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ABSTRACT. Two carboxylic acid side chains can, depending on their geometry and environment, share a
proton in a hydrogen bond and form a carboxghrboxylate pair. In theTrichoderma reesei
cellobiohydrolase Cel6A structure, five carboxglarboxylate pairs are observed. One of these pairs (D175-
D221) is involved in catalysis, and three other pairs are found in, or close to the two surface loops covering
the active site tunnel of the catalytic domain. To stabilize Cel6A at alkaline pH values, where deprotonation
of the carboxylic acids leads to repulsion of their side chains, we designed two mutant enzymes. In the
first mutant, one carboxylcarboxylate pair (E107-E399) was replaced by a corresponding amide-
carboxylate pair (Q107-E399), and in the second mutant, all three carbcasioxylate pairs (E107-

E399, D170-E184, and D366-D419) were mutated in a similar manner. The unfolding studies using both
intrinsic tryptophan fluorescence and far-ultraviolet circular dichroism spectroscopy at different pH values
demonstrate that the unfolding temperaturig) (0f both mutants has changed, resulting in destabilization

of the mutant enzymes at acidic pH and stabilization at alkaline pH. The effect of stabilization seems
additive, as a Cel6A triple mutant is the most stable enzyme variant. This increased stability is also reflected
in the 2- or 4-fold increased half-life of the two mutants at alkaline pH, while the catalytic rate on
cellotetraose (at= 0) has not changed. Increased operational stability at alkaline pH was also observed
on insoluble cellulosic substrates. Local conformational changes are suggested to take place in the active
site loops of Cel6A wild-type enzyme at elevated pHs (pH 7), affecting to the end-product spectrum on
insoluble cellulose. The triple mutant does not show such pH-dependent behavior. Overall, our results
demonstrate that carboxytarboxylate pair engineering is a useful tool to alter pH-dependent protein
behavior.

Enzymes and other proteins are used in a broad range of The existence of carboxylcarboxylate interactions in
biotechnical and biomedical applications, for example, in proteins and their possible effect on protein stability was
diagnostics (antibodies), as drug molecules (hormones), ordiscussed in the literature for the first time 20 years @)o (
as catalysts (amylases, proteases, cellulases) in chemicalhe occurrence of these carboxylarboxylate pairs in
processes. Several potential applications are, howeverprotein structures from the Protein Data Bagk lfas later
hampered by the low stability of proteins under process been analyzed in a systematic approach, which led to a
conditions. Key objectives in industrial applications are suggestion of their importance in enzyme catalysis and
stability at high temperature and resistance against chemicalinding of substratestf. Experimental work by Mortensen
denaturants, oxidation, and proteolysis. Nowadays, there areand Breddam ) showed that the stability of a serine
two main protein engineering approaches to address thes€@rboxypeptidase was significantly decreased by removal of
questions: directed evolution and rational (structure based) Pair of glutamic acids in the active center of the enzyme.
protein design. Results from those studies have confirmed This destabilizing effect was strongest at low pH values.
the dominating influence of hydrophobic interactions in the ~ On the other hand, it has been proposed that low-barrier
core of a protein structure but have also revealed the hydrogen bonds (LHBH)might play a role in enzymatic
nonnegligible role of electrostatic interactions and hydrogen catalysis (see Cleland et al. for a review). (Although it is
bonds. Recent work demonstrates also the importance ofstill under debate whether LBHBs really exist in proteins,

charge-charge interactions on the protein surfat ( there is experimental evidence that short hydrogen bonds in
proteins can be stronger than those of normal lengthlih
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general, the strength of a hydrogen bond depends on its Protein Production and PurificationThe Cel6A mutants
length and linearity, its microenvironment (ligands and were produced as described by Srisodsuk et 1) énd
solvation), and how well thely, values of the conjugated purified essentially as described by Reinikainen et H).(
acids match. With respect to these factors, pairs of carboxylic Briefly, culture supernatants were separated from mycelia
acid side chains in proteins could meet the criteria to form and concentrated. After desalting with Biogel P-6 (Bio-Rad,
strong or some even low-barrier hydrogen bonds. Cambridge, MA), the protein solutions were run through a
In the present paper, we show that engineering carboxyl DEAE-Sepharose FF column (Pharmacia, Uppsala, Sweden)
carboxylate pairs forming hydrogen bonds can be used toequilibrated in 50 mM sodium acetate buffer (pH 5.6). The
enhance stability of a fungal cellulase, Cel6A. The theoretical flow-through fractions containing Cel6A protein were further
background to this study is described in detail elsewhere (G. pyrified by thiocellobioside-based affinity chromatography
Wohlfahrt, manuscript in preparation). Cel6A is one of the (19). The purity of the mutant preparates were checked and
two major ceIIobiqhydroIases_secreted by the_inglustrially verified by SDS-PAGE 0) and Western blotting2(1). The
important mesophilic fungusrichoderma reeseiTricho-  presence of contaminating cellulolytic activities were ruled
dermacellobiohydrolases are enzymes that are most efficient ;¢ by measuring the activities against MeUmb(lc
on highly crystallin.e ceIIquse. They pr'oduce mainly ceIIo.- MeUmb(GIc), and hydroxyethyl cellulose (HEC) as de-
biose from the chain ends in a processive manner catalyzinggyiped earlierZ2). Concentrations of purified wild-type and

several consecutive bond cleavages before dissociating fromy, ;tated proteins were determined from UV absorbance at
the substrate7(—10). Both T. reeseicellobiohydrolases are 280 nm using the molar extinction coefficient= 104 000

composed of a separate catalytic module and of a ceIIquse—M ~1 cm-L measured with total amino acid analysis for the

binding module, joined together by a long glycosylated linker . 0 ; :
(7). Crystal structures of the catalytic module (domain) of Lr;t;;;lis)CeleA wild-type enzyme (A. Koivula, unpublished

