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Synopsis

The psychrophilic cellulase, Cel5G, from the Antarctic bacteriBeeudoalteromonas
haloplanktisis composed of a catalytic module (CM) joined to a carbohydrateing
module (CBM) by an unusually long, extended and flexible linker (LR) contaihreg loops
closed by three disulfide bridges. To evaluate the possible rokhiofregion in cold
adaptation, the linker was sequentially shortened by protein engigeseiccessively deleting
one and two loops of this module whereas the last disulfide bwadgealso suppressed by
replacing the last two cysteine by two alanine residues. Tinetikiand thermodynamic
properties of the mutants were compared to those of théehgth enzyme, also to those of
the coldadapted catalytic module alone and to those of the mesophilic homolegoyse,
Cel5A, from Erwinia chrysanthemiThe thermostability of the mutated enzymes as well as
their relative flexibility were evaluated by differentsdanning calorimetry and fluorescence
guenching respectively. The topology of the structure of the shontgant was determined
by small angle Xay scattering (SAXS). The data indicate that the sequestt@tening of
the linker induces a regular decrease of the specific acttevards macromolecular
substrates, reduces the relative flexibility and concomitantiseases the thermostability of
the shortened enzymes. This demonstrates that the long linker ofllithength enzyme
favours the catalytic efficiency at low and moderate tempeastoy rendering the structure
less compact but also less stable and plays a crucial role indaptation to cold of this

cellulolytic enzyme.

Keywords: cellulase, psychrophileseudoalteromonas haloplanktigker, SAXS, enzyme.

Introductio n

Cellulose is a natural component composed of linear polymers of thousarglscose
residues linked bf3-1,4 glycosidic bonds. Cellulose differs from other polysaccharidés by
insoluble and rigid structure, leading to a natural resistanceologimal degradation [1]. To
exploit the energy and carbon available in cellulose, organismsasufimgi and bacteria
produce mixtures of synergistically acting cellulases. Masgal cellulases are glycoproteins
and exist in multiple forms whereas bacteria produce mainly-ghmosylated
endoglucanases [2]. Microbial cellulases are often made of &-dbreain structure
consisting of a catalytic module (CM) and a cellulbsaling module (CBM), separated by a
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distinct linker region (LR) comprising a simple or repetitivgusnce often rich in proline,
threonine, serine or glycine [1:8. Recent studies have shown that linker domains can play
an essential role in catalysis by favouring cooperative-ttaerain interactions [Q3].

The Gramnegative Antarctic bacteriufAseudoalteromonas haloplank#®3 collected from
seawater secretes a psychrophilic cellulase, Cel5G (EC 3.2.1.4) belotwifagmily 5 of
glycosyl hydrolases and subfamily 2 (GEh This cellulase is composed of a catalytic
module long of 292 residues organized irBén)g barrel and a carbohydraéending module

of 61 residues separated by a flexible and unusually extended 108 aanils long linker
region [14, 15]. This colddapted enzyme displays the usual properties of enzymes produced
by psychrophilic organisms i.e. a high specific activity at low audlerate temperatures,
significantly higher than that of the mesophilic counterparts andrather high
thermosensitivity induced by a decrease of the intramolecular interafd®ag].

The crystal structure of the CM of Cel5G and a model struatirthe CBM have been
compared in details with similar parts of the mesophilic cdlell Cel5A fromErwinia
chrysanthemi[17-19]. The catalytic module and the carbohydrate module of Cel5G
respectively share 64% and 57% of sequence identity with theirpfmésocounterparts.
However the linker regions are very different. Indeed, in Cel5G, the 109 resitkezsidirich

in Gly, Val, Ser, Thr, Cys, Asp and Asn while the linker of theaphkgic counterpart, Cel5A,

is a peptide of 34 residues rich in Ser and Thr. In addition, theGClahker contains six
cysteine residues engaged in disulfide bridges, resulting ifotimation of three transversal
loops of 13 residues [17]. The structural comparison of the catahaitules of Cel5G,
solved by Xray crystallography, [17] and that of the mesophilic counterpaBACEIO0, 21],
associated with the analysis of the entire conformation of théppfalic cellulase obtained

by small angle xay scattering (SAXS), suggests that the long linker is aended and
highly flexible structure , and that the cold adaptation of Ce&ld@d not only arises from the
specific properties of the CM but also from the unusual properties of the linker [17].

In the present report this hypothesis was checked by studying the kihetmodynamic, and
stability properties of three variants of Cel5G, resulting fittvan gradual shortening of the
linker through the sequential removal of two of the loops closed byish#ide bridges, as
well as of the last disulfide bond. The relative flexibility thie three mutants was also

checked by fluorescence quenching using acrylamide as a quencher, and by SAXS

Experimental
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Strains and plasmids

Escherichia coliXL1-blue (Stratagene), RR1 (Stratagene), and JM110 (Invitrogen)usecde
for DNA cloning. E. coli BL21(DE3) (Novagen) an&. coli XL1-Blue MRF’ (Stratagene)
were used to produce the psychrophilic and mesophilic cellulase respectively.

The gene coding for thE. haloplanktisA23 Cel5G cellulase was cloned in the expression
plasmid pET22b(+) (Novagen), between the Ndel and Sacl restricties gielding
pET2Zel5G [14]. The pSNAB1 plasmid carrying theel5A gene from the mesophilic
Erwinia chrysanthemB937, has been previously described [19,20].

