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ABSTRACT. Glutaminyl cyclases (QCs) present in plants and vertebrates catalyze the formation of
pyroglutamic acid (pGlu) from N-terminal glutamine. Pyroglutamyl hormones also identified in invertebrates
imply the involvement of QC activity during their posttranslational maturation. Database mining led to
the identification of two genes iBrosophilg which putatively encode QCs, CG32412 (DromeQC) and
CG5976 (isoDromeQC). Analysis of their primary structure suggests different subcellular localizations.
While DromeQC appeared to be secreted due to an N-terminal signal peptide, isoDromeQC contains
either an N-terminal mitochondrial targeting or a secretion signal due to generation of different transcripts
from gene CG5976. According to the prediction, homologous expression of the corresponding cDNAs in
S2 cells revealed either secreted protein in the medium or intracellular QC activity. Subcellular fractionation
and immunochemistry support export of isoDromeQC into the mitochondrion. For enzymatic characteriza-
tion, DromeQC and isoDromeQC were expressed heterologouBligiia pastorisandEscherichia colj
respectively. Compared to mammalian QCs, the specificity constants were about 1 order of magnitude
lower for most of the analyzed substrates. The pH dependence of the specificity constant was similar for
both enzymes, indicating the necessity of an unprotonated substrate amino group and two protonated
groups of the enzyme, resulting in an asymmetric bell-shaped characteristic. The determination of the
metal content of DromeQC revealed equimolar protein-bound zinc. These results prove conserved enzymatic
mechanisms between QCs from invertebrates and mamBuadsophilais the first organism for which
isoenzymes of glutaminyl cyclase have been isolated. The identification of a mitochondrial QC points
toward yet undiscovered physiological functions of these enzymes.

Pyroglutamic acid (pGld)is generated from N-terminal  of the expressing cells where the hormone maturation process
glutamine during prohormone maturation in the secretory takes placel4). Upon stimulation, QCs appear to be secreted
pathway (, 2). Also, the conversion of N-terminal glutamic  from the cells together with the mature hormones.
acid into pGlu has been described in vivo, which possibly  Pyroglutamyl peptides and proteins were also identified
has implications in the development of amyloidotic diseases in invertebrates, suggesting that this peptide modification
(3—5). Glutaminyl cyclases (QCs) have been identified to represents an evolutionarily conserved modification, mediat-
catalyze the cyclization of N-terminal glutaminyl and ing receptor interaction or protein stabilization. For instance,
glutamyl residues in plants and vertebra®sg). Although the adipokinetic hormone and corazonin, neuropeptides
the results of several studies support similar catalytic regulating the glucose concentration in the hemolymph and
properties of the enzymes from these origins, structural the heart beat in arthropods, respectively, have been identified
investigations clearly reveal different evolutionary origins as pGlu peptidesls, 16).

of plant and animal QCs9¢-11). Apparently, the proteins These findings tempted us to isolate and characterize a
developed due to convergent evolution, since most recentQC from an invertebrate origin, the fruit flprosophila
results suggest similar physiological functions. melanogaster which acts as a well-characterized model

First tissue distribution studies of mammalian QCs resulted organism, preferably in genetic analyses. Interestingly, the
that they are mainly expressed in brain and some peripheralhomology search led to identification of two chromosomal
glands, e.g., thyroid and thymus2-14). It is expected that  regions, which encode glutaminyl cyclases with different
the enzyme is directed to the regulated secretory pathwaysubcellular localizations, suggesting different, yet undiscov-
ered physiological functions of the gene products.
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Table 1: Oligonucleotides Applied for Cloning and Expression of DomeQC and isoDromeQC

restriction site

primer sequence (5~ 3') for cloning expression
A TATATA GAATTOGCGTCGCCGAGCTCTGAAGC EcoRlI S2 cells
A TATATAACCGGTCTATGTTCGGTAAAAACGCAAATT Agd S2 cells
B TATATAGAATTOGCGTCGCCGAGCTCTGAAGC EcoRlI S2 cells
B TATATAACCGGTGTTCGGTAAAAACGCAAATT Agd S2 cells
C TATATAGAATTGGTGTGTTGTGTAGTGTTCTG EcoRl S2 cells
C TATATAACCGGTTACTTGGCCTCGGTTCCGGCCAG Agd S2 cells
D TATATAGAATTGGTGTGTTGTGTAGTGTTCTG EcoRlI S2 cells
D TATATAACCGGTCTTGGCCTCGGTTCCGGCCAG Agd S2 cells
E ATATATCTCGARAAAGAAACATTGGATCCCAGTGGCGC Xha P. pastoris
E ATATATGCGGCCGCTATGTTCGGTAAAAACGCAAATT Not P. pastoris
F AATATA GGATCAATTCGAACTGGTGGATATTCC BanHlI E. coli
F ATATAGCATGCTACTTGGCCTCGGTTCCGGCC SpH E. coli

dipeptides from Bachem, NADH/Hando-ketoglutaric acid mature protein, and the digested DNA fragment was ligated
from Sigma, and the imidazole derivatives from Acros and into pQE31 (Qiagen, Hilden, Germany). The plasmid was
Aldrich. The glutaminyl tri- and tetrapeptides were synthe- transformed into M15 cells (Qiagen) and grown on selective
sized as described previously7j. All other chemicals were LB agar plates at 37C. Protein expression was studied in
of analytical or HPLC grade. LB medium at room temperature. When the culture reached
Cloning Procedures and Expressiofhe primers for an ODyo of approximately 0.8, expression was induced with
isolation of the open reading frame of DromeQC and 0.2 mM IPTG overnight. Afterward, cells were collected,
isoDromeQC were designed using the coding sequences ofesuspended in 50 mM phosphate, pH 7.5, containing 1 mg/
the genes CG32412 and CG5976, respectively [http:// mL lysozome, and subjected to 10 cycles of sonification,
flybase.bio.indiana.edulL8)]. The open reading frames of followed by determination of QC activity.
CG32412, CG5976A, and CG5976B were isolated from EST  Immunohistochemical Staining of S2 Cef#i cells were
clones GH11174 (adult head), RE53796 (embryo), and immunostained essentially as describ&g)(Post induction
RE61650 (embryo), respectively. For expression studies of (24—48 h), 250 nM Mitotracker was applied to the cell
both cDNAs, the coding sequences were amplified by PCR culture before transfer to Lab Tek Il chamber slides (Nunc)
using the primers listed in Table 1. Expression of DromeQC and allowed to settle down for 20 min. Medium and
and isoDromeQC in SDrosophilacells was carried out  remaining cells were removed, and chambers were washed
either as the native protein or as C-terminally poly-His-tagged with PBS (3 x 10 min). Cells were fixed with ice-cold
proteins. The cDNA fragments were amplified using the methanol for 20 min and washed with PBTA for 20 min.
primer pairs A-D. The digested fragments were ligated into Primary antibody (mouse anti V5, 1:200 diluted in PBTA)
the vector pMTV5HisB (Invitrogen), propagatedBischeri- was applied overnight at 4C with moderate shaking. Cells
chia coli, and verified by sequencing of the sense and were washed with PBTA (& 10 min). Secondary antibody
antisense strand. S2 cells were stably transfected accordindggoat anti-rabbit conjugated with Alexa488 (Molecular
to the manufacturer’s instructions (Invitrogen). Selection was Probes), 1:200 diluted in PBTA] was applied h atroom
done in blasticidin-containing medium (2@/mL). Protein temperature with moderate shaking. Cells were washed with
expression was induced by 500M Cu'"SQ,. Cells were PBTA (3 x 10 min) and counterstained with DAPI (Q&/

