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The invframe gene fusion between 3 enzymes, galactose dehydrogenise, fogulictasidase and galdstokinase, is deseribed, The puritied artitivial tripar-

tite enzyme displayed all three enzytuic wetivities. Two mgjor forms of the hybrid protein were found, consisting of 4 and ¥ subunits vespectively,

but other forms coutd wlso be identitied, Each subunit was made up of one mopomer ¢ach of galactose dehydrogenise, fi-gadictosiduse and galacto-
kinase, Proximity effeets exhibited by the hybrid enzyme could be demonsirated using {4 Clgakictose axa reparter motegule.

Ciene fusion; Galactose dehiydrogenase; fgalactosicase; Galactokinase

1 INTRODUCTION

Substantial benefits of an artificial bifunctional en-
zyme relative to the corresponding native enzyimes have
been obtained by the fusion of two genes, coding for
two sequentially operating enzymes (for reviews on
naturally occurring multifunctional enzymes see [1,21).
Distinet differences in transient time and steady state
rate of the coupled reaction were observed when an
carlier studied hybrid enzyme, B-galactosidase/galag-
tose dehydrogenase, was compared with an identical
system composed of native enzymes [3]. In addition,
with another system, B-galactosidase and galactokinase
fused in-frame to form a bifunctional enzyme, the in-
termediate product, galactose, was more efficiently
transferred to the second enzyme in the hybrid than to
a competing enzyme present, galactose dehydrogenasc
[4,5]. To further elucidate such hybrid enzymes a
trifunctional enzyme, galactose dehydrogenase
(Pseudomonas fluorescens/B-galactosidase (E. coli)
was prepared by gene fusion. These enzymes catalyze
the sequential hydrolysis of lactose followed by either
the oxidation of the galactose formed to the cor-
responding lactone or the phosphorylation of galactose
to galactose-1-phosphate (Fig. 1). In addition to pro-
viding fundamental information about proximity ef-
fects, stability and subunit aggregation, the described
hybrid protein should find an important field of ap-
plication in carbohydrate analyses.

2. MATERIALS AND METHODS

2.1, Chemicals and reagents
The enzymes used for DNA manipulation, 8-galactosidase and
galactose dehydrogenase were purchased from Boehringer Mann-
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heim: [1-MC galactone wits From Amershan. All other reagents were
commercially available and ol analyticil grade,
2.2, Racterial stradns, plusiids aned indicator plates

coli strain P oreeA (e pra)  Athl,  vifAL sirA,
recAZE Tael" T pro T ) (3 and £ colistrain C 600K~ (galli " T K™,
Lic ", thr ™y lew ") [4) were used for stundard transformation pro.
cedures, The plasmids pZK 205 and pDZ 10 have been described
dirtier [3.6), LaeZ * colonies were identified on indicator plates con-
taining Xgal and ampicillin, Galactokinase pasitive transformants
were detected as red bacterial calonies on MeConkey galactose plates

(4].

o]
2.
k.

2.3, Construction af plusnics
Restriction enzyme digests and other cloning procedures were per-
formed as deseribed by Maniatis et al. {7).

2.4, Purification aof the tripartite protein
The fusion protein was purified according to the procedure
developed for the corresponding bifunctional enzymes [3,8].

2.5, Enzyme ussays

During purification, -gulactosidase was assayed by hydrolysis of
0.8 8/1 ONPG [3) in a buffer cansisting of 0.1 M NaH:PQq, pH 7.0
and 1 mM MgS80.. One unit of enzyme hydrolyzes 1 pmol of lactose
per min at room temperature, This corresponds to the hydrolysis of
17 pymol ONPG per min. Galactose dehydrogenase activity was deter-
mined with 16.6 mM galactose as substrate [9]. One unit of galactose
dehydrogenase oxidizes 1 umol of galactose per min at room
temperature in a buffer consisting of 90 mM Tris-HCl, pH 8.5 and 0.5
mM NAD. Galactokinase activity was determined using ["*C]galac-
tose [10]. One unit of galactokinase phosphorylates 1 umol of galac-
tose per min at room temperature in 0,1 M Tris-HCI pH 8.0 contain-
ing 4 mM MgCl,, 1.6 mM ATP, 3.2 mM NaF and 1 mM DTT.

2.6. Determination of pH profiles

Enzyme activities were deterimined in 0,1 M Tris-HCl containing 59
mM MgClz in the pH range from 7.0 to 10.0. In the case of galac-
tokinase, 3.2 mM NaF and 1| mM DTT were added to the buffer.

