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Crystal soaking is widely performed in biological crystallography. This paper reports time-resolved X-ray
crystallographic and microtomographic analyses of tetragonal crystals of chicken egg-white lysozyme
soaked in mother liquor containing potassium hexachloroplatinate. The microtomographic analysis
showed that X-ray attenuation spread from the superficial layer of the crystal and then to the crystal core.
The crystallographic analyses indicated that platinum sites can be classified into two groups from the
temporal development of the electron densities. A soaking process consisting of binding-rate-driven and
equilibrium-driven layers is proposed to describe these results. This study suggests that the composition of
chemical and structural species resulting from the soaking process varies depending on the position in the
crystal.

C
rystal soaking is widely performed in biological crystallography. Small ligand molecules can be introduced
into a native crystal in order to obtain a protein-ligand complex. Heavy atom derivatives are prepared by
soaking native crystals in mother liquor containing heavy atom reagents. Crystal soaking is also performed

to adjust the mother liquor conditions, such as pH and precipitant concentration, prior to crystallographic data
collection.

Soaked protein crystals have been visualized by light microscopy. In particular, lysozyme crystals can be
studied by fluorescence microscopy by infusing them with fluorescent surfactants1. The anisotropic diffusion
of fluorescein into lysozyme crystals has been analyzed by confocal microscopy2. A simulation of small molecules
diffusing into protein crystals has been reported3. The time-dependence of platinum binding to lysozyme has
been studied by protein crystallography4,5. However, the relationship between the three-dimensional distribution
of chemical compounds in crystals and their coordination to protein has not been delineated.

This paper reports X-ray crystallographic and microtomographic studies of tetragonal crystals of chicken egg-
white lysozyme soaked in mother liquor containing potassium hexachloroplatinate. A time-resolved three-
dimensional visualization of the soaking process was performed by synchrotron radiation microtomography.
The platinum first entered the superficial layer of the crystal and gradually penetrated to the crystal core. The
three-dimensional structure of the platinum derivative in each soaking period was determined by time-resolved
crystallography. These analyses revealed the spatial distribution of platinum and its correlation with crystal
structures.

Results
Heavy atom distribution in crystal. The three-dimensional distribution of X-ray linear attenuation coefficients
(LACs) of the sample was reconstructed from each microtomographic dataset taken during the soaking process.
Supplementary Figure S1 shows a rendering of a soaked crystal attached to the capillary inner wall. The LAC
distributions along the midline perpendicular to the (1 1 0) face of the crystal are shown in Fig. 1. Overshoots and
undershoots were observed at interfaces between material phases, such as mother liquor and crystal. These over-
and undershoots were ascribed to a refraction effect caused by the microtomography setup, in which the detector
was placed 20 mm away from the crystal to make space for sample rotation. Besides these effects, the LAC of the
crystal increased during the soaking process, while the LAC of surrounding mother liquor was almost constant.
Figure 2a shows virtual cross sections of the crystal during soaking. These cross sections indicated that X-ray
attenuation spread from the superficial layer and then to the crystal core.
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Before soaking, the average LAC of the crystal above the Pt LIII

edge (11.580 keV) was 4.2 cm21 (Table 1), which is the same as that
below the edge (11.550 keV). After soaking for 2490 s, the average
LAC at 11.580 keV (8.6 cm21) was obviously higher than that at

11.550 keV (6.7 cm21). These results indicate that the LAC increase
is ascribable to platinum ions. The LAC at 11.580 keV after soaking
for 2490 s is equivalent to the incorporation of 1.6 platinum atoms
per asymmetric unit. The LAC of the surrounding mother liquor
containing platinum ions was 5.0 6 0.5 cm21 at 11.580 keV, which
coincides with the theoretical LAC of 4.9 cm21. The LAC of the
mother liquor around the crystal did not show any apparent changes
during the soak (Fig. 1). The mother liquor volume within 5 mm of
the crystal was more than 103 times that of the crystal volume. The
platinum concentration of the mother liquor can therefore be con-
sidered constant.