DNA techniques

Standard procedures for recombinant DNA technology were used agbeedny Sambrook
et al. [22]. DNA fragments were isolated from 1% agarose gels udieg Qiaquick
Purification Kit (Qiagen, Westburg, The Netherlands). The deletws® introduced by
inverse PCR using Vent DNA polymerase (New England Biolabs, BewA, USA) that
possesses a proofreading activity. Cys 396 was changed for Ala bgarR€R while the
Cys382Ala mutant was obtained using a-ditected mutagenesis kit (Stratagene). All mutant
constructs were verified by restriction mapping, and subsequéetigccuracy of the genetic
information in the modified fragments was controlled by their complete seqgenci
Construction of the truncated psychrophilic cellulase, Cel5gy

To reduce the size of the template used in inverse PCRel&& gene was recovered from
the pET22el5Gplasmid by digestion with Ndel and Notl and subcloned in the corresponding
sites of the 1.8 kb smaller pEZBa (+) vector. A termination TGA codon was introduced at
the 3’ end of the catalytic module (CM) encoding sequence by aBganucleotides 1 and 2
(Table 1) as primers. The expected plasmid was digested with atdle Xhol and the
fragment coding for the truncated cellulase was isolated anacespin the initial expression
vector yielding pET2@el5Go.

Introduction of in-frame deletions in the Cel5G linker region. Construction ofthe
Cel5GA1P (AAsp312Val342), and Cel5Q2P (AAsp3121le379) truncated proteins.

The 2.6 kb NdeXhol fragment containing theel5Ggene was isolated from the pET25EG
plasmid and subcloned in the small pSP73 cloning vector (Promega, Mad&ahtdJgive
pSRel5G. The Cel5GAIP and Cel5SGA2P mutants were obtained by inverse PCR using the
primers 3 and 4 or 5 and 6 (Table 1) respectively. The inserts cuanpletely sequenced
with the cel5G specific primers: 5GGAACGCCTACGTGGTCGCAAG3 and 5-
GGTAGTAGCAATGTTGATTTAGATAGCG?3'.
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Construction of the CelSGA2PmutCC mutant

The pET22el5GA2P plasmid was used as template for -siteected mutagenesis. The
experiment was performed in two steps. The oligonucleotides 7 andk (Mavere used to
exchange Cys382 for Ala and the resulting plasmid carrying thglesmutated cysteine
served as template to change Cys396 for Ala using the oligondele@iand 10 (Table 1).
The plasmid containing the two mutated cysteine residues was named
PET2Zel5GA2PmutCC.

Production of the various psychrophilic proteins

E. coliBL21(DE3) cells transformed with the different recombinant expressismpla were
grown overnight at 25°C on LB agar medium containing 100 ug.ml'l ampicillin, 100 ug.ml'l

of trypan blue and 5 g'lcarboxymethylcellulose. A positive cellulase activity appea®d
clear halos on the blue background. The production of all mutants wasdcaut as
described for the fullength cellulase [14]. Freshly transformed positive colonies weked
from LB agar plates and used to inoculate 4 ml of LB broth contalrfdfgg.ml™* ampicillin.
After 20 hours culture at 18°C, a 10 pl sample was used to inoculatd 8Dthe same
medium and the new culture was kept at 18°C up tosaia#5-6. One ml of this second pre
culture was then added to 300 ml of LB broth inlasterile flask and cells were grown up to
Assonn=3-4. The enzyme expression was then induced with 0.1 mM isoptetpyd-p-D-

galactoside (IPTG) and the cells were collected after 10 hours of induction at 18°C.

Production of the mesophilic cellulase, Cel5A

One colony of freshly transformésl coli XL1-Blue/pSNAB1 was picked from an LB plate
to inoculate 2 ml of LB broth supplemented with ampicillin. The cultuMés incubated at
30°C under agitation. One ml of this grelture was used to inoculate 100 ml of the same
medium in 500 ml sterile flask and the culture was pursued at 30°@ wpathing an
absorbance at 550 nm o4 An aliquot of 8 ml of this preulture was used to inoculate 300
ml of LB broth in 1l flask supplemented with 100 pg'rampicillin and 50 pg.mi IPTG.

The culture was grown at 30°C under agitation until reaching an absorbance at 5506im of 5

Extraction of proteins

Cells were harvested by centrifugation at 9a9@r 15 min at 4°C and were subjected to
osmotic shock [23]. The cell pellet was suspended in the osmotic stlatkrs (1/10 volume
of the culture broth) containing 20 % sucrose, 0.5 mM ED&, 100 mM TrisHCI, pH 8.
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The suspension was supplemented with 0.1 mM PMSF (Phenylmetbgidtiiforide) and
mixed in a rotary shaker at 180 rpm. After 10 min, the mixture eeatrifuged at 4°C for 15
min at 13008g. The supernatant was eliminated and the drained pelletapaiyr mixed
with a volume (v/v) of cold water containing 1 mM MgCIhe suspension was mixed for 10
min, centrifuged, and the supernatant, corresponding to the periplasmionfrawas
recovered, supplemented with 0.04 % NaNd stored a20°C.

Purification of proteins

All manipulations were performed at 4°C. The periplasmic fractiwase brought to 75 %
(NH4)2,SO, saturation, stirred for 1 hour, and the suspensions were then wgedrifit
14500«g for 30 min. The supernatants were discarded and the pelletsdmsolved in
buffer A: 25 mM Pipes, pH 6.5 containing 0.04 % Nakd 1 mM PMSF.

