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Structural studies of the effect that dimethyl
sulfoxide (DMSO) has on cisplatin and carboplatin

binding to histidine in a protein

The anticancer complexes cisplatin and carboplatin target the
DNA major groove, forming intrastrand and interstrand cross-
links between guanine bases through their N7 atoms, causing
distortion of the DNA helix and apoptotic cell death. A major
side effect of these drugs is toxicity, which is caused via binding
to many proteins in the body. A range of crystallographic
studies have been carried out involving the cocrystallization
of hen egg-white lysozyme (HEWL) as a test protein with
cisplatin and carboplatin in aqueous and dimethyl sulfoxide
(DMSO) conditions. Different cryoprotectants, glycerol and
Paratone, were used for each of the cisplatin and carboplatin
cocrystallization cases, while silicone oil was used for studies
involving N-acetylglucosamine (NAG). Both cisplatin and
carboplatin do not bind to HEWL in aqueous media on the
timescales of the conditions used here, but upon addition of
DMSO two molecules of cisplatin or carboplatin bind either
side of His15, which is the only His residue in lysozyme and is
assumed to be an imidazolyl anion or a chemical resonance
moiety, i.e. both imidazole N atoms are chemically reactive. To
identify the platinum-peak positions in the ‘with DMSO
conditions’, anomalous scattering maps were calculated as a
cross-check with the F, — F, OMIT maps. Platinum-occupancy
o values were established using three different software
programs in each case. The use of EVALIS to process all of
the diffraction data sets provided a consistent platform for a
large ensemble of data sets for the various protein and
platinum-compound model refinements with REFMACS and
then SHELXTL. Overall, this extensive set of crystallization
and cryoprotectant conditions allowed a systematic evaluation
of cisplatin and carboplatin binding to lysozyme as a test
protein via detailed X-ray crystal structure characterizations.
DMSO is used as a super-solvent for drug delivery as it is
deemed to cause no effect upon drug binding. However, these
results show that addition of DMSO causes the platinum
anticancer drugs to bind to HEWL. This effect should be
considered in toxicity assessments of these drugs and perhaps
more widely.

1. Introduction

DNA is the main biological target of the platinum anticancer
drugs cisplatin and carboplatin. However, 90% of their
reported binding is to plasma proteins (Fischer et al., 2008).
Protein—platinum anticancer drug interactions have attracted
interest as they are considered to be crucial for the
pharmacokinetics, biodistribution, resistance processes and
toxicity of these metallodrugs (Calderone et al., 2006; Casini et
al., 2006; Casini, Mastrobuoni et al., 2007).
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Cisplatin exerts its anticancer effect by targeting the DNA
major groove, forming intrastrand and interstrand cross-links
between guanine bases via their N7 atoms (Kostova, 2006) and
causing distortion of the DNA helix that leads to inhibition
of DNA replication and transcription and triggers apoptotic
cell death (Benedetti et al, 2002; Silverman et al., 2002).
However, the toxicity caused by cisplatin and carboplatin
could partly arise from binding to extracellular and intra-
cellular proteins, forming drug-inactivation products (Sun et
al., 2009). Binding affinity to cisplatin has been studied for a
number of proteins, including a copper transporter (Arnesano
& Natile, 2008; Crider et al., 2010), a copper chaperone (Boal
& Rosenzweig, 2009), superoxide dismutase (Calderone et al.,
2006; Casini et al., 2008), cytochrome ¢ (Casini et al., 2006;
Casini, Gabbiani et al, 2007), human albumin (Ivanov
et al., 1998), ubiquitin (Hartinger et al., 2006), glutathione
(Zimmermann & Burda, 2010) and hen egg-white lysozyme
(HEWL,; Casini, Mastrobuoni et al., 2007). The platinum ion is
a soft ligand and makes favourable interactions with S atoms
present in proteins through free methionine and cysteine side
chains, forming strong bonds (Zimmermann & Burda, 2010;
Hahn er al, 2001). However, HEWL and superoxide dis-
mutase have free histidine (His) residues which can coordi-
nate the Pt ion through an N atom on the imidazole ring
(Calderone et al., 2006; Casini, Mastrobuoni et al., 2007; Casini
et al., 2008).

HEWL is a model protein for which the crystallization
conditions and three-dimensional structure have been well
documented. A study by Li (2006) reported a number of metal
ions (Ca®*, Ni** and Mn**) bound to the active site of HEWL.
Pt ions were not tested in this study, but it is possible that
carboplatin could act as a sugar mimic (Fig. 1) and bind in
the active site of HEWL. Casini, Mastrobuoni et al. (2007)
undertook a crystallographic analysis of HEWL with both
cisplatin and carboplatin using soaking of pre-grown ‘native’
lysozyme crystals. These crystallographic studies indicated that
cisplatin was bound with an occupancy of around 50% to the
N° atom of the imidazole ring of His15, which is the only His
residue in HEWL (PDB entry 2i6z). X-ray diffraction data for
carboplatin were not deposited; however, using inductively
coupled optical emission spectroscopy (ICP-OES) an occu-
pancy of less than 15% was reported, in contrast to mass-
spectrometric (MS) data which showed a significant mass
increase upon carboplatin binding. The MS data also indicated
the weak binding of a second cisplatin molecule which was not
observed in the X-ray crystal structure [at the second N atom
(N®) of the imidazole ring]. Dimethyl sulfoxide (DMSO)
was present in the crystallization conditions used by Casini,

H;N -~ /Cl
Pt
HN - \Cl
Cisplatin Carboplatin
Figure 1

Chemical structures of cisplatin and carboplatin.

Mastrobuoni et al. (2007) (see PDB entry 2i6z) and is observed
bound at the lysozyme saccharide-binding site C in the active
site, coordinated by Trp108 and Trp63, as previously reported
(J6hannesson et al., 1997). DMSO therefore acts as a sugar-
binding mimic.

DMSO is a small polar molecule and can be used as an
analgesic, a diuretic or as a penetrant carrier which readily
crosses membranes without destroying their integrity (Pope &
Oliver, 1966; Jacob & Wood, 1967; Pommier et al., 1988). A
major use of DMSO is as a vehicle for drug administration
(Dearman et al., 1998; Abedini et al., 2004; Axanova et al.,
2005; Peaston & Maddison, 2006; Huang et al., 2007). Cisplatin
has previously been studied with DMSO in order to determine
whether its anticancer effects are enhanced owing to the
penetrant nature of DMSO (Pommier et al., 1988; Baliga et al.,
1998). A study by Mickey et al. (1989) showed that using low
doses of cisplatin resulted in no cytotoxic effect on a tumour
cell; however, on the addition of DMSO it caused severe
toxicity. Repeating this with the addition of furosemide
resulted in the killing of tumour cells without the toxicity
problems. An NMR study by Fischer et al. (2008) revealed
the formation of a cisplatin—-DMSO adduct within 15 min of
dissolving cisplatin in DMSO and complete conversion within
1h, as observed previously (Kerrison & Sadler, 1977). The
DMSO molecule displaces one of the CI atoms of cisplatin, as
the Pt-S interactions are favourable. This adduct can readily
cross a membrane and accumulate in cells; however, its activity
towards double-stranded DNA is abolished owing to the steric
hindrance caused by DMSO, leading to increased toxicity.
These findings lead to the conclusion that cisplatin should not
be dissolved in DMSO for anticancer treatments owing to the
rapid formation of the cisplatin—-DMSO adduct (Kerrison &
Sadler, 1977; Feng et al., 2004; Fischer et al., 2008).

