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Carlridwydrate acelyleterasms, which have a highly specific role ansong
plu nterae g acterinl specles, reoove the acety] groups from plan cor-
lhydmtes Here, we detemained de erystal strucoere of Fsi24, an octameric
carlliydrate acetylesterase from Sinerkizobium meliisn, ot 1.45 A resolution
o iwesdgared its Wodwmical propertes The soruemre of Fa2d consdstesd
of five pamllel f smmls fanked by = helices which formed an octamerle
asssnlly with two distnet ntefaces, The deacetdadon actvity of Fae2d amd
fs mutants around the subsorabebdnding pocket was invesdpated wshig several
sl mites (nchiding glicose pentaacetate aml acery] algnate, Fludidstion of
the struciure-funeton relatonships of a4 conld provide valeable oppeomumi-
e fiw Moteclml ogeal e plorats,

Keywords: cartholwdme soetylesterase; site-directod mutagensss

Carbohydrate-active enzymnes, which explicitly act on
an extreme varety of substrates, modulate complex
carbolydrates for a wide variety of biological Fume-
tions, To date, the CAFy darahase (hp) wew.
carynig) recognizes b6 cirbohydrate eitermae (CE)
familizs based on sequence smilarites cofactors, and
catalytic residues [1-31 The diversity of CE family
reflects intAnsic differences in molecular strisctures, oel-

Abtwoviations

Tular ocations substrate specificites, and bincleimical
properties. In general, CEs memove ester finctional
groups in simple or complex carbohydrates, preparing
the carbolydmies for funher modification by gheoside
hydrolases {GHs) [4.5]. In addition to tleir imporance
in cellular fumctions, CEs are extenswely waed for
bintechnologcal ‘applcations. Among the COF famles
CE2  (acetylyylan  esterases) CE31 {aceryhiylan

CE, catapderie astoresa; G Hs, gyoosde ydraiasas NEAD, rostenda ant-n flemmatosy dg RGAE. rfermoagalactronen acatynsaraso
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eaterases), CEI2 {pectin scetylesterases, rhamnogalae-
mronan acttylesterases, and acetyluyln esterases), and
CEl3 {poctin acciylesterases) protweins ame clasified as
SGNH family proteins (Pfam  dcossion  mumber
CLkM6), which are characterimed by the presence of
four conserved residues, Ser {(8), Gly (), Asn (N}
and His (H) 6. The nucleophilic Ser residue in the
lighly comserved GDXS motif is egquivalent to the classi-
cal GXEXG motif of canonical af i hydrolases and i
main chain atoms serve as the proton domors for the
oxyanon hole. Catalysia in 8GNH family proteins is
triggemed by the comserved Hiz and the formation of
etrmhedral ntermediste & suppored by Gly and Asn
[7.8]. Furthermaore, through the deacetylation proces,
CE3 and CE12 of the SGMNH Tamily are imeolved in a
wide range of hiological processes inchudineg communi-
cations berween plant and bacterial cefls [9]

Although the SGNH family of enmymes has heen
exntenavely investigated in recent years, few studies have
examited the broad substrate specificities  enzyme
promiscuity, amd catalytic mechanisms of these proteims
at the molecular level. Recently, CFa of the SGINH
family were identified from several microorganians,
including Geobae il siegrathermaphiber [10], Bursrivibs
riv projeoclaticns [}, Melcens gororrhoeds [12], and
Evckerchia eodi O15T:HT [13]. However, little informa-
bon on the souchues amd camlytic moechanisms of
these CEs is availahle. Funlermore, these snryimes
have not been well stadied in Rizobia species, despite
their important roles in efficient symbioss. In previom
reports, & rocombimant SGNH hydrolase of 24 kDa
(NCBT Reference Sequence: WP_OI0OGE0MEG. Est2d)
from Simockizebavrn meliol, a gam-negative nitrogen-
foving bacterimn, was characterized and crystallized
[14,15] Here, we report the crystal structure of BEst2d
to 145 A resolution, and charactense its catalytic
activity uwsing a wvariety of spbhastmtes. Forthermore,
mutational analysie was camiod out to dentify fumc-
tonal key residoes determining the substmte specificity
of Est24, Since Fat?4 has important hiotechnologosl
potential in the biotramformmation process for the pro-
duction of valushle indwstrisl compomsds, corrent
results will he heneficial for biotechnolopy ap plicatioms.

Materials and methods

Protein expression, purfication, and
crystallization

The exdd gone was amplified from chromosormal DMNA of
inorhizof o seefiivd {Koremn Collecton o Type Cultunes.
E'WDI'_'HI 597, Sooul, Korea) Dexi, e esdd pme win
mseriel mio pOEN ((hxen, Gemmany) and Esit? prodem

An octemank caroohydrain acatydesioross

was sxpeied with o hexs-His lag. The nesuliing necommbd mand
DA m the pQEI vactor was tmnifonred inky Erdhenidhio
cald X L1-Hlue (Straisgene, CA, USA) as prevdously described
[14,15). Sale-dirscial mirtspeness wens cerred ool by (usck-
Changes Site-Dirscted Mulspensis Kil m aoxrdsnee wath the
manulmstner's mstrichons The PC R prodnct wes mouhsied
with Dypml s 3730 for 1h, md transformed 1o E caff
DH 52 In gememal, three colomes were musdomly selected for
s uenemy mnd the venfiml plesmml was then transformed
mio £ colf BL21 {[DE3) wang the cabsum chilon de translor-
mabon melhod for ovenxpressom. For  orystallieation,
6 meml ™" of Esi24 m 20 md Tra-HO (pE R0 was mew-
bated with 0.2 s momoemtiun phosphale (pH 4.8), and 20%
pody ethy bene glyool (PECH) 3350 0or 7 days.

Koray data collection, processing. and analysis

Dnifrscton dat (18F rodaion wath 057 ceallstom and 35
of expodone) wene collecled usime 25% plycrolconianme
mxrlher byuor with an ADSC Cuantom 315 CCD om bean-
line ail Pohany Acoslrator Laboratory (PAL, 7A, Pohang,
Kaorea), The mative duta sl was oblamel 3l @ wavelength of
09793 warh 1.45 A mesolubon, e all deis were :i:n.Lﬂgﬂ.l.ﬂL

acalend, and procesed wdng the HEL-3000) pockage [ 16].

Determination and analysis of the structure of
Est24

The cvsal atricline of Es124 was determmed by molaslar
replacerrend wang MOLEEP [(17] with an arylederase fron
Mypohocterion sreymaie (PRDB ID30S) = an mibial
medel. Model biiklmg and structural rdinement wore per-
Tormesd ang Uhe Coxn proerom [1H] amd rEfess [19]an the
O package and the FEay program [200]. The (sl stroc-
e wais vis ishred wome PyMOL for praphdcl presentation
(P ML Mederiiber Crraglae: Syste). The ooombnnbe: and
riciural factors of Ea24 were deposilsd m the Prosn
IDats Bank wath the acesson cxle SHOE. Sequeances
relaled b Es24 were mireval m FASTA Tomral, =nd mudia-
ple squence slwmments were genemsisd by the coisTalw
program and then nendensd with ESPrapt [21] The sub-
sirale-binding pockel was analyred with CASTp [27].

Preparation of ketoprofeny| acetate

Five mams of keloprofken wes distlwed in % mL THF
anl 1w borame was sdded with constand shrme for 12 e
The mmixtune was then exiracted wdme dlboromethans,
mnel crude produd wass poridbed om odhcs @l wath a
hesane-ethy] acelate (5 2poomnianmg solutom. Afler com-
densmtion, 022 g of Sdimethylmmopyndine, 4.5mlL
timethybmme, and 18] ml acsty] anhydride were added
anal stirred for 4 he Adter exiradtion, the fmal product wes
punified on sibcs @l with 8 hexanesthy] aoelaie-contanmg
slution. The NME speoinon of ketoprofeny] scedsis was

CERS Leted 5IG G0N S A0S & 3 E R o Faton B e | S o s 1243
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An ocmmark aroohydraln aontyl estorasa

reconded wmEg 8 Vamen [NOVA ASSN (Varmn CA,
LISAY operating at 400 MEE: for "H.

Enzyme assay of Est24

The hydmidybic subsraie spealicily of Esi24 was lesded with
1-naphihyl acetate (1-MAJ, l-naphihy] bulymi= {1-MNE), -
waplthyl aootats {2-MEY, and Tnaplihy] phosphate (1-8F)
24 subsimdes. Absorbance was determined st 310 mm wdng
a microplale reader (BioTek, ¥T, USAjFor pH mudicstor
based colormmetric ssaye 41 pue ol Es24 and ils mutsni
profems were added 1o subsrate solutons conlanmg phe-
ol el (2 meml Tt K23, The subsirsies containmg aced-
ale groups wen glucoss  polasceists (25 pas),  cellnlose
acetsls (1% [wiv]), O-acetylalmmsts (0.5% [wiv]) glyceryl
tributyrde, phyceryl tnokate, fish od, obve od, ety
acelsle, a-lerpmy] acslale, and hmiy] acetste, The siamdand
amay sodutwm contamed (L3 ms subsirale st 4.1 s poo-
lern m LY mL bulfer comaming 2 me TrsHCT (pH %0)
Tor cimlirm the mle ol sach readus o the active als,

C_ O ot al

midants. of Ex24 mcluding 5134, RaVA, MUAA, YI101A,
WI1S1A, F1524, or MI155A were purthed, and their activi-
Hes agamsl varioes subsitsies were investwsted. The fuo-
rewence milenEiy of demethylumbelbimons (EMU) was
used in mvesteate the sctivites of Esi3 n an wissv okl
ill urmnabon bos . The resction ot conssied of (05 mL
of 5 mi swbiion phosphate bufler (pH 700 amilaming
025 mu MU aostale sned d-MU phosplote with puritied
wild-type and mulaml Exi2 prolems. In addilion, the kevel
ol hwlrolyeal aetic sads from ketogrolenyl acetsie was
sho mesured wimg mo osodic med delemmunsbion ki
(qu’.‘:{:‘n: Inc., ﬂun.agu. I, 1554

