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Abstract

The phycobilisome photosynthetic antenna complex, found in cyanobacteria and red-algae, interacts with proteins expressed specif-
ically to deal with different forms of physiological stress. Under conditions of nutrient starvation, the NblA protein is required for the
process that leads to phycobilisome degradation and bleaching of the cells. HspA, a 16.5 kDa heat shock protein expressed in cyanobac-
terial cells, has been shown to provide functional stability to the phycobilisome during heat stress. We have cloned the genes encoding for
these proteins into bacterial expression vectors in order to determine their three-dimensional structures. The resulting recombinant pro-
teins were found to be sparingly soluble, limiting their usefulness in the performance of crystallization experiments. We have developed a
novel protocol that utilizes relatively high concentrations of urea to afford sufficient solubility to the protein. This has lead to the suc-
cessful growth of diffraction quality crystals of these proteins. Complete data sets collected to 2–2.5 Å from crystals of both proteins
shows that the crystals are stable, and useful for structure determination. A preliminary structure of the NblA shows that denaturation
has not occurred and specific protein-protein interactions have been preserved. We believe that this protocol may be a generally advan-
tageous method to obtain well diffracting crystals of sparingly soluble proteins.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The photosynthetic apparatus undergoes substantial
modulations in response to changing environmental
parameters, such as light quality, light quantity, tempera-
ture and water/nutrient availability. These changes require
the activation of specific systems resulting in the mainte-
nance or down-regulation of the photosynthetic apparatus.
Such systems typically entail changes in the levels of pro-
tein expression and can affect the pigment composition
associated with photosynthetic complexes (Adir et al.,
2003; Grossman et al., 1995; Kanervo et al., 2005; Monson
et al., 1992; van Waasbergen et al., 2002).
1047-8477/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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Cyanobacteria possess several mechanisms for
modifying and/or protecting the composition of the
photosynthetic machinery with respect to environmental
stress. One of most notable examples of such a system is
the response of cyanobacteria to the lack of specific nutri-
ents, especially nitrogen and sulfur. Under these conditions,
the cyanobacterial cells change color from blue–green to
yellow–green in a process known as chlorosis or bleaching
(Allen and Smith, 1969; Yamanaka and Glazer, 1980). This
is the result of the degradation of the light-harvesting pig-
ment protein complex, the phycobilisome (PBS; Grossman
et al., 1993). PBS degradation appears to occur due to
expression of a number of genes encoding for stress-re-
sponse elements (Grossman et al., 1993; Schwarz and
Grossman, 1998; Sendersky et al., 2005; van Waasbergen
et al., 2002). A principal protein component that appears
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1 Abbreviations used: IPTG, isopropyl b-D-thiogalactopyranoside; PBS,
phycobilisome; PC, phycocyanin; PSII, photosystem II; sHSPs, small heat
shock proteins; Se-NblA Synechococcus elongatus sp. PCC 7942 NblA; Tv-
HspA, Thermosynechococcus vulcanus HspA; Tv-NblA, Thermosynecho-

coccus vulcanus NblA.
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to physically trigger PBS degradation during nutrient depri-
vation is the gene product of nblA (identified by screening
non-bleaching mutants; Collier and Grossman, 1994). Dur-
ing nitrogen starvation the amount of NblA protein can
increase up to 50-fold (Baier et al., 2001, 2004). The size
of the proteins belonging to the NblA family throughout
the PBS containing organisms is quite small, ranging from
54 to 65 residues, corresponding to molecular masses of
about 6.5–7 kDa. The structure of an NblA protein from
Anabaena sp. PCC 7120 was recently determined (Bienert
et al., 2006). The sequence homology between NblA pro-
teins from different species is quite low (�30%), which is
remarkable since the homology of its putative substrates,
the phycobiliprotein components of the PBS is quite high
(>75%; Apt et al., 1995). Thus its mode of function remains
unclear.