Purification of the catalytic domain of the psychrophilic cellulase, Celtcpm

The protein solution was diluted twice in buffer B: 50 mM Pipes, pH 85% (NH,).SO,
saturation and loaded onto a Phenyl Sepharose column (3x20 cm, Bgralirated in
buffer C: 25 mM Pipes pH 6.5, 25 % (MpBO, saturation. The column was washed with
buffer C and the proteins were eluted at a flow rate of..thim* with a linear gradient of
(NH4)2SO, (500ml, 25% salb00ml, 0 % salt) in buffer A. The fractions with cellulase
activity were combined and dialysed against buffer 1 (10 mM Hepeg,5H.04% Nah| 1
mM PSMF) using an Amicon ultrafiltration unit (Millipore) #&tl with a PTGC membrane
(10 kDa cutoff, Millipore). The concentrated sample was then loaded on a MaemHigh

Q column (3 x 20 cm, Biorad) equilibrated in buffer 1 and the proteins were eluted KAZTI
linear gradient (250 ml buffer-250 ml of a 300 mM KCI solution in the same buffer). The
active fractions were collected, dialysed against buffeltéréd using a 0.45 pm membrane
(Millipore) and loaded onto a Mono Q HR 5/5 column (0.5 x 5 cm, PhaanBiotech)
equilibrated in buffer 1. The column was then washed with buffer 1 andr¢teins were
eluted at a flow rate of 1 ml.nminwith a KCI linear gradient (30 rR80 ml 300 mM KCI).
The active fractions were pooled, dialysed against buffer 1, coatehtby ultrafiltration,
supplemented with 20 uM Pefabloc [4-(2-amincethyl}benzenesulfonylfluoride
hydrochloride] (Roche) and stored at —70°C. The homogeneity of theeguefizyme was
checked by SD®AGE using a 12 % polyacrylamide gel.
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Purification of the full-length psychrophilic cellulase, Cel5G, its mutants, andhe
mesophilic cellulase, Cel5A

The protein solutions obtained from the (NEBQ4 fractionation of the periplasmic samples
were diluted twice in buffer B: 50 mM Pipes, pH 6.5, 50 % (N&O, saturatiorand loaded
onto a cottorwool column equilibrated in buffer C (the support was sterilisedatemand
packed into a 5 x 12 cm Pharmacia column). The column was washeduffiéer C and the
proteins were eluted with cold MH water. The fractions containing the active cellulases
were collected and dialysed against Buffer 1. Then the callgleeparations, except the one
corresponding to the mesophilic cellulase that was alreadygdutified from the cottowool
column, were loaded onto a Magooep High Q column and eluted as described for the

psychrophilic cellulase Cel54g.

Determination of protein concentrations

Protein concentrations were determined for some samples witlicthehoninic acid method
[24] using the “Pierce Kit BCA Protein Assay Reagent” (PeBi@nce Belgium, N.V.) and
bovine serum albumin as standard and by absorbance measurement atf@8thamurified
proteins, using the extinction coefficientsitnof 95650 M! for Cel5G, Cel5GAIP,
Cel5GA2P, Cel5GA2PmutCC, 69900 M™* for Cel5Gow and 102455 M for CelSA.

Assays for Cellulase Activity

p-nitrophenyl-p-D-cellobioside

This was carried out as already described [15].

Macromolecular substrates: Carboxymethylcellulose and amorphous cellose

50 ul of the cellulase solutions were mixed with 450 ul of a 0.05-8 % carboxymethylcellulose
(CMC) [25] or with a 2 % amorphous cellulose solution in 25 mM Pipes, pH 6.5, 0.04 %
NaN;, 1 mM PMSF. After 10 min incubation at temperatures from 4 to 70°C the released
amount of reducing sugar was measured by the dinitrosalicylic acid méjo®he unit of
activity (IU) was defined as the amount of enzyme necessary to release 1 pmole of reducing

sugar per min.
Differential scanning calorimetry

The experiments were carried out using a microcalorimeter MicroGRIS® (Northampton,

MA, USA) and protein samples at concentrations ranging from 0.7 to 1 thghe samples
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were first dialysed against 30 mM MOPS buffer, pH 7.5, and eluted on a PD 10 column
(Pharmacia, Uppsala, Sweden) equilibrated in the buffer supplemented with 500 mM
sulphobetaine [§1-pyridinio)-1-propane sulphonate] in order to prevent protein aggregation
upon heating [27]. The thermograms were obtained using a temperature gradient afi 1°C/mi
and analysed according to a Awvo state model. The melting pointg &nd the calorimetric
enthalpy AH g, Of the individual transitions were fitted independently using the MicroCal
Original software, version 4.1. The source and the magnitude of errors gp dinel €nthalpy
values have been discussed elsewhere [28]. The reversibility of the thermabtrangas

assessed by the rescanning of the samples after cooling them at 10°C.

Thermodependence of the activity

The activity of the various cellulases as a function of temperature38”C) was measured
at saturated substrate concentration, in 25 mM Pipes buffer, pH 6.5. In the casenalthe s
synthetic substrate, pPNPC, the samples were incubated at the respegieeateras for 5

min and for 30 min with the large size substrate carboxymethylcellulose (CME)
activation energy FEwas calculated from the slopes of the Arrhenius plotsslnk1/T
according to the Arrhenius equatiogs®A e=RTin which kais the reaction rate, A the pre
exponential factor, R the gas constant (8.314 J'ixid) and T the absolute temperature in

Kelvin. The other thermodynamic parameters were calculated as previossijodd [15, 29].

Fluorescence quenching

The relative flexibility of the proteins was evaluated by fismence quenching using
acrylamide as a quencher. The fluorescence was recorded v&ilaAminco Model 8100
spectrofluorimeter (Spectronic Instruments, Rochester, NY, USA)guan excitation
wavelength of 280 nm and emission wavelengths of 340 nm and 334 nm sy tieophilic
and mesophilic cellulase respectively. The samples were pdeipa2®& mM Pipes buffer, pH
6.5 using a protein concentration that gave agh close to 0.1. The relative fluorescence
intensity was recorded after 30 s incubation in the presence yamaale concentrations
ranging from 5 to 120 mM at 10°C and 25°C. The experiments were pedannteplicate.
The raw data were corrected for the dilution effect and forstneening effect caused by
acrylamide (ezgonm= 4.3 M* cmi?). The relative fluorescencey/F represents the ratio of the
fluorescence intensity in the absence of quenchgr d& the measured intensity in the

presence of quencher (F). It was plotted as a function of acdgaooincentration. The data
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were fitted according to the Stewfolmer equation: FF=1+Ks\[Q] in which, Kgy is the
SternVolmer constant and [Q] the concentration of the quencher [30].