T. reeseiCel6A wild-type and various mutants in complex )
Immunoreagents=or Western blot analysis, monoclonal

with different ligands have been describé&] 11, 12). The T . .
active site of Cel6A is formed by surface loops, and it antibodies Cll-8 and ClI-82 raised against Cel6A were used
to detect Cel6A as described previoushs

provides binding sites for six glucosyl units; four of these
binding sites {2 — +2) are buried in a tunnel going through Measurement of Enzymatic Agty. Turnover numbers for
the hydrolysis of cellotetraose (G)cat 44 °C were deter-

the catalytic domaini(l). The catalytic domain of Cel6A
belongs to the glycosyl hydrolase family 6, from which more mined by HPLC (Waters Millipore, Milford, MA) equipped
than 60 different sequences are found in the CAZy databasewith a refractive index (RI) detector as described earlidy (
(13) (http://afmb.cnrs-mrs.frICAZY/acc.html) and detailed 24). The column used for separation of cello-oligosaccharides
3-D structures have been described for four different cellu- was Aminex HPX-42 A (Bio-Rad), and soluble cello-
lases of fungal and bacterial origin. oligosacchrides (Gle-Glc,) were used as standards. Turn-
All potent cellulolytic microorganisms secrete a battery over numbers were obtained from the initial velocities of
of cellulolytic enzymes, which cleave th®-glycosidic the reaction curves by a nonlinear regression data analysis
linkage of a cellulose chain by an acid hydrolysis mechanism. yrogram (Origin). The substrate concentration in the reaction
T. reeseiCel6A functions optimally under acidic pH; its pH  mixture was 30:M, and the enzyme concentration was
optimum being between pH-4 (14). The published pH  petween 0.007 and 0.181. At pH 5 and 7.7, activities were
optima of various family 6 cellulases range from pH 410 9. 455 determined at substrate concentrations of 600 and 90
We were interested in identifying structural motifs respon- «M to verify that 300uM is a saturating substrate concentra-
sible for stability in the neutral or alkaline pH range and o |n all measurements, samples were taken at eight to 11
whetherT. reeseiCel6A could be engineered to function o rant time points. The following buffers were used: 50
like the more alkalophilic cellulases in this family. mM sodium acetate, pH 5.0; 50 mM potassium phosphate,

EXPERIMENTAL PROCEDURES pH 6.1 and 7.1; 30 mM potassium phosphate, pH 7.7; and

. fh | ¢ ) 50 mM glycine/NaOH, pH 9.0. Determination of ttig,
e . e mansiomelon 9 values was perormed al 42C in 30 mM patassium
as the cloning host for all the DNA constructions ahd phosphate, pH 7.7 and using 308 cellotetraose as the

S ) final substrate concentration.
reeseistrain lacking the endogeneous genes for the endo- ) ) _
glucanase Cel5A and the cellobiohydrolase Cel6A as the Bacterial microcrystalline cellulose (BMCC) was prepared
production host of the mutant enzymes. For selection of from Nata de Coco (Reyssons Food Processing, The Philip-
Trichodermatransformants, hygromycin selection plasmid Pines) basically as described by Gilkes et &5( The
pRLMex30 was usedl§). The constructions of the mutant €nzymatic activity on BMCC was determined by shaking
plasmids were done by PCR overlap extension method, andthe intact enzymes (final concentration of 1.81) and
the mutated area was subjected to DNA sequencing. Muta-substrate (0.7 mg/mL) at 44C in 30 mM potassium
tions E107Q (GAA— CAA) and E107Q/D170N/D366N  phosphate, pH 7.5. Samples were taken at designated time

(GAA — CAA/GAC — AAC/GAC — AAC) were first
introduced to the full lengtlkel6A cDNA in pSP73 plasmid

points, and the reaction was stopped by adding half the
reaction volume of a stop-reagent containing 9 vol of 94%

(Promega). The mutated cDNAs were then cloned under theethanol and 1 vol o1 M glycine, pH 11.2. Samples were

cel7A (former cbhl) promoter of the fungal expression
construction as described earlidrd). Trichodermatrans-

filtered through Millex GV 0.22zm units (Millipore). The
soluble reducing sugars were assayegihydroxybenzoic

formation and choosing the best producing transformant wasacid hydrazide (PAHBAH) reagent using a cellobiose

performed basically as described by Stahlberg etld).

standard curve according to Boer et &6)
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The solvent regenerated, amorphous cellulose was pre{phosphate, pH 6.0; 50 mM potassium phosphate, pH 7.1;
pared from Avicel (Fluka AG, Switzerland) as described by 50 mM potassium phosphate, pH 7.9; and 50 mM sodium
Isogai and AtallaZ7). The enzymatic activity on amorphous borate/HCI, pH 9.0. Enzyme concentration in the fluores-
cellulose was determined at pH 5.0 (50 mM NaAc) and pH cence experiments was invariably Q.51

