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Abstract—The role of the C-terminal region oBacillus licheniformig-glutamyl transpeptidaseBIGGT) was inestigated by
deletion analysis. S@an C-terminally truncatedBIGGTs lacking 581-585, 577-585, 576-585, 566-585, 558-585, 523-585,
and 479-585 amino acids, respectly, were generated by site-directed mutagenesis. Deletion of the last nine amino acids
had no appreciable effect on the autocatalytic processing of the enzyme, and the engineered pr@siactie towards the
synthetic substrate Lg-glutamyl-p-nitroanilide. Howe\er, a further deletion to @576 impaired the autocatalytic process
ing. In vitro maturation experiments shoed that the truncatedBIGGT precursors, proD(576-585), pro-D(566-585), and
pro-D(558-585), could partially precede a time-dependent autocatalytic process to generate the L- and S-subunits, and
these proteins shoed a dramatic decrease in catalytic activity with respect to the wild-type enzyme. The parental enzyme
(BIGGT-4aa) and BIGGT were unfolded biphasically by guanidine tyochloride (GdnCl), but D(577-585), D(576-585),
D(566-585), D(558-585), D(523-585), andD(479-585) folloned a monophasic unfolding process and shexva sequential
reduction in the GdnCl concentration corresponding to half effect ara, for the unfolding. BIGGT-4aa andBIGGT sed
imented at ~4.85 S and had a heterodimeric structure of approximately 6%R3 in solution, and this structure &s con
sened in all of the truncated proteins. The frictional ratidf/(f,) of BIGGT-4aa, BIGGT, D(581-585), andD(577-585) was
1.58, 1.57, 1.46, and 1.39, respeatly, whereas the remaining enzymes existed exclabki\as precursor form with a ratio of
less than 1.18. dken togetherthese results pndde direct evidence for the functional role of the C-terminal region in the

autocatalytic processing dBIGGT.

DOI: 10.1134/S0006297910070151
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g-Glutamyl transpeptidase (GGT EC 2.3.2.2) is a
member of the N-terminal nucleophile (Ntn) hylrolase
superfamily [1] and catalyzes the transfer of tlyeglu-
tamyl group of glutathione and related eapounds to an

Abbreviations AEW, awrage emission aelength; BIGGT,
EcGGT, and HpGGT, Bacillus licheniformisEscherichia coli
and Helicobacter pylorg-glutamyl transpeptidases; CD, circu
lar dichroism; IPTG, isopropyl-b-D-thiogalactopyranoside;
L- gGlu- p-NA, L- g-glutamyl-p-nitroanilide; Ntn, N-terminal
nucleophile; p-NA, p-nitroaniline; SDS-PAGE, sodium dode
cyl sulfatepolyacrylamide gel electrophoresis.

* To whom correspondence should be addressed.

acceptor that can be an amino acid, a peptide, oater
[2]. The inactive precursor of Ntn hgrolases must under
go intramolecular autocatalytic processing to generate
the mature actie enzyme. The new N-terminal residue,
typically a serine, threonine, or cysteine, acts as a nucleo-
phile for both autocatalytic processing and catalytic reac
tion. GGTs are generally considered to be olved in the
metabolism of glutathione and in sakging of cysteine [3,
4]. Helicobacter pylotGGT (HpGGT) has been shown to
degrade extracellular glutathione and glutamine, mid-

ing an adwantage for the bacterium within its growth envi
ronment [5]. Similarly, upregulation of human GGT in
cancer cells is generally known to help supplement these
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rapidly dividing cells with essential amino acids for pro GGT activity was determined with Leg-glutamyl-p-
tein biosynthesis [6, 7]. nitroanilide (L- g-Glu- p-NA), Gly-Gly , p-nitroaniline
Members of Ntn hydrolases, despite lacking any dis (p-NA), 5-L-glutamyl-2-naphthylamide, and Fast garnet
cernible sequence identifyshare the same tertiary fold cen GBC, which were purchased frm Sigma-Aldrich
sisting of a four-lger abba -structure with two antiparallel Chemicals (USA). All other chemicals wre canmercial
b-sheets betwen a-helical layers [8]. Recently crystal products of analytical or molecular biological grade.
structures of the bacterial GG3 (PDB code for GGT of Site-directed mutagenesisThe pQE-BIGGT plas-
Bacillus subtilis Escherichia coliand H. pylori is 2v36, mid [15], which contains a recmbinant B. licheniformis
2dbu, and 2nqo, respectely) haw indicated a het ggtgene encoding in order the N-terminal hexahistidine
erodimeric arrangement (one large subunit one small tag, BIGGT, and four additional amino acid residues
subunit) and contributed greatly to our understanding of (Trp-Gly-Thr-Asn), w as used as the DNA template for
the maturation and catalytic reaction of Ntn hyrolases. site-directed mutagenesis of codons 586, 581, 577, 576,
Escherichia colGGT (EcGGT) becomes actie only after 566, 558, 523, and 479 to stop codons to generate pQE-
cleavage of the peptide bond beten GIn390 and Thr391 BIGGT(1-585), pQE-BIGGT(1-580), pQE-BIGGT(1-
in its precursor protein [9]. The structure of the acyl- 576), pQE-BIGGT(1-575), pQE-BIGGT(1-565), pQE-
enzyme intermediate ofECGGT elucidates the role of BIGGT(1-557), pQE-BIGGT(1-522), and PpQE-
Thr391 and the location of the donor substrate-binding site BIGGT(1-478), respectively. Two overlapping canple-
[10]. Structural evidence further confirms the autocatalytic mentary primers containing the desired nucleotide
processing ofEcGGT [11], and the structure ofHpGGT  changes wre designed for each mutation éble 1). The
has pravided more information on this mechanism [12, 13]. mutagenic PCR reaction mixture consisted of 26M
Earlier, the gene encodingBacillus licheniformis Tris-HCI (pH 8.8), 10 mM KCI, 10 mM (NH ,),SO,,
GGT (BIGGT) was cloned and eerexpressed irE. coli 2 mM MgSO,, 0.1% Titon X-100, 0.1 mg/ml nuclease-
[14]. BIGGT is synthesized as a 61.259-kDa polypeptidefree bosine serum albumin, 15 ng of template DNA,
precursor made up a large subunit of 374 residues and @5 mM dNTPs, 1 nM each of the canplementary
small subunit of 187 residues (Swiss-Prot Q65KZ6).primers, and 3 units ofPfu DNA polymerase. Mutant
Recently we constructed six N-terminally truncated DNA was generated with a thermocling program of
mutants of BIGGT and found that remaoval of the signal 2 min at 95°C and 16 ayles of 30 sec at 95°C, 60 sec at
peptide significantly affects the functional expression of55°C, and 12nin at 68°C on an Applied Biosystems ther
the enzyme in recmbinant E. coli [15]. Kinetic and mal cycler. The amplified products wre digested with 10
mutagenesis studies éfpGGT have demonstrated that a units of Dpnl at 37°C for 1h prior to their use for trans
Thr380-Thr398 dyad is critical for efficient cleaage of
the g-glutamyl peptide bond of glutathione [13]. The cer
responding residues, Thr399 and Thr417, BIGGT have Table 1.0li_gonucleotide primers used for site-directed
been shown to be important for the enzymatic maturation mutagenesis
and reaction [16]. D our knowledge, there has been no

experimental vork done to inestigate effects of deletion ENZyme Nucleotide sequence (639

of the C-terminal region of GGTs on enzyme maturation.