Figure 3 shows the time dependence of the average LAC over the
crystal volume. The LAC increased for more than 40 min. A log-
arithm plot of the difference in this value from its saturation value
(Fig. 3b) indicated that the time dependence after 750 s can be
approximated with a kinetic constant k1 5 0.00055 s21. The LAC
of a crystal soaked for 44 h (Table 1) was used as the saturated LAC in
this plot. Deviations from linearity were observed before 300 s, indi-
cating that the initial process should be described with another kin-
etic model.

It has been reported that the diffusion of surfactants into lysozyme
crystals is composed of two temporal processes: a transient period of
initial infusion and a subsequent saturation process on an even

Figure 1 | LAC distributions along the midline perpendicular to the (1 1
0) face. Each distribution is differentiated by color and labeled with

soaking time (s).

Figure 2 | Spatiotemporal development of platinum coordination in soaked crystal. (a) Microtomographic cross sections parallel to the (1 1 0) face.

Soaking times are indicated with labels. LACs are shown in gray scale from 0 cm21 (black) to 16 cm21 (white). (b) Electron density maps of platinum sites.

Omit maps were calculated using the native model and derivative datasets, and they were contoured at 0.8 electron Å23. Platinum sites and soaking times

are indicated with labels. (c) Schematic representation of layered process of crystal soaking. Crystal soaking proceeds from left to right. The soaking

process starts with initial permeation (red) of platinum ions into native crystal (white). The initial layer corresponds to platinum sites 1 and 2. Then the

initial layer moves toward the center of the crystal and is simultaneously replaced with the succeeding layer (blue) in which platinum ions have moved to

sites 3, 4, and 5. Finally, the initial layer reaches the crystal center and the succeeding layer dominates the entire crystal.
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longer time scale1. Those authors discussed their observation that the
concentration difference between the edge and core of the crystal in
the initial process was virtually independent of mass transfer outside
the crystal and instead controlled by diffusion in the crystal. Since
platinum ions specifically bind to lysozyme molecules, platinum
diffusion in the crystal depends on its binding rate. The initial
increase in LAC before 300 s results from such a process. On the
other hand, the subsequent process represented by the constant k1

should be affected by transport from the surrounding solution.
Calculation models have been proposed for evaluating these soaking
processes by introducing physical and chemical parameters2,3.
However, it is difficult to describe the protein-ligand interaction
using only kinetic constants. The crystallographic analysis of each
soaking period described below revealed the processes underlying
these observations.

Heavy atom coordination in crystal. Since the microtomographic
analysis indicated that the spatiotemporal heterogeneity was caused

by soaking, the soaked crystal was subjected to time-resolved
crystallography. Time-series omit maps were calculated using the
native model and derivative datasets (Fig. 2b) collected from one
crystal of 120–130 mm in each dimension. Platinum coordination
sites with electron densities higher than 1.0 electron Å23 were
found at five positions, as summarized in Table 2. These sites
corresponded to the peaks in the Bijvoet difference maps
(Supplementary Fig. S2) taken at 750 s and 3610 s, and this
indicates that platinum ions existed at these sites. Another density
at the position of water 180 of the starting model 2LYM6, which was
removed owing to close contact with water 131, was also observed.
This density was used as a reference peak in the omit maps, and it was
almost constant throughout the soaking process (Table 2). The dose
accumulated throughout the period of the crystallographic data
collection was estimated from the microtomographic LAC to be
1.1–1.3 3 105 Gy, which is less than 1% of the Henderson limit (2
3 107 Gy)7. Note that we took other datasets with a pretreatment
dose of approximately 0.5 3 105 Gy before crystallographic data
collection, but there were no major differences from those without
the pretreatment dose in regard to the development of platinum sites.