7.0 (50 mM potassium phosphate) as described above for cp measurements were performed on a Jasco J-720 CD
BMCC hydrolysis taking duplicate or triplicate samples at gpectrometer equipped with a PTC-38WI Peltier type tem-
each time point. Final enzyme concentration in the hydrolysis perature control system that controlled the temperature in
experiments was 1.4M, substrate concentration was 1.0 the cuvette. Spectra were recorded from 240 to 190 nm (using
mg/mL, and the incubation temperature was’€7 Soluble 3 1 mm cell and a bandwidth of 1 nm) every® and every
sugars were analyzed' by HPLC using cello-oligosaccharidesy 5 °C around the unfolding temperaturd,j until a
as standards as previously described. temperature of 86C was reached. The measurements were
Fluorescence Measurements and Circular Dichroism performed at pH 6.1 and 7.9 in a 10 mM potassium
SpectroscopyUnfolding studies based on monitoring the phosphate buffer, and the enzyme concentration in the CD
intrinsic tryptophan fluorescence of Cel6A wild-type and the experiments was 2:62.9 uM.
mutant proteins were performed on a Shimadzu RF-5000
spectrofluorometer using both guanidium hydrochloride and RESULTS AND DISCUSSION
temperature as denaturan®8), Emission and excitation
spectra were recorded with a bandwidth of 5 nm on both ~ Structural Analysis of CarboxyiCarboxylate Pairs in
monochromators. A thermostated cuvette holder connectedCel6A.A detailed structural analysis of the proteins deposited
to a water bath controlled the temperature of the samplein the PDB @) revealed that, in a subset of proteins sharing
solution. less than 90% sequence identity, 19% contain at least one
Guanidium hydrochloride was used to measure unfolding Pair of carboxylic acids having their side-chain oxygen atoms
of the enzymes at pH 6 and BQ A GuHCI stock solution within hydrogen-bonding distance (G WOhIfahl’t, manuscript
(6 M) in 50 mM potassium phosphate buffer was diluted in in preparation). As the distance between those interacting
50 mM potassium phosphate buffer resulting in a two dilution 0xygen atoms is frequently very short2.55 A), many of
series with an increasing amount of GUHCH® M). The these carboxylic acids are suggested to share a proton in a
pH of the two series of solutions was adjusted to pH 6 and Strong hydrogen bond, and some could even form a LBHB
8 by addimy 5 M NaOH, and the concentration of GuHCl in When situated in an appropriate structural environment (low
solution was determined by measuring the refractive index dielectric constant). TheKa values of these carboxyl
as described by NozakB(). TwentyuL of enzyme solution carboxylate pairs are expected to differ significantly from
and 480uL of GUHCI solution were mixed giving a final free or differently ligated aspartate or glutamate side chains
enzyme concentration of 1M. The pH 6 and 8 series were  in proteins. At very low pH values, both of the carboxylic
first incubated for 24 h at 22C, and the intrinsic fluores- ~ acid side chains in a carboxytarboxylate pair are proto-
cence of the samples with an increasing amount of GuHCI hated, and a normal strength hydrogen bond is formed
was then measured at an excitation wavelength of 280 nm(Figure 1). At intermediate pH (around pH-8), a proton
and an emission wavelength of 340 nm. All points of both is shared between both carboxyl groups, and this is suggested
series were measured at least in duplicates. The fraction ofto result in formation of a strong hydrogen bond. At high
unfolded protein was calculated using the equafios (y pH values, both carboxyl groups are negatively charged, and
— yo)l(Yu — Yn); wheref, is unfolded fractiony is fluores- this leads to repulsion of the side chains (Figure 1). In
cence of sampley, is fluorescence of native sample, apd ~ contrast to a carboxylcarboxylate pair, a corresponding
is the fluorescence of the unfolded sample. Reversibility of amide-carboxylate pair can exist in only two different
reaction was tested by incubating a sample forr 2 & in protonation states in physiological pH, and in both states a
GUuHCI solution, diluting it 4-fold (1/4) to a buffer solution, hydrogen bond can be formed (Figure 1). Below pH¥4
and letting it stand for<24 h at room temperature, after the carboxylic acid side chain is protonated, which probably
which the fluorescence was measured. A sample diluted intodestabilizes the hydrogen bond because of weaker electro-

GuHCI solution was used as a control. static interactions. Above pH-4b, the conjugate base is
Temperature-induced unfolding was monitored by heating charged, and a normal hydrogen bond is formed between
samples gradually (approximately °C/min) up to 80°C the carboxylate and the amide groups.

and measuring the fluorescence intensity. The temperature Examination of thd. reeseiCel6A 3-D structures revealed
of the sample solution was measured continuously using afive potential carboxyt-carboxylate pairs (E107-E399, E146-
Fluke 52 electronic thermometer equipped with a K-type E208, D170-E184, D175-D221, and D366-D419) (Figure 2).
thermocouple that was immersed in the solution. Intrinsic For four of these pairs, a short distance between their
fluorescence of samples was recorded after every@©.by interacting carboxyl oxygens (2% 0.1 A) is seen in all
measuring the emission at 340 nm using an excitation published X-ray structures (Table 1). The pair E146-E208
wavelength of 280 nm. The change in the fluorescence is not conserved among family 6 enzymes (Figure 3), and
intensity of the sample was plotted as a function of its side-chain oxygens are not equally close to one another
temperature, smoothed, and differentiated by using Origin in different X-ray structures and may thus not be hydrogen
graphics and data analyses software. The culmination pointbonded. Further, the short distance of 2.94 A in 1QJW (chain
of each curve was taken as a unfolding temperattizg. ( B) seems to be promoted by an interaction with a common
All points were measured at least in duplicates. The buffers ligand, such as a cadmium atom. Of the remaining four
used were 50 mM citrate/HCI, pH 3.0; 50 mM glycine/HCI, carboxyl-carboxylate pairs, D175-D221 is composed of the
pH 3.7; 50 mM sodium acetate, pH 5.0; 50 mM potassium key catalytic residues of the enzyme and is strictly conserved
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Table 1: Structural Features of Carboxyarboxylate Pairs in Cel6A (1QK2 Chain A)

