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Abst r act

Directed evolution is a new
techni que, whichis devel opedto
enhance the enzyne activity or
convert the cloned enzyne to
anot her. W now apply this new
t echni que on t he study of enzyne
active site topology. Plasmd
DNA (designated as pCR/ bgl) was
constructed with a insertion of

2.7 kb DNA fragnent containing

2.2 kb b-gl ucosi dase gene. This
plasmd was transforned in
XL1-red E coli strain and
cul turedfor several generations,
which was then subjected to
screeningthe mutant strainwith
b- gal act osi dase activity by
X-gal LB-plate. 8colonieswere
foundt opossessstrongactivity.
One of the nutant enzynes with
high activity were expressed,
purified, and characterized.
Al so, The nechanistic study of
the w | d-type b-gl ucosi dase was
performed by neans of NWR
spect r oscopy, substrate
reactivity, secondary Kkinetic
i sot ope effect. The
stereochem stry of enzyme
catalyzing the hydrolysis of
p-ni trophenyl - b- D gl ucopyr anos
i de was unequi vocal l yidentified
as occurring with retention of
anonericconfiguration. Basedon
the kcsr values of a series of
aryl gl ucosi des, a Bronsted pl ot
was constructedw ththe b=-0. 85
(Bronsted constant) for poor
substrates (pkKa of leaving
phenols > 7) and ~0 for good
substrat es. Indicate that a
t wo- st epnechani smi sinvol vedi n

catal ytic rection. The
secondary deuterium Kkinetic
i sot ope effects wth

2, 4-di ni trophenyl - b- D- gl ucopya
nosi de,

o- ni trophenyl - b- D- gl ucopyanosi
de, and
p- cyanophenyl - b- D- gl ucopyanosi
de as substrates are 1. 17 +0. 02,



1.19 £0.02, and 1.06 %0.02,
respectively. An  S\1-1ike
mechani sm for deglucosyl ation
st epandan S\2-1i ke mechani smf or
gl ucosyl ati on st ep ar e proposed.
The site-directed nutagensis
study for investigation of the
essential am no aci d resi due was
al so performed. The reactivity
(Keat! Ky of D247N mutant is
200, 000-f ol d weaker t han t hat of
wild type, whereas, the D247E
mut ant remai ns 20% of the wild
type activity indicating that
Asp-247islikelytobeoneof the
essential amno acids which
function as a nucl eophileinthe

catal ysi s. The irreversible
i nactivation of the enzyne by
condurito B- epoxi de al so

supports this concl usion.
I nt roduction

b-gl ucosi dase (EC 3.2.1.21)
catal yzes the hydrol ysis of the
b-gl ucosi di c I i nkages of
glucosides. A large extent of
t heseenzynesfrombacteria(1-3),
fungi (4-7), and plant (8-10)
have been purified and studi ed.

Many of them have been cl oned
(11-21). By conputer analysis
of protein sequences,

b- gl ucosi dase can be cl assified
intotwofam lies: 1and3 (22, 23)

[or famly A and B
correspondent |y by Roj a’ s
classification (24,25)]. I n

addi ti ontothe bi ot echnol ogi cal
i nportance of this group of
enzynes (26-29), study of their
catal yti c nechani sns provi des a

way to understand the catal ytic
power of the enzyne desi gned by
nat ur e.

Many nechani stic studies on
b- gl ucosi dase have been
performed (30-34). However,
t he studi es were | argel y focused
onthefam |y 1 enzyne. Perhaps
the nobst extensive study on
famly 1 b-glucosidase (from

Agrobacterium faecalis) was
carried out by Wthers’ group.
The techniques enployed for

el uci dati ng t he nechani smof t he
enzynme and the topol ogy of the

active site i ncl ude pH
dependences, i nhi bitions,
secondary deuterium isotope
effect, and
structure-reactivity (33),
essential amno acid |abeling

wi th fl uorosugar (35), reaction
wi th deoxy substrate anal ogues
(36), and site-directed
mut agenesi s (37, 38). On the
basi s of their studi es and nmany
of ot hers, t he gener al
conclusions of the famly 1
enzynmes were re-strengthened.
| nsummary, thisgroupof enzynes
is retaining whi ch
catal yze t he hydrol ysis of their

