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Abstract—At high concentrations ofo-nitrophenyl- a-D-galactopyranoside fNPGal) as a substrate, its layolysis catalyzed
by a-galactosidase frm Thermotoga maritim@TmGalA) is accanpanied by transglgosylation resulting in production of a
mixture of (@l1,2)-, (al,3)-, and (al,6)-p-nitrophenyl (pNP)-digalactosides. Molecular modeling of the reaction stage pre
ceding the formation of thepNP-digalactosides within the actig site of the enzyme realed amino acid residues which
modification was expected to increase the efficiency of transglgylation. Upon the site-directed mutagenesis to the pre
dicted substitutions of the amino acid residues, genes encoding the wild Typ&alA and its mutants wre expressed i&.
coli, and the corresponding enzymeseve isolated and tested for the presence of the transagylating activity in synthesis
of different pNP-digalactosides. Three mutants, F328A, P402D, and G385Lere shown to markedly increase the total
transglycosylation as cmpared to the wild type enzyme. Moreer, the F328A mutant displged an ability to produce a
regio-isomer with the @1,2)-bond at yield 16-times higher than the wild typemGalA.
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Carbohydrate structures (glgostructures), such as deblocking of reactie chemical groups. Such syntheses,
glycoconjugates or oligo- and polysaccharide fragments,in addition to the desired product, g ecologically
play numerous and often not fully understood roles in harmful waste. But for chemical synthesis orious car
cellular processes. Gbostructures are inolved in bohydrate-containing molecules there is an alternaéy
inflammation, intercellular interactions and signaling, namely enzymatic synthesis using tw classes of
immune response, viral and bacterial infections, energyenzymes, glgosyltransferases and glgside hyrolases.
accumulation, and in \arious matrix processes [1-3]. Howewr, the high price of nucleotide-actiated sugars
Natural glycostructures are characterized by a greatused as substrates for the directed synthesis of oligosac
variety, but to study and understand their functions charides with glgosyltransferases makes these enzymes
caused by the structuralaviability it is necessary to h&v less attractie. In turn, glycoside hylrolases capable of
significant amounts of the cmpound under study transglyosylating (transferring a carboltyate substrate
Moreover, multiple biological activities of glgostruc  (donor) residue bound to the actw site onto the
tures determine the wide application of oligosaccharideshydroxyl of another sugar or alcohol (acceptor)) are
with the desired caposition in medicine and biotech  promising tools for producing oligosaccharides [8]. As a
nology [4-7]. Traditional chemical approaches for syn rule, these enzymes are stable, can be easily isolated,
thesizing glgostructures consist of many time-consum and their substrates are rather alable. Glycoside
ing stages including procedures of blocking andhydrolases hae already been used for synthesis of car

bohydrate-containing structures for sevral dozens of
e years. Hundreds of papers concerning the synthesis of
# These authors contributed equally to thisonk. the glycosidic bond using glgoside hylrolases hae been
* To whom correspondence should be addressed. published (reviews [9-12]).
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a-D-Galactosidases (E 3.2.1.22) are gleoside of the side chain of the enzyme D327 residue acting as a
hydrolases cleaving off the terminal residues afD- nucleophile. Positions of water molecules obtained frm
galactose fran the non-reducing end ofa-galac crystal structure wre taken into account only during
tooligosaccharides [13] with retention or irersion of the structural optimization of the resulting intermediate
anomeric configuration of the substrate C1 ato in the (MMFF94 force field [27] was used). Mutant forms of
product (the so-called “retaining” or “inverting” glyco- this intermediate vere modeled by replacement of target
side hyrolases [14]). In sme cases “retaining”’a-D- amino acids, folloved by spatial optimization of the
galactosidases displaa transglgosylating activityi.e. the mutated side chain and its neighbors within A. The
enzyme is able not only to hdrolyze but also to synthe optimized models vere used for flexible docking witlp-
size galactose-containing e¢opounds [15] required in nitrophenyl a-D-galactopyranoside pNPGal) to evalu-
different fields of biotechnology pharmaceutics, and ate possible mutual orientations of the intermediaté-(
medicine. More often,a-galactosidases hava low speei  galactosyl-TmGalA) and the acceptor gNPGal) located
ficity in the +1 subsite of the actiw site, and that is why in subsites —1 and +1, respecily.
many “retaining” a-galactosidases can synthesize virtu Conformations of pNPGal and galactose molecules
ally the whole spectrum of galactosidic bonds [16-21]. were initially analyzed in the MM+ force field using a