harvested after 2448 h of expression. mL) for 3 min. After PBTA washing, cells were mounted
For enzymological studies, DromeQC and isoDromeQC with Citifluor (Agar-Scientific). Staining was analyzed using
were heterologously expressedHithia pastorisandE. coli, a confocal laser-scanning microscope equipped with LSM510

respectively. The coding sequence of mature DromeQC wassoftware (Carl Zeiss).
amplified using primer pair E (Table 1). The digested Large-Scale Expression and Purificatiorhe expression
fragment was ligated into pPI@aB (Invitrogen) and propa-  of DromeQC was performed in a 5.0 L bioreactor (Biostad
gated inE. coli IM109, and the sequence was verified. B; B. Braun Biotech, Melsungen, Germany), essentially as
Plasmid DNA (12 ug) was applied for transformation of  described for expression of human QCHn pastoris(20).
competen®. pastoriscells by electroporation according to  Briefly, fermentation was carried out in basal salt medium
the manufacturer’'s instructions (Bio-Rad). Selection was supplemented with trace salts at pH 5.5. Biomass was
performed on plates containing 10@/mL zeocin. In order ~ accumulated in a glycerol batch and fed batch phase for about
to test the recombinant yeast clones upon DromeQC expres28 h. Expression of QC was initiated by methanol feeding
sion, recombinants were grown at 30 for 24 h in 10 mL for an entire fermentation time of 728 h. After the cells
conical tubes containing 2 mL of BMGY. Afterward, the were collected by centrifugation steps at 66Q0rbidity was
yeast was centrifuged and resuspended in 2 mL of BMMY removed from the DromeQC-containing supernatant by an
containing 0.5% methanol. This concentration was main- additional centrifugation at 380Qdor 4 h. For purification,
tained by addition of methanol every 24 h for about 72 h. the fermentation broth was diluted with water to a conductiv-
Subsequently, QC activity in the supernatant was determined.ty of about 5 mS/cm and applied in reversed-flow direction
Clones that displayed the highest activity were chosen for (15 mL/min) onto a Streamline SP XL column (25100
further experiments and fermentation. cm) equilibrated with 0.05 M phosphate buffer, pH 6.0.
For expression of isoDromeQC, primer pair F (Table 1) Proteins were eluted at a flow rate of 8 mL/min using 0.15
was used for amplification of the coding sequence of the M Tris-HCI buffer, pH 7.6, containing 1.5 M NaCl in
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forward direction. QC-containing fractions were pooled, and activity contained only buffer and 0.4 unit/mL pyroglutamyl
ammonium sulfate was added to a final concentration of 1.2 aminopeptidase as the auxiliary enzyme. The excitation/
M. The resulting solution was applied onto a butyl-Sepharose emission wavelengths were 380/460 nm (H-GIn-AMC) or
FF column (1.6x 13 cm) at a flow rate of 4 mL/min.  320/410 nm (H-GIn3NA). Reactions were started by addi-
Afterward, 0.05 M phosphate buffer, pH 6.8, containing 0.75 tion of QC. QC activity was determined from a standard
M ammonium sulfate was applied for 5 column volumes. curve of the fluorophore under assay conditions. All deter-
Homogeneous QC was eluted in reversed-flow direction minations were carried out at 3C€ using the BMG Novostar
using 0.05 M phosphate buffer, pH 6.8. The fractions reader for microplates.
containing DromeQC were pooled, concentrated, and applied For inhibitor testing, the sample composition was the same
onto a Sephadex G-25 fast desalting column .00 cm), as described above, except for the added putative inhibitory
which was preequilibrated in 50 mM Tris-HCI, pH 7.5, compound. Inhibitory constants were determined using
containing 100 mM NaCl. The purified DromeQC was stored H-GIn-AMC in a concentration range between 0.25 and 4
at 4 °C for up to 2 weeks. For long-term storage, protein Ky. The fluorometric assay using H-GBNA was applied
was shock-frozen in liquid nitrogen and stored-&80 °C. to investigate the pH dependence of the catalytic specificity.
IsoDromeQC was expressed in shake-flask cultures. In these studies the reaction buffer consisted of 0.025 M
Bacteria were collected by centrifugation at 690€esus- acetic acid, 0.025 M Mes, and 0.05 M Tris-HCI, adjusted to
pended in 50 mM phosphate buffer, pH 7.5, containing 1.0 the desired pH using HCI or NaOH. The buffer assures a
mg/mL lysozome, and frozen. The thawed suspension wasconstant ionic strength over a very broad pH rangé).(
subjected to one cycle of high-pressure homogenization. Evaluation of the acquired enzyme kinetic data was per-
Subsequently, the cleared supernatant (3§0@0h) was formed using the equation:
diluted to a final protein concentration of 1.0 mg/mL using o N
phosphate-buffered saline containing 0.5 mM histidine and KeafKn(PH) = Keof Ky (Iimit)[1/(1 + [H T}/ Kyys +
applied in reversed-flow direction (19 mL/min) onto a Keo/[H'] + Key/[H TKe/HTD]
Streamline chelating column (2.5 100 cm) equilibrated
with PBS. Proteins were eluted at a flow rate of 8.0 mL/ in which k../Km(pH) denotes the pH-dependent (observed)
min using 50 mM phosphate buffer, pH 6.8, containing 100 kinetic parametek../Ky(limit) denotes the pH-independent
mM histidine. IsoDromeQC-containing fractions were pooled, (“limiting”) value. Kys, Ke1, andKg; denote the dissociation
and ammonium sulfate was added to a final concentration constants of the substrate amino group and two dissociating
of 1.0 M. The resulting solution was applied onto a butyl- groups of the enzyme, respectively. Evaluation of all kinetic
Sepharose FF column (1:613 cm) at a flow rate of 4 mL/  data was performed using GraFit software (version 5.0.4 for
