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Large Propeptides of FungAtN-Acetylhexosaminidases Are Novel Enzyme
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Dimerization, and Secretion into the Extracellular Environrhent
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ABSTRACT. Filamentous fungi produce and secregteN-acetylhexosaminidases, Hex, as important
components of the binary chitinolytic systems involved in the formation of septa and hyphenation. Enzyme
reconstitution experiments published previously indicate that Hex can occur in the form of two molecular
species containing either one or two molecules of the propeptide noncovalently associated with the enzyme
dimer. Here, we describe a novel mechanism for the regulation of the activity of Hex based on the
association of their catalytic subunits with the large N-terminal propeptideto. We show that the
enzyme precursor is processed early in the biosynthesis, shortly after the addieglyafans through

the action of a dibasic peptidase, cleaving both before and after the dibasic sequence. The processing site
for this unique dibasic peptidase, different from that of kexins, is conserved among-hie
acetylhexosaminidases from filamentous fungi, and inhibition of the dibasic peptidase abrogates enzyme
folding and activation. Binding of the released propeptide to the catalytic subunit of Hex is essential for
its activation. An examination of the kinetics of Hex activation and dimerizatiositro allowed us to
understand the unusually high efficiency of the assembly of this enzyme. We also report that the fungus
is able to actively regulate the concentration of the processed propeptide in endoplasmic reticulum and
thus the specific activity of the produced Hex. This novel regulatory mechanism enables the control of
the catalytic activity and architecture of the secreted enzyme according to the needs of the producing cell
at various stages of its growth cycle.

p-N-Acetylhexosaminidases (HEXEC 3.2.1.52) are ex-  humans, they are dimeric lysosomal enzymes composed of
oglycosidases able to hydrolyze bgitHinked GIcNAc and two subunitsp. and, having approximately 60% sequence
GalNAc residues]). These enzymes are widely distributed identities @, 3). They occur in three isoforms, the ho-
in nature and are known to be responsible for a large variety modimeric hexosaminidases BA) and S (o) and the
of degradation processes. They have been extensively studietheterodimeric hexosaminidase Axf). Dimerization is
in higher vertebrates (including humans) and in bacteria. In required for the catalytic activity of these enzymes. Interest
in human hexosaminidases is connected with the allelic
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04/1045, 203/05/0172, 204/06/0771, and IAA5020403). residues involved in catalysis by these enzymes have been
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§ Department of Biochemistry, Charles University. Recently, 5-N-acetylhexosaminidases from filamentous
! mgtute CtJ_f PhySBi%SACbha'rlef] Univer_S(;W-CCF Crech Collection of fungi have attracted considerable attention because of their
reviations: , DICINCNhONIC acid; , CzeC oliection o H H H H H H
Fungi; CTP, cytidine triphosphate: CY, cytosol: EDC;ethyl-3- importance in the b_|ology of thes_e organisms and the|run|q_ue
dimethylaminopropylcarbodiimide hydrochloride; EDTA, ethylenedi- €nzymatic properties. First, unlike the human and bacterial
amine tetraacetic acid; EGTA, ethylene glycol tetraacetic acid; ER, Hex’s, which are lysosomal or membrane-associated, their

endoplasmic reticulum; GADPH, glyceraldehyde phosphate dehydro- {43 orthologues are robust enzymes that are extracellularly
genase; Hex, hexosaminidase; MALDI, matrix-assisted laser desorption

and ionization; MHC, major histocompatibility complex; MS, mass Secreted and remain active in the oxidative extracellular
spectrometry; NAG-thiazolind\-acetylglucosamine thiazoline; PBS,  environment §, 6). Second, these enzymes were shown to

phosphate buffered saline; PMSF, phenyl methyl sulfonyl fluoride; tabi i ita-oli
PVDF, polyvinylidene difluoride; S.D., standard deviation; SSC, sodium hydrolyze chitobiose as well as the higher chito-oligomers

salt citrate; TBS, Tris buffered saline, 10 mM Tris-HCI at pH 8.0 Produced from cell wall chitin by endochitinas@s-0), thus -
containing 150 mM NaCl; TFA, trifluoroacetic acid. contributing to the formation of septa during the hyphenation
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of the fungus. Third, the fungal Hex’s are inducible both by 0.05% yeast extract, and 0.58&acetylp-glucosamine at
their substrates and by the end products such as GIcHAc ( pH 6.0. The fungus was cultivated at 28 for the times
6). We have previously described the inducibility of Hex indicated for the individual experiments. The mycelium used
secreted from the collection strain&gpergillus oryza€CF for the isolation of chromosomal DNA and biochemical
1066 6). The activity accumulated in the medium in two studies was collected after 480 h unless otherwise
waves, the second of which occurred as late as on days 11 indicated, and the medium for enzyme isolations was
14 (5). Individual fungi secrete Hex’s with characteristic collected after 10 days.
enzymatic properties, which could be used for their taxonomy Isolation of the Intracellular Enzymeurification of Hex
(1, 6). Moreover, we have described the isolation and from the medium is described in the Supporting Information.
characterization of Hex from. oryzaeCCF 1066 {0). On The mycelium was filtered, washed with 100 mL of cold
the basis of the solved primary structure (GenBank accessiondistilled water, immediately frozen in the liquid nitrogen,
number AY091636) and homology, a 3D model of the and stored at-80°C. The frozen mycelium was mixed with
enzyme has been created and proved useful for the predictiorb mL of the detergent extraction buffer (50 mM citrate buffer
of substrate specificityl(l) and molecular analysis. We have at pH 5.0 containing 0.5 M (NP,SO,, 1.0% octyl$-
also described the unigue glycosylation of the above enzymeglucoside, and 1 mM Naf)and sonicated for & 1 min on
in which the processed O-glycosylated propeptide cooperatesce. The extract was centrifuged at 20 g0or 30 min at
with the N-glycosylated catalytic unit to attain full enzymatic 4 °C and used for the isolation of hexosaminidase as
activity (10). Reconstitution studiei vitro indicated that described in the Supporting Information. To resolve the Hex
Hex containing two moles of propeptide per dimer of isoforms, the shallow gradient was used for the elution of
catalytic subunits had 2-fold specific activity compared to the MonoQ column, increasing the NaCl concentration by
that of the species composed of a single propeptide per dimer0.5 mmol/min.

Here, we report that both the large N-terminal propeptides ~ Separation of the Propeptide from the Catalytic Ufiie
and the dibasic processing motifs at their C-termini are propeptide was separated from the catalytic unit of Hex on
specific for Hex from filamentous fungi. Using Hex from @ C4 column (4.6< 250 mm, Vydac) using a linear gradient
A. oryzae we obtained evidence that the enzyme precursor from 0 to 95% acetonitrile in 0.07% TFA over 60 min. The
must be processed intracellularly in order for the propeptide propeptide eluted from the column at approximately 41 min,
to be able to associate noncovalently with the catalytic while the catalytic unit eluted at approximately 47 mii.
subunits and to control the activity, dimerization, and Both polypeptides were collected into 0.2 mL fractions and
secretion of the enzyme. The processing occurs early in theanalyzed by SDS electrophoresis, and the pure fractions were
biosynthesis by ER dibasic peptidase, distinct from the fungal pooled and evaporated to dryness. Alternatively, a polymeric
Kex2. Association of the propeptide with the catalytic subunit reverse phase separation column PLRP-S (4000 Ax2.1
is fast and specific and precedes enzyme dimerization. Eitherl50 mm; Polymer Laboratories) has been employed under
one or two molecules of the propeptide associated nonco-identical chromatographical conditions.
valently with the dimer of the catalytical subunit, but the ~ Production of Polyclonal AntibodiesAntibodies against
latter form of the enzyme is formed and secreted much faster.both the catalytic unit and the propeptide of Hex were raised
A. oryzaeuses an active mechanism of propeptide depletion in rabbits using the standard immunization protode) @nd
from ER in physiological situations when lower Hex activi- purified using the respective protein antigens immobilized
ties in the medium are required. This provides a novel and to CNBr-activated Sepharose 4B (GE Healthcare) as recom-
straightforward mechanism for the functionally important mended by the manufacturer. The immunoabsorbed antibod-
regulation of Hex activity in the extracellular environment. ies were eluted with 0.2 M glycine buffer at pH 2.5 directly

into 1 M Tris-HCI at pH 8.0, dialyzed against PBS at pH

MATERIALS AND METHODS 7.4, concentrated to 5 mg/mL, and stored in 1 mM MaN

o

Materials The chloromethane tripeptides were synthesized 4 SbS—PAGE and Western BlottingSDS-PAGE and
as previously described). [**S-Translabel, a mixture of  \yestern blotting were performed according to the standard
*Scysteine and*Smethionine for protein labeling, was from  yqt0cols (5). Separated proteins were electrotransferred
ICN Biomedicals_. All other chemicals were analytical grade 5ntg nitrocellulose membranes (BioTraceNT, Pall Corp., MI),
reagents from Sigma. and the membranes were blocked in PBS with 2% BSA,