In this study one full-length BIGGT and seen truncated ~ B/CCT SenseACATCCGCT AMTAGGCT ACCCCCEET
proteins Iacking the last 5, 9, 10, 20, 28, 63, and 107 Antisense:ACCCGGGGT ACCCTATTTAGCCGATGT
amino acids vere constructed to gain insight into the role D(581-585)  SenseGTTGGGGT CAACATTTAGACATCGGCT
of this region. V¢ hae narrowed the critical amino acid Antisense AGCCG ATGTCTAAATGTT GACCCCAAC

residues to ®1576, which is inelved in autocatalytic pre D577-585)  SenseGGAACGGCGGTTT AGGT CAACATTAAG
cessing and prades the correct conformation of the Antisense CTTAATGTTGACCTAAACCGCCGTT CC

active site. These results real that deletion of more than 6.53 Sense:
nine amino acids fran the C-terminus of the enzyme X°76-589) BNSEAACGGAACCECET AAGGGGT CAACATT

would lead to the expression of an inactiyprecursorsug Antisense:AATGTT GACCCCTTACGCCGTT CCGTT
gesting that the C-terminal region might plaa crucial [D(566-585)  SenseACGTTTATGGGGT AAGCCGATTCAAGC
role in BIGGT maturation. Antisense GCTT GAATCGGCTT ACCCCATAAACGT

D(558-585) SenseATTTTCATTGACTAGGAGAACAAAACG
Antisense CGTTTT GTTCTCCTAGTCAATGAAAAT
D(523-585) SenseTCGTACCGCTATTAATCCGGAATGCCG

MATERIALS AND METH ODS

Materials. A QuikChange 1l site-directed mutagen Antisense CGGCATTCCGGATTAATAGCGGT ACGA
esis kit for mutagenic PCR amplification as obtained D(479-585) SenseCTGACTGTCGGTT AACCTGGCGG AACG
from Stratagene (WBA). Ni**-nitrilotriacetate (Ni?*'- Antisense CGTT CCGCCAGGTT AACCGACAGTCAG

NTA) resin was acquired frmm Qiagen Inc. (USA). The
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formation of E. coliXL-1 blue cells. Mutations vere con  was recorded by monitoring the absorbance changes at
firmed by DNA sequencing, which s carried out with a 410nm. One unit of GGT activity is defined as amount of
dye terminator sequencing kit and an autmatic DNA  enzyme that releases 1 umol pfNA per minute under
sequencer (Applied Biosystems, $A). the assg conditions.

Expression and purification of pantal and truncated K., andk., values vere estimated by measurimgNA
enzymes.For high-level expression of parental and production in 1-ml reaction mixtures with @arious con
mutant enzymes.E. coliM15 harboring pQEBIGGT or  centrations of the substrate (0.3-2.B,,). Samples &re
each of the mutated plasmidsas grown on LB medium incubated at 40°C for 10min. The kinetic parameters
supplemented with ampicillin (100 pg/ml) and were determined using Lineaaer—Burk plots.
kanamycin (25 pg/ml) to an optical density at 60@m of Unfolding of ecombinant poteins in GdnClParental
approximately 0.8. Protein expressionas induced by the BIGGT or each of the C-terminally truncated enzymes
addition of isopropyl+b-D-thiogalactopyranoside (IPTG)  was unfolded with different concentrations of GdnCl in
to a final concentration of 0.ImM. The cultivation was 20 mM Tris-HCI buffer (pH 8.0) at roan temperature. A
continued at 20°C for 12h. Cells vere hanested by cen  10-min incubation was emplogd in unfolding exper
trifugation (400Qyfor 10 min at 4°C), and the cell pellets ments. The unfolding of the enzyme as monitored by
were stored at —20°C until required. fluorescence and circular dichroism (CD).

To purify Hisstagged enzymes, cell pellets ene Spectofluorimetric and CD anakes. Fluorescence
resuspended in binding buffer (®M imidazole, 500mM  spectra of parental and mutant enzymegsg monitored at
NaCl, and 20mM Tris-HCI, pH 7.9) and lysed by soni 30°C in a Hitachi F-7000 fluorescence spectrophateter
cation (30-sec bursts and pulses for rhin). The cell with an excitation vawelength of 280hm. All spectra vere
extract was obtained by centrifugation, and the soluble corrected for buffer absorption. The fluorescence emission
Hise-tagged protein vas bound to 2nl of Ni?*-NT A resin  spectra of protein samples with a concentration of ##
by gentle mixing at 4°C for 30nin. Subsequentlythe were recorded fran 300 to 400nm at a scanning speed of
resin was loaded onto a column and ashed with three 240nm/min. The maximal peak of the fluorescence spec
volumes of 50mM phosphate buffer (pH7.9) containing trum and the change in fluorescence intensityere used in
0.3 M NaCl and 20 mM imidazole, and the bound pre  monitoring the unfolding processes of the enzyme. Both
tein was eluted with 5 ml of 25enM imidazole added to the red shift and the change in fluorescence intensitgre/
the washing buffer analyzed together using the erage emission axelength

Gel electophoresis, activity staining, and determina (AEW) (I ) according to Eq. (1) [18]:
tion of pmotein concentation. Polyacrylamide gel elec

A,N
trophoresis (AGE) was performed in aertical mini-gel Z(F}.,’tl)
system (mini-Protean 1ll system; Bio-Rad Laboratories, </1>: =4 1)
USA) with a 10% non-denaturing polgcrylamide gel. Ly '
Electrophoresis vas done at 4°C and a constaniltage of %:F,