min. Bound isoDromeQC was washed by applying 50 mM windows; Erithacus Software Ltd., Horley, U.K.).
phosphate buffer, pH 6.8, and 0.8 M ammonium sulfate and  Preparation of ApoDromeQ@romeQC (4.0 mL, 7 mg/
eluted with 50 mM phosphate buffer, pH 6.8. Fractions mL) was inactivated by dialysis against 1.0 L of buffer
containing QC activity were pooled and desalted. The containing 5.0 mM 1,10-phenanthroline, 5.0 mM EDTA, and
purified isoDromeQC was stored af@ for up to 2 weeks. 500 mM NacCl in 50.0 mM Hepes, pH 7.5. Inactivation was
For long-term storage, protein was shock-frozen in liquid carried out for 8 h, including a buffer change after 4 h. The
nitrogen and stored at80 °C. chelating agents were separated from the apoenzyme by
Subcellular Fractionation.Subcellular fractionation of  dialysis against 1.0 L of 10 mM Hepes, pH 7.5, containing
DrosophilaS2 cells was performed essentially as described 50 g of Chelex-100 (Bio-Rad, Munich, Germany). The buffer
(19). Briefly, lysates of 5x 10’—1 x 1C° cells were prepared  was changed two times, after 6 and 12 h of dialysis. The
using a Dounce homogenizer using a buffer consisting of final dialysis was performed overnight. All buffers were
50 mM Pipes, pH 7.9, 50 mM KCI, 2.0 mM MggI11.0 prepared in metal-free polystyrene containers. Subsequently,
mM DTT, and 1.0 mM PMSF. The cellular fractions were the apoenzyme was centrifugated at 2Pt 1 h at 4°C,
prepared by sequential centrifugation steps ag72800@, and the protein concentration was determined at 2802%n (
and 54000, resulting in a cell debris/nuclei pellet, a heavy Reactivation experiments were carried out by adding20
membrane fraction, which is enriched for mitochondria, a of transition metal solution, prepared in water (UltraPure;
light membrane fraction containing ER and plasma mem- Merck, Darmstadt, Germany), to 2L of apoenzyme at
brane, and the supernatant containing cytosolic proteins.room temperature for 15 min. Finally, enzymatic activity was
Pellets were resuspended in 50 mM Tris-HCI, pH 7.5, assessed as described above, except that 1 mM EDTA was
containing 0.5% Triton X-100, and the QC activity was added to the reaction buffer in order to avoid rapid reactiva-
determined (pH 8.0) using H-GIBNA as a QC substrate.  tion of the enzyme by adventitious zinc ions present in the
QC AssaysQC activity was assayed fluorometrically or buffers.
spectrophotometrically essentially as descrit#d-@3). The TXRF and CD Spectroscopia&uations.DromeQC was
assay reactions (256) consisted of varying concentrations desalted by size-exclusion chromatography using a Sephadex
of H-GIn-AMC, H-GIn-6NA, or another glutaminyl peptide  G-25 fast desalting column (1.8 10 cm), which was
in 0.05 M Tris-HCI, pH 8.0, or 0.05 M Mops, pH 7.2. In  preequilibrated in 10 mM Tris-HCI, pH 7.6. Afterward, the
the case of the spectrophotometric assay, samples additionallprotein was concentrated to-3 mg/mL by ultrafiltration
contained 30 units/mL glutamic acid dehydrogenase, 0.25and the metal content analyzed. The elution buffer was used
mM NADH/H™, and 15 mMa-ketoglutaric acid. Reactions as a background control. Element analysis was performed
were started by addition of QC, and activity was monitored using TXRF essentially as described elsewh&3. (Five
by recording the decrease in absorbance at 340 nm. Inmicroliters of undiluted sample solution or control buffer
contrast, the assay samples for fluorometric detection of QCwas applied onto the TXRF quartz glass sample support and
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humanQC MAGGRHERVVGTLHLLLLVAALPWASRGVSPSASAWPEEKNYHOPATLNSSALRQIAEGT
CG32412 ---MATGSVVFAAAGLLLLLLP---=-=-=--=-=-=======-—-=--- PSHQQATAGNIGSQWR
CG5976A ---MLHRTARMWTLCVQTALIATLVRGSTSQEDNLVGRTQISYNPSELSEPRFLEYSN-L
CG5976B -MRLLLRNYSLMEAVKRLLPRPREKKIYNLGACFELVDIPKISYNPSELSEPRFLEYSN-L
* . . .
humanQC SISEMWONDLQPLLIERYPGSPGSYAARQHIMORIQRLOADWVLEIDTFLSQTPYG-YRS
CG32412 DDEVHFNRTLDSILVPRVVGSRGHQQVREYLVQSLN - -GLGFQTEVDEFKQRVPVFGELT
CG5976A SDKLHLREAIDKILIPRVVGTTNHSIVREYIVQSLR--DLDWDVEVNSFHDHAPIKGKLH
CG5976B SDKLHLREAIDKILIPRVVGTTNHSIVREYIVQSLR--DLDWDVEVNSFHDHAPIKGKLH
Ci e L oD £ Birie Al sk
humanQcC FSNIISTLNPTAKRHLVLACHYDSKYFSHWNNRVFVGATDSAVPCAMMLELARALDKKLL
CG3z2412 FANVVGTINPQAQNFLALACHYDSKYFP--NDPGFVGATDSAVPCAILLNTAKTLGAYLQ
CG59764A FHNIIATLNEFNAERYLVLSCHYDSKYMP- - -GVEFLGATDSAVPCAMLLNLAQVLQEQLE
CG5976B FHNIIATLNPNAERYLVLSCHYDSKYMP---GVEFLGATDSAVPCAMLLNLAQVLQEQLE
* *::_*:i* *:__*_*:*i**i*i:_ . *:****i*i**i::*: *:_* *
humanQC SLKTVSDSKPDLSLOLIFFDGEEAFLHWSPQDSLYGSRHLAAKMASTPHPPGARGTS -QL
CG32412 KEFR---NRSDVGLMLIFFDGEEAFKEWTDADSVYGSKHLAAKLASKRSGSQAQLAPRNT
CG5976A PLK----- KSKLSLMLLFFDGEEAFEEWGPKDSIYGARHLAKKWHHEG---------- KL
CG5976B PLK----- KSKLSLMLLFFDGEEAFEEWGPKDSIYGARHLAKKWHHEG---------- KL
:____* i:***i**** _* **:**::*** * Y
humanQcC HGMDLLVLLDLIGAPNPTFPFNFFPNSARWFERLQAIEHELHELGLLKDHSLEG-------
CG32412 DRIEVLVLLDLIGARNPKFSSFYENTDGLHSSLVQIEKSLRTAGQLEGNN----------
CG5976h DRIDMLVLLDLLGAPDPAFYSFFENTESWYMRIQSVETRLAKLQLLERYASSGVAQRDPT
CG5976B DRIDMLVLLDLLGAPDPAFYSFFENTESWYMRIQSVETRLAKLQLLERYASSGVAQRDPT
::*I‘****:** :ir * _*: *: . H :* * *:
humanQcC RYFOQNYSYGG-VIQDDHIPFLRRGVPVLHLIPSPFPEVWHTMDDNEENLDESTIDNLNKI
CG32412 NMFLSRVSGG-LVDDDHRPFLDENVPVLHLVATPFPDVWHTPRDNAANLHWESIRNFNRV
CG5976h RYFQSQAMRSSFIEDDHIPFLRENVPILHLIPVPFPSVWHTPDDNASVIDYATTDNLALT
CG5976B RYFQSQAMRSSFIEDDHIPFLRENVPILHLIPVPFPSVWHTPDDNASVIDYATTDNLALT
* . A _::**ir &k ok '_**:***:_ k**_**** * * = . il *: -
humanQcC LOVFVLEYLHL------------
CG32412 FRNFVYQYLKRHTSFVNLRFYRT
CG5976h IRLFALEYLLAGTEAK-------
CG5976B IRLFALEYLLAGTEAK-------
* - kK