Another example of the response of cyanobacteria to a
change in its environment is the protection of photosystem
II (PSII) and phycocyanin (PC, a major constituent of all
PBS forms) by HspA (Nakamoto and Honma, 2006; Roy
and Nakamoto, 1998; Roy et al., 1999). This protein belongs
to the large family of low molecular weight proteins that
accumulate upon heat-shock treatment in plants and cyano-
bacteria. Most of the small heat shock proteins (sHSPs)
investigated to date share a conserved region of about 90 res-
idues called the ‘‘a crystalline-domain’’. The a crystalline-
domain may be flanked by an N-terminal hydrophobic
region, highly dissimilar in sequence and length, and a short
C-terminal extension (Haslbeck, 2002). One of the common
characteristics of all the sHSPs is their organization into
large oligomeric structures, comprising 9–50 subunits. The
structures of four members of the sHSPs family have been
determined by X-ray crystallography (Dgany et al., 2004;
Kim et al., 1998; Stamler et al., 2005; van Montfort et al.,
2001), revealing in most cases hollow, globule-like struc-
tures. Additional structural information has been obtained
by electron cryo-microscopy (Haley et al., 1998). Since struc-
tures of PBS components have been determined (Adir, 2005;
Adir and Lerner, 2003; Adir et al., 2002; Brejc et al., 1995;
Chang et al., 1996; Ritter et al., 1999), high-resolution struc-
tures of the NblA and HspA proteins may provide informa-
tion on their mode of action on the PBS.

One of the major bottlenecks in obtaining high-resolu-
tion structural data by X-ray crystallography is the lack
of solubility of many recombinant proteins (Pusey et al.,
2005; Yokoyama, 2003). Proteins that require extensive
protein–protein interactions in vivo (including stress-related
proteins) can prove to be sparingly soluble when expressed
in large quantities. In cases of sparingly soluble proteins (in
many cases found expressed as inclusion bodies) steps
including solubilization in a denaturing reagent followed
by refolding of the protein, are typically required prior to
performing crystallization trials. The problem of recombi-
nant protein solubility has become more apparent with
the advent of high-throughput structural proteomics
efforts, in which targets with solubility problems are many
times discarded.
We report here the successful crystallization of Synecho-

coccus elongatus sp. PCC 7942 NblA (Se-NblA), Thermo-

synechococcus vulcanus NblA (Tv-NblA) and HspA from
T. vulcanus (Tv-HspA). In all cases, the proteins were spar-
ingly soluble and thus initial crystallization attempts were
hampered. We have developed a simple protocol whereby
the presence of a significant concentration of urea enabled
us to concentrate the target proteins without denaturation.
This was followed by the growth of diffraction quality
crystals.
2. Experimental procedures

2.1. NblA and sHSP overexpression

The T. vulcanus nblA and hspA genes encoding for the
Tv-NblA and Tv-HspA proteins were cloned into the
pQE60 expression vector (Qiagen), while the S. elongatus

nblA gene was cloned into pQE70 (Qiagen). Expression
was performed in Bl21/m15 cells by growth of the cells to
an OD of 0.6 at 37 �C in LB medium with 100 lg/ml ampi-
cillin, followed by 3.5 h of induction with 1 mM isopropyl
b-D-thiogalactopyranoside (IPTG)1. The bacterial cells
were collected by centrifugation and frozen. Cells were
thawed and resuspended in 50 mM Tris pH 8.0 and dis-
rupted in a French Pressure cell. The insoluble and soluble
fractions were separated by centrifugation.
2.2. Purification and solubilization of NblA and HspA

proteins for crystallization

Tv-NblA and Tv-HspA protein were found in the solu-
ble fraction following cell disruption. All proteins were
then purified by metal-chelation chromatography on
HisTrap columns (Amersham Biosciences), in an elution
buffer containing 500 mM imidazole in 50 mM Tris buffer
pH 8.0. Following elution, both the Tv-NblA and the Tv-
HspA were insoluble and precipitate immediately or during
dialysis against buffer Tris, pH 8.0. The pellet of the insol-
uble proteins was collected by centrifugation, and was then
solubilized in buffer Tris, pH 8, with 2 M urea.

The Se-NblA protein was found only in the insoluble
fraction and could be solubilized by treating the pellet with
2 M urea in Tris 50 mM pH 8.0. It was thus probably not
in an inclusion body, rather it associated with the cell deb-
ris and membranes. It is also possible that the Se-NblA
protein have minimal incorrectly folded regions. Following
treatment with urea, the insoluble fraction was removed by
centrifugation, leaving partially purified protein in the
supernatant. The protein could be purified further by



Fig. 1. (A) Crystals of NblA from S. elongatus sp. PCC 7942 grown in the
presence of ethylene glycol. The crystals dimensions are about
0.1 · 0.05 · 0.04 mm. (B) 1� oscillation diffraction pattern to 2.2 Å
collected on beamline ID-14-1 at the ESRF, Grenoble.
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metal-chelation chromatography as above. In most cases
the protein remained soluble in the absence of urea.

