic features of the polymerase and thus the
fingers, palm and thumb domains are clearly identifiable (Fig. 2c);
although incorrect in some regions (Fig. 2d), the errors could be
easily corrected by manual rebuilding.

RESOLVE was also run imposing the known non-crystallographic
symmetry (NCS) operators. These were not applied initially because
determination of NCS operators from the manganese substructure is
not possible; with only one Mn atom per molecule, the orientation of
the protein molecules cannot be determined. However, the model
built by RESOLVE displays structural features from which appro-
priate non-crystallographic relationships could be derived. Running
RESOLVE with these NCS operators imposed improved the phases
further (mean phase error 35°) and produced a map of excellent

(a)

(h)

Figure 2

(a) Map calculated by SOLVE contoured at 1.30; orange boxes indicate interpretable secondary-structure features. (b) RESOLVE model: C* trace of RESOLVE-built
model (yellow) and corresponding map contoured at 1o (blue chicken wire). (¢) RESOLVE-built (left) model and previously solved (right) models showing polymerase
structural features: fingers, red; palm, green; thumb, blue. (d) C* superposition of RESOLVE (yellow) and reference (red) models.
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quality (correlation coefficient with the reference map = 0.85). With
NCS imposed, more residues were built (1302 out of 1992) and
additional side chains were identified (88). It is important to note,
however, that knowledge of the NCS, whilst facilitating model
building and refinement, was not necessary to produce interpretable
electron-density maps.

3. Conclusions

Divalent cations such as manganese and calcium are common as
protein cofactors, making these cations attractive candidates for de
novo protein structure determination. Inevitably, because of their
small mass, these cations provide only weak anomalous signals, which
until recently have been ignored. However, advances in crystallo-
graphic hardware and software now make it possible to measure
these small differences sufficiently accurately that they can be used
for phase determination, obviating the need for the preparation of
selenomethionine-labelled proteins or the exhaustive search and
preparation of heavy-atom derivatives. The polymerase of bacterio-
phage ¢6 provides an excellent test case for this method. The results
clearly show that if a highly accurate data set is collected, an anom-
alous signal as low as 1.2% is sufficient to provide phase information
for a crystallographic asymmetric unit containing 225 kDa of protein
for a crystal that diffracts only weakly beyond 3 A. These phases
(which use no non-crystallographic symmetry information) are
accurate enough to automatically build a model that delineates the
characteristic structural features of the polymerase. This is the second
report of successful manganese phasing (Ramagopal et al., 2003a) and
demonstrates that it can effectively phase large proteins crystallized
in low-symmetry space groups with only moderate-resolution X-ray
data.

The success of experiments such as that described here and others
(Weiss et al., 2001; Ramagopal et al., 2003b) has provided the impetus
for optimizing current beamlines for experiments at longer X-ray
wavelengths (for example, the protein crystallography beamline
XRD1 at the ELETTRA synchrotron, Trieste; Polentarutti et al.,
2004) and for the construction of dedicated long-wavelength protein
crystallography beamlines (as proposed for the new third-generation
UK synchrotron DIAMOND). We expect technical advances at these
beamlines to further enhance the power of such methods so that they
may take their place alongside SeMet labelling and molecular
replacement in the front line of phasing methods.
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