100V for 3 h. To detect the GGT activity the gel vas
immersed into 1 mM 5-L-glutamyl-2-naphthylamide in which F; is the fluorescence intensity at the specific
and 50mM Gly-Gly in 100 mM Tris-HCI buffer (pH 10) emission vawlength ( ).
and incubated at 40°C for 3fin. The gel vas then trans Far UV-CD spectra of parental and mutant enzymes
ferred into a solution containing 0.05% a&st garnet GBC were acquired on a JASCO model J-815 spectropolarime
in 8% acetic acid until the red dark GGT band appeared.ter (JASCO Inc., Japan) fran 250 to 19hm in cuwettes at
Sodium dodecyl sulfatdAGE (SDS-PAGE) was car  25°C using 1.0-nm bandwidth, 0.1-nm resolution, 0.1-cm
ried out using the Laemmli buffer system [17]. The gelspathlength, 1-sec response time, and 100-nm/min scan
were stained with 0.25% Cauassie brilliant blue R-250 ning speed. The photmultiplier voltage vas alvays below
dissohed in 50% methanol-10% acetic acid and destained600V in the analyzed region. Each scanningaa/repeated
in a solution of 30% methanol and 10% acetic acid. ten times, and the asrage is reported. Data @ve correct
Protein concentrations wre measured using the ed for the buffer effect, and the results are expressed as
Bio-Rad protein assg reagent and beaine serum albumin  molar ellipticity [Q] in the units of degecm®dmol™
as the standard. according to Eq. (2):
Enzyme asss. GGT activity was routinely assaed
at 40°C using Le-Glu- p-NA as substrate. The reaction 01— (€]
mixture contained 1.25mM L- g¢-Glu- p-NA, 30 mM [0]= 10-C-1' @)
Gly-Gly, 1mM MgCl ,, 50mM Tris-HCI buffer (pH 8.0),
20 pl enzyme solution at a suitable dilution, and enoughwhere | represents the light pathlength (cm)C is the
distilled water to bring the final elume to 1 ml. After 10- molar concentration of protein (mol/liter), and Q repre-
min incubation, the reaction vas quenched by the addi sents the obseed ellipticity (mdeg). Thermal denatura
tion of 100 pl 3.5 N acetic acid. The formation g-NA  tion experiments vere performed by monitoring the ellip
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ticity at 222 nm. The temperature s increased with a o+ yy-e ™!
heating rate of 2°C/min fron 20 to 100°C, and the tem Yobs =7 (6)
perature at which half of the protein molecules ene
unfolded was recorded T,).

Analytical ultracentrifugation.Sedimentation eloci-
ty was measured in a Beckman-Coulter XL-A analytical _x1
ultracentrifuge with an An50T rotor at 20°C and Vobs = P+ Oy +mU[g(,anl])'e : (7)
42,000rpm in 12-mm double-sector Epon charcoal- l+e

filled centerpieces. The ultraviolet (UV) absorption of the
cells at 280nm was scanned in continuous mode with
time interval of 8min and step size of 0.008m. The par

tial specific wlume of the enzyme, soknt density and b = (¥x +my[GdnCl]) + (3 +my[GdnCl])-e~"! (8)
obs 1

viscosity vere calculated by the free sofase SEDN- l+e™

TERP (http://www .jphilo.mailwaycom/). All samples

were visually checked for clarity after ultracentrifugation

to make sure that there as no precipitation due to where

unfolding of the protein. Multiple scans at different time

points were analyzed with the SEDFIT program [19, 28]. Yl AGy0),, —Myu[GdnCl] _

The sedimentation elocity data vere fitted using a te- RT

dimensional distribution with respect to frictional ratio

c(s, f/f,) according to the Lamm equation [19] (Eq. (3)): The three-state unfolding model (Scheme 2)as
described by Eq. (9) [21]:

a(ri)= | [eCs f] £)2(s.DCs. £/ £)r.0dsd(f] 1), (3)

with a(r,t) denoting the obsered optical signal at radius Nfuy Koy

and timet; c(s,D,r,t), the solution of the Lamm equation; Scheme 2

andD(s, f/f,), the dependence of diffusion coefficien))

on sedimentation coefficient$) and frictional ratio (f/f,), “

It e 2 +(yy + mU-[GdnCl])-e’X2 e

Where yobs - 1+e7,\'z +e—X2 .efXS ! (9)
a—;{:li[iﬁDa—l—sa)er;{}, 4)
ot ror or where
Y2 AG 1,001 ~ M1 GdnCl]
V2 kT 1 1-vp - RT :
D(s.f]f) = = (5)
8z s[(ns/f) V¥
Y3e AG1,0) 1 — Myl GdnCl]
with w denoting angular glocity; k, Boltzmann constant; RT ’
T, absolute temperaturep, enzyme partial specific af-
ume; h, buffer viscosity; and , buffer density Vobs IS the obsered biophysical signalyy, y,, andy, are

All two-dimensional distributions vere soled and the calculated signals of the na#ly intermediate, and
normalized to a confidence leal of p= 0.95 by maximum unfolded states, respectély. [GdnCl] is the GdnClI con-
entropy and a resolutionN of 200 with sedimentation centration, and DG, and DG_, are the free energy
coefficients betveen 0.1 and 20 S. The antsous friction changes for the N« | and | « U processes, respectly.
ratio is from 1.0 to 2.0 or 3.5 at a resolution of 10. The valuesm,, my_,, andm_; are the sensitivities of the

Unfolding data anakis.Because unfolding/refolding respectie unfolding states or process to denaturant eon
of BIGGT is a reersible process, the unfolding dataene centration.
treated with the following thermodynamic models by
global fitting of the data. The ta-state unfolding model

(Scheme 1) ws described by Eq. (6) [20]. Equations (7) RESULTS AND DISCU SSION
and (8) were used to fit post-slope and both pre- and
post-slope unfolding cures, respectigly: Sequence comparison and pladmgéonstructions.

Figure 1la show the sequence alignment of the full-length
BIGGT. The alignment reeals a significant degree of pri
mary sequence identity in the small subunits (Fig. 1). The
Scheme 1 small subunit spanning th8IGGT residues 399-585 had

N Ry, g,
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1 130
a 1 1
BIGGT HRRLAFLYYAFCLAYGCFFSPYSKAEGYHSGGDBDKY---AYGKDGHYATAHPL ASKTGAEYL KKGGNATDARTATOYAL NY TEPHHSGIGGHGFHMYYDGETKETSTTNSRERAPEGAKPDHFL
BSGGT  MKRTHNYCLTALLSVLLYAGSYPFHAEAKKPPKSYDEYKQV-~-DVGKDGHVATAHPLASETGADYLKKGGNATDAAYATQF ALNYTEPHHSGIGGGGFHMYYDGKTKDTTTIDSRERAPAGATPDHFL
TdGGT HPHNRFLLHLLLSLYASPL---RARPDGYYAYSHPARARAGARMLATGGNAVDARRAYVOFALNYVEPQSSGIGGEGFHLTHLAKTGETYIYDSRERAPAASRADHFA
EcGGT  IKPTFLRRVATAAL-LSGSCFSARARPPAPPYSYGVEEDVFHPYRAKQGHVASYDATATOVGYDILKEGGNAYDAAYAYGYALAVTHPOAGNL GGGGF HLIRS—KNGNTTAIDFRENAPAKATRDMFL
HpGGT  MRRSFLKTTGLGYIALFLGLLNPLSAASYPPTK~ NTKVGLAL SSHPLASETGOKYLEEGGNATDARYATGFAL AYYHPARGNIGGGGF AYTHL ~ANGENYALDFREKAPLKATKNHFL
PaGGT HQPVLFRTLSLGVATARASSSAFARTLD- -—-GGAYARPDEYGAKYARNTL KAGGNAVDARYATAF TLAYTYPEAGNIGGGGFHTL YN-—DGKPYFLDYREVAPKAASKTHYL
HGGT  HKKKLYVLGLLAYVLYL VIVGLCLHLPSASKEPDNH: VYTRAAYAADAKQCSKIGRDALRDGGSAVDARTARLLCYGLHNAHSHGIGGGLFL TIYNSTTRKAEVINAREVAPRLAFATHFN
SsG6T  HKKRYLLLALARYALYLLILGLCLHLPSNSK-PHNH: VYPRARVAADALRCSETGRDTLRDGGSAVDAATAALLCYGLHNAHSHGIGGGLFL TIYNSTTRKAETTNAREYAPRLASASHFN
MAGGT HKNRFLVLGLYAVYLVFVITGLCIHLPYTSGKPD-H VYSRARYATDAKRCSETGRDIL QEGGSVVDARIASLLCHGLNAHSHGIGGELFFTIYNSTTGKVEVINAREVAPRLANTTHFN

