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Abstract

Endoglucanase V catalytic core is a single chain protein of 213 amino acids. The titration of the ionizable groups of the
macromolecule has been performed by an isothermal calorimetric technique and the pKlQ and AH? related to the groups have
been estimated and no apparent abnormality was observed in the titration behavior. These values are in agreement with the

expected theoretical ones. © 1998 Elsevier Science B.V.
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1. Introduction

Ever since the pioneering work on calorimetric
study of potentiometric titration of myoglobin [1],
many other proteins have been studied by microca-
lorimetry [2-9] and experimental values compared
with theoretical calculated ones. This procedure
allows the confirmation of the number of ionizable
groups exposed to the solvent compared with the
amino-acid composition, the ionization pKs and the
heats of ionization of the groups present in the
macromolecule. Furthermore in the case of a struc-
tural modification, such as an unfolding transition
characterized by a large enthalpic contribution, a
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large heat effect would be observed during the pH
variation.

With the currently available instrumentation, high
precision measurements are possible in a short time
with the use of a small amount of macromolecules in
diluted solution.

The Endoglucanase V (EGV) produced by the
soft-rot fungus Humicola insolens is a cellulase
(Mr=43000).

It consists of a catalytic core connected by a flexible
linker to a cellulose binding domain, similar to other
fungal cellulases [10,11]. The catalytic EGV-core is a
protein in a single chain of 213 amino acids
(Mr=22 865) and its 3D structure has been determined
by X-ray analysis at 1.6 A resolution [12,13]: it is an
overall spheroid with approximate dimensions
42x42%22 A.
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2. Materials and methods
2.1. Protein preparation

The EGV cellulase has been cloned from Humicola
insolens [14]. Initially, the catalytic active core was
obtained by proteolytic cleavage of the linker; later, by
a stop codon introduced after amino-acid residue 213.
The amino-acid composition can be seen in the
Table 1. The catalytic core has been crystallized
and the 3D structure solved [12,13].

The gene of EGV-core was transformed into Asper-
gillus oryzae using a plasmid with the gene inserted
between the gene coding for fungal amylase promoter
and the gene coding for the AMG terminator from
Aspergillus niger [15].

The cellulase was separated from the Aspergillus
proteins by cation exchange chromatography on the
extracellular proteins as follows. The fermentation
broth was adjusted to pH 3.5 and filtered to remove
the precipitating proteins. Then, the proteins were
subjected to ultra-filtration (concentrated and washed
with water) on a DOW GR81PP membrane with a cut-
off at 6 kDa until the conductivity of the eluate was
below 1000 mS/cm. The sample was finally applied to
a S-Sepharose column equilibrated with a 20 mM
citrate buffer pH 3.5. The enzyme will bind to the
S-Sepharose at this low pH and it is eluted as a single
peak using a NaCl gradient from 0 to 500 mM. The
eluted pure enzyme was concentrated on an Amicon
cell with a DOW GR81PP membrane and lyophilized.
The cellulase was stable over a large range of pH (3-9)
and lyophilized without any loss of biological activity.

Table 1
Amino-acid composition of EGV-core from Humicola insolens
[25]

AA No. AA No.
Pro [P] 15 Leu [L] 7
Gly [G] 26 Tyr [Y] 5
Ala [A] 20 Phe [F] 15
Val [V] 11 Lys [K] 8
Cys [C] 14 His [H] 1
Met [M] 1 Trp [W] 6
Asp [D] 16 Glu [E] 5
Asn [N] 12 GIn [Q] 9
Thr [T] 10 Arg [R] 11
Ser [S] 15 Tle [1] 6

The lyophilized powder was dissolved in a de-
aerated 50 mM NaCl solution without any buffer
and then gel filtrated in a BioGel P10 column
(350 mm h; 0.8 mm ¢). The pH of the final solution
was corrected at a value of 8.3540.03 (Orion, Boston,
MA, USA) with small amounts of NaOH solution.

The concentration of the protein solution was deter-
mined by spectrophotometry using a Cary 219 instru-
ment (Varian, Palo Alto, CA, USA) at 280 nm with
E!% = 1.846 assuming a molecular mass of 22 865
[16]. The absorbance measured was corrected for light
scattering according to the method of Leach et al.
[17].