Figure 4 shows the time dependence of the electron densities at the
platinum sites. These sites can be classified into two groups on the
basis of the time dependence of electron density development. The
first group is composed of sites 1 and 2. Electron densities of these
sites were less than 0.2 electron Å23 in the native structure. They
rapidly reached maximum at 750 s and then gradually decreased
until 2510 s. These platinum sites were in interaction with water
molecules, but were located more than 4 Å away from the protein.
We suggest that these sites were not occupied by other ions or mole-
cules in the native crystal, and hence, they easily accommodated
platinum ions. These sites coincide with the platinum sites reported
for crystals soaked for 10 min5.

In contrast to labile sites 1 and 2, another group of platinum sites—
3, 4, and 5—became dominant after soaking for 1500 s. Since the
distance between sites 1 and 5 was 5.4 Å and the Pt-Cl bond length8 is
2.3 Å, the coordination of site 1 was interchanged with that of site 5.
Sites 3 and 4 are close (, 2 Å) to the positions of water 153 and 141 of
the native model. Site 3 is located 3.0 Å from Leu 129 OXT, although
the structure of the Leu 129 carboxyl group was poorly determined
owing to its low electron density. Site 4 is located 2.5 Å from Asn 65
Od1. Site 5 is located 2.4 Å from His 15 Ce1 and 2.8 Å from Arg 14
Ng1. A lower density peak (0.68 electron Å23) was observed 2.7 Å
from His 15 Cd2. Platinum coordination at His 15 has been reported
to occur during the preparation of isomorphous derivatives9. The
distances between the platinum sites and protein atoms suggested
that some of the chloride ligands of hexachloroplatinate were
replaced with protein atoms. The Ne2 and Nd1 atoms of His 15 make
hydrogen bonds with Ala 11 O and Thr 89 Oc1, respectively.
Therefore, His 15 should undergo rotamer interconversion around
its Cb-Cc bond in the soaked crystal.

The electron densities at sites 3, 4, and 5 slowly increased from
750 s and reached a plateau at 1.0–1.4 electron Å23. The comple-
mentary decrease (sites 1 and 2) and increase (sites 3, 4, and 5) of
these electron densities indicated that (1) the binding rate constants
of sites 1 and 2 are higher than those of sites 3, 4, and 5, and that (2)
platinum ions at labile sites 1 and 2 moved to stable sites 3, 4, and 5
through binding equilibrium. The initial and subsequent processes

Table 1 | Time dependence of crystal LAC

Soaking (s) Native 135 280 770 1090 1590 2490 44 h

LAC at 11.580 keV (cm21)a 4.2 6 0.5 5.6 6 1.3 6.1 6 1.3 7.1 6 1.0 7.5 6 0.9 7.9 6 0.8 8.6 6 0.9 9.5 6 0.5
LAC at 11.550 keV (cm21)a 4.2 6 0.4 6.4 6 0.8b 6.7 6 0.7c

Equivalent platinum ions per asymmetric unit - 0.5 0.7 1.1 1.2 1.4 1.6 2.0
aAverage 6 standard deviation. bLAC at 1760 s. cLAC at 2690 s.

Figure 3 | (a) Time dependence of average LAC over the crystal volume.

The equivalent number of platinum ions in the asymmetric unit is

indicated on the right axis. (b) Logarithm plot of the LAC difference from

saturation. The time dependence after 750 s can be approximated with a

kinetic constant 0.00055 s21, which is represented by a broken line.
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revealed from the LAC time dependence (Fig. 3) should correlate
with these steps, though their kinetics also involve macroscopic pro-
cesses such as platinum ion diffusion in the crystal. The reactions of
platinum compounds and protein9,10 can be rather slow and complex.
Any such reactions involving proteins in crystal should proceed in a
similar manner.

The average LACs determined from the microtomographic ana-
lysis are equivalent to the total platinum content of 1.1 ions per
asymmetric unit at 770 s and 1.6 ions at 2490 s. However, the sums
of platinum site occupancies were 0.44 at 750 s and 0.37 at 2510 s.
The discrepancy was rather larger at 2510 s. It has been reported that
a 22 h platinum-ion soak resulted in weak diffraction and low elec-
tron-density peaks of platinum, while a 10 min soak gave high
peaks5. The discrepancies between the X-ray attenuation coefficient
and platinum occupancies indicated that a number of platinum ions
that were not identified in the electron density map existed in the

crystal and that the B-factors of platinum ions were higher than the
values assumed in the refinement (30–40 Å2).

