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ABSTRACT: Murine glutaminyl cyclase (mQC) was identified in the insulinoma cell lineâ-TC 3 by
determination of enzymatic activity and RT-PCR. The cloned cDNA was expressed in the secretory pathway
of the methylotrophic yeastPichia pastorisand purified after fermentation using a new three-step protocol.
mQC converted a set of various substrates with very similar specificity to human QC, indicating a virtually
identical catalytic competence. Furthermore, mQC was competitively inhibited by imidazole derivatives.
A screen of thiol reagents revealed cysteamine as a competitive inhibitor of mQC bearing aKi value of
42 (2 µM. Substitution of the thiol or the amino group resulted in a drastic loss of inhibitory potency.
The pH dependence of catalysis and inhibition support that an uncharged nitrogen of the inhibitors and
the substrate is necessary in order to bind to the active site of the enzyme. In contrast to imidazole and
cysteamine, the heterocyclic chelators 1,10-phenanthroline, 2,6-dipicolinic acid, and 8-hydroxyquinoline
inactivated mQC in a time-dependent manner. In addition, citric acid inactivated the enzyme at pH 5.5.
Inhibition by citrate was abolished in the presence of zinc ions. A determination of the metal content by
total reflection X-ray fluorescence spectrometry and atomic absorption spectroscopy in mQC revealed
stoichiometric amounts of zinc bound to the protein. Metal ion depletion appeared to have no significant
effect on protein structure as shown by fluorescence spectroscopy, suggesting a catalytic role of zinc. The
results demonstrate that mQC and probably all animal QCs are zinc-dependent catalysts. Apparently,
during evolution from an ancestral protease, a switch occurred in the catalytic mechanism which is mainly
based on a loss of one metal binding site.

Several bioactive hormones, e.g., thyrotropin-releasing
hormone (TRH) or gastrin, possess an N-terminal pyro-
glutamic acid residue, which is generated from glutamine
during prohormone maturation (1-3). Glutaminyl cyclases
(QCs) have been identified to catalyze the cyclization of
N-terminal glutaminyl residues in plants and animals (4-
6). However, recent results suggest that these enzymes are
also capable of catalyzing the cyclization of N-terminal
glutamic acid, liberating a water molecule instead of am-
monia (7). In the last years, analysis of amyloidotic peptides
deposited in familial British dementia, familial Danish
dementia, and Alzheimer’s disease revealed that these
peptides bear pGlu in a considerable amount, likely influenc-
ing the degradation and neurotoxicity of these peptides (8-
10). In contrast to the peptide hormones, however, glutamic
acid precedes pGlu formation at the N-terminus of these
amyloidotic peptides. It was assumed that cyclization of
glutamic acid is a spontaneous process (11). The specificity
of human QC, however, raises the possibility that pGlu-
amyloid peptides are generated by enzymatic catalysis (7).

The first tissue distribution studies of mammalian QCs
revealed that they are mainly expressed in brain and some
peripheral glands, e.g., thyroid and thymus (12, 13). It is
expected that the enzyme is directed to the regulated
secretory pathway of the expressing cells where the hormone
maturation process takes place (13, 14). Upon stimulation,
QCs appear to be secreted from the cells together with the
mature hormones (15).

QCs from bovine and human sources are the only
mammalian enzymes that were isolated so far. The open
reading frames of both enzymes consist of 361 amino acids
with an overall sequence identity of about 90%. The mature
proteins are glycosylated and exhibit a molecular mass of
about 40 kDa (13, 16, 17). Human QC has been shown to
be highly specific for theL-configuration of glutamine in
the N-terminal amino acid position. Free glutamine was not
converted. Other restrictions, however, were not observed,
implying that the enzyme is responsible for N-terminal
conversion of the very heterogeneous group of pGlu hor-
mones (18). Initial mechanistic studies on human QC pointed
to an involvement of histidinyl residues in the binding and
conversion of the substrate as indicated by diethyl pyrocar-
bonate inhibition and site-directed mutagenesis (19). Later
evidence showed that mammalian QCs are structurally related
to zinc-dependent aminopeptidases and that the residues for
complexation of the active site metal ions are also conserved
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in human QC (20, 21). Furthermore, the metal chelators 1,-
10-phenanthroline, dipicolinic acid, and imidazole inhibited
human QC, implying a metal-dependent catalysis of the
enzyme (20). Other potential complexing inhibitors, such as
EDTA, peptide thiols, or butaneboronic acid, which inactivate
the related aminopeptidases of the clan MH, appeared to be
inactive on human QC. In addition, initial attempts to
determine the metal content in QC resulted in less than
stoichiometric amounts of zinc bound to the enzyme (21).

Due to these apparent discrepancies, it was the aim of the
present study to isolate mQC1 in order to gain further insight
into general characteristics of the mammalian QCs. Further-
more, the scope of the study focused on the clarification,
whether mammalian QCs are metal-dependent catalysts.
Answering this question might give a basic picture of the
mechanistic background of mammalian QC catalysis.

EXPERIMENTAL PROCEDURES

Materials.TheEscherichia colistrain DH5R was applied
for all plasmid constructions and propagation.Pichia pastoris
strain X33 (AOX1, AOX2) was used for the expression of
mQC. Yeast was grown, transformed, and analyzed according
to the manufacturer’s instructions (Invitrogen). Glutaminyl
peptides were obtained from Bachem (Bubendorf, Switzer-
land) or synthesized as described in another study (18).
Streamline SP XL and butyl-Sepharose 4 Fast Flow were
obtained from Pharmacia Biotech (Uppsala, Sweden). Py-
roglutamyl aminopeptidase fromBacillus amyloliqefaciens
was purchased from Qiagen (Hilden, Germany). Imidazole
and cysteamine derivatives were from Acros and Sigma. All
other materials used were of analytical grade.

