
Abstract. Background/Aim: Langmuir–Blodgett (LB) films
used as templates for crystallization lead to marked changes
in protein stability and water dehydration, despite slight
changes in protein atomic structure. Herein, we discuss the
importance of LB-based nanocrystallography at the frontiers
of cancer proteomics focusing on two model proteins with
important biological roles in cancer, namely CK2alpha and
RNase A. Materials and Methods: Computational
mutagenesis using the KINARI Mutagen webserver exhibits
different behaviors in terms of stability and robustness, as
well as in terms of water dynamics. Conclusion: Introduction
of LB film leads to the appearance of water molecules close
to the protein surface with larger volume, causing changes
in crystal stability against radiation and appearing
replicated in mutant proteins. Implications for drug design,
drug delivery and cancer-causing protein variants are herein
presented, along with a review of the most recent findings in
LB-based nanobiocrystallography. 

Macromolecular crystallography plays a major role in the
field of cancer research enabling the resolution and
determination of structures fundamental for understanding, at
the molecular level, the role of proteins and protein-protein
interactions, as well as the mechanisms of drugs. Moreover, it
enables scientists to discover and design new drugs.

Since its birth in 1840 (1), macromolecular crystallography
has made it possible to achieve a remarked scientific progress
thanks to advancements in X-ray crystallography combined

with the brighter and highly focused, third-generation
synchrotron (2, 3). This unique method, based on a combined
and integrated approach, is likely to remain the most
important method for the determination of protein structure
in the foreseeable future (4). 

In comparison with other methods, X-ray crystallography
is indeed the most utilized approach for obtaining a full atom
detailed structure of the investigated protein. However, in the
literature, there is a remarkable lack of both structural and
functional studies devoted to the investigation and
characterization of therapeutically- and clinically-relevant
proteins considering that the majority of the commercially
available drugs, including anti-blastics (5), targets membrane
proteins (6, 7), which are instead scarcely represented on the
Protein Data Bank (PDB). These proteins, moreover, play an
important role in cancer (8). 

These hurdles could be, in part, solved by exploiting
advanced techniques, such as co-crystallization, structural
genomics, protein engineering, molecular modeling,
combinatorial chemistry and the nanodroplet high-throughput
crystallization approach, which exploits the latest
advancements in the field of microfluidics. 

Biotechnology and nanobiotechnology play an important
role (9-13), facilitating crystallization. 

Another major drawback is the X-ray radiation-induced
damage, which limits the quality of the collected diffraction
data, causing an increase in mosaicity, Debye–Waller factor
(known also as temperature factor or B-factor), reliability
factor (termed as residual factor, R-factor or R-value), crystal
unit cell volume and a decrease in resolution and diffracting
behavior (14). Several approaches have been tested in order
to decrease radiation-induced damage, such as the usage of
cryoprotectants and scavengers, a better calibration and
focusing of incident X-ray intensity, computation of radiation
intensity and integration of X-ray radiation with techniques
like Raman, optical and X-ray spectroscopy (15, 16). 

Third-generation synchrotron monochromatic microbeams
may reduce radiation damage by means of a photoelectron
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escape from a narrow diffraction channel. Furthermore,
synchrotron microbeams are characterized by less
background scattering from sample environments (17).
Despite these advancements, radiation damage is still an
important issue to be addressed. 

Indeed, crystallization is a highly demanding and time-
consuming task, remaining a real bottleneck in current basic
research. Several efforts have been made in order to
understand which factors and parameters can influence this
process, ranging from pH, ionic strength, salt and protein
concentration to additives, detergent and other molecules’
concentration and temperature. However, a complete
explanation of the processes leading to crystal formation is
still lacking.

Our group has introduced Langmuir–Blodgett (LB)-based
crystallization as a major advance within both structural and
functional proteomics, pioneering the emerging field of the
so-called nanobiocrystallography (2-4). This approach
integrates protein crystallography and nanotechnologies
within a unique, coherent framework that allows to obtain
highly radiation stable (2) protein crystals and to fully-
characterize them down to atomic resolution (18). 