Results and Discussion

Sequence analysis of Est24

In phylogenstic analyss, Est? was asigned to CE
Family I {CE3), which was clustered with an acetyxy-
lan estemse (CsA, (ORLBE) from  Ricsumoceccs

nt ol

Est2d TT Aaq h,LJ_,L.':'_L'.___L:'. — Y
Eat2d I, .luzw.sﬁ'tr LW Cw P-.'ETaS b .PEL:tPrzmh"mha DEEH ... s
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STave firctens, an sceiylxylan estemae (bnalll, O13497)
from Neocalldmediic peiriclarem, or 3 cellulose-binding
protein (Q4TEI) from Thermobifide fiven (Fig. 510
Although several CE3 proteins have been identified
only o erystal smctumes of CE3 enzymes hawe boen
determined, incliding cellulmomal family 3 (Crlesd,
PDR TD2VPT) from Clesiridiion  hermace fum [24]
and a carbohydrate acetylesteraze (Sm23d, PDB
TEATH ) from Soeedizeboem melilon 102 BL Thes
two enzymes have [5.6% amd 37.1% sequence identity
with Bstd, respectively, and only 23 residues are. com-
pletely conmerved amaong all three enzymes {(Fig. 1). In
addition, Fat24 has limited soquence similanty {12.8%)
e am acety-ayloolignasccharide  emterame  from
Greobacillus stegrothermophibes (Axel, PDBE TDAIWTY)
which was recently identified as & new CE family pro-
tein [10]. Using the DALL server, two other strsctures
with high sequence similarity to Estdd wemr also
observed: an o aryl esterase (MsAcT) from M e olee-
fe A coegrianis (PR D0 2000 Z-acore: 39.T) 29]
and & putative aryl esterass from Aproba teriem feee-
Sfactens (PDB TD:ADCL Z-seome; 31,71 Multiple align-
ments showed that Farld contained the catalytic triad
resadies serine (Ser '), aspartate (Asp'™h, and histidine
(Hiz"™") The D-X-X-H motif wis localized in the O
teminal megion in the primary strocture, however, it
was spatially close to Ser™ in the GG maotif.

Owerall structure of Est24

The final structure of Ear?d was refined to a erystallo-
graphic B-factor of |T.05% (Re = 2L63%) at 145 A
resolution. X-ray diffraction datm with refisement
stafistics are shown in Tahle |, and all amino acid resi-
dues  were  within  the allowed megiom of  the
Ramachandran plot Estd E composad of seven 2
helices encompazsing one [ sheet, in which five [§
stramts {[i1, A, p3, B4, amd fF) were aligned in paral-
lel in a kf-handed twist odemtaton, and the five 2
helices (22, a3, #4, 26 and a7) enclosad the central fi
sheet (Fig 240 The a helioes were composed of resi-
does af 13-16 (213, 3644 (22, TI-83 (a3), 106133
(), LE-156 {25, 159177 (a6, and 20217 (27),
whemas the central fI sheet was formed hy mesidoes
S—11 (B1), 48-54 (FI), BE-92 (A3 133—140 (f4), and
|A0-1 83 {f5). Figure 2B shows the electrostatic surface
af Eat®, highlighting the slghtly positively charged-
surface encireling the entrance of the substrate-binding
site. Interestingy, two hehos {(oF and 21) were located
at the entrance toward the catalytic triad.

The catalytic site of Est?d was formed by the resi-
dues Ser't, Asp'™ and Ha'", which were situated on
the C-terminal end of the cemral fi sheet (Fig. 20CL

AN oCtam ane co roehydratn s tyl nsisnn s

Tabda 1. Deta processng and mfinemant sazstes for Ex24 T
om N He badet wpmsnE tha highest resaluton shed
PAAET, roor o =quara devaton

Ema
Dt callacton
Specn Gimup 2
Cal Dermonsions
a b ool 17908, HAGE, BE16
aflyi a1 114 30 50
Wervoiongt Rasaedion (0 agrs
[ — 94 [
i H3 2
Comrpima s | %) e R e ]
Fdundsncy 28 {1
Rafmamo
Pesimon (A) AT a0
Mo aof reflactons 145 39
Flared Flcaa™ (W80 TR 6
B af Ao o]
Breoman Bhaonm 107 E-2
FMED
Bord mngin (A [T aE
Bard angres % 1627
Farmachandmn satetcs
Favored (%) a2
Aond | ) AR
CErmmr (%61 a0

* Arags = Epcllildbid — < fREd = i, wrom ({hid = o
1 mosnrwrat of ihe nmnsdty of 1o o flecton (R and § G =
1 PN ety T T T

B g, was atfanod fom & randomiy sincnd 3ot i and f,
wars oirtwrod Foma ranng sot {55%)

Ser'! was simated at the N-terminal end of al, whilk
Asp™ and Hiz™ were located on 2 loop between 5
and &7, Using ste-diected mutagenesia, Ser'’ was con-
firmad a3 a catalytie residue in Est24 [14]. The two
long loops, the mpon between B5 apd o7 {ala'¥-
Ala®™) and the region between al snd &3 (Trp™—
Trp™) coordinatad Asp'™ and His™" toward Sar™
form the catalytic triad (Fig. 2D The oxyoen (O) of
Ser'! formed a hydropen bond (3.0 .5;,1 with the nitro-
gen (Me2) of His'®", while the oxygen (082) of Asp™®
was within the hydroges-bonding distance (1.7 A) of
the nitrogen (817 of Hi'". Furthermors, the hack-
bone atoms of Ser™, Ala™ and Am™ were involved
in the formation of an oxyanion hole to stahilize the
tetmhedral  intermediate during catabwis {Fig. 200
The long loop (Gly®—Gly7%) connecting A and =3
harbomed an slanine (Ala™), and asparagine | Asn™)
was situated at the loop bebween A3 amd 2d {h’!ﬁ‘n—
Pro'™L The surface-exposed substrate-hinding  sine
fomed by two 2 helices (2] and 25) and four loops
(Gl —Ser", Gly™Gly™, Met"—Pro'™, and Ala'"-
Ala™™y is possibly involved in substrate recognition.
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Oligomeric nature of Est24

By olipprmene state analysis wsing QIFISA [25] we
found that two tetramers exhibiting twofold erpmtalloa-
graphic symmetry formed an octameric. Est24, Consis-
tenr with this, the apparent molecular weight of Bsrl4
determined by amalytical size-enclusion chio mat ograply
was similar to the calkulsred molecular weight of the
octameric formm of Fst24 (data not shown). Maoreower,
throes enmymes homologows to Est2d (Sm23, Croiles3d,
and Awel) have boen shown to axist in an oligomeric
formatnon [H10,M]. In the oligomeric assemhbly of
Est?4, the central pore was almest square, with 157 A
for each side, and the catalytic triad faced ourward, per-
mitting the efficient binding and melease of large carbo-
hydrates. For octamer fomuation, fouwr independent
malecules of Est?d were amanged in two identical
dimers, and each molecule was almaost perfectly super-
imposmble, withan owmll RMSD value of 0-0.19 A,
The octameric assemhbly of Est)d was amanged as a
dimer of tetmmers, and monomer-mo nomer interfaces
of B2 could be divided into twn vpes subibype 1
and subtype 2 (Fig. 3. The subtype | imterface was

formed mainly by {2, a3, 21/ loop, amd =4/p4d loop
with an imerface area of 958 A% Four sal bridees
imchading Glu*? {on the f2 smod-His* (on the =3
helin) were ohlesrved. Sixteen hydrogen bonds imvalv-
ing Thre, Arg™, and His® were formed, amd Trp*%
Tyr ", Len™, and Tyr'?" were key retidues in ponpolar
contacts at tlus interface. The subtype 2 interface
{466.1 AY) contamed residues mainly from =1, =4, 45,
fliad loop, amd the =645 loop as well as two long
connecting loops of fi2fe3 and 2l S hydrogen
bonds with two salt badees including Gl {on the
2] ja? loop-Lys "™ {on the «6/f5 loop) were formed in
thus interface, Interestingly, strctural analysis revealed
that the substrate-hinding pocket was distant from two
interfaces (subtype | amd subtype 2, implying that
these interfaces may have liole impact on substrate
binding (Fig. 3 botom right}.

Functional analysis of Est24

Deacetylation of carboliydrates by Est24 was imvesti-
pated vsng ghucose pentascetate, celluloae acetate, and
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acetylalgnate as substrates A pH indicator-bassd col-
orimetric amay wsing red-to-yellow color change was
employed to monitor the mlase of acetic acid. Estid
showed significant enzyme activity toward glioose pen-
tancetate, but showed little enryme activity toward ecel-
Tulose acetate (Fig. 4A). In addition, deacetylation
activity  toward O-acetyllginate was  observed
(Fig. 4B). The substrate specificity of Fat2d4 toward
maphthyl derivatives was anslyred in Tris-HC] buffer
(20 msm, pH £.00 at 23 *C. As shown in Fig. 4C, e
highest activity was obtained with 1-NA, followed by
2-MA, and 1-MNB. Specifically, the hydrolytic level of 1-
WB was only 36% that of 1-NA. In contrast, no sig
nificant activity was observed in 1-WNP (Fig. 400

The ability of Est2d w hydmlyze tertizry aloohol
acetylesters was examined using tere-inyl acetate, lina-
Iyl acetate, and a-terpinyl acetate a3 substrates [26]. As

FEEE Lamers B (018 1245- 53

shown in Fig. 40, Ear4 hydrolyzed only sere-butyl
acetare, but had alinest no activity toward Enalyl acet-
ate or 2-terpiny] acetate. Furnhermore, gdyceryl tribue-
tyrate. soltons became yellow gradually with the
addition of Ex2d, suggesting that Ear? was able to
hydrolyze simple lipids. However, no significant hydro-
I¥tic activities were detectable toward glyoeryl trinleate,
fish oil or olive oil (Fig: 4E). A catalytic-site mutant
(S13A) was shown o exhibit complete loss of activity
under the same reaction conditions. Finally, Est24 was
shown o effectvely hydrolyze  d-methylumbelliferyl
acetare (4-ML] acetare), which was zimilar 10 2 puta-
tive carbohydrate acetylesterase (Sm23) from Sinerks
zobhen  medilsdl [{]. High Awrescence due o the
fommation of 4-methyhmbeliferomne was observed in
the Eppendorf tube conmaimng d-methyhmbelliferyl
acetate (&MU acetate). However, no fluorescence sig

o 200E Fadradons of Frinoen s B inotemial Secia s 1247
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nal was obareed in d-methylumbelliferyd phosplate
{#MU phosphate) (Fig. 4F)L

Substwate-binding pocket of Est24

Althongh the active sites of members of the carbohy-
drate acetylesterase family are svuwcturally related,
notzble differences were ohserved in the onentatons
and shapes of the subamie-binding pockets, A shown
in Fig. 5, among Fst3d, Smd3, CrCesd, Axed and
rlamnogalacturonan  acetylesterase (RGAE), there
were dgnificant spatial differences in the  regions
peripheral to the active sites, which mamfiests their dis-
similarity in substrate specificity and wguilation mecha-
niin, Using CASTh, the aress and volumes of the
substrate-binding pockets wene calulated for five rep-
resentative enzyimes, The owmll pocket structures in
Est2d, 8m23, and Ctlesd were similar in terms of area
{A) and volume (] (Est?d: 4 = 892 A, = 152 A7,
Emdd A= 4A% FeMEA) and CiCesd: 4 =
.0 A F=425 A compared with those of Axe?