Cloning Procedures.The primers for isolation of the open
reading frame of mQC were designed using PubMed nu-
cleotide entry AK017598, encoding the putative mQC. The
primer sequences were as follows: sense, 5′ ATATGCAT-
GCATGGCAGGCAGCGAAGACAAGC; antisense, 5′-AT-
ATAAGCTTTTACAAGTGAAGATATTCCAACACAAA-
GAC. Total RNA was isolated from murine insulinoma cell
line â-TC 3 cells using the RNeasy mini kit (Qiagen) and
reversely transcribed by SuperScriptII (Invitrogen). Subse-
quently, mQC cDNA was amplified on a 1:12.5 dilution of
generated product in a 50µL reaction with Herculase
enhanced DNA polymerase (Stratagene), inserted into the
PCR Script CAM cloning vector (Stratagene) and verified
by sequencing. The cDNA fragment encoding the mature
mQC was amplified using the primers 5′ ATACTC-
GAGAAAAGAGCCTGGACGCAGGAGAAG (XhoI, sense)
and 5′ ATATCTAGATTACAAGTGAAGATATTCCAAC
(XbaI, antisense). The digested fragment was ligated into
the vector pPICZRB, propagated inE. coli and verified by
sequencing of the sense and antisense strand. Finally, the
expression plasmid was linearized usingPmeI, precipitated,
and stored at-20 °C.

Transformation of P. pastoris and Miniscale Expression.
Plasmid DNA (1-2 µg) was applied for transformation of
competentP. pastoriscells by electroporation according to
the manufacturer’s instructions (Bio-Rad). Selection was

done on plates containing 100µg/mL zeocin. To test the
recombinant yeast clones upon mQC expression, recombi-
nants were grown for 24 h in 10 mL conical tubes containing
2 mL of BMGY. Afterward, the yeast was centrifuged and
resuspended in 2 mL of BMMY containing 0.5% methanol.
This concentration was maintained by addition of methanol
every 24 h for about 72 h. Subsequently, QC activity in the
supernatant was determined. Clones that displayed the highest
activity were chosen for further experiments and fermenta-
tion.

Large-Scale Expression and Purification.The expression
of mQC was performed in a 5 Lreactor (Biostad B; B. Braun
Biotech, Melsungen, Germany), essentially as described
elsewhere (17). Briefly, fermentation was carried out in basal
salt medium supplemented with trace salts at pH 5.5. Initially,
biomass was accumulated in a batch and a fed batch phase
with glycerol as the sole carbon source for about 28 h.
Expression of mQC was initiated by methanol feeding
according to a three-step profile recommended by Invitrogen
for an entire fermentation time of approximately 65 h.
Subsequently, cells and turbidity were removed from the
mQC-containing supernatant by two sequential centrifugation
steps at 6000g and 38000g for 15 min and 4 h, respectively.
For purification, the fermentation broth was diluted with
water to a conductivity of about 5 mS/cm and applied in
reversed flow direction (15 mL/min) onto a Streamline SP
XL column (2.5 × 100 cm), equilibrated with 0.05 M
phosphate buffer, pH 6.4. After a washing step in reversed
flow direction with equilibration buffer for 2 column
volumes, proteins were eluted at a flow rate of 8 mL/min
using 0.15 M Tris-HCl buffer, pH 7.6, containing 1.5 M NaCl
in forward direction. QC-containing fractions were pooled,
and ammonium sulfate was added to a final concentration
of 1 M. The resulting solution was applied onto a butyl-
Sepharose FF column (1.6× 13 cm) at a flow rate of 4 mL/
min. Bound mQC was washed with 0.05 M phosphate buffer,
pH 6.8, containing 0.75 M ammonium sulfate for 5 column
volumes and eluted in reversed flow direction with 0.05 M
phosphate buffer, pH 6.8. The fractions containing mQC
were pooled and desalted overnight by dialysis against 0.025
M Tris-HCl, pH 7.5. Afterward, the pH was adjusted to 8.0
by addition of NaOH and applied (4.0 mL/min) onto an Uno
Q column (Bio-Rad), equilibrated with 0.02 M Tris-HCl, pH
8.1. After a washing step using equilibration buffer, mQC
was eluted using the same buffer containing 0.18 M NaCl.
Fractions exhibiting QC activity were pooled, and the pH
was adjusted to 7.4 by addition of 1 M Bis-Tris buffer, pH
6.0. mQC was stable at 4°C for up to 1 month. For long-
term storage at-20 °C, 50% glycerol was added.

Enzyme Assays and Analysis.For determination of mQC
during the expression and purification, activity was evaluated
using H-Gln-âNA at 30 °C, essentially as described (22).
Briefly, the samples consisted of 0.2 mM fluorogenic
substrate, 0.1 unit of pyroglutamyl aminopeptidase in 0.05
M Tris-HCl, pH 8.0, and an appropriately diluted aliquot of
QC in a final volume of 250µL. The excitation/emission
wavelength was 320/405 nm. The assay reactions were
initiated by addition of QC. One unit is defined as the amount
of QC catalyzing the formation of 1.0µmol of pGlu-âNA
from H-Gln-âNA per minute under the described conditions.
In the fermentation broth, little interfering aminopeptidatic
activity was observed sometimes, depending on the fermen-

1 Abbreviations: AAS, atomic absorption spectroscopy; GdmCl,
guanidinium chloride; ICP-MS, inductively coupled plasma mass
spectrometry; H-Gln-AMC,L-glutaminyl-4-methylcoumarinylamide;
H-Gln-âNA, L-glutaminyl-2-naphthylamide; mQC, murine glutaminyl
cyclase; TXRF, total reflection X-ray fluorescence spectrometry.
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tation process. Unspecific cleavage of the QC substrate was
determined by omitting the auxiliary enzyme. If necessary,
the unspecific cleavage was subtracted from QC activity.