Proton induced X-ray emission- PIXE

This sensitive technique [31, 32] was used to determine the amount and nature of metal ions
possibly bound to the coladapted cellulase, especially calcium as in the case of
thrombospondins [33]. The elemesygecific Xray emission is generated through proton

beams directed on the sample. Element traces level can be detected but no C, O and N nor
elements with atomic number lower than 11. A proton beam of 2.5 and 3.0 MeV was
generated with a Van de Graff accelerator belonging to the “InstitutydggRle Nucléaire
Expérimentale (INPE) at the University of Liege”. The emitteth}{ energies (B0 keV)

were detected with a low energy Germanium detector commonly used to allow the
simultaneous collection of-Xay radiations generated by collision of the proton beam with the
samples in an helium filled chamber at a standard pressure of 760 mm Hg. Thié@cadis

the spectra was carried out using a GUPIX spectral analysis progradmon linear least

square analysis of peak intensities was performed using a library aireg¢asray

intensities for each element with a standard deviation of 5 %. For acquisition péthes

the native cellulase samples (1.6 mg™nih the presence or not of 5 mM EGTA was

prepared in MilliQ water eluted on a Chelex 100 column in order to remove calcium as much
as possible. The pH was adjusted to 6.5 with NaOH. Essentially plastic utensitsigye
washed with concentrated nitric acid, and thoroughly rinsed witkcikdum water, were

used throughout. The samples were all filtered, before use, through a thin nucféipore

free of any metal contamination.

Small Angle X-ray Scattering experiments

SAXS experiments were performed at the European Synchrotron Radiatibty F&cenoble,
France) on beamline ID02 as described previously [17]. The wavelengils 1.0 A. The
sampleto-detector distances were set at 4.0 m and 1.0 m, resulting in scattering vectors, q
ranging from 0.010 Ato 0.15 A and 0.03 A to 0.46 A, respectively. The scattering

vector is defined as g ¥ sinB, where B is the scattering angle. All experiments were
performed at 20°C. The data acquired at both satogletector distances of 4 mand 1 m

were merged for the calculations using the entire scattering spectrum.
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The protein concentration of CelSGA2PmutCC (in buffer 10 mM HepesNaOH pH 7.5,
0.04% Nal, 20 pM 4-(2-amincethyl)}-benzenesulphonytluoride hydrochloride with 5%
glycerol as radiation scavenger) was varied from 1.2 to 7.5 Img/rarder to check for
interparticle interactions. The protein concentration of Cel5Glduljth in the presence of
10mM CacC} (same buffer) was varied from 1.5 to 7.3 mg/ml. The radius ofiggr& was
derived by the Guinier approximatid(g) = 1(0) exp(-g°Rs%/3) for gRg <1.0. The distance
distribution functionP(r) was calculated on the merged curve by the Fourier inversion of the
scattering intensityi(q) using GNOM [34]. This approach also features the maximum
dimension of the macromolecule,R [35].

The overall shape of the variant cellulase was restored frorexgherimental data using the
program GASBOR [36]. Several independent fits were run with no ggmgmestriction and
the stability of the solution was checked. The atomic structfréee catalytic module and of
the cellulose binding module of Cel5G [17] were then fitted in thet nypscal calculated
shape, using SUPCOMB [37] and TURB®RODO [38].

Results and Discussion

Cloning and purification of the full  -length psychrophilic enzyme, its

mutants and the mesophilic cellulase

The molecular architectures of the fldhgth psychrophilic enzyme Cel5G, the three mutants
Cel5GA1P, Cel5GA2P, Cel5GA2PmutCC, the catalytic module Cel5Gepm, and the mesophilic
cellulase Cel5A are shown in Figure 1. The three mutants pomdsto a sequential
shortening of the linker region; they were generated by inve@&®R &sing the primers
indicated in Table 1. Cel53P is the product of the in-frame deletion of 31 residues from
amino acids 312 to 342. This deletion includes the first loop, the clusdbe catalytic
module, containing the first disulfide bridge formed between Cys 314 Gysd 328.
Cel5GA2P corresponds to a further shortening of 37 residues from amino acid 343 to 379; it
includes the second loop and the disulfide bridge formed between CasBd&ys359.
Cel5GA2PmutCC is similar in length to Cel5@&2P but the two cysteine residues: Cys382 and
Cys396 have been replaced by two alanine residues in order to evh&iatgortance of the
last disulfide bridge in the adaptation to cold. The fourth construcsGeglextending from
residue 1 to residue 292, is a truncated form of Cel5G consistithg gble catalytic module
devoid of the linker and of the carbohydrliading modules. The mutated fragments were

inserted into pET expression vectors to transf&rrooli BL21(DE3) competent cells.

10
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The mutants Cel561P, CelSGA2P, and CelSGA2PmutCC were purified to homogeneity
from the periplasmic fractions using the procedure already Oescfor the native Cel5G
[15]. About 20 mg of each protein were isolated per culture litee ddtalytic module,
Cel5Gy, was purified following a new protocol described in Materials aredhilds. This
protocol allowed the recovery of 25 mg of purified protein per liter. Jindfication of the
mesophilic cellulase Cel5A, encoded by pSNABL1 [19, 20] was carrieth aurte single step
by affinity chromatography on cottemool. A yield of 14 mg per liter was obtained. The
purity of the different proteins was checked by SBEYXSGE as illustrated in Figure 2. A single
band was observed in each case, showing apparent molecular nligbsigsd#ferent from
the theoretical ones of 49.4, 46.4, 42.6, 42.5, 32.0, and 42kDa calculated with theaRrotpar
software for Cel5G, Cel5G1AIP, Cel5GA2P, Cel5GA2PmutCC, Cel5Gcw and Cel5A,
respectively. The higher apparent molecular mass of the psyclicogtymes is typical of
proteins containing intrinsically disordered regions [39], as tlpeiculiar amino acid
composition prevents the complete binding of the anionic form of SDigetproteins, then
reducing the negative charge of the complexes.

