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Crystallization, solubility and thermodynamics of the highly
thermostable glucose isomerase from Streptomyces sp. strain
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Abstract. The crystallization behaviour of the highly thermostable glucose isomerase from the Strepto-
myces sp. strain isolated from Tunisian soil was investigated using ammonium sulfate as a precipitating
agent. We established phase diagrams at different temperatures and protein concentrations. It was
found that the solubility increased with increasing temperature and decreased with increasing salt
concentration. The temperature-dependent solubility was used to characterize the thermodynamic
parameters of crystallization such as enthalpy, entropy and free energy.
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Introduction

Macromolecular crystallization, which includes the
crystallization of proteins, nucleic acids, and larger mac-
romolecular assemblies such as viruses and ribosomes, is
based on a rather diverse set of principles, experiments and
ideas (McPherson 2004; Srimahaprom and Flood 2013). It
is very often the most difficult and time-consuming step
in the determination of a protein’s atomic structure. The
basics of protein crystallization conform to the classical
understanding of small molecules crystallisation, with
the main difference from small molecule crystal growth
being the consequent greater sensitivity of proteins to
external conditions (Ducruix and Giegé 1999). Protein
structure determination has long been considered to be an
important tool, by allowing for example the design of novel
drugs on the basis of the structures of protein therapeutic
targets (Lee et al. 2005), and therefore plays a key role in
structure based drug discovery and structural genomics
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projects (Chayen 2004). Crystallization of macromolecules
remains a problematic and complex process owing to the
large size and the frequent flexibility of these molecules
often composed of several subunits. Difficulties are also
attributed to their relatively chemical and physical insta-
ble state due to the unfolding, hydration requirements,
temperature sensitivity and dynamic properties (Bergfors
1999; McPherson 1999).

Knowledge of a protein’s solubility which depends
on solution variables, such as temperature, and ionic
strength, is important for defining optimum conditions
for protein crystal growth. Indeed, it is an important
thermodynamic parameter which reflects intermolecular
interactions occurring between the macromolecules and
the solvent components. In order to find optimal crystal-
lization conditions for glucose isomerase (GI) its solubility
behaviour as a function of different parameters including
protein and salt concentration as well as temperature has
been characterized. Numerous experiments point out that
most proteins are difficult to crystallize (Durbin and Feher
1996) and even if a protein tends to crystallize relatively
easily, there are many parameters that must be taken into
account. Successful crystallization of any given protein is
determined by a combination of factors, like the presence
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Figure 1. Coomassie brilliant blue-stained SDS-PAGE gel (A) and
size exclusion HPLC chromatogram (B) of the purified glucose
isomerase. Lane 1, protein markers (molecular masses (in kD) are
shown on the left). Lane 2, crude cell extract. Lane 3, crude extract
after heat treatment. Lane 4, sample from lane 3 after ammonium
sulfate precipitation. Lane 5, purified glucose isomerase. Gel filtra-
tion chromatogram was obtained by using the Bio-Sil SEC 250-5
(30 X 0.78 cm) column from BIO-RAD.

of an adequate degree of protein supersaturation, along
with a particular set of empirically selected solution condi-
tions that enable a productive kinetic pathway for nuclea-
tion and crystal growth (Bolen 2004). The prerequisite for
protein crystal growth is the transfer of a purified protein
in solution to the status of supersaturation. In addition,
conditions such as pH, temperature and ionic strength
must be chosen correctly to avoid enzyme precipitation.
Better knowledge of the influence of those parameters
on the solubility behaviour is thus essential in view of
crystal structure determination (Chayen 1999), as well
as for protein engineering to optimize biocatalysts for
industrial applications (Rosenbaum 1999; Stewart 2002).
Finding conditions in which biological macromolecules
form suitable crystals are recognized as one of the major
bottlenecks in structural biology.