For inhibitor testing, the sample composition was the same
as described above, except for the added putative inhibitory
compound. Due to the pronounced substrate inhibition by
Gln-âNA, inhibitory constants were determined using H-Gln-
AMC at a concentration range between 0.25 and 4KM. The
excitation/emission wavelength was adjusted to 380/460 nm.
In contrast to H-Gln-âNA, substrate inhibition by H-Gln-
AMC is negligible in the substrate concentration range
applied and therefore does not interfere with the kinetic
evaluation. The fluorometric assay using H-Gln-AMC was
also applied to investigate the pH dependence of the catalytic
parameters and inhibitory constants. In these studies, how-
ever, the reaction buffer consisted of 0.075 M acetic acid,
0.075 M Mes, and 0.15 M Tris-HCl, adjusted to the desired
pH using HCl or NaOH. This buffer provides a constant ionic
strength over a very broad pH range (23). Evaluation of the
acquired enzyme kinetic data was performed using the
equations:

in which the left expression denotes the pH-dependent
(observed) kinetic parameters. The parameters denoted with
limit stand for the pH-independent (“limiting”) values.KHS,
KHI, KE1, andKE2 denote the dissociation constants of the
substrate amino group, the basic nitrogen of the imidazole-
based inhibitor, and two dissociating groups of the enzyme,
respectively. The data of the pH dependencies of the mQC
inhibition by cysteamine derivatives were analyzed by
assuming one dissociating group. The measurements were
performed with a Novostar (BMG Labtechnologies, Ger-
many) or a SpectraFluor Plus (TECAN, Switzerland) reader
for microplates.

For investigation of the substrate specificity, mQC activity
was studied spectrophotometrically utilizing glutamic dehy-
drogenase as the auxiliary enzyme (18). In contrast to the
fluorometric assays, a variety of substrates can be analyzed
because of the conversion of ammonia in the coupled
reaction. Samples consisted of varying concentrations of the
QC substrate (0.25-10 KM), 0.3 mM NADH, 14 mM
R-ketoglutaric acid, and 30 units/mL glutamic dehydrogenase
in a final volume of 250µL. The reaction buffer was 0.05
M Tris-HCl, pH 8.0. Reactions were started by addition of
QC and pursued by monitoring of the decrease in absorbance
at 340 nm for 8-15 min. The initial velocities were
evaluated, and the enzymatic activity was determined from
a standard curve of ammonia obtained under assay condi-

tions. All samples were measured at 30°C, using the Sunrise
reader for microplates (TECAN, Switzerland).

Pyroglutamyl aminopeptidase was assayed as described
elsewhere (24). All kinetic data were evaluated using GraFit
software (version 5.0.4 for Windows; Erithacus Software
Ltd., Horley, U.K.).

The titrimetric determination of the pKa values of the
amino groups of dimethylcysteamine and cysteamine was
carried out at 30°C using a DL50 Graphix titrator (Mettler-
Toledo, Giessen, Germany). Six independent determinations
were conducted in order to determine each pKa value.

mQC InactiVation/ReactiVation. Murine QC was inacti-
vated by addition of 2 mM 8-hydroxyquinoline in 50 mM
Tris-HCl, pH 8.0 (final mQC concentration 50µg/mL).
Afterward, the sample was dialyzed against four changes
[1000-fold excess (v/v), three cycles for 2 h, last cycle
overnight] of 0.1 M Bis-Tris, pH 6.8, containing 1 mM
EDTA. As controls, native enzyme samples were treated in
the same way, except for addition of 8-hydroxyquinoline
(control+ EDTA) and additionally by omitting 8-hydroxy-
quinoline and EDTA in the dialysis buffer (control-
EDTA). Addition of EDTA was necessary to avoid reactiva-
tion of the mQC during dialysis by traces of metal ions
present in the buffer.

Reactivation experiments were performed at room tem-
perature using Zn2+, Mn2+, Ni2+, Ca2+, and Co2+ ions at final
concentrations of 1 mM in 0.1 M Bis-Tris, pH 6.8. A sample
of dialyzed QC was added to the respective metal (1/1 v/v)
and diluted 10-fold in 0.05 M Tris-HCl, pH 8.0, containing
1 mM EDTA, and the QC activity was determined.

TXRF and AAS Measurements.After purification of mQC
as described before, mQC was desalted by size-exclusion
chromatography using a Sephadex G-25 fast desalting
column (1.0× 10 cm) which was preequilibrated in 10 mM
Tris-HCl, pH 7.6. The QC-containing fractions were col-
lected, the protein was concentrated to 3 mg/mL by ultra-
filtration, and the metal content was analyzed. The elution
buffer was used as a background control. Element analysis
was performed using TXRF. The method offers excellent
performance for the simultaneous quantitative determination
of the multielement composition (for elements with atomic
numberZ g 14) of microsamples (25). An Extra II TXRF
module containing molybdenum and tungsten primary X-ray
sources (Seifert, Ahrensburg, Germany) connected to a Link
QX 2000 detector/analyzed device (Oxford Instruments, New
Wycombe, U.K.) was used. The X-ray sources were operated
at 50 kV and 38 mA. Like all X-ray techniques, TXRF works
basically without sample consumption.

Five microliters of undiluted sample solution or control
buffer was applied onto the TXRF quartz glass sample
support and dried under IR radiation. Afterward, 5µL of
diluted Se aqueous standard solution (internal standard,
Aldrich) was added to each sample and dried again. The
signals of X-ray fluorescence were allowed to be collected
in 100 s. In the case of scarce sample amounts, only a single
preparation was analyzed by TXRF in some cases; otherwise,
three replicates were used.

