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ABSTRACT 

Current structural genomics projects aim to solve a large number of selected protein structures as fast as possible. High 
degree of automation and standardization is required at every step of the whole process to speed up protein structure 
determination. Phase problem is a bottleneck in macromolecular structure determination and also in model building 
which is a time-consuming task. The simplest approach to phasing macromolecular crystal structures is the use of a 
SAD signal. SAD data can be collected using the in-house copper (1.54 Å) wavelength source. Data collected using 
copper wavelength with the incorporation of anomalously scattering heavy metal atoms may serve as a powerful tool 
for structural biologists to solve novel protein structures as well where synchrotron beam line is not available. A short 
soak of protein crystals in heavy metal solution or by incorporating heavy atoms into the protein drop while crystalliz- 
ing the protein (co-crystallization) leads to incorporation of these heavy metal ions into the ordered solvent shell around 
the protein surface. The present work aims to determine whether cerium ion can be successfully incorporated into the 
protein crystal through quick-soaking method while maintaining the isomorphism. The study also aims in understanding 
whether this metal ion can be used for phasing purpose. The intensity data are collected and analyzed for anomalous 
signal, substructure solution and the binding sites. 
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1. Introduction 

More than 85% of the structures in the Protein Data Bank 
[1] have been solved by using the versatile tool, X-ray 
crystallography. Automation in X-ray crystallography is 
necessary to speed up the structure determination process. 
Phase problem is rate limiting and a bottleneck in macro- 
molecular crystallography [2]. Phases can be derived us- 
ing Molecular Replacement (MR) method using the ato- 
mic coordinates of a structurally similar protein. MR is 
widely used, when appropriate models are available [3]. 
Phase problem can also be solved by Multiple Isomor- 
phous Replacement (MIR) method for novel proteins. 
But in this approach, protein crystals are derivatized by 
soaking in solutions of organometallic compounds or me- 
tal salts and the choice of proper derivatives is very much 
dependent on the nature of the protein under study and 
therefore not easy to generalize. Non-isomorphism that 
exists between the derivative and native crystals also 

creates problems [4]. MIR has largely been replaced with 
the Multi-wavelength Anomalous Diffraction (MAD) 
and Single-wavelength Anomalous Diffraction (SAD) 
methods fuelled by progress in the technology of X-ray 
sources, detectors as well as in the methodology of dif- 
fraction data-acquisition and phasing algorithms [5,6]. 
Anomalous scattering methods are widely used to solve 
the phase problem in macromolecular crystallography 
where molecular replacement fails [7,8]. For MAD data, 
selenomethionine has to be introduced during expression 
itself instead of methionine present in the protein and the 
data has to be collected at varied wavelengths at a syn- 
chrotron data source near the Selenium absorbtion edge. 
Sometimes MAD may fail due to disorder in methio- 
nine residues [9], and producing selenomethionine la- 
beled proteins is not amenable for all expression sys- 
tems. The simplest approach to phasing macromolecular 
crystal structures is the use of a SAD signal. SAD data 
can be collected using the in-house copper (1.54 Å) and 
chromium (2.29 Å) wavelength sources [10]. A single *Corresponding author. 
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wavelength is sufficient for the collection of a SAD data 
[11]. The first step in solving macromolecular crystal 
structures by SAD is the location of anomalous scatterers. 
Currently sophisticated algorithms are very much avai- 
lable for data processing, substructure determination, 
phasing, density modification and model building. Re- 
cent studies show the great success of in-house SAD data 
even at low redundancy and low anomalous signal to 
noise ratio case [12]. 

Success in the location of the substructures and subse- 
quent phasing depend critically on the quality of data and 
on the extent of the anomalous signal [13]. Exploiting the 
anomalous signal already present in the native protein or 
in the solvent would eliminate the extra experimental 
work in derivatization [14]. In the absence of such ano- 
malous scatterers, the classic derivatization approach in- 
volves prolonged soaking of the native crystals in diluted 
solutions of various heavy metal salts [15]. 