Trp157
v

[} 1
B1GGT DEDGKYIPFSERSRHGNAYGYPGTLKGLEARHKKHGTKKHEDLISPSIKLAEEGFPIDSYLADAIKDHQDKL -S-KTARKDIFLPDGEPLKEGDILYOKDLAKTFKLIRKEGSKAFYDGEIGRATADYYQ
BsGGT DENGKAIPFSERVTKGTAYGYPGTLKGLEEALDKHGTRSHKQLITPSIKLAEKGFPIDSYLAERISDYQEKL-S-RTARKDYFLPNGEPLKEGDTLIQKDLAKTFKLIRSKGTDAF YKGKFAKTLSDTVQ
TdGGT P-GGAPHAFPLASTSGLAYGYPGTYRGYDTALRRHGTHALADTLAPAIELARGGFRYNRFLAADIADDGGRT-ATHPETARIFRPGGYPLAEGDHL YQPDLARTLRLIATGGPKYF YEGPLARAIVEAQQ
EcGGT  DDOGNPDS-KKSLTSHLASGTPGTYAGFSLALDKYGTHPLNKYYQPAFKLARDGF IVNDALADDLKTYGSEYLPNHENSKAIFHKEGEPLKKGDTLYQANLAKSLEMIAENGPDEF YKGTIAEQIAQEHQ
HpGGT  DKOGNYYP-KLSEDGYLAAGYPGTYAGHEAHLKKYGTKKLSALIDPAIKLAENGYATISARAAE TLKEARERFLKYSSSKKYFFKKGHLDYQEGDLFYQKDLAKTLNOIKTLGAKGF YQGAYAEL IEKDHK
PaGGT DDKGEVIE-HLSLYGAKAAGYPGTYHGLHEAHKRFGKLPHSELL TPAIGYAQKGFKYADKQFAQYRODAYALF-=---| -NGKTHFGDYFGHHKAGEAFLOPDLAKTLERTADKGPDEF YKGHTADLLYAQHQ
~QS0KGGLSYAYPGEIRGYELAHORHGRLPHARLFQPSIQLARAGF PYGKGLARALENKRTYI-EQQPYLCEYFCRORKYLREGERLTLPQLADTYETLATEGAQAF YNGSLTAQIVKDIQ
~QSEEGGLSYAYPGEIRGYELAHORHGRL PHARLFOPSIEL ASAGFPYGKGLAAALERSADAT-KRHPALCEYFCRNGHYLREGDLYTHPRLAKTYETLAVEGAQAF YNGSLTAQIVKDIQ
~DSEEGGLSYAYPGEIRGYELAHORHGRLPHARLFOPSIOLARHGFPYGKGLATIALDKKRDVI-EKTPALCEYFCRAGKYLOEGETYTHPKLADTLOILAQEGAKAF YNGSLTAQIVKDIQ

273 s90

1

B1GGT GSHTPDDLSRYEYTTDKPIWGEYHGYDIASHPPPSSGGYFHLOHLKLIDDFHLSQ--~--YDPKSFEKYHLLAETHHLSYADRARYAGDPEF YDVP-~LRGLLDPDYIKERQKLISLDSH
BsGGT GSHTEKDLENYDITIDEPTHGDYQGYQIATTPPPSSGGIFLLQHLKILDHFNLSQ----YDYRSHEKYQLLAETHHLSYADRASYAGDPEFYNYP-~LKGLLHPDYIKERQQLINLDQY
TdGGT RTRGELEEPERGRnﬂIﬂDLRDYTRHIRRPLTEﬂYRE“TVRSlIPFPSSGELTLLﬂTLGLLERFPLGDTTI]GYGFGSRKTVHLHIERNRLHFRDRﬁ\'IlIGDD[lﬂRRLP--HRRLLHPﬂVﬂHRRﬂﬁLIDPRRR
KNG: ~~GLITKEDLARYKAYERTPISGDYRGYQYYSHPPPSSGGIHIVQILNILEN-~-FDH--KKYGFGSADAHAIMAEAEKYAYADRSE YL GDPDFYKYP--HOAL THKAYAKSIADQIDINKA
GIITKEDLASYNVKHRKPYVGSYRGYKIISHSPPSSGGTHLIQTLNYHEN--ADL--SALGYGASKNIHIAREAHRAAYADRSY YHGDADFVSYP-~YDKLINKAYAKKIFDTIQPDTY
GLITHQDLADYKYRHREPHRYDHQGNTLYTAPLPSSGGIALAQOLLGIKENRARDF--KGYELNSARYIHLLAEIEKRYFADRADYLGDPDF SKYP--VARL TDPAYLKQRAREYNPTAL
GIVTAEDLNNYRAELIEHPLNISLGDYVL YHPSAPLSGPYLALILNILKGYNFSRESYESPEQKGLTYHRIVEAFRFAYAKRT-LLGDPKFYDYTEYYRNHTSEFFARQLRAQISDDTT
GIVTAEDLNNYRAELIEQPLRISLGDAOL YAPNAPLSGPYLALILNILKGYNFSRASYETPEQKGLTYHRIVEAFRFAYAKRT-LLGDPKFYNYTEYYRNHSSEFFADQLRARISDTTT
~=GINTVEDLNNYRAELIEHPHSIGLGDATLYYPSAPLSGPYLILILNILKGYNFSPKSYATPEQKALTYHRIVEAFRFAYAKRT-HLGDPKFYDYSQYIRNHSSEF YATQLRARITDETT