The gene ofa-D-galactosidase frm Thermotoga molecular mechanics approach. The conformations of
maritima (TmGalA) used in our vark was sequenced and molecules having the minimal free energyeve subjected
cloned in E. coli[22]. Based on comparative analysis of to geametry optimization in the PM3 force field using the
the amino acid sequences, this enzymesvclassified to Polak- Ribiere algorithm with the energy gradientector
family 36 of glyoside hyrolases (http://wwwcazyorg/ accuracy of 0.0kcal/mol. These calculations wre per
glycoside-hydrolases.html [23]). Due to biochemical fea formed using the HYPERCHEM 8.0 program. Rartial
tures ofTmGalA (the thermostability and transglyosylat  charges resulting fam the optimization procedure \ere
ing activity in the presence of high concentrations of the assigned to the ligand ates prior to the docking proce
acceptor), this enzyme seems prosing for synthesis of dure. During the docking, the sugar ring irpNPGal
a-galactose-containing structures. retained the “chair” conformation. Three independent

The aim of this vark was to establish the possibility runs of molecular docking, starting frm different initial
of managing the transgbosylating activity of TmGalA.  spatial location ofpNPGal in the vicinity of the enzyme
The paper presents theoretical calculations and results ohctive center were applied.
experimental assathat hae confirmed that the+1 sub Strains and plasmds. All chemicals vere obtained
site contains amino acid residues whose substitution carfirom Sigma-Aldrich or Acros Organics unless otherwise
result in a significant increase in the transgbsylating noted. pNPGal was synthesized frm D-galactose as
activity of thea-galactosidase. described for a glucoside [28A plasmid with the wild

type a-galactosidase gene ag kindly donated by Prof.
Robert Kelly (North Carolina State Uniwersity USA).
MATERIALS AND METH ODS The a-galactosidase genegélA was cloned fron the
thermophilic bacterium Thermotoga maritimaMSB8