A short soak of protein crystals in heavy metal solu- 
tion or by incorporating heavy atoms into the protein 
drop while crystallizing the protein (co-crystallization) 
leads to incorporation of these heavy metal ions into the 
ordered solvent shell around the protein surface. In addi- 
tion, incorporation of the heavy atoms also improves the 
nucleation process in the crystallization of proteins. 
Recently many novel protein structures have been solved 
using cobalt and cadmium incorporated as anomalous 
markers [16]. The use of heavy metal ion concentration 
and the soaking time vary from the different experiments 
carried out so far. It also depends on various factors such 
as protein crystal stability, molecular weight, pH, cryo- 
protectant etc. Heavy atoms can exist as individual ions 
when they are used in solution. Heavy atoms can consti- 
tute a small molecule (a metal complex) or a small 
peptide such that, the isomorphism of the protein crystal 
does not get disturbed [17]. Heavy atoms have a property 
of dissolving into charged ions when they are used as 
their salt solution, which may later bind with the oppo- 
sitely charged amino acid residues present in the proteins. 
There are also cases, where the heavy metal ion used 
may replace the similarly charged metal ions that are 
naturally present in the proteins [18].  

Cerium ion is a heavy metal ion that has not been 
explored much. It exists as a trivalent ion in solution and 
has its L1 absorption edge at 1.8932 Å. The anomalous 
scattering coefficients are f′ = −1.88 and f″ = 9.74 ē, at 
copper wavelength (1.54 Å). Cerium has higher 
anomalous signal at copper wavelength than chromium 
source [19]. Cerium exists as a trivalent ion in CeCl3 
solution. The van der Waals radius of cerium ion is 1.81 
Å. Cerium has been derivatized using quick-soaking me- 
thod into proteins viz., Glucose Isomerase (GI) and 
Thermolysin (TL). Sufficient occupation of sites and 
successful phasing has been achieved with the solution 

concentration of the metal ion concentration ranging 
from 0.1 M to 0.3 M. The present work aims to deter- 
mine whether cerium ion can be successfully incor- 
porated into the protein crystal through quick-soaking 
method while maintaining the isomorphism. The study 
also aims in understanding whether this metal ion can be 
used for phasing purpose. The intensity data were co- 
llected and analyzed for anomalous signal, substructure 
solution and the binding sites. 

2. Methods 

2.1. Crystallization 

GI and TL were purchased from Sigma-Aldrich, USA 
[20] and used without further purification. The GI protein 
solution containing 33 mg/ml was mixed with the well 
solution consisting of 200 mM Magnesium chloride and 
100 mM Tris, pH 4.7 at 2:1 ratio (2 µl protein solution + 
1 µl well solution). TL protein solution containing 25 
mg/ml was mixed with the well solution consisting of 1.4 
mM Calcium Acetate, 10 mM Zinc Acetate, 1 mM So- 
dium Nitrate and 50 mM Tris; pH 7.3 at 1:1 ratio (1 µl 
protein solution + 1 µl well solution). 

Cerium chloride used was of analytical grade (Sigma- 
Aldrich, USA). Cerium derivatives were obtained by co- 
crystallizing or soaking cerium chloride in the range of 
100 mM to 300 mM. Well diffracting crystals were ob- 
tained in the above mentioned ranges. The crystal was 
transferred for a short period (120 seconds) to mother 
liquor supplemented with 25 % MPD and 25 % ethylene 
glycol for cryo-protection for GI and TL, respectively 
and then flash-freezed in nitrogen gas stream at 100 K. 
Protein crystals were obtained using hanging-drop va- 
pour-diffusion method. Crystallization, cryoprotectant 
and soaking conditions are shown in Table 1. 

2.2. Data Collection and Processing 

Data sets were collected using mar 345 dtb Image Plate 
Detector equipped with in-house Microstar Cu Kα rotat- 
ing-anode X-ray generator [21] operated at 40 kV and  
 
Table 1. Crystallization, soaking concentration and cryo- 
protectant details. 

 Native GI Native TL 

Crystallization
Condition 

200 mM Magnesium  
Chloride and 100 mM  

Tris, pH 4.7 

1.4 mM Calcium  
Acetate, 10 mM Zinc 

Acetate, 1 mM Sodium 
Nitrate and 50 mM  

Tris; pH 7.3 

Soaking  
concentration of 

CeCl3 

300 mM 100 mM 

Cryoprotectant 25% MPD 25% Ethylene Glycol 
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60 mA with Helios focusing mirrors. The slit size was set 
to 0.5/0.6, the crystal was mounted arbitrarily and no 
inverse beam technique was used to collect Bijvoet pairs. 
The detector was placed at a distance of 200 mm (GI) 
and 180 mm (TL), respectively for data collection. The 
diffraction images were collected over a total angular 
range of 360˚ with an oscillation angle of 1˚. The time 
per frame varied from 120 sec to 180 sec. Data sets were 
integrated and scaled using automar [22]. The anomalous 
signals of the data sets were analyzed using Phenix. xtri- 
age [23].  

