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High activity of inclusion bodies formed in Escherichia coli
overproducing Clostridium thermocellum endoglucanase D
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The formation of cytoplasmic inclusion bodies by Excherichia enli overproducing Clostridium thermaeellum gndoglucinase D (EGD) was investigated,

EGD was found in inclusion bodies a3 a 68 kDa forny, whereus the size of the eytoplusmic form was 63 kDu. Upon selubilization with urea followed

by diniysiz, the 68 kDu form was converled (o the 65 kDu species. Protealysix oceurred within the COOH-terminal, reiterated region of the 64

kD form, which is conserved among mast C. thernoeellion endoglucanases, but is not required for eatalytie nctivity. The specifie activity of the

enzyme embedded in inclusion bodics wis close to thit of the purified protein. Thus, inclusion bady farmution dees not.invelve denaturation of
the cutalytic domuin of EGD. but, mare likely, the participation of the reiteruted, canserved region in intermoleculr interactions.

Inclusion body: Clasiridium thermacellum, Endoglueunase D; Protein folding

1. INTRODUCTION

A number of recombinant gene products synthesized
in. Escherichia coli precipitate’ and form insoluble
cytoplasmic inclusion bodies [1-3], which appear as
highly refractile, amorphous granules, not surrounded
by a membrane [6-8]. Inclusion bodies are thought to
be formed from in vivo protein folding intermediates
leading to improperly folded, insoluble forms of the
product [9]. Solubilization of the precipitaied protein
usually requires treatment of inclusion bodies with a
chaotropic agent, such asurea [3,5], and recovery of the
desired product in a native form is often difficult,

In this respect, Clostridium  thermocelhun en-
doglucanase D (EGD) stands out as an exception. Fu-
sion of the celD gene encoding EGD with the lacZ ' gene
of ‘plasmid pUCS results in levels of EGD expression
reaching up to 15% of total protein, and about 20~30%
of the enzyme is found in inclusion bodies. In contrast
to the majority of inclusion body proteins, EGD ex-
tracted with urea from the insoluble fraction is highly
active; furthermore, the protein crystallizes readily,
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providing additional evidence that it has a highly
homogeneous and presumably native conformation (8].
To investigate the basis of such a behaviour, the proper-
ties of EGD present in inclusion bodies were
characterized prior to urea solubilization and dialysis.

2. MATERIALS AND METHODS

2.1 Preparation of EGD fractions

E. coli IM101(pCTEOI) [B) was grown.at 37°C in Luria brath [10)
containing 100 pg/ml carbenicitlin, Cells from 1 liter overnight
cultures were harvested in stationary phase, resuspended in 100 mi 50
mM  potassium phosphate-12.5 ' mM citrate buffer, pH 6.3 and
disrupted in a French pressure cell at 90 MPa (13 000 psi). The broken
cell suspension was fractionated by centrifugation at 27 000 X guas
for 20 min into a soluble, tytoplasmic fraction and an insoluble pellet
containing inclusion bodies. The insoluble fraction was washed twice
by resuspending in 0.15 M NaCl followed by centrifugation for 20
minat 27 000 X guax. The washed pellet was treated with 0.1 M Tris-
HCI pH 8,5 containing 5 M urea [8). The solubilized protein was
dialyzed for at least 30 h (4 buffer changes) against 20 mM Tris-HCl,
pH 7.7, and purified as described previously {8].

2.2.. Antisera

Anti-EGA-antiserum was obtained from rabbits immunized against
endoglucanase A (EGA) purified from C. thermocellim cultuire
supernatant (111 Anti-EGD antiserum was raised in rabbits immuniz-
ed against EGD purified from inclusion bodies produced by E. coli
JM101(pCT603) [8].

2.3, Western blotting

Samples were heated at 100°C for S min in 2% SDS/5% g-
mercaptocthanol sample buffer, followed by SDS-PAGE [i12].
Western blotting was performed according to Towbin ef al. [13}. The
anti-EGD antiserum was saturated with a crude extract of E. coli
TGi{pUCI9) [14] to prevent adsorption to nonsspecific bands,

2.4, Enzyme assay ;
The release of p-nitrophenol from p-nitrophenyl-G-D-cellobioside
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(p-NPCY wits followed secording 1o Chauvaux et al, [13). One unit of
PNPCase activity hydrolyees one pmol 5:NPC per min, The speific
aetivity of EGD purified from inclusion bedies was ¢aloulated after
meusuring the: protein congentration wing the Coomaisie blue bin.
ding assuy [16), witly bovine serum albumin as & standard,

To obuain the specific activity of BGD present In inclusion bodies

and in erude eyvtoplasmie supernatant, the g-NPCase activity prevent
in cach fracdon was divided by the amoaunt of EGD antigen,
evtimated by cutting out and ¢ounting radioactive bands from a
Western blot.Activity and antigen assays were run in guadruplicate
and compared with similar assays, run in duplicate with purified, 63
kDa EGD. Errers In the derermination of specific activity were
caleulated by adding the relative errors of the activity assay and of the
Western blat quantification of EGD, as determined from the stan-
dard deviation of each set of valuey,