Molecular modeling.Molecular modeling was per (ORF TM1192) [22]. The pET24D \ector (Novagen,
formed using the Molsoft ICM Pro 3.6 program [24]. The USA) containing the a-galactosidase gene ag isolated
known crystal structure offmGalA (PDB code 1ZY9) using QIAGEN plasmid midi kit (cat. No. 12143). Site-
was taken as an initial model for the rational design. Thedirected mutagenesis &s carried out and the sequence
position of the a-D-galactopyranose §-Galp) binding was confirmed by Evrogen (http://wwvevrogen.can/),
site in the catalytic center oTmGalA was determined by yielding seen plasmids with point mutations P402D,
spatial superposition of this enzyme structure with struc P402S, G385L, F328A, L195C, F194K, and W85Y
tures of hanologousa-galactosidases containing-Galp Native and mutantgalA genes on these plasmidsere
in the active site and isolated frm Oryzasativa(PDB  expressed irE. coliBL-21(DE3) [29], and the recanbi-
code 1UAS; family 27 [25]) as wll as fran Lactobacillus nant enzymes wre purified fran cells of culture grown
acidophilus(PDB code 2XN2; family 36 [26]). Then the overnight as previously described [22].
a-Galporientation in the catalytic center ofmGalA was Analysis of hdrolytic activity of the wild typdmGalA
refined by flexible molecular docking (a flexible ligand and its mutantsThe kinetics of hgrolysis ofpNPGal by
and mobile side chains of the receptor amino acids) thatthe wild-type (wt) and mutantTmGalA were measured at
allowed us to choose the sugar conformation in the aetiv 37°C in 50 mM sodium phosphate buffepH 5.0. One
site with the position and orientation coinciding witla-  unit of the activity was defined as amount of the enzyme
Galp in two homologous enzymes. Then a releasing 1 uM of nitrophenol from» pNPGal per minute.
galactosyl-enzymatic complex was created: the OH1l Reaction mixtures (total elume of 50 pl) vere pre-equit
group of galactose as remaed, and its anmeric atan  ibrated, and the reaction ws initiated by the addition of
C1 was artificially covalently bound to aton Odl or Od2 10 pl of enzyme solution (0.02-0.4 pg/ul in wt or mutant
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enzyme, depending on specific activity). After 10 min of Gal(al,2)Gal-pNP (H1), d 5.83 for Gal@1,6)Gal-pNP,
incubation at 37°C, the reactions eve stopped by addi d 5.26 and 4.58 foa- and b-D-galactopyranose (H1),d
tion of 10% NaCO; (2 ml) and the optical densities at 5.77 forpNPGal (sugar H1), andd 6.91 (2H) for p-nitro -
400 nm vere measured. The constants,, and k.,; were phenol H2 and H6. The yield of each regio-isoer of
determined by non-linear least squares fitting of initial Gal(al,X)Gal-pNP was ewaluated at the mment of
rates to the Michaelis—Menten equation by programs its maximal production and calculated by integrat-
available in DYNAFIT [30]. ing intensities | oy according to the relationship:
Synthesis ofpNP-digalactosides in the tansgycosy % Gal(al,X)Gal-pNP = {2l gaa1 xcar-pne!/[ lcar + Tonee +
lation reaction catayzed by the wild typ@mGalA. The  2S5i(l caia1,xca-pnel}100.
reaction mixture (3ml) contained the substratpNPGal Determination of pH optimum foraactions catalzed
(180 mg) in 50 MM sodium phosphate buffer (pH7.0). by the wild typdmGalA and its mutantsThe pH depend
The reaction vas initiated by addition of 0.35mg encies for hgrolytic reactions of wt and mutanfmGalA
TmGalA and incubated at 50°C. The reactionas moni were measured in 50 mM sodium citrate-phosphate
tored by TLC as described in the sectionAhalysis of buffers, pH 3-8. Reaction mixtures (50 pl) containing
transglycosylation of TmGalA mutants”. To determine 10 mM solution of pNPGal in buffer were pre-varmed to
the substrate corersion, aliquots (5ul) were taken and 37°C and the reaction as initiated by addition of 0.5-
the released nitrophenol concentration ag measured 4 ug of the enzyme dissadd in buffer After 10 min of
after alkalization as described ab®. Reaction vas incubation at 37°C, the reactions&ve stopped by alkalin
stopped by boiling for 10 min after reaching 80% camv ization and concentration of the released nitrophenolks
sion of the substrate. The transglgsylation products determined by standard method.
were separated by HPC on a Discaoery BIO Wde Pore The pH-dependence of transgbosylation vas deter
C18 column (250" 21.2 mm, 10 um; Supelco, USA). mined using the same set of citrate-phosphate buffers as
The products vere eluted using a linear gradient of above. The reaction mixtures (250 pl) contained 100 mM
MeCN (0-90%) in water ¢ = 180 min; Vguion = 4 ml/min,  pNPGal and 88 pg ofTmGalA wt, 69 ug of F328A, or
| = 303 nm), followed by hophilization of the resulted 41.2 ug of P402D. Reactionseave incubated at 50°C until
fractions. NMR spectra for pNP-digalactosides wre 45-50% substrate corersion, and then stopped by freez
recorded on a DRX-400 NMR-spectroneter (Bruker ing and hyophilization. We hawe shown the reaction not to
Germany) in D,O at ambient temperature with acetone proceed further under these conditions (data not shown).
as an internal standardd(, 2.225).'H NMR 1D, H-¥C  For NMR spectroscopy analysis of the reaction mixture,
HSQC and H-'H ROESY spectra of chrmatography each sample @as dissolgd in 650 pl of BO and concen
fractions identified as the 41,2)-, (al,3)-, and (@1,6)- tration of each regio-ismer was determined in each case.
pNP-digalactosides wre in a good agreement with those
previously reported [16, 31]. The percent ratio of synthe

sized digalactosidesas calculated relatiely to amount of RESULTS
the substrate used.
Analysis of tansgycosylation of TmGalA mutants. Under the conditions when the initial concentration

The presence of enzymatic layolysis and transglyosyla  of pNPGal is abore 50 mM, TmGalA(wt)-catalyzed
tion products was assessed by TLon Kieselgel 60 plates hydrolysis of the substrate is acopanied by synthesis of
(Merck, Germany) with a solent system of butane-1- different oligogalactosides. TC analysis regaled the for
ol-ethanol-water (at the ratio of 3 : 3 : 1 v/v) as the mation of two major and one minor products of transgly
mobile phase. The reaction mixture (25Ql) containing cosylation, along with D-galactose andp-nitrophenol
25 ymol pNPGal and the enzyme (28-178ug) (the hydrolysis products. Then thgNP-digalactosides wre
amount of the wild type or mutant enzyme ag used in synthesized in sufficient amounts for subsequent experi
dependence of the specific activity of each specimen) inments, purified by column chrenatography and their
50 mM potassium phosphate buffer (pH.0) was incu  structures vere identified by NMR-spectroscopy The
bated at 50°C until substrate coexsion to ~35-45%. The following regio-isamers vere prepared and identified:
reaction was stopped by freezing in liquid nitrogen and Gal(al,3)Gal-pNP with the yield of 2.43% (3.5mgQ);
immediate lyophilization for subsequent analysis of the Gal(al,6)Gal-pNP — of 1.9% (2.7 mg); Gal(al,2)Gal-
products by NMR. The substrate comrsion vas ealuat  pNP — of 0.35% (0.5mg). Because the transgipsylating
ed by the amount of released nitrophenol as describedbility of TmGalA is lower than this activity of other sim
above in the sectiori'Analysis of hyrolytic activity of the ilar a-galactosidases [16, 17, 19],enattempted to mod
wild type TmGalA and its mutants”. Concentrations of fy properties of the enzyme using modern approaches of
the glycosylation products wre calculated by integrating protein engineering including conputer-aided design and
areas of peaks of the characteristic nowaslapping pre  site-directed mutagenesis. Our purposeaw to identify
ton signals for different conponents of the reaction mix certain amino acid residues located within the adticen
ture: d 5.82 for Gal@1,3)Gal-pNP (H1), d 6.00 for ter of TmGalA, changes in which will lead to an impre-
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ment of efficiency of transglgosylation reaction cat
alyzed by wild-type enzyme.