Discussion
Crystallographic analysis of the soaked crystal indicated that the
platinum coordination multifactorially develops over the course of
2500 s. The microtomographic analysis indicated that the platinum
distribution spread from the superficial layer to the crystal core
within the same time scale. To explain these results, we propose a
layered process of soaking (Fig. 2c). In this process, sites 1 and 2
correspond to the permeation front of platinum ions, and sites 3, 4,
and 5 correspond to another layer succeeding the front. The initial
permeation was observed in the cross section of the microtomo-
graphic image of the crystal. The change in the electron densities
indicated that binding rates governed the coordination of sites 1 and
2, as described above. The front then moved toward the crystal center
during the soaking process but was simultaneously replaced by the
succeeding layer in which platinum ions moved to sites 3, 4, and 5.
Finally, the front reached the crystal center and the succeeding layer
dominated the entire crystal.

Although the soaking process of lysozyme crystal with a low solv-
ent content of 41% gradually progressed over 2500 s, it has been
reported that diffusion into protein crystal with a high solvent con-
tent progresses within 10–15 s11. Therefore, a short soak in cryo-
protectant solutions prior to cryo-crystallography should also cause
spatial heterogeneity in crystal. The resultant heterogeneity can be
captured by flash freezing. Recent progress in X-ray optics has
allowed the application of micrometer X-ray beams to protein crys-
tallography12. Radiation damage caused by synchrotron X-rays can
be overcome by taking diffractions from fresh crystal regions even
after diffractions have decayed with the absorbed dose. This can be
performed by positional scanning of the flash-frozen crystal with an
X-ray microbeam13. However, possible structural heterogeneities
owing to the short soak in the cryo-protectant solution can affect
the atomic coordinates. We should consider heterogeneities that
caused by crystal soaking might affect a dataset collected from mul-
tiple regions of the soaked crystal.

Table 2 | Electron densities at platinum sites

Site 1 Site 2 Site 3 Site 4 Site 5 Reference

Cartesian coordinates (Å)
x 210.75 4.08 215.76 10.44 28.63 1.32
y 10.75 6.09 15.76 11.98 10.48 13.86
z 9.47 7.13 9.47 33.15 14.29 16.91
Neighboring residue Arg 14 Lys 1 Ala 10 Asn 65 His 15 Leu 83
Electron density (electron Å23)a
Before soaking ,0.20 ,0.20 ,0.20 ,0.20 0.48 (4.2) 1.08 (9.4)
250 s soaking 3.11 (23.4) 1.41 (10.6) ,0.20 ,0.20 0.32 (2.4) 1.08 (8.1)
750 3.50 (25.0) 1.74 (12.4) ,0.20 0.30 (2.1) 0.43 (3.1) 1.04 (7.4)
1080 2.31 (17.0) 1.18 (8.7) 0.68 (5.0) 0.85 (6.2) 0.67 (4.9) 1.03 (7.6)
1580 1.14 (8.4) 0.65 (4.7) 1.17 (8.6) 1.04 (7.7) 1.01 (7.4) 1.06 (7.8)
2510 0.56 (4.0) 0.43 (3.0) 1.34 (9.5) 1.02 (7.2) 1.39 (9.9) 1.05 (7.4)
Occupancy
250 s soaking 0.19b 0.19
750 0.22b 0.22
1080 0.15b 0.16 0.14 0.08
1580 0.08b 0.10 0.06b 0.13 0.13
2510 0.07b 0.13 0.17
B-factor (Å2)
250 s soaking 34.4 34.9
750 34.5 32.4
1080 37.5 34.3 34.2 39.4
1580 38.7 34.6 34.2 34.8 37.9
2510 35.1 38.0 37.0
aElectron densities in s unit are given in parenthesis.
bThese sites lie on special positions on the dyad, and hence their full occupancies are 0.5.