In a previous study [17], the structural determinants at attawet of the adaptation to cold
of the catalytic module of Cel5G were determined. Despite thehigh sequence similarity
with its mesophilic counterpart, we showed that the psychrophiladytiat module displays
the typical adaptation to cold, which consists of a weakening @ nmdtecular interactions
contributing to increase the flexibility of the molecular emifiFurthermore about 50% of the
amino acids of the colddapted catalytic module display temperature or B factors hilgher
those of their mesophilic counterparts fré&rwinia chrysanthemiA peculiar feature is also
that the catalytic module of the ceddlapted enzyme shows a large excess of negative
charges: 3418', contrarily to the mesophilic homologue, /29" [16, 4642]. While the
carbohydratéinding modules display very high sequence similarity (57% of cdmple
identity), the linkers are strikingly different, both in length (108idees in the colddapted
enzyme and only 34 in the mesophilic counterpart) and in sequence. A distifeetture of
the linker of the psychrophilic enzyme is that it contains thwepd of 13 residues closed by
disulfide bridges constituting three non collapsible structures tlaatflanked by three
repeated motifs DXDXDXXXDXXD, called TSP3, also found in thrombospon{B8$ in
which they bind C#.

11
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Kinetic and thermodynamic activation parameters

The thermodependence of the activity of Cel5G, Ceglb@dCel5A towards the synthetic
and small size substrate pNPC is shown in Figure 3a. One ctrasda a temperature range
of 0°C to 50°C, the activity of the catalytic module is close td tifathe fultlength
psychrophilic enzyme, both largely outperforming the activity of niesophilic enzyme
Cel5A. At 25°C, the activity of the catalytic module alone is otlgud 20% lower than that
of the fultlength psychrophilic enzyme and an order of magnitude larger harot the
mesophilic enzyme (Table 2). The results are however quite diffeveen large size
substrates such as CMC and C are used. Indeed, unlike with pNP@getifec saactivity at
25°C of the coleadapted enzyme using CMC and C as substrates is more tharasacgh
as that of the catalytic module. The activity of the catalgtimdule is, by contrast, now
approaching that of the mesophilic enzyme Cel5A. ThevKlues are not very different
between the various enzymes. Table 2 compares the kinetic pasaofe@el5G, CelSgy,
and Cel5A, determined at 25°C, using these different substrates.

To mimic as much as possible what could occur in the real envirdgrohéhe bacterium, we
used CMC to measure the thermodependence of the activity of GdlE6 mutants and of
the catalytic module Cel5g. The data are shown in Figure 3b. One can see that there is a
regular decrease of the activity of the various forms of theadédghted cellulase as a function
of the linker shortening. The shortest mutant, CelSGA2PmutCC, devoid of any disulfide
bridge, displaying catalytic performances approaching those of theticatilgnain alone.
From these curves, the Arrhenius plots were traced and the theramoidy activation
parameters were calculated [29]. The data are shown in Tahleng with the specific
activities, at 10°C, of the various forms. As expected, the valutdeedctivation energy £
show a regular increase as a function of the linker shorteninguméhate for the shortest
form, Cel5G. The values of the free energy of activation AG™ also increase concomitantly.
This is due to an increase of the activation enthalpy AH™ partially reinforced by a concomitant
decrease of the activation entropy AS suggesting that the linker shortening also induces a
higher degree of order of the truncated forms when compared talltHenfjth enzyme
Cel5G. One can also notice that the removal of the last disbifidge leads to a decrease of
the activation entropy (¥S of -51.4 kJ.moll for CelS@\2P, and of-49.6 kJ.moll for
Cel5GA2PmutCC). This decrease in the activation entropy observed upon reaiove
disulfide bridge could be due to an increase of the compactness ostitfeddifree form of

the truncated mutants reducing the negative entropy change ldéading activation. This
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increase in compactness is presumably induced by an increassngtlstor in the number of
some intramolecular interactions prevented by the presence of the disudfidge. This
hypothesis is supported by the increase of the activation entfrajmg bonds have to be
broken to reach the activated state) and also by the incretseaaflorimetric enthalpy of the
disulfide-free form when compared to that of the disuHabataining form of the truncated
enzyme (see Table 3). In the same context, the origin of theaserof the heat absorbed
during the activation process of the truncated forms could be ascobadptogressive
increase of the stability and rigidity of the three dimensiotractires of the colddapted

cellulases upon shortening of the linker.

Thermal stability

To check this hypothesis, the thermal stability of the various faymthe coldadapted
enzyme was evaluated by differential scanning calorimetrg. profiles are shown in Figure
4. The values of the melting temperatureg; dnd T2, corresponding to the melting of the
two detectable thermodynamic domains of Cel5G and of its variants,the associated
calorimetric enthalpies AH ¢4 0f these domains, calculated from the areas under the absorption
heat peaks, are displayed in Table 3. One can see that ther@miged but significant
increase of the melting temperatures of the two thermodyndom@ins as a function of the
linker shortening of the fullength enzyme. Indeed, Celgfsshows a melting temperature,
Tm1, 6.9°C higher than that of the first transition of the -feligth enzyme. This is
accompanied by a regular increase of the calorimetric en¢sadpiggesting, as already stated
above, that the linker shortening induces a progressive increase wédkeintramolecular
interactions. As already mentioned, even the deletion of the ksfidée bridge producing
Cel5GA2PmutCC, gives rise to an increase of the calorimetric enthalpies suggesting that the
disulfide bridges are also necessary to maintain the linkemoneacollapsible and extended
form, preventing interactions within, and between modules as almaghested by small

angle xray scattering experiments carried out on thel&rth enzyme.