Ficure 1: Sequence alignment of human QC and putative homologous protein®fasophila melanogasteMultiple sequence alignment

was performed using ClustalW at ch.EMBnet.org with default settings. The conservation of the complexing residues of the active site is
indicated by the gray boxes. Two cysteine residues, which are located close to the active site in human QC and which form a disulfide
bond, are also conserved and depicted in bold. Secretion signals are highlighted in italics, and the mitochondrial targeting peptide of
CGbh976, isoform B, is underlined. The proteins deduced from genes CG5976 and CG32412 display approximately 41% and 38% sequence
identity with human QC, respectively.

dried under IR radiation. Afterward, BL of diluted Se identified genes encoding homologous proteins frBm
aqueous standard solution (internal standard; Aldrich) was melanogaster A first run revealed the gene products of
added to each sample and dried again. The signals of X-rayCG32412, CG5976, and CG6168, all located on chromosome
fluorescence were allowed to be collected in 100 s. Three 3L as putative QCs. Analysis uncovered, however, that
replicates were prepared. For all determinations, an Extra Il CG6168 was not organized in an exon/intron structure and
TXRF module containing molybdenum and tungsten primary no mRNA was described before, strongly implying a
X-ray sources (Seifert, Ahrensburg, Germany) connected topseudogene. In contrast, database mining identified tran-
a Link QX 2000 detector/analyzed device (Oxford Instru- scripts of genes CG32412 and CG5976. Surprisingly, the
ments, New Wycombe, U.K.) was used. The X-ray sources structure of CG5976 supports formation of two proteins,
were operated at 50 kV and 38 mA. which are formed from different mRNAs. The resulting
CD spectra ofDrosophila QCs in 10.0 mM phosphate  proteins differ only in their N-terminal region (Figure 1).
buffer, pH 6.8, were acquired with a Jasco J-715 spectrapo-The overall sequence identity of CG32412 and CG5976 with
larimeter using quartz cuvettes of 0.1 cm path length. The human QC is 38% and 41%, respectively. Interestingly, the
mean of 10 scans between 190 and 260 nm was calculategputative QC proteins frordrosophilashare only about 38%
and corrected by subtraction of the buffer spectra. The sequence identity, which might reflect functional differences.
percentage of secondary structure elements was calculate®n the basis of CG5976, proteins of 354 or 352 amino acids
using the Jasco secondary structure estimation program basedould be deduced, which is similar to the length of human
on the method of Yang2@). QC (361 aa). The second gene CG32412 encodes a truncated
protein of 340 amino acids. All putative QC proteins contain
RESULTS two conserved cysteine residues, which have been identified
Identification of Putatie Drosophila QCsOn the basis  to form a disulfide bond in human QQ@). Furthermore,
of the coding region of human QC, database mining the amino acids chelating the active site zinc ion, which is
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responsible for activity and inhibitor bindind @, 17, 27), A 2 ) )
are also conserved in the homologous proteins fioso- = Medium :%
phila. Appreciable differences in the primary structure were & Soluble &
obvious for the N-termini of the proteins. In human QC, the = Cell Debris §E

N-terminus encodes a signal sequence for the cotranslational Heavy e LS
transport of the protein into the secretory pathway. Accord- Membrane ,@9 @
ingly, signal sequences were also identified in CG32412 and HLight Membrane &
isoform A of CG5976. Intriguingly, several different predic-
tions provided evidence that the protein deduced from
isoform B of CG5976 does not contain an N-terminal 0 lmm I_ N . Bl Jr
secretion signal. Instead, a high probability of 79% and 97%
for an export to mitochondria was observed, computed using
the programs TargetP and Mitoprd8{ 29), respectively
(available at www.expasy.ch). The latter is also supported
by the clustering of positively charged residues at the B
N-terminus.