When the radiation dose and the comparable
crystallographic parameters are computed for both
synchrotron and laser (2) assuming beam flux density of
2×1013 photons μm–2 s–1 and Energy of 12.7 KeV, the dose
calculation yields the results summarized in Table I (2)
obtained from the equation D(Gray)=μEtI0, where μ=mass
absorption coefficient (cm2/g), E=Energy of the X-ray
(KeV), t=time of exposure (seconds), I0=Flux of the X-ray
beam (photons/s/nm2). The estimate of total dose was
computed using the program RADDOSE program (19).
Results of radiation dose calculation are shown in Table I;
the enormous increase in the absorbed radiation dose with
the laser-induced microdissection explains the disappearance
of “classical” protein crystals in all four cases, making more
striking the effect of LB nanotemplate in dramatically
enhancing radiation stability (2). Overall analysis indicates
more damage suffered by the classical crystals than the LB
ones. By taking into account what has been so far discussed,
LB crystals confirm the greater radiation resistance on both
global and specific damage sides (2). The suggestion for a
possible reason for the radiation resistance of the LB-based
crystal has been recently raised in terms of the dehydration
observed to lead to better ordered protein crystals and to the
significantly improved diffraction limit (2).

LB-grown crystals grow faster (20), are more resistant to
radiation damage and stable to increasing temperature (21-
24) as proven by a wide array of both experimental and
theoretical approaches.

It is noteworthy to underline that the prefix “nano-” from
nanobiocrystallography, as used in our approach, refers to the
use of cutting-edge nanobiotechnologies (as Langmuir-

Blodgett thin protein film technology) for the task of protein
crystallization and not to the size and dimension of the
protein crystals (25, 26). 

Materials and Methods

Preparation of the protein Langmuir-Blodgett (LB)
nanobiotemplate. A three single-point mutant (Lys10Ser, Glu27Ala,
Lys76Asn) of the catalytic subunit of human CK2 generated using
site-directed mutagenesis was expressed in Escherichia coli BL21
cells and further purified. Functional characterization of the CK2
subunit mutant was performed by phosphorylation assay. Crystals
were grown using the LB-based crystallographic approach (12).

RNase A protein was purchased from Sigma-Aldrich (Milan,
Italy) and used without further purification. Crystals were grown
using two different methods, namely the LB nanotemplate method
and the classical hanging drop method. 

For both CK2 and RNase A, the LB technique in its variation,
namely the Langmuir–Schaeffer (LS) method, was utilized. Protein
nanobiofilms were engineered onto solid substrates using LB
trough. The proteins were brought to air–water interface of LB
trough (MDT, Moscow, Russia); distilled water, purified with MilliQ
system (18.2 MX cm) was used as the sub-phase. The 400 μl of
protein solution (10 mg/ml) after filtration with Millex HV
(Syringe–Driven Filter Unit, Millipore, Bradford, MA, USA) was
spread over the water surface with a Hamilton syringe (100 μl)
without use of any dispersant. The protein monolayer was
compressed immediately after spreading to the surface pressure of
20 mN/m by two Teflon barriers with a compression speed of 70
cm/min. The transfer of the protein monolayer from the sub-phase
(water) surface onto solid support was performed by touching the
support in parallel to the sub-phase surface in accordance with the
LS technique (horizontal lift) at the pressure of 20 mN/m.
Siliconized circular glass cover slides (Hampton Research, Aliso
Viejo, CA, USA), washed in distilled water and dried in a gaseous
nitrogen flux, were used as substrate for two subsequent protein film
depositions. The prepared LB nanofilm was used as a template for
the protein crystallization (Figure 1).

Protein crystallization. For CK2, 2 μl drop of stock solution was
mixed with 2 μl of precipitant solution (25% PEG 3500, 0.2 M
sodium acetate, 0.1M Tris pH 8). The drop was equilibrated against
a 700 μl reservoir containing the same precipitant solution.
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Table I. Absorbed dose for microdissected crystals acquired with
microfocus and nanofocus and for laser microdissected crystals (from
reference 2).

Protein Crystal Absorbed Dose (Gy) Absorbed Dose (Gy)
for laser for microdissected crystals 

microdissected acquired with microfocus 
crystals and nanofocus

Thaumatin 0.331×1019 0.668×108

Ribonuclease 0.520×1019 0.108×109

Insulin 0.368×1019 0.748×108

Lysozyme 0.141×1019 0.272×108



For RNase A, 3 μl of protein solution (10 mg/ml in 50 mM Na-
acetate, pH 5.5) was mixed with 3 μl of the reservoir solution
(1.75M (NH4)2SO4 2 M NaCl in 100 mM Na-acetate, pH 5.5) and
equilibrated against 1 ml of reservoir solution at room temperature.