Flexibility of Cel5G mutants

Fluorescence quenching
The specific activities reported in Table 2 show that theléualyjth coldadapted enzyme
outperforms the efficiency of the catalytic module alone by a factorminereas the

activity of the catalytic module is close to that of the complete mesophijmenLel5A
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when large size substrates such as carboxymethyl cellulose and amorphitesecskere

used. It is generally considered that a high flexibility of proteins islyigbtrelated to an
increase in thermolability [43], and our results obtained by differential scacaliogmetry
show that the thermostability of the truncated forms increases with titershg of the linker.
These datas suggest that the increase in thermal stabilitg truncated cellulases should be
accompanied by a decrease of the flexibility of the molectiactsires. In this context the
technique of fluorescence quenching using acrylamide as a queoichiee tryptophan
fluorescence is very useful in evaluating the relative lfiéigy of psychrophilic enzymes
compared to their mesophilic homologues. Indeed the quenching effectgdhe relative
ability of the quencher to penetrate the structure and isfoihera measure of its permeability
[44, 45]. The quenching effect of acrylamide was evaluated on treratiff variants of the
psychrophilic cellulase, at 10°C, using increasing concentrations of aatglahine data were
expressed in terms of relative fluorescence intensity (FO/é)SkeraVolmer constants K,
corresponding to the slopes of the obtained lines (Figure 5). Oneeedahat the sequential
shortening of the linker also induces a dramatic and progressiveadeanf the flexibility of
the molecular structures. This clearly indicates that thegosition and structure of the linker
modulate the rigidity of the catalytic module, which contains 10eflf3 Trp residues found
in the protein. It is worth noting that the linker itself does not ¢orday Trp residues. The
implication of the linker in the flexibility of the catalytic adule is very important for
catalysis but rather hard to explain. A hypothesis is that thermuws negative charges in the
linker could be responsible for this effect through electrostapalsen since one should
remember that the catalytic module also contains a largeseateggative charges (848").
These electrostatic repulsions probably prevent the formation of@aobesive structure of
the catalytic module. The reduction of the number of negativegebtan the linker, through
its shortening, probably reduces this effect, increases the cohasdrstability of the
catalytic module and progressively increases the activation enthalpy (AH') of the truncated
forms (Table 2). Furthermore the linker shortening may repdssible some interactions
between the CM and CBM regions. All these effects would prevent the flgxifilihe linker

to be transmitted to the catalytic module when the linker is shortened.
Small angle X-ray scattering

SAXS experiments have been performed on the Cel5G shortest variant, CelSGA2PmutCC,
devoid of any disulfide bridge. SAXS is indeed a very appropriateadcadsess the structural
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properties (dimensions, overall shape) and the flexibility in solutionudti-modular proteins
containing disordered regions such as linkers.

At low angles, the scattered intensities are very well approximatdeeliyuinier law, and the
radii of gyration R, calculated for different protein concentrations, revealed slityiaictive
interactions in solution. The radius of gyration extrapolated to zereotaton is 36.% 1.5

A at 20°C. The distance distribution function is typical of mutidular cellulases [17, 46],
and the inferred maximum diametefRis 136+ 5A. The overall shape of C&32PmutCC

was calculate@b initio by the program GASBOR. Different runs gave similar shap#isgf

the data with a very googf of ~1.2 (Figure 6a). A typical calculated shape superimposed
with the structure of the catalytic module and of the cellubbsding module of Cel5G
(Figure 6b) shows that the linker occupies a rather extended voludnéhat it can adopt
elongated conformations between the two globular domains. As in [17awafer that the
maximum dimension attained by the linker is 66 A, while the lirikecomposed of 39
residues. This corresponds to a global compactness of 0.61 residues/A, to be compared to 0.48
residues/A for wild type Cel5G at 20°C when one does not take istmuacthe residues
involved in the transversal disulfid@nded loops [17]. This result indicates that the linker
preferably adopts more collapsed conformations when there is no nsaisiap. The
disulfide loops probably induce steric constraints that prevent the lioksollapse and, the
formation of intramolecular interactions that would stabilize and rigidify therentrotein.
The shortest mutant, devoid of any disulflsended loop can still adopt, as shown by the data
presented here, an extended conformation but it is much more compathehaiid type

linker.

Role of the TSP3 Motifs

The alignment of the amino acid sequences of the linker of theaddg@ted cellulase Cel5G
and of its mesophilic counterpart froErwinia chrysanthemiCel5A is shown in Figure 7.
The disulfide loops are separated by three amino acid sequenceered in Figure 7 as
follows: 293313, 329344, 360381which contain a repeated motif DXDXDGXXDXXD, at
positions301312, 332343 and 368B80. They are identical to the TSP3 motif found in
thrombospondins (TSPs), a family of extracellular glycoproteingetsd by platelets, and
involved in cellular communication and extracellular matrix intéoas [33].
Thrombospondins contain several motifs of this type, which each endaegsal@4’ with an

affinity not exceeding K=0.1 mM. The bound cations are however very important for the
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conformation and function of the protein. Therefore we postulatedhthadinker of the cold
adapted cellulase, containing three of these motifs, could also bowdneabns. By contrast
with thrombospondins, the chelation of calcium using EGTA does not dffectatalytic
performance of the colddapted cellulase (data not shown). We nevertheless decided to
evaluate possible metal binding using the technique of Proton Indudeay XEmission
(PIXE), a form of elemental analysis based on the nature of fasy Xmission that follows
the collision of the emitted protons with the metal ions presumahbgiassd with the protein

or present in solution. The spectra were recorded on th&efgth enzyme, Cel5G, in the
absence and in the presence of 5 mM EGTA added in order to concehtat@i’
potentially present, on a single component so as to facilitatetideteNo peak, typical of
Cd" or of any other metal, exception being from' M&ginating from the added EGTA, was
detected (not illustrated).