Rational designing ofmGalA mutantsWe found that
a-Galp is stabilized by nine possible Hyogen bonds in
the actiwe site ofTmGalA (Fig. 1a). The OH2 group can

1115

03, 04, and 06 atms of pNPGal could attack the
anomeric atam C1 of the galactosyl. @ determine such
possibility we used tw criterions: the first — the distance
between the indicated oxygen atos of pNPGal and the
C1 atam of the galactosyl anmeric center should be min

form four hydrogen bonds with residues D387 and R383,imal providing a tight \an der Wals contact of the atms
OH3 forms two hydrogen bonds with residues Y191 and(3.0-3.5 A); and the other — the distance betgen the

K325, OH4 forms two hydrogen bonds with residues
K325 and D220, whereas OH6 can form a disogen bond
with D221. The hydroxyl OH1 at the anoneric carbon

indicated oxygen atms ofpNPGal and one of the oxygen
atoms (d of the catalytic residue D387 should also be
minimal for providing the formation of a hgrogen bond

atom sticks out of the actig site and makes no detectable (2.5-3.0 A). Thus, the sum of the described distances

H-bonds with the enzyme. And the C1 atuo is located at
approximately the same distances of 3.7 and &6rom
the nearest oxygen atos of carboxyl groups of the cat
alytic residues D327 and D387, respeatly. A similar
location of a-Galpin the actiwe site vas found within the
crystal structure ofa-galactosidase frmm Lactobacillus
acidophilugrom the same family 36L(aMel36, PDB code
2XN2) [26] (Fig. 1b). In the actiwe sites of both enzymes
there are six consemd residues: W2190/W340,
D220/D370, D221/D371, K325/K480, D327/D482, and
D387/D552 (in TmGalA/ LaMel36, respectiely). The
residues D220/D370, D221/D371, K325/K480 form the
same hyrogen bonds with OH6, OH4, and OH3 of-
Galp. In addition to hydrogen bonds, the-Galp position
is stabilized by a tight ljrophobic contact of its atms
C3, C4, and C5 with the W190/W340 residue.
Comparison of the actie sites of tw highly hanologous
enzymes has shown that the stable position aiGalp
within the active site ofTmGalA obtained by docking is
rather close to its position found experimentally within
the crystal structure of.aMel36.

should also be minimal. Based on these characteristic dis
tances, the ®lue of 6.5A was chosen as the threshold for
their sum.

Target amino acid residues pnaising for increasing
the transglgosylating activity of TmGalA were chosen
based on tw ideas: first, an enlargement of the entrance
into the actiwe site can promote the approach of the
attacking oxygen atm of pNPGal (the acceptor) to the
carbon atam of galactosyl (the donor) within the galacto
syl-enzymatic camplex; second: the substitution of
amino acid residues interacting witlpNP or galactose
within pNPGal can influence the orientation of this
acceptor tovards the galactosidic bond donor that ma
affect the decrease in the al®mentioned interatanic
distances. Among potential targets for enlargement of the
entrance into the actie site, W190 is a consexd residue
that stabilizes the galactose position within the actigite
due to hydrophobic interactions. The W291 residue is a
structural one: it forms an H-bond with the side chain of
D221 and orients it within the actig site to form an H-
bond with galactose in the 1 subsite. The D387 and