Anomalous scatterers were found using the dual-space 
recycling algorithm enabled in SHELXD [24]. The den- 
sity modified phases obtained from SHELXE were used 
for model building using the ARP/wARP program web 
server [25] and refined using REFMAC5.0 [26] of CCP4i 
software [27]. Clearly interpretable maps were obtained 
after automated model building. Totally, two datasets 
were collected (300 mM Ce for GI; 100 mM Ce for TL). 
The crystallographic data are summarized in Table 2. 

3. Results and Discussion 

3.1. Data Analysis 

The data was processed with automar by separately mer- 
ging the anomalous pairs as I+ and I−. The first five 
frames of 360 intensity images collected were used for 
peaksearch by the same program. The Rmerge value was 
found to be 5.3% and 6.8% for GI and TL data sets, re-
spectively. Mosaicity for both the datasets was 0.49 and 
0.52. The overall redundancy of the data collected to 2 Å 
at 100 K for the complete dataset were 14.7 and 40.40 for 
GI and TL datasets, respectively at high resolution bin. 

The full resolution range of the data had anomalous 
signal measurability greater than 10%. The mean signal 
to noise ratio for all the datasets were found between 
16.5 and 19.5. Both the datasets consist of significant 
anomalous signal measurability. Solvent contents of both 
the datasets were 56% and 46%, respectively.  

Completeness for GI dataset was 100% and TL data- 
set was above 98%. Both the redundancy and complete- 
ness play a major role in model building after substruc- 
ture determination. The B-factor (thermal factor) in both 
the datasets were 14.8 and 34.5, respectively. The final 
model of all the datasets were refined to reasonable Rwork 
and Rfree values. The substructure solution, phasing and 
refinement statistics are shown in Table 2. 

3.1.1. Ce Soaked GI Data 
Ce soaked GI crystallized in orthorhombic space group, 
P21212. GI crystallized as two molecules in the asymmet- 
ric unit. The structure is that of a homo-dimer. For Ce- 
soaked GI dataset during the substructure solution, ten 
anomalous scatterer peaks were located. f″ for manga-  

Table 2. Crystal Data Statistics, phasing and model building 
details. 

 
Ce-soaked 
GI dataset 

Ce-soaked 
TL dataset 

Cell Parameters 
a = 78.34 Å 
b = 98.20 Å 
c = 129.43 Å 

a = b = 92.61 Å 
c = 129.07 Å 
Γ = 120 ° 

Space Group P21212 P6122 

Mosaicity 0.49 0.52 

Resolution range 27.08 - 2.21 Å 25.23 - 2.03 Å 

Solvent content (%) 56 46 

Redundancy 14.7 (12.8) 40.40 (38.23) 

Completeness (%) 100.0 98.6 (98.3) 

I/σ(I) 19.4 (16.7) 16.7 (4.48) 

Anomalous signal (%) 1.88 1.54 

FOM 0.57 0.63 

Map Correlation 0.78 0.76 

BWilson 14.8 34.50 

Total Residues Built 772 316 

Side Chains 761 315 

Rwork (%) 17.3 18.2 

Rfree (%) 21.6 20.3 

Number of solvent molecules 207 171 

 
nese ion and magnesium ion at copper wavelength is 2.8 
ē and 1.75 ē as estimated from program CROSSEC [28]. 
The resolution cutoff for finding heavy atom site was left 
to SHELXC [29]. Peaks for eight cerium ions, one man- 
ganese ion and one magnesium ion were picked or de- 
termined using SHELXD. The resolution cutoff used for 
the substructure determination was 3.0 Å. The electron 
density map correlation was above 75% for the dataset. 
The best solution obtained from SHELXD run was used 
directly for phase calculation and further improvement 
was done by density modification with program SHELXE. 
The mean Figure of Merit (FOM) was found to be 0.57, 
indicating good phasing. 