With a view toward validation of the results, an indepen-
dent method was chosen to corroborate the Zn values
obtained by TXRF in the samples as well as in the buffer.
A state of the art Z-8000 FAAS device (Hitachi, Japan) was
used for this purpose. Zn analyses were performed with

kcat(pH) ) kcat(limit) (1)

KM(pH) ) KM(limit)(1 + [H+]/KHS + KE1/[H
+] +

KE1/[H
+]KE2/[H

+]) (2)

kcat/KM(pH) ) kcat/KM(limit)[1/(1 + [H+]/KHS +

KE1/[H
+] + KE1/[H

+]KE2/[H
+])] (3)

Ki(pH) ) Ki(limit)(1 + [H+]/KHI + KE1/[H
+] +

KE1/[H
+]KE2/[H

+]) (4)
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standard parameters using a set of aqueous standard solutions
for calibration.

RESULTS

Cloning and Expression of mQC.The murine insulinoma
cell line â-TC 3 was identified to express mQC by deter-
mination of enzymatic activity and by RT-PCR using primers
derived from a putative mQC cDNA which was deposited
in the nucleotide database as entry AK017598 (not shown).
Subsequently, a cDNA encoding the mature mQC was cloned
into pPICZRB. Due to cloning, the signal peptide of murine
QC was exchanged by the vector-encodedR-leader of
Saccharomyces cereVisiae which has been shown to direct
heterologous proteins efficiently into the secretory pathway
of yeast.P. pastoriscells were transformed with the plasmid
construct, and the medium was checked on QC activity after
growing the cells on methanol. The best expressing clones
were subjected to fermentation in a 5 L reactor. For
purification, a three-step protocol was established consisting
of an initial expanded bed adsorption on a cation-exchange
resin, followed by a hydrophobic interaction chromatography
and a final anion-exchange chromatography step. The
purification process after a typical fermentation is described
in Table 1. Usually, 10-20 mg of mQC was isolated after
fermentation, corresponding to a yield of about 10%. Fairly
homogeneous mQC was obtained after purification, as shown
by SDS-PAGE analysis (Figure 1). Protein identity was also
characterized by N-terminal sequencing and MALDI-TOF
analysis (not shown). Deglycosylation of the protein using
endoglycosidase H resulted in a shift of the mQC band in
SDS-PAGE corresponding to a mass of about 2 kDa,
indicating the mQC is a glycoprotein (not shown).

Substrate and Inhibitor Specificity.Recently, the substrate
specificity of human QC was characterized in detail (18).
For comparison, the kinetic parameters of conversion of some
of these substrates by mQC were also determined (Table 2).
The specificity constants for most of the substrates were
somewhat lower compared to human QC. These differences
are mainly based on higherKM values; the turnover rates
were virtually identical to human QC (18, 20), indicating
little differences in substrate binding. As previously observed
for human QC (18), low specificities were found for
dipeptides, especially if they possess small or negatively
charged residues in the second amino acid position as, e.g.,
seen for H-Gln-Gly-OH or H-Gln-Glu-OH. For longer
peptides, a slight increase in specificity could be observed.
Highest specificities were found for peptides with large
hydrophobic residues in the second amino acid position or
for dipeptide surrogates.

Imidazole derivatives inhibited the mQC catalysis in a
competitive manner (not shown). TheKi values for four
inhibitors were analyzed (Table 2). As was previously
observed for inhibition of human QC, 1-substituents in-

Table 1: Purification Scheme of Recombinant Murine QC (mQC)
Following Expression inP. pastoris

purification step
protein
(mg)

QC
activity
(units)

specific
QC activity
(units/mg)

yield
(%)

fermentation broth 2358 837 0.4 100
cation-exchange

chromatography
45 231 5.1 27

hydrophobic interaction
chromatography

23.7 156 6.6 19

anion-exchange
chromatography

7.5 84 11.2 10

Table 2: Kinetic Parameters of Substrate Conversion and Inhibition of QCa

murine QC human QCb

compound KM (mM) kcat (s-1) Ki (mM) kcat/KM (mM-1 s-1) kcat/KM (mM-1 s-1) Ki (mM)

substrates
H-Gln-AMC 0.048( 0.003 6.0( 0.2 5.9( 0. 7d 125( 4 98( 2 ndc

H-Gln-âNA 0.040( 0.004 22( 1 1.77( 0.18d 550( 30 294( 6 1.21( 0.07d

H-Gln-Gly-OH 0.41( 0.03 12.4( 0.2 30( 2 53( 1
H-Gln-Ala-OH 0.4( 0.02 42( 1 105( 3 247( 4 -
H-Gln-Gln-OH 0.15( 0.01 32( 1 213( 8 140( 2
H-Gln-Glu-OH 0.8( 0.06 29( 1 36( 1 58( 1
H-Gln-Gly-Pro-OH 0.17( 0.01 21.6( 0.2 127( 6 195( 7
H-Gln-Trp-Ala-NH2 0.072( 0.005 41( 1 569( 26 940( 24
H-Gln-Arg-Gly-Ile-NH2 0.32( 0.02 34( 1 106( 4 234( 4
H-Gln-Asn-Gly-Ile-NH2 0.36( 0.03 68( 2 189( 10 329( 7
H-Gln-Thr-Gly-Ile-NH2 0.16( 0.02 23( 1 144( 12 nd

inhibitors
imidazole 0.16( 0.01 0.103( 0.004
benzimidazole 0.192( 0.003 0.138( 0.005
methylimidazole 0.023( 0.001 0.030( 0.001
benzylimidazole 0.0064( 0.0007 0.0071( 0.0003

a Reactions were carried out in 0.05 M Tris-HCl, pH 8.0, at 30°C. b Data from refs18 and20. c nd, not determined.d Substrate inhibition.

