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ABSTRACT We have developed mice deficient in mem-
brane-bound dipeptidase (MBD, EC 3.4.13.19), the enzyme
believed to be responsible for the conversion of leukotriene D4
(LTDy) to leukotriene E4 (LTE4). The MBD mutation gener-
ated by us was demonstrated to be a null mutation by
Northern blot analysis and the absence of