SAXS experiments were also performed on wild type Cel5G in #sepce of calcium (sea
water concentration: 10 mM €A The radius of gyration and the maximum diameter of
Cel5G obtained in the presence of calcium are 53.8 + 2.1 A and 210 + Spdctigely.
These values are strictly identical to those obtained for CeffitGno calcium added in the
buffer solution [17]. The scattering spectra were also perfectly sypesable, indicating that
Cel5G does not undergo any conformational change in the presenceiofmcédata not
shown).

These results show that unlike in thrombospondins, the TSP3 motifs of @el®Gt bind
calcium ions; the three loops closed by the disulfide bridges migtasipensible for the fact
that the three repeated motifs DXDXDXXXDXXD do not bind“Cadndeed, these loops,
through steric hindrance, might prevent the motifs from adopting theommgte
conformation required for Gasequestration. The negative charges of these motifs are thus
not neutralized by GA As a result, the linker from the psychrophilic cellulase contains
altogether 23 negative charges, with no positively charged amids. dciconsequence, the
negative charges of the linker also contribute, through electrostgtidsion, to prevent the

linker from collapsing, and to keep the catalytic and thecellulose binding modulepare

Conclusion
All the results presented here indicate that the Cel5G linker displays umacte st
properties that are responsible for a key role in the adaptation to cold of theopsylahr

enzyme. Most probably, while structural constraints limit the adaptation to cthid of
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catalytic domain, the linker has the possibility to explore much more conformationg duri
evolution in such a way to adopt original structural features that confer to thenfytth
enzyme a higher flexibility and an efficient adaptation to cold. As demorgstrgtemall
angle xray scattering [17], the long linker is an elongated and highly flexible steudEven
though transient compact conformations can always be attained, a combination i@usume
repulsive negative charges, and steric hindrances due to the transversal loogsipeeve
stabilization of intramolecular interactions, and thus confer to the linker arliigkibility.

The role of the transversal disulfitbended loops of Cel5G is comparable to the
glycosylation of mesophilic linkers in bimodular glycoside hydrolases [46, 47]. Thisrhig
flexibility of the linker provides a larger degree of freedom to the datatyodule and the
cellulosebinding module, favouring their correct positioning with regards to the cellulose
fibres even at low temperatures. It also considerably increases thmaeead by the
catalytic module at the surface of the cellulose and thus also favours figgccetciency as
previously mentioned [17, 48, 49].
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Table 1 Oligonucleotides used as primers in inverse PCR ocdsiéeted mutagenesis experiments.

Mutant N° Primer Sequence Location Direction
Cel5Gewm Cel5Gy_F 5-AAGCTTGCGGCCGCACTCGAGCA pET-23a(+) Forward
2 Cel5Gy_Rev 5'-GGTCAACCACCCCAACCTTGAATGAT-3’ 954975 Reverse
Cel5GA1P Cel5GAIP_F1 5-GATCAATGTCCTAATACACCAGTAGGTGAAACTG-3 11231158 Forward
(AAsp312-Val342) 4 Cel5G_Rev 5-AAGGCTGTCACTTACGCCATCCCCGT 10291003 Reverse
Cel5GA2P 5 Cel5GA2P F2 5-GATCAGTGCCCAGATACACCCGCTG3’ 12341258 Forward
(AAsp312-11e379) Cel5G_Rev 5-AAGGCTGTCACTTACGCCATCCCCGT 10291003 Reverse
Cel5GA2PmutCC
(Cys382Ala) 7 A2P C382A_F1 5-GTAAGTGACAGCCTTGATCAGGCECAGATACACC3 10381072 Forward
(Cys382Ala) 8 A2P C382A R1 5-GGTGTATCTGGGGETTGATCAAGGCTGTCACTTAG3’ 10721038 Reverse
(Cys396Ala) 9 A2P C396A F2 5-GCCAGTGTTGTAAGCTCAACAGATTGTAACGG3’ 10781109 Forward
(Cys396Ala) 10 A2P C396A R2 5 -TCCGTTTGTATCAACACTTGTACCAGZ 1077%1052 Reverse
The underlined TCA triplet is complementary to a stop codon introduced at the end of the GliddD&d5G.
The underlined GCC triplets code for an alanine and the underlined GGC sequenceesnemtgpy to an alanine cado
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Table 2 Comparison of the kinetic parameters, determined at 25°C, of th&erfgth
psychrophilic cellulase, Cel5G, its catalytic domain, Celp@nd the mesophilic cellulase,
Cel5A from E. chrysanthemand comparison at 10°C of the catalytic constants and of the
thermodynamic parameters, using carboxymethyl cellulose (CAdCubstrate, of the full
length psychrophilic cellulase, and of its mutants CABE Cel5@2P, Cel5@G2PmutCC

and Cel5Gu. (pPNPC,p-nitrophenyip-D-cellobioside, CMC, carboxymethylcellulose, and C,
amorphous cellulose).