enzynes,

substrateswithretention of the
The
catalyticreactionisidentified
t wo- st ep, doubl e
di spl acenent
i nvol vi ng essenti a
car boxylic resi dues,
functioni ngas general aci d/ base
and nucl eophil e. Though the

anoneric configuration.
as a

mechani sm
t wo
aci d



action of famly 3 enzynes is
t hought to be simlar to that of
famly 1, a detail Kkinetic
i nvestigati onconbiningwi ththe
i nspection of essential residue
by si te-di r ect ed nut agenesi s was
much | ess reported, presumably,
at least partially, due to the
unavailability of a suitable,
cl oned bacterial enzynme and t he
X-ray structure.

Recently, thefam |y 3hydrol ases
gained a great potential for
maki ng progress on t he
mechani stic study owing to the
conpl ete resol ution of a
t hree-di nensi on structure of a
barely b-glucosidase (39). On
the basis of the structure,
Asp- 285 and d u-491 wer e
suggested to be the candi dates

for the nucleophile and the
gener al aci d/ base catalyst,
respectively. Thought the

function as nucleophile of
Asp- 285, which is conserved in
the SDW sequences of famly 3
enzynes, was supported by the
activesiteaffinitylabeling(20,
30), it has not yet beenconfirned
by neans of site-directed
nmut agenesi s. For better
under st nadi ng t he det ai

mechani smandt heacti vet opol ogy
of the Famly 3 hydrol ases, a
cl oned and expressed enzyne is

essenti al . The b-gl ucosi dase
from Fl avobact eri um
meni ngosepti cum is one of the
suitable candi dates. The

conplete purification of the F.

meni ngosepti cum b-gl ucosi dase
(denote as fbgl)(40) and gene
cloning of the enzyne (41) has
reported. In this study, we
conbined the physical and
chem cal studies toinvestigate
the catal ytic nmechani smof the
enzynme in nolecular |evel and
proposedt he Asp- 247 f unct i oni ng
as the essential nucl eophil e by
site-directed nutagenesis. W
al so applied DNA shuffling and
randomnut agenesi st echni questo
di rectlyapproachtheactivesite
topology of the enzyne by
converting this b-glucosidase
into b-gal act osi dase. The
un-nature b-gal act osi dase was

expressed, purified and
characteri zed.

Resul ts and di scussi ons

(A) Drected evolution for

t rnasform ng b- gl ucosi dase i nt o
b- gal act osi dase The pl asm d
cont ai ni ng of b-gl ucosi dase gene
was transformed in XLI-red E
coli strain and cultured for
several generations, which was
t hen subj ected to screening the
mut ant strain wth
b-gal actosi dase activity Dby
X-gal LB-plate. 8colonieswere
foundt opossessstrongactivity.
One of the nutant enzynes with
high activity were expressed,
purified, and characterized.
The wun-nature b-gal actosi dase
was purified by severa

chr omat ogr aphi ¢ steps i ncl udi ng
Q SP, H C, and G200



Interestingly, t he mut at ed
enzyne barely binds to Q or SP

colums but tightly to HZC
Clearly, its protein surface
property is totally different

fromitsoriginal b-glucosi dase.
The nol ecul ar mass i s conpar abl e
totheoriginal b-glucosi dase (80

kDa). Itscatalyticactivityis
totally converted into
b- gal act osi dase w t hout any

det ect abl e
activity. It

b- gl ucosi dase
al so possesses
significant a-L-arabinosidase
activity (10% t hat of
b- gal act osi dase) .
Unfortunately, thepl asm dDNAi s
unst abl e. The identification
of t he gene sequence was del ayed
Fi gure 1 showed t he net hodol ogy
of screeni ng this new
b- gal act osi dase f romt he nut at ed
DNAlibrary and the result after
transformation. Blue colonies
wer e t hought to bare t he nut at ed
NDA wi t h b- gal act osi dase codi ng
gene.