(A=122AT F=233% and RGAH (4=104A%

v

F=214A%

1ze8

Specifically, the two long extended loops of (/a3
(Gly ™ —Gly™ and A3/ Met™ Phe™) of Es24 consti-
tuted the opper megion of the albsme-hinding sites
{Fig 3R). These two loops, despite ther length, made
few contacts with te rest of Eat2d, which may explain
the flexhility amnd enlargement of the substmte -binding
pocket dunng catalysis. Specifically. the f2/a3 loop was
proposad o act 55 4 wide, flexible entmnoe for efficient
ligand binding. In the upper megions of the hinding
pocket. Arg®™ in [t and Aso™ in iV loop may
facilitate substmte entry by electrostatic interactions and
hydmopen bonds In addition, ':I'_lfl"""" could e wsad to
entrap the hydropbhobic part of an ipcoming subst mte.
Although thess two [i2/3 and (3ol loops seemad to
form the main entrance site for the substrate, acoes to
the catalytic triad was alo nestricted by the short helix
of =5 (Pro"Phe™%. Interestingly, othet proteins
seemed o have a similar heli {of helices in Est?4 and
Sm3 or ol helices in CrCesd and Axel) that could limit
the simes of the substrate-binding pocket (Fig. 3C-El
Cinly RGAE had no comesponding resons in the sub-
strate-binding pocket, implying that this- protein may
have a diffe re ot mode of substrate hinding (Fig. 5F).
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Mutational analysis of Est24

To investigate the functiona] role of aming acids in the
substrate-hinding pocket, M msiduess in this wegon
were selectod and substituted with ghycine by site-direc-
ted mutagenesis. After expression and purification, the
catalytic activiies of seven mutants (S13A, REFA
MGA YIOLA, WISIA, FI32A, and MIFSA) were
tested and compared with those of wild-type Est24. As
shown in Fig. 6A, WISIA, FI5XA; and M135A had
activities similar to that of wild-type Est2d for [-NA
hydmlysiz In contrmst, R6YA only retaimed — 2% of
the activity of wild-type Est2d. Similarly, for the
hydmolysiz of glyery] tributyrate, WISLA, FIS2A and
MIF5A did not affect the catalytc activity of Fst24
{Fig. 6B). In contrast, REGA and YI0TA mutants had
almost no activity, suegesting that these residues in the
loop regioms (23 loop and fA3/sd loop) may be
imealved in the hydrolyss of glweryl tributyrate. For
tertary aleohol acetvlestes, only MI35A showed simi-
lar activity to wildtype Es?4 (Fig 60, abhough

most mutsnts were not ahle o effectively hydmolyne
these compoumi. However, in 4-MU acetate assays,
most mutsnts showed high fluorescence except 5134
amd MNOGA (Fig 60). These muationa] resulis indi-
cated that R6% and N9 as well a3 Y101 in the upper
left region of the substrate-binding pocket were key
residues involved in the activity of Est24.

Bazedd on the fact that Esx2d can effectively hiydro-
Iyze a wide vanety of acctate-containing substrates,
the hydrolysis of ketoprofend acetate by Est2d was
investigated,  Ketoprofen,  (8.5%2-3-benzoylphe oyl)
propionc acd, 5 8 nostemidal ant-inflammatory
drug (NSAID), a widely drug to aleviate pain and
inflammation from tissse injury, To date, several
microhial esterases haw been eported o be polen-
tially useful for the preparation of ketoprofen 27 26
Est?d showed significant ketoprafeny] acetate liydroly-
te activity, althowgh most mutants showed  zignifi-
cantly decreased levels of emmyme activity (Fig. TL
Tnterestingy, the MIE5SA mutant was shown to have
activity similar 1o that of wild-type Est24.
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In conchision, the crystal strcture of Fst24, an
octameric carhohydmte acetylesterase from Sinorfino-
Bt melifati, was determined at 143 A resolution and
its camlytic properties were investigated wsing 8 wide
variety of substrates. In addition, site-dimected mutage-
nesis has been wad to elucidate the strocture-functinn
relatiorships of Ef2. Furthermore, deacetylation of
ketoprofen acetate by Est24 was investigated, and
Esztld was shown 1o be 3 promiing biocatalys for the

1350 B

LaTarn BB (015

CErTOEr e T s o s Terdee wees
doterrminod LN g 0 sooio asd
dhtsrTTinEton

preparaton of ketoprofen. The results in ths smdy
may he wmeful for FAother exploration of industrial
applications of carbohydrate acetylesterases.
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Abstract

Anovel microbial esterase, EaEST, fromm a psyehrophilic bactenum Bxviguobactenum amt-
arcticuim BY , wasidentified and charactenzed. To our knowladge, this is the first report
describing structural analysis and biochamical charactarzation of an eserass solaed from
the genus Exiguobacienum. Crystal structure of ESEST, detemmined at a resolutonof 1.9 4,
showed thal the enzyme has a canonical o f hydrol 252 fold with an a-helical cap domain
and a catahytic risd congisting of S2rlE, Amp220, and His24 8. Interestingly, the adve site of
the structure of ESEST is occupiad by a peracetate molecule, which is the product of parhy-
drotysis of acetale. Thisresult sugge st thal ESEST may hawe pertydrola s activity, The
achvity assay showed that EFEST has significant perhyd rolase and esterase adivity with
resped to shon-chan p-nitrophany esters (<G8}, naphihy demvatves, phenyl acetate, and
ghycernyl tributyrate. Howsaver, the SB6A angle mutant had low esterase and parhydrolase
activity. Moreower, fhe L2TA mutant showed low levels of protein expression and solubility
as well as praference for different substrates. On conducting an enanticsslactivity analysis
using R and S-me - 3-hydr oo 2-methyipropionate, a prefarence for B-enantomers was
chserved. Surpnsingly, immobiiized ESEST was found to not onty retain 200% of is indal
actvity afterincubation for 1h at 80°C, but also reteined more than 0% of its inifial activity
aher 20 oycles of reutilization. This research will serve as basis for future engineering of this
esterass for bidlechnotogical and industial applications.

Introduction

Esterases{E.C. 3.1 LX) are members of the w/f-hadmbese fanily that catalyze the hydmlyds of
avariety of substrates contalnlng ester linkages, such as arvl exters, acylghycerols, and carbox-
e esters. Thesee ey mesare widely distribut ed in bacteria, fungi, plants, insects, and animals,
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many of which are thought to ply important physielogical roles in lpid metabalizm and
detnxfication of venoblotics |1-3]. Carbooylesterases (carboodester hydrolases, EC. 31.1.1)
and lipases (triacyglyceral acibwdralass E.C.3.1.13) from microbial origlo lave fncreas-
inghy gained interest in research, and a considerdble number of novel enzymes have beendls
covered and ¢haractenized [6-81 Many of them show substmte promiscuity and high rego-
and stereceelectivity, s well asstability, in organic solvents this mokes therm attractive biocats-
bysis for Industrial processes induding food modification, detergent formadation, and synilesis
of fire cherndcals and pharmaceuticals |9, 10,

Several crystal stractures of mic robial eserases luve been describad recently, such as those
fronms the Beacilins subtiliz straln 1648, B subtilis Thai [-8, and Rlirodopseudomonas patusiris [11, 12].
According to structural gudies, esterases have a canonleal of f-hydrobase fold, which is compesed
of acentral fsheet avrounded by a-helices The active site containsa catalytic triad formed by
Ser-Asp-His residves, which is also found inother esterasesand serine proteases. In addition,
theei £ e nryimatic reaction e chan ins wslng this catalyic trids love been well studied [13, 14).

Owver the lag Bw years, many este rases with different enzymological properties and substrate
specificities lave been lsobited fom paydirophilic microorganians induding Psycrobacter
cryphalalemtis K57, Pseudomromas mandelit, Psychrobacter pacificensis, and Thalzssagine sp,
GBI | 15-18) Pevchrophilic omganisms living ina permanently cold environ ment produce
ergynresadipted to function and display high ctabytic efficie ooy st low temperatures | 19, 2.
The relatively ligh ac tivity of cold-active ¢ meymes inlow lemperatures can be explained by two
factora The fiest isa decvease in the enthalpy of the e enzyme s due toa reduction in peotein-
ligand tnteractions Thss, this may allow for substmebinding and product-release with a low
energy barrier at Jow tempe ratures. The scond factor 15 an increase in the entropy difference
between the apo-enmyan e and the enzyrme- aubstrate complex, due to the conformational fexibi-
Iy af cold-active enmyamn es durtig substrate binding. [t kb known that these two factors conpens-
tively induce favorsble reactions ln cold-active 2 roymes at low temperatures [ 11 22]. With
otgoivg densand for reducing energy consumption, cold-adapted e derases have great onm mer-
clal potential and offer effident catalytic slternatives for industeia] applications (23], Thus far,
velativaly fewer esterases from pavelrophilic ongansmes bawe been studied conpared with those
fronms their mesoph lic counterparts.