carboxyl-carboxylate
pair E107-E399 D170-E184 D366-D419 D175-D221 E146-E208

O—0 distance 2.55+0.08 2,57+ 0.07 2.46+0.11 2.53£0.09 4.08+ 1.58
geometry anti-syn anti-syn anti-syn syn-syn anti-&nti
interplanar (ded) 61 48 134 154 148
Ca. temp-fact. 15.0/11.4 13.4/21.9 13.7/12.5 22.2/16.5 17.0/20.4
solv.-acc. (&)¢ 5.7 6.3 35 4.9 30.9
H-bonds with substrate-analogue L139N Y169 OH CcF

nonwater 06 N225 ND

@ Average values and standard deviations are calculated from six Cel6A structures in the PDB (1CB2, IHGW, 1HGY, 1QJW, 1QKO0, and 1QK2).
b Refers to the position of the hydrogen bond in the carbergrboxylate pair relative to the oxygens that are not involved in hydrogen bond
formation (see Figure 1}.Values are taken from PDB 1QJW chain BThe interplanar angle between the two interacting carboxyl graufsm
of the solventAaccessibIe area of the side-chain oxygens in the carlzagpoxylate pairs calculated with the PSA progra8#) (using a probe
radius of 1.4 A.

OH o o}

o 0 o 0 ok 0.0 0
)\ M - )}Q A = e~
o o 0

—I

OH
N (0] N O
)\ ',H/ P )JQ .—H/
(o} o’

Ficure 1: Schematic representation of different protonation states of carboayhoxylate (top) and amide-carboxylate pairs (bottom) in

the physiological pH range. The carboxyarboxylate pair is drawn so that the hydrogen bond is in the energetically favorable anti-syn
geometry with respect to the noninteracting oxygen atoms. At intermediate pH-{{6j{ & proton is shared between the two carboxyl
groups, which could lead to the formation of a strong, LBHB-type hydrogen bond, in an appropriate structural environment. This would
result in a carboxytcarboxylate pair with three microscopi&pvalues, which combine to the two macroscopiG, palues shown in the

figure. In contrast, if a normal hydrogen bond is formed between the two carboxyl groups, the ionization equilibria of the two interacting
acid—base groups involve four microscopi&pvalues (i.e., the I§, of each group in the presence of a neutral or charged neighbor).

Cel6A at low pH. The configuration of all three pairsTn
reesei Cel6A is anti-syn (Figure 1), which is the most
frequent and probably the most stable spatial arrangement
of pairs of carboxylic side chains in proteins. The solvent
accessibility of all three carboxylcarboxylate pairs is low
(Table 1), which also seems to be a prerequisite for formation
of this type of hydrogen bond (G. Wohlfahrt, manuscript in
preparation). Further structural features of the carboxyl
carboxylate pairs iff. reeseiCel6A are listed in Table 1. It

is remarkable that all three carboxydarboxylate pairs are
located in, or close to, the flexible loop regions that cover
the active site tunnel of Cel6A (Figure 2).

Design of the CarboxylCarboxylate Pair MutantsTo
study the role and function of the carboxydarboxylate pairs
in T. reeseiCel6A, two mutant proteins were constructed.
In the first mutant, one carboxylcarboxylate pair E107-

FiIGUrRe 2: Location of the five putative carboxykarboxylate pairs E3.99 was replaced with a corresponding anﬁdt_irboxylate
in theT. reeselCel6A catalytic domain. Coordinates are taken from pair Q107-E399 (Cel6A E107Q mUtant)'_ and in the second
the PDB (1QK2). The three pairs subjected to mutation are shown mutant all three carboxylcarboxylate pairs were mutated
in blue and the catalytic acids in orange. Two loop regions covering in a similar manner (Cel6A E107Q/D170N/D366N mutant).
the active-site tunnel, WhiCh is also indicated by a_bound substrate The exchange of a carboxytarboxylate pair to an amiele
Sc‘jé%%’fje' are shown in yellow (Y16%186) and violet (E399 carboxylate pair was predicted to lead to increased stability
of the mutant proteins at alkaline pH. The replacement of a
within family 6 cellulases12). The three other carboxyl carboxylic acid with the corresponding isosteric amide is
carboxylate pairs (E107-E399, D170-E184, and D366-D419) supposed to cause very little structural distortion to the
are not very well-conserved among the glycosyl hydrolase protein as the amine group probably occupies the position
family 6 enzymes acting at neutral or alkaline pH values, of the protonated oxygen of the original acid in the wild-
such agHumicola insolen®r Thermobifida fuscaellulases, type. In addition, the following rationales were used to decide
whereas they seem to show a higher degree of conservatiorwhich of the residues in a carboxytarboxylate pair should
in enzymes with more acidic pH optima (Figure 3). This be mutagenized to the corresponding amide. For the car-
implies that they may have a role in stabilizifig reesei boxyl—carboxylate pair E107-E399, the mutation E107Q was
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Family 6 enzymem Organism 1 II III v PH rangem/opt, Reference