Homologous Expression in S2 Drosophila Celln the
basis of the genes CG5976 and CG32412, cDNAs were
ordered encoding the deduced proteins from nucleotide
entries GH11174, RE53796, and RE61650. On the basis of
the different predictions concerning the localization, the gene
products were named isoDromeQC and DromeQC, repec-
tively. In order to assess whether the isolated cDNAs encode
active QCs, the open reading frames were cloned into a
pMTV5HIsB vector and expressed in Schneider (S2) cells.
According to the predictions, which were based on the
deduced primary structures, subcellular localization is medi-
ated by the N-terminal sequence in either case. Therefore,
also clones were generated, which express the proteins with
a C-terminal poly-His or V5 epitope fusion, enabling also Ficure 2: Analysis of the subcellular distribution of QC activity
immunohistochemical analyses. following expression of cDNAs deduced from genes CG5976 and

Express|on Of DromeQC and both |SoDr0meQC CDNAS CG32412 in Schneider (82) cells. (A) EXpreSSing cells were

: . . s . subjected to subcellular fractionation, and the QC activity was
resulted in detectable QC-like enzymatic activity (Figure 2A). detérmined. The highest QC activity folIowinngxpressign of

Moreover, a subcellular fractionation experiment clearly cG32412 and CG5976A cDNA was determined in the culture
proofs differences in the distribution of the QC proteins. medium, implying secretion. In contrast, expression of CG5976B

According to the prediction, the highest DromeQC activity CDNA resulted i_n highest activities and specific a(_:tivities (inse_t)
was identified in the medium of the cultured cells, implying I the cell debris and the heavy membrane fraction, suggesting

. . mitochondrial localization. According to the prediction, cellular
secretion of the enzyme. In contrast, the medium of cells localization was apparently mediated by the N-terminus, since

expressing isoDromeQC(B) was virtually free of QC activity. c-terminal His fusions did not alter the pattern significantly. (B)
Instead, the highest activity was determined in the fraction Immunochemical imaging of the subcellular localization of an

containing the cell debris and in the heavy membrane isoDromeB-V5 fusion protein. Transiently transfected S2 cells were
fraction, which is enriched for mitochondria. Furthermore, fixed and stained by applying Mitotracker (red) and DAPI.

: . : . .. ' IsoDromeQC was immunologically labeled with a V5 epitope
the introduction of the C-terminal tag did not alter the activity 4ptipoqy f%llowed by an Alega-coynjugated secondary ar?tubgdy

distribution pattern significantly, substantiating that the (green). The localization of isoDromeQC supports a mitochondrial
subcellular localization is mediated by the N-terminus. The localization of the protein.

compartmentalization of the V5-tagged isoDromeQC(B) was

verified by immunostaining (Figure 2B). Mitochondria of medium of the expressing cells. Indeed, QC activity was
S2 cells were labeled using Mitotracker and fixed, and detected in the medium of stably transfected yeast cells after
isoDromeQC was detected by an anti-V5 antibody. The induction of expression by methanol. Moreover, expression
double staining of the cells confirms the mitochondrial of DromeQC in a 5.0L bioreactor resulted in an exceptionally
localization of the target protein and thus the result of the high yield of approximately 800 mg/L fermentation broth.

QC-activity (nmol/min)

anti-V5

.8

Mitotracker merge *

subcellular fractionation experiment. However, an attempt to express isoDromeQC in the
Heterologous Expression and Purification of Drosophila secretory pathway of yeast failed. QC activity could not be
QCs.In order to characterize the QC froBrosophilaon detected in the medium of the recombinants following

the molecular level, both proteins were expressed heterolo-induction by methanol (data not shown). Instead, high
gously and purified. In analogy to the subcellular distribution amounts of isoDromeQC were obtained following expression
in Drosophila cells, secretory expression in the ye&st of the mature protein irE. coli. The N-terminal signal
pastoriswas implemented for DromeQC. The native signal sequences and the six following amino acids were replaced
sequence was substituted for thdeader pre-prosequence by a vector-encoded sequence containing a polyhistidine tag.
of yeast, in order to promote an efficient translocation into The N-termini of the DromeQC and isoDromeQC constructs
the secretory pathway d?ichia. Owing to the expression are illustrated in Figure 3. Since the isoDromeQC forms A
construct, the recombinant DromeQC is secreted into theand B differ only at their N-terminus (Figure 1), the
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A Kex-2 100

H,N-...Leu Glu Lys Arg lAsn Ile Gly Ser GIn....COOH T

5'-...CTC GAG AAA AGA AAC ATT GGA TCC CAG ...-3' ] —1000

o-leader mature DromeQC

~
a
1
[ee)

B H,N-Met Arg Gly Ser | 6xHis | Thr Asp Pro Phe Glu Leu Val Asp ...COOH
5'-ATG AGA GGA TCT|CAT(C )|ACG GAT CCA TTC GAA CTG GTG GAT ...-3'

mature isoDromeQC

Ficure 3: Schematic illustration of the N-terminal regions of
DromeQC and isoDromeQC, which are generated in heterologous
expression inP. pastorisand E. coli, respectively. Due to the
restriction of the differences between CG5976 A and B to the
N-terminus (Figure 1), the expressed isoDromeQC virtually re-
sembles both proteins. 0 — -0

A S T = I pH
Ficure 5: pH dependence of DromeQC (circles) and isoDromeQC
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I = - (squares) determined under first-order rate conditions using GIn-
37— - 50— - ! BNA as substrate. In all cases, a buffer system providing a constant
L B 37 ionic strength according to Ellis and MorrisoB4j was applied,
25 ge- consisting of 25 mM MES, 25 mM acetic acid, and 50 mM Tris-
25— w— HCI. The rate profiles were evaluated by fitting the data according

to equations that account for three two dissociating groups, assuming

[* that the protonated substrate is not converted. The dotted trace
- represents the pH dependence of murine QC.