Casini, Mastrobuoni et al. (2007) published an important
communication regarding the structural details of the binding
of cisplatin to HEWL at pH 6.5 using the crystal-soaking
method and subsequent X-ray diffraction analysis. Our study
builds on the work of Casini, Mastrobuoni et al. (2007), but
uses cocrystallization rather than the crystal-soaking method.
By harnessing the cocrystallization method, we have been able
to crystallographically characterize carboplatin binding to
HEWL. We have evaluated both aqueous and DMSO crys-
tallization conditions. Furthermore, in order to assess the
possible impact of differing cryoprotectants, two cryoprotec-
tants were used in this study (glycerol and Paratone). The
results obtained with both glycerol and Paratone in aqueous
conditions confirm that they both mimic sugar binding in the
active site. To assess whether cisplatin binding to His15 might
cause a change in the active site, thus inhibiting the enzymatic
reaction, HEWL was cocrystallized with its natural substrate
N-acetylglucosamine (NAG) and cisplatin to confirm whether
any differences occurred upon binding of cisplatin. Overall,
this extensive set of crystallization and cryoprotectant condi-
tions, including the absence and presence of DMSO, allowed
a systematic evaluation of the binding behaviour of cisplatin
and carboplatin to HEWL as a test protein via detailed X-ray
crystal structure characterizations.
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Table 1

The cocrystallization conditions used for all crystals are based on the general conditions published by Blundell & Johnson (1976) using the batch

crystallization method.

The protein concentration and in two cases temperature were varied to yield more optimal crystals both in number and quality; associated with this, the
concentrations of cisplatin or carboplatin were varied to keep the molar ratio of each heavy-atom compound to protein the same.

HEWL cocrystallization

With cisplatin or carboplatin
in aqueous medium pH 4.7

HEWL 49 mg (1.6 mM) 49 mg (3.2 mM)
Cisplatin 3 mg (5§ mM) 3 mg (10 mM)
Carboplatin 3.7 mg (5 mM) 3.7 mg (10 mM)
DMSO — 75 ul (1 mM)
Sodium acetate (0.04 M) 1 ml 462.5 nul

10% sodium chloride 1 ml 462.5 ul

NAG — —

Temperature (K) 295 295

Time for crystallization (d) 3 3

Table 2

Data-collection strategy used for the Bruker PLATINUMI135 CCD
detector.

Swing around ¢ (°) Sweep (°)
4dd1 20 307.0¢
4dd4 —15.5 202.0¢

—8.0 38.0w

12.0 35.0w

22.0 52.0w

22.0 63.0w

4dd6 0 360.0¢
20 360.0¢

4dd7 0 31.0w
0 180.0w

0 360.5¢

20 360.5¢

4ddc 0 360.0¢
20 360.0¢

2. Materials and methods
2.1. Materials

Cisplatin, HEWL, glycerol and NAG were purchased from
Sigma-Aldrich UK. Carboplatin was purchased from Calbio-
chem USA, DMSO from Cambridge Isotope Laboratory,
UK and sodium chloride (NaCl) from Fisher Scientific, UK.
Sodium acetate and acetic acid (AnalaR grade) were
purchased from BDH, USA. Paratone and silicone oil were
purchased from Molecular Dimensions, UK.

2.2. Cocrystallizations

Table 1 summarizes the conditions used in each case;
glycerol and Paratone were used as cryoprotectants for all
crystals except for HEWL with NAG and HEWL with NAG
and cisplatin, for which silicone oil was used.

2.3. X-ray data collection, structure solution and refinement

Of the 11 crystals studied, data for six (4dd0, 4dd2, 4dd3,
4dd9, 4dda and 4ddb; the crystals are named according to the
PDB entry for the structure obtained) were collected on a
Rigaku R-AXIS IV image-plate detector and data for the

With cisplatin or carboplatin
in DMSO medium pH 4.7

With NAG and
cisplatin

With cisplatin

in DMSO medium pH 6.5 With NAG

20 mg (0.6 mM) 49 mg (1.6 mM)
1.1 mg (1.8 mM) —

20 mg (0.6 mM)
1.1 mg (1.8 mM)

75 ul (1 mM) - 75 ul (1 mM)

462.5 ul 1 ml 462.5 ul

462.5 ul 1ml 462.5 ul

— 117 mg (260 mM) 40 mg (90 mM)
277 295 277

8 7 6

remaining five (4ddl, 4dd4, 4dd6, 4dd7 and 4ddc) were
collected on a Bruker PLATINUM135 CCD detector both
using an X-ray wavelength of 1.5418 A and a sample
temperature of 100 K.

The R-AXIS IV image-plate detector was positioned
between 100 and 200 mm away from the crystal (Tables 3, 4
and 5) with an exposure time of between 3 and 10 min for each
diffraction image; a 360° rotation range was measured at an
angular width of 1°, with the exceptions of 4dd3 and 4dda, for
which 272° and 181° rotation ranges were measured, respec-
tively.

For the Bruker PLATINUM135 CCD detector, a strategy
program was used to obtain the maximum information from
each crystal in the measurement time. Table 2 summarizes the
detector swing angles and the sweep of data collected for each
data set.

All data sets were processed using EVAL1S5 (Schreurs et al.,
2010) to rule out any software dependencies (Tables 3, 4 and
5) such as on average atomic B factors. Each data set was also
processed via MOSFLM (Leslie & Powell, 2007); the R-AXIS
data sets via its internal software d*TREK and the Bruker
data sets via PROTEUM?.

All structures were solved using molecular replacement
with Phaser (McCoy et al., 2007) and restrained refinement
with TLS in REFMACS (Vagin & Teplyakov, 2010) in CCP4i,
using the lysozyme structure 2wly as the molecular search
model (Cianci et al., 2008). Model building, adjustment and
refinement were carried out using the Coot (Emsley &
Cowtan, 2004) molecular-graphics program and REFMACS
(Vagin & Teplyakov, 2010) in CCP4i, respectively. Ligand-
binding occupancies were calculated using SHELXTL (Shel-
drick, 2008). Crystallographic and refinement parameters are
summarized in Tables 3, 4 and 5 for all data sets.