FIGURE 1: SDS-PAGE analysis of the chromatographic steps used
to purify murine QC (mQC). Lanes: 1, molecular mass standards
(kDa); 2, fermentation broth after centrifugation; 3, the QC-
containing fraction after expanded bed adsorption on a cation-
exchange resin; 4, purified mQC after hydrophobic interaction
chromatography; 5, purified mQC after anion-exchange chroma-
tography; 6, molecular mass standards. Proteins were visualized
by Coomassie staining.
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creased the inhibitory potency of imidazole. For the core
structures imidazole and benzimidazole, the determinedKi

values were slightly higher as compared to human QC. Two
1-substituted imidazole derivatives, methylimidazole and
benzylimidazole, however, showed similar inhibitory potency
against both enzymes.

The only little differences in selectivity of mQC for various
substrates and the imidazole-based competitive inhibitors
compared to human QC reflect the high degree of sequential
and hence structural conservation of mammalian QCs.

Inhibition by Chelators.The inhibition of porcine QC by
the heterocyclic chelator 1,10-phenanthroline was reported
already in one of the first studies on QC (1). Recently, we
performed an extended study on the inhibitory specificity
of human QC (20). Besides 1,10-phenanthroline, also dipi-
colinic acid inhibited the QC catalysis in a time-dependent
manner. EDTA, however, did not inactivate the enzyme even
at concentrations above 20 mM. These findings were also
corroborated with mQC (not shown). Additionally, we tested
another heterocyclic chelator, 8-hydroxyquinoline, as inhibi-
tor of mQC catalysis. As was observed for the other
inhibitory active heterocyclics, addition of 8-hydroxyquino-
line to the QC assay resulted in time-dependent inhibition
of substrate conversion (Figure 2A). Due to treatment of the
enzyme with the chelator, it was possible to isolate inactive
mQC after dialysis against buffer containing 1.0 mM EDTA.
The isolated enzyme could be fully reactivated by addition
of ZnSO4. Significant reactivation was also observed with
cobalt and nickel ions (Figure 2B). Addition of EDTA during
dialysis was necessary in order to avoid a reactivation of
the enzyme by transition metals present in the buffer
solutions. EDTA had no influence on QC activity during
dialysis (Figure 2B).

Inactivation of mQC was also observed by incubation in
citrate buffer at pH 5.5 (Figure 2C). In contrast, at neutral
pH, mQC activity was fairly stable during the time of
incubation. Furthermore, inactivation by citric acid could be
prevented by addition of ZnSO4, indicating an inhibition due
to release of zinc from mQC.

Inhibition by Cysteamine DeriVatiVes. The only potent
competitive inhibitors of QC known thus far base on an
imidazole or imidazole-related core structure. The putatively
related bacterial aminopeptidases are inhibited competitively
by peptide thiols (26). An inhibition of human QC by one
of these compounds, however, could not be detected (20).
In contrast, a screening run of several thiols available
revealed a potent competitive inhibition of mQC by cys-
teamine, exhibiting aKi value of 42( 2 µM. The plot of
the slopes obtained from the Lineweaver-Burk evaluation
was strictly linear, effectively ruling out mixed-type inhibi-
tion (Figure 3). An initial investigation of structurally related
compounds revealed a necessity of both amino and thiol
group for potent inhibition (Table 3). Modification of the
thiol group resulted in a drastic drop of inhibitory potency
as shown for ethylenediamine and ethanolamine. In addition,
the amino group of cysteamine plays a crucial role for
inhibitor binding. However, its modification did not lead to
a complete loss of inhibition, as indicated by mercaptoethanol
or ethylmercaptan.

Interestingly, N-alkylation appears to be beneficial for
binding as revealed by the potent inhibition of mQC by
dimethyl- and diethylcysteamine (Table 3).

pH Dependence of Catalysis and Inhibition.On the basis
of the continuous coupled QC assays we described previously
(22), the first detailed pH dependence study for conversion

FIGURE 2: Influence of chelating agents and metal ions on mQC
activity. (A) Time-dependent inhibition of mQC by 8-hydroxy-
quinoline. mQC activity was determined at 30°C using H-Gln-
AMC in 0.05 M Tris-HCl, pH 8.0. Varying concentrations of the
chelator were added to mQC, and activity was determined im-
mediately (dotted trace) or after 15 min of incubation (continuous
trace). (B) Reactivation of mQC with divalent metals. Prior to
reactivation, mQC was inactivated to a residual activity of 1-2%
by addition of 1 mM 8-hydroxyquinoline in 0.05 M sodium
phosphate, pH 7.5. Subsequently, the enzyme was subjected to
dialysis against 0.05 M Bis-Tris, pH 6.8, containing 1 mM EDTA.
Reactivation of mQC was investigated by addition of a 2 mMstock
solution of different metal ions to the inactivated enzyme (dilution,
1:2 v/v). Controls are given by enzyme samples that were not
inactivated but also dialyzed against EDTA solution as the
inactivated enzyme (+EDTA) and by enzyme samples that were
dialyzed against buffer solutions without adding EDTA (-EDTA).
(C) Inactivation of mQC by citric acid. mQC was incubated in 0.15
M sodium citrate buffer at pH 5.5 (circles). At the indicated times,
enzyme samples were removed, and the QC activity was determined
using H-Gln-AMC in 0.05 M Tris-HCl, pH 8.0, containing 1.0 mM
EDTA. EDTA was added to the reaction buffer in order to avoid
a rapid reactivation of mQC by traces of zinc present in buffer
solutions. Inactivation of mQC by citrate could be halted by addition
of 100 µM ZnSO4 during incubation (squares). Also, incubation
of mQC in 0.05 M Bis-Tris, pH 6.8, for the same time did not
result in significant inactivation (triangles).
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of H-Gln-AMC by a mammalian QC was performed using
mQC (Figure 4A-C). Prior to analysis, we examined the
pH-dependent stability of mQC and the auxiliary enzyme
pyroglutamyl aminopeptidase. Both enzymes were stable in
the pH range between 5.5 and 9.0 for 30 min at 30°C (not
shown). At pH values below or above, mQC was inactivated
rapidly. By addition of 20µM ZnSO4, denaturation in the
acidic range could be partially prevented. However, we
detected an inhibition of the auxiliary enzyme by trace