FiGure 4: Characterization of DromeQC and isoDromeQC using

SDS-PAGE. (A) SDS-PAGE illustrating the purification proce- Table 2: Purification Scheme of Recombinant DromeQC and

dure of D_romeQC: Lanes: 1, moIeCI_JIar mass standards (kD_a)_; 2, IsoDromeQC Following Expression . pastorisandE. coli

fermentation medium after expression; 3, DromeQC-containing ' ' ’

fraction after cation-exchange chromatography; 4, purified DromeQC Respectively
after hydrophobic interaction chromatography. (B) SBFRAGE QcC specific
illustrating the purification procedure of isoDromeQC. Lanes: 1, purification protein activity  activity yield
molecular mass standards (kDa); 2, supernatant after high-pressure step (mg)  (units) (units/mg) (%)
homogenization and centrifugation; 3, isoDromeQC-containing : 21 1 14 1
fraction after IMAC; 4, purified DromeQC after hydrophobic DromeQC n|1Ee>c2|um 232 3;)12 25 gf
interaction chromatography. HIC 121 420 35 14
homogenate 10800 7635 0.7 100
recombinantly expressed protein resembles both forms very isoDromeQC  IMAC 2046 5278 2.6 68
well. HIC 1704 4897 2.9 67
The purification of DromeQC and isoDromeQC is il- or positively charged di- and tetrapeptides. Such a suspicious

lustrated in Figure 4. The procedures were initiated by repulsion of negative substrates was not observed in previous
expanded bed adsorption on a cation-exchange resin or atudies with human and murine Qg1( 22). The effect of
chelating material. Both proteins were further purified by the charged residues was partially compensated by adjacent
hydrophobic interaction chromatography. Due to the excep- hydrophobic amino acids, as evidenced by the relatively high
tionally high expression rates in the heterologous systems,specificity for GIn-Glu-Tyr-Phe.
homogeneous protein was obtained after two chromato- The substrate specificity constanks.(Ky) of both Droso-
graphic steps. A typical purification procedure of DromeQC phila QCs were found about 1 or 2 orders of magnitude lower
and isoDromeQC is listed in Table 2. For analysis of the in comparison to mammalian QCs. The differences depended
metal content, an untagged isoDromeQC was expressed immainly on higherKy values, suggesting differences in the
E. coli and purified by applying hydrophobic interaction substrate binding modes (not shown).
chromatography, anion-exchange chromatography and size- In order to further characterize the specificity of the
exclusion chromatography (not shown). enzymes, the pH dependence of catalysis was assessed.
Enzymatic CharacterizatiorDue to the relatively low Interestingly, DromeQC displayed a very narrow pH opti-
sequence identity between DromeQC and isoDromeQC, itmum at pH 7.6-7.5. In contrast, the optimal pH for
is tempting to suspect differences in the substrate specificityisoDromeQC was between pH #B, thus more similar to
of both enzymes. For detailed analysis, a set of different the mammalian enzymes (Figure 6). The kinetic data were
substrates was investigated (Table 3). Interestingly, the evaluated by applying a model, which considers three
observed specificities are very similar for both QCs at a first dissociating groups: one of the substrate and two of the
glance. Both enzymes converted all applied substrates withenzyme. The K, of the applied substrate GJfNA was
very similark../Ky values. As also observed previously for determined previously to be 6.970.01 @). Assuming that
human and murine QC, conversion of dipeptides was lessthe deprotonated substrate is only converted, one part of the
efficient compared to the dipeptide surrogates and the tri- bell-shaped curve in the pH region between pH 5 and pH 7
and tetrapeptides. The relative preference for substrateswas explained. The nonsymmetric character of the bell-
containing hydrophobic amino acids suggests also primarily shaped curve was evaluated assuming two groups, which
hydrophobic secondary interactions in the active site. Striking confer enzymatically inactivation upon deprotonation. Fitting
is the low specificity for negatively charged substrates, e.g., of these data resulted irkKpvalues of 9.1+ 0.4 and 6.4+
GIn-Glu and GIn-Asp-Glu-Leu, in comparison to uncharged 0.3 for DromeQC and 8. 74 0.1 and 7.9+ 0.2 for
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FIGURE 6: Catalytic specificities of recombinant DromeQC and isoDromeQC at pH 7.0 and 8.0. The differences in the pH dependence of
catalysis for GInSNA (Figure 5) are reflected by the specificities for other substrates as well. The different specificities at the two pH
values were caused by changikg values, suggesting an influence of pH on substrate binding. The conversion of peptide substrates was
monitored using glutamic dehydrogenase as the auxiliary enzyme, and cyclization of GIn-AMC was analyzed by applying pyroglutamyl
aminopeptidase. All reactions were carried out aG0

Table 3: Catalytic Parameters of QC-Catalyzed pGlu Formation of Substrates of Varying Length and Charge

DromeQC isoDromeQC murine QC
kca{KM |<ca1/KM kca{KM

substrate Km (MM) Keat(572) (mM-ts Km (mM) Keat(s™2) (mM~ts?)  (mMis?
H-GIn-AMC 0.31+0.04 7+2 24+ 3 0.205+ 0.008 2.09+ 0.03 10.2+ 0.3 98+ 2
H-GIn-ANAP 0.17+0.01 1.3+ 0.3 74+ 1.1 0.15+ 0.01 1.1+ 0.1 7.4+ 0.3 294+ 6
H-GIn-Gly-OH 7.1+0.2 9+3 1.3+ 04 2.4+ 0.5 4.9+ 0.6 2.1+ 0.2 53+ 1
H-GIn-Ala-OH 5.0+ 0.3 17+ 1 3.48+0.06 2.8+0.1 16+ 4 6+ 1 247+ 4
H-GIn-GIn-OH 1.5+0.2 7+1 45+ 0.3 0.94+ 0.05 7.4+ 0.5 7.9+ 0.2 140+ 2
H-GIn-Glu-OH 295+ 7.4 38+ 17 1.3+ 0.3 0.85+ 0.09 58+ 1
H-GIn-Gly-Pro-OH 4.1+ 0.4 16+ 3 3.9+ 0.5 1.174+0.06 14+ 2 23.4+ 0.4 195+ 7
H-GIn-Tyr-Ala-OH 0.72+ 0.02 17.04+ 0.03 0.72+0.02 9304 27
H-GIn-Phe-Ala-OH 0.35- 0.04 22+ 2 61.2+0.3 0.128+ 0.003 16+ 1 124+ 7 1812+ 64
H-GIn-Val-Ala-OH 0.14+0.01 5.3+ 0.4 38.7£ 0.2 0.1293+ 0.0005 3.02: 0.07 23.4+0.4
H-GIn-Glu-Tyr-Phe-NH 0.0654 0.004 6.9+-05 106+1 979+ 62
H-GIn-Glu-Ala-Phe-NH 0.42+0.03 12.7+£ 0.2 30+ 2 0.68+ 0.04 11.0+ 0.8 16.2+ 0.1 1000+ 51
H-GIn-Asp-Glu-Leu-NH 2.3+0.2 14+ 1 5.9+ 0.2 1.7 833+ 21
H-GIn-Lys-Arg-Leu-NH 0.08+0.02 7.0+£0.1 90+ 17 619+ 25

a Reactions were carried out at 3G. P Substrate inhibition detected.

isoDromeQC. Thus, the apparently only one dissociating shown), as was observed for human and murine QC. The
group influencing the catalytic specificity is different between inhibitory potency, however, was reduced compared to the
both enzymes. mammalian enzymes.