Multiple Sequence Alignments and Construction of the incubated in primary antibodies (0.1 mg/mL in PBS with
Evolutionary Tree For the initial screen of protein sequence 29 BSA), washed 3% 10 min in PBS, and developed using
similarity, the BLASTp algorithm 13) implemented at  secondary antibodies (goat anti-rabbit) conjugated with
www.ncbi.nlm.nig.gov was used. For multiple sequence horseradish peroxidase and ECL (GE Healthcare).
alignment of Hex sequences and the construction of a Cross-Linking Experiment$iex (25u49) was transferred
phylogenic tree, an algorithm based on a highly conservedinto 200uL of 0.1 M MES buffer at pH 5.0 containing 0.1
motif in the catalytic domain was employed using the PAM M NaCl using Centricon 30 (Millipore). 'dEthyl-3-di-
350 matrix with the CLUSTALX and TreeView programs methylaminopropylcarbodiimide hydrochloride (EDC) was
(12). added to a final concentration of 10 mM, and the reaction

Microbial Strains and Growth Conditions. Aspergillus proceeded fo2 h atroom temperaturel@). Triton X-100
oryzaestrain CCF 1066 (Czech Collection of Fungi, Depart- was added to 0.5% (v/v), and the sample was precipitated
ment of Botany, Charles University, Prague) was grown on with 10% trichloroacetic acid, washed twice with 5@0 of
a minimal medium consisting of 0.3% kRO, 0.5% ethanol/ether (1:1, v/v), and dried. The sample was dissolved
NHzHPOy, 0.2% (NH,).SOy, 1.5% NaCl, 0.05% MgS© in sample buffer containing 100 mM DTT, and the proteins
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were separated in 8% polyacrylamide gels. Gels were stainedd8% inhibition of intracellular hexosaminidase as proved in
with Coomassie Brilliant Blue R-250. The control experiment preliminary experiments.) The mycelium was filtered, trans-
was performed under identical conditions in the presence of ferred to an inhibitor-free medium from the second flask (the
a 10 mM glycine quencher in the reaction buffer. mycelium from this flask was discarded), and then incubated
Reconstitution ExperimentBropeptide was separated from for an additional 10 min to remove the inhibitor. Thereafter,
the catalytic unit as described above, and both componentshe pulse-chase experiment was performed as described
were transferred to 0.1% TFA and 20% acetonitrile using 1 above. The intracellulap3-N-acetylhexosaminidase was
mL spin columns packed with Sephadex G-25. In a standardextracted as described above using 1 mL of extraction buffer.
reconstitution experiment, 1 nmol of the purified catalytic The extract was incubated with 100 of a 50% suspension
subunit in 10uL of the above solvent was mixed with 990 of Sepharose beads containing the immobilized rabbit
uL of the enzyme stabilization buffer (50 mM citrate buffer antibodies against the catalytic subunit of hexosaminidase
at pH 5.0 with 0.5 M (NH).SO, and 1 mM NaN), equilibrated in the extraction buffer. The mixture was
containing varying amounts (0.5 nmol; 1 nmol) of the incubated overnight at 4C and washed five times with 1
propeptide, and incubated rfd h at room temperature.  mL of TBS. The enzyme was eluted from the immunoaffinity
Alternatively, 10uL of propeptide solution was added to 1 sorbent by 1 mL 84 M MgCl, in TBS. This solution (0.75
nmol of the catalytic unit diluted as above and incubated mL) was concentrated to 3€L in the enzyme stabilization
for an additiond1 h atroom temperature. The mixture was buffer (see above) using a Microcon device (Millipore), and
used for the determination of protein concentrations and the 10 uL aliquots were used for SDS electrophoresis, native
enzymatic activity and for rapid gel filtration (TSK G3000SW electrophoresis, and the determination of enzymatic activity.
precolumn from GE Healthcare eluted in enzyme stabilization The hexosaminidase (0.25 mL) eluted from the immunoaf-
buffer at 1 mL/min) after concentration to 1Q0. using finity column was incubated with 0.05 mL of a 50%
Centricon 30 (Millipore). suspension of concanavalin/Sepharose beads (Amersham
Synthesis and#luation of the NAG-Thiazoline Inhibitor.  Biosciences), washed five times with 1 mL of TBS, and
The NAG-thiazoline inhibitor was synthesized according to eluted with 0.25 mL of TBS containing 0.5 M-glucose,
the published procedurel?). The structure of the final  concentrated to 1@L in the enzyme stabilization buffer,
compounds was verified b\H and'3C NMR spectroscopy  and used for SDS electrophoresis. Proteins separated either
using a Varian INOVA-400 spectrometer at 399.89 and by SDS electrophoresis or by native electrophoresis were
100.55 MHZz, respectively, on the basis of gCOSY, HMQC, fixed in 35% ethanol and 10% acetic acid, and the fixed
and 1D-TOCSY experiments. The type of inhibiton atd gels were visualized by fluorography (Amplify, GE Health-
values were determined using the standard enzymologycare).
procedures(7). The rate of dissociation of the inhibitor from Inhibition of Hex Processing imivo. The pulse-chase
the enzyme was measured after 10 min of incubation in the experiment was performed essentially as described above in
presence of 10 mM inhibitor by removing the inhibitor using the presence of the indicated concentrations of the inhibitors.
the spin column techniquel§) with dried Sephadex G25  After SDS electrophoresis and fluorography, the processing
and assaying the activity of Hex against the control without of Hex at an individual time point was estimated from the
inhibitor preincubation. To evaluate vivo activities of the densitometric evaluation of the fluorograms. From these data,
inhibitor, the culture ofA. oryzaewas grown in shaker flasks, the rate of processing in the presence of inhibitors was
and the total activity of the intracellular enzyme was estimated and related to the rate of processing of uninhibited
determined in 2 min intervals after the addition of the controls.
inhibitor as described in the following paragraph. To follow Isolation of the Unprocessed Intracellular Hex Using
the Hex activity after the withdrawal of the NAG-thiazoline Double Immunoaffinity PurificationThe mycelium from a
inhibitor, cultures were incubated in the presence of 10 mM large-scale (4 L) cultivation was extracted as described above
inhibitor for 10 min, the fungi were filtered, transferred to a using the detergent-containing buffer, and Hex was immu-
fresh medium, and incubated for 10 min, and thereafter, nopurified using rabbit antibodies against the catalytic subunit
enzyme activity was assayed in 2 min intervals as describedas described above. The immunopurified Hex was subse-
below. guently immunoabsorbed onto the affinity matrix containing
Pulse-Chase Labeling Experiment$he culture ofA. the rabbit antibodies against the propeptide immobilized onto
oryzaewas grown in a flask containing 200 mL of medium CNBr-activated Sepharose 4B. The absorbed Hex was eluted
for 48 h under standard conditions. The mycelium was by a stepwise acidic elution using 0.05 M citrate buffer at
filtered, and the medium was saved. The mycelium was pH 4.5 to elute the unprocessed Hex followed by elution
transferred into 100 mL of the filtered medium and pulsed with 0.05 M citrate buffer at pH 3.5 to elute the processed
for 1 min with [*°g-Translabel (10QuCi). The mycelium Hex. The eluted unprocessed Hex was concentrated to 1 mg/
was filtered, resuspended in the second portion (100 mL) of mL in the stabilization buffer containing 0.5 M (NHSO,
the label-free filtered medium, and chased for additional and stored at 4C.
periods of time. Ten milliliter aliquots were withdrawn in 2 Determination of the Rate of Hex Processing in Vitro.
min intervals, and the mycelium was rapidly (10 s) filtered Microsomal membrane fractions and cytosol were prepared
and immediately frozen in liquid nitrogen. In a second from 500 mL cultures ofA. oryzae (18), and frozen
experiment, the fungus was cultivated in two flasks contain- Microsomes were dissolved in 500L of the detergent
ing 200 mL of medium. Thirty minutes before the end of containing Hex extraction buffer and clarified by centrifuga-
the 48 h incubation period, the mycelium in the first flask tion at 100 009 for 60 min. Then 9Q«g of the immunopu-
was incubated for 10 min in the presence of 10 mM NAG- rified unprocessed Hex was mixed with 1l of the
thiazoline inhibitor. (This inhibitor concentration resulted in microsomal lysate and incubated at A8. Ten microliter
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aliquots were withdrawn at regular 2 min intervals and used RESULTS
for immunoblot assays, using polyclonal antibody against
the catalytic subunit, and for Hex activity assays. In order
to monitor the effects of protease inhibitors, individual
compounds were added at the indicated concentrations, an
the degree of conversion was determined from the immu-
noblot after 32 min of incubation.