amounts of zinc. Therefore, the range of analysis was limited
to pH 5.5-9.0.

As shown in Figure 4A, the turnover number of mQC was
virtually unchanged in the pH range of analysis. A slight
decrease ofkcat was observed in the basic region, which might
imply a decrease ofkcat due to deprotonation of an essential
group of the enzyme or a change in the rate-determining

FIGURE 3: Lineweaver-Burk plot for mQC-catalyzed cyclization
of H-Gln-AMC in the presence of various concentrations of
cysteamine between 0.0625 and 1.0 mM. The inset shows a plot
of the determined slope versus the inhibitor concentrations. The
reactions were carried out in 0.05 M Tris-HCl, pH 8.0, at 30°C.

Table 3: Inhibition of mQC by Cysteamine Derivatives and
Derived Compoundsa,b

a Reactions were carried out in 0.05 M Tris-HCl, pH 8.0, at 30°C.
b ni, no inhibition detected at [S]) KM and [I] ) 10 mM; nd, not
determined.c 60% residual mQC activity at [S]) 4KM and [I] ) 10
mM.

FIGURE 4: pH dependence of the kinetic parameters for the mQC-
catalyzed cyclization of H-Gln-AMC and for the inhibition of this
cyclization by three competitive inhibitors. (A) pH dependence of
kcat. Data points are well described by the assumption of pH
independence. (B) pH dependence ofKM. The theoretical curve
was calculated using eq 2, with pKHS ) 6.83, pKE1 ) 8.9, pKE2 )
8.1, andKM(limit) ) 0.047 mM. (C) pH dependence ofkcat/KM.
The theoretical curve was calculated using eq 3 with the same values
used for the constants as in the theoretical curve of (B) andkcat/
KM(limit) ) 123 mM-1 s-1. (D) pH dependence ofKi for the
inhibitors 1-methylimidazole (circles), cysteamine (triangles), and
N,N-dimethylcysteamine (squares). The theoretical curve for 1-me-
thylimidazole was calculated using eq 4, with pKHI ) 7.05, pKE1
) 8.9, pKE2 ) 8.1, andKi(limit) ) 0.015 mM. The pH dependencies
of inhibition by the cysteamine derivatives were fitted according
to single dissociation curves. Fitting results were pKa ) 8.7 ( 0.1
andKi(limit) ) 0.006( 0.001 mM for cysteamine and pKa ) 8.00
( 0.03 andKi(limit) ) 0.0104( 0.0004 mM forN,N-dimethyl-
cysteamine.
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step of catalysis. However, the small number of data points
collected in this pH range prevented a reliable determination
of the corresponding putative dissociation constant. Because
of the independence ofkcat on pH, the shapes of the curves
of the kinetic parametersKM andkcat/KM are characterized
by the same dissociation constants in the pH range between
5.5 and 9.0 (Figure 4B,C). In the acidic range, the slopes of
both curves indicate dependence of substrate binding on the
unprotonated substrate H-Gln-AMC as suggested by the
dissociation constant of 6.85, which is in good agreement
with the pKa of the substrate amino group [6.83(0.01 (20)].
In the basic range above pH>8.25, KM increases (Figure
4B). The inflections of the curve can be interpreted by
deprotonation of two dissociating groups of the enzyme
possessing pKa values of 8.1 and 8.9.

Interestingly, the pH dependence of inhibition by cys-
teamine, dimethylcysteamine, and 1-methylimidazole showed
conspicuous differences (Figure 4D). While the pH depend-
encies in the acidic range for all inhibitors tested show one
inflection of a corresponding pKa value that is close to the
respective pKa of the unprotonated nitrogen, only 1-meth-
ylimidazole causes a pH-dependent increase of theKi value
in the basic pH region. Apparently, imidazole derivatives
interact with the active site of mQC in a different manner
than cysteamine and its derivatives.

Determination of the Metal Content of mQC.The time
dependency of the inactivation of mQC by different chelators
and the efficient reactivation of the apoenzyme by zinc ions
suggest the necessity of bound zinc for the catalysis of the
enzyme. The stoichiometry of zinc binding by QC, however,
is not addressed by these experiments. Therefore, we used
mQC purified from several fermentations and analyzed the
enzyme samples using TXRF. This method offers the chance
to analyze complex mixtures in parallel, requiring only
minute quantities of sample.

Several elements were detected in the enzyme samples.
Some of these are originally contained in the buffer used,
e.g., Cl, K, Ca, Fe, and Br. They do not differ significantly
in their concentrations in the controls as well as in the
enzyme samples. In addition to these elements, some traces
of the elements Ni and Cu and appreciable amounts of S
and Zn could be detected in mQC-containing samples (Figure
5). In contrast, the elution buffer control did not display a
zinc signal at all. Quantification of the zinc content of three
independent enzyme samples resulted in a zinc content of
0.94 ( 0.09 mol of zinc/mol of enzyme. This result was
entirely corroborated by the parallel determination of the
samples using AAS, yielding 0.9( 0.1 mol of zinc/mol of
mQC (not shown).