3. RESULTS

3.1. EGD is present in inclusion bodies as a 68 kDa
Jorm,

EGD present in inclusion bodies was analyzed after
dissolving in SDS-mercaptoethanol sample buffer [12]
at 100°C (Fig. 1). A major species with an M. of 68000
kDa was detected by Western blotting using anti-EGD
antiserum (lane B). The same species was present after
treatment of inclusion bodies with 5 M urea (lanes
C-D). Upon dialysis, however, the 68 kDa form was
truncated to 65 kDa (lan¢ E), presumably owing to the
reactivation of a protease present in the extract, A
similar observation was made by Babbit et al, [17], who
found that, upon dissolving of aggregates formed in E.
coli followed by refolding, Torpedo californica ¢creatine
kinase and bovine pancreatic trypsin inhibitor are
degraded by a protease associated with the inclusion
body fraction. The 65 kDa form, corresponding to the
species-of EGD described previously [8], was purified
by three precipitation steps using streptomycin sulfate,
heat treatment and ammonium sulfate {8] (lanes E-H,
and data not shown). Only the 65 kDa species of EGD
was detected in the soluble cytoplasmic fraction (lane
A).

3.2. Conversion of the 68 kDa form into the 65 kDa
Jorm affects the conserved, reiterated domain
located at the COOH terminus of EGD.

The COOH-terminal region encoded by cel/D con-
tains two highly homologous segments of 23:amino
acids each [18] (Fig. 2). It is strongly conserved in a
xylanase and in most endoglucanases of C. ther-
mocellum whose sequence is known to date, but it is not
directly involved in catalytic activity [14,15,19].

Western blotting using antibodies directed against C.
thermocellum endoglucanase A (EGA) indicated that
conversion of the 68 kDa polypeptide into the 65 kDa
form removed at least part of the conserved COOH-
terminal sequence. EGA has no detectable homology
with EGD, except for the reiterated, conserved domain
present at the COOH terminus of both proteins. Any
immunological cross-reactivity of EGD with EGA an-
tibodies would therefore be expected to be due to the
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Fig. 1. Western blotting analysis of various fractions of EGD isolated
from £, coli IM101{pCTE03). The blot was probed with anti-EGD
antiserum, A, cytoplasmic supernatant; B, inclusion bodies washed
twice with 0.15 M NaCl; C, inclusion bodies resuspended in S M urea
before centrifugation; D-H, fractions from the purification of EGD
frony inclusion bodies:(8}; D, supernatant of urea-treated inclusion
bodies; “ E, dialyzed - urea supernatant; F, supernatant after
strepromycin sulfate treatment; G, supernatant after heat treatment;
H, animonium sulfate precipitate. 166 nU of enzyme were loaded in
each lane,

presence of the conserved domain within EGD protein,
As shown in Fig. 3, the 68 kDa form of EGD (lane b)
reacted with anti-EGA antibodies. In contrast, no
cross-reactivity was observed with the 65 kDa form
(lane ¢) obtained after dialysis of the urea extract, -nor
with the 63 kDa form synthesized from a truncated gene
not encoding the COOH-terminal reiterated region
(lane a) [15). The result confirms previous COOH-

EGD
~
Signal Catalytic domain Raiterated,
peptide conserved
segments
83kDa
85 kbDa
68 kDa

Fig. 2. Domain structure of EGD. The extent of the catalytic domain

was defined by deletion analysis of ce/D (data not shown). The

portion of the EGD sequence present in the 63 kDa, in'65 kDa and in

the 68 kDa forms discussed in the text are shown by horizontal bars.

Each species resulted from the fusion of ce/D in frame with the start

of.facZ ', using the Hindl1ll site present in the polylinker of pUCS (65
and 68 kDa forms) [8] or pUC19 (63 kDa form) [15].
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Fig. 3. Recognition of the 68 kDa form of EGD by anti-EGA

antiserum. Samples were submitted to SDS-PAGE followed by

Western blotting using ant-EGA antiserun. a, 63 kDa EGD (10 pU),
b, 68 kDa EGD (20 pU); ¢, 65 kDa EGD (23 nU).

terminal analysis showing that the 65 kDa species did
not end at Ile-649, the last residue predicted from the
nucleotide sequence of ce/D [18], but at Leu-605 [15],
which is located at the end of the first repeated segment
(Fig. 2).

3.3. Insoluble EGD present in inclusion bodies has
close to full activity.

EGD present in inclusion bodies could be assayed
prior to urea solubilization using the low molecular
weight substrate p-NPC. Control experiments showed
that the activity was not released in soluble form, but
remained in the insoluble fraction under the conditions
cf the assay (data not shown).