Existence of Large Propeptides Is Unique for the Subfam-
ily of Fungal Hexosaminidase#/e have previously reported
he cloning and sequencing @EN-acetylhexosaminidase
rom a filamentous fungusA. oryzae (see Supporting
Information for the details of isolation, cloning, and sequenc-
o _ ing), which has been shown to contain a signal peptide, an
_ Determination of the Rate of Hex Production and Secre- ynysually large (78 amino acids) propeptide, and the catalytic
tion. After an appropriate period of cultivatiod. oryzae subunit belonging to family 20 of the glycosylhydrolases
cultures were pulsed and chased as described above, excepig). Multiple sequence alignment of our amino acid
that samples of both the mycelium and the medium were sequence against the protein sequence database using the
collected in 5 min intervals. The mycelium was extracted as standard BLAST-P program revealed four different catego-
described above using the detergent-containing buffer, andries of similarities based on the score value (Figure 1A). Only
the Hex contained in the mycelium and in the medium was hexosaminidases from. oryzaeare similar (identical) over
immunopurified and the radioactivity determined by liquid  the entire sequence when compared against both the available
scintillation counting. In order to calculate the weight amount parts of the incomplete sequence from another group
of the produced and secreted Hex, the protein contents andaccession number AB085840) as well as against the
the radioactivity of three isolated Hex protein bands were conceptual translations from the completed genome sequence
estimated by quantitative amino acid analysis and liquid of A. oryzae(22). The second category is represented by
scintillation counting, respectively. eight cloned hexosaminidases from other filamentous fungi

Determination of Hex-Bound and Free Propeptide in the (Score values from 944 to 739) that are available in the
Microsomes and CytosaWlicrosomal membranes prepared database (Figure 1A). The next most related group is
from 500 mL cultures as described above were extracted inféPresented by four cloned hexosaminidases from yeast
the extraction buffer used for the isolation of intracellular (Scoré from 540 to 517). Both latter groups display no

Hex, and the Hex-bound and free propeptide was obtainegSimilarity in the §equence_of the gignal peptide but are still
using consequtive immunopurifications on the antibodies V€'Y conserved in the region coding for the propeptide and

against the catalytic subunit and the propeptide, respectively,iN€ catalytic subunit. The fourth similarity category is
immobilized onto CNBr-activated Sepharose (1 mg of represented_by all the othgr hexosam_ml_dases (score starting
antibodies/0.1 mL of beads). The bound proteins were eluted371)’ C;f (\j/vmcthnly thli\f'vs tmosht' sr:rr}llrﬁr se?rlljences arle
with 0.2 M glycine buffer at pH 3.5, and the propeptide was p\r/E(})SIEtri]oiarmtreéggfreall héxo:ammi/nilc(i:asec; OI;I;I uree 19113(-:‘nera
separated from the catalytic unit and analyzed as described® y (Fig )-

above using HPLC on Vydac C4 columns and quantitative Although both filamentous fungi and the yeast have a
amino acid analysis of the separated fractions. sequence coding for the large, conserved propeptide in their

Other Analvtical Techniquedh . - genes, the detailed examination of these sequences (Figure
ther Analytical Techniqued he enzymatic activity was 1C) revealed a principal difference between the two groups.
monitored using the chromogenic substrate 4-nitrophenyl- |, 5 hexosaminidases from the filamentous fungj, there is

f-p-N-acetylglucosaminide and either the end-polrg) (or a dibasic KR processing motif for Kex2 proteases exactly
kinetic (20) determination. The total protein was determined 5 the horder between the propeptide and the catalytic unit
using the BCA assay (Sigma). Quantitative amino acid gyggested by multiple sequence alignments (there are two
analysis was performed using AccuTag Kit (Waters). Blue gych motifs in thed. oryzaenexosaminidase; cf. Figure 1C).
native electrophoresis was performed as described in ref 211his principal difference, together with a total lack of
(21). Proteins in the native electrophoresis strips were simijlarity with the nonfungal enzymes, suggests important
separated in the second (orthogonal) dimension by-SDS  djssimilarities in the biochemistry of the three major classes
PAGE. Detection of activity in the native polyacrylamide of hexosaminidases (i.e., those from the filamentous fungi,
gels was done by soaking the gel in 5 mM substrate for 5 the yeasts, and all other organisms).

min, developingn 1 M sodium carbonate, and immediately  processing and Aatation of Hexosaminidase Occurs
photographing the yellow stains. For the Northern blot |yyacellularly but the Propeptide Remains Nometently
analysis, total RNA were extracted from the crushed powder goynd to the Catalytic Unitwe (10) and othersZ3) have

of mycelia as described in ref 9) Ten micrograms of total  previously found that the dibasic KR processing motif at the
RNA was analyzed by Northern blot analysis according to end of the propeptide sequence is used as the processing
a standard methodl®). The RNA was resolved by gel sjte in the fungal hexosaminidases frofn oryzaeand
electrophoresis and transferred to a nitrocellulose membranep . chrysogenunrespectively. In order to further clarify the
The membrane was prehybridized in hybridization solution gccurrence of the putative propeptide in Hex, we perfomed
(50% formamide, & SSC, 5« Denhardt's, 1% SDS, and  additional analyses of the enzyme proteins from the former
50 ug/mL salmon sperm DNAIS)), hybridized with the  fungus. Gel filtration and native electrophoresis of Hex
probe overnight at 42C, washed in 0.25 SSC, 0.1% SDS  revealed its native molecular size of 160 kDa and suggested
at 42 °C, dried, and developed by autoradiography. The an oligomeric arrangement of the enzyme. However, this size
probes consisted of cDNA for the Hex & oryzaeand was difficult to reconcile with the size of the 65 kDa catalytic
GADPH that were labeled using &]-CTP (3000 Ci/mmol) unit observed on SDS electrophoresis (Figure 2A, lanes
and the Random Hexanucleotide Primer Lableing Kit (both 1 and 3). The clarification of this discrepancy came from
from GE Healthcare). the occurrence of the processed propeptide, which could be
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FiGurRe 1: Sequence alignment and evolutionary treg-0f-acetylhexosaminidase froAspergillus oryza.e(A) Hexosaminidases with the

highest alignment scores are produced in filamentous fungi (red), yeasts (blue), plants (green), and insects (yellow). The alignment scores
are indicated on the right. (B) Phylogenetic treefelN-acetylhexosaminidases based on the sequence alignment of a highly conserved
motif in the catalytic domain using the PAM 350 matrix with CLUSTALX and TreeView programmes. Abbreviations and GenBank accession
numbers are as followsArabidopsis thaliangAth; AC007153) Aspergillus nidulangAni; AB039846),Aspergillus oryzaéAor; AY091636),