3. Results and discussion

In the course of our studies on the cyanobacterial PBS,
we were interested in performing structural analysis of the
modes of interaction between the PBS and proteins
expressed in cells experiencing different forms of stress.
Under conditions of nutrient starvation (both nitrogen
and sulfur), cyanobacteria express different proteins that
serve to disassemble the PBS (Collier and Grossman,
1992, 1994; Grossman et al., 1993). This serves to minimize
excitation of the photosynthetic apparatus as well as pro-
vides a source of the nutrients lacking from the media.
At elevated temperatures (heat shock), a member of the
small heat shock protein family is expressed, and has been
shown to protect both the integrity of the PBS as well as
other functions of PSII (Nakamoto et al., 2000; Roy
et al., 1999). In order to analyze these proteins further,
we cloned their genes into appropriate expression vectors,
and initiated protein isolation and crystallization trials.
We found that both the NblA and the HspA recombinant
proteins have solubility problems when isolated from Esch-

erichia coli host cells. Lack of solubility is typically a mea-
sure of the formation of non-specific interactions between
protein molecules as opposed to those between protein
and solvent. Various measures have been proposed to alle-
viate this problem, including the addition of non-ionic
detergents and low concentrations of chaotropic agents.
It is clear however that one must avoid application of treat-
ment that would result in protein denaturation. Thus the
concentration of solubilizing additives used is typically
low. On the other hand, crystallization requires the specific
association of protein molecules by either ionic, polar,
hydrogen-bond or hydrophobic interactions. Addition of
solubilizing agents should prevent non-specific aggregation
without interfering with the formation of the specific con-
tacts needed for lattice formation.

In order to obtain the soluble protein needed for crystal-
lization we added many different additives such as deter-
gents, EDTA, DTT, various salts and buffers.
Modifications to the conditions of expression such as tem-
perature, induction period and the addition of osmolytes
were also tried; however none of these treatments were able
to positively influence the solubility of the proteins. The
chaotropic reagent urea has been shown to have a favour-
able interaction with the polypeptide backbone (Bolen,
2004), and at high concentrations solubilizes proteins in a
fashion which leads to denaturation. We decided to
attempt to find the maximum concentration of urea that
could provide the surrounding required for protein solubil-
ity, yet not prevent the association between molecules
required for lattice formation, or denature the protein. It
was observed that urea tends to increase the amplitudes
and lifetimes of protein structural fluctuations (Bolen,
2004). For crystallization this is a potentially important
parameter that can negatively influence the formation of
nucleation centres. However, we have been able to obtain
diffraction quality protein crystals at urea concentrations
of 2 M.

Crystallization trials using the maximal concentration of
soluble Tv-NblA protein (and in some cases Se-NblA) that
could be obtained without the presence of urea did not
result in the growth of crystals. We thus initiated the
screening of possible crystallization conditions in the pres-
ence of urea, at protein concentrations of about 1 mg/ml.
For the NblA proteins crystallization trials were initially
performed using the Crystal Screen I and II kits (Hampton
research, USA). NblA protein crystallization was per-
formed using the vapor-diffusion method. Two microliters
of protein were mixed with an equal volume of crystalliza-
tion reservoir solutions. Crystals of the urea solubilized Se-