1079399 170 184 366 419 146 208
Low pH:
1QK2 (Cel6A) * T. reesei E E D E D D E E 2-9 / 5.0 Koivula et al. (14)
P46236 (GUNB_FUSOX) F. oxysporum E E D E D D E N ? /4.5 Christakopoulos et al. (38
P49075 (GUX3_AGABI) A. bisporus E E D E D D G Q ? / 5.07? Chow et al. (39)
Q12646 (CELA) N. patriciarum E E M - T D A S 4.5 - 6.5/ 5.0 Denman et al. (40)
Q9UW10 (CelcdN'C!') P. rhizinflata E E M - T D P Q 4 - 8/ 5.5 Liu et al. (41)
P78721 (CelC) Orpinomyces PC-2 E E M - T D A - 4.6-7.0 / 6.0 Li et al. (42)
P78720 (Celad) Orpinomyces PC-2 E E M - T D P Q 4.3-6.8 / 5.0 Li et al. (42)
High pH:
1BVW (CBHII)* H. insolens E E D E H D v S 3 -11/ 9.0 Schtilein (43
1TML (E2) * T. fusca W E N - E - D - 4 - 10/ 7.0 Wolfgang & Wilson (44)
1DYS (EGII)* H. insolens K E N E Q - D A 4.5 - 11/ 7.0 Schilein (43)
P50401 (Cbha) C. fimi S E D E A G F N ? /7.0 Stalbrand et al. (45)
Q60029 (E3) T. fusca - E N E N G R D 6.0 - 10.0 / 8.0 Zhang et al.(46)

* gwiss-Prot or PDB accession number and the name of the enzyme used in the article.

o) Carboxyl-carboxylate pair number.

° Amino acid number in T. reesei Cel6A.

9 The pH range and optimum was taken from the reference. In some cases, indicated with a question mark, only limited
information concerning the pH behavior is given in the reference.

Ficure 3: Sequence alignment showing the conservation of the four carboayoxylate pairs of . reeseiCel6A in different glycosidases
(endoglucanases and cellobiohydrolases) of family 6. The enzymes are grouped into two classes according to their published pH optima.
The numbering of the carboxykarboxylate pairs is according to the amino acid sequende ofeseiCel6A. The conserved catalytic
carboxyt-carboxylate pair is not included in the comparison. The proteins marked with * are aligned based on their 3-D structures using
STAMP (35), whereas the rest has been aligned by multiple sequence alignment using Cli88aé)( Only sequences with more than

30% sequence identity fd. reeseiCel6A over at least 300 amino acids have been considered.

suggested because E399 is involved in substrate binding and 1.0 S A 3ﬁi§@x@iﬁ>g
is highly conserved in the family 6 cellulases (Figure 3). In 1 &
the D170-E184 pair, D170 was mutated to asparagine g 0.8
because the oxygen of E184 (which is involved in the ¥ .
hydrogen bond to D170) also interacts with the L139 "g 0.6
backbone nitrogen. An amide in position 184 could not g :
maintain this hydrogen bond and would probably force the § 0.4
side chain in a new conformation. This carboxghrboxylate L‘,_E j d
pair is conserved in most of the family 6 cellobiohydrolases 0.2 /
listed in Figure 3. In the D366-D419 pair, both side chains il ®/
show only interactions with water molecules. Here, the 0.0 4 %\gzg:gﬁgéﬁg\m
decision was made for the exchange D366N because we — Ei ——
expected an energetically more favorable geometry of the 0 1 2 3 4 5
resulting amide-carboxylate pair (G. Wohlfahrt, manuscript R
in preparation). For this pair some conservation is observed, 104 B /gfaéﬁ*‘@&%ﬁ
but, for example, irH. insolensCel6A (CBHII) the residue 08_' /g
corresponding to D366 is changed to histidine, antl. ifusca o - 4
Cel6B (E3) the carboxytcarboxylate pair is changed to § 06 =’ /
asparagine and glycine (Figure 3). o T /EB /@
pH-Dependent Stability of the Cel6A Wild-Type and S 04_' og #
Mutant EnzymesTo investigate the effect of the mutations & / /%
on the stability, both guanidinium hydrochloride and tem- g 02_' o /0
perature-induced unfolding of the purified wild-type and the w /@
mutants E107Q and E107Q/D170N/D366N of Cel6A were 1 é M
measured at different pH values. Figure 4 shows the GuHCI 0.0 i
induced unfolding curves at pH 6 (A) and pH= 8 (B) (') ' ; ' é ' é ' "‘ ' é

measured by determining the change in tryptophan fluores-
cence upon unfolding. The two pH values were chosen to [GuHCI] (M)

correlate protein stability and enzymatic activity,Taseesei FicURe 4: GUHCI induced unfolding of Cel6A wild-type and the
T e e oo e s st T 0 peona
declining activity at and beyond pH 84). The unfolding ; ° )

curves at pH 6 re_semble those observed for a single transitior&?gidérl%sf(g/g?%wgg%%ﬁ%gggéf107Q mutant@); and
two-state unfolding reaction, but at pH 8 the curves look