Trp376 Trp408
v v

[}
B1GGT NRDVKEGDPHKYEEGEPNYEIYPQPEDKTIGE THF TYTDAHGNYYSYTTTIEQLFGTGILYPGYGLFLNNELTDFDAIPG-~- =G--ANEVOPNKRPLSSHTPTIVF-KDEKPYLTYGSPGGTTI
BsGGT NKKPKAGDPHKYQEGSANYKQYEQPKDKYEGQT THF TYADRHGNYYSYTTTIEQLFGTGIMYPDYGYILNNEL TDFDAIPG=--- =G==-ANEVQPNKRPLSSHTPTILF-KDDKPYLTYGSPGGATI
TdGGT IEQASAGDPTRHAPAATKAPQRIRSRAESP-QT THFSIYDRHGNYVSYTSTIEYTHGAGITYPGYGFLLNNEL TDFNFYPSADSATGNPG--ANDYAPGRRPRSSHAPTLLL-KNGRPYARYGSPGGATT
EcGGT KPSSEI-RPGKLAPYESH: THYSYYDKDGNAVAYTYTLNTTFGTGIVAGESGILLNNQHDDF SAKPGYPNYYGLYGGDANAYGPNKRPLSSHSPTIVY-KDGKTHLYTGSPGGSRI
HpGGT  TPSSQI-KPGHGALHEGS: THYSYADRHGNAYSYTYTINASYGSARSIDGAGFLLHNEHDDFSIKPGNPHLYGLYGGDANATEANKRPLSSHSPTIVL-KNNKYFLYVGSPGGSRI
PaGGT SPTEKY-RPGL----EPH: THFSIVDADGNAYSHTYTLNHDFGSGYYYKGAGFLLNDEHDDF SAKPGYANAF GYYGSDANATEPGKRHLSSHSPSIVT-RDGKYSLYYGTPGGSRI
HsGGT HPISYY-KPEFYTPDDGG [TAHLSYYAEDGSAYSATSTINLYFGSKYRSPYSGILFNNEHDDFSS-PSITHEFGYPPSPANFIQPGKOPLSSHCPTINVGADGQYRHYYGARGGTAL
S5sGGT  HPDSYY-EPEFYTPDDAG: [TAHLSYYSDDGSAYSATSTINLYFGSKYRSRISGILFNDEHDDFSS-PNITNQFGYRPSPANF ITPGKQPLSSHCPYITVGEDGQYRHYVGASGGTAL
HnGGT HPARYY-EPEFYLADDGG-~- ~-TAHLSAYSEDGSAYAATSTINL YFGSKYLSRYSGILFNDEHDDF SS-PNFINQFRYAPSPANF IKPGKQPLSSHCPSIILDKDGQVRHYVGASGGTAL
—> Cleavage site

e Arg511Arg5214 —Glu523 Asp568- —Arg571 5%

BLIGGT IASYFQTILNYFEYGHSLQDAIEEPRI-YTNSLTSYRYESG=====-=-~HPEDVRRKLNDFGHK~-FGSHPYD~-~---IGNYQSIFIDRENK--TFHGYADSSRNGTAVGYNIKTSAK
BsGGT ISSYLQTILYHIEYGHELKAAYEEPRI-YTHSHSSYRYEDG-----~-=-VPKDVLSKLNGHGHK-FGTSPYD-----IGNYQSISIDHENG--TFKGYADSSRHGARIGINLKRK
TdGGT  INSYLNHTLHLYDHGHTPGQAIAAPRYSYTSARGKYACEGGEDFHAPRLSIAVQDRLRALGHYGLGEAGTDGCAGRIGSYOAYYVDLTSG--AQYGARDPRREGTYIRYGPGAPLAP
EcGGT  ITTYLQHYVNSIDYGLNYAEATNAPRFHHOWLP-DELRVEK-~==-G~FSPDTLKLLEAKGOKYALKE=-A~~==-~HGSTQSINVGPDGE--~-LYGASDPRSYDDLTAGY

HpGGT  ITTYLQYISHYIDYNHNISEAYSAPRFHHQWLP-DELRIEK---~FG-HPADVKDNL TKHGYQIYTKP-Y-- HGDYNAIQVLPKTKGSYFYGSTDPRKEF

PaGGT FTSIFQVLNNIYDFHLPLEKAYAAQRYHHOLLPKDTIYYDA-~-~--YAPLAGKVAEELKAHGYTLEDQGHN~- HGDIQAIRYDGKA-~---LETASDPRGRGYGLYVKP
HsGGT TTATALAIIYNLWFGYDVKRAVEEPRLHNOLLPNVTTVERN IDQAYTAALETRHHHTQIASTF~ IAVYOAIYRTAGG----HARASDSRKGGEPAGY

SsGGT  TTSTALATIHSLHFGYDYKRAVEEPRLHNOLLPNTTTLEKG: IDQAVARALKTRHHY IQDASTF- YOAIYRTF PAGY

HnGGT  TTSYALATINSLHFGYDYKRAYEEPRLHNQLLPNTTTVEKD IDQYYTAGLKIRHHHTEYTPTF TAVYOAY! HARASDSRKGGEPAGY

131 260

520

391
[}

b WIS7  W273  W376 W08 S subunit
His, tag ‘ & ‘ ‘

N I L subunit N

M29

Cleavage site—rrag9

BIGGT SPGGTTIASVFQTILNYFEYGMSLQDAIEEPRIYTNSLTSYRYES GMPEDVRRKLNDFGHKFGSNPVYDIGNVQSIFIDRENKTFMGYADSSRNGTAVGVYNIKTSAK
A (581-585) SPGGTTHASVFQTILNYFEYGMSLQDAIEEPRIYTNSLTSYRYES GMPEDVYRRKLNDFGHKFGSNPYDIGNYQSIFIDRENKTFMGYADSSRNG TAVGVNI-
A(577-585) SPGGTTIASVFQTILNYFEYGMSLQDAIEEPRIYTNSLTSYRYES GMPEDVRRKLNDFGHKFGSNPVDIGNYQSIFIDRENKTFMGYADSSRNGTAV-
A(576-585) SPGGTTIASVFQTILNYFEYGMSLQDAIEEPRIYTNSL TSYRYES GMPEDVRRKLNDFGHKFGSNPVYDIGNVQSIFIDRENKTFMGVADSSRNGTA-

A(566-585) SPGGTTIASVFQTILNYFEYGMSLQDAIEEPRIYTNSL TSYRYESGMPEDVRRKLNDFGHKFGSNPVDIGNVQSIFIDRENKTFMG-
A(558-585) SPGGTTIASVFQTILNYFEYGMSLQDAIEEPRIYTNSLTSYRYESGMPEDVRRKLNDFGHKFGSNPVYDIGNVQSIFID-
A(523-585) SPGGTTHASVFQTILNYFEYGMSLQDAIEEPRIYTNSLTSYRY-

A(479-585) .