This work focuses on the crystallization of the GI char-
acterized from the thermophilic Streptomyces sp. strain,
isolated from a Tunisian hot spring soil. This enzyme is
interesting since its amino-acid sequence is attractive due to
the abundance of hydrophobic residues and some original
amino-acid substitutions, which distinguish it from other
reported GIs (Borgi et al. 2004, 2009). Moreover, we also
explored the effect of salt concentration and the enzyme
concentration in the range of 8-14 mg/ml on the solubility
of GI at different temperatures. The obtained solubility data
contribute to clarify the thermodynamic behaviours such

Purification of glucose isomerase

The thermostable GI from the isolated thermophilic Strepto-
myces sp. strain (from a Tunisian hot spring soil) was puri-
fied based on the protocol previously described (Borgi et al.
2004). Hence, the enzyme was purified to homogeneity by
using a heat treatment step, followed by ammonium sulfate
((NH4),SO,4) precipitation and fast-performance liquid
chromatography (FPLC). The purity level of the GI was ex-
amined by SDS-PAGE and size exclusion HPLC chromatog-
raphy, as can be seen in Figure 1. The enzyme concentration
was determined using Bradford’s method with bovine serum
albumin as the standard (Bradford 1976).

Sample preparation

In all experiments, the solutions were prepared with ultra-
pure sterile water and filtered through membranes with
a 0.22 pum pore size. A buffer containing 100 mM Tris-HCI
(Sigma-Aldrich) was adjusted at pH 8.0 with concentrated
solutions of hydrochloride acid. A stock solution of am-
monium sulfate, 20 mM MgCl, and 2 mM CoCl, (Sigma-
Aldrich) was prepared with ultrafiltered, deionized water.
Sodium azide at a concentration of 0.1% (w/v) was added to
all buffer solutions as an antimicrobial agent. The concentra-
tion of the protein stock solution was 14 mg/ml.

Glucose isomerase crystallization

The crystallization behaviour of the protein was screened by
the hanging drop method, which was initiated by mixing one
volume of protein with one volume of reservoir solution and
by changing the following parameters: concentrations of both
protein and precipitant, and temperature at constant pH. The
protein solution used in the crystallization set-up contained
the enzyme in 100 mM Tris-HCI at pH 8.0, 20 mM MgCl,
and 2 mM CoCl,. The protein concentration ranges varied
from 8 to 14 mg/ml by increment of 2, and the ammonium
sulfate concentration ranged from 0.5 to 1.75 M by increment
0f 0.25. The multi-wells were placed in incubators at different
temperatures (10 to 35°C by increment of 5). Crystallization
assays were performed by using EasyXtal Tool crystallization
plates (QIAGEN). The drop contained 2 pl of enzyme solution
mixed with 2 pl of reservoir solution and equilibrated over
reservoir. Plates were stored at different temperatures for dura-
tions depending on the crystallization conditions. An example
of the obtained crystals was shown in Figure 2.
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Figure 2. Crystals of glucose isomerase obtained at 14 mg/ml of protein with 1.50 M (A) and 1.75 M (B) of ammonium sulfate. Crystals
belong to the space group 4, with unit cell parameters of: a = 128.221 A, b = 128.221 A, ¢ = 171.326 A and = 90°.

Solubility measurement

The protein concentration, in equilibrium with the crystals,
which is called solubility (S) was measured according to the
following scheme. Crystals were grown using the hanging
drop, which contained a total volume of 4 pl (2 pl of enzyme
solution mixed with 2 ul of reservoir). Withdraw 1 or 2 ul of
clear supernatant under the binocular. If too microcrystals
are present, the drop was centrifuged and the aliquot was
taken from the clear supernatant to prevent crystals. There-
fore, dilution was made to the minimal volume required for
optical density (OD,gp) measurements allowing solubility
determination. The solubility measurements were followed
by spectrophotometry until it remained unchanged for at
least three weeks. The supernatant was then filtered through
a membrane with a pore diameter of 0.22 pm and the absorb-
ance of the filtrate was calculated using the extinction coeffi-
cient of the enzyme, which is 1.12 ml-mg™!-cm ™! at 280 nm.
The experimental error was estimated about 15%.