I this study, we repornt on the detalled groctoral and bioche mical characterstics of an
esterase [ FaEST) from a psychrophilic hacterium Exiguobacterium anfarcticum BY (241 This
arganism was isobited from 3 microbial biafdm at Gioger Lake on King Ceorge [dand, Antarc-
tic Pealrsula We deterimined the crvaal structure of EaEST complooed with & petacetate mnle-
cule, which indicates that EREST bas pedvwdrolace activity, Perliydrolysis meay bea sde activity
of esterases and lipases [ 15-271, However, it can be usefial in industry and organdc synthe sic In
wur sctivity assy, EnEST demnnsrated significant perlydrolysis sctivine with a b, value of
.24 + 001 5, which ishigher than that of the wild-type esferse (.12 £ 001 £°) from Psedo-
maoetas fuorescens (FEST). Recent studies on IYEST revealed that asingle rmsation, L2P,
icressed the perbydrobue activity to 5.1 +0.4 5" | 223, Therefore, EaEST can alw provide a
e termiplate for constructing a peclvdrolae with a higher activity via protein engineering.

The crystal structure of peracetate-bound EaEST was resabved at high resolution, revealing
tuat EaEST retabns the charace dstic of f-lydrolase fold with 2 cap domaln and has a caralytic
triad of Se e, Agp22(, and His2448. The aptimal pH and temperature of EsEST, a wall as its
substrate profiles and e mntioselectivity, were tnvestigated through mutstional analyas. We
foviand that EaEST luas binad aibarate profiles iond wdlog short-chals p-otrophe vl esters
(=AY, map hithy] derlvatives, and glvee rd trilvutymte. Furthe rinore, the reasliing inumobilizs-
tivn of EaEST showed significantly enhunced stability and rensability, Our resnlts will provide
a platform for te rational design and engineeriog of more robust blocatalysts
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Materials and Methods
Claning and protein expression of EaEST

The EaEST gene {GenBank Accessan CRI30603) was amplifiad from chiromosomal DNA of
E. antarcticum BY (Korea Collection for Type Cultures {KCT C). Republic of Korea) by FCR
{hist srart ar 447 C § 10 mdn) followed by %4°C 1 min, 58°C {45 sec), and 72°C (1 midn), for 3
cydes with apprapriate pamers ). The resulting PCR prod uct was inserted intoa pET-2 la vec-
tor {Novagen, WL USA), and the moombilnant construct {pET- EaBEST) was trangformed in E.
colf BL21 (DE3). A single calony was inoculsted into LB peedinm containing ampicllin {104
oot tred ) wntdl the optica] densty at @ am (0D, ) reached (4-06. Then, indoction was
dome with the add ition of 1 M Bopropd- B-D-1-thiogaactoside (IPTG) for 3h, The resulting
cells were harvested, somcated, and resuspended in a lysis boffer containing 240 mM Trs-HCL
pH AD, 10 mM imlderole, and WW mM MNaCl After centrifugation at 180 rpm for 1 by, cell
Iyztes were lnaded ontoa His-Trap NIi-NT A column sangan AKTA Prims Plis (GE Health-
care, Little Clalfont, UK}, Finally, after extensive washing witha bufier containing 24 mb
lissldazole, the bound FaEST was aluted with an elution biffer ontainlig 2 50mb Laidarole.
The eluted proteiins were desalted usng PD-10 column with 20 mb Tris-HC1{pHS.01 con-
tabiing Mok b NaCl The protein purity of EfEST was confirmed by 5D5-PAGE and one
liter of culture of the transformed E. coff uswslly reailted in approximately 8 mg of EgEST.

Crystallization of EaEST

EubEST was purified and concentrated to 24.4 mgml ina ndfer conssting of 20 mM Tris-
HCl pH 80 and 1 mbd NaCl A preliminany crvstallization screen was perforomed with a
msosaqul b robot [TTP Labtach, UK) wsng commerclally svallsble screening kits sisch =

MOSG -4 IMicrolytic ) and Index [Hampton Research). Tnitial < wenlng was pedormed uang
atting-drop vapor-diffusion method o $e-well crystallizs ton plates at 23K Two-hundred
manaliters of EaEST was mived with an equal vohune of reservole sohetion and equiibested
against 8 pl. of reservolr solution. Tnitial crystak were obtaloned after | day under several dif-
ferent conditions, The hexagonal shaped angle crystal was obtained from 32 M ammoniom
acetate, 0.1 M HEPESN20H pH 7.5, and 25% (wiv] PEG 3350 (MCSC2 #27). For further optl-
tnization, hangag-deop vapor -diffisdon e thed was used 1o 24-well crystallization plates.
Dirops consiging of 1 plof FaEST and | pl of reservatr solution were equilbrated agai nst
500 pLof reserviolr solution. Optimized single crystals appeared after 1 day af incubation with
02 M ammsyivm acetate, .1 M HEPESNaOH pH 7.5, and 27% {w/v) PEG 33502t 20380

Data collection and structure determination of EREST

Adnge cryatal of EaEST was harvested and transferred to Pratone-N ail for cryoprotection. A
data set containing |80 images af the resolution of 190 A was collected ona 7A beam lneat
Pohang Accelerator Labomtory {PAL; Polang, Korea) at 106 The diffrac tion data were
mdeved, integrated, and scaled using the program HEL-2000 [ 28] An FaEST crystal belongs to
the triganal space group P3, with unit cell parameters of a = %765 &b = 78765 A, c = 64161
Aande= B=H", v= |20 The wolwne of the asymmetdc wit allows the presence of two cop-
tes with a Matthews coefficient of L83 A'Da™" and a solvent content of 32.84% (24, The struc-
ture of EREST was determined by molecular replac eiment wiing the program MOLREP [36).
The coordimtes of an esterase from P, fucrescens{ FDB cold 3HI4) [ 2], which Tas 39% identiny
to EaBST, was wed asa model for moleculsr seplscernent. The resulting conrdinate was rebullt
and refined manually based on electran-dendty maps using the progrmime REFMACS and
00T [31L 320 After multiple rounds of structural refinems nt, the final strocture of EuEST has
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the R 5 and Ry _of (185 and 6. 234, respectively, witha total of 542 amino acid residoes and

191 water mole cules. The satistics of data collec ton and gructure refinement are lised in

Table 1. The atomle coordinate: and strocture factors hove been depoated in the Protein Data
Bank {hitgrfwww resb g ) under accosion code SHIH

Analytical ultracentrifugation (AUC)

Sedimentation veloclty data were obtalned at 20°C valng a XL-A analytical ultracentrifuge
(Beckeman Coulter). EqEST proteln (2 mg/ml) bn 25mM Teis-HCL pH 80, XbhinM Ma(l, 5

b Mgl and 2 mdd dithiothreital (DTT) and the reference butter were losded into 2 dual

sector Epon centerpiece. FaBST was spun ot 45,044 rpm and the movement of a boundary

formed by high centrifisgal force was nsonitored over timie st the wavele agth of 280 nm, The

obtained data was amalyzed and calculated of s) using the program SEDFIT [33, 341

Enzyme assay and immobilization of E&EST

For eserase activity of EaEST, pnitrophenyl esters of different acyl chain lagths induding
p-nitropheny acetate { Gy, p-MA), butyrate (G, p-NB), hexanoate (Cy p-NH), octanoate (G,

p-HO), decancate (C,,, p-NDec), dodecanoate (C ., p-NDo), and plosplate (p-NF) were wsed

Tabde 1. X-ray difiractiondats collaction and refinemenl siatiscs

Data sl E#E 5T oomplaxed with peracotais
Horary Saawcs Bazan Gna TA PAL
Spacagoup Pa
Wenvaienigh (4) 0597933
Rerge of resabuson (A} 50001 90 {1.93-1.90)
Na. of obsarwd refeians 172600
Na. of unigue reflecsons 352391780
Flrmrn” 0,096 {.500)
sl 057088
Avoraga T 420 {1 6.0
Comgiatenass (%) 2.3 (100.0)
Pedundancy 48 E5.5)
Reefinvisment
Fiarsabution (4] 50.01-1.30 {195-1.90)
Ho. of mfiec Sons in woding set TN46T | 246
Mo of reflsclions in sl st 1768 {120
No. of residues 542
N of waies mmobacubis 181
A “iotal 0188 .200)
Floaa " el 0238 260
FLens. bond bength (&) 0018
R.m s bond angle '} 24aa
Aasage B waus (A7 (oroin) 20470
Ay B value | A7) {sobva ) 32751

*Hage = T | <l = | (sl
"l = I | |Fei = IFid | TIF0)

°f,, , caleutane using high-sesakiSon dats with 105 of all reflacSon:s axelucdad Srom milinemant stages.

Wakiee inparenthaces mis o Shals 51 eghest rescdion.

dat 101537 Sodiral_pone 0 625005001
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o subatrates. The release of p-nitrophenc] was meaaimed at 405 om wsing an EPOCH2 micro-
plate reader (Biotek, USA ) Regloselectivity of EaEST was ako studied by wsing 1-naphthw
phosphiate (1-NP), 1-paphthyl scetate{ 1-MA), 1-naphthy] butveate (1-NB), and 2-naphthy]
acetate {2-MAL The absorbance was measured a 310 nm

The kinetie congtantsof FaEST towardacetic acid pethydralysis were measured using a
msnochlorodime done { MOCD) assayar 25°C. All reactions contained 0047 mM of MCD, 149
M of potassium bromide, and appropriated amoun ts of the enzyime. The concentrations of
aceticacid were vared to 1.4 M. The reaction wa indtiated with the addition of 95 mM of
bydrogen peroxide. Enoyme activity was determnlned by the halegenation of MCD (e = 199
mh " " at 20 nm) as described previoushy | 35]. The data were At to the Michaslis-M énten
equation wing nonlinear regression (GraphPad Prisw 5 Software, San Diego, CA, USA)L

The optimal tempe rature and pH were iovestigated in the assay mixture containing X mM
Teis-HCI, W b MNaC] (pH 80, 005 mb p-NA, and 10 pg of EaEST. The optinsal pH was
studied by mysamidng enzvine activity of BEaEST from pH 3.0 to pH 1000 21 25" C. Following
buffers were wsed Induding 50 mM clirate-NaOH (pH 3.0-6.0, 10 mM phosphate-NaOH
{pH .40, 50 mM Tris-HO (pH 8.0), and 20 mM glycine-BalH (pH 9.0-10.0). The aptimal
temperatisre was exan ined at X, 4l 45, 50, 55, 60, and 80°C. Thermostability of FaEST was
measured by incubating the enzyine ot d, X, 40, 50, and 60°C for 1 1. Eachaliquot was taken
every 15 min for mesuring the resldual activiry.