Fig. 1. Sequence alignment dBIGGT and schematic presentation of full-length and truncated enzymes. a) A graphic representation of amino
acid sequence alignment generated with the BB$Y molecular serer (Swiss Institute of Bioinformatics, Basel, Switzerland). The deduced
amino acid sequence foB. licheniformisATCC 14580 GGT BIGGT; Swiss-Prot Q62WE3),Bacillus subtilisGGT (BSGGT; Swiss-Prot
P54422),Thiobacillus denitrifican&GT (TdGGT,; Swiss-Prot Q3SJO7)E. coliGGT (EcGGT,; Swiss-Prot P18956)H. pyloriGGT (HpGGT;
Swiss-Prot 025743)Pseudomonas aeruginoS&T (PaGGT; Swiss-Prot Q91406),Homo sapien&GT (HsGGT; Swiss-Prot P19440)Sus
scrofaGGT (SEGGT; Swiss-Prot P20735), andus musculu$§SGT (MmGGT,; Swiss-Prot Q60928) ere used for the alignment. Gaps in
aligned sequences (dashespm introduced to maximize similarities. Theevtical line shovs the putatie cleawge site HpGGT residues
involved in the formation of salt bridges are indicated alothe sequence. b) Schematic presentation of the engineered enzynuesitiéhs of

the tryptophanyl residues iBIGGT are indicated. The putatie cleaage for autocatalytic processing 8GGT is also marked. Eery trun-
cated protein has a histidine tag fused to its N terminus.
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between 33 to 78% identity withB. subtilis E. coli H.  unit of these proteins shares the same molecular size of
pylori, and Pseudomonas aerugino8&Ts, while identt  ~44,729 Da. D haw a canprehensie presentation, the
ties with non-microbial enzymes (baine, human, and schematic diagram of full-lengthBIGGT and partial
mouse GGTs) ranged fran 25 to 31%. INnHpGGT, the amino acid sequences at the C-termini of these constructs
mobile C-terminus has been shown to be positioned byare shown in Fig. 1b.
seeral electrostatic interactions within the C-terminal Purification and chaacterization of paental and C-
region, and mutational studies havconfirmed that these terminally truncated enzymed§ he expression of parental
salt bridges phka an important role in the autocatalytic and truncated enzymes &s ewaluated by analyzing the
processing and catalysis of the enzyme [22]. As shown iwhole-cell lysate preparationsBIGGT-4aa, BIGGT,
Fig. 1a, the alignment also r@aled a strict conseation D(581-585), andD(577-585) were expressed as three pre
of residues implicated in the formation of salt bridges. = dominant bands with the molecular masses of approxi
Recently the overexpression plasmid pQBIGGT mately 65, 44.9, and 20-21.RDa, respectiely, whereas
was constructed for the functional expression BIGGT-  the remaining mutant enzymes &ve present as a precur
4aa [15]. Based on pQBIGGT, eight recanbinant plas  sor form (data not shown). Importantlyall of the mutant
mids were further constructed for IPG-induced produc-  proteins were expressed in the soluble fraction, suggesting
tion of the full-length and C-terminally truncated that gross disruption of protein structure does not occur
BIGGTs. The molecular mass for the small unit of as a result of these deletions. The redoinant enzymes
BIGGT, D(581-585), D(577-585), D(576-585), D(566- constructed in this study hava His-tag at the N-termi
585), D(558-585), D(523-585), andD(479-585) was esti  nus, which does not hav detrimental effects orBIGGT
mated to be 20517, 20001, 19618, 19519, 18560, 1759@gctivity [14, 15]. To characterize these enzymes, the ks
13694, and 8701 Da, respectly, whereas the large sub tagged proteins @re purified to near homogeneity using a

a

BIGGT-4aa
BIGGT

A(581-585)
A(577-585)
A (576-585)
A (566-585)
A (558-585)
D (523-585)
D (479-585)

GGT activity, U/mg

Time, days

Fig. 2. Autocatalytic processing of pra®8IGGTs. Approximately Img protein/ml in the elution buffer vas incubated for 0, 9, 25, and 60 yia
Aliquots of 100n were withdrawn at the indicated interls for SDS-PAGE analysis (a) and enzymatic ag&(b). LanesM, molecular mass
maker; 1) BIGGT-4aa; 2) BIGGT; 3) D(581-585); 4) D(577-585); 5) D(576-585); 6) D(566-585); 7) D(558-585); 8) D(523-585); 9) D(479-
585).
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Table 2.GGT activity and kinetic parameters of parental neously assg@d. As shown in Fig. 2aBIGGT-4aa,
and mutant enzymes

Enzyme* |GGT activity, Kmn, MM Keats Kead K
U/mg sect |mM~t.sect
0 dy

BIGGT-4aa 94+ 2 0.070 + 0.005| 97 + 4 |1310 + 40

BIGGT 91+2 0.080 + 0.007| 97 £ 2 {1245 + 91
D(581-585) 88+1 0.090 = 0.006| 96 + 3 (1014 + 30
D(577-585) 70+1 0.050 + 0.008 72 + 2 | 1412 + 100
D(576-585) n.d. - - -
D(566-585) n.d. - - -
D(558-585) n.d. - - -
D(523-585) n.d. - - -
D(479-585) n.d. - - -

60 days
BIGGT-4aa 94+ 2 0.080 + 0.004{112 * 3| 1342 + 40

BIGGT 86+4 |0.090 + 0.014102 + 5| 1179 + 30
D(581-585)| 97.2+ 0.3 | 0.110 + 0.009/112 + 5| 1060 + 50
D(577-585)| 75.2+0.5|0.080 + 0.007| 94 + 2 | 1216 + 90
D(576-585)| 2.71 + 0.01 - - -
D(566-585)| 1.10 = 0.03 - - -
D(558-585)| 1.11 = 0.02 - - -
D(523-585) n.d. - - -
D(479-585) n.d. - - -

Note: n.d., not detected; —, not determined.
* Protein concentration of these samplesaw approximately Ing/ml.

BIGGT, D(581-585), andD(577-585) were predaninantly
as the mature form. A significant amount of the processed
D(576-585), D(566-585), and D(558-585) was obserad
after 60-dgyy incubation. GGT activity of the incubated
D(576-585),D(566-585), andD(558-585) vas 2.71 + 0.01,
1.10 £ 0.03, and 1.11 £ 0.02 U/mg, respectly (Table 2).
Howewer, the remaining two proteins, D(523-585) and
D(479-585), were actually detrimental to the autocatalytic
capability These results clearly indicate that the C-termi
nus ofBIGGT participates in the autocatalytic processing,
and residue ®I576 is located at the boundary

BIGGT must undergo autocatalytic processing
before it has enzymatic activitybut the mechanism of
activation has not been elucidated. A base is generally
proposed to be crucial for the autocatalytic actition of
Ntn-hy drolase precursors into L- and S-subunits. It has
been suggested that a histidine residue in the vicinity of
the processing site oflavobacterium meningosepticum
glycosyl asparaginase is essential for its maturation and
acts as a base in this reaction [23]. Hewer, X-ray crys
tallographic results demonstrated that thé-carboxyl
group of the Asp residue just before the catalytic Thr
residue, which is the nucleophile of-lavobacterium
enzyme, acts as the base [24]. In the case of Sheubunit
of 20 S proteasme, the residue just ahead the catalytic
residue is the inariant Gly, which has no side chain to act
as a base similar to glgsyl asparaginase. These findings
therefore rule out the inelvement of Asp in the autocat
alytic processing. In contrast, Ditzel et al. [25] shad
that a water molecule acts as the base at the aztbenter
for the processing of S-subunit precursor oéast 20 S
proteasane. Also, a vater molecule vas found to be the
general base in cephalosporin acylase [26] and glutaryl 7-
aminocephalosporanic acid acylase [27]. As shown in