(B) Mechani sti c study  of
b- gl ucosi dase
Substrate specificity and

reactivity

A variety of glycosides,
including PNP-Man, PNP-Gal,
PNP-Ac-GIn, PNP-Xyl, PNP-Ara,
a-PNP-Glu, and a series of aryl
b-glucosides were employed for
investigating the substrate
specificityandthereactivityof
the expressed wild-type enzyme.
of all the substrates
investigated only the aryl

b-D-glucopyranosides were
hydrolyzed effectively. The
activities for non-glucoside
substrates were less 0.05% of
that of PNP-Glu. This 1s
distinguished from that of
Agrobact eri um b-glucosidase, a
family 1 enzyme, which possesses
noticeable activities towards
PNP-Gal (2.5% of that of PNP-Glu)
and PNP-Ara (4.6%) (33). This
broad glycosides specificity was
also found in another family 1
b-glucosidase from sweet almond.
It was considered as a
bi-functional enzyme with both
b-glucosidase and
b-galactosidase activities
(46-48). Though fbgl is highly
specific on the glycon moiety of
substrate, the enzyme shows a
broad specificity for theaglycon
portion. It accommodates
b-D-glucosides with various aryl
groups for the aglycon moiety.
Kinetic parameters for those of
aryl b-D-glucopyranosides are
summarized in table 1. T hough
the Ky values for all substrates
are comparable, the kcat values
are different up to 2.6-order of
magnitude. Analyzing the data
allow us to investigate the
catalyticmechanismof the enzyme
by means of linear-free energy
relationship, namely, Bronsted
relationship. The extended
Bronsted pl ot has been shown to
be aval uabl etool torationalize
mechani stic actions of enzynes
(49-51). Basedonthe k¢4 val ues,



an ext ended Bronst ed pl ot can be
constructed by plotting the
logarithmc form of the kca
agai nst the pKis of the | eaving
phenol s (Figure 2). A biphasic
plot with a concave-downward
trend was t he
sl opes (bg4 value) near zero in
the | ower pK; (<7.0) and -0.89in
t he hi gher pK; (>7.0). Cearly, the
enzymatic reaction involves a
two-step nechanism with the
formation of an internediate,
likely the glucosy-enzyne
internedi ate. Sincesubstrates
wi t h good | eavi ng phenol s (such
as DNP-du, CNP-du) show no
signi ficant dependence of their
reactivity on the leaving
phenol s’ pKss, therate-limting
step(r.l.s.) of thereactionfor
good substratesisthereforethe
breakdown of the internediate
whereas the r.l.s. of the poor
substrates is the formation of
The sl ope of
t he |l eavi ng- dependent porti on of
the Bronsted plot (bhg = -0.89)
indicates a |arge degree of
gl ycosi di ¢ bond cl eavage at the
transition state.
'H NVR anal ysi s of
stereosel ectivity

1H NVRspect r oscopy has been

obtained wth

nost

the i nt er nedi at e.

t he

successful ly used for
I nvesti gation t he
stereosel ectivity of various

gl ycohydr ol ases. The studies
reveal thediversityinmechani sm
of gl ycohydrol ases(25-27). To
better understand the catal ytic

action of fbgl, the NVR study of
stereosel ectivity of the enzyne
was carried out. Results were
shown infigure 3. In aglucose
1H NVR study two doubl ets were
found to be centered at d= 4.38
ppm (J=7.8 Hz) and d = 4.98 ppm
(J=3.3 Hz), correspondingtothe
band the a anoneric protons,
respectively. Theratioof bais
64/ 36 whent hey areequi | i br at ed.
The Cl1 proton of 2,4-DNPG was
shown t o be a doubl et cent er ed at
5.20 ppm (J=7.8 Hz). Wen fbgl
was added to 2,4-DNPG the
banoneric signal appeared. At
20 m n, a new doubl et generated
by nutarotation process and
centered at b =4.98 ppm(J=3.3
Hz) energed. The ratio of
b- gl ucosetoa- gl ucosewas 90: 10.
The anoneri c proton of DNPG was
ext i ngui shedconpl etelyin90m n
and the b/a ratio of glucose
approached to 64/ 36. Thi s
result clearly showed that fbgl
catal yzes t he hydrol ysi s of DNPG
with the retention of anoneric
configuration and al so provi ded
a clue for supporting atwo-step
mechani sm of the enzynme. The
catal ytic mechani smof famly 3
enzynes is likely to be quite
simlar to those of famly 1
gl ycohydr ol ases.
Secondary ki neti ci sotope ef f ect
Ki neti c a- deut eri umi sot ope
ef fect has been considered as a
useful tool for distinguishing
bet ween Syl and Sy2 mechani sis.
It provi des t he way to



I nvestigate changes in
hybri di zati onat t he substituted
site in proceeding from the
gr ound state to t he

transition-stateof thereaction.

| sotope effects kykp >1 are
expected for Syl-1i ke mechani sm
while effects near unity were
t hought to be S\2-11i ke reacti on.