At the first stage of rational design of the enzyme, itD327 are catalytic residues [22]. The W65 and N290
was necessary to establish what amino acid residues aresidues, in their turn, stabilize the acceptor position
involved in the binding of the galactosidic bond acceptor within the +1 subsite due to hgrophobic interactions and

pNPGal, and therefore it vas docked with the galacto

H-bonds, respectiely. Thus, on the entrance into the

syl-enzymatic canplex (its creation has been describedactive site of the enzyme only one amino acid residue,

in “Materials and Methods”). Because the initial state of
the galactosyl ring was “chair”, the produced cwalent
bond within galactosyl-enzymatic cmplex was improb
ably long. Galactosyl within the cealent intermediate of
the highly hanologous humana-galactosidase has the
“skew (or twisted) boat” !S; conformation [32].
Therefore, just this conformation of galactosylas choe

F328, remains that can be substituted. Results of flexible
docking shoved that the F194, L195, W85, and P402
residues can interact witpNP within pNPGal depending
on its location in vicinity of the actie site. Note also that
W85 displged a pronounced mobility on binding
pNPGal.

Moreover, to increase the transgbpsylating activity

sen after the optimization of the galactosyl-enzymatic it was reasonable to strengthen the acidic properties of the

complex geanetry for further modeling of probable ari-
ants of its attack by @aNPGal molecule.

Four galactosidic bonds&1,2-, al,3-, al,4-, and
al,6-) could be potentially formed depending on which
of the attacking pNPGal hydroxyls would spatially
approach the anmeric carbon aton C1 of the galactosyl
covalently bound with the catalytic residue D327 of the
enzyme. The flexible docking procedure realed a set of
conformations with the galactose residue giNPGal
located in the +1 subsite of the enzyme. Among the eon
formations rewaled, those wre chosen in which the 02,

BIOCHEMIS TRY (Moscow) \l. 78 No. 10 2013

amino acid residue, which acted as an acidic—base eata
lyst (in TmGalA this role is plged by the D387 residue).
The R383 residue is conserd for actie sites of sme gly
coside hylrolases of family 36 and acts as an “aetior”

of the acidic—alkaline residue D387 by logring the \alue
of its pK,. The location and configuration of the R383
residue is gry strictly determined by chains of ldyogen
bonds OD1 (D387)- NH, (R383) - O (G385) and Ne
(R383) - H,0565- N (Gly385), which is confirmed by
values ofB-factors in the crystal structure ofmGalA. It
could be expected that destruction of these chains closing
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a

Fig. 1. Location of a-Galpin the active sites ofa-galactosidases fimm two organismsThermotoga maritiméa) and Lactobacillus acidophilus
(b). Here and further in Figs. 2 and 4, stereo images are presented. Amino acid residues forndnageyn bonds witha-Galp (colored by atan
types) and catalytic residues of aspartic acid (colored darkyyjeae in backbone representation. yogen bonds are presented as small spheres
the size of which depends on the strength of the bond producedTinGalA the residues K325 and D387 can form avalternative hydrogen

bonds witha-Galp.
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on N and O atans of G385 should waken or make docking. It was reconmended to test experimentally tav
vacant the bonds holding the NKE and Ne atoms of types of mutations: 1) those that pnoote the spatial
amino acid residue R383 and cause its displacemenapproaching of thegNPGal attacking oxygen atm to the
towards the hgroxyl of the D387 residue. anomeric carbon C1 atm of the galactosyl caalently
Finally, to introduce point substitutions that @ complexed with the enzyme; 2) those that lead to increase
beliewved to be capable of influencing the transgbsylat in the total number of actie conformations (or in the
ing activity, we chose the following amino acid residues: number of visits of definite conformations) chosen based
F328, P402, W85, F194, L195, and G385 (Fig. 2). The on the criterion of the sum of distances as described-ear
F328 substitution by a smaller ldyophobic residue can lier. In the latter case, the conformational ariety of
enlarge the entrance into the acevsite and preide pNPGal increases near the galactosyl-enzymatic roe
tighter contact betveen the donor and acceptor of the plex, and, consequentlyan increase can be expected in
galactosidic bond. The P402 mutation to a polar residuethe probability of galactosyl transfer ontopNPGal mol-
can additionally stabilizepNPGal due to formation of a ecule. Based on molecular modeling results, it/ ree
hydrogen bond with a galactose residue located in e ommended to study features of enzymes that included
subsite. Substitution of the F194 and L195 residues carseen separate point mutations: W85¥194K, L195C,
affect hydrophobic contacts of the nitrophenolic ring of F328A, P402D, P402S, and also G385L.
pNPGal. Mutation of the mobile residue W85 can influ Characteristics of TmGalA mutants. The wild type
ence thepNPGal binding in total. And, finally, it can be TmGalA enzyme and its mutants W85¥194K, L195C,
expected that substitution of the small residue G385 by &328A, P402D, P402S, and G385L eve isolated using
large hydrophobic residue (leucine or isoleucine) can two chromatographic stages as described in [22]. At the
change its anglg¢ due to strengthening of hdrophobic final stage of purification, the resulting enzymeseve
interactions with the residue W65. This mgalead to homogenous as shown by electrophoretic data. The puri
approaching of R383 with catalytic D387 residue and to afied TmGalA mutants migrated on SDS-RGE as a single