It is difficult to offer a consistent resolution-cutoff criterion
owing to differing detector apertures and average data /o ()
effects. Instead, in a companion paper (Tanley et al., 2012) raw
diffraction data images will be made available in addition to
the PDB depositions listed in this article via their DOIs and
our local University data archive. In any case, the resolution
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Table 3

X-ray crystallographic data processed via EVAL1S5 and refinement statistics for all cisplatin cocrystallizations in aqueous and DMSO media using
glycerol or Paratone as the cryoprotectant at pH 4.7 and 6.5.

Cisplatin/aqueous/
glycerol pH 4.7 (4dd0) Paratone pH 4.7 (4dd1)

Cisplatin/aqueous/

Cisplatin/DMSO/
glycerol pH 4.7 (4dd4) Paratone pH 4.7 (4dd6)

Cisplatin/DMSO/

Cisplatin/DMSO/
Paratone pH 6.5 (4ddb)

Data reduction
Space group R
Unit-cell parameters (A, °)

Molecular mass (Da)

Molecules per asymmetric unit

Detector

Crystal-to-detector distance (mm)

Observed reflections

Unique reflections

Resolution (A)

Completeness (%)

Rierge

(o (D)

Multiplicity i

Cruickshank DPT (A)

Average B factor (A?)
Refinement

R factor/Rye. (%)

R factor all (%)

R.m.s.d. bond lengths (A)

R.m.s.d. angles (°)
Ramachandran values (%)

Most favoured

Additional allowed

Disallowed

P4;2,2 P2.2:2, P432,2 P432,2
a=b=7869, a=7788,b="7870, a=>b=7883, a=>b=78.02,
¢ =36.90, ¢ =37.07, ¢ =37.02, c=37.07,

a=pB=y=900 a=pB=y=900 a=pB=y=900 a=pB=y=900

14700 14700 14700 14700

2 1 1
R-AXIS IV Bruker Bruker Bruker

607 501 6071
336926 131592 173061 272733
13312 25216 11859 10901
19.67-1.70 (1.76-1.70) 18.04-1.70 (1.76-1.70)  18.92-1.70 (1.76-1.70) 18.92-1.70 (1.76-1.70)
99.9 (100) 97.7 (92.2) 88.6 (100) 82.8 (100)
0.104 (0.640) 0.060 (0.200) 0.079 (0.313) 0.067 (0.306)
22.69 (4.4) 16.9 (5.0) 222 (5.2) 35.1 (8.1)
25.3 (25.8) 54 (44) 14.6 (9.1) 25.0 (18.0)
0.1324 0.1277 0.1779 0.315

15.6 14.0 14.6
18.7/23.6 18.9/22.6 20.2/25.9 21.7/26.7

19.1 20.5 21.9

0.020 0.018 0.018

2.05 1.86 2.42

96.06 96.85 97.64

3.94 3.15 2.36

0 0 0

P4:2,2
a=>b="79.64,
¢ =37.02,
a=pB=y=900
14700
1
R-AXIS IV
200
79530
3234
30.94-2.50 (2.58-2.50)
72.0 (100)
0.136 (0.528)
22.6 (6.1)
24.6 (24.5)
0.584
17.8

21.4/27.9
21.6
0.007
1.17

92.13
7.87
0

+ The distance from the face of the detector to the phosphor plane is an additional 6.6 mm.

Table 4

X-ray crystallographic data processed via EVALI15 and refinement statistics for all carboplatin cocrystallizations in aqueous and DMSO media with
glycerol or Paratone as the cryoprotectant at pH 4.7.

Carboplatin/aqueous/
glycerol pH 4.7 (4dd2)

Carboplatin/aqueous/
Paratone pH 4.7 (4dd3)

Carboplatin/DMSO/
glycerol pH 4.7 (4dd7)

Carboplatin/DMSO/
Paratone pH 4.7 (4dd9)

Data reduction
Space group .
Unit-cell parameters (A, °)

P432,2
a=b=7891,c=36.99,
a=pB=y=900

P432,2
a=b="7854,c=37.36,
a=pB=y=900

P432,2
a=b=7882,c=37.03,
a=B=y=900

P432,2
a=>b=7804, c=36.96,
a=pB=y=900

Molecular mass (Da) 14700 14700 14700 14700
Molecules per asymmetric unit 1 1 1 1
Detector R-AXIS IV R-AXIS 1V Bruker R-AXIS IV
Crystal-to-detector distance (mm) 120 120 50+ 120
Observed reflections 271407 239297 500514 296297
Unique reflections 14462 13144 15970 15451
Resolution (A) 19.73-1.55 (1.60-1.55) 31.01-1.70 (1.76-1.70) 20.67-1.60 (1.65-1.60) 31.01-1.70 (1.76-1.70)
Completeness (%) 82.6 (53.0%) 98.1 (82.9) 99.9 (99.9) 98.9 (89.7)
Ruerge 0.063 (0.456) 0.062 (0.314) 0.057 (0.179) 0.047 (0.154)
(Ilo(1)) 30.1 (2.1) 32.6 (7.2) 42.5 (7.0) 42.8 (6.6)
Multiplicity R 18.8 (4.2) 18.3 (13.2) 314 (9.4) 19.2 (4.5)
Cruickshank DPT (A) 0.117 0.126 0.106 0.119
Average B factor (A?) 23.0 17.8 13.6 18.6
Refinement
R factor/Rge. (%) 20.0/24.5 19.2/23.5 18.3/22.3 20.4/23.5
R factor all (%) _ 202 19.4 18.5 20.5
R.m.s.d. bonds (A) 0.019 0.019 0.020 0.018
R.m.s.d. angles (°) 2.07 1.91 2.07 1.89
Ramachandran values (%)
Most favoured 97.64 96.06 97.64 96.85
Additional allowed 2.36 3.94 2.36 3.15
Disallowed 0 0 0 0
+ The distance from the face of the detector to the phosphor plane is an additional 6.6 mm. % The next resolution shell (1.67-1.60 A) has a high completeness of 88.4%.

limits are reasonably similar, except for two crystals (4dda and
4ddb) for which the resolution is limited by crystal disorder. In

the highest resolution shell the average unmerged I/o(I) varies
between 0.9 and 3.5.

604 Tanley et al. + Effect of DMSO on cisplatin and carboplatin binding

Acta Cryst. (2012). D68, 601-612



research papers

Table 5

X-ray crystallographic data processed via EVAL1S5 and refinement
statistics for HEWL cocrystallized with NAG and HEWL cocrystallized
with NAG, cisplatin and 7.5% DMSO using silicone oil as cryoprotectant.