Figure 4 | Time dependence of electron densities at platinum sites. Site 1,

.–.; site 2, m–m; site 3, &–&; site 4, .–.; site 5, m–m. Open circles

(#–#) represent densities at the position of water 180 of the starting

model, which were almost constant throughout the soaking process.
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The results obtained in this study suggest that the superficial and
core regions of the crystal should be treated as having different
structures. Consequently, a ligand-soaked crystal should be divided
into regions containing initial and subsequent states of the protein-
ligand complex that vary in relation to their position in the crystal.
The use of a microbeam is appropriate for exploiting such crystal
heterogeneity. We propose that a pseudo time-resolved analysis can
be performed by taking diffractions from the crystal edge and center
if the ligand processing by the crystallized protein is slower than the
binding rate.

Crystallographers have an implicit understanding that the crystal
edge is different from the crystal core. The results obtained in this
study illustrate this consensus quantitatively and suggest that the

Table 3 | Microtomographic data collection

X-ray energy (keV) 11.550, 11.580
Pixel size (mm)a 0.495 3 0.495
Pixel dynamic range (bits) 16
Viewing field size (pixels)a 2048 3 2048
No. of sample frames per dataset 450
Degrees per frame 0.40
Exposures per frame (ms) 200
Dataset collection time (s) 120
aWidth 3 height.

Table 4 | Crystallographic data collection and refinement statistics

Soaking (s) Native 250 750 1080

Data collection
Wavelength (Å) 1.07345 1.07345 1.07345 1.07345
Space group P43212 P43212 P43212 P43212
Cell dimensions a, c (Å) 79.21, 37.92 79.17, 37.90 79.18, 37.89 79.21, 37.86
Resolution (Å) 50.0–2.00 (2.03–2.00) 50.0–1.97 (2.00–1.97) 50.0–2.00 (2.03–2.00) 50.0–2.00 (2.03–2.00)
Rsym 0.078 (0.249) 0.079 (0.247) 0.079 (0.238) 0.082 (0.268)
I/sI 23.1 (5.9) 23.4 (5.3) 22.6 (5.6) 22.8 (5.1)
Completeness (%) 99.6 (100.0) 99.6 (99.3) 99.6 (99.8) 99.6 (99.8)
Redundancy 6.9 (7.1) 6.9 (6.9) 6.9 (7.0) 6.9 (7.0)
Refinement
Resolution (Å) 50.0–2.00 (2.05–2.00) 50.0–2.00 (2.05–2.00) 50.0–2.00 (2.05–2.00) 50.0–2.00 (2.05–2.00)
No. reflections working/test set 8178/405 (556/31) 8149/408 (570/41) 8155/404 (574/31) 8139/402 (567/32)
Rwork/Rfree 0.163/0.206 (0.165/0.291) 0.167/0.215 (0.179/0.293) 0.169/0.197 (0.166/0.227) 0.170/0.216 (0.187/0.248)
No. atoms
Protein 1001 1001 1001 1001
Ligand/ion 2 2 4
Water 68 68 68 67
B-factors (Å2)
Protein 19.2 18.4 18.7 19.3
Ligand/ion 34.7 33.4 36.3
Water 28.2 26.7 27.4 28.1
R.m.s deviations
Bond lengths (Å) 0.013 0.013 0.013 0.013
Bond angles (u) 1.53 1.51 1.56 1.57