The different pH dependencies were also observed for Intriguingly, the binding of the imidazoles also reflects
other substrates (Figure 6). DromeQC displayed an increasedhe different pH dependencies of catalysis. While ke
specificity at pH 7 for all analyzed substrates. The specificity values remained virtually unchanged between pH 7 and pH
of isoDromeQC remained virtually unchanged. The results 8 with isoDromeQC, thé&; values dropped in the case of
substantiate the hypothesis that the drop in specificity at basicDromeQC at pH 7. This suggests a relation of the observed
pH is due to dissociating groups of the enzyme. The increasepH dependencies of inhibition and substrate specificity. In
in DromeQC specificity at pH 7 was due to decreadihg contrast, the; values of the cysteamine derivatives were
values k. remained virtually unchanged in every case (not increased at pH 7, implying different binding modes of this
shown). Therefore, the observed changes in specificity caninhibitor class. This phenomenon was already previously
be attributed to differences in substrate binding. investigated using murine QQ32).

In previous studies, it has been shown that the mammalian Summarizing, also with respect to inhibitor binding,
QCs are competitively inhibited by imidazole and cysteamine isoDromeQC appears to be more similar to the mammalian
derivatives 17, 22). Therefore, several different compounds QCs, as finally evidenced by the pH dependence and
of both inhibitory classes were analyzed in terms of their inhibitory potency of P150/03, a highly potent inhibitor of
inhibitory potency toward DromeQC and isoDromeQC human and murine QC.
activity (Table 4). As observed analyzing the substrate  Spectroscopic Characterization of Drosophila QTée
specificity, differences were also found for inhibitor binding inhibitory specificity of the QCs fronDrosophilaand the
between mammalian androsophila QC. All compounds conservation of the zinc-chelating residues between inver-
tested inhibited th®rosophilaQCs linear competitively (not  tebrate and mammalian QCs (Figure 1) implied similar
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Table 4: Inhibition Constants of Competitive Inhibitdrs

DromeQC isoDromeQC murine QC
inhibitor Ki (pH 8) (uM) Ki (pH 7) (M) Ki (pH 8) (uM) Ki (pH 7) (M) Ki (pH 8) (uM)
imidazoles
imidazole 1144 36 304+ 19 364+ 2 405+ 11 160+ 10
benzimidazole 2188 128 549+ 81 1447+ 221 671+ 38 192+ 3
1-benzylimidazole 485 13+1 19+1 17+1 6.4+ 0.7
1-methylimidazole 107 36+ 1 103+ 15 114+ 6 23+1
P150/03 3.14t 0.05 0.94+ 0.09 0.097+ 0.005 0.10%: 0.002
N-w-acetylhistamine 845 39.1+0.5 140+ 4 145+ 2
4-methylimidazole 733
cysteamines
cysteamine 56-9 301+ 10 205+ 14 827+ 23 42+ 1
N-dimethylcysteamine 7% 8 80+ 4 63+ 7 154+ 1 29+ 2
N-diethylcysteamine 935 10.9+ 0.3

@ Due to the different pH dependence of catalykisyalues were determined at pH 7 and 8. Reactions were carried out@), 2dd GIn-AMC
was applied as the assay substrate.
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signals were obtained in DromeQC and isoDromeQC
preparations. A quantification of the zinc signals revealed
relative zinc contents of 0.93 and 0.87 mol of zinc/mol of
DromeQC or isoDromeQC, respectively. In conclusion, also
the invertebrate QCs were identified as single-zinc metal-
loenzymes.

The structural homology of therosophilaQCs is further
reflected by a CD spectroscopic analysis (Figure 7A). Both
QCs generate virtually identical far-UV spectra, indicating
an identical fold of the peptide chain. Furthermore, the
prominent minimum at 220 nm and the depleted ellipticity
at 200 nm imply a dominatingt-helical content in the
proteins. The analysis of the crystal structure of human QC

* displayed about 40%:-helix and 19%jf-sheet. Thus, the
i f invertebrate QCs seem to share an identical fold to the

M/ jw/ mQC mammalian counterparts.
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DISCUSSION

Several mammalian hormones, e.g., thyrotropin-releasing
hormone, gonadotropin-releasing hormone, and gastrin,
contain an N-terminal pGlu residue. Presumably, the major
0 2 4 6 8 10 12 14 16 18 function of the pGlu residue is to provide stability against

degradation by aminopeptidases, thus prolonging the physi-
Photon Energy (keV) ological half-life of these peptides3(). For several hor-
FiGURE 7: Spectroscopic characterization of Drome and iso- MONes, a crucial role of the N-terminus for binding to the
DromeQC. (A) CD spectroscopic structure analysis of DromeQC respective receptor is describe@1). In mammals, the
(circles) and isoDromeQC (squares). For comparison, the CD formation of pGlu hormones and proteins is catalyzed by
spectrum of murine QC is depicted as a dotted trace. The proteinye enzyme glutaminyl cyclase. The presence of pyro-

was dissolved in 10 mM potassium phosphate buffer, pH 6.8. (B) ; -
Superposition of total reflection X-ray fluorescence (TXRF) spectra glutamyl peptides, preferably neuropeptides, has been also

of DromeQC, isoDromeQC, and murine QC (mQC). Protein describeq in qrthropods_and even in the mo”MYSia
concentrations were 110, 93, and 8M, respectively. Prior to strongly implying evolutionary conserved mechanisms of
analysis, the proteins were desalted by size-exclusion chromatog-pGlu peptide functions and their formatiobs( 32, 33). The
naienok assighs signals Corregponding 10 7ing. The evaiuaiion ofiS012tion of glutaminy| cyclases fronD. melanogaster
the measurements revealed equimolar zinc cdntent in all animal descrlbe_d here strongly |mp!|es evolutlgnarlly well-conserved
QCs. mechanisms of pGlu peptide formation and, presumably,
represents an effective machinery to confer hormonal activity.