The poly ala or preliminary model building was car- 
ried out using SHELXE beta version and the output mo- 
del was fed as input to ARP/wARP for automated build- 
ing. 772 residues (dimer) were built out of a total of 776 
amino acids (388 amino acids in each molecule) using 
ARP/wARP for GI data, which clearly shows the good 
phasing and model building. Clearly interpretable elec- 
tron density maps were obtained after the automated 
model building. More than 98% of the residues were able 
to be built using ARP/wARP program. The redundancy of 
data around 14 collected with three minute exposure time 
was sufficient to solve the structure at 2.21 Å resolution 
data by in-house Ce-SAD. Manual rebuilding was carried 
out using COOT [30] and the model was finally refined 
to Rwork and Rfree of 17.3% and 21.6%, respectively. 
Anomalous map of monomeric GI with eight cerium ions, 
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one manganese ion and one magnesium ion at 5σ with 
water molecules is shown in Figure 1. 

3.1.2. Cerium Soaked TL Data 
Ce soaked TL crystallized in hexagonal space group, 
P6122. TL was crystallized as a monomer in the asym- 
metric unit. At the copper wavelength of 1.54 Å, f″ for S, 
Ca and Zn are 0.56 ē, 1.28 ē and 0.68 ē, respectively as 
estimated from program CROSSEC. The resolution cut- 
off for finding heavy atom site was left to SHELXC. For 
the cerium soaked TL dataset, SHELXD located eight 
peaks as anomalous scatterers. The peaks corresponded 
to three cerium ions, three calcium ions, one zinc ion and 
one sulfur atom. Beta-test version of SHELXE was used 
for phasing, density modification and main-chain auto- 
tracing.  

The poly ala residues obtained as output from 
SHELXE were given to ARP/wARP as input for model 
building. The automated solution and the model building 
by ARP/wARP built 316 amino acid residues totally. 
ARP/wARP built 99% of the residues for the dataset. 
Clearly interpretable maps were obtained after automated 
model building. The electron density map correlation 
was above 75% for the dataset. The mean Figure of Merit 
(FOM) was found to be 0.63, indicating good phasing. 
The model obtained was manually corrected using COOT 
and refined using REFMAC5.0. The final atomic model 
has crystallographic Rwork and Rfree values of 18.2% and 
20.3%, respectively. Anomalous difference Fourier map 
of monomeric TL with three cerium ions, three calcium 
ions, one zinc ion and one sulfur atom at 5σ with water 
molecules is shown in Figure 2. 

3.2. Cerium Ion Binding Sites 

f″ for cerium at copper wavelength is 9.76 ē. For Ce- 
soaked GI dataset, substructure solution resulted in eight 
high peaks corresponding to cerium (III) ions with data 
limited up to 3.0 Å. The molecular structure remains the 
same after the binding of cerium ion to the protein. All 
the cerium peaks showed good spherical density. The 
occupancies of the cerium ions in GI were (0.42, 0.46, 
0.45, 0.53, 0.56, 0.61, 0.62, 0.64). Metal ions have the 
nature of coordinating with the atoms of amino acid resi- 
dues. This knowledge allowed us in assigning the peaks 
as cerium ions. The positions of the cerium ions were 
validated by the anomalous map shown in Figure 1. 
Manganese and Manganese ion peaks also had spherical 
density in the anomalous map. The positions of the man- 
ganese ion and magnesium ion peaks were identified by 
comparing the manganese and magnesium ion positions 
or occupied sites in the earlier reported GI structure [31]. 
This structure is a dimer with 776 amino acids.  

Coordination distances for cerium ions w.r.t protein 
atoms and water molecules varied from 2.6 Å to 4.3 Å. 

The amine group present in the Arginine residue (ARG 
266) interacts with the cerium ion (CE1) present in the 
first molecule of the GI. Occupancy of the CE1 is 0.42. 
Similar interaction between ARG 266 and cerium ion 
(CE2) was also observed in the second molecule of the 
same protein GI. Occupancy of CE2 is 0.46. Nitrogen 
atom present in the amine group of Arginine residue 
(ARG 387) interacts with another cerium ion (CE3) pre- 
sent in the first molecule of the protein GI. Occupancy of 
CE3 is 0.45. Interactions or co-ordinations are also found 
between water molecules and cerium ions in both the 
molecules. Out of the eight cerium sites, three cerium 
ions did not exhibit any coordination with any of the 
amino acid residues or water molecules. Cerium sites 
having hydrogen bonding contacts with hydrogen-donor 
groups of protein or water molecules are shown in Fig- 
ures 3(a)-(e). 
 