Soaking (s) 1580 2510 3610a

Data collection
Wavelength (Å) 1.07345 1.07345 1.07183
Space group P43212 P43212 P43212
Cell dimensions a, c (Å) 79.27, 37.82 79.30, 37.81 79.33, 37.76
Resolution (Å) 50.0–2.00 (2.03–2.00) 50.0–2.00 (2.03–2.00) 50.0–2.00 (2.03–2.00)
Rsym 0.083 (0.285) 0.082 (0.290) 0.068 (0.245)
I/sI 22.1 (5.2) 22.5 (4.8) 32.0 (7.0)
Completeness (%) 99.6 (99.8) 99.6 (99.8) 100.0 (100.0)
Redundancy 6.9 (7.1) 6.9 (7.0) 6.3 (6.2)
Refinement
Resolution (Å) 50.0–2.00 (2.05–2.00) 50.0–2.00 (2.05–2.00) 50.0–2.00 (2.05–2.00)
No. reflections working/test set 8150/403 (582/29) 8156/403 (576/29) 8168/403 (574/28)
Rwork/Rfree 0.176/0.207 (0.179/0.190) 0.173/0.223 (0.179/0.266) 0.180/0.217 (0.176/0.181)
No. atoms
Protein 1001 1001 1001
Ligand/ion 5 3 3
Water 66 66 66
B-factors (Å2)
Protein 20.1 20.3 22.2
Ligand/ion 36.0 36.7 37.1
Water 29.1 29.3 31.7
R.m.s deviations
Bond lengths (Å) 0.013 0.013 0.012
Bond angles (u) 1.55 1.55 1.51

All datasets were collected from one crystal.
aBijvoet mates F1 and F2 were treated as independent reflections.
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crystal structure itself can differ between the edge and core of the
same crystal. Therefore, we should take into account the possibility
that the composition of chemical and structural species resulting
from the soaking process varies depending on the position from
which diffractions were taken.

Methods
Crystallization. Chicken egg-white lysozyme (L6876, Sigma-Aldrich) was
crystallized by the batch method. Lysozyme was dissolved in purified water at a
concentration of 50 mg/ml and centrifuged at 20,000 3 g for 10 min. The
supernatant was mixed with an equal volume of 1.4 M NaCl aqueous solution
containing 100 mM sodium acetate (pH 4.5). Boro-silicate glass capillaries with an
approximate diameter of 0.7 mm (W. Müller) were filled with the mixed solution and
incubated at 20uC to grow lysozyme crystals on the capillary glass surface. Capillaries
bearing crystals were connected to one end of a bulb tee connector (732-8302, Bio-
Rad) using brass tubes with outer/inner diameters of 1.2/0.8 mm and cemented using
epoxy glue, as shown in Supplementary Fig. S3. Another end of the tee was attached to
the goniometer head through a brass rod with a diameter of 1.2 mm. The branch end
of the tee was connected to a syringe using silicone rubber tubing. An aqueous
solution containing 10 mM K2PtCl6, 0.7 M NaCl, and 50 mM sodium acetate (pH
4.5) was introduced from this syringe upon data collection.

Microtomography. Simple-projection microtomographic analysis was performed at
the BL20XU beamline14 of SPring-8. Tetragonal crystals with dimensions of 140–
150 mm perpendicular to the (1 1 0) face and 100–150 mm along the c axis were used
for microtomographic analysis. The sample capillary was mounted on the
microtomograph by using a brass fitting specially designed for the brass pin sample.
Absorption contrast radiographs were recorded at 300 K with a CMOS-based X-ray
imaging detector (AA50 and ORCA-Flash4.0, Hamamatsu Photonics) using
monochromatic radiation at 11.550 keV and 11.580 keV. These X-ray energies
correspond to energies below and above the Pt LIII edge, respectively. The X-ray
energy was calibrated at the Au LIII edge (11.9197 keV) by using gold foil. The X-ray
flux density was moderated to be approximately 1.5 3 1011 photons s21 mm22 by
adjusting the undulator gap. The detector was placed 20 mm from the capillary to
make sufficient space for rotation of the samples with tubing. The viewing field and
effective pixel size of the image detector are 1.013 mm 3 1.013 mm and 0.495 mm 3

0.495 mm, respectively. It took 120 s to acquire each dataset. Datasets were obtained
from the crystal before and after introducing the platinum solution into the capillary.
Midpoints of the data acquisition were 135, 280, 770, 1090, 1590, and 2490 s after
introduction. The data acquisition conditions are summarized in Table 3.