Secondary deuterium Kkinetic
i sot ope ef fects (ky kp) upon the
degl ycosyl ati on of vari ous
gl ycosi dases, such

as b- gal act osi dase and
b- gl ucosi dase, were shown to
range froml.25to 1. 09 (28-30).
For t hese enzymes, t he
transition-state of t he
reacti onswas bel i evedt opossess
substanti al carbocation (or
al ternativel y oxocarboni umi on)
character. In this study, the
secondary deuterium Kkinetic
I sotope effects of the cloned
b-glucosi deas were carefully
measured wi t h DNP-d u, ONP-Qd u,
and PCP-G@utobel.17£0.03, 1. 19

+0. 02, and 1.04 +0. 02,
respectively. The | ar ge
I sot ope ef fect for good
substrates provi des strong

evi dencet hat t hei nt er nedi at e of
the enzymatic reaction is a
coval ent gl ucosy-enzyne
internmediate instead of an
i on-pair conmplex, for which an
inverse isotope effect IS
expect ed. In addition, the
large isotope effect al so
i ndi cates that t he hydrol ysi s of
gl ucosyl -enzyne internedi ateis

S\1-1i ke mechanism indicating
that rel atively | arge anmount of
car bocation character occurs at

the transition state. In
contrary to those of good
substrates, a smaller isotope

ef fect was observed for PCP-glu
(a poor substrate) suggesting
t hat an S\2-11 ke nechanism i.e.
a relatively small anount of
carbocation charater at the
transitionstate, isinvolvedin
the glucosylation step. I n
conbi ni ngwi t ht he observati on of
Bronst ed pl ot for hi gher pKyr ange,
by = -0.89, the nechani sm of
gl ucosyl ati onstepi s consi stent
witharelativelylatetransition
state pr ocess. The
Nucl eophi |l i c essential group of
t heenzyne has | argel y associ at ed
at the Cl position of substrate
when t he reactionis approaching
to transition state, where the
gl ucosi di c bond of substrate is
cl eaved ext ensively. In
summary of theresults described
above, the catalytic action of
f bgl i nvol vi ng t wo- st ep,
gl ucosyl ati on and
degl ucosyl ati on, mechani sm was
showmn in schene |I. The
gl ucosyl ati on step i nvol es nore
S\2- 1 i ke mechani smand possesses

a relatively late transition
state. Wher eas, t he
degl ucosylation step is nore

S\l-likewi thcarbocation(orits
r esonant oxocar boni umi on) ast he
transition state (TS 2). The
mechani smof fbgl was found to be



hi ghly consistent with that of
famly 1 enzyne.
Ki netics of Asp-247 nutants
The catalytic reaction of
fbgl isidentifiedasatwo-step,
doubl e di spl acenent nechani sm
Two am no acid resi dues,
functi oni ngas general aci d/ base
and nucl eophile, are involved.
Based on the nultialignnent of
amno acid residues of sone
famly 3 enzynes found that a
“SDW, sequence is conserved,
showninfigure4. Theaspartate
resi due has considered as the
nucl eophil e for A niger (20) as
wel | as for A wentii
b- gl ucosi dase (30) by activesite
affinity |abeling. Though the
correspondent sequenceinfbgl is
“TDY”, it is highlyhonbgenousto
“SDW . Agroupof nutant enzynes
wer e constructed for
i nvestigating the role of at
Asp-247infbgl by site-directed
mut agenesi s. The aspartate
resi due has changedt oaspar agi n,
glutamate, and glycine. These
mut ati ons have no significant
ef fect onprotein’sconfornmation
as i ndi cated in CDspectra shown
in figure 5. Al  purified
mutants were assayed agai nst
2, 4- DNP- d u. The ki netic
paraneters were summarized in
tabl e 2. As can be seen, val ues
Kn of each nutant are quite
simlar with only few fol ds of
vari ations. The catalytic
efficiency ( kcat! Ky of D247G and
D247N is largely reduced by a

factor of 3x10* and 2x10°

respectively. However, the
D247E nut ant keeps at | east 20 %
as conpared with the
Thisactivity
variation provides an evi dence
for dr awi ng a reasonabl e
concl usi on t hat Asp-247 pl ays an
i nportant role on the enzymatic
catal ysi s.

| nhi bition study.