 
(a)                             (b) 

Figure 1. (a) Anomalous difference fourier map and (b) 
Cartoon representation of homo-dimer GI with eight ce-
rium ions, one manganese ion and one magnesium ion at 5σ 
with water molecules. 
 

 
(a)                             (b) 

Figure 2. (a) Anomalous difference Fourier map and (b) 
Cartoon representations of monomeric TL with three ce-
rium ions, three calcium ions, one zinc ion and one sulfur 

tom at 5σ with water molecules. a
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Figure 3. Picture showing (a) The coordination of First cerium ion with the water molecule in first molecule of GI, (b) The 
coordination of another cerium ion with the Arg 266 present in the first molecule of GI, (c) The coordination of another ce-
rium ion with the Arg 263 and the water molecule present in the second molecule of GI, (d) The coordination of Fifth cerium 
ion with the water molecule present in the second molecule of GI, and (e) The coordination of another cerium ion with the 
Arg 387 present in the first molecule of GI. 
 

 

Figure 4. Picture showing the coordination binding of ce-

r Ce-soaked TL data set, substructure solution de- 
e

the structure of the protein reveals that they have occu- 

e incorporated separately using quick- 
 order to understand the binding of 
protein crystals and their interactions 

 

rium ion with the Lys 45 and water molecule present in the 
TL. 
 

Fo
t rmined anomalous scatterers for three cerium ions, 
three calcium ions, one zinc ion and two sulfur atoms. 
The cerium peaks showed spherical density with occu- 
pancies of 0.52, 0.58 and 0.63. The sulfur atom of me- 
thionine also showed spherical density. The positions of 
the three calcium ion peaks and one zinc ion peak were 
identified or validated by comparing their respective po- 
sitions in the earlier reported TL structures [32]. The 
molecular structure remains the same after cerium ion 
binds to the protein. Coordination distances for cerium 
ions with respect to protein atoms and water molecules 
varied from 3.0Å to 3.2Å. Inspection of cerium ions in 

pied sites replacing the water molecules in the crystal 
lattice. Cerium ion (CE1) has coordination with Lysine 
residue (LYS 46) present in the protein TL. Occupancy 
of CE1 is 0.58. Cerium ion also shows a water mediated 
interaction. Cerium soaked data of Hen Egg White Ly-
sozyme (HEWL) have already been solved using lab 
source method [33]. 

In the data, three bound cerium ions in the HEWL 
provided sufficient anomalous signal for phasing of 129 
amino acid residues with the redundancy of 5.03. Cerium 
sites having hydrogen bonding contacts with hydro- 
gen-donor groups of protein or water molecules are 
shown in Figure 4. The heavy metal ions (cerium) dif- 
fuse into protein crystals very quickly. A high salt con- 
centration of the same increases the number of sites and 
their occupancy. 

4. Conclusion 

Cerium ions wer
soaking method in
heavy atoms to the 
with the functional groups of amino acids. The concen- 
tration of salt in the soaking solution plays a more vital 
role than a prolonged soaking time. Owing to high anomal- 
ous scattering coefficient of the heavy metal ions used with 
respect to copper wavelength (1.54Å), (f″ = 9.74 ē), they 
prove to be excellent heavy atom markers for automated 
phasing. The well bound cerium ions in both the datasets 
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provide sufficient anomalous signal for phasing of 772 
(GI) and 316 (TL) amino acid residues, with the redun- 
dancy values of 14.7 and 40.40, respectively. The high 
solubility of cerium chloride in water and binding of the 
Ce (III) ions on the enzymes surface provide an added 
advantage for phasing. Present study also reveals that the 
dataset with prolonged soaking time has higher anoma- 
lous signal even at high resolution range. Metal ions pre- 
sent in the soaking solution in molar concentrations are 
well enough to rapidly diffuse or enter into protein crys- 
tals. This method fulfills the requirements of being first 
choice for high-throughput structural genomics projects 
and can be proposed as an alternative to prepare deriva- 
tives when a protein does not bind heavy metal atoms or 
ions. Data collected using copper wavelength with the 
incorporation of anomalously scattering heavy metal 
atoms may hence serve as a powerful tool for structural 
biologists to solve novel protein structures as well as in 
places where synchrotron beam line is not available. 
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