The obtained radiographs were subjected to a convolution-back-projection cal-
culation using the program RecView15 (available from http://www.el.u-tokai.ac.jp/
ryuta/) accelerated with CUDA parallel-computing processors. Each microtomo-
graphic slice perpendicular to the sample rotation axis was reconstructed with this
calculation. The spatial resolution of the reconstructed image was estimated to be
1.2 mm by using three-dimensional square-wave patterns16. The crystal images were
resliced to align the c axis of the crystal lattice along the x axis of the three-dimensional
image, and the (1 1 0) face parallel to the x-y plane. Finally, voxels in each 10 3 10 3

10 bin corresponding to a volume of 4.95 3 4.95 3 4.95 mm3 were averaged to
improve the signal-to-noise ratio of the crystal images.

Crystallography. Diffraction intensities from crystals undergoing soaking were
collected at the BL26B2 beamline17 of SPring-8. The incident X-ray profile was nearly
circular with a full width at half maximum of 120 mm. The photon flux in this incident
beam was attenuated to 8 3 109 photons s21 by using 400-mm-thick aluminum. The
X-ray wavelength was calibrated at the Au LIII edge by using gold foil. Prior to the
crystallographic data collection, an XAFS spectrum of the Pt LIII edge was acquired
using a crystal soaked for 45 min. The X-ray wavelength was set below the edge of this
spectrum (1.07345 Å, 11.550 keV) to reduce the absorbed dose. Time series datasets
were collected using a tetragonal crystal of 120–130 mm in each dimension.
Diffraction patterns of 45 frames were recorded at 300 K using a CCD detector
(MarMosaic225, Rayonix) with an oscillation range of 2.0 degree per frame, an
exposure time of 1.0 s per frame, and a crystal-to-detector distance of 150 mm.
Datasets were obtained before and after introducing the platinum solution into the
capillary. It took 165 s to acquire each dataset. Midpoints of the data acquisition were
250, 750, 1080, 1580, and 2510 s from introduction. An additional dataset at 3610 s
was collected at the peak (1.07183 Å, 11.568 keV) of the XAFS spectrum with an
oscillation range of 1.0 degree per frame, an exposure time of 2.0 s per frame, and a
total oscillation range of 150 degree. Diffraction images were processed with the
HKL2000 program suite18. Statistics of the data collection are summarized in Table 4.

Native lysozyme structure 2LYM6 was used as a starting model for crystallographic
refinement. Waters that exhibited electron densities lower than 0.5 electron Å23 in the
omit maps or that made contacts closer than 2.4 Å were removed from the model. The
crystallographic R-factor calculated using this model was 0.179 for the native dataset
in the 50–2.0 Å range. The model was subjected to crystallographic refinement using
the program REFMAC19 of the CCP4 suite20. Statistics of the refined structure are
summarized in Table 4.

Bijvoet difference maps were calculated using this native model and 750 s and
3610 s datasets. Five peaks higher than 0.15 electron Å23 (corresponding to 5.7 s in
the 750 s map and 7.6 s in the 3610 s map) were found in the Bijvoet difference maps

and hence were identified as platinum sites. These sites also exhibited electron
densities higher than 1.0 electron Å23 in the omit maps calculated using the native
model and derivative datasets, and they were tracked through the time series. The
peak corresponding to water 180 of the starting model, which was removed owing to

close contact with water 131, exhibited electron densities higher than 1.0 electron Å23,
though no Bijvoet peaks were found at this position. No other peaks met these
electron density criteria.

Derivative models were generated by incorporating the platinum sites and sub-
jected to crystallographic refinement using REFMAC. Since the average B-factor of
waters in the native model was 28.2 Å2, platinum occupancies were manually adjusted
so that their B-factors fell within 30–40 Å2. Then the platinum occupancies were
further refined. Statistics of the refined structures are summarized in Table 4. Native
(3WPJ), 250 s (3WU7), 750 s (3WPK), 1080 s (3WU8), 1580 s (3WU9), 2510 s
(3WPL), and 3610 s (3WUA) models were submitted to the Protein Data Bank.
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