more complex for all three enzyme variants (Figure 4). The type enzyme[) is somewhat more stable at pH 6 than the
reversibility of the GuHCI induced unfolding of Cel6A was carboxylcarboxylate pair mutants Cel6A E107Q)(and
also tested, but in all cases unfolding was irreversible and Cel6A E107Q/D170N/D366N<§). At pH 8, the order of
thus did not allow analysis of the data using a simple the relative stabilities is reversed, that is, both the E107Q
equilibrium two-state unfolding reaction model. As can be (O) and the E107Q/D170N/D366N>) mutants are more
seen from the unfolding curves (Figure 4A), the Cel6A wild- stable than the wild-type enzyme (shown in Figure &B)(
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Ficure 5: Unfolding temperaturesTf,) of Cel6A wild-type and

the two carboxyt-carboxylate pair mutants as a function of pH,
measured using intrinsic tryptophan fluorescence (excitation wave-
length= 280 nm, emission wavelength 340 nm, bandwidth= 5
nm(ex), 5 nm(em)). The enzyme concentration was @\b.

CD (mdeg)

L STt R I L I R |

Samples were heated gradually up to°80) and emission intensity -15 .
at 340 nm was recorded after every 0°6. The unfolding 190 200 210 220 230 240
temperatureTy,) of the different enzymes was determined by the Wavelength (nm)

culmination point of the unfolding curves at different pH values. FicURe 6: Three different CD spectra of the Cel6A wild-type (A)
The unfolding of the three enzymes (in the whole pH range studied) ;' the celoA E107Q/D170N/D366N mutant (B) measured at pH
was not completely reversible and thus did not allow calculation 7 9" e inree different spectra show in both cases scans where
of the thermodynamic constants. All points (except pH 3) were 0" otein is fully folded, partially folded, and fully unfolded. As
measured gt least as duplicates. Cel6A wild-typg Cel6A E107Q can be seen from the legends, the temperatures where these three
mutant ©); and Cel6A E107Q/D170N/D366N mutanby. spectra were recorded are lower for the Cel6A wild-type enzyme
(A) as compared to the triple mutant (B). The experimental

Overall, the triple mutant&) seems to be only slightly conditions are described in the Experimental Procedures.

destabilized at pH 8 when compared with the measurement
at pH 6, while the wild-type enzyme is clearly destabilized carboxytcarboxylate pair mutants show decreased heat
at pH 8. stability as compared to the wild-type enzyme (data not
This trend of an increased stability of the mutants at shown). At pH 7.9 an inverse effect is seen (i.e., the heat
alkaline pH as compared to the wild-type enzyme was further stabilization induced by the single and triple mutations could
investigated with temperature-induced unfolding monitored be observed by CD spectroscopy). Figure 6 shows three
using both tryptophan fluorescence and circular dichroism different CD spectra of the Cel6A wild-type and the triple
spectroscopy. The fluorescence intensity was monitored atmutant at pH 7.9. The three temperature scans shown have
a pH range from 3 to 9. Figure 5 shows the unfolding been chosen on the basis of the results; the first being in
temperaturesT(,) of the wild-type Cel6A [0) and the two both cases the temperature, where the enzyme is still in its
carboxyl-carboxylate pair mutants, Cel6A E107Q)(and fully folded (native) form, the second where the unfolding
Cel6A E107Q/D170N/D366N<}), plotted as a function of  starts, and the third where the enzyme is fully unfolded. The
pH. These stability measurements show a higher unfolding first, native spectrum in both cases (Figure 6A,B) shows
temperatureT,) for both mutants at alkaline pH (above pH minima around 209 and 220 nm, which are typical for
7) as compared to the Cel6A wild-type enzyme and confirm proteins with a significant amount of-helical structure31).
the results obtained when unfolding was induced with GUHCI As can be seen from Figure 6A, the spectrum of the Cel6A
(Figure 4). The stabilization by the mutations is highest for wild-type enzyme starts to change above’@J(Figure 6A).
the triple mutant{), but also the single mutan®j is more At 47.5°C a spectrum with a minimum shifted to 204 nm,
stable than the wild-type under these conditions. At the typical for an unfolded protein that consists mainly of random
highest pH measured (pH 8.9), the triple mutant has an aboutcoil structure, is observed for Cel6A wild-type, and no further
8 °C and the single mutant an about°@ higher T, as changes in the spectrum are seen when the temperature was
compared to the wild-type enzyme. At acidic pH, the raised further. For the triple mutant, the change (unfolding)
mutations have the reverse effect on the enzyme’s stability starts to show above 4%, and the protein is fully unfolded
(i.e., the wild-type enzyme is more stable than the two mutant only at 55°C (Figure 6B) (i.e., at a temperature that is
enzymes; the effect being strongest in the pH range from 3 approximately 78 °C higher than observed with the wild-
to 5). In both alkaline and acidic pH regions, the carbexyl type enzyme). This increase in the unfolding temperature
carboxylate pairs would seem to have an additive effect in for the triple mutant seems to correlate well with the increase
destabilizing and stabilizing, respectively, the Cel6A fold in the Ty, value, measured using tryptophan fluorescence.
(Figure 5). Kinetic Characterization and Thermal Inagttion of the
Next, the secondary structure content of all three enzyme CarboxykCarboxylate Pair Mutants at Eleted Temper-
variants was monitored at pH 6.1 and 7.9 with CD spec- ature. The unfolding studies described above demonstrate
troscopy using a temperature scan. At pH 6.1, both the that both carboxytcarboxylate pair mutants are more stable
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Ficure 7: Half-life time measurements of the Cel6A wild-type 0 020 30 40 50 6O
and the two carboxytcarboxylate pair mutants at 4€, pH 7.7. 250 -
The figure shows a semilogarithmic plot of the residual activity on C
cellotetraose as a function of incubation time. Activity was 2004