X-ray data collection and refinement. Both the classical crystal and
the LB-grown crystal were cryo-cooled to 100˚ K using their
respective mother liquor. 

All X-ray data were collected at microfocus ID13 (for CK2) and
at ID14-2 and ID 14-4 (for RNase A) beamlines at ESRF, Grenoble,
France (wavelength 0.9755 Å for CK2 and 1.2 Å for RNase A). 

For RNase A, high-resolution datasets were collected for both LB
and classical crystals. Each dataset was composed of 130 images
collected with an exposure time of 0.1 s per image and an oscillation
range of 0.5˚. The incident flux per image was 6.5×106 photon/s/μm2.
The data were recorded on a CCD detector at a crystal to detector
distance of 159.7 mm. The datasets were collected with a 180 angle
of rotation; data were collected using Charged Coupled Device (CCD)
detectors. All data sets obtained were processed with MOSFLM (27)
from the Collaborative Computational Project number 4 (CCP4) suite
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Figure 1. Scheme of the Langmuir-Blodgett (LB)-based nanocrystallography (2, 3).

Figure 2. Structure of the triple-point mutant of the catalytic subunit of
human Casein kinase (CK2) at 2.4 Å resolution (PDB ID Code 1NA7).



(Collaborative Computational Project number 4, 1994) for the
indexing and integrating steps. The template protein for molecular
replacement was taken from the PDB. 

For CK2, 1JAM was used as a template (Casein kinase from Zea
mays).

The molecular replacement (MOLREP) (28) results were refined
against the classical and LB crystals data sets using REFMAC5 (29)

to obtain model phases for statistical comparisons. Electron density
maps were inspected at same contour level using Crystallographic
Object-Oriented Toolkit (COOT) to assign water molecules (30). 

In silico systematic mutagenesis. In silico systematic mutagenesis was
performed with KINARI Mutagen for RNase A structures both for the
classical crystal and for the LB-grown crystal. KINARI-Mutagen is a
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Figure 3. Structures of Ribonuclease A (RNase A) obtained from the classical (PDB ID Code 3I6F) and Langmuir-Blodgett (LB)-grown (PDB ID
Code 3I6H) crystals superimposed with SuperPose (55), showing negligible structural differences.

Figure 4. Despite negligible structural differences, as shown in the previous figure, the two classical (PDB ID Code 3I6F) and LB (PDB ID Code
3I6H) structures of RNase A have a different behavior when in silico systematic mutagenesis is applied (rigidity of the mutants, studied using the
Largest Body Membership approach, by atom).



web server for performing computational mutation experiments on
protein structures from the PDB, available at http://kinari.cs.umass.edu
(31-32). It makes use of a rigidity-theoretical approach and permits
fast evaluation of the effects of mutations that may not be easy to

perform in vitro because it is not always possible to express a protein
with a specific amino acid substitution. It enables the identification of
critical residues with predictions highly correlating with destabilizing
mutations to glycine (31-32). 
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Figure 5. Despite negligible structural differences, as shown in the previous figure, the two classical (PDB ID Code 3I6F) and LB (PDB ID Code
3I6H) structures of RNase A have a different behavior when in silico systematic mutagenesis is applied (rigidity of the mutants, studied using the
Distribution of Rigid Bodies approach, by residue).

Figure 6. Solvent-Accessible Surface Area (SASA) versus number of the mutated residue for Ribonuclease A (RNase A).



Results

Caseine kinase 2 protein. The Casein kinase 2 or Casein
kinase II (EC 2.7.11.1, CK2) is a ubiquitously expressed
serine/threonine-selective protein kinase that is a tetramer of
two alpha catalytic subunits and two beta non-catalytic
subunits. CK2 is implicated in cell-cycle control, DNA repair
and apoptosis, regulation of the circadian rhythm and other
cellular processes, such as angiogenesis (33). CK2 is
involved in lymphoma (34), prostate tumor (35)
pathogenesis, as well as in other cancers.

The molecular knowledge of CK2 is fundamental for
developing small-molecule inhibitors targeting different
surfaces of the kinase, such as polyoxometalates (36).