Results and Discussion

Effect of precipitating agent concentration on the solubility

Solubility (S) is defined as the concentration of soluble
protein in equilibrium with the crystalline state at a given
temperature, pH value and in the presence of a given con-
centration of solvent. Probing the solubility of the proteins
at different concentrations with different precipitating agent
concentration is useful to determine the solubility (or phase)
diagram. Phase diagrams plotting the solubility versus tem-
perature (from 283 to 308 K) at various precipitating agent

(from 0.5 to 1.75 M) and protein (8-14 mg/ml) concentra-
tions have been established experimentally. As shown in
Figure 3, the GI exhibited retrograde solubility dependence
as a function of precipitating agent concentration, indicat-
ing that attraction is induced between protein molecules in
the presence of ammonium sulfate. The rate of decreasing
solubility as a function of ammonium sulfate concentration
was more pronounced at lower temperatures (i.e., for GI
concentration of 14 mg/ml, the solubility variation could be
reduced by a factor of ~14 and ~5 at 283 and 293 K, respec-
tively). The solubility decreases with increasing ammonium
sulfate concentration by a factor of ~2.3, ~1.4 and ~1.2 at
298, 303 and 308 K, respectively, whatever the GI concen-
tration. Our results are in agreement with those reported
concerning the crystallization of GI from other strains. In
fact, Chayen et al. (1988), by using the hanging drop method
with ammonium sulfate as a precipitant agent, found that the
solubility of crystalline GI from Arthrobacter decreased with
increasing ammonium sulfate concentration. Furthermore,
Vuolanto et al. (2003) studied the solubility of GI from
Streptomyces rubiginosus. They found that the solubility
decreased logarithmically when increasing the ammonium
sulfate concentration. However, for low magnesium sulfate
concentrations, GI crystals have a lower solubility. Using
laser confocal differential interference contrast microscopy
and with Polyethylene glycol (PEG) as a precipitant agent
for the crystallization of GI from Streptomyces rubiginosus,
Sleutel et al. (2009) found a decrease in the solubility with
increasing PEG concentration. Van Driessche et al. (2009)
described the solubility of the same GI using ammonium
sulfate at 0.6 and 0.85 M with the higher solubility obtained
at 0.6 M of ammonium sulfate. Indeed, at low salt concentra-
tions the dominating effect is screening of negative patches
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on the protein surface by sulfate ions, which would reduce
the charge repulsion between the protein molecules, and
therefore lead to the observed drop in solubility (Einsen-
haber 1999).

Effect of temperature on the solubility

Biological macromolecules can be crystallized by using
a variety of techniques, and a wide range of reagents which
produce supersaturated mother liquors. These may, in turn,

be applied under different physical conditions such as tem-
perature, which can be an important variable in biological
macromolecule crystallization, since an understanding of
the phase diagram is useful for the production of suitable
crystals for structural biology (Boistelle et al. 1992; Lafont
et al. 1994, 1997; Revalor et al. 2010).

The results summarized in Figure 3 show an increase in the
solubility of GI with increasing temperature. In the GI con-
centration range of 8-14 mg/ml, an increase in temperature
from 273 to 308 K was found to affect more the solubility of
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Figure 3. Solubility curve of GI as a function of temperature in 0.5 M, 0.75 M, 1 M, 1.25 M, 1.50 M and 1.75 M of ammonium sulfate.
Solubility’s data were obtained at 14 mg/ml (diamonds), 12 mg/ml (squares), 10 mg/ml (triangles) and at 8 mg/ml of GI (circles).
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GI crystals at higher salt concentration (i.e., S increased by
afactor of ~5at 0.5 M and ~33 at 1.75 M for a GI concentra-
tion of 10 mg/ml). These results reinforced what was so far
reported for the crystallization of several GI. In fact, Visuri et
al. (1990) determined the solubility of GI Streptomyces rubigi-
nosus at temperature range from 290 to 305 K and found that
the solubility increased as increasing temperature at 0.84 M of
ammonium sulfate. Similar data were described by Van
Driessche et al. (2009) where they observed an enhancement
in the solubility of GI with temperature at concentrations of
0.6 M and 0.85 M ammonium sulfate.