2.2. Experimental calorimetry (ITC)

Microcalorimetric experiments were performed at
25°C with an isothermal titration microcalorimeter
(ITC) (Microcal, Northampton, MA, USA) [18]
equipped with a microsyringe of 250 pl.

The protein concentration was 4—8x 10> mol 1™
and the effective volume of the calorimetric cell is
1.3622 ml. A 5x10 > mol 1-' HCI solution, also con-
taining 50x10 > mol I”' NaCl, was placed in the
calorimetric syringe and 28 injections of 4-16 ul were
made. The stirring device was at 500 rpm. Observed
heat effects were corrected for the heats of dilution of
the solutions, the latter being always very small.

The calculation of the enthalpy of ionization from
the areas of the peaks after drawing the baseline
(Fig. 1) was performed by the Origin software pro-
gram (Microcal, Northampton, MA, USA).

3. Results
3.1. Theoretical approximation

The heat of protonation of a protein can be calcu-
lated assuming that all the ionizable amino acids
(Table 1) present in the macromolecule are all
exposed in the solution and they contribute with their
protonation enthalpy change according to the extent of
protonation at different pH values.

AHD, = mAH) (1)

mon

where n; is the number of groups of type i ionized out
of a total of n?, and AH? the value of the heat of
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Fig. 1. Raw data obtained for 28 injections, 10 of 4 ul, 10 of 8 ul
and 8 of 16 ul, of 5 mM HCI in the presence of 50 mM of NaCl
into a sample cell containing EGV-core solution at a concentration
of 6.94x10°M in the same concentration NaCl solution. The
starting pH of the solution was 8.35.

ionization observed in model compounds [19,20] or
standard behaving proteins [1-9].

n; as a function of pH can be estimated by the
Lindestrm-Lang approximation theory [21,22]:

n; 1
H—1 L | =pK?— Z (2
pr—oe {no_n,] PR (2.3RT>W @

l

where pK? is the intrinsic pK of this group of side
chain, R the gas constant, T the temperature, w a
constant depending on the solution’s ionic strength
and on the size and the shape of the protein molecule
and Z the charge of the molecule at a given pH.

The electrostatic factor w can be approximately
calculated according to the Debye—Hiickle theory
for a protein of Stokes’ radius R;=1.693 nm and an
ion exclusion radius a=R,+0.2 nm [19] in a solvent
with a dielectric constant D (78.36 at 25°C) by the
equation:

e? kR,
= 1 —
¥ T DR AT ( 1+ ka) )

where e is the electron elementary charge and k the
Debye—Hiickle parameter:
_ 8nNe?
~ \1000DkT

1/2
) 1'? =7357 x 108 m™!

“4)

where N is the Avogadro’s number, k the Boltzmann’s
constant and / the ionic strength (50 mol/m3).
From Egs. (3) and (4) the calculated w is 0.101.
The best pK?, w and AHP values were estimated by
fitting the calorimetric data to Eqgs. (1) and (2). Z as a
function of pH can be drawn from Eq. (2).

3.2. Experimental isothermal calorimetry

Fig. 1 shows the raw calorimetric data obtained by
injecting a HC1 solution in a EGV-core solution from a
starting pH of 8.35+0.03.

The heat developed as a function of the amount of
HCI added is shown in the Fig. 2. From the theoretical
curve the amount of protons, [H"], which reacted with
the ionizable groups and the amount of free protons in
solution which modify the pH have been calculated.
As a first approximation, the heats of protonation of
the single groups reported for other proteins [1-9]
have been utilized to draw a theoretical curve and then
the differences from the experimental ones have been
minimised by an iterative method. The heat of hydro-
xyl groups protonating between pH 8.3 and 7.0 with a
AH=43.2 kJ/mol has been considered in the theore-
tical calculations. The pH of the solution during the
calorimetric titration can be evaluated assuming that
the sum of the protons bound to the protein and the
change in free ones correspond to the amount added in
each injection. The calculated line of the heat evolved
is reported in Fig. 2(b) and Table 2 indicates the
values of pK;, the number of ionizable groups in the
molecule and the AHs of protonation calculated.