Bombyx mandarinéBma; AF326597)Burkholderia cepacigBce; AB053088)Caenorhabditis eleganEel; U50199) Candida albicans

(Cal; L26488), Caulobacter crescentuéCcr; AE005718),Dictyostelium discoideuntDdi; J04065),Drosophila melanogaste(Dme;
AE003480),Entamoeba histolyticgEhi; U09735),Homo sapiengHsa A; M13520; subunit A)Homo sapiengHsa B; M34906; subunit

B), Lactobacillus casefLca; AB025100)Penicillium chrysogenur(Pch; AF056977)Porphyromonas gingalis (Pgi; X78979),Serratia
marcescen§Sma; L43594)Streptococcus pneumonié®pn; L36923) Streptomyces alaceaiiridis (Sol; AJ310133)Streptomyces plicatus

(Spl; AF063001), andstreptomyces thermmlaceus(Sth; AB015350). The most important bootstrap values are shown; the group of
neighboring fungal/yeagi-N-acetylhexosaminidases, whose sequence alignment is shown in (C), is shaded. (C) Sequence alignment of
four enzymes from fungiAspergillus oryzagEmericella nidulansandPenicillium chrysogenujrand yeastCandida albicans The chemical

nature of the individual amino acids is color-coded as follows: cyan, W,F,V,Y,L,I,H,M,A; orange, G; yellow, P; magenta, D,E; green,
N,S,T,Q; red, R,K; and pink, C. The KR dibasic processing sequence is indicated by a square.

detected as a diffuse band moving around 14 kDa that PLPAPR, corresponding to the N-terminal sequence of the
corresponded to the calculated mass of the propeptideputative propeptide. However, the N-terminal sequencing of
together with O-glycosylation (ref 10LQ) and Figure 2A the 65 kDa band was ASNSLQYVNYV, corresponding to the
lanes 1 and 4). When we performed 10 cycles of automatedprocessed catalytic subunit. When we analyzed the enzyme
Edman degradation on the 14 kDa protein electrotransferredunder nonreducing conditions, the results were identical
onto PVDF membrane, the N-terminal sequence was VGVN- (Figure 2A, lane 2), indicating that unlike in the human Hex
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Ficure 2: Electrophoretic characterization of Hex frofnoryzae (A) Enzyme in 15% SDS polyacrylamide gel under reducing (lane 1)

and nonreducing (lane 2) conditions stained with Coomassie Brilliant Blue R-250; lanes 3 and 4 are Hex separated under reducing conditions
and immunoblotted by polyclonal antibody against the catalytic subunit and the propeptide, respectively; M is the molecular mass marker.
(B) Enzyme fromA. oryzaeafter EDC cross-linking (E) and analysis in 8% polyacrylamide gel compared to Hex cross-linked in the
presence of a glycine quencher (C). (C) Examination ofAheryzaeproteome by native polyacrylamide gel electrophoresis stained for

total protein (lanes 13), enzymatic activity (lanes-46), immunostained for the catalytic subunit (lanes9J, and immunostained for the
propeptide (lanes 1012). The proteome of the mycelium was examined after 12 h (lanes 1, 4, 7, and 10) and 48 h (lanes 2, 5, 8, and 11),
together with the proteome of the medium after 48 h of cultivation (lanes 3, 6, 9, and 12); H is a marker of grifiedaes-N-
acetylhexosaminidase.

(24), the fungal enzymes do not contain a propeptide to the isolated 65 kDa catalytic subunit, the subunit linked
covalently bound through the disulfide bonds. to one or two molecules of the propeptide, followed by the
The purified propeptide was subjected to a detailed 130 kDa dimer of the catalytic subunit. The dimer linked to
analysis by mass spectrometry in order to confirm its one or two molecules of the propeptide could also be
composition. Peptide fragments from tryptic digests of the observed as minor species at 145 and 160 kDa. However,
propeptide analyzed by MALDI MS covered the propeptide essentially no species corresponding to higher oligomers were
sequence from V&l to Sef®. To further confirm our findings,  found.
the intact propeptide was analyzed using Fourier transformed In order to initiate the studies dfi zivo Hex processing,
mass spectrometry. Several unique masses differing bywe decided to compare the structure of the secreted form of
162.053 mass units were observed. However, they fitted well the enzyme with the corresponding intracellular form. We
the Val*—Sef® sequence with the different extent of monitored the time course for the occurrence of both forms
O-glycosylation within the mass error 1.5 ppm (Pompach, of the enzyme using blue native electrophoresis and found
P., Man, P., NoVk, P., Kmontkova J., Plhal, O., and a significant activity in the mycelium after 48 h of cultivation
Bezou&a, K., unpublished experiments). Thus, the process- (Figure 2C, lanes 2 and 5) but not after 12 h of cultivation
ing of the propeptide involved the elimination of the (Figure 2C, lanes 1 and 4). Similarly, significant activity of
pentapeptide Ly%-Lys-Ser-Lys-Arg®* at both the indicated  the enzyme secreted into the medium could be recorded only
dibasic peptide sequences. Moreover, these data clearly shovafter 48 h of cultivation (Figure 2C, lanes 3 and 6). The
that the dibasic processing peptidase cut both before and aftenative electrophoresis also confirmed that the intracellular
the two dibasic sites, indicating rather unique specificity for form of the enzyme was indistinguishable from the one
the processing peptidase. Furthermore, we did not observerecovered from the medium: both forms of the enzyme
any additional degradation of the two polypeptides over the contained the 65 kDa catalytic subunits noncovalently
indicated processing sites. associated with the 14 kDa propeptide as documented by
The native molecular size of Hex (160 kDa) detected by Western blotting of the electrophoreograms using antibodies
gel filtration as well as by native electrophoresis (see below) specific against the catalytic unit (Figure 2C, lanes 8 and 9)
could be most easily interpreted on the basis of the and the propeptide (Figure 2C, lanes 11 and 12). These
assumption that it contained two molecules of the 65 kDa results allowed us to establish that at least 48 h of cultivation
catalytic units together with two molecules of the propeptide. are required to stabilize the production of the enzyme and
In order to confirm such an arrangement, we employed cross-proved that Hex was processed intracellularly, most probably
linking reagents and SDS electrophoresis of the reactedsoon after the biosynthesis.
protein products. No cross-linked proteins could be detected Unusual Properties of the NAG-Thiazoline Inhibitdn.
using several homo and heterobifunctional reagents as wellorder to trace the intracellular Hex and its activation, it would
as a trifunctional reagent. However, the use of EDC, a simple be an advantage to make use of the specific inhibitor of the
condensation reagent and zero-length cross-linker, resultecenzyme. We used the NAG-thiazoline inhibitor that has been
in the formation of several compact protein bands that could reported previouslyl(7) to behave as a very efficien(=
be seen under experimental (Figure 2B, lane E) but not under0.28 uM) competitive inhibitor of Hex from jack bean on
control (Figure 2B, lane C) conditions. These corresponded the basis of its structural analogy with the transition state of
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the substrate. However, the effect of NAG-thiazoline on Hex In order to further investigate the requirement for the
from A.oryzae studied here was different. The double processing of the propeptide, we performed similar ptlse
reciprocal plot shown in Figure 3A clearly indicates that chase experiments in the presence of two protease inhibi-
NAG-thiazoline behaved as a noncompetitive inhibitor, tors: leupeptine, a broad-range inhibitor of proteases active
binding to both the free enzyme and the enzyraebstrate against serine- and cysteine-type proteases, and chlo-
complex withK; = 70 uM. Although this value would make = romethane tripeptides, which are the specific inhibitors of
the NAG-thiazoline a rather inefficient inhibitor, we have the serine-type dibasic peptidas25) First, in order to
shown that its dissociation from the enzyme molecule is exclude a possibility that the two inhibitors would exert
rather slow, and after 30 min of incubation of the enzyme nonspecific effects on the proteosynthesis, protein transport
in the absence of NAG-thiazoline, less than 10% of the into ER, or protein stability within ER, we followed the time
original activity is restored (Figure 3B). scale of protein occurrence using tléS-pulse-chase