decrease in the I§, value of the latter band with a molecular mass of 60 kDa, identical with that
Prior to experimental testing of definite amino acid of the wild-type enzyme (data not shown).
substitutions, sme point mutations vere constructedn Kinetic parametersK,,, k.., andKk /K., determined

silicoand their influence on thegNPGal binding with the  for pNPGal hydrolysis are presented inable 1. No sig
galactosyl-enzymatic cmplex was tested by flexible nificant changes wre obsergd in the kinetic parameters

Fig. 2. Key amino acid residues possibly capable of influencing the transpgylating activity ofTmGalA are in “ball and stick” representa
tion; a-Galpis located within the- 1 subsite of the enzyme.

BIOCHEMIS TRY (Moscow) \l. 78 No. 10 2013



1118 BOBROV et al.

Table 1.Kinetic characteristics of wild typefmGalA and its mutants in hgrolysis ofpNPGal

Enzyme K MM Keary St Kead Ky ST-mM 2

wt TmGalA 0.11 8.00 72.07
P402D 0.43 10.73 24.95
P402S 0.11 9.80 88.28
G385L* n.d. n.d. n.d.

W85Y 0.11 8.15 74.09
F328A 0.10 1.10 11.57
F194K 0.10 20.40 198.06
L195C 0.32 12.20 38.76

Note: The experimental error calculated as theemage ®alue for no less than three measurements is £3% of the presenadues; n.d., not deter-
mined.
* Kinetic parameters of hgrolysis vere not determined for G385L due to instability of the purified enzyme.

Table 2.Percentage transgbosylation of the wild type enzyme and its mutants

Yield of transglgosylation products, %
Enzyme

aGal-(1,2)-Gal- pNP aGal-(1,3)- aGal-pNP aGal-(1,6)-Gal- pNP total
wt TmGalA 0.5 25 25 5.5
P402D 1.9 0.7 1.7 4.3
P402S 0.1 0.2 11 1.4
G385L 1.6 25 1.9 6.0
W85Y 0.1 1.3 1.9 3.3
F328A 8.0 3.0 4.4 15.4
F194K 0.7 2.1 2.8 5.6
L195C 0.2 0.9 0.8 1.9

of hydrolysis for mutants P402S and W85¥hereas the G385L taken for analysis after the stage of thermal treat
Keaf Ky Values for P402D, F328A, and L195Cere more ment. The results wre canpared with the data obtained
than twofold lower than for the wild typeTmGalA. The under the same conditions for transglgsylation cat
mutation G385L resulted in a twfold decrease in the alyzed by the wild typefmGalA. The transglgosylating
specific activity of the enzyme during its purification. The properties of three mutants &re noticeably impreed. In
kinetic parameters wre not determined for the mutant particular, the mutants P402D and F328A gay respee
G385L due to its instability tively 4- and 16-fold higher yields of products with the
Transglcosylation eactions catalzed by TmGalA (al,2)-bond as conpared to those produced by the wild
mutants To assess changes in the transglgylating activ = type enzyme (&ble 2). This vas associated with a gener
ity of the TmGalA, kinetic parameters of transgbosyla al decrease in the yield of products with thel,3)-/
tion reactions vere obtained for purified preparations of (al,6)-bonds relatiely to the yield of products with the
the enzymes, except for a crude preparation of mutant(al,2)-bond. The crude preparation G385L also gawan
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increased yield of transgbpsylation products, but it \ss
not further considered because of its instability upon
purification.

In order to find optimized reaction conditions for
transglycosylation with F328A and P402D mutants, the
pH variation of hydrolysis and transglyosylation vas
determined. The pH-optima of hyrolytic reactions did
not differ significantly fran those forTmGalA wt (data
not shown) and wre at pH 4.5-5.5. Ier transgleosyla
tion, different behavior vas obsered for each enzyme.
Yields of the &1,2)-galactosidic linkage with the F328A
mutant depended on pH (Fig. 3b), so that at pH 3.0-3.5
the rate ofpNP1,2diGal formation was 4-5-fold higher
than that for the other tw isamers. Abae pH 6.0, yields
for all three isaners did not change. The behavior of the
P402D variant was different (Fig. 3c). Oerall yields of
transglycosylation products wre one order of magnitude
lower than for F328A, and the pH-optimum for (1,2)-
isomer formation was only just detectable, with a slight
increase at pH 6.0. At pH> 6.0, the P402D mutant \&s
less actie. There vas no clear dependence of
Gal(al,2)Gal-pNP and Gal(al,6)Gal-pNP formation
on pH with wt TmGalA (Fig. 3a), but Gal@1,3)Gal-pNP
was maximal at acidic pH.