Enthalpy, entropy and free energy of crystallization

From solubility data, thermodynamic parameters are often
calculated using the expression for the standard free en-
ergy AGY of crystallization and the equilibrium constant
of crystallization K,ys; (van Holde et al. 2006; Taulelle et
al. 2009)

AG" =AH’ —-TAS’ =—RTInK,,,, (1)
. sy
K('ryst = ael = (ye FJ (2)

where AH? and AS? are the standard enthalpy and entropy of
crystallization, respectively. T is the temperature, R = 8.314
J/mol/K is the universal gas constant, 4, is the activity of
Gl in solution in equilibrium with the crystal, y, is the cor-
responding activity coeflicient, S is the equilibrium protein
concentration, and C?is the concentration of the solution in
chosen standard state (1 mol/kg). If we assume ideal solution
(i.e. activity coefficient 1) (Sleutel et al. 2009), the Eq. 2 can
be written (Atkins and De Paula 2006)

S -1
Koy = [Fj (3)
From Eq. 1 it follows that
0 0
IH[SOJ:AH _AS @
C RT R

To estimate AHY, In (S/CY) is plotted against I/T as
shown in Figure 4 and fitting the data points in this plot.
We get a straight line which slope is AH?/R and intercept
is — ASO/R.

The crystallization enthalpies were determined from the
slopes of Figure 4. As expected, the solubility dependence
on temperature yields a negative enthalpy of crystallization.
The change in enthalpy of GI crystallization is negative (exo-
thermic process) indicating a heat release when crystals were
formed. As shown in Table 1, at lower ammonium sulfate

concentration, the variation of GI concentration does not
affect the enthalpies value. (i.e., AH? = -57 + 9 kJ/mol at
8 mg/ml and -44 * 6 kJ/mol at 12 mg/ml), however, a little
variation was observed at higher ammonium sulfate concen-
tration and was attributed to the predominant salting-out
effect (AHY ranged from -132 + 20 kJ/mol to -87 + 13 kJ/mol
for the same conditions). In this study, the enthalpy of crys-
tallization tends to decrease as increasing salt concentration
(i-e.,at 8 mg/ml, AH? = -57 + 9 kJ/mol and -132 + 20 kJ/mol
for ammonium sulfate concentration of 0.5 M and 1.75 M,
respectively). In case of the Streptomyces sp GI crystals (data
not shown), the obtained larger enthalpy value corresponds
to the large surface energy of these crystals, as previously
described for the Taka-amylase A by Ninomiya etal. (2001).
Furthermore, Van Driessche et al. (2009) reported that
crystallization enthalpies values for the Streptomyces rubigi-
nosus GI were —144 kJ/mol and -174 kJ/mol, respectively, at
0.6 M and 0.85 M of ammonium sulfate. However, Suzuki et
al. (Suzuki et al. 2002) found an enthalpy of crystallization
of -160 kJ/mol at 0.91 M ammonium sulfate.

The same trend was observed for entropy with a de-
crease in the entropies values as increasing salt concentra-

Table 1. Thermodynamic parameters of Streptomyces
sp. GI crystallization

GI (NH4),SO4 AHY ASO
(mg/ml) (M) (kJ/mol) (J/mol K)
0.50 -38+6 -
0.75 -42+6 -18+3
14 1.00 -47+7 -32+5
1.25 -55+8 -60+9
1.50 -61+9 -77 £ 10
1.75 -67 + 10 -98 + 15
0.50 -44+ 6 -24+3
0.75 -47+7 -33+5
1 1.00 -53+8 -52+8
1.25 -62+9 -81+12
1.50 -71+10 -111+17
1.75 -87+13 -162+24
0.50 -44+ 6 -43+6
0.75 -53+8 -53+8
10 1.00 -59+9 -71 £ 10
1.25 -71+10 -110+ 17
1.50 -84 +12 -151+22
1.75 -107+17 -227 +34
0.50 -57+9 -66 + 10
0.75 -61+9 -76+12
8 1.00 -68 £ 10 -98 £ 15
1.25 -84+12 -150+22
1.50 -100+15 -204 %30
1.75 -132+20 -307 =45