In order to evaluate the use of the NAG-thiazoline inhibitor protocol. The radioactively labeled proteins occurred within
for in vivo tracing of the formation of Hex activity inside the ER in 2 to 4 min (Figure 5A and B). Most importantly,
the fungus, we measured the effects of the addition andhowever, there has been no effect of either of the protease
withdrawal of the inhibitor on the intracellular activity of inhibitor on the ER proteome when compared to the
Hex. Efficient inhibition of the intracellular Hex occurred proteome of the untreated cells (Figure 5A and B, lane C).
within 2 min after the addition of an inhibitor (Figure 3C). The processing and activation of Hex was then followed. In
However, after the withdrawal of the inhibitor, intracellular the presence of leupeptine, the rate of processing of the
activity of Hex was restored much faster than it would enzyme as well as the activation of the enzyme was only
correspond to mere inhibitor dissociation from the enzyme moderately delayed (Figure 5B and C). However, essentially
(Figure 3D): whereas less than 10% of the original activity no processing of the enzyme occurred in the presence of the
of Hex was restored 30 min after inhibitor withdrawal specific dibasic protease inhibitor. Under these conditions,
vitro (Figure 3B), the intracellular Hex activity in the a rapid degradation of the unprocessed enzyme molecules
growing fungus was efficiently and completely restored after was evident, and no enzymatic activity could be detected in
about 10 min (Figure 3D). This fast reappearance of Hex the immunopurified material (Figure 5E and F).

activity was due to thede nao biosynthesis as detailed We attempted to estimate the nature of the dibasic
below. peptidase involved in Hex processing. The most common

Processing of the Propeptide Occurs in the Endoplasmic proprotein converting dibasic peptidases in fungi are the
Reticulum by a Dibasic Peptidase Different from KeXxa. Kex2-like enzymes (kexins) that have been shown to be

trace further the nature of the intracellular processing of the involved in the processing of a number of recombinant
enzyme, we used 48 h cultures for pulshase labeling  proteins produced in these organisms$)( However, the
experiments. Because we wanted to observe not only thedibasic peptidase involved in the processing of Hex propep-
molecular forms of the enzyme but also the time of tide seems to be different from kexins. First, on the basis of
appearance of the enzymatic activity, we first inhibited all the time course of Hex processing, the peptidase cleaving
of the enzyme already present in the organism using thethis enzyme shortly after its N-glycosylation seems to be
NAG-thiazoline inhibitor as described above. Twenty min- localized in the endoplasmic reticulum, whereas Kex2 has
utes of incubation in the presence of 10 mM NAG-thiazoline been shown to localize in trans-Golgi and secretory vesicles
caused efficient inhibition of the activity of the intracellular (26). Second, as described above, all described Kex2-like
enzyme, and after washing off the inhibitor, the time scale dibasic peptidases cleave after the basic residues, whereas
of the appearance of enzymatic activity could be monitored. the Hex-processing peptidase must cleave both before and
When we performé a 1 min pulse with thé®S-cysteine/ after these residues. Third, the effects of various inhibitors
methionine label followed by Hex immunopurification and on Hex-processing peptidase when examined oth vo
measured the appearance of the freshly secreted enzyme iandin vitro were clearly different from the effect of these
the medium, we found that the enzyme began to appearcompounds on other propeptide-converting peptidases such
extracellularly only after an approximately 20 min lag period as Kexlp fromSaccharomyces cerisiae (27), krp from

(see the last section of Results). Therefore, we investigatedSchizosaccharomycegsombe 28), proinsulin-processing
the molecular forms of intracellular Hex after the radioactive endopeptidase from rat&%), and prohormone convertase 5
pulse within this time frame. The label appeared after 2 min (PC5) from rats29). Hex-processing peptidase shared some
in the nonglycosylated enzyme precursor that became fully similar features with the other propeptide-processing enzymes
N-glycosylated after 6 min as documented by concanavalin in that it was not inhibited by PMSF, 1,10-phenantroline,
A binding (Figure 4A and B). The processed, and N- vanadate, and NaF and was sensitive to a partial inhibition
glycosylated polypeptide could be first observed after 8 min, by leupeptine and dibasic peptide inhibitors (Table 1).
and the enzyme was fully processed after 10 min (Figure However, Hex-processing peptidase was sensitive to inhibi-
4A). The appearance of the enzymatic activity closely tion by sulfhydryl reagents such as iodoacetic acid, iodo-
paralleled the processing of the enzyme. It began to beacetamide, andN-ethylmaleiimide, whereas the other en-
detectable after 8 min and was nearly fully established after zymes were not. Moreover, although all the other propeptide-
10 min (Figure 4C). The enzymatically active subunits started converting enzymes were sensitive to Zn&d HgC}, Hex-

to dimerize as shown by native electrophoresis (Figure 4D). processing peptidases retain full activity in the presence of
However, the dimerization appeared to be the rate-limiting these reagents both vivo andin vitro. (EDTA and EGTA
process, and most of the enzyme was dimeric only 14 min inhibition data remain controversial (Table 1).)

after the pulse, shortly before the beginning of the intracel-  In order to further study the process of intracellular enzyme
lular transport and secretion. assembly, we used 48 h cultures from which we isolated
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Ficure 3: Evaluation of the inhibitory properties ard vivo
accessibility of the NAG-thiazoline inhibitor. (A) Double recipro-
cal plot according to Lineweaver and Burk indicating the
noncompetivite type of inhibition witk; = 70 uM. (B) Reactiva-

tion of Hex after the removal of the inhibitor by a spin column
technique. C indicates the activity of the noninhibited control.
(C) Effect of 10 mM NAG-inhibitor on intracellular Hex activity
compared to that of the noninhibited control (C). (D) Restoration
of the intracellular Hex activity after the withdrawal of the inhibitor
compared to that of the noninhibited control (C). The bars in panels
B—D indicate average values S.D. from three parallel determina-
tions.
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Ficure 4. Analysis of the biosynthesis and activationfoforyzae
B-N-acetylhexosaminidase by puisehase labeling experiments.
Samples were collected every 2 min and processed as described in
Materials and Methods. (A) Analysis 6fS-labeled protein by
fluorography. (B) Analysis of N-glycosylation after concanavalin

A purification. (C) Appearance of enzymatic activity measured by
the colorimetric assays. (D) Analysis of enzyme dimerization using
native electrophoresis. Molecular mass markers are indicated on
the left sides of the panels.

the intracellular Hex and compared it with the secreted form
of the enzyme. When we purified the secreted enzyme on a
MonoQ column eluted with a slow salt gradient, the enzyme
eluted in two peaks (Figure 6A). The enzyme eluted in the
minor peak and the one found in the major peak were both
dimeric (Figure 6B and C, respectively). However, the
specific activity of the enzyme in the minor peak was only
half of that recorded for the enzyme in the major peak (Figure
6B and C, respectively). Finally, reverse phase separations
of enzymes in both peaks showed that the relative content
of propeptide in the major peak was twice as high as that in
the minor peak (Figure 6D and E, respectively). Quantitative
amino acid analyses of fractions from the reverse phase
separation revealed the presence of 1 mol of propeptide and
2 mol of propeptide per enzyme dimer in the minor and the
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Ficure 5: Effect of protease inhibitors, leupeptine (panets@), and Ser-Lys-Arg-CHCI (panels B-E) on the processing and activation
of A. oryzag3-N-acetylhexosaminidase. (A and D) Totg5] proteome of ER proteins examined by SBAGE followed by fluorography.
The control proteome from cells devoid of the inhibitors (C) is also indicated on the left. (B and E) Processing:Nfélsetylhexosaminidase

analyzed by the fluorography of the immunopurifig&-labeled enzyme. (C and F) Appearance of enzymatic activity measured by a
colorimetric assay.