HEWL, NAG,
HEWL/NAG cisplatin and 7.5%
(4dda) DMSO (4ddc)
Data reduction
Space group . P432,2 P2,2,2,
Unit-cell parameters (A, °) a=>b=7837, a=77.94,
¢ =36.58, b =179.09,
a=B=y=900 c¢=36.98,
a=B=y=900
Molecular mass (Da) 14700 14700
Molecules per asymmetric unit 1 2
Detector R-AXIS IV Bruker
Crystal-to-detector distance (mm) 135 60+
Observed reflections 49543 329619
Unique reflections 4120 21884
Resolution (A) 19.59-2.40 19.16-1.80
(2.48-2.40) (1.86-1.80)
Completeness (%) 85.3 (100) 99.9 (100)
Rinerge 0.147 (0.607) 0.079 (0.213)
(Ilo(1)) 13.6 (4.02) 229 (42)
Multiplicity 12.1 (12.8) 15.1 (5.6)
Cruickshank DPI (I:A) 0.806 0.1682
Average B factor (A?) 29.5 16.2
Refinement
R factor/Ryee (%) 20.0/28.5 21.8/25.5
R factor all (%) 20.4 219
R.m.s.d. bonds (A) 0.013 0.018
R.m.s.d. angles (°) 2.38 1.82
Ramachandran values (%)
Most favoured 97.64 96.85
Additional allowed 1.57 3.15
Disallowed 0.79 0

+ The distance from the face of the detector to the phosphor plane is an additional
6.6 mm.

3. Results
3.1. Binding of cisplatin and carboplatin in DMSO media

3.1.1. Cisplatin and carboplatin details. In both the
cisplatin and carboplatin cases, one molecule was coordinated
by the N° and N* atoms (which we call ‘right-hand’ and ‘left-
hand’ sites) of the imidazole ring of His15. This was true for
both cryoprotectants (Fig. 2). In the case of carboplatin only
the Pt ion and the two N atoms could be modelled based on
the electron-density maps (Figs. 2c and 2d); the cyclobutane-
dicarboxylate (CBDC) moiety could not be modelled owing to
an absence of electron density. The CBDC moiety acts as a
leaving group, activating carboplatin to bind to DNA and thus
giving rise to the possibility of CBDC release upon binding of
carboplatin to the N atoms of His15. With regard to cisplatin
binding (Figs. 2a, 2b and 2e¢), the number of Cl and N atoms
bound to the Pt ion varies based on the electron density
observed for each data set.

To compare the crystal-soaking method used by Casini,
Mastrobuoni et al. (2007) and the cocrystallization method
used in this study, HEWL was cocrystallized with cisplatin
at pH 6.5 in DMSO conditions. However, owing to the
differences in crystal-growth time, a direct comparison is not
suggested. Fig. 2(e) confirmed that one molecule of cisplatin
was again coordinated to both the N° and N* atoms of the

imidazole ring of Hisl5 at pH 6.5, in contrast to Casini,
Mastrobuoni et al. (2007) who only observed binding at the N°
atom of His15 in their crystal structure, although their ESI-
MS study indicated a doubly-platinated species. The different
pH conditions used (pH 4.7 and 6.5) resulted in no differences
in protein conformation in the presence of Pt ions based on
using LSOKAB in CCP4i to orient the models in the same
space (results not shown). Binding to Hisl5 was confirmed
using both F, — F, and anomalous difference electron-density
maps (Fig. 2), with large peaks observed for the Pt ions. The
occupancies observed for cisplatin and carboplatin binding to
the N° and N* atoms of His15 were in the range 32-82% for
the EVALI15-processed data (Table 6). Each data set was
also processed via MOSFLM and either d*TREK (R-AXIS IV
detector) or PROTEUM?2 (Bruker detector); the occupancies
for the Pt ions are also given in Table 6 along with the mean
and standard deviations averaged across the results from these
processing programs. The mean value range of 47-85% is
higher than the results of Casini, Mastrobuoni et al. (2007),
who reported 50% occupancy for cisplatin at the N® atom of
Hisl15 (PDB entry 2i6z) and <15% occupancy for carboplatin
binding to His15 (no coordinate file was deposited in the PDB
for this case). This would be quite reasonable as the cocrys-
tallization time that we have used allows a longer chemical
reaction with the histidine, resulting in higher occupancy. Of
course, the ‘microenvironment’ of the Hisl5 side chain in
the preformed crystal is not the same as that in solution.
Comparing our cisplatin/DMSO structure with Paratone with
2i6z (Fig. 3), the N° atom is shifted by 0.40 A, which could
facilitate binding of the second Pt ion in the cocrystallization
method which is not seen in the soaking method. However,
only a 20 confidence level is estimated from the coordinate
errors and the Cruickshank DPI values (0.40 + 0.18 A),
meaning that this shift is not significant at a 30 level as a
reason for the binding of the second Pt ion. The Pt-to-nitrogen
distances in Figs. 2 and 7 are shown in Table 7, with the
precisions of the bond distances shown in parentheses. The
means and standard deviations of these bond lengths have also
been calculated using the refined structures based on data
from EVAL15, MOSFLM and either d*TREK or
PROTEUM?2. There is a slight difference between the Pt-to-
nitrogen distances of ~2.3-2.4 A in Table 7 and those of 2.1 A
in Casini ef al. (2007) and 2.1 A in Calderone et al. (2006), but
the standard uncertainties evident in Table 7 are too large to
confirm a real difference of 0.2-0.3 A.

Owing to the difference that can be seen in Table 6 for
the overall average B factors from each of the four software
programs, a selection of ten representative HEWL structures
at 100 K from the PDB was made (Supplementary Table S1%).
The mean and standard deviation of the overall average B
factors from these ten structures were 17.2 & 3.42 A% To
compare the four processing programs used here, the average
B factors were d*TREK, 33.65 & 4.12 A%, PROTEUM?2, 19.16

! Supplementary material has been deposited in the TUCr electronic archive
(Reference: MN5006). Services for accessing this material are described at the
back of the journal.
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Table 6
Occupancies (shown as percentages) of cisplatin and carboplatin binding to the N* and N¥ atoms of His15 calculated from SHELXTL for all data sets
processed via either d*TREK or PROTEUM?2, MOSFLM and EVALIS.