normalized to 100% at zero time for each enzyme. Cel6A wild-

type 0); Cel6A E107Q mutant®); and Cel6A E107Q/D170N/ 150

D366N mutant ). s

o 100
at alkaline pH when compared to the Cel6A wild-type o
enzyme (Figures46). The kinetic behavior of the mutants 504
was then studied using cellotetraose (ks the substrate. o >o_é@:_8/g\8
The turnover numbers for the Glbydrolysis were deter- 0 10 20 30 40 50 60
mined at different pH values from pH 5 to 9. On the basis Time (min)

of the unfolding temperaturdl)) measurements (shown in - .

: o . FiGURE 8: Activity of Cel6A wild-type and the two carboxyl
Figure 5), 44 C_was chosen as the hydrolysis temperature carboxylate pair mutants at £4€, pH 7.5 on BMCC, after three
for these experiments. The results (data not shown) showgitferent preincubation times. The enzyme preparations 4M9
for all three cases pH curves with maximum activity at pH were preincubated fad h (A), 2 h (B), or 21 h (C) at 44C, pH
5 and a clear activity drop between pH 6 and 7 to about 7.5, after which the activity on BMCC (final concentration of 0.7

30% of the maximal activity. The absolute turnover number M@/MmL) was measured using the same temperature and pH.
Cellobiose (Glg) was used as a standard, and the reducing sugars

for_ t_he triple mutant is slightly decreased (to_%im%) at were measured with PAHBAH reagent. Cel6A wild-typi)y(
acidic and neutral pH (pH-57), whereas the single mutant  cel6A E107Q mutant@); and Cel6A E107Q/D170N/D366N
shows basically similar activity as the wild-type enzyme. This mutant ).

drop in the activity of the triple mutant under pH 7 could
originate from the lower stability, as amidearboxylate pairs  tion), the activity of the two carboxylcarboxylate pair
are expected to be more labile than carbexgdrboxylate mutants is about the same or even slightly higher than that
pairs at neutral pH values. of Cel6A wild-type. Afte 2 h preincubation at pH 7.5 and
As we were particularly interested in the alkaline pH range, 44 °C, both mutants Cel6A E107@j§ and Cel6A E107Q/
the rates of inactivation were determined at pH 7.7, D170N/D366N ) have most of their cellulose degradation
demonstrating that the half-life time of both mutant enzymes activity left (Figure 8B), while the Cel6A wild-type enzyme
Cel6A E107Q ©) and Cel6A E107Q/D170N/D366NX) (O) shows only very low residual activity. Finally, after
is increased at pH 7.7, 44 (Figure 7). The triple mutant ~ overnight preincubation at pH 7.5 and 4€ all three
has about 4-fold and the single mutant about 2-fold increasedenzymes are practically inactive.
half-life as compared to the wild-type enzyme. On the other  pH-Dependent Hydrolysis of Insoluble Substratesth

hand, the initial catalytic rate (measuredtat 0 min) for Trichodermacellobiohydrolases have active sites formed by
all three enzyme variants was similar (about 40/min) at this two or more surface loops enclosing the active site in a
pH. tunnel. According to a hypothesis, opening of the active site

The increased operational stability of both carbexyl loops under optimal hydrolysis conditions (pH-8) is
carboxylate pair mutants was also demonstrated on a moreexpected to be a rare eveid).(On the other hand, the active
natural substrate, bacterial microcrystalline cellulose (BMCC). site loops ofT. reeseiCel6A have been shown to undergo
The activity of Cel6A wild-type and the two carboxyl some conformational changes, which may be needed for full
carboxylate pair mutants on BMCC, at pH 7.5 and°@} processive activity of the enzymdl, 12). As all three
measured after three different preincubation times, is plotted carboxyl-carboxylate pairs are located in, or close to, the
in Figure 8. As can be seen from Figure 8A (no preincuba- active site loops of Cel6A (Figure 2), repulsion within the
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Table 2: Calculated [GH/([Glci] + [Glcy]) Ratios Based on the carboxylate pairs). This application might be of limited
Soluble Sugars Produced by Cel6A Wild-Type and the E107Q/ general use as carboxytarboxylate pairs do not seem to
D170N/D366N Mutant Enzyme on Amorphous Cellulose occur very frequently in proteing«(19% of known nonre-
enzyme pH 8 pH 72 dundant structures; G. Wohlfahrt, manuscript in preparation).
Cel6A wild-type 125 1 231 3 quever, for the example_s Where_ fthey exist (such as
Cel6A E107Q/D170N/D366N 18 1 11+ 2 Trichodermacellulases) this is a promising approach for this

" The [GIGl/(Glcy] + [Glca) ratio was determined by following ~ SC_far unsolved problem. The second potential usage of
the degradation of amorphous cellulose for&2 h using HPLC (see  carboxyl-carboxylate pair engineering would be in stabiliz-