25°C
pNPC CMC C
Cellulases Kk, x102(sh) | K, (mM) | k. (s | K,mM) | k., (s?)
Cel5G 30.0£0.01 35204 | 16.0+£0.02| 0.21£0.02 | 23.5+0.02
Cel5Gewm 23.0£0.01 3.5+£0.3 8.0£0.01 | 0.27£0.03| 9.70 £0.01
CelbA 3.0+0.01 24+0.3 50x0.05 | 0.20£0.02| 9.50£0.05
10°C (CMC)
Keat (S'l) Ea AG* AH* TAS
(kd.mo™) | (kd.mol") | (kJ.mol®) | (kJ.mol)
Cel5G 12 +0.01 13 63.3 10.6 -52.7
Cel5GA1P 10 £ 0.02 14 63.8 11.6 -52.2
Cel5GA2P 9+0.01 15 64.0 12.6 -51.4
Cel5GA2PmMutCC 8 +0.02 17 64.2 14.6 -49.6
Cel5Gepm 6 +0.02 20 65.0 17.6 -47.4
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Table 3 Microcalorimetric parameters of thermal unfolding of the natiul-length

psychrophilic, Cel5G, cellulase and its mutants, CAIBG Cel5GA2P, Cel5GA2PmutCC,

and Cel5Gy.

Tml Tm2 Aflcall AI{calz
Cellulase L .

(°C) (°C) (kcal.mol") (kcal.mol")
Cel5G 43.3+0.3 479+0.1 63.2+7.8 52.5 7.7
Cel5GA1P 453+0.3 48.3+0.1 63.8+7.7 53.9+7.5
Cel5GA2P 456 +0.4 48.8+0.1 64.2 +8.2 54.7 +8.0
Cel5GA2PmutCC| 47.7+0.3 50.3+0.1 64.8 + 10.6 57.2+10.4
Cel5Gem 50.2+0.1 53.8+0.1 66.5 + 8.0 705+7.1
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Legends of figures

Figurel.

Schematic representation of the structure of the nativdefuljth psychrophilic cellulase
Cel5G. (the numbering corresponds to the amino acid sequence of tine m@tein), its

mutants Cel5GAIP, Cel5SGA2P, Cel5GA2PmutCC, the catalytic module, Cela6m and the

full-length native mesophilic cellulase, Cel5A. The signal peptidegsmmond to the dotted
boxes, the catalytic modules to the black boxes, the linker regaihe tsolid lines and the
carbohydratéinding modules (CBM) to the boxes with diagonal lines. Theangges on the
linker correspond to the disulfide bridges and loops closed by them.

Figure 2.

(a) SDSPAGE (12% acrylamide) of the fuléngth psychrophilic cellulase, Cel5G (lane 2),

its catalytic module,Cel5&y (lane 3), and the mesophilic cellulase, Cel5A (lane 4). Lane 1:
standard proteins (phosphorylase b, 97 kDa; bovine serum albumin, 62.2 kDa; ovalbumin,
45kDa; carbonic anhydrase, 31kDa, soybean trypsin inhibitor, 21.5 kDa, anchg;sb¥.4

kDa.

(b) SDSPAGE (12% acrylamide) of the fdiéngth psychrophilic cellulase, Cel5G (lane 2);

the mutants of deletion, CelSGAIP (lane 3), CelSGA2P (lane 4) and the mutant
Cel5SGA2PmutCC (lane 5). Lane 1: standard proteins as above.

Figure 3

Thermodependence of the activity of the various cellulasgAq measured using pNPC as
substrate: black circles, fukngth coldadapted cellulase, Cel5G; diamonds, catalytic module
of the coldadapted cellulase, Cel%{s; black triangles, mesophilic cellulase frdanwinia
chrysanthemiCel5A.

(b) Thermodependence of the ca@dapted cellulases using carboxymethylcellulose as
substrate: black circles, feltngth coldadapted cellulase, Cel5G; open circles, mutant
CelSGAI1P; black squares, mutant CelSGA2P; white squares, mutant CelSGA2PmutCC;

diamonds, catalytic module, Celgfa

Figure 4
Thermograms obtained by Differential Scanning Calorimetry (D&Ghe fultlength cold
adapted enzyme, Cel5G and of its mutants of deletion in the linkdr.[feak represents the
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heat absorbed during the unfolding of the 3D structure. From lafjltb Cel5G (solid line),
Cel5GAIP (long dash line), CelSGA2P (dash dot dot line), CelSGA2PmutCC (dotted line),
and catalytic module, Cel%G (dash dot line).

Figure 5

SternVVolmer plots corresponding to the quenching of the Trp fluorescend®°@t of the
various coldadapted cellulases using acrylamide as a quencher. The rdlatixescence,
FO/F, is plotted as a function of acrylamide concentration. FO iutvescence obtained in
the absence of quencher and F the fluorescence obtained in the @refseog/amide. The
SternVVolmer constants, &, represent the slopes of the different lines; they have been
calculated from the Stefviolmer equation: FO/F=1+K, [Q]. Black circles, Cel5&sy=

0.89; white circles, CelSGA1P-Ksy= 0.59; black squares, Cel5SGA2P-Ksy= 0.49; white
squares, CelSGA2PmutCC-Kgy= 0.34; diamonds, Cel5GCMs,= 0.29, and black triangles,
Cel5A-Ksy=0.19

Figure 6

Ab initio shape restoration of mutant CelSGA2PmutCC by small angle X-ray scatteringd)
experimental spectrum (black circles) and fit to the data given by GRSBfy line). )
Typical calculated shape obtained by GASBOR (grey envelope), superimpolsedewit
atomic structures of the catalytic module (left) and of the CBM (righ©Qel5G. The atomic

structures are in black ribbon representation.

Figure 7

Sequence alignment, using the programme ClustalW [50], of the linker regionef(ltiR)
cold-adapted cellulase, Cel5G (formerly named CelG, Genbank accessih7a®.2 and of
the mesophilic cellulase, Cel5A (formerly named CelZ, Genbank accessig0#10. The
linker of the psychrophilic enzyme is long of 109 residues and that of the mesophiliaseellul
is long of 34 residues. The few dots between the alignment correspond to identicellaor si

amino acid residues and the underlined sequences to the three TSP 3 motifs.
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