The overall average B factor for each structure is given for all three processing programs along with the mean and standard deviation for the occupancy values at
each binding site between the different processing programs. The total occupancies for both binding sites and the o on this are also given (far right column).

d*TREK/PROTEUM2 MOSFLM EVAL1S5 Mean =+ s.d.
N? N°® Bfactor (A>) N° N° Bfactor (A2 N° N°® B factor (A%) N° N°® Total occupancy/o
4dd4 67 52 23.6 66 51 21.5 76 52 14.7 69.6 + 5.51 51.6 £ 0.57 1.21 (0.06)
4dd6 57 48 17.9 69 57 14.6 53 45 14.6 59.6 £8.32 50.0 £ 6.24 1.09 (0.15)
4dd7 67 54 15.8 64 52 13.7 66 54 13.6 65.6 £ 1.52 533 +£1.15 1.18 (0.03)
4dd9 65 50 29.9 74 47 23.1 68 47 18.6 69.0 + 4.58 48.0 £ 1.73 1.17 (0.06)
4ddb 88t 601  42.1% i i i 82 43 17.8 85.0 £4.24 515 £12.02  1.36 (0.16)
4ddc§ 65 63 16.2 50 86 30.2 32,40 55,43 162 46.7 £ 1422 61.7 £18.13  1.08 (0.32)

+ During processing in d*TREK only 81 images were integrated. Ryerge values greater than 0.25 per image were rejected. EVALLS processing did not have a problem with these images,
so all 360° of data were used for refinement. & MOSFLM also had a problem with the Rp,cr,. values for 4ddb and when removing images based on this criterion SCALA in CCP4i failed
owing to too few reflections in the file. § 4ddc was solved in the orthorhombic space group P2,2,2, via EVAL15 with two molecules in the asymmetric unit and hence with four
molecules of cisplatin bound. However, the tetragonal space group P4;2,2 was given by MOSFLM and PROTEUM?2.

Table 7
The platinum-to-histidine imidazole N distances (A) from refinement using the data sets processed via EVAL15, MOSFLM and either d*TREK or
PROTEUM?2 for the R-AXIS 1V or Bruker data sets, respectively.

The precisions of these distances are indicated in parentheses based on the Cruickshank DPI (Cruickshank, 1999) coordinate errors for each pair of atoms (Pt and
N) from each model refinement. The means and standard deviations between the software processing programs for the same data set are also supplied.

EVAL15 MOSFLM d*TREK/PROTEUM2 Mean =+ s.d.

N? N°® N° N°® N° N* N° N*
4dd4 237 (0.24) 229 (0.23) 2.40 (0.19) 2.35 (0.18) 2.41 (0.22) 2.30 (0.21) 2.39 (0.02) 2.31 (0.03)
4dd6 2.38 (0.62) 2.33 (0.59) 2.31 (0.41) 2.43 (0.37) 2.41 (0.20) 2.27 (0.18) 2.36 (0.05) 2.34 (0.08)
4dd7 228 (0.19) 229 (0.19) 2.34 (0.23) 228 (0.22) 232 (0.17) 2.28 (0.16) 2.31 (0.03) 2.28 (0.01)
4dd9 233 (0.22) 233 (0.21) 2.35 (0.49) 2.38 (0.49) 2.33 (0.16) 2.34 (0.16) 2.33 (0.01) 2.35 (0.02)
4ddb 2.54 (1.33) 2.38 (1.50) T + 2.52 (0.78) 2.36 (0.85) 2.53 (0.01) 2.37 (0.01)
4ddc_A 2.67 (0.48) 2.26 (0.40) 2.10 (1.06) 245 (1.12) 2.70 (0.97) 223 (0.87) 2.49 (0.34) 2.31 (0.12)
4ddc_B 2.77 (0.42) 2.29 (0.38) — — — — — —

T MOSFLM processing had a problem with the Rperge values for 4ddb and when removing images based on this criterion SCALA in CCP4i failed owing to too few reflections in the
file.

©

Figure 2

F, — F_ and anomalous difference density maps
around Hisl5 for the cases of cisplatin and
carboplatin with DMSO. Anomalous difference
density (orange) is shown at 3o in (a)—(d) and
2.50 in (e) and F, — F, density (blue) is shown
at 30. (a, b) Two molecules of cisplatin are
bound to Hisl5 at pH 4.7 with glycerol and
Paratone used as the cryoprotectant, respec-
tively. (¢, d) Two molecules of carboplatin are
bound to Hisl5 at pH 4.7 with glycerol and
Paratone used as the cryoprotectant, respec-
tively. (e) Two molecules of cisplatin are bound
to His15 at pH 6.5. The Pt, N and CI atoms of
) (e cisplatin and carboplatin are labelled. The Pt—
N° and Pt-N¢ distances are given in Table 7.
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+£3.58 A% MOSFLM,24.1 £10.2 A% EVAL15,182 £ 4.7 A”.
Obviously, these values may include contributions from crys-
tallization and freezing in addition to the intrinsic flexibility of
lysozyme, but they are helpfully indicative.

3.1.2. DMSO-binding details. A DMSO molecule was
bound at lysozyme saccharide-binding site C of the active site
of the enzyme in all crystals tested (Fig. 4); it was bound by
Trp63 and Trpl08 and confirmed by the presence of anom-
alous difference density for the S atom. This binding site for
DMSO coincides with the deposited coordinates (PDB entry
2i6z) of Casini, Mastrobuoni et al. (2007).

3.2. Absence of binding of cisplatin and carboplatin in
aqueous media

As DMSO was bound in the active site of HEWL,
mimicking sugar binding, aqueous conditions were used to
remove the DMSO inhibitory effect. The aim was to deter-
mine whether carboplatin, with its similar shape to a sugar
molecule, might mimic sugar binding in
the active site. However, no cisplatin or

NAG binding was observed at enzyme active site D with an
occupancy of 77% as calculated in SHELXTL (Fig. 6).
Monosaccharide NAG usually has a greater affinity for site C
rather than site D (Perkins et al., 1981).

-

1

2i6z Cisplatin/DMSO/
Paratone

Figure 3

Overlay of Hisl5 from 2i6z (purple) and our cisplatin/DMSO/Paratone
structure (orange) at pH 4.7. The left-hand binding site (N?) has the Pt ion
in the same place and the right-hand binding site has the N* atom shifted
by 0.40 A.

carboplatin binding was observed at the
enzyme active site; moreover, surpris-
ingly, no binding was observed at His15
at these crystallization timescales of 4-8
days. There was appropriately shaped
F, — F, electron density at the enzyme
active site for the two cryoprotectants
used: glycerol (Figs. 5a and 5c¢) and
Paratone (Figs. 5b and 5d). As a further
check, we noted the absence of anom-
alous difference density (i.e. that might

have arisen from a Pt atom). Therefore,

in the case with DMSO the DMSO must
somehow facilitate cisplatin and carbo-
platin binding to the N atoms of His15.
Using LSQKAB in CCP4i, it was noted
that the protein conformation is basi-
cally the same in the ‘with DMSO
conditions’ and in the ‘without DMSO
conditions’; thus, the addition of DMSO
does not cause any changes in protein
conformation (results not shown).