As shown in Table I, about 25% of the total activity
present in the broken cell suspension prior to cen-
trifugation is accounted for by the insoluble fraction.
Association of the activity with inclusion bodies and
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not with some other inseluble fractian (e.g. cell debris) -
was suggested by the concomitant appearance of insolu-
ble BEGD activity and of refracuile bodies in recombi-
nant ¢ells (unpublished data). Furthermore, more than
90% of the activity remained in insoluble form afier
treatment with 2 M NaCl, 20 mM EDTA, or 1% Triton
X-100, or in buffers with a pH range of 4.8 t0 8.8, In
addition, only 12% of the activity was released in solu-
ble form in the presence of 2 M urea (data not shown):
Neither the urea treatment, nor the following dialysis
resulted in loss or increase of activity, This is consistent
with data showing that purified EGD is fully active in
the presence-of 5§ M urea, and that, at 20°C, 8 M urea
does not induce any change detectable by circular
dichroism (A. Chaffotte and M. Goldberg, personal
communication).

The specific activity of the enzyme present in each
fraction was calculated afrer estimating the amount of
EGD by Western blotting. Since antibody probing oc-
curred after the samples had been denatured in SDS at
100°C, the immunoreactivity of the EGD species
detected was independent of their initial conformation.
The lowest specific activity was found for the soluble
cytoplasmic enzyme (0.9 = 0.2 U/mg). EGD present in
inclusion bodies prior to solubilization had a specific
activity of 1.4 * 0.25 U/mg, close to the activity of the
purified enzyme (1.6 + 0.4 U/mg). The two minor
bands detected in Fig, I, lanes B to H, were not taken
into -account for the calculation of specific activity,
since, from previous deletion analysis of ce/D (data not
shown), they corresponded to polypeptides too short to
contain a functional active domain. It is possible that
other, still: smaller EGD fragments -were present in
solubilized -inclusion bodies and ‘escaped antibody
detection. However, the data show that most or all of
intact size EGD protein present in inclusion bodies (and
not only a subfraction that would be preferentially
solubilized in the presence of urea) had nearly normal
activity. Furthermore, the presence of active EGD in
the insoluble fraction does not seem to be due to
passive, non-specific trapping of soluble proteins, since
the insoluble . and the cytoplasmic fraction - of
IM101(pCT603) show quite different electrophoretic
patterns [8]. As pointed out before, the enzyme purified

Table ]

Distribution of the activity between various EGD fractions isolated
from £, coli IMI0Y(pCTE03)

Sample Activity (U) Activity yield (%)
Broken cell suspension 130 100
Cytoplasmic supernatant 100 76
Washed inclusion bodies 32 25
Solubilized inclusion bodies 32 28
Urea dialysate 32 25

Cells from a 1 liter overnight culture (ODgson = 4.5) were processed
and the total activity present in each fraction was assayed as described
in section 2.
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from  the  granule fraction does not consist of a
heterogeneous mixture of species with different confor-
mations since it can be readily erystallized.

4, DISCUSSION

How do the results presented above fit with the view
that inclusion bodies result from improper protein
folding leading to the formation of aggregates? Activity
measurements show that aggregated EGD displays little
change of conformation of the catalytic core, which
comprises 90% of the total sequence of the protein,
Similarly, urea treatment does not affect the activity of
the enzyme significantly. These features are consistent
with the thermostable character of the enzyme, which
implies a high stability of its native struciure. However,
changes in the conformation of the COOf-terminal
region, which is distinct from the catalytic domain and
not required for activity [15], would not be detected by
activity assays. It is:therefore tempting to speculate
that, in the case of EGD, inclusion body formation is
mediated, at least in part, by intermolecular interac-
tions involving the COOH-terminal domain, which
would be sensitive to urea. Two observations are consis-
tent with the proposed model: (i) no insoluble, active
EGD could be pelleted from broken cells carrying a
truncated version of ce/D. encoding a form of EGD
devoid of the COOH-terminal domain {15}; (ii) inclu-
sion bodies contained almost exclusively the 68 kDa
species, which carries: most or all -of the COOH-
terminal domain, whereas only the truncated 65 kDa
species was found in the soluble cytoplasmic fraction.

Thus, the departure of EGD from the usual proper-
ties of inclusion body proteins (denatured conforma-

tion devoid of activity) could be only apparent. The .

participation of the COOH-terminal domain in inter-
molecular interactions leading to aggregation is fully
consistent with the model proposed by Mitraki and
King [9], and earlier by Goldberg and Zetina [20}, based
on the interaction of partially misfolded polypeptides.
The critical point is that, in the case of EGD, conforma-
tional changes do not affect the catalytic domain of the
enzyme,

It remains to be determined whether the formation of
cytoplasmic aggregates in E. coli has any connection
with the real function of the reiterated domain. It has
been speculated that the conserved region could par-
ticipate in the anchoring of the various components to
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the high molecular weight cellulolytic complex, or
cellulosome (21], of C. thermocellum. Thus, it might
act as a ‘sticky’ tail, which would also enhance inclusion
body formation when the proteins are expressed in E.
coli.
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