Table 2

pK, and AH° values for amino-acid residues in EGV-core
calculated by best-fitting approximation. I=50 mM NaCl,
7=25.0°C

n pK, AH/(K) mol™})
a-COOH 1 3.13+0.01 5.0+0.4
R-COOH 21 3.87+40.01 4.68+0.04
Imidazole 1 6.90+0.02 28.4240.04
a-Amino 1 7.90+40.01 39.740.4
Phenolic 5 (10.10£0.01)*  (25.5+£0.4) %
e-Amino 8 (10.504£0.05)*  (25.6+£0.4) "
Guanidyl 11 (12.64+0.1)* (584+4)°
w 0.097-+0.002
pl 5.1440.05

* See text.223



20 R. Galletto et al./Thermochimica Acta 321 (1998) 17-21

10 1 T T T T
8t J
o™
=
x 61 T
-
o 4f T
2- =
a
Or_' -y 1 1 1 i
0 2 4 6 8 10 12
H" (mol ) x 107

100 T

80

601

401

-AH (kJ / mol )

Fig. 2. (a) Heat developed during the thermal titration of EGV-core in the function of the amount of HCI added. (b) Enthalpy titration curve

for EGV-core in the pH range from 8.35 to 4.0. ([J) Experimental data points, (
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Fig. 3. Binding data of the experiment plotted according to the
Eq. (2) for carboxyl ([]) and histidine groups (O).

The calculated isoelectric point is pl.=5.1440.05
and corresponds to the calculated pH where the elec-
trical charge of the protein is nearly zero.

The experimental results can be plotted (Fig. 3)
according to the Eq. (2) for each ionizable group:
the intercept indicates the experimental value of
pK? and from the slope w can be calculated. The
pK? of carboxyl groups is relatively low, pK°=3.844+
0.01; w =0.096£0.002, and their protonation does not
overlap with the histidine group, pK°=6.89-+0.01;
w=0.097+£0.002. This fact avoids the controversial
considerations on calorimetric protein titration
reported by Bjurulf [5].

) calculated best-fitting curve.

4. Discussion

The results reported in the Table 2 confirm that all
the ionizable groups expected from the amino-acid
composition are exposed to the solvent and are titrated
by the acid solution: this is in agreement with the
structure determined by X-ray measurements [12,13].
Furthermore, the heat per mole of protein measured
over the entire pH range does not imply any drastic
transition of the structure of the molecule usually
associated with larger heat values as was reported
for oxidised cytochrome C, chymotrypsinogen A [6]
and o-chymotrypsin [9]. The parameter w is also
connected with the shape and the dimension of the
macromolecule [21] and the possible uncertainty cal-
culated from the fitting (w=0.097£0.002) does not
implicate large structural modifications. The cellulase
retains >50% relative catalytic activity over the pH
range of 6 to 10 [16].

The calculated AHs are very similar to those
reported in similar titration curves for other proteins
[1-9] confirming that the protonation of the ionizable
groups is not thermodynamically abnormal [23].

It should be noted that the apparent pK values
obtained for guanidyl- and e-amino-groups cannot
be determined with the same precision as those of
the other groups because of the relatively low starting
pH of the experiments (8.35) and their consequent
low weight in the minimization procedure. It was
not possible to increase the starting point without
compromising the stability of the macromolecule.
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o.-Carboxyl groups are usually protonated in proteins
with a enthalpy change ranging from 1 to 6 kJ/mol and
the apparent pKs are not easily distinguished unless
the side chains are in markedly different environment
[5,23]. The low value compared with other proteins
can be justified because of the sequential and spatial
proximity of many of the carboxyl groups. These are
found between 3-5 A as seen from the molecular
structure [12,13] using Insight IT (Biosym Technolo-
gies, San Diego, USA).

The precision of the parameters for histidine reflects
to the large value of enthalpy change of protonation
compared with the value of carboxyl groups. Preli-
minary NMR studies on this protein have reported that
the pK, value for imidazolyl group titration was
6.9840.03 [24] in agreement with the value reported
in the Table 1.