()

3.3. Cocrystallization of HEWL with

NAG and cisplatin

The cocrystallization of HEWL with
its natural substrate NAG and cisplatin
was carried out to assess whether
cisplatin binding caused any effect upon
NAG binding in the active site. HEWL
was first cocrystallized with NAG only
to confirm its binding in the enzyme
active site. A 150-fold molar excess
was used, as monosaccharide NAG has

Figure 4

DMSO binding in active site C of HEWL. (a, b)
Cocrystallization of cisplatin with glycerol (a)
and Paratone (b) as the cryoprotectant at pH
4.7. (¢, d) Cocrystallization of carboplatin with
glycerol (c) and Paratone (d) as the cryoprotec-
tant at pH 4.7. (e) Cisplatin cocrystallization at
pH 6.5 with Paratone as the cryoprotectant. The
two catalytic residues Asp52 and Glu35 in site D
and Trp63 and Trp108 which line active site C
are shown. The F, — F_ density maps (blue) at
30 and anomalous difference density maps
(orange) at 2.50 are also shown. DMSO binding

low-affinity binding compared with rp 63 . is confirmed by the presence of an anomalous
trisaccharide NAG (Blake et al., 1967). difference density map peak, albeit at 2.50.
Acta Cryst. (2012). D68, 601-612 Tanley et al. + Effect of DMSO on cisplatin and carboplatin binding 607
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A separate cocrystallization experiment was conducted
using HEWL with NAG together with the addition of 7.5%

DMSO and a threefold molar excess of cisplatin. HEWL
crystallized in the orthorhombic space group P2,2,2,, with two
molecules of HEWL in the asymmetric

unit. Two molecules of cisplatin were
again observed bound to either side of
His15 in chain A, with occupancies of 32
and 55% for the N° and N* binding sites,
respectively, and in chain B, with occu-
pancies of 40 and 43% for the N’ and N*
binding sites, respectively (one of the
binding sites is shown in Fig. 7). Based
on the above results, we may expect
either NAG or DMSOQO, or both, to be
bound in the enzyme active site. In this
case, the binding of a DMSO molecule
is observed (Fig. 8) based on anomalous

difference density of 2.50 in the active
site. [In Fig. 8 DMSO is bound in site D.
It is in a different place than in Fig. 4
(site C). However, we are not sure why
this is.]

4. Discussion

4.1. The initial experimental concepts
for these studies

Our initial impetus and interest in
embarking on this study arose from the

Figure 5

The active site of HEWL, showing the catalytic residues Asp52 and Glu35s. F, — F, density maps
(blue) are shown at 2.30. Glycerol is observed bound in active site D when used as the
cryoprotectant for both the cisplatin (a) and carboplatin (c) cocrystallization cases. When Paratone
was used as the cryoprotectant it was found bound in active site C, as observed for both the cisplatin
(b) and carboplatin (d) cocrystallization cases. Paratone and its monomer (isobutylene) are
insoluble, meaning that binding to HEWL is unlikely; however, from the shape of the F, — F,
density, and as Paratone conditions were used, binding of Paratone is a possible explanation, with
the two Trp residues (Trp63 and Trp108) in site C providing a hydrophobic environment for binding

to take place.

Figure 6
Monosaccharide NAG binding in site D of the active site of HEWL. The
F, — F, density map (blue) is shown at a 2.50 cutoff.

idea that carboplatin could bind to the
active site of HEWL, thus mimicking
sugar binding (Li, 2006), and if so it
would also be an interesting toxicity
side effect of this important drug treat-
ment used in veterinary practice.
Binding to the active site could lead to
the use of carboplatin as a cofactor in
the cocrystallization of sugar-binding
proteins and structure determination
using isomorphous replacement owing to the anomalous
scattering power of the Pt ion. Obviously, these ideas also
connected with the use of cisplatin and carboplatin in medi-
cine and veterinary practice, as carboplatin and cisplatin are
similarly acting anticancer chemotherapeutics.

We found that Casini, Mastrobuoni et al. (2007) had
published an X-ray crystallographic study of HEWL crystals
soaked with cisplatin (PDB entry 2i6z) and had also investi-
gated carboplatin via the crystal-soaking method, whilst first
using MS to confirm the binding of either platinum complex to
the protein. The results obtained from their structural analysis
confirmed the binding of cisplatin to His15 of HEWL with an
occupancy of around 50% at one N atom of the imidazole ring.
No crystal structure was reported for the HEWL carboplatin
crystal-soaking experiment, but ICP-OES data showed very
weak binding (<15%). However, MS studies indicated a clear
mass change upon the binding of carboplatin and indicated a
doubly-platinated HEWL structure for both the cisplatin and
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the carboplatin cases. PDB entry 2i6z also showed a DMSO
molecule bound in the active site, mimicking sugar binding.
We have been able to build on the important findings of
Casini, Mastrobuoni et al. (2007) in the results presented in
this article. The method of cocrystallization of HEWL with
cisplatin or carboplatin was used in order to avoid any possible
crystal-lattice hindrance that may have affected the carbo-
platin crystal soaking. The use of DMSO media was carried
out for a direct comparison and the use of aqueous conditions
was added in a further set of experiments to avoid the possible
chemical complications that may have occurred with DMSO
in confirming whether carboplatin (or cisplatin) might bind in
the enzyme active site. A potential further chemical compli-
cation is the choice of cryoprotectant, as it is well known
that glycerol has specific binding sites in proteins, including
mimicking sugars, which is also of interest here. The cryo-
protectant used by Casini, Mastrobuoni et al. (2007) was not
specified. In our studies both glycerol and Paratone were used,
and finally also silicone oil in the studies of lysozyme with
NAG. We included the cocrystallization of HEWL with its
natural substrate NAG in our range of chemical conditions to
be varied in order to confirm binding in the active site. These

Figure 7

Cisplatin binding to the N° and N° atoms of His15 for HEWL with NAG,
cisplatin and DMSO. F, — F_ electron density (blue) at 30 and anomalous
difference electron density (orange) at 3o are shown for one of the
independent lysozyme molecules. The Pt-N? (2.67 A) and Pt=N° (2.26 A)
distances are shown and the standard uncertainties are given in Table 7.

I 4
Q _._Glu35
L__<~\ ‘ \\"(“ )
KX
Asp52

Figure 8

One molecule of DMSO modelled into active site D of HEWL. F, — F,
density (blue) is shown at 2.50 and anomalous difference density
(orange) is shown at 2.50. The catalytic residues Asp52 and Glu35 are
also shown.

data were used as a reference for comparison with HEWL
cocrystallized with NAG and cisplatin in DMSO conditions to
confirm whether cisplatin binding caused any effect on NAG
binding to the active site.