The effects of NaCl and glycerol additions on EgEST were determined by incubating
the enryme with variow concentrationg of NaCl (-5 M) or glyceoal {0-5 M) at 25°C far
1 h.For ehemical stability of EaEST, the effects of ethanol, isopropanol (i-PrOH), 5D,
Tweens 20, Teiton X- 1, and phenylmethylsulfamy] fluoride (PMSF) were determined. For
enantipselectlvity analysls a pH shift colorimetric assy was carrled out with {K)- and (5)-
myethiyd-3-Ieyd rowy -2 - methyl propionate in 20 md] Tris-HC {pH 800 1 mM NaCl in
1ikh pl reaction mixture. The absorbance spectra were recardad from 3580 mun to 600 nm.
This pH shift-colorimetric asay was dlso used for the hypdrolyais of phenyl acetate, 2-phe-
oylethyl acetate, and 2-methylutyl scetate. In addition, the hydrolysis of glwcery] tribury-
rate, ghiceryl trioleate, olive oll, and fish oll were measured with this assay. Fluorescence
analysis was executed wing a Jasco FP-8200 epactroflusrometar (MDD, USA). FaEST sam-
ples were incubated with different concentration wrea (-5 M) for | v After excitation at
280 nm, emission spectra were recorded from 30 nom to 4040 om wsing a 5 om slitwidth
and a scan apead of 250 noy' min.

To prepare immobilied formsof EaEST, apurified EaEST (2 nag) was precipitated with
HiFs ammoniom aalfste and croslinked with 50 mM guta mldehyde with gentle inverting for
12 Then, suspenslon was centrifuged at L3000 mpooat47C for 30 min and the resulting
immobilized EGESTs were washed 3 times with 20 mb Trs-HC]{pH 8.4, 100 mbd NaCl.
Activity of immobilized FaEST was monitored by mexsuring the hydmlyds of p-vitrophe nyl
acetate (O, p-NA)L Thermal stability of imunobilized FaEST was Investigated at 80°C and the
activity ofsoluble EREST was set to 1%, To examine reusshility, immobilized EaEST was
tetrieved by sim ple centrifugation after each reaction. After repeated washing e ps (usally 3
times), new mbstrate was sdded for another cycle and the activity of immobilized FabEST was
mensured. For surface mwomp lodogy of immaehilized EaEST 2 scanning electron microsompe
{SUPRA 55VP, Cad Zekss, Jena, Germany) was used, Samples were prepaned by fAxation pro-
cess with 005 M cacodylate bufer (pH 7.2) contalining 1% o miwm tetraocide {Oely) at 4°C
and comsecutive cycles of debydration by ethanol solutions. After drying with hexamethddisi-
lazane solution, samples were mounted on metsl stubs and spottered with gold.
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Results and Discussion
Owerall structure of EzEST

The crystal strscture of an esterase { EaBST) from Exigupbacterium anfarcticum was deter-
mined in a I3 space group. Asaseanh model, we med the structure ofary] esterase | BEST,
FDB code 3HM) from Pseudomonas ffirorescens with a molecular replscement (ME) method.
The final meovde] was refined up to L9 A and produced R, and By valuesof (185 and
0.235, respectively{ Talake 1). The etructureof sn EaEST manomer Iz composed of 11 a-helices
andelght B-strands with dimensions of 45 * 42 x40 A The structure shows atypleal of-
biydrolase fold with an a-helical cap domain. The central eight f-grands are surrounded by
sevenside o-helices {ol-o3 and eB-al 1) and an e-helical cap domain (ed-of helices) (Fig 1)
The asymmsetric oot ofan EEST crystal containg two protomers. The result sof analytical
utracentrifugation demonstrated that the pudfied FaBEST protein 13 astable thmer Lo solution
(Eig 1Ay Additionally, s crystallographic symmetry o perator geverates a tight tAmec
arrangeisent, as shown in Flg 28 The trinser interface in FaBST is formed by @l the fd-o2
loop region, o4, o5, ob, and an oF-helix (Figs Land 28). Usng mainly hydrogen bonds and
Iyydrophiohde intersctlons, the trimer imerface obscares 466 A% of the total manomer sarface
area (3176 A%,

A search of structursl homologs ueog the DALT server identified an aryl estemse (PDB code
FHEA and 3HM) a8 the cosest structural homolog of EaEST; additionally, bomoperocid ase
(PDB code 3FOB), haloperowidase (PDB code 1ARS), chloroperaoddase (PDB code 4DGOY, and
eiterase (PDB code 1201) were induded in the top five hits { Table 21 [ 38], The top soluticn
stricture was the PYEST structore used in the MR search; the FEST structure was aligned 1o the
FaEST struciure with (.96 & rma, devistion for 307 C, stoms. Notshly, all of tha listed pro telns
i1 DALT result from trimer i solution; the aocep tion to that is haloperovidase (PDB code
LARS), the olignmeric state of which las not yet been expenmentally resolvad.

During the process of structure determl mtion, unkeown electmo n-density maps were
found near the active sites of both moleculesin the asymmwetdc undt (Fig 343, Even (fnospe-
cific ligands were added to EaEST af purification and crystallpation, the unkoown elactron
density wasInitially Interpreted a5 an scetate bocawse of crtalization conditions contaning
0.2 M amimenium acetate, After bulding and refining the model, additional electron density
was dearly observed in the lnd roxy] group af scetic acid, Indicating that FaBST has perhydro-
Iysis activity via ace tic acid. Therefore, peracetlc acld could be Jocated. Using repetitive refine-
ment, the perace tate mlecule was perfectly fitted nto the electro n-density map (Eig 38). The
activesite of EREST is comprased of a oonse read catalyric trisd (Sers, Asp22i, and His248)
and the neighboring ydrophobic pocket, which iz compeosed of the Iivdrophobic residues
Trpad, Phei27, Metl 37, Leul 45 Metl 56, Phe 1o, Hel63, Leul #9, Pheled, and Val 223 The
Iydrophobie pocket may play 2 ke in portal substrate entry and Lodtial bindiag. The hwdmo syl
group of peracetic acid forms hydrogen bonds with the Oratom of Serd, the NE2 atom of
His2 48, and matn-chan mopgen stom of Tep 3k Additianally, msethyl group of peracetic acid
toward the liydrophobic pocket of activesite (Flg 3B and 3C)

Comparison of ESEST structure with that of FIEST

Structural companson using supedmpodtion between FaEST and BEST (FDB code 3HHM,
ace tate-Downd form) duows that e overall mo pomer structures, & well as trimeric stractures,
are very similar, but the local orientation of the loop re glon between fé and od {residoes 123
141} differs dightly. In the FaEST structune, the fe-cd loop protnades inward, toward the cen-
ter of the hyd mophobic podet, located af the vicinity of the active site. The Metl 37 residue,
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with a red dashed asow. (B} MulSpin ssquenos aigrmesd of E3EST (NOB! releronon sequence numbe: WP 01497 0411 1], andessace
{PDE code IHEA; UriProt KB code P223EY ), hesmopsatacd on (P DB oode IR0, UniProfd8 code 08 1NMD, Fabpasxidacs (PDE

coda TARS; UniProf(B code (031158), chiompamxidase (PDE code £ DEC UniP o coda BLEADSE], and eslecze (PDB code 1201
UriPrat KB code QIHWUE ) Secondany sructural demares in e cistal stuchum of EsEST am rapreseniod abhow the muligle saquonce
afgrvmant. The cataySc i fesidues | 3o, Axo 2200, and HisdA | am indicated with red cidies and $he ssidues nvoived in e e
e oo ang inckcated by Black bRangies. The mulsle sequssicn alignment was pedormed with ClistaX and edied wilh GensDoc
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located on the fé-cd loop, enables hydrophoble inte metbons with Heléd, Leulds, Phel2?, and
Plielel, Similarly, the Phel27 residoe, located on the fe-cd loop, i also ariented toward the
hvdrophohic pocket, more than s the Phel25 of BEST. These interactions dlso induce further
isivenenat of the w5-halix toward the fe-od loop reglo i The w5-leliz & dlrectly imvalved (s
substrate interactions (Fig 301 A comparison o Phinding stes revealed tyat the Be-ed loop
regon also plays an importantrole in substrate binding, The catalvtic trisd of Serdé, Asp22i,
and His M8 (Serfd, Asp22? and His?51 (s BEST) b conserved, but the residues of the geigh-
boring ydroplobic podet show dear distinctions. Notably, the Met137 residue {Vallds in
PEST), located on the Pb-wd loop reglon, shows the largest structersl difference (Figs 30 and
4A). Tn BYEST, the Vall 35 reshd i, locate d o the fie-ced Loap region, shows a relatively open
state of its active site. [n EaEST, however, The Met 137 residoe extends to the hydrophoba
pocket and dvows o closed state compared with thar of FEST. Becawse of these interactions,
peracetste may bind 1o the active site of FaBEST more tightly and dee ply than acetate binds 1o
the active site of FEST. Peracetate bnteracts with Trpdd, Serde, and His?48 direatly. In IMEST,
acetate Interacts with Trp28 and His251 via mediation by a watér molecule. The protruding
bydeowd group of peracetic acd substitutes for a water modecule (Eig 48 and 401, Therefore,
thess investizations suggest that the Be-o4 loop region may be critical for contmlling higand
recoguition and may function a 2 selective substreate filter.

Functional analysis of E&EEST

The sibsteata ppofiles of EaEST were lnvestigatad uslig p-altrophe oyl ecters suchas p-NA, p-
WB, p-NH, p-NOY, p-NDec, and p-NDo. The arynse showed considerable activity towand 2l
tested suhatrates except for p-WNDo (Fig 541 The highest activity was ohserved with p-NA; p-
INB, and p- N0, whe reas the bydrolytic level of p-NDo was 90% lower thanthat of p-NA (setat
1 ). Wealsranalyzed subst rate profiles of FEaBEST wsing naphth v derivatives, As shown in
Elg 5B EaEST showed the highest activity toward 1-NA, followed by 1-NBand 2-NA, but
dvorwed dow activity towand 1-WP.