Influence of Zinc Release on the Protein Structure.To
investigate the influence of zinc release on the structure of
mQC, fluorescence spectra of the enzyme were recorded. In
the presence of 300µM heterocyclic chelator 2,6-dipicolinic
acid, mQC was inactivated to a residual activity of 3% at
pH 7.2 (Figure 6A). The same experimental conditions were
applied for an investigation of putative structural changes
caused by the release of the metal ion by dipicolinic acid.
During the time of inactivation, fluorescence emission spectra
were recorded after excitation at 295 nm (Figure 6B).
Interestingly, mQC inactivation appears to be accompanied
only by little structural changes, as indicated by a slight
decrease in fluorescence intensity after 2 h of incubation.

Furthermore, the fluorescence emission maximum remained
unchanged at 340 nm, indicating that the environment of
the tryptophanyl residues did not change significantly upon

FIGURE 5: Superposition of total reflection X-ray fluorescence
(TXRF) spectra of a mQC preparation and of elution buffer. mQC
was purified as shown in Figure 1 and desalted by size-exclusion
chromatography. The elution buffer (10 mM Tris-HCl, pH 7.6) is
shown as a background control. The evaluation of the measurements
reveals equimolar amounts of zinc bound to the enzyme.

FIGURE 6: Influence of zinc depletion on mQC structure. (A) mQC
was inactivated using 300µM dipicolinic acid in 50 mM Mops
buffer and 300 mM NaCl, pH 7.2 (squares). At the times indicated,
residual activity was determined using H-Gln-âNA in 50 mM Tris-
HCl, pH 8.0, containing 1 mM EDTA under standard conditions.
Residual activity dropped to 3% after 2 h of incubation. mQC was
stable in the absence of the chelating agent (circles). (B) Fluores-
cence emission spectra of mQC (0.2µM) after excitation at 295
nm. The protein was dissolved in 50 mM Mops buffer, 300 mM
NaCl, and 300µM dipicolinic acid, pH 7.2, and spectra were
recorded directly after addition of the chelating agent (circles,t )
0 min) and after 2 h of incubation (triangles,t ) 120 min). A
spectrum of unfolded mQC was obtained in 50 mM Mops, pH 7.2,
containing 5 M GdmCl (squares).

Characterization of Murine QC as Metalloenzyme Biochemistry, Vol. 44, No. 40, 200513421



inactivation of mQC. The impact of unfolding of mQC is
illustrated by the emission spectrum obtained in 5 M GdmCl
(Figure 6B). Upon unfolding, the fluorescence intensity drops
drastically and is accompanied by a change in the fluores-
cence emission maximum to 355 nm, which is characteristic
for tryptophan in aqueous solution.

DISCUSSION

Our recent studies were focused on comparison of the QCs
from plants and mammals and revealed that the proteins from
these origins show similarities neither in terms of structure
nor in inhibitory specificity (18, 20, 27). In contrast,
mammalian QCs display a high homology of their primary

structure, as revealed by a sequence alignment of the human,
murine, and bovine QC, the proteins that were cloned until
now (Figure 7). As shown in the present study, this
conservation in sequence is well reflected by the almost
identical substrate and inhibitory specificity of mQC and
human QC (Table 2). The specificity constants for conversion
of each substrate differed by far less than 2-fold between
human and murine QC. Similarity between both proteins is
even more evident in the case of theKi values of imidazole-
based inhibitors, suggesting virtually identical modes of
inhibitor binding and substrate conversion.

On the basis of the inhibitory specificity and the similarity
of the primary structure to bacterial aminopeptidases of the

FIGURE 7: Sequence alignment of the primary structures of QCs from a bovine (361 amino acids), human (361 amino acids), and murine
(362 amino acids) origin. Sequence identity is about 80% between all proteins. Differences are mainly evident in the N-terminal signal
sequences that direct the proteins to the secretory pathway. In contrast to human and bovine QC, which contain two N-glycosylation sites
located at asparagines 49 and 296 or 183, respectively, murine QC has only one such site (asparagine 50). Sequence alignment was extended
by the aminopeptidase ofS. griseus, a family type member of the aminopeptidase family M28A, in which QCs are deposited in the MEROPS
database. The residues of zinc complexation (bold) are conserved in all mammalian QCs.
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clan MH, a zinc-dependent catalysis was proposed previously
for human QC (20). Some debate, however, was raised after
the determination of the zinc content of human QC by ICP-
MS (21). Additionally, the authors based their conclusion
of a metal-independent mechanism of mammalian QCs on
the finding that EDTA and peptide thiols, chelators that
inhibit the related aminopeptidases of the clan MH, do not
inhibit QC (20, 26). In fact, we also could not detect an
inhibition of mQC by EDTA. However, there are several
examples known of zinc-dependent aminopeptidases that are
not susceptible to inactivation by EDTA but which are
sensitive to heterocyclic chelators (28, 29). Moreover, as
shown in Figure 7, the zinc-binding motif of the aminopep-
tidase ofStreptomyces griseus, the prototype peptidase of
family M28B of the metalloaminopeptidases, in which QC
is deposited in the MEROPS database (www.merops.
sanger.uk), is conserved in all mammalian QCs that were
cloned to date. Finally, the inactivation of mQC by the
chelators 1,10-phenanthroline, 2,6-dipicolinic acid, 8-hy-
droxyquinoline, and citrate, the potent reactivation by zinc
ions, and the stoichiometric amounts of zinc found in mQC
using TXRF and AAS clearly suggest mQC being a
metalloenzyme (Figures 2 and 4).