Table 1: Comparison of the Effects of Dibasic Peptidase Inhibitors on Hex Processing and on the Activity of Fugnal Kexins and Mammalian
Prohormone-Converting Peptidases

(% of control)

Kex1lp krp PC5
concn Hex proc. Hex proc. (ref 27 (ref 28 proinsulin (ref 29
compound (mM) in vivo in vitro 27) (28)) endop? (29))
PMSF 10 101 98 <1 193 111.9 76
iodoacetic acid 1 6 7 n.d. n.d. 109.2 n.d.
iodoacetamide 1 12 8 n.d. n.d. 109.6 n.d.
N-ethylmaleiimide 1 20 23 n.d. n.d. 98.5 n.d.
EDTA 6 114 105 99 n.d. 0 7
EGTA 6 106 112 77 n.d. 0 n.d.
1.10-phenantroline 6 99 100 n.d. 88 90 6
leupeptin 2 40 38 n.d. 104 62.1 n.d.
vanadate 0.1 113 102 n.d. n.d. 113.8 n.d.
NaF 20 111 119 n.d. n.d. 8.5 n.d.
ZnCl, 1 96 98 7 20 9.3 n.d.
HgCl, 0.05 105 106 2 0 0 2
Ala-Lys-Arg-CH,CI 0.1 58 45 n.d. n.d. 4.6 n.d.
Ala-Arg-Arg-CH.CI 0.1 66 68 n.d. n.d. 11.2 n.d.
Ser-Lys-Arg-CHCI 0.1 4 3 n.d. n.d. n.d. n.d.
Ser-Arg-Arg-CHCI 0.1 13 15 n.d. n.d. n.d n.d.

aData were taken from ref 225); n.d., not determined.

major peaks, respectively (data not shown). These dataenzyme activity, the dimeric enzyme in the first peak had
ir!dicated that Hex was _secreted exclusively as dime_rs in two only about half specific enzymatic activity when compared
different forms containing 1 or 2 mol of the propeptide per ith that of the dimeric enzyme in the last peak (Figure 6G

rich in propeptide was predominant in 48 h cultures.

enzymatic subunit, performed in the same way as described
for the secreted enzyme, revealed that the first peak was
minor and one major (Figure 6F). Gel filtration analyses composed of the dimer_s aSS(?Ciated \.Nith asingle propeptide,
showed that although material in the first and in the last peaks2nd the last peak contained dimers with an equimolar amount
contained dimeric Hex containing 1 and 2 mol of the ©f propeptide (two propeptides per enzyme dimer). There
propeptide, respectively, the intermediate peak contained thehas also been a significant amount of propeptide present in
monomeric enzyme subunits (Figure 66. Interestingly, ~ the monomeric enzyme, corresponding to approximately 1
although the monomeric enzyme subunits had very low mol of propeptide per mole of the catalytic unit.

An analogous separation of the intracellular enzyme
disclosed the resolution of Hex into three components, two
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analysis of the individual fractions is indicated by arrows. An intracellular form of the enzyme was analyzed by a similar sequence involving
MonoQ chromatography (F), followed by Superdex 200-(}sand Vydac C-4 (3L) separations.

Studies in Vitro of Hexosaminidase Processing,/atin, A
and Dimerization.In order to further evaluate the role of
the propeptide in enzyme activation and the nature of the
processing enzyme, we examined the unprocessed Hex
polypeptide that could be immunoisolated as a minor fraction B
(less than 5%) from the mycelium oA. oryzae As
emphasized above, the unprocessed Hex seems to be unstable 06 - &
and is rapidly degraded within the cell. However, this enzyme I
can be isolated using rapid immunopurification and is
moderately stable for at least several hours when kept at 4
°C. Upon heating to 28C, the standard cultivation temper-
ature forA. oryzae even the purified enzyme precipitates 0.2 1
quantitatively in less than 1 h. Despite these technical ’_Y_‘ H

04

A400

difficulties, we could follow thein vitro processing of the
enzyme upon its incubation with the detergent extract of the
microsomal membranes at &, although the kinetics of

enzyme processing (Figure 7A) and activation (Figure 7B) FIGURE 7: Processing of Hex by microsomal extratvitro. (A)

under these conditions was somewhat S'QWGV-_ Im_pprtantly, Time course of the processing examined by Western blotting using
however, when we tested the effect of various inhibitors on the polyclonal antibodies against catalytic subunit. The molecular

the degree of enzyme processing under these conditions, wenarker is indicated on the left. (B) Time course of Hex activation

0,0 . : .
NC 2 4 6 8 10 12 32 C
Time after the addition of ER extract [min]

obtained results comparable to those obtaimedyivo followed by colorimetric measurement of enzyme activity. NC and
(Table 1) C represent the nonprocessed and fully processed forms of Hex,
’ respectively.

Stability of the Enzyme in Vitrd=rom all of the above
observations performed both vivo andin witro, it would
appear that once the free propeptide is released, its associanteraction between the two components. Among the condi-
tion with the catalytic unit is rapid and very efficient resulting tions worth mentioning are those applied during the reverse
in the formation of a tight protein complex. Chemical phase separation of Hex, involving the elution with aceto-
conditions that are necessary to separate the propeptide fronmitrile up to 60% final concentration. When this separation
the catalytic subuniin vitro also point to a very strong is performed in an either neutral (ammonium acetate buffer
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1 | complex. Only when the enzyme complex was incubated at
0.20 1 A pH 2.5 together with 20% acetonitrile did the propeptide
0,15 dissociate from the catalytic subunit (Figure 8C). An identical
0.10 | result was obtained when the 80 kDa complex separated at
pH 2.5 without acetonitrile and was concentrated and
0.05 1 rechromatographed in the presence of 20% acetonitrile. When
0,00 , . - - - the isolated catalytic unit (Fraction 2 in Figure 8C) was
| returned to pH 5.0, no enzymatic activity was recovered.
020 1 B The addition of propeptide (Fraction 3 in Figure 8C) to such
0,15 1 a preparation did not result in the restoration of any
0,10 enzymatic activity even upon prolonged incubation at various
0.05 | temperatures, and the gradual aggregation of the catalytic
’ Fr. 1 subunit was observed after about 1 h. However, when the
o 0,00 , , . . - catalytic subunit was returned to pH 5.0 into a buffer already
<f‘°° | | containing the propeptide, the enzymatic activity was readily
0.20 | C (t>= 5 min) restored concomitantly with the rapid formation
0,15 of the 80 kDa complex. The formation of the original dimeric
0,10 1 enzyme molecule has also been quite rapid, and once the 80
0.05 | Fr.3 kDa complex had been formed, it proceeded with the kinetics
' Fr.2 identical to that recorded for this complex obtained in the
0,00 . : absence of acetonitrile. Under these conditions, very little
I | catalytic subunit or propeptide could be detected after 20
0.20 1 D min of reconstitution (Figure 8D).
0,15 Although all the previous results indicate rapid and
0,10 | efficient interaction of the propeptide with the catalytic unit,
0.05 | the formation of enzyme dimers is somewhat slower. The
' summary of the data from the reconstitution experiments
0,00 - ] perfomed at 18°C (in order to prevent the unfolded
25 30 35 40 45 50 monomeric units from aggregation) are presented in Table
Elution time [min] 2. The half-time for the dimerization of Hex under these
FIGURE 8: Analysis of the molecular architecture/sf oryzags-N- conditions seems to be about 10 min, and the lone catalytic

acetylhexosaminidase by gel filtration on a Superdex 200 (10/30) subunit-propeptide pair has about 60% activity of the pair
column. (A) Fifty millimolar sodium citrate buffer at pH 3.5; (B) ~ within the native dimer. Moreover, as we have reported
50 mM sodium citrate buffer at pH 2.5; (C) 50 mM sodium citrate previously (L0), when the propeptide corresponding to only

buffer at pH 2.5 with 20% acetonitrile; (D) reconstituted enzyme . .
in 50 mM sodium citrate buffer at pH 5.0. Molecular mass markers the half molar amount of the catalytic unit was added, the