2.7. Proximity effects

A competitive assay system was set up to monitor the transfer of the
galactose formed by the f-galactosidase moiety of the tripartite en-
zyme to be converted to either galaciono-lasione or
galactosz-1-phosphate and was used to measure differcnces between
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Pig. 1, Reastions vatalyeed by dhe prtificid wifuovtional énsyvine
galactose dehydrogemise “d-galactosidase “galactokingse,

the trigartite cazyvme aid native oizvime systems, Buffer {320 mM
factone and 0.8 M NAD in O 8 M Tois-HOCTpHE B0 containing $9 (i)
ML) wits used Q0 this assay attd the rate of NADL Yormation wis
foltuswed spectraphotometrnally in the absence and presenee of 1.6
N AT,

to order to ensure tit the detivities of the native o tripartite ens
eymies were matvhed, the galactuse dehydrogenase activity was
monitored wsing 16,0 MM galactose aid 05 mM NAD. The -
galastosidase activity was monitored i the saiie butfer containing 38
N Lactose, 0,5 i NATY and i eseess of palactose dehydrogenase,
Finally, the galactoRinase activity was matelied using Libelled galae-
tose. 1l of tripartite enavime solwtion comesponds 1o 0.2 mll -
patactosidase, -8 ml! gadactose dehydrogeniae and 0.08 mU galag-
tokinaseat pH 8,0, The uppropriste amuunt of the hivbrid ensyme (10
nh) or native enzymes with separate agtivities equal to those of the fu-
sion protein was added 1o the assay solution. In arder to cvaluate uny
proximity effects of the gafactokinase nojety 0.1 indt fabelled galac-
tose way included in the assay mistare and the amount of
galaciose-1-phosphate formed was determined in 4 total volume of
100 al,

3., RESULTS AND DISCUSSION

3.1, Construction of pDZK 1

A schematic representation of the plasmid pDZK 1,
encoding an in-frame fusion between the structural
genes of galactose dehydrogenase, 8-galactosidase and
galactokinase, is outlined in Fig. 2, pZK 205, which en-
codes f-galactosidase/galactokinase, was initially
digested with Sacl and Scal. The 3.8 kb DNA fragiment

A,
anltelosa 2 <
(la® X
“"V“"’“""“I"E‘W jepalactasansa
/_ Sacl
galaclokinase
Scal
B.
303 30 y 0 1022 1023

gaidh TAG GAT GGG GAT CCC GTC GTT+iacZ .CAA AAN GGG GAT CCQ TCG ACC TGC HGEC-

& &
CAA TTC CAA GAA ARA-galK

Fig. 2. (A) Schetnatic representation of the chimeric plasmid pD2K1
coding for an in-frame fusion between galactose dehydrogenase, G-
galactosidase and galactckinase. (B) Nucleotide sequence of the linker
regions between the fused galactose dehydrogenase (gatdh), B-
galactosidase (/acZ) and galactokinase (galk) genes. The numbers in-
dicate the amino acid residue numbers of the galactose
dehydrogenase, 8-galactosidase and galactokinase, respectively.
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cneoding the carboxylic part of the e/ 7l K gene wis
inscrted into pDZ 10 dipested with the same enzymes,
Use of £, call COOOR s host cell resulted in galk
vatsfornuints, When transformed into 20 cofl 1711
aeeqls selection onindiciaoe plates yielded  deer”
tramstornumt - colonies  which  were  sereened  For
plasmids with o size of 141 kb One of the isolaed
plasmids, pDZK 1, cucodes o polypepide ol 1711
amino  acid  oresidues carrying the  galactose
dehydragenise, g-galuctosichise, and galuctokinise ngs
tivitios,

3.2 Purification of galuctose delivdrogenases
fpettuciosiddase / galactok inase

g-galactosidase  adsorbs  strongly  to DEALL
Sepharase, which inakes puritication af the hybrid very
simple, The elution profiles trom ion  exchange
chromutography on DEALE-Sepharose and gel filtration
on Sephacryd S-400 Superfine showed that the 3 enzyme
activities eluted together, The specitic activities of the
tripartite  enzyme  were 5.1 U/mg  for  galactose
dehydrogenase, 2.1 U/my for g-gatactosidase and 0.11
U/mg for galactokinuse, When corrected for the in-
crease of My caused by the gene fusion, these specific
activities carrespond to 20-30% of native galactose
dehydrogenase and g-galacrosidase and 70-80% of
native galactokinase. The molecular mass of the fusion
protein’ was determined by gel filtration and SDS-
polyacrylamide gel clectrophoresis.  The  protein
purified by gel filtration eluted as two main peaks (Fig.
3), corresponding to M values of 1500 and 750 kDa;
pcaks corresponding to larger aggregates were also
observed. As estimated from the SDS-FAGE, the
subunit mass of the hybrid protein is 190 000, These
data suggest that the fusion protein is present in two
principal forms, a tetrameric and an octameric form.
The hybrid g-galactosidase/galactose dehydrogenase
has been shown to exist mainly as hexamers and
tetramers, with a preference for the hexameric form [3].
The galactokinase part of the tripartite ¢nzyme thus
modifies the form of protein aggregation. ‘