Experimental Procedures) at two different pH values af@7 The ing proteins at low and medium pH values by introducing
[Glca)/([Gley] + [Glcg]) ratio was measured at 10 different time points,  carboxyl-carboxylate pairs. As seen here, tfie reesei
and the average was calculated. Cel6A wild-type enzyme (with carboxylcarboxylate pairs)

was the most stable protein at acidic pH range when
carboxyl-carboxylate pairs at neutral or alkaline pH could compared to the two mutant proteins (with amigarboxy-
lead to conformational changes affecting the activity of the late pairs). This supports the hypothesis that hydrogen bonds
wild-type protein. Owing to more stable interactions, the between two carboxylic acids are stronger than, for example,
mutant enzymes should thus be more independent of the pH.amide-acid hydrogen bonds giving more stability to the
To test this, amorphous (i.e., noncrystalline) cellulose was protein fold at acidic pH. Additionally, by introducing
used as a substrate at two different pH values, pH 5 and 7,carboxyl-carboxylate pairs, inactivation of the protein by
and the soluble products formed were measured by HPLC.protonation of the stabilizing carboxylic acids could be
Amorphous cellulose was chosen over crystalline BMCC, shifted to much lower pH. Because of the universal occur-
as the enzymatic activities are higher on this substrate; thus,rence of amide-acid and amideamide hydrogen bonds in
more reliable figures for the soluble cello-oligosaccharide proteins (in ~76% of known structures; G. Wohlfahrt,
(product) concentrations can be obtained. Cel6A wild-type manuscript in preparation), the introduction of carbexyl
enzyme and the triple mutant E107Q/D170N/D366N were carboxylate pairs for stabilization would be possible for a
used, and the hydrolysis was followed for-452 h at 27 large amount of different proteins that are used in enzyme-
°C taking altogether 1814 samples at designated time catalyzed processes at low or neutral pH values (e.g., various
points. The main soluble product formed in all cases was starch processing enzymes and pectinas$s;)34). A third
cellobiose, but small amounts of glucose and cellotriose werepotential use would be to have pairs of carboxylic acid side
also produced by both enzymes at both pH values. The triplechains acting as molecular switches in proteins. Because of
mutant is slightly more active at pH 5 and clearly more active the side-chain repulsion occurring at neutral to alkaline pH
at pH 7 than the wild-type enzyme throughout the hydrolysis values, carboxytcarboxylate pairs could be used as pH-
reaction. In addition, both the Cel6A wt and the triple mutant dependent molecular switches either between two protein
function better at pH 5 than at pH 7 (data not shown). The domains or within one protein domain, where the function
partial inactivation of Cel6A wt at pH 7 and 27C is (e.g., binding) is modified through carboxytarboxylate
reversible, as full activity of the wild-type enzyme can be pairs in a pH-dependent manner.
recovered when the enzyme is transferred to pH 5.

The calculated ratios of GIGlc; + Glc 1) produced on CONCLUSION
amorphous cellulose are shown in Table 2. This ratio gives Our results demonstrate that it is possible to affect the
an idea about the processivity in terms of consecutive cuts, stability of a protein at neutral and alkaline pH by mutating
which the enzymes make along one cellulose cha@h @As carboxyk-carboxylate pairs, which are forming hydrogen
can be seen in Table 2, the wild-type enzyme shows a 2-foldbonds with each other, into amidearboxylate pairs.
higher Gle/(Glcs + Glc ;) ratio at pH 7 when compared to  Furthermore, the effect of the mutations seems to be additive
pH 5, while there is basically no pH dependency observed as the stabilization was stronger in the Cel6A triple mutant
for the triple mutant. Thus, the action of the triple mutant is where three carboxylcarboxylate pairs were replaced. The
not pH dependent in a similar manner as that of the wild- increased stability at high pH was reflected as increased
type enzyme, possibly because of the fact that amide activity on insoluble substrates both at 27 and at@4vhen
carboxylate pairs do not change their protonation statelonger reaction times>1 h) were used. These results
between pH 5 and 7. Furthermore, removal of the three demonstrate that both stability and catalytic activity should
carboxyl-carboxylate pairs leads to an apparently more be considered if one wants to create an enzyme with optimal
active enzyme at pH 7 (at 2C). On the other hand, the activity at a more alkaline pH. Additionally, decreased
activity decrease of the Cel6A wild-type enzyme at pH 7 stability of the mutant enzymes was observed at low pH
seems to be connected to an increased/(@tc; + Glc ;) values suggesting that carboxydarboxylate interactions (in
ratio. It is tempting to speculate that the apparent increaseCel6A wild-type) are stronger than those of amidar-
in processivity is due to local changes in the loop conforma- boxylate pairs (in mutant enzymes). Hence, introduction of
tion, leading to faster release of the product, cellobiose, after carboxyl-carboxylate pairs is suggested to lead to improved
the bond cleavage. stability at an acidic (and neutral) pH range in general.

Potential Applications of CarboxylCarboxylate Pair Overall, carboxyt-carboxylate pair engineering should con-
Engineering Carboxytcarboxylate pairs offer interesting tribute significantly to rational protein design.
possibilities for the rational engineering of different types
of proteins. First, as demonstrated in this article, a protein, ACKNOWLEDGMENT
which is unstable at high pH values, can be stabilized by We thank Sanna Auer and Tiina Kinnari for their help in
replacing its carboxytcarboxylate pairs (e.g., by amide cloning, Trichodermatransformation, and cultivation work.
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