include 19G (160 kDa, arrow) and BSA (65 kDa, vertical line). ~activity was restored to only half of the above specific
The void volume and the salt volume of the column were at 20 activity, but the enzyme also formed a dimer, albeit with
anc;l 50 min, respecti\(ely: Fractions 1,2, and 3 were collected as considerably slower kineticstyp = 20 min). Another
indicated and used fadn vitro reconstitution experiments. interesting issue pertinent for the dimeric enzymes was the
possible cooperativity between the two catalytic subunits.
at pH 7.0) or mildly acidic (1% acetic acid pH 3.0) However, our detailed investigations of Hex kinetics found
environment, Hex eluted as a single peak, retaining full no evidence for this possibility with the values of the Hill's
enzymatic activity. Only the use of 0.1% TFA at pH 2.0 in coefficient not significantly different from 1 (see the Hill's
combination with acetonitrile finally resulted in Hex dis- plot in Figure 2 of the Supporting Information), indicating
sociation and separate elution of the propeptide and thethat each catalytic subunit in the dimer works independently
catalytic subunit in two peaksl(). In order to further of the second subunit, albeit in close cooperation with its
investigate the details of Hex architecture under these propeptide. Thus, three important conclusions could be drawn
extreme conditions, we systematically analyzed the enzymefrom the in wuitro reconstitution experiments. First, the
by gel filtration on Superdex 200 in a series of buffers of enzyme dimer can dissociate into monomers that still retain
gradually decreasing pH or in buffers containing acetonitrile. the propeptide bound to the catalytic subunit and full
When Hex was subjected to gel permeation in buffers up to enzymatic activity. Second, the catalytic activity of Hex, its
pH 3.5, it retained the original size of 160 kDa (Figure 8A), stability, and formation of the enzyme dimer are critically
and the enzyme remained fully active after returning to the dependent on the presence of the propeptide. Third, the form
pH optimum (pH 5.0). However, when the enzyme was of the enzyme consisting of two catalytic subunits combined
separated in citrate buffer at pH 2.5, the 160 kDa complex with a single propeptide is still dimeric, but only the
disappeared completely, yielding a smaller complex of propeptide-paired catalytic subunit remains enzymatically
approximately 80 kDa (Figure 8B). Quantitative evaluation active, and the kinetics of dimerization becomes somewhat
of the N-terminal sequence from this material revealed an slower.
equimolar ratio of the catalytic subunit and the propeptide, Propeptide in the Endoplasmic Reticulum Regulates the
which corresponded to one molecule of the catalytic subunit Production of Actie Hex Independent of the Rate of
combined with one molecule of the propeptide. Moreover, Transcription.An analysis of secreted Hex indicated that
significant enzymatic activity was retained by this 80 kDa the enzyme in medium occurs as a mixture of dimers of the
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Table 2: Analysis of the Efficiency of Reconstitution Af oryzaes-N-Acetylhexosaminidase under Various Experimental Conditions

results of gel filtration
(% of total protein in individual fractions)

relative
monomere activity
monomer 1 monomer 2 incubation dimer +propeptide monomer (% of control)
fraction 1 none 10 min 54 4 46+ 3 n.d. 88
fraction 1 none 20 min 78 2 22+ 3 n.d. 90
fraction 1 none 60 min 98 3 2+1 n.d. 101
fraction 2 fraction 3 10 min 524 444 2 4+1 86
fraction 2 fraction 3 20 min 7% 3. 21+5 n.d. 91
fraction 2 fraction 3 60 min 982 2+1 n.d. 99

2 The indicated fractions (Figure 8) were used as a source of monomeric enzyme subunits. These were mixed in 50 mM citrate buffer at pH 5.0,
incubated at 18C for the indicated periods of time, and analyzed by rapid gel filtration as described in Materials and Methods. Individual fractions
were quantified and expressed as the meastandard deviation from three independent experiments; n.d., not detectable.

catalytic subunit containing one or two molecules of the and free propeptides were present in the ER, the highest level
propeptide, the latter form of the enzyme having a 2-fold of the propeptide was present in the CY (Figure 9C, D, and
specific activity of that of the former. In order to understand E). These data strongly indicate that the fungus can regulate
the possible physiological relevance of this heterogeneity, the free microsomal (ER) concentration of the propeptide
we determined propeptide/catalytic subunit ratio in Hex by employing its active transport into the cytosol.
produced by cultures at various stages of its growth. The  prgpeptide Contents in Hex Significantly Influence the
accumulation of Hex in the culture fluid followed a typical Rate of Intracellular Transport and Secretiddne interesting
blpha_5|c curve (Figure 9A) with the first wave of production featyre of the propeptide of Hex frof oryzaerevealed by
reaching a plateau between days 4 and 6 of culture, and thgne pioinformatic analysis was the identification of a total
second wave of production peaking at day 10. Therefore, of sjx repetitions of a short peptide motif consisting of an
we have determined the propeptide/catalytic unit ratio during acidic amino acid, a small side-chain amino acid, and a large
the exponential phase of the first wave (day 2), during the hydrophobic amino acid, namely, sequences?Gilirp®,
first plateau (days 4 and 6), during the second exponential AspPi—Ile%8, Asp—Trptl, Glu—1less, and GId—Phe®.
phase (day 8), and during the second plateau (days 10 andrnese peptide repeats resembled the putative consensus
14). Thelsummary of these data is shown in the SupportmgSequence (Asp/Glu)(Gly/Pro)(Tyr/Phe), which was shown to
Information Table 1. Overall, these analyses revealed pe responsible for regulated secretion in plant glycoproteins
dramatic differences in the propeptide/catalytic unit ratio, (30). This indicated the possible role of the propeptide in
especially in the mycelium. Intracellularly, this ratio could  the intracellular transport and secretion of Hex in addition
span from 0.3 up to 2.0. _ _ to its other functions in enzyme activation and dimerization.
In order to understand the mechanisms of regulation of 1q jnyestigate this possible function of the propeptide, we
Hex under these conditions, we have followed the transcrip- made use of the naturally occurring Hex isoforms described
tion of theHexAgene as well as the formation of Hex atthe - apove and measured the rate of secretion in 2 day exponential
protein level. The level of transcription of théexAgene  cyjtures, 4 day late log phase cultures, and 6 day stationary
did not differ significantly at individual stages of growth as  ¢yjtures in which the predominant form of intracellular Hex
indicated by the Northern blot analysis (Figure 9B). How- haq propeptide/catalytic unit ratios of 2.0, 1.0, and 0.2,
ever, significant differences could be observed with regard respectively (Figure 9C). Although the rate of intracellular
to the molecular composition of Hex during these stages. Hex production was identical under all of these conditions
During the exponential stage of growth, Hex was formed (rigure 10A-C), the rate of Hex secretion defined as the
mostly in the form of highly active molecular species gjgpe of the curve monitoring its concentration in the medium
containing two molecules of the pro_peptlde per enzyme dimer \yas maximal in 2 day cultures and was very low in 6 day
as revealed by molecular analysis of the enzyme isolatedq|tyres (Figure 10A and C, respectively). Overall, the rate

from the microsomes of the cultured fungus (Figure 9C, 2 of Hex secretion correlated very well with its propeptide
days). In sharp contrast to these findings, the enzyme catalyticcontent (Figure 10D).

subunits immunoprecipitated from the stationary culture

displayed an extremely low level of the associated propeptide pjSCUSSION

(Figure 9C, 6 days). To further investigate the molecular

mechanisms behind this unusual regulation, we assayed the We describe here a novel mechanism that fungal hexo-
levels of free propeptide in the endoplasmic reticulum (ER) osaminidases employ for the regulation of their enzymatic
and in the cytosol (CY) isolated from mycelium after varying activity. This is based on the formation and secretion of two
periods of growth. The levels of free propeptide inside the different forms of the enzyme molecules, one fully active

ER were always very low, consistent with its efficient and one half active. This mechanism is completely different
association with the enzyme catalytic subunits (Figure 9D). from the allosteric regulation known for many enzymes

However, the levels of free propeptide in the cytosol were regulating the key metabolic pathways. In allosteric enzymes,
inversely proportional to its abundance on the Hex formed there is a continuous regulation of activity, depending on
in the ER (Figure 9E). For instance, during the stationary the concentration of the regulator, mediated by conforma-
culture at day 6 when the lowest level of Hex-associated tional change transferred from the regulatory to the catalytic
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subunit. In contrast, an analysis of enzyme kinetics in fungal
hexosaminidases did not reveal any cooperativity between
the two catalytic subunits, and the propeptides that are critical
for the regulation of enzymatic activity of catalytic subunits
seem to do it in an onoff fashion.