GI, glucose isomerase; AH, standard enthalpy; ASY,
standard entropy.
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tion (i.e., at 8 mg/ml, AS’ ranged from ~ -66 + 10 J/mol-K to
~ =307 + 45 J/mol-K for salt concentration range of 0.5 and
1.75 M, respectively). This decrease may be attributed to the
activity of the bulk water. For the crystallization of GI from
Streptomyces rubiginosus, Van Driessche et al. (2009) found
that ASY took a value of -370 J/mol K and -462 J/mol K,
respectively at 0.6 M and 0.85 M of ammonium sulfate. The
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results reported by Suzuki et al. (2002), indicated crystalliza-
tion entropy of 420 J/mol-K at 0.91 M of ammonium sulfate.
We attributed the dissimilarity in the thermodynamic values
to the difference in the biochemical parameters, amino acid
sequence and to the crystallization and the solubility method.
We note that at lower salt concentration, the effect of protein
concentration on the enthalpy and entropy was not significant.
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Figure 4. Van't Hoff plot of the solubility data of GI (logarithmic solubility versus reciprocal of absolute temperature) in 0.5 M, 0.75 M,
1M, 1.25M, 1.50 M and 1.75 M of ammonium sulfate. Solubility’s data were obtained at 0.5 M of ammonium sulfate and 14 mg/ml of
GI (diamonds), 0.5 M of ammonium sulfate and 8 mg/ml of GI (squares), 1.75 M of ammonium sulfate and 14 mg/ml of GI (circles)
and at 1.75 M of ammonium sulfate and 8 mg/ml of GI (triangles). T, temperature; CY, concentration of the solution in chosen standard

state (1 mol/kg); S, equilibrium protein concentration.
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Figure 5. Temperature dependence of the crys-
tallization free energy of GI crystals at 14 mg/ml
and at 8 mg/ml. Data obtained at 0.5 M of am-
monium sulfate and 14 mg/ml of GI (diamonds),
0.5 M of ammonium sulfate and 8 mg/ml of GI
(squares), 1.75 M of ammonium sulfate and
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As previously reported by Sleutel et al. (2009), the negative
entropy contribution for Gl indicated an entropy loss upon the
attachment of protein molecules to the crystal either due to the
constrained translational and rotational degrees of freedom
of these biomolecules. Similar data were reported in the case
of the porcine insulin (Bergeron et al. 2003). Furthermore, it
was stated that enthalpy and entropy contributions are respon-
sible of the thermodynamics of molecular recognition during
crystallization (Vekilov 2003). The effect of water/solvent
molecules would have a significant role and may be explained
by an entropic effect (Vekilov et al. 2002).
Combining Eqs (1) and (2) gives

AG’=RT In (FSO ) (5)

As shown in Figure 5, the free energy of crystallization is
dependent on temperature for a higher salt concentration and
lower GI concentrations (i.e., at 1.75 M of ammonium sulfate
and for a GI concentration of 8 mg/ml, AG? varied from -44.6
+6to -37.7 £ 6 kJ/mol, however, at 0.5 M of ammonium sul-
fate and for GI concentration of 14 mg/ml, AG? was constant
and took a value of -36.51 + 6 kJ/mol). The gradual decrease
in the absolute AGY as a function of temperature is the result
of the increasing contribution of T-AS? which disfavoured
the crystallization of enzyme. The obtained results correlate
well with those previously reported by Sleutel et al. (2009)
for the crystallization of GI from Streptomyces rubiginosus,
using a PEG solution as precipitant agent.

In this study, GI crystals exhibited a retrograde solubility
dependence on ionic strength and a solubility dependence on
temperature. The GI solubility is affected more by varying the
temperature than the ionic strength and the protein concen-
tration. The GI crystallizes following an exothermic process
with a negative crystallization enthalpy. The AH? values of
crystallization, decreases with increasing salt concentration
and a significant difference at lower GI concentration was
observed. The lowest value of crystallization enthalpy (-132
kJ/mol) was found at higher salt concentration (1.75 M)

14 mg/ml of GI (circles) and at 1.75 M of am-
monium sulfate and 8 mg/ml of GI (triangles).
AGY, standard free energy of crystallization.

310

and at lower GI concentration (8 mg/ml) which is in agree-
ment with the salting out concept leading to large crystals
with a few numbers. The entropies behaviour of GI in this
study indicated a release, trapping and rearrangement of
water upon attachment to the crystal, which can be defined
as a hydrophobic interaction. The decrease in the absolute
free energy value of crystallization is observed at higher salt
concentration and for lower GI concentration with lower tem-
perature indicating that crystallization will be promoted.

Finally, this contribution is certainly of importance since
it brings additional data to how to get crystals allowing the
determination of the 3D structure of this industrial GI. From
such information, we will be better able to understand the
origin of their interesting features, as well as the key roles of
many amino-acid substitutions.
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