3.3. Thermostabitity

The 8-galactosidase and galactokinase moieties of the
hybrid proved to be more sensitive to heat denaturation
than the native enzymes (Fig. 4). In contrast, native
galactose dehydrogenase was less heat-stable than the
galactose dehydrogenase part of the tripartite enzyme.
The same phenomena have been observed with j3-
galactosidase/galactokinase and B-galactosidase/galac-
tuse dehydrogenase [3].

3.4, Determination of pH profiles

In the pH range tested, the maximal activity of the 8-
galactosidase and galactokinase parts of the fusion en-
zyme was found at pH 7.0 and 9.0, respectively, the
same as for the native enzymes. The galactose
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Fig. 3. Gel filuation chromatography on Sephaceyt 84K Superfine of the tripaitite engyme, Fraction volume: 3 ml,

dehydrogenase moiety exhibits a slight shift in pH op-
timum, with maximal activity at pH 9.0, while native
galactose dehydrogenase showed a pH optimum of
10.0.

3.5. Proximity effects

In order to investigate the proximity effects and
potential channeling of galactose to either the galac-
tokinase or the galactose dehydrogenase moiety of the
hybrid protein, a spectrophotometric assay was utiliz-
ed, The ratc of NADH formation was monitored in the
presence and absence of ATP. The reaction rate proved
to be completely unaffected by the addition of ATP, in-
dicating that the galactose formed was cfficiently
transferred to the dehydrogenase moiety. This is in

% of the original activity

o s
0 20 40 60 80 100
time (min)

Fig. 4. Heat stability measurements of the tripartite and the native en-
zymes were carried out at 50°C for the indicated length of timein 0.1
M Tris-HC! pH 8.0 containing 1 mM MgClz and 1 mM DTT, and
residual activities were determined. Bovine serum albumin was added
to give a final protein concentration of 1 mg/mb. (- & -) Native 3
galactosidase; (- a-) hybrid 8-galactosidase; (- ©-) native galactose
dehydrogenase; (- 8-) hybrid galactose dehydrogenase; (-0-) native
galactokinase; (-2-) hybrid galactokinase.

agreement with our previously obtained data from cor-
responding bifunctional enzymes, since such proximity
effects are more pronounced in B-galactosidase/galuc-
tose dehydrogenase than in  B-galactosidase/galac-
tokinase. This is partly due to the higher intrinsic activi-
ty of the dehydrogenase than the kinase, but other fac-
tors such as a more favourably oriented active site or a
more efficient path of galactose diffusion in the former
case must also be involved. However, the galactokinase
part of the hybrid enzyme also exhibits proximity ef-
fects in the absence of NAD. This was demonstrated
with ["*C]galactose as a reporter molecule. Thus, with
ATP, lactose and ["*C]galactose in the assay solution a
competitition occurs between the labelled galactose and
the galactose produced by hydrolysis of lactose. In the
hybrid protein the galactose formed appears to be chan-
neled to the galactokinase moiety since the amount of
produced ['*C]galactose-1-phosphate only reached
0.067 nmol/min while the value obtained without lac-
tnse present was 0.17 nmol/min. However, when native
enzymes with the same activity as the tripartite enzyme
were used, the corresponding value, with lactose pre-
sent, was 0.13 nmol/min. Such channeling or proximity
effects can be most valuable when these enzymcs are
utilized for biochemical analyses of lactose and galac-
tose [11,12]. Furthermore galactose dehydrogenase also
accepts other substrates besides galactose including
arabinose, which thus interferes with lactose and galac-
tose determinations. Galactokinase is, however,
specific for galactose and this enzyme moiety can be us-
ed separately to phosphorylate the galactose present,
thereby avoiding oxidation by galactose dehydro-
genase, When analyzing complex carbohydrate mix-
tures it is therefore important to be able to regulate the
individual enzymatic activities of the hybrid enzymes.
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This cun be achieved by adjusting cufuctor and

metal jon composition of the butler 1.
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