structural features of the enzymes and a similar metal- The analysis of the enzymatic properties of Bresophila
dependent mode of catalysis. In order to prove &lsoso- QCs evidences also a well-conserved enzyme class between
phila QCs as metalloenzymes, the mature recombinantinvertebrates and vertebrates. In spite of the moderate
proteins were concentrated to an approximately 400 sequence identity between the DromeQCs and their mam-
concentration, desalted, and subjected to total X-ray fluo- malian counterparts, the general catalytic properties appear
rescence spectroscopic analysis (TXRF) to determine theto be well conserved. All animal QCs have been identified
specific metal content of the enzyme (Figure 7B). As as single-zinc metalloenzymes, with an essential role of the
previously observed with mammalian QCs, prominent zinc metal ion for catalysis. The mechanism of substrate recogni-

Ut .____IsoDromeQC

e . Buffer

Relative Intensity
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Secretory Pathway suggest that theseKp are due to deprotonation of the zinc-
Corazonin MLRLLLLPLFLFTLSMCMG Q... bound water molecule. In the resting state, the zinc ion is
Adipokinetic hormone MNPKSEVLIAAVLFMLLACYQC QL... coordinated to a single histidine, aspartic acid, and glutamic
Attacin-C MSKIVLLIWIVGVLGSLAVALP QR.. acid as ligands. The fourth coordination site is conjugated
to a water molecule, which can be displaced by the substrate
Mitochondrial Precursors or the imidazole-based inhibitor. Upon deprotonation of this
Acyl-CoA Dehydrogenase MAFLNKLAAPALRQLVS QS.. water molecule at basic pH, the resulting hydroxyl ion

displacement by weak ligands fails; hence, the specificity
drops. In contrast, the deprotonated thiol group of cysteamine

] . . . derivatives still enables efficient activity at basic pH due to
Ficure 8: N-Terminal protein sequences of putative QC substrates . L .
in Drosophila The secretory proteins are cotranslationally trans- _the increased nuclepphl_hcny_and may substitute f[he h_ydroxyl
located into the ER, mediated by the N-terminal signal peptide. ion at the Zn-coordination site (Table 4). A clarification of
After cleavage by the signal peptidase, a glutaminyl or glutamyl this suggestion might be provided by the crystal structure

residue is demasked that is prone to cyclization catalyzed by of an animal QC in conjunction with a cysteamine-derived
DromeQC or isoDromeQC-A. Similarly, the putative mitochondrial inhibitor

proteins display an N-terminal transit peptide sequence, which . . . e
mediates transport into the lumen of mitochondria. Protein se- 1 he differences in the catalytic specificity of DromeQC

quences were obtained from the SwissProt database (www.ex-and isoDromeQC make sense in light of their subcellular
pasy.ch), and mitochondrial transit peptide cleavage sites weredistribution: Due to the distribution of DromeQC in the
predicted using Mitoprot28, 29). acidic environment of the secretory pathway, the higher
specific activity at acidic pH compared to isoDromeQC and
tion, i.e., the preference for hydrophobic amino acids adjacentthe lower pH optimum appear conceivable. In contrast,
to the N-terminal glutamine residue, the repulsion of conversion of the substrates of isoDromeQC in mitochondrial
negatively charged substrates, and the requirement of anumen takes place at neutral to mildly basic pH, thus in the
unprotonated substrate amino group have been observed wittoptimal pH region for isoDromeQC. The secretion signal at
the mammalian and tHBrosophilaQCs, suggesting similar  the N-terminus makes DromeQC and isoDromeQC(A) to be
conditions in the active sites. likely catalysts of pGlu hormone maturationDrosophila.
Completely novel is, however, the identification and As described previously for the mammalian QCs, proteolytic

isolation of isoforms of QC imrosophila Interestingly, both demasking of an N-terminal glutaminyl residue in the ER

. . : or Golgi must precede the pyroglutamyl formation (Figure
D_ro_sophllaQCs _dlffer from the mammalian enzymes (o a 8). However, physiological substrates of isoDromeQC(B) are
similar extent (Figure 1), which does actually not reveal a

: ) : . still unknown. A first database mining uncovered two human
clear evolutionary relationship of the mammalian QCs and

f th from hila Th . mitochondrial proteins putatively containing an N-terminal
one of the counterparts frodrosophila The enzymatic G, residue, aconitase, and thechain of ATP synthase.
analysis, however, revealed subtle differences between thegimilar to the processing of the substrates in the secretory

DromeQCs. At first, the pH dependence of the enzymatic pathway, a N-terminal glutaminyl residue is proteolytically
specificity differs between DromeQC and isoDromeQC. generated by cleavage of the mitochondrial transit peptide,
While DromeQC shows a very narrow pH dependence with \yhich is followed by cyclization. The role of the pGlu
an optimum near pH 7.0, isoDromeQC resembles the pH modification in the mitochondrial proteins is completely
characteristic of the mammalian QCs, displaying an optimum unknown and will be the subject of further investigations;
at mildly basic pH. The differences could be explained by a however, the data might raise the possibility that it is
different K, of one of the enzymic groups influencing the conserved in arthropods and mammals.

specificity constank../Ku, thus suggesting differences in Concluding, the isolation and characterization of the QCs
the micromilleu of the active sites. A second hint, which from Drosophilaprovide evidence that (a) the pGlu peptide
tempts us to speculate that isoDromeQC is evolutionary moreformation in the animal kingdom is generally catalyzed by
related to the mammalian QCs, is provided by the pH metalloenzymes, which is in contrast to the pGlu formation
dependence of the inhibitory specificity. While the potency in plants 84), and (b) isoforms of glutaminyl cyclase are
of imidazole-derived inhibitors was increased at pH 7.0 with formed, at least in arthropods, which was proven for the first
DromeQC, virtually unchanges values were observed with  time. Finally, the subcellular distribution of QC activity to
isoDromeQC, which is in correspondence to the mammalian mitochondria supports yet undiscovered functions of the pGlu
enzymes. Finally, a potent inhibitor of human QC, P150/03 maodifications in this cellular compartment. Deeper insights
(Ki = 60 nM), displayed a similar potency against iso- into the role of the glutaminyl cyclase in mitochondria can
DromeQC but a drop of potency of-R orders of magnitude  be obtained by isolation and characterizatiobodsophila
interacting with DromeQC, suggesting differences in the knockout flies of the genes CG5976 and CG32412.
isg}:(gg?}zry interaction modes of the inhibitor and both QC ACKNOWLEDGMENT
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