NblA protein were obtained in the presence of urea (data
not shown) and also in its absence (Fig. 1A) with 25% eth-
ylene glycol as the precipitating reagent. These crystals dif-
fracted to a maximum resolution of 2.2 Å on ID14 at the
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European Synchrotron Radiation Laboratory (Fig. 1B).
Analysis of the diffraction pattern showed that the crystals
belong to the P4 space group with unit cell parameters
a = b = 78 Å, c = 70 Å, with 6 monomers in the asymmet-
ric unit. A complete data set has been collected and phasing
by molecular replacement is under way. The crystals of Tv-
NblA protein (Fig. 2A) were also obtained in the presence
of ethylene glycol as the precipitating agent, and maximally
diffracted to 2.5 Å (data not shown) and analysis of the dif-
fraction pattern (followed by molecular replacement)
showed that crystals belong to the P3221 space group with
the unit cell parameters a = b = 43 Å, c = 148 Å, with two
monomers in the asymmetric unit. The structure of the
Tv-NblA has been determined by molecular replacement
and is now under refinement (Fig. 2B). The structure shows
Fig. 2. (A) Crystals of NblA from T. vulcanus grown in presence of 2 M
urea and ethylene glycol, mounted in nylon loop. The crystal dimensions
are about 0.06 · 0.04 · 0.01 mm. (B) Preliminary structure of Tv-NblA
following molecular replacement, showing the preservation of secondary,
tertiary and quaternary levels of structure. The two monomers are shown
in yellow and blue cartoon. The figure was prepared using Pymol
(DeLano, 2002).
that the presence of urea has had no deleterious effects on
the secondary or tertiary structures of the protein. Indeed,
formation of a dimeric structure similar to that shown for
the Anabaena NblA (Bienert et al., 2006) shows that this
concentration of urea did not affect stronger, more specific
protein-protein interactions. The complete structural deter-
mination of the NblA and its potential to interact with the
PBS will be described elsewhere.

When concentrated to beyond 1 mg/ml, the Tv-HspA
precipitates. A large number of crystal trials of the Tv-
HspA were performed at concentrations below 1 mg/ml
without success. Addition of 2 M urea allowed the concen-
tration of the protein to 10 mg/ml. The crystallization trials
were initially performed in microbatch under oil and hang-
ing drops using the Crystal Screen I and II kits, Index
(Hampton research, USA), Wizard I and II (Emerald Bio-
Structures, USA), crystals were obtained in more than 20
different conditions, most of them including various PEGs.
The best crystals grown in hanging drops in 30% PEG
MME 550 (Fig. 3A) and 30% PEG 2000 diffracted to
between 2–2.5 Å (Fig. 3B), and analysis of the diffraction
pattern and systematic absences showed that they belong
to the P3 space group with cell dimensions of
a = b = 45 Å, c = 53 Å, and one molecule in the asymmet-
ric unit. A complete data set has been collected and phasing
by molecular replacement is now underway.

The mode of interaction between urea and soluble pro-
teins has been extensively studied (Bolen, 2004; Bolen and
Baskakov, 2001; Street et al., 2006). The denaturing effect
of urea has been proposed to primarily be a result of the
association of urea molecules with the backbone of pro-
teins, thereby forcing typically buried residues to interact
with the solvent. At relatively low concentrations, urea
can apparently serve as a solubilizing agent, which can even
lead to crystal formation (Bolen, 2004). In this report, we
show that even higher urea concentrations do not hinder
the crystallization process. It is possible, that at relatively
high protein concentrations, the urea merely prevents
unspecific aggregation, reducing these proteins tendency
to precipitate, but not nucleate.

Interestingly, the ability of 2 M urea to afford solubliza-
tion without denaturation was not secondary structure
dependent, since the NblA is a wholly a-helical protein,
while members of the sHSP family been shown to contain
extensive b-sheets (Dgany et al., 2004; Kim et al., 1998;
Stamler et al., 2005; van Montfort et al., 2001). At these
concentrations of urea, performance of UV spectroscopy
(including the use of circular dichroism for the quantifica-
tion of secondary structure in the 190–240 nm region) is
difficult (Kelly et al., 2005) and thus it is possible that small
conformational changes occur. However the fact that crys-
tals were readily obtained, and the fact the Tv-NblA struc-
ture already determined shows no denaturative effects
(Fig. 2B), suggests that this method can be used routinely
in the process of crystallization trials. This is indeed impor-
tant in light of the structural proteomics efforts going on
world-wide. Proteins with limited solubility are typically



Fig. 3. (A) Tv-HspA crystal grown in the presence of 2 M urea and PEG
MME 550. The crystals dimensions are about 0.04 · 0.04 · 0.04 mm. (B)
1� oscillation diffraction pattern to 2.5 Å collected on beamline ID-29 at
the ESRF, Grenoble.
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discarded in efforts such as these, reducing the number of
potential targets (Pusey et al., 2005). It is certainly possible
that for other proteins, either higher or lower concentra-
tions of urea may be required; however it seems likely that
such a concentration can be found empirically.
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