DISCU SSION

All potential mutants vere designed using molecular
modeling approaches and then prepared by site-directec
mutagenesis. Recentlycrystal structure ofa-galactost
dase fran Lactobacillus acidophilu@GHF 36) with a-D-
galactose in the actw center appeared (PDB-code
2XN2) [26] that gae a possibility to cmpare our data
obtained by modeling with published experimental crys
tallographic ones. The interesting feature of galaeto
syl-TmGalA covalent canplex formation obtained by
molecular modeling is that the conformation of galacto
syl depends on oxygen atoof D327 side chain to which
it is covalently bonded. Upon the optimization of the
galactosyl-enzymatic cmplex, the galactose residue
bound to Od1 of D327 retained the “chair"*C, confor-
mation. Howe\er, recently published experimental data
haw shown that in humana-galactosidase, highly
homologous to TmGalA, galactose within the galacto
syl-enzymatic canplex has a “skew boat*S; conforma-
tion [32]. Because the side chain of residue D327 has tw
equivalent oxygen atms, we tested whether there is a
possibility of formation of a cwalent bond betwen the
atom C1 of galactose and the ato Od2 of D327. The
optimization of this structure showed that the cealent
bond formation with the QJ2 atam results in a conforma
tional transition of galactosyl frm “C, into S, (Fig. 4).

Based on results of thén silico experiment, sone
mutations in the enzyme ere supposed to be capable of
changing the transglgosylating activity of TmGalA.
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Fig. 3. Dependencies of transgbosylation product formation by
wt TmGalA (a), mutants F328A (b) and P402D (c) on pH conéi
tions: 1) pNP-(al,3)-digalactoside; 2) pNP-(al,6)-digalacto
side; 3) pNP-(al,2)-digalactoside. Cures for the pH-depend
ence of regio-ismer synthesis by wt and mutant enzymes are
plotted on the basis of alues for transglgosylation/hydrolysis
ratios.
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a

Fig. 4. Model of the covalent galactosylenzymatic canplex. Alternative conformations of galactosyl are presented: a) “skew bo&; where
the atan C1 of galactosyl is a@lently bound with atan Od2 of D327; b) “chair” “C, where the same carbon atois bound to the @1 atan
of D327.

BIOCHEMIS TRY (Moscow) \l. 78 No. 10 2013



IMPR OVEMENT OF TRANSGL YCOSYLATIN G ACTIVITY OF a-D-GALACTOSIDASE

Howe\er, only three of seen proposed mutations really
displayed a noticeable increase in the ability @mGalA
to form new galactosidic bonds. The most prising sub
stitution F328A increased 16-fold the yield ofa(l,2)-
digalactoside. Such an increase seems to be caused
replacement of phenyl ring of F328 prewting an
approach of OH2 of galactose to the americ center C1
of the galactosyl within the cealent canplex. The substi

1121

tightly to D387. This idea vas deried from the approach
demonstrated fora-L-fucosidase fran Thermotoga mar
itima, which was transformed into a transgigsidase by
directed ewlution [33]. There, seeral amino acids locat
bd in the second amino acid shell of the enzyme aetiv
site influenced transglgosylating abilities forTh. mariti-
ma a-L-fucosidase by reorientation of the amino acids
that are in a direct contact with substrates.eVéuperim

tution of this amino acid residue by a smaller one enlargeposed both structures (data not shown) and found an

the entrance into the enzyme ackv site near to the

amino acid that potentially m& cause the same effect in

anomeric carbon of the stable intermediate. This mutant the case offmGalA. Howewer, the G385L mutation did

corresponds to the abe-described requirements: the
minimal sum of two distances sought for is 5.6& (the
distance fran oxygen in the hgroxyl group ofpNPGal to
the anameric carbon aton C1 in the intermediate galac
tosyl is 3.034, i.e. the closest contact is puided betveen
the attacking hglroxyl and the anmeric carbon; the dis
tance to @il of D327 is 2.61A) (Fig. 5, ¢ and d). The
number of detected “actie” conformations (with the
sum of the indicated distances not higher than 62§ is
14. In the case of the wimGalA galactosyl-enzymatic

not lead to significant results. atal transglgosylation
output was only slightly changed. The G385L substitution
did indeed lead to a 4-fold increase of the specific activi
ty in cell lysate, but also toerall instability of the purt
fied enzyme. Bssibly such a mutation causes multiple
configuration changes within the protein structure that
requires more precise methods of modeling including
long-duration molecular dynamics simulations or sepa
rate structural research.