Previously, IEST and its mutant showed perhydralase activity, the reversdble formation of
peracetic acids from acetic aclds and hydrogen peroxide, s well a8 esterase activiry [ 26, 271
The findings of our structural study led os to ypothesize that peracetate can bind to the active
ate of EaEST. Thus, norder to clanfy whether FEaEST also bad pe dvpd mlase activity, kinetic
consants for acetic acid perbydrolysis were measured usdng the MCD assy with varied can-
centrathans of seth acid and 4.9 mM lvdregen peraxdde. We found that FaEST s a good cata-
byst for perhydrolysis of acetlc acid, showing a high £, valieaf (.24 £0.01 5 compared with
theat oof FEST (k.12 002 57 ) (Fig 50). Mutant S%6A showed wery low pedydrolase activity
toward acetic acid {Eig 501,

The optimum pHand temperature of EaEST was mardtored at the pH ramge of 3.0 10 1
and tenyperature range of 20 t0 8°C udng p-NA assubstrate. FaEST exhibited rmasimum acthv-
ity at pH 8.0-2.0 However, the ergyme was rapldly isactivated at below pH 6.0, with less than
1% of its et mom activity remaining (Fig 5E). The optiomum terperature for the activity of
EaEST was 40°C (Elg 5F). The e fect of tem perature o the stahility of FaEST was lovestigated
by measuring the reddual activity of ESEST at 15 min intervals usligra temperature range of

PLOSONE |DOE1R137 founa pore 016580 Jamay 26, 2007 818

_47_



Crysial Strctum af ExEST

mhacrbarce (ASE0)

ESEST (2mg/mi)

s (A260)

5. 58 (ES ZRDa)
18
l‘Il
E |
g i |||
T i |
1 I |I
a || 2 6 (28 3400) /'
- o g l'.
-] 1 H Ll | |

rnmd = 0004204
frctional ratic = 120
mestiscus = 5,01

fitting range = 6.027T7.7 0
muns et 7 = T3
whae = (.73

PLOS OME |DOLTR T fousial porn (180540 January 28, 2017

_48_

5139



IPLOS | o

Crystal Structum of E5EST

Fig 2. Trimeric sbrsciune of EsEST. (&) Arabyicluliracetfugason (AUC) aparimenis usivg 2 mgiml ESEST give a mass of
B52 kDn (sadbmart ahan coafBoei of 530 5 and a Befonal rafio ol 1.29), indicang hal EaF ST & a slabls thmed n sohéan. |B)
ESEST timer fasa rmnguiar sheoa Each podomes bns hao binding infecksces b fimadedion.

Sar10137 1 oo pone 0163540 900

1o 50, Thera was a geadis] reduction bn activity astenspersture increased. EEST retained
insre than 56% of its initial sctivity afier incubation at 45°C far 30 min, whilea dgnificant loss
af activity eccurned after only 15 min when the ergyimne was inoubated at 50°C (Fig 500

MNext, we lnvesigated the effects of NaQ and ghycerol an the functlon of EgEST. The
enzvine wasmostactive n the presence of I M Na(l, but concentration of Nal"l did not signif-
icantly affect enzyine activity (Flg eAL Althoogh, the activity decressed with increasing ylye-
erol concentration, more than el of madmal activity was retalned in the presence of 5 M
dyeeral (Eig 68 To examine the effects of detergents and arganlc solvents on the stability of
EaEST, the & mryme was incubated with eads cheimcal comnpound, and then residual activities
were measured. The results show that all the chemicals used inhiblted the activity of EaEST,
with les than 40% of its o Aghnal activity remalnisg. Assong these chemicals, sodium dodacy
sulfate (SD5) at L0 (wi'v) cors ple tely inhiblted the activity of EREST (B 01

Enantioselectivity analysis and activity assay of EsEST and S964A
mutarnt

Carbpxylesterase has become increasingly attractive due to its shility to perform enantiose ec-
tive blostransfsrmation in the production of dhieml pharnaceuticals. Thus, we conducied an
enantiosel tivity analyss of FaBEST wsing & pH shift asay with (F)-and (5} methd- 3-hoadrooy-
2-meethproplorate. Hydralviic sctivity was detected based on color and changes i absor-
bance. As shown in Fig 7A and 7B & change of color i yellow was observed only in the mixtuee
contining the { Rl-enantiomer, which indicates that EgEST prefers the { Rl ¢nantiomer of the
chiral eser to the (5)-enantomer. The result was confirmed by measaang the shaorbance spec-
tra. When we perfonmed these assaw using the catalytic site mutant 5964, the mutant showed
o detectable enrymiatic actvity toward eitver the (R)- or the {S)-enantiomer. In sddition to
phenyl-substituted substrates, phenyl acetate, 2-phenylethy acetate, and 2-methylbutyl acetate
wiere als wsed to characterize ESEST and the S%6A mutant. The lndmolytic activity of EaEST is
limited to plyenyl acetate. Only the resction mixnre contalnlng pheny acetate wasobserved to
tirn yellow, which is consistent with the results of the shsorbance spectra (Eig 7C and 710,
Additionally, the enrymes were lnvestigated for their ability to hydrolyee glycery estersand
oils We determived that FaEST coudd hpd molyee ghroerd tributyrate but showed lirde or no
activity toward ghrceyl trinleate, olive oll, or fish oil The 586A mutant had a severely reduced

ability to byydrolyze the testad arbstrates { Flg 7 ynd 7F),

Tabla2 Sslscied sireciural hoamelogs of E3EST obiained vsing DAL search (DAL He sarver).

Prowin POB DAL |Bislogical  Sequence % ID with EsEST {all gned residus num berfotal el
oo oo | it mumiber of res duss)
ani asirasa _5'.“'E.'| _41? iTii'nn 3&%{%&'2?1} Eﬂ
bomoparasdase | JF0D 413 ITrl'ni 8% {2 TR DE) 1t has not yol boam
: | pubishad
Hd_:pn'uﬂ'.uu _1.I|'E _d1.:'.i 'HJ _mimmm} Eﬂ
chkwopermadasa  ADG0 405 | TisTvex I (Ba2T) B s not wel hoan
I M | L N publshond
uzinioy ] 1201 394 !T-rim. _2&’.& 43&':'.".'5_} Eﬂ

D e ol detenmin ad xpasimartally.
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PIEST [3Hi4)

Fig 1 Paracetste-bindingin EaEST. |A) Tha osiSve seciran dunsly |graed) wasabsared i e Fo-Fe ommag jorsoursd a9
24} ). {H) The pamostate medalwas cveriaid an e Fo-Foamit s fgrsan, conrumd a1 2.0 0). (C) The 2Fo-Fc eeciran-densdy
mapat1 1 O isshown die pemniate modeiulding and sSnement (0 Peramite-binding slo b shown. Side chis of st
oz e Ty iy ot pciont { et circl | an d active st {red cinde | s et Dy sticies. (£} Cordosnasanal
changes but woien pacacst e bound EEST and scetate-fiound IYEST (PO code JHI). The B5-04 bop region of E2E5Tmay
kg eondorratiral changs & ogen he ortrncs yd mghe tie dhannd b fgand axchanga.

i WL ¥ ipama povee 146540 g00Y

Effect of urea on activity and conformation of EaEST

Toexplore the effects of ureaon the activity of EREST, enzyme activity with respect to p-NA
was measured in the presence of variows concentrations of wres {Fig 8A). There was asignifi-
cant reduction in activity st mildly depaturbog condithon of 1 M wres, with anly 27% of the
origimlactivity retained. FaBEST activity decreased gradually with Increasing uma concentrs-
tins, indicating that urea induced conformational duanges at te active site of EREST. Further,
to clarify the results of the activity sssays, we monitored the intrinsic fluorescence emiasion
spectra of EaEST in the presence of différent urea concentrations (Elg #B). The conformationsl
changes in FaEST durtng urea-induced univlding were monitored using fhaorescence proper-
ties of tryptoplean residues, which are highly sersitive to the environment. Under native condi-
tio s, the macdm wn fuo rescence simission waveeogth (umax) of EaEST iz 27 nim. o 1 M
urea, fluorescence miensty rapidly increased and Amax was red -shifted. However, increasling
urea concentration higher than 2 M caused a progressive decrease i flirescs nee Intensity,
with accompanying red-shifted emisshon maxiinum canging from 338 to 349 am . The results
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Figd. Structural compar sone of ligand-binding e bebwsen paracetate-bound EaEST and acebiis-bound PEST. A}
Shwma view of e speriposed sthochre o paracetn Eyan-bound ESEST yan ) and acet s [yalow] bourd PEST [PDE
ok BHI, acatae-bound ki, Sabro). The resdues comprsing S achw and Bged-binding s are shown in 4 55k
saprasiriaon. (8] Pasce se-bindeng o and its taracans in GSEST structwie. (T Aceis o bxdig mede aid i nisactos
n PEST saucum,
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can be attributed to the gradualexposuce of Trp residves upon urea-induced unfolding of
EaEST.

Biochemical analysis of the L27 A mutant of EsEST

For the mutagenesis study, we Investigated substrate profiles and enantioselectivity of 5964
and L3274, located 1o the catslytic site of EaEST. Native gel analysis with purifled wild type and
miutated EaEST proteins indicated that I27A did not separate on the gel incantrast to wild-
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typeand 596A. Moraover, the LZTA mutant of FaEST was expressed atalow level and this sin-
gle mustation results in reduced solubility compared to the wild-tvpe protein, suggesing that
Len27 moay be lmpartant for protein solubility. Fig 94 shows substrate profiles of L27A for p-
nitropheny]l siters. Interestingly, the e plicernent of Lewd 7 by Alaconsiderably changed the
catalytic pattern of wild-type FaBEST. L17A showed the greatest preference for p-NDwand low-
kevel activities toward p-NA and p-NB. Conversely, the wild-type was mast active toward p-
NA and p-NB, and did not prefer p-WN Do, Substrate profiles of 274 for naphili derivatives
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were alin nvestigated. Although 137A showed the highest activity against 1-NB, les than
20 of activity wasobtained with |-NFP, |-NA, and 2-NA relative to that of 1-KB. Wild-type
EabST demonstrated axbstrate preference for 1 -NA rather than for 1-NB, whichis different
frovim the preference of L27A (Elg 9B} Additionally, to examine whether thismutstion can
mod ubate & ranthosele ctivity of EREST, pH shift asays were performed with (R)- and (5)-
msethyl -3 ledrocy- 2 -methylproplomate. A shown in Fig $0C wild-type EaEST showed prefer-
ence far { K)-enantiomers, but the 127 A mutant showed no activity toward either enantiomer.
These resulis indicate that the Lew? 7 residise i critical for catalytic activity, as well as for pro-
teln solubility, of EaEST.