In addition to clarifying the metal dependence of QC, our
efforts to further characterize the inhibitory specificity of
mammalian QCs resulted in the identification of cysteamine
and cysteamine derivatives as a second class of potent
competitive inhibitors (Figure 3 and Table 3). Substitution
of either functional group of the compounds results in a drop
of inhibitory potency (Table 3), indicating a specific binding
of the inhibitors to the active site of mQC mediated by
interactions of both groups. Interestingly, inhibition by
cysteamine depends strongly on presence of both the thiol
and the amino group. However, the thiol group appears more
important for binding, since modification results in a more
drastic decrease in inhibitory potency as exemplified by
aminoethanol, ethylenediamine, and ethylamine. Substitution
of the amino group yielded inhibitory compounds with only
about 100-fold reduced potency, e.g., mercaptoethanol and
ethylmercaptan. Thus, apparently the thiol of the inhibitors
provides a dominating contribution to binding. In contrast
to cysteamine, however, the inhibitory potency of imidazole
was thought to depend only on the interaction of the basic
nitrogen with the active site of QC (20).

Differences of the binding mode between cysteamine
derivatives and imidazoles become also evident comparing
the pH dependence of QC inhibition by cysteamine, di-
methylcysteamine, and 1-methylimidazole (Figure 4). While
theKi values in the case of the cysteamine derivatives appear
to depend only on the protonation status of the inhibitor,
theKi value of 1-methylimidazole is also influenced by the
protonation status of the mQC active site, similar to that seen
by the pH dependencies of the substrate H-Gln-AMC and
the inhibitor 1-methylimidazole in the basic pH region
(Figure 4B,D). Obviously, deprotonation of two dissociating
groups of the enzyme leads to diminished binding of the
substrate and the imidazole-based inhibitor. Reduction in
affinity might be caused by deprotonation and subsequent
alterations in the active site structure leading to disruption
of a binding site, e.g., the hydrophobic interaction to the
imidazole ring and the hydrophobic AMC residue of the
substrate. Similar results were obtained with butaneboronic

acid and one of the related aminopeptidases (30). In contrast
to 1-methylimidazole, no drop of inhibitory potency was
observed with the cysteamine derivatives in the basic pH
region (Figure 4D), demonstrating differences in the binding
mode of the competitive inhibitors. Besides these differences,
the pH dependencies for the binding of the inhibitors and
the substrates also show similarities. All require an unpro-
tonated nitrogen for binding to the active site; i.e., they must
be free of positive charge, as indicated by the acidic shapes
of the pH dependencies.

In light of the proven zinc content of mQC and the results
of the investigations regarding the pH dependence and
structural requirements for inhibition, it is tempting to
speculate that, in the case of the cysteamine-derived inhibi-
tors, the thiol and, in the case of the imidazole derivatives,
a ring nitrogen interact with the active site zinc ion. Probably,
binding of the amino group of cysteamine accords then to
the binding mode of the substrate amino group. This, in turn,
would implicate that theγ-carbonyl of the substrate glutami-
nyl residue interacts with the active site zinc, which enforces
the polarity of the carbonyl and accelerates the nucleophilic
attack of the amino group, as suggested previously for human
QC (20).

A catalytic role of zinc is further implicated by the
structural integrity of mQC after removal of the zinc ion,
demonstrating that zinc is not required for stabilizing the
overall structure of the protein (Figure 6). Furthermore, this
is suggested by the homology to the aminopeptidases that
require zinc for their catalytic activity. The peptidases of
the clan MH, however, contain two zinc ions in the active
site in order to exert their catalytic function. Thus, apparently
during evolution of QC from an ancestral protease there was
a possible switch of the catalytic mechanism that is mainly
based on disruption of one zinc binding site. It is still unclear,
however, which residues ligate the zinc ion in the active site.
As shown in Figure 7, apparently all five residues coordinat-
ing the two zinc ions in the aminopeptidase ofS. griseus
(SgAP) are also found in mammalian QCs. Initial studies
using site-directed mutagenesis point to a crucial role of the
two histidines and glutamic acid residues, which are respon-
sible for zinc binding in clan MH proteins, for catalytic
activity of human QC (19, 21). In contrast, mutagenesis of
the two aspartic acid residues was reported to have no effect
on catalysis (21). Thus, in mammalian QCs possibly one of
the glutamic acid residues and the two histidines are
responsible for zinc complexation. Although these results
are still the subject of further studies, the present results
suggest a substantial change in zinc-complexation geometry
during evolution of these enzymes. Final clarification might
only be achieved by the solution of the protein crystal
structure.

In conclusion, our results obtained with the newly cloned
and analyzed murine QC support that all mammalian QCs
are zinc-dependent catalysts. Obviously, the QCs evolved
from aminopeptidases by a reorganization of the active site,
accompanied by a loss of one zinc ion binding site. Further
analysis of the catalytic mechanism and the zinc ion binding
mode in QCs will give interesting insights into the evolution-
ary mechanisms that were required to provoke a change from
an zinc-dependent hydrolase into a zinc-dependent trans-
ferase.
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NOTE ADDED IN PROOF

During final processing of this paper, Huang et al. (31)
published the 3D structure of human QC. The work reveals
hQC as a zinc-dependent enzyme proving previous results
obtained with hQC (20) and strongly backing our conclusion
of the current article that all mammalian QCs are stoichio-
metric metal binding catalysts. Moreover, the work also
supports our discovery (7) of plant and mammalian QCs as
catalysts of glutamate cyclization and inhibition as a potential
new therapeutic approach to treating pyroglutamate-peptide
mediated amyloidosis.
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