Ni?*-NT A column (Fig. 2a). The one-step purification Fig. 2a, the purifiedD(576-585), D(566-585), andD(558-
procedure resulted in a protein yield of 13-27% for the 585) could slowly undergo autocatalytic processing in the
recambinant enzymes. The asgdor GGT activity with
the synthetic substrate, lg-Glu- p-NA, and the kinetic
parameters of these proteins are summarized mble 2.
The K, and k., values forBIGGT were 0.08mM and
97 sec’ (91 U/mg), respectiely, which is canparable to
those of BIGGT-4aa. A slight decrease in the enzyme more than nine amino acids auld lead to the expression
activity was obsergd in D(577-585). Moreover, D(581-
585) andD(577-585) showed canparable catalytic con
stant (K.,) and specificity constant K../K,) values critical roles in autocatalytic processing and catalysis [22].
respectie to the parental enzyme, but the GGT activity Although the indicated region shos/ low sequence coen
was not detected ilD(576-585), D(566-585), D(558-585),
D(523-585), andD(479-585). These results indicate that sered salt bridges in the C-terminal region of the 20-kDa
the local structural motifs in the C-terminus oBIGGT
are critical for the proper function of the enzyme.

In vitro processing of enzyme gmursors.To investk
gatein vitroprocessing of the truncated enzymes, the puri Asp562 interacts with Arg564 asllas another conseed
fied proteins vere incubated at 4°C for a period of time. At arginine residue, Arg502. SimilarJyArg564 forms a salt
each sampling time, the amount of precursorsasvana
lyzed by SDS-RAGE, and the GGT activity was simulta
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elution buffer. In this regard, it is likely that a ater mok
ecule plgs a critical role in the autocatalytic actation of
BIGGT precursors into L- and S-subunits. These results
also reflect the fact that the C-terminus BIGGT plays a
role in enzyme maturation, and C-terminal deletion of

of inactive precursors.

The C-terminus ofHpGGT has been reported to pia
senation among GGT members, the disruption of cen
subunit has been demonstrated to cause a significant

reduction in autoprocessing and liyolase activities of
HpGGT. In the HpGGT structure, the carboxylate of

bridge with a consemd glutamate residue, Glu515.
Given the inwlvement of these residues in the exterssiv
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hydrogen bond netwrk and the remote location relatey  As noted by Wiliams et al. [22], disruption of the corre

to the catalytic nucleophile, it vas proposed that these sponding salt bridges in the small subunit &GGT
four highly consered residues are important for enzyme might be responsible for the suppression of autocatalytic
maturation [22]. For BIGGT, the corresponding pairs of processing and enzymatic activitHowever, the reasons
salt bridges are Arg571/Asp568 and Glu523/Arg571. Infor the loss of autocatalytic processing iB(576-585)
the present constructions, four of the truncated enzymes,remain to be explored.

including D(566-585), D(558-585), D(523-585), and

Unfolding of paental and C-terminal} truncated

D(479-585), definitely abolish the proposed salt bridges.enzymes atarious concentations of GAnCIBIGGT has a

a
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Fig. 3.Unfolding curves of parental and truncateBIGGTs in dif-
ferent concentrations of GdnCl. The enzyme in 3®M Tris-HCI
buffer (pH 7.7) was incubated with &rious concentrations of
GdnCl for 10 min. The enzyme solution ws excited at 28@Gm,
and the emission as recorded at 25°C. a)vArage emission axe-
length (AEW) of the enzyme @as used to analyze the unfolding
data. b) CD changes at 222m versus GdnCl concentration. Solid
symbols are experimental data and the smooth @svare cm-
puter-generated best-fit lines according to a d¢wstate unfolding
model (Eq. (6) or (7)).

total of four tryptophanyl residues (p157, Tp273, and
Trp376 in L subunit and 408 in S subunit) (Fig. 1).
When excited at 28Gvm, the protein intrinsic emission
fluorescence cmes mostly fran the tryptophanyl
residues. Deletion at the C-terminus dBIGGT even for
D(479-585) did not exclude these four tryptophanyl
residues. Morewser, no precipitation was obsered, and
also the unfolding vas canpletely rewersible forBIGGTs
at any GdnCl concentration (data not shown). Thus, the
GdnCl-induced unfolding is \ery suitable for conforma
tional stability studies of the enzyme. Unfolding of the
enzyme at different concentrations of GdnCl is shown in
Fig. 3. The aerage emission aelength (AEW) that
reports on the changes in both fluorescencawlength
and fluorescence intensity as used to calculate the ther
modynamic parameters of the unfolding/refolding
process (@ble 3). By fitting the data with Eq. (9),
BIGGT-4aa was seen to start to unfold aewy low con
centration of GdnCl and reach an unfolding intermediate
with [GdNnCl] g5 Of 1.1040'? M. The second unfold
ing phase started at 1.23M denaturant with
[GdNnCl] 45,y Of 2.874 M. The calculated free energy
change DG) for the N « | and | « U processes as
1.19-10% and 7 + 1kcal/mol, respectiwely. The stability
parameters of BIGGT are comparable to those of
BIGGT-4aa. Howewer, the fluorescence signals of
GdnCl-induced C-terminally truncated enzymes fol
lowed a monophasic process (Fig. 3a). Similar results
were obtained with CD spectra (Fig. 3b)D(581-585),
D(577-585), D(576-585), D(566-585), D(558-585),
D(523-585), and D(479-585) showed [GdnCl]ysn_y Of
2.92,1.37, 0.44, 0.56, 0.63, 2@ ° and 1.940° M, cor-
responding to free energy change of 8 + 3, 16 + 10, .8
0.3,2.2+0.2,1.5+ 0.2, 1.80°, and 4.840° kcal/mol,
respectiely, for the N « U process. It is ery likely that
as more amino acid residues at the C-terminus of the
enzyme vere deleted, a loer concentration of GdnCl
was required to start unfolding. This allasvone to distin
guish the conformation stabilities of the parental and
truncated BIGGTs and assign the functional role of the
C-terminus. Clearly the significant changes in protein
structure occur as a consequence of the deletions.