4.2. Chemical rationalization of cisplatin or carboplatin
binding to both histidine N atoms

In the DMSO crystallization conditions, we found that two
molecules of cisplatin or carboplatin were coordinated to one
histidine moiety: His15. The two metal centres are linked to
the N° and N* atoms of the imidazole ring (Fig. 2) at pH 4.7.
The cisplatin study was repeated at pH 6.5 using cocrystalli-
zation. This structural unit (one histidine and two platinum
centres) means that in the imidazole of this histidine the usual
N-hydrogen of such a residue is absent and that both N atoms
are sp”-hybridized with nitrogen lone pairs in the plane of
the imidazole ring: effectively, it is an imidazolyl anion. (The
‘imidazolyl anion’ is the same as ‘imidazolate’; see below.) This
then provides two N atoms at which a metal centre can bind.
The loss of this H atom (as a proton) is made possible by the
crystallization conditions used, which contained chloride and
acetate ions that could remove the N-hydrogen. The removal
of the N-hydrogen would be facilitated by coordination of the
imine N atom of the histidine to platinum. The situation is
summarized in Fig. 9. This is a plausible explanation for the
high occupancies seen for the binding of both carboplatin and
cisplatin to either N atom of His15 at both pH 4.7 and 6.5
(Table 6). The notion of His15 conformational flipping in the
structure as a static disorder effect, meaning that only one
cisplatin/carboplatin molecule has chemically bound, can be
ruled out owing to the fact that a C atom would now have to be
coordinated to the Pt ion, which it obviously is not.

In solution at a pH similar to the pK, (6.0-6.3), about equal
amounts of the ionic protonated state and the deprotonated
state of histidine occur, the latter possibly in two tautomeric
forms a and b (Farr-Jones et al., 1993; Fig. 10). Thus, a further
possible explanation for the two observed Pt sites is provided
by these two tautomeric forms, allowing either N° or N to
participate in the interaction with Pt.

The imidazolate ion mentioned above is described in
Rhodes (2005) (form D; Fig. 11).

A positively charged platinum moiety would thus be a
favourable situation for the histidine to have a charge of —1,
thus stabilizing the imidazolate anion.

4.3. Estimations of platinum occupancies and their associated
standard uncertainties

The occupancy estimates calculated using SHELXTL at
this diffraction resolution are without standard uncertainties.
The uncertainty values for these occupancies are generally
regarded as probably being around £5%. Table 6 gives the
mean values, the summed occupancies and the standard
uncertainties for the N° and N* binding sites for each crystal
grown in DMSO medium based on reprocessing of the same
data set using three different programs (d*TREK or
PROTEUM?2, MOSFLM and EVAL1S). The standard
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Protein Protein Protein Protein each binding site in these crystals. The
>=\ >:\ o ):\ >=\ average B factors for PROTEUM?2
HN._ N —» HN_ _N_, —> N. N > NL+.N_ (19.16 & 3.38 A%) and EVALI15 (18.2 +
N & TPt X TPt Pt~ " TPt o
4.7 A”) are comparable, whereas those
Figure 9 for MOSFLM (24.1 4+ 102 A®) and
Removal of the the N-hydrogen from histidine. d*TREK (33.65 & 4.12 A2) are larger
for our 11 diffraction data sets.
0,C Comparing the average B factors between the processing
0,C programs shows that there is indeed variation. The processing
details from the different programs will be summarized in a
H,N — second paper (Tanley et al., 2012).
HN _ PK,63
NS o
NN 4.4. DMSO, glycerol and Paratone binding details
5\/8
a b Besides the cisplatin and carboplatin binding behaviour, the

Figure 10
Tautomeric forms of deprotonated histidine.

Figure 11
The imidazolate ion (see Rhodes, 2005).

uncertainties in the Pt-atom occupancies derived from repeat
data processing with the different diffraction data-processing
software include random errors but not systematic errors. The
latter are not expected to be large since the bulk of the protein
atoms with full occupancy compared against the absolute
atomic scattering factors in the SHELXTL refinement create
the required absolute scale. As the summed occupancies are
all larger than 1.0 (Table 6) it seems that the imidazolyl-anion
hypothesis mentioned above is most likely, rather than a
chemical resonance effect. It is only 4ddc which gives standard
uncertainties greater than £5 and this is a consequence of the
fact that the MOSFLM and PROTEUM?2 processing did not
recognize the orthorhombic symmetry; all other standard
uncertainties were ~=£5%. The occupancy at the N atom of
4ddb also has a larger standard uncertainty, but only two
values were used as this data set was not processed via
MOSFLM owing to problems in rejecting images based on
large Rpnerge Vvalues. 4dd4, 4dd9 and 4ddc also show a larger
change in the overall average B factor across the three
different processing programs; however, this software effect
does not cause an effect on the estimation of the occupancy at

DMSO binding is of interest. A DMSO molecule was indeed
observed bound in site C of the enzyme active site (Fig. 4),
thus acting as a competitive inhibitor of HEWL. A second
DMSO molecule was coordinated by Trp123, and these find-
ings corroborate those of J6hannesson e al. (1997). In the
presence of NAG, DMSO still seems to bind at the enzyme
active site, acting in a competitive manner (Fig. 8).

Aqueous crystallization conditions were used to remove the
inhibitory effect seen with DMSO at the enzyme active site,
but also to evaluate whether DMSO had an impact on binding
of cisplatin or carboplatin to His15. A complication at the
enzyme active site is that in both the glycerol and Paratone
cases a molecule of cryoprotectant binds to the active site
(Fig. 5) in the absence of DMSO. Paratone is a polymeric
hydrocarbon, (C4Hg),7, but only the monomeric form (C,Hg)
was observed to bind in the active site. The F, — F, density
maps obtained with glycerol contained further unmodelled
density corresponding to additional glycerol molecules bound
to other sites on HEWL. In contrast, the F,, — F. map obtained
with Paratone contained less unmodelled density related
to bound Paratone molecules, making the refinement steps
less complicated; as a consequence of these findings, it would
be advantageous to use Paratone over glycerol. However,
silicone oil would also be advantageous to use as it was not
observed to bind to HEWL when used as the cryoprotectant in
the NAG cases.