Immobilization of EAEST

Enzyms: immobllization b aneffective strategy to lmprove the stability and recycability of fee
enpynes, Lmmoblization of EREST was characterized for biotechnologcal and ind ustrial
applications. BErEST was imumobilzed o a cross-linked enzyme aggregate {CLEA) via precipi-
tation with ammoniom sulfate and cros-linking with ghita raldebyde. Scanning electron
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o103 fpuma none 018540 909

PLOS OMNE |DOET0I foumal pane 0168520 Jarwary 26,207

1518

_54_



BPLOS | ox

Crystal Grocmal ExEST

1 i ]

Walsilie actlvity (%)

== Soluble EaEST
=& Immobilized EaEST

T
Thone{ min

Fig 10 immobiizafien d EaF 5T_ 5 canning alackon mbanoscops { SEM arrege of cross-Trkied ancyme agoneg e | EsEST-
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mubcroscopy | SEM) imsages of (1L.EAs show the morphological strochure of the amarphowss
aggregmte of FabEST (Elg 104 and [(E). The thermostability of soluble and inunobilized EqEST
was determined by pre-incubating at 80°C for variows time intervak. Surprisinghy, im nsobi-
lized EaEST exhibited significantly enhanced activity and ability. Approximate ly 350% of its
initial activity was retasined afier exposure 1o 80°C for 3 min; even after incubating for 1 hour,
i mobilized EaEST showed 2000 of its Liaitial sctivity. However, all of its soluble enzyiatic
activity was kst after only 15 min The the muostsbility of the lnvmobilized EaEST was higher
than that of the soluble s nzyme (£l 1HCL Fly WD shows reusbility of lmmobized FaBEST
with p-MNA hydralvsis Inmobiized FaEST retained more than &0% of its initial activity after
2r seutilization cycles. The results suggest that immobilized EaEST could be effectively renti-
lzed for potential lndustebl spplicationg

Conclusion

Inn this srudy, we characterized the FaEST enryine using stroctural anshyds based on crystal dif
fractio nand biochemdcal data and sctivity analvele Using an analytical oltmcenti fugation
{ALUC) analysis, we aleo confimned that the purified ESEST protein fonms astable trimer in
solution. These sudies provide insght into anwnuses] enzymatic feature, the dusl catalytic role
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of BEaEST a5 2 typical esterase and perhydrolase. The crysal structure of FaEST inperacetate-
botnd farin provides the firs srsmuesl ndghts nto the final peodoct-bouid sate dudng per-
hydrolysis A comparison of the structure of EaBST with that of EST (PDB code 3HH)
revealed that the bound peracetste lias different interactions compared with the beund acetate
in PEST. As a resuli, perscetaie-binding induced neares ngems nis of the active site reddoes and
conbemational changes (o f6-c loop region and the o-helic. In its esterase activity, BuEST dis-
plays the bread ssbarate profiles for short-cham pnitroplery] estes {<CR), maphithy] deriva-
tives, phenyl scetate, and glycerd tributyrate. Additionslly, bnmobl Eed EaEST showed
approgimately e of itsinitial activity and &% activity afier 20 reutilization cydes Given
that wild-type EaEST luas the dual activity of esterase and perhiydrolase, it can be used as tem -
plate in structure-based protein engineering for developiog modified enzymes having different
substrate specificities or asingle mwbust activity. For example, our I27A mutant ErEST showed
different substrate preference and stereo selectivity compared with thos of wild-type EaBST.
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A bstract: In spate of the enormous mologreal and cloacal ssgmmbcance: of pemalhn-bumdmg protean
{PEP) f-lactamase [BL) faw of thew many homologs (PBE)/ BLs homologs) have been stodied
arpstallographacally, snd have koown funchonas Henein, X-ray crystallographad study of a PRPS BL
homolog (Rpdo) from Ruegerie pomeroy b descobed.  Multiple sequence: ahgmments maicate that
Rp46 has a conserved senme tesidoe within the S70-X-8-E72 mobf (Mohif I}, actling as the cataly hc
nucleophile. Mormeover an mvaniant byrosane residue (Tye™=) and a Tep™5-X-Gly motif (Motaf 1T}
werpe ale pdentafied. The recombanant Rpds probein was expaessed m Esdrerolig ool amd ponfed o
honnogeenedty pudgang feean the STS-PAGE analysis. Rpds was ey stalleed nsnig a sohabon consestong
af 20% (i o) PFEG 3000, L1 M Tos-HCL pH 7.0, 0.2 M caloiom soetab, and the X-ray daffracton
data were collacted 1o a resolulion of 190 A with an Foinerye of TAY The onystals of Bpda belong
tor the space group M22, with umt oell parameters a = b= 14126 A, and c= 11975, The structure
de e rmunation and buochemscal characterzabion ane 1 progeess, (Synop=a=; A pemmalho-bomdimg
protedn) B-lactamase homolog (Rpde) oo Eregerir pomeroi wad adenbbed amd coystallszed o the
space group 4 and the diffraction data werne collected to @ msoluben oF 190 ALY

ord & nclbo-boudhsne protem; lnctivmass; proteun crystal
P {3 o o )

1. Introdoction

Backe nal pemucallo-bonadangs protermns (FBF:) and g2-lactamases (FLs) form a langs famely of sermne
proteases [1,2]. These eneyaes are characterzsed by phylogenetone. analysas, pramary sequenoes,
functional properies, and strocdural similantes. ntesstngly, des PBPS BL famaly has the smacleophilc
secire located withm a coneerved S-X-5-K mobf i the MN-eommal segon, althoogh meosl bacterial
hydrolases have & highly comsenved catalybic mobf of GR-53-0G omoa/ Bhydoolase fold [34]
To date, e bactseal PBP/BL Faomuly = compossd of thiee classes wncludong low-mobscolar-wenght
panalbn-bomdmg protems (class A to O agh-molecalaswaeaght pemcilln-bandamngg, proteans (class A
fo ), and B-lactamases (class A to D) [5-7) Intepestmgly, several bactenal sreymes wath saoalar
achive sates to PBP/BL proteans, namely PBP-BL homologs, were adentified from bactenal orgamsans
mncluding Klehsilla prewmonme {8], Burkholderis gladioli [9], Arthrobacter naf roguaacefioes. [10],
Stirpindococcus aereis [11] Muarfrohacter lipely foes [12], Cowlobacter crescentns [13], and Psaudomonas
fworescens [14]. Furthenmaore, these PEP-2L homologs hav e also been adentifved from metagenoniic

Cryetals 2007, 7, B dot 16 350 cry ol TOR MG wwmipimur-mna].fayd.-h
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hbranes [15-18] Althoogh phwvswlogeal robes of these PEP- BL homaolog protems ase langely unkoown,
o OfF Twam secar Lo e mwvobeed m e hpdoodysis of doverse substrates mclodog DD-pepbdies [14].

Ter diate, avery hmoted tumbers of erystal structones of PBE-BL homelogs as knonsan incledhng an
wolerase (=B froan Busdvolderio pladioli [20], a samvastatu synithase (LovDY froom A spergilus femraes [21],
& famaly VI carboxykesterase (EstU1] [22], Est-¥29 from a metagerwmse hbrary [23], and a PBP-hke
esberase {CebstA ) [24]. Furthermons, the catalybc mechamsms and physsologecal functrons of thes
ey famaly pemann mamily unclear I thes study, we seport the characlerzatuon, oy stallizaton, and
prelmimary orystallographo: analysas of a penacifl-brdong protem/ B-lactamase: homolog {Rp4a) from
Eregeria pomeroy. Rregerin pomenss 15 4 hederotfophae matine of gamam sssenbal for understanding
ther phvsaclogy and ecology of Rescobacter clade, wluch conssts of - 2000 of backena m coastal and
ocean walers [25]1 The erystal structure of Rpde will provide molecular understandang on the catalyitae
mechirusm and structural fatures of PEP/ BL homaologs.

2 Expennmenial Procedumes

L1, Cloring, Exprescion, and Purificerion of Rpde

The gene coding for Bpab (GenBank LD AAVOS52L6) was amplibed by Podymerase chawn reachon
{PCR) from the chromesomal DMNA of Reegaria pamermg (Mecrobank of Mhcreboal Genomnees and
Appheabion Center, Daagor, South Komeal The followany prsters wese used:; forwand (5 -CAREATCC
ATGOCOEACCOOGET TAC-3" BamHE and reverse {(S-C0CAAGCTICTA AGGAGTOCAMGTTCA-37;
Hend[ITE Thes amphficabion yelded a -1.2 kb product, meledang the full length of Bpds geae. The PCR
product was msered nio the pOEX vector (Chegen, Fhlden, Germany), and the recombirant
plasannd (pOES0-Rpd6) wis veed o expiess the fecombanarnt prolent with an MN-leronnal Hs-tag
{MEBEGEHHHHHHGS) m Eschenoliz colf XL1-Blue [Stratagens, La Jolla, CA USA) Afer DNA
see(uericiris, Bransformed E coll wee proaen o an LB osediom conbammng D00 we Smil of amgecalbn
at 30 K and (1.1 mM sopropyl-2- D-1-theogal actosade (TFTG) for the: overexpoession of Bpdb profein
when the ODgg teadied (L5, The bacterial colture was g al 310 K for 4.5 h befone centrifugs tion
et 000 rpo for 20 mun at 277 K The oell pellet wes then resuspendeaed o a bysas boffer (50 mbd
soxlinim phosphate, pH 8.0, 300 mb NaCl and 10 smbd imoedazole), follraed by somcatum. The aell
Tysabe was centrifuged ot 15,000 fpm for 20 oun, and the supecnatant was Blered theowgh a 022 pm
syruge Alled The supecnatanks weee appled to a N-NTA affooly colurom moan ARKTA prone plas
sy stem (GE healthcane, Pscataway, N], USA ), which was previowaly equbbrated wath bysas buffer
Afber an o hensrve w-ﬂE.l‘unE uh:-]_:r wth !f.-'fn'.ﬁ bruffers -!ulhlﬂifﬁ.ﬂﬁ 40 i amndazole e bowned H]:Ftﬁ
protem was elubed with elution buffer (50 mM socdhum phosphate, pH B0, 300 mM NaCl, and 250 mM
wrndazole ) The feactaimns of the puonfed Bpdt wene desalted on a PD-10 colwinn (GE healtheane,
Pracataway, ML USA) wsing phosphate-buffend salme (FBS) pH 7.4. The purnty of BEp46 was conirnsed
by SIPE-PAGE sond the concesnstrabiog wits detertnmed wsaong a Bre- Bad assay kil {Bao-Rad Laboditooes,
Hercules, CA, TSA)L The purdfed protein was concentrabed to 5 me/mi. weaing YVivaspin concentrators
(Vavasowence, Westford, MA, USA)L The ol somple was stoned at 253 K waithowt further seodifcaton