Conduritol - B-epoxi de (CBE) was

activity,
w | dtype enzyne.

w del y used as active
site-directed inhibitor for
b- gl ucosi dase(52-54). I norder
to elucidate the catalytic
essential am no acid residues,
the wild type of fbgl was
inactivated by CBE As
presented in figure 6a, the
i nactivation IS
concentrati on—dependent.

Based on the time-dependent

i nactivation of fbgl wthl1lto5
mMof CBE, t he ki neti c paraneters
of ki, K, and k/K were
determned to be 0.014 s™! 8.9
mV] and 1.6 M!s'! respectively
(figure 6b). However, by
changi ngt he Asp- 247 resi duei nto
glutamat e, theinactivationrate
of t he D247E nut ant was extrenel y
slower than that of wld type
enzyne, even at the condition of
8.5 MM CBE [ dat a shown at the top
of figure 6a]. This result
suggested that the Asp-247
residueisinvolvedincatal ysis
and nost |ikely functions as the
nucl eophi | e. The repl acenent
of glutamate residue on fbgl



results in a weaker binding
toward & gluconol actone with a
| oss of binding energy of 2.5
Kcal /nmole (see table 3). A
slightly weaker binding of

& gl uconol actone al so observed
inthe case of D247Gnutant with
8-fold larger than that of wild
type enzyne. However, as
conpar ed t he reversibl e
inhibition constant, K, the
bi nding affinity of CBE on the
wi | dtype and nut ant enzynes were
nearlyidentical (table3). The
observati on may consi stent with
the fact that Asp-247 residue
interacts with & gl uconol act one
as the neaner simlar to the
enzymati c reaction when
approachingthetransitionstate
of the deglucosylation step.

The | onger side chain derives
fromthe nmutati on of D247E not

only reduces the spacein active
site but also changes the
di recti onof t hecarboxyli cgroup,
which is responsible for the
nucl eophilic catal ysis at

gl ucosyl ati on step.
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Table 1. Michaelis constants and relative k:» values of

aryl-b-D-glycopyransosi des?

Substrat e pKy of |eaving K, mM Keat, St Log Keat
phenol s
2,4-DNP-d u 3.9 0. 37 36.4 1.56
2,5-DNP-J u 5.15 0. 33 25.7 1.41
3,4-DNP-d u 5.36 0.45 16. 2 1.21
CNP-Qd u 6. 45 0.79 32. 4 1.51
PNP-d u 7.18 0. 65 12. 4 1.09
ONP-Q u 7.22 0.47 12.7 1.10
MNP-d u 8. 39 0.82 0.8 -0.10
PCP-d u 8.49 0.75 0.7 -0.15
PKP-d u 9. 38 0.68 0. 25 -0.61
P-Qu 9.99 1.10 0. 09 -1.03

a : Kp,values neasured at pH 6. 8.

Tabl e 2. Apparent activity of wild-type and mutants of b-gl ucosi dase towards
2,4-DNP-Q u

Enzyme Ko ) ear (579) et/ Ko 572V
Wid type 0.37 36. 4 98. 4
D247G 0.24 4.8 20.0
D247N 1.50 7.0x10* 4. 7x10*
D247G 0.23 7.1x10* 3.1x10°3

Tabl e 3. Inhibition constants determ ned for wild-type b gl ucosi dase and D247E

nmut ant
I nhi bit or Wld type D247E D247G
d- gl uconol act one 0. 0015 nmv 0.095 nMv 0.012 nMv
Conduri t ol - B- epoxi de 8.9 nM (K) 9.4 nM 6.2 nmM

0.014s! (ki)
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