Using aqueous conditions, within our studied timescales of
up to eight days for binding, it was found that neither cisplatin
nor carboplatin bound to His15. Therefore, addition of DMSO
to the crystallization conditions increased the affinity of
cisplatin and carboplatin to bind to His15 of HEWL. DMSO is
a super-solvent that is used for targeted drug delivery as it is
perceived to have no effect upon drug binding (Dearman et al.,
1998; Abedini et al., 2004; Axanova et al., 2005; Peaston &
Maddison, 2006; Huang et al., 2007). However, our results led
to the conclusion that addition of DMSO causes binding
of cisplatin and carboplatin to occur at a His residue. This
therefore must be a cause for concern as it may cause an
increase in the toxic effects of both cisplatin and carboplatin
owing to their binding to proteins that they would not
normally bind to in aqueous conditions. Fischer et al. (2008)
indeed proposed that cisplatin should not be used in
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conjunction with DMSO owing to the rapid reaction that
occurs between the two and that results in the formation of a
cisplatin-DMSO adduct which loses cytotoxicity towards
tumour cells and has increased toxic side effects. In our crys-
tallization conditions both cisplatin and carboplatin did not
fully dissolve in 7.5% DMSO immediately, but after 12 h all of
the cisplatin and carboplatin had dissolved; this was also
observed in the aqueous conditions used. The cisplatin—
DMSO adduct was not observed in any of the crystal
structures presented here; based on our findings, direct coor-
dination of DMSO to Pt might alter the compound reactivity
in solution, not only with respect to HEWL binding.

4.5. Comparison with 2i6z

Compared with Casini, Mastrobuoni et al. (2007), who
observed one cisplatin binding to His15 (PDB entry 2i6z), we
find that two molecules of cisplatin and carboplatin bind to
His15. This may simply result from the longer time afforded
to the chemical reaction during the crystallization process.
Of course, as remarked above, the ‘microenvironment’ of the
His15 side chain in the preformed crystal is not the same as
that in solution. As an alternative explanation, it is not
obvious what chemical condition is different. Indeed, the MS
study of Casini, Mastrobuoni et al. (2007) indicated double
platination. It is also not obvious why cocrystallization might
allow binding at each N atom of the platinum complex, as the
solvent channel in the crystal seems to give open access to
His15 in the soaking case (Casini, Mastrobuoni et al., 2007).
We nevertheless overlayed our cisplatin—lysozyme crystal
structure with 2i6z and observed a His1S5 side-chain shift. We
can evaluate whether this is a significant shift as follows. The
His residue is shifted by 0.40 A for our coordinates versus
PDB entry 2i6z (Fig. 3). The coordinate error of each atom is
calculated using (1), via which the Cruickshank DPI values
(Cruickshank, 1999; Blow, 2002) can confirm whether the
coordinate shift is significant,
werage) |+ (D)

coordinate error of atom = DPI x (B,,,/B

atom
We use the coordinate error rather than the positional error of
the atom as the shift of the atom is in one direction only. (The
positional error takes into account the shift in three directions,
with that error being 3" times larger than the coordinate
error; Cruickshank, 1999).

The standard deviation of the calculated shift is determined
using the coordinate error of the N atoms in both structures 1
and 2,

standard deviation = [(coordinate error 1)*

+ (coordinate error 2)’]"2.  (2)

The value and standard uncertainty for the shift of the N
atoms are 0.40 + 0.18 A. This gives a value of only just over
20, or a 95.4% level of confidence, rather than the usually
desirable 30 or 99.7% level of confidence that this coordinate
shift is significant.

4.6. NAG binding

NAG is the natural substrate of HEWL and usually binds
in site C of the active site (Perkins er al, 1981). Our crystal
structure of HEWL with NAG has NAG bound in the less
favourable site D (Fig. 6). Upon cocrystallizing HEWL, NAG
and cisplatin in DMSO medium, the observed F, — F, density
in the active site covers site D (Fig. 8). However, this density
is consistent with one molecule of DMSO binding, which is
confirmed by the presence of anomalous difference electron
density at 2.50, meaning that DMSO competes with NAG to
bind in the active site.

4.7. Comparison with other proteins binding cisplatin and
implications for drug toxicity

Only a handful of other proteins have been studied for
their affinity to bind cisplatin, including copper transporter
(Arnesano & Natile, 2008; Crider et al., 2010), superoxide
dismutase (Calderone et al., 2006; Casini et al., 2008), cyto-
chrome c¢ (Casini et al., 2006; Casini, Gabbiani et al., 2007),
human albumin (Ivanov et al., 1998), ubiquitin (Hartinger et
al., 2006), human copper chaperone (Boal & Rosenzweig,
2009) and glutathione (Zimmermann & Burda, 2010). These
studies mostly used MS to confirm the binding of cisplatin to
specific Met/Cys or His residues, with only the X-ray crystal
structures of cisplatin bound to HEWL (Casini, Mastrobuoni
et al.,2007), to a copper chaperone (Boal & Rosenzweig, 2009)
and to superoxide dismutase being available (Calderone et al.,
2006; Casini et al., 2008). The free His residue available in
HEWL is not involved in the catalytic mechanism; hence,
cocrystallizing cisplatin or carboplatin with proteins (e.g.
chymotrypsin, trypsin) whose catalytic site requires a His
residue would be of benefit to determine whether catalysis is
inhibited upon binding of these platinum compounds, which
could be important in further assessment of the toxic effects
of these drugs. Using cocrystallization techniques with the
addition of DMSO could pave the way for increased analysis
of protein—platinum anticancer drug interactions. These will
lead to a better understanding of the pharmacokinetics,
biodistribution, resistance processes and toxicity of these
metallodrugs (Calderone et al., 2006; Casini et al., 2006; Casini,
Mastrobuoni et al., 2007). However, crystallography can only
provide data for a nonphysiological environment, in which the
presence of high-salt buffer concentrations, as well as a high
concentration of Pt drugs, are not realistic. Therefore, crys-
tallographic data should be handled with care and always
integrated with other techniques, i.e. mass spectrometry.

5. Conclusions

Both cisplatin and carboplatin do not bind to HEWL in
aqueous media, within our studied timescales of up to eight
days for binding, but do upon addition of DMSO. The DMSO
causes two molecules of either cisplatin or carboplatin to bind
to both imidazole N atoms of His15, the only His residue in
HEWL. To confirm the relative identities of the atoms in the
binding moieties, anomalous scattering maps were calculated
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and were cross-checked with F, — F. OMIT maps to prove
where the binding of the Pt atoms had occurred. The use
of EVALIS for processing all of the diffraction data sets
provided a consistent platform for our large ensemble of data
sets for the various protein and platinum-compound model
refinements with REFMACS and then SHELXTL. Platinum-
occupancy o values were finally calculated using the results
from three different diffraction data-processing programs.
The implications of these results are important as DMSO is
a super-solvent that is widely used for the delivery of these and
other drugs. Since our results show that addition of DMSO
accentuates the binding of platinum anticancer drugs to
HEWL, this effect must be allowed for in toxicity assessments
of these drugs. Further studies involving proteins with histi-
dine in the active site and an assessment of cisplatin or
carboplatin binding will lead to the potential side effects of
these important anticancer agents being further understood.
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