To probe the structural integrity of parental and
mutant enzymes, their thermal unfolding patternsene
determined by following the changes in ellipticity at
222nm (Table 3). The unfolding cures of the tested pro
teins shoved single sigmoidal transitions. Midpoints of
thermal transition, T,,, were calculated as 64.8 + 0.3 and
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Table 3.Stability parameters of C-terminally truncated

enzymes
Enzyme —u» | My, keal|[GANnCl] g5 ny.| T, °C
kcal/mol | mol?*-M~ M
D(581-585f| 8+3 | 2.8+x1.0 2.92 64.7 £ 0.4
D(577-585f| 16 + 10 | 12+ 7 1.37 51.0+ 0.03
D(576-585f| 0.8 + 0.3| 1.8 £ 0.3 0.44 45.1 £ 0.2
D(566-585f|2.2 + 0.2| 4.0+ 0.2 0.56 449 0.1
D(558-585f| 1.5 + 0.2| 2.3+ 0.2 0.63 439+0.1
D(523-585f| 1.540° | 1.3+ 0.2 1.240° 32.6+0.9
D(479-585f| 4.840° | 2.6 + 0.3 1.940° 3L.7+x10

2Unfolding data were fitted to a twe-state unfolding model according to

Eq. (8).

b Unfolding data were fitted to a tve-state unfolding model according to

Eq. (7).

¢ Unfolding data were fitted to a twe-state unfolding model according to

Eq. (6).

4 Melting temperature determined by CD spectropolarimetry

64.7 £ 0.4°C forBIGGT and D(581-585), respectiely.

The T,, values forD(577-585), D(576-585), D(566-585),
D(558-585), D(523-585), and D(479-585) wvere 12.9-
32.2°C lover than that ofBIGGT-4aa T, (63.8 £ 0.2°C).

a

These data clearly indicate that deletions of more than
nine amino acids fron the C-terminus hae a profound
effect on the thermal stability of the enzyme. Also, the
results shown in @ble 3 indicate the close correlation of
inability to autoprocess with the unstable structure.
Correlation of quaternary structa changes of
BIGGT with aubcataltic processing.To determine the
oligomeric structure of the parental and muta®IGGTs,
the purified enzymes ere subjected to nates PAGE and
the gel vas stained with Comassie brilliant blue R-250.
As shown in Fig. 4a, one major band with a similar migra
tion pattern to the recanbinant BIGGT heterodimer was
detected, ruling out a possible role of the His-tag in the
polymerization process. Most importantlyhigher poly
mers vere not as prminent for these enzymes. Activity
staining showed that the heterodimer and the higher
order oligamers ofBIGGT-4aa, BIGGT, D(581-585), and
D(577-585) had GGT activity (Fig. 4b). AlthoughD(576-
585), D(566-585), D(558-585), D(523-585), andD(479-
585) migrated at the positions corresponding to their het
erodimers on the gel, these precursor enzymes digpth
abnormal mobility Actually, the truncations lead to a
modification in the net charge and a decrease in the p
values (5.07-5.11 cmpared with 5.19 foBIGGT), which
might cause an abnormal mobility of the mutant enzymes
during native PAGE. After 60 da/s incubation, hovewer, a
significant amount of D(576-585), D(566-585) was

b

Fig. 4. Staining of nati\e polyacrylamide gel for GGT activity Purified parental and mutanBIGGTs (100ug of protein) were subjected to
native PAGE followed by staining for GGT activity The purified proteins are visualized by non-denaturindABE at 0 (a) and 60 dgs (c);
activity staining at 0 (b) and 60 ga (d). Lanes: M, molecular mass marker$) BIGGT-4aa; 2) BIGGT; 3) D(581-585); 4) D(577-585); 5)
D(576-585); 6) D(566-585);7) D(558-585); 8) D(523-585); 9) D(479-585). The positions of heterodimeric and oligreric GGTs are indicat
ed byM and O, respectiely.
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Fig. 5. Quaternary structure analysis of the full-length and C-ter
minally truncatedBIGGTs. Continuous sedimentation of the pro
tein in 20mM Tris-HCI (pH 8.0) was monitored with the analyt
ical ultracentrifuge. The sedimentation aelocity data vere ana
lyzed with SEDFIT [28]. All enzyme preparations ere at
0.4 mg/ml concentration.

processed and the mature enzymes also retained GGT

activity (Figs. 4c and 4d).
EcGGT and HpGGT were reported to haw het

erodimeric structures [10, 12]. The quaternary structures

of parental and mutantBIGGTs were examined using
analytical ultracentrifugation, and the sedimentation
velocity data vere analyzed using the continuous size-dis
tribution model using the SEDFIT program (Fig. 5). In
these experiments no aggregatiorasvobsered at sedi
mentation coefficients of up to 20 S. Analytical ultracen
trifugation provides ery detailed conformational infor

mation about enzyme structural changes. The parental 3.

enzyme andBIGGT sedimented at ~4.85 S, and there

was a peak bet®en 4.82 and 5.60 S corresponding to the 4

truncated enzymes (data not shown). An eqaient con
tinuous distribution C(sM) plot (Fig. 5) indicated that
both BIGGT-4aa and BIGGT have a calculated molecu
lar mass of approximately 65.28a in buffer. Analytical
ultracentrifugation analysis erified the expected decreas
es in molar masses @{(581-585)(76.0kDa), D(577-585)
(66.5 kDa), D(576-585) (60.1 kDa), D(566-585)
(59.0 kDa), D(558-585) (62.0 kDa), D(523-585)
(55.0kDa), and D(479-585) (50.5kDa). All these exper
mentally determined molar massalues are in agreement
with the theoretical alues calculated frm the amino acid
sequences. The parentBIGGT existed as a heterodimer
and almost all the truncated enzymeseve heterodimeric
in solution too (Fig. 5). This confirms that the acta form
of BIGGT is the heterodimeric one.

Significant mature form with a frictional ratio {/f ;) of
1.58, 1.57, 1.46, and 1.39as detected wittBIGGT-4aa,

HUI-PIN G CHAN G et al.

BIGGT, D(581-585), and D(577-585), respectigly. The
processed form @as not detected inD(576-585), D(566-
585), D(558-585), D(523-585), andD(479-585), in which
the enzyme existed exclusly as precursor with/f, of
1.18, 1.05, 1.23, 1.31, and 1.32. After autocatalytic pro
cessing, the conformational changes @&IGGTs were
clearly demonstrated by the increase in frictional ratio of
the enzyme upon maturation (data not shown). The trun
cated BIGGTs with deletions of more than nine amino
acids fran the C-terminus could not induce the autocat
alytic process. Thus, the C-terminal region close talg76
is essential for the autocatalytic processingRiGGT.

In summary we hae studied the role of the C-termi
nal region ofBIGGT by deletion analysis. The mutagen
esis results ramaled that deletion of up to nine amino acid
residues fran the C-terminal end of BIGGT definitely
affects the autocatalytic activity of the enzyme. Although
the sequence in the C-terminal region is not strictly cen
sened among GGE, these enzymes show a highdéwof
similarity in structure organization. Thus, the role of the
C-terminal region proposed herein might also be true for
other GGTs, and this research also prides a starting
point for further studies of the quaternary structure of this
family.

The authors acknowledge financial support (NSC
95-2313-B-415-012-MY3 and NSC 97-2628-B-415-
001-MY3) from the National Science Council of @iwan.
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