5. Conclusions

The calorimetric titration carried out on this protein
confirms that the structural conformation of the
macromolecule is stable over a large range of pH
and that all the ionizable groups predicted from the
amino-acid composition are present and exposed to
the solvent.

Acknowledgements

We thank Dr. G. Davies for the CA co-ordinates
of catalytic core of Endoglucanase V and Dr. D. Otzen
for helpful comments.This work was funded by the
European Union (Contract BIO2-CT94-3018)

References

[1] J. Hermans Jr., G. Rialdi, Biochemistry 4 (1965) 1277-1281.
[2] G.C. Kresheck, H.A. Scheraga, J. Am. Chem. Soc. 88 (1966)
4588-4591.

[3] M.A. Marini, C.J. Martin, Met. Enzymol. 27 (1973) 590-616.

[4] CJ. Martin, M.A. Marini, Analytical Chemistry 8 (1979)
221-286.

[5] C. Bjurulf, Eur. J. Biochem. 30 (1972) 33-36.

[6] D.D. Shiao, J.M. Sturtevant, Biopolymers 15 (1976) 1201—
1211.

[7] C. Tanford, M.L. Wagner, J. Am. Chem. Soc. 76 (1954)
3331-3336.

[8] R.M. Izatt, J.J. Christensen, in: Handbook of Biochemistry

and Molecular Biology-Physical Chemical Data vol. 1, CRC

Press Inc., Cleveland, USA, 1976, pp. 151-269.

R. Biltonen, A.T. Schwartz, I. Wadso, Biochemistry 10 (1971)

3417-3423.

[10] N.R. Gilkes, B. Henrissat, D.G. Kilburn, R.C. Miller Jr.,
R.A.J. Warren, Microbiol. Rev. 55 (1991) 303-315.

[11] M. Schiilein, D.F. Tikhomirov, C. Schou, in: P. Suominen, T.
Reinikainen (Eds.), Proceedings of the second TRICEL
symposium on Trichoderma reesei cellulases and other
hydrolases, Foundation for Biotechnical and Industrial
Fermentation Research, Espoo, Finland, (1993) pp. 109-116.

[12] GJ. Davies, G.G. Dodson, R.E. Hubbard, S.P. Tolley, Z.
Dauter, K.S. Wilson, C. Hjort, .M. Mikkelsen, M. Schiilein,
Nature 365 (1993) 362-364.

[13] GJ. Davies, S.P. Tolley, B. Henrissat, C. Hjortand, M.
Schiilein, Biochemistry 34 (1995) 16210-16220.

[14] C. Schou, G. Rasmussen, M.B. Kaltoft, B. Henrissat, M.
Schiilein, European Journal of Biochemistry 217 (1993) 947—
953.

[15] T. Christensen, H. Woldike, E. Boel, S.B. Mortensen, K.
Hjortshgj, L. Thim, M.T. Hansen, Biotechnology 6 (1988)
1419-1422.

[16] M. Schiilein, Biochem. J., 1997, in press.

[17] SJ. Leach, H.A. Scheraga, J. Am. Chem. Soc. 82 (1960)
4790-4792.

[18] T. Wiseman, S. Williston, J.F. Brandts, L. Lin, Analytical
Biochemistry 179 (1989) 131-137.

[19] J.T. Edsall, J. Wyman, in Biophisical Chemistry, Academic,
New York, 1958, pp. 447-549.

[20] C. Tanford, Advan. Protein Chem. 17 (1962) 69-165.

[21] C. Tanford, in Physical Chemistry of Macromolecules, John
Wiley and Son, 1967, pp. 526-586.

[22] C. Tanford, J. Am. Chem. Soc. 84 (1962) 4240-4247.

[23] C.R. Cantor, P.R. Schimmel, in Biophysical Chemistry Vol. 1,
W.H. Freeman, Co., San Francisco, USA, 1980, p. 50.

[24] M. Schiilein — personal communication.

[25] G. Rasmussen, J.-M. Mikkelsen, M. Schiilein, S.A. Patkar, F.
Hagen, C.M. Hjort, S. Hastrup, (1991) World Patentwo 91
17243.

[9

[t