a-Galactosidases are known to be potentially useful

intermediate the minimal sum of the same distances isn industrial and bianedical applications. The recent

5.88A (3.20A + 2.68 A) and the total number of “actie”

excellent review of \Wignerosa et al. [15] ceers their

conformations is 10 (Fig. 5, a and b). Thus, in the F328Aapplication to \various fields and ways to modify them.

mutant oxygen atms O2 and 06 of the attacking liyox-
yl group of the acceptorgNPGal) not only can hae the
closer contact with the anmeric carbon aton C1 of the
donor galactosyl (the distance less by 0.11 and 04,7
respectiely), but the number of “actie” conformations
in the mutant increases nearly 1.5-fold agpared to the
data for the wild type enzyme. Morer, experimental
data for the mutant F328A resaled an increase in trans
glycosylating activity at acidic pH alues. Pssibly proto-
nation of both catalytic amino acid residues within the
active site results in a decrease in thednglytic activity of
the enzyme and in an increase in the yield of th&al-
(1,2)-Gal- pNP product.

In the case of the P402D substitution, the minimal
sum of distances is virtually unchanged (5.9 com-
pared to the wild type (Fig. 5, e anf}, but the number of
“active” conformations significantly increases (up to 19).
Interactions of the OH2 and OH3 groups @NPGal with
D402 carboxylate stabilize the acceptor positions dav
able for production of the &1,6)-galactosidic bond,

Se\eral attempts ha® been made to change the regiese
lectivity of a-galactosidases to produca-galacto-con-
jugates with preferably one type of linkage and good
yields. Among the approaches that different iestigators
hawe been used is site-directed mutagenesisaefjalac
tosidase fron Bifidobacterium adolescentiwhich result

ed in 16% increase of transgigsylation activity and the
production of an arrg of (1,6)-linked di- and trisaccha
rides [19].

The main result of the presentavk is the detection
of TmGalA mutations that result in the predicted
increase in the transgbosylating efficiency ofa-galac
tosidase. Note that rather high yields of transgbsyla
tion products hae been achiesd for the @1,2)-bond,
which was synthesized in minor quantities by the wild
type enzyme. The enzyme with the F328A mutation
manifested a pronounced shift in the regioselectivity of
the transglgosylation, and this confirms the possibility of
managing features of the enzyme based on theoretical
calculations and molecular modeling methods. The data

whereas similar interactions of OH6 with the carboxylate of the present wrk on amino acid residues irolved in
prewent a close contact of the OH2 and OH3 groups with the transglgosylation of TmGalA together with the liter

the anameric atan C1 of galactosyl. It should be noted

ature data on the synthase activity of this enzyme [34]

that for the mutants F328A and P402D the frequency ofallows researchers to create effeaivtools for directed

visits fawrable for formation of the 41,2)- and (@1,6)-

synthesis ofa-galactose-containing cepounds with

galactosidic bonds increases, and that for F328A addi high yields.

tionally appears a possibility of formation of thea(,4)-
galactosidic bond; hower, the minimal sum of distances
in this case is smewhat higher at 6.04.

It was hoped to waken the linkages bewen the
main-chain atoms of residue G385 and R383 NJN e

The authors are deeply grateful to Prof. Michael
Sinnott and to senior researcher of the Stefersburg
Nuclear Physics Institute A. M. Golubev for their alu-
able remarks and analysis during discussion of the find

and thereby cause the guanidine group to bind moreings.
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Fig. 5. Results ofpNPGal docking in the +1 subsite of the wild type galactosyl-enzymatic emplex (a, b) and of its t@ mutants: F328A
(c, d) and P402D (e, f).pNPGal (in the +1 subsite), galactosyl! (in the 1 subsite), catalytic residues D327 and D387, and also mutant
residues A328 and D402 are presented as backbone models. Dotted lines are shown distancékeratan C1 of the galactosyl armoer-

ic center and fran the oxygen atm of the D387 side chain to the oxygen atoof the attacking hgroxyl of pNPGal: OH6 (a, c, e) and
OH2 (b, d, f). In the block (e) the hgrogen bond is presented formed by OH2 gIPGal and the oxygen atm of the mutant residue D402
(dotted line).
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