2.2 Bischemical Characterzafion

To wdemiafy the Iy drolyhe achwaly of Epdé, overlay assay wsmg 4-me iy lumbelhifeny] acetate
14-MU acetate) was pecformed [26,27], At best, nabve-PAGE was performed, followed by stannang
wilth Coomasss: Brallant Blue (B-250) to confinm the posibon of e mitact Bpdo, MNexl e el was
washed wath double dishlled walers for 15 mum and ek nmeersed several bures m 530 mM soduuamn
phosphate bouffer pH 7.0 Aflerwands, 250 pMd MU acetakr was added as the substrate The actavaty
of Bpah was estimated under UV illuminabon by measarmg the Auosesornce gooe cated by the enayims
prrocduct 4 onethoy luombse i conee.
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23 Crysfallzalion

Crystalhzation trals of Rpdh wene performed by the mecrebateh method [25] under Al's oil using
comimeraal scresrang kits Wicard 1 and 11 erpstallation screenogg solutions (Emerald BioSystems,
Baubridpe Island, WA, USA) ut 268 K. A drop (1 gl sereemng solubon and 1 gl protem solubon) was
placed mitoeach well of a Nue 96-well Meon Tray (Nalge Nune Inkernabonal, Mew York, NY, USAL
M angrle erystal prow n from e condibon of Wizard 1 Moo 18 [205% (wr/ o) FEG 33K, 0.1 M Trs-HCL
pH70, G2 M calcaum acelake] was usad for X-ray daffraction anabyzis

24 X-ray Data Collechion and Dala Prooesang

The Bp46 cryatald wene then transkerred o a eryosolubon comsmebngs of B scesrang sohabod
supplemented with 35% plveerc] and Rash-Froeen s a cold mitrogen gas stoeam at 100 K prioe to data
colkchon High quakity diffractiom data were collected wsmyg an A DSC Chuanitum 315 COCD detector
{Beambre PAL 4A, Pohang Acoelerator Laboratory, Pohang, Korea) at 100 K The wavelangth of the:
aynchrotron X-rays was Lo A and the crystal-to-dedeclor dastanice was 220 oon. The crystal was
rotated through a total of 180 with .5 cscallation fange al an expesune time of 3.5 per frame. The data
were processed wsing the HEL2000 package [29], The data collection and processang, statistics are hsled
ot Lhe Table 1.

Table L X-ray dats collection and procsusing siafistics vahws mn panenthesss am for the highest

resn hution shesll
Space Group Haz
Unit cell pazameters {A1 r=h=14L25 c= 11975
Wave kength [A) 1,000
Fesolation (A 50100190 { 1493-1.64)
Linigue =factions 0% 068 [4589)
Enmphlzn:ls [ 0o o1
Redundancy 7672
R 1 (%) T.4(345)
Mean L (1) 448 (T

" R = Db — > 1/ Bl

3. Resolts and Discussion

Epab consasts of a samgle 31 1-ammo-scrd poly peplde chan witha pl of 5.63. Sequesmice sumalaciies
to Bpd6 were annotated mostly 2z B-lactamases of pernallo-lindmg - proteins (PBPs) m the
Comiserved Domam Search database (CD search) [30] Mulbple sequenios alignments of Bpds
with four sequentally-related hydoodases in the Protem Data Bank (PDB) database [31] mdacate
that they share the sequenoe mobifs essential oo e fonchonality weith e sedqueioe adenbites
{Fagure 1} Specifically, Bpdb showed sapnheant sequence sdesdity walh EstB from Berldolderin gladioli
(1CIE, 29 4%), EstU] from a metagenome bbrary (4IVE 32.5%), and Est-Y29 oo a medagenomac
Idbrary (4P6B, 30.1%) (Fgure 1) Thes hoghly coneerved mobfs (Mobifs § 1T, and 1) ovcluding the
SX-X-K mobf have been peeviously idenbfeed mn bow-mokcularweight class B pemolbo-brodang
protems or class C flactamases (Figuse 25, Bpds alse presents these comserved motafs, mdicatmg that
Rp46 shans common structural featues with these protems. b these probens, o Ser esdoe (Sec™ m
Rp46) and a Lys resadue (Lys™ in FBpds) from the S-X-X-K motif act as a nucleophile and a general base,
and both of the o ae oo alved i the formation of oxyamaos boles of the actvve sate [32] The hydoosyl
group of Berosime (Tyr'® in Rp46) in Motf IT s essential for aoylation steps [3,33].
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Intenesbmgly, there are sequerste vanebons i Mobf 01 among these protemns.  In class O
B-lactamases, the triad Dys The-Gly 18 found 1 the cente e of Motaf 111 whe peas Hee-Xaa-Gly o chearved
m Jew Moleeular weight (MW ) dlass B PBFs [23,74], The refione, Mobf [T, unlike the: offer byvo mofifs,
& ot highly conserved bebasass low MW class B PEPs and class C B-lactamases. Moseover, Epd6, o
comrumon wath BB, EstlTL Low D, and E=-Y3, presents a Trp nesadue I:TrpBE:l Mot 111, w hereas s
position w oocupied by a His gesicdue o low MW clads B PBPs or a Lys sesidoe o class C P-lectamases
(Figupe 2} Collechvely, only a glycme |:l!._.lg,-"1‘$r m. Bpda) m Mobf 11T among these protems 5 sbnctly
comserved. i abemstng to specalate that the seduence diffesonces of Motf ] among these proteins
coruld b pelated to biological fuscions of ths protein famaly.
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Figare L Multipbke sequenas abgnment inchudmg Bpds and three melabed rdrolsses found nothe PDB
database {31] {1CIE: EstB from 5. gladicl! [20]: 4IVE Famiby VT carbonylesserase from uncubtumsd
bactenium [22f 4PSB: FEP-BL homolog from oncultured bacterium [23]). Sequenses reteved from
the NCBI =erver were abigned with CLUSTAL O[35], and the cutput was peodersd wsing BSPript [36].
Identical and highly comeemved residues e shown in md and yeliow bokes, espectively, The thee
tanJ:l,rI:il::::.idLu [S5=r 'L'_l.rn_. aﬂl:l'l'!.rﬂa.:: labeled with a green drcle.

I'l.lilil'll

PEFEL
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L MW PRI | QOiBAR
Wlaaw | | FEESES
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Clace i | CFFAED
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Figure 2 Mot L [L and [ selongzng to PEP-G 1L homologs, low-moleculor-weight class B PBPs, and
class C f-Lactamase. Completely conssrved myidues am shown in red and highly consenved residies
are show nin yellow. Mok that the catalytic eesidues of Motifs L and IE are highly conserved compared
to those of Motif 111

il i
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e fecombmant Rpds with an N-teronnal Hie-tag was ex pressed i Esdiericiin call and punbed to
electropharet homogetety for crpstalluabion (Figuse 2AL Az shownom Frore 34, the molecular mass
of the Ep46 waseshmated to be 46 KDa (Figure 20), whach was comsstent with the calculsted modecular
i (45,58 kDa), The hochermieal schvaly of Bpdawas conhomed on a natve Polyacrylamde Gel
Flectrophoresis (PAGE) gel by oy mogram analysas i the presence of 4-MU acetate (Frgue 28).

(A) (B)

LILL W

abg 1 20 3 4 o T S
" 231 el
30 -

- 10 e
.1} -
26
0

66

15
) =

Figare ¥ SIE-PAGE and oymograplny of Bpda. (A] SDE-PAGE anabysis of protein samples durng
purification. From lef b right molecular weight markers (1], E. ool code extracks before (2] and
afer MG mduction (3], and purifed Rpdé (4) (B} Zymographic anahmsis of Epd6, Molecular weight
markers {1], Coomassse Brilliant Bhse staining afer Native-PAGE (21, and overlay activity assay with
1-MLF acetste after Nathee-PAGE (31

A diffrachon-quality crystal of kragomal shape was cbiamed under Wizard [1-18 condsbon
[20% (' v) PEG 3000, 0.0 M Tre-HCL pH 7.0, 0.2 M calowm scetate] wathan bwro weeka, and goew
to final dimensions of 0.3 % 0.3 = 0.2 mm” {Figune 4} The crystals balonged to the space group M
with unit cell parametsrsa= b= 14126 A and c= 11975 A The diffraction data sel was processed
b 130 A menlubion with 93 9%, |.'|.'u'|1[:'|'h ey, and Rg-.,g-ﬂ. vahue of 7.4% The date collectonm statstcs
ane bsbed m Table 1. Azsamang the parsence of o molecule per asymmetoe ant, Matthews coefhoent
(VM) 15 calculated o be 312 A%/Da This Vi value 1= within the range commeonly observed for
protein ciysiaks, and cormpspoids o 6L6% solvent conlent [37]. The structune of Epdo was searched by
molecular replace ment usange Pheno Phaser-ME [38] The crystal struchure of recently-solved Est-Y29
(PDB I 4P6H), whach has 30.1% sequence idenbiy to Kpdé, was vsed as the search miodel. The beat
sodubon pererated by PhaserME has L1G = 1900, Eacly refimenient of this solubon by Phens gves
Bord R = Z2.5%/ 2450, milicabng fhe solubon = corpct. Howeves manual mode] boldng and
Further refrwiment are shll seeded for stroctural analyses. The brochemical characlenzabhion of Rpdo s
wiider propress, and structural and funchional studies will elueidite the substrate spechicby and the
catalyic mechamsm of Epdb m the near fubume.
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Figure 4 Epdé crystal was obtained osing Wieand 11 condition Na 18 [20% (o) PEG 3000, 100 mbd
Tris-HCL pH 7.0, 200 mM calcinm acetats]. The oystal dimeereions wers 0.3 5 03 » L2 mm. The scale

bar mpresents 01 mm
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