propeptide to catalytic units expressed as enzyme dimers in the Propeptide sequences have been shown previously to play
ER in various days of culture. Hex was extracted from ER isolated various functions in the biosynthesis of lysosomal enzymes.

from the mycelium after the indicated period of cultivation and .
immunopurified, and the ratio of the propeptide to the catalytic /N Proteases, such as mouse cathepsin L, yeast carboxypep-

subunit was determined as described in Materials and Methods.tidase Y, and subtilisin, they are necessary for the proper
The results are expressed as the means obtained from thredolding of the mature polypeptide31). These propeptides

(E) Amount of free propeptide in ER and CY, respectively, assayed chaperones31). They remain bound to the folded enzyme

at the indicated days of culture. Hex was extracted from the ER | T .
and CY of mycelium cultivated for the indicated time, and the (€ither covalently or noncovalently), often inhibiting its

amount of free propeptide was determined after the inmunodeple- activity. Eventually, they are released from the parent enzyme
tion of Hex by antibodies against the catalytic subunit using during its activation and degraded so that they may not be
immunopurifications followed by HPLC and the determination of 5,1 in the mature enzymes. However, Class Il propeptides

the propeptide by quantitative amino acid analyses as decribed in . . . . .
Materials and Methods. The results in panels D and E are the mean re not directly involved in the catalysis of the folding

from three independent cultivations with the S.D. indicated by error réactions 28). Instead, they participate in a broad variety of
bars. other biological processes.
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The results presented here indicate that the propeptideghat mediate the folding of the polypeptide to which they
of fungal Hex keep them in the active state, which makes remain covalently bound. Notably, it is this particular
them different from other intramolecular chaperones reported mechanism that allows the fungal cells to regulate the
to date. The only example of similar properties can be found concentration of the propeptide independent of that of the
in the propeptide of human Hex B, which was shown not to catalytic unit. We hypothesize that by regulating the con-
inhibit enzymatic activity. Moreover, this propeptide was not centration of the free propeptide, the cell controls the amount
entirely degraded during maturation in the lysoson&s. ( and activity of secreted Hex depending on its metabolic
In this Hex, the propeptide remains covalently bound to the needs. Thus, in the initial stage, when large activities of Hex
mature catalytic subunits by interchain disulfide borie#.( are required for hyphal growth and remodeling, the enzyme
However, the fungal hexosaminidases have developed theiris produced mostly in the form of fully active molecules. At
own unique mechanisms for propeptide association. First,the end of the log phase at day 4, when there is no longer
there are essentially no cysteine residues in the propeptidesuch a high need for extracellular Hex, the production is
of these hexosaminidases, precluding the above mechanisnswitched mostly to half-active species. In the late stationary
of covalent association, and here, we present evidence forculture, very little Hex is produced altogether, which is
noncovalent association. Second, although the fungal propepconnected with very low levels of both enzyme-associated

tides are bound noncovalently, their association with the
catalytic subunits is very stable under physiological condi-
tions for the entire life-span of the enzyme molecule. Third,
the propeptide is not only very tightly bound to the catalytic
subunit but also necessary for its catalytic function. In our
reconstitution experiments, we were able to directly dem-
onstrate the role of the propeptides of Hex from two
filamentous fungi in the assembly of the native enzyme
complex and in the establishment of enzymatic activity.
Although the processing of the Hex propeptide is an
essential prerequisite for its folding, activation, and dimer-
ization, it is difficult to speculate at this stage on the exact

and free propeptides in the ER. Later on, there is another
shift toward the production of fully active enzyme molecules
in the late stationary culture correlated with the need to
increase again the activity of secreted Hex that is involved
in the autolysis of the senescent dying cells. These data
clearly indicate that the molecular form of Hex expressed
during different stages of the cultivation of the producing
organism is regulated by the availability of the propeptide
in the ER. This mechanism reminds the assembly and peptide
loading of class | and class Il MHC antigens, during which
the availability of the constituting polypeptides as well as
the antigenic peptides inserted into the MHC peptide-

nature of the peptidase responsible for this processing. Apresenting groove is essenti8b( 37). In the case of MHC
large group of proprotein convertases specific for dibasic class I, the peptide-loading protein complex has been shown
sequences has been identified in nearly all eukaryotic to be composed of the peptide transporter TAP, glycoprotein
organisms including the filamentous fundigj forming a tapasin, an ER chaperone calreticulin, and the thiol oxi-
kexin subfamily of the eukaryotic subtilase32. These doreductase Erp5@38—40). In the case of MHC class II,
enzymes are important in biotechnology for the production the peptide exchange reaction leading to the binding of the
of recombinant proteins in filamentous fun@3j but also external processed peptides in the endosomes depends on
play a role in the biology of this organism as evidenced by pH and is catalyzed by the HL-ADM protein complex 41).
the lethality of the corresponding gene deletioR8)( The Although the chaperones and enzymes assisting in the
known physiological substrates for kexin-like proteases in binding of Hex propeptide to its catalytic subunit remain
A. niger are the endopolygalacturonases that all contain a unclarified, the high efficiency of this association reaction
dibasic cleavage site at the carboxy-terminal end of their compared to that of the formation of MHC peptide com-
amino-terminal propeptide similar to that of He84j. plexes, which are formed with an average efficiency of only
However, our data indicate that the Hex-processing peptidase0.05%, is worth mentioningd@). This high efficiency is most
is most likely different from kexin-like dibasic peptidase on probably due to the much larger size of the Hex propeptide.
the basis of the differences in cellular location (ER vs late In view of this high efficiency of propeptide association with
Golgi (26)), specificity, and the different patterns of reactions the catalytic subunit in Hex, we may assume that the
with the inhibitors. Our data point to the existence of a serine formation of active Hex complexes in the ERAdpergillus
protease different from the fungal kexins and yapsins is very fast and that the formation of Hex molecules can be
described 35), primarily localized in the ER. However, the viewed as a competition between the catalytic subunit and
exact molecular mechanism of catalysis by this processingthe propeptide transporter for the molecule of the co- or
peptidase as well the question of whether it is one processingpost-translationally processed propeptide. In any case, the
enzyme with several substrate-binding pock8&3 or two Hex results presented here represent the first example of
separate enzymes will have to await further detailed molec- this mechanism in the regulation of the activity of an en-
ular characterization. The data would indicate that the zyme.
processing occurs co- or post-translationally early after In addition to the important role of the propeptide in Hex
N-glycosyaltion and signal peptide cleavage and most activation, we obtained evidence for its participation in other
probably before the folding of the enzyme in ER. aspects of the life cycle of the enzyme. The most important
Our results obtained boih vitro andin vivo allow us to among these functions are those related to enzyme dimer-
draw some hypotheses about the key aspects of Hex foldingization and secretion. The most typical arrangement of Hex
and activation. The pulsechase and inhibition data clearly was shown to be formed by two noncovalently bound
indicate that the propeptide of Hex must be released from propeptides per enzyme dimer, and this form was found to
the rest of the polypeptide in order to be able to assist in be dominant in both the intracellular and the extracellular
enzyme activation. This behavior is unique and proceeds inenzymes. Our data indicate that just one catalytic subunit
a way opposite to that of the most studied Class | propeptidespaired with the propeptide can give rise to the enzyme dimer,
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thus saving the lone catalytic subunit from destruction in
the absence of the propeptide. However, the kinetics of
binding of the propeptide to the catalytic subunit is faster
than the formation of the dimer, and the two catalytic subunit/
propeptide pairs seem to dimerize somewhat faster than the 9
pair with one lone catalytic subunit. The participation of the
propeptide in the secretion of Hex is especially interesting.
Our results indicate that propeptide-free Hex molecules

cannot be secreted. The good correlation between the 10-

propeptide content and secretion rate suggests another
important regulatory mechanism that may work in accord
with the propeptide-dependent enzyme activation. The Hex
molecules that contain two propeptides per dimer of the
catalytic units are not only more active than the half-charged
species but also secreted faster. A combination of these two
factors then provides the fungal cell with an additional
possibility to regulate extracellular Hex activity over a broad
range of values.
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