Despite its importance in the cancer research field, CK2
is not easy to crystallize because of its instability (especially
of the C terminal tail due to proteolytic processes). Our
group, exploiting LB-based nanocrystallography, managed to
solve (12) the three-dimensional crystal structure of the
triple-point mutant of the catalytic subunit of CK2 at 2.4 Å
resolution (Figure 2). Needle microcrystals (of about 20 μm
in diameter, maximum size 60 • 20 • 20 μm3) were used for
diffraction data collection (37-38). The structure of our
CK2alpha mutant is in the Protein Data Bank (PDB ID Code
1NA7, deposited on 27 November 2002).

Ribonuclease A (RNase A) protein. Pancreatic ribonuclease
A (EC 3.1.27.5, RNase A) is a RNA-degrading enzyme. It is
a basic, relatively small protein (124-residues long with a
molecular weight of ~13.7 kDa). It can be characterized as a
two-layer protein composed of α-helices and β-hairpins
arranged in β-sheets that is folded in half with a deep cleft
for binding the RNA substrate. RNase A has four disulfide
bonds in its native state, which may stabilize its unusually
polar structure. These disulfide bonds connect loop segments
and are relatively exposed to solvent (39-40). RNase A, as
well as its oligomers (41) and some homologs (such as
onconase, amphinase and ranpirnase from frogs), have
cytotoxic and cytostatic effects, particularly on cancer cells
(42-49). This attribute has led to the development of
onconase as a cancer therapeutic agent. As with many
protein drugs from a non-human source, the internal use of
non-human ribonucleases, such as onconase, is limited by the
patient’s immune response. Its antiblastic effect can be
potentiated with proper nanobiotechnology-mediated
delivery (50-51). Besides being a promising antiblastic,
RNase A seems to play a role also in theranostics. Kong and
coworkers designed highly fluorescent ultra-small gold
nanoclusters (AuNCs) using RNase A as protein biotemplate,
developing a multifunctional nanoplatform suitable for
simultaneous targeting and imaging of cancer at the cellular
level (52-53). Liu and collaborators synthesized fluorescent
carbon dots (C-dots) with high quantum yields by using

RNase A as a biomolecular templating agent under
microwave irradiation for molecular imaging and in vivo
molecular tracking of gastric cancer and other tumors,
obtaining quantum yields of 24.20% (54). Ruan and
collaborators developed a multifunctional HER2 monoclonal
antibody conjugated RNase A-associated CdTe quantum dot
cluster (HER2-RQDs) nanoprobe against gastric cancer (55). 

Our group obtained the structures of RNase A using both
the classical and the LB approach. Using SuperPose (56), the
two structures show negligible structural differences (Figure
3). Despite this, the two proteins show a different behavior
when in silico systematic mutagenesis is applied, for
example studying their rigidity (Figures 4-5). We have
already found that stability of proteins is also correlated with
aqueous surroundings in the crystals, studying the direct
relationships between presence of LB nanotemplates and
unique patterns of water molecules surrounding the protein.
Introduction of LB film leads to appearance of water
molecules close to protein surface but occupying large
volumes. These findings, which were correlated to protein
stability against radiation (57), are now replicated also for
mutant proteins (Figure 6). LB-grown RNase A seems to be
more robust to mutations.

Conclusion

LB-based nanocrystallography has emerged as a promising tool
at the frontiers of cancer proteomics. A growing body of
evidence (both experimental and theoretical) has been
accumulated showing that LB-grown crystals have unique
properties. Using in silico systematic mutagenesis, a
computational technique optimized to predict the impact of
point-mutations and provide more details about the protein
structure, we have explored the entire mutability landscape of
RNase A and found that LB-grown RNase A is more stable and
robust to mutations (in terms of rigidity and compactness, as
well as water dynamics), which could have many implications
for the cancer research field (58). In the literature, mutagenesis
studies have been exploited to investigate the protein function
and stability, as well as the genotype-phenotype associations
(for example, study of pathogenicity of missense variants) (59)
by performing large-scale experiments (60). Since investigating
the mutability landscape is a fundamental task in
macromolecular modeling and is known to have relevance to
drug design and understanding of disease-causing protein
variants (31), these preliminary results could be clinically
relevant, impacting drug discovery and development. We
conclude noting that what we could call “LB pharmacology”
(LB-mediated drug delivery) is still poorly explored (61).
However, a fundamental clue of the unique physicochemical
properties and features of Langmuir-Blodgett crystals derives
from the very recent collection of sophisticated studies down
to the nanoscale, thus our main efforts in the future with LB-
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based crystallization should also aim in overcoming the barriers
in membrane protein structure determination, an issue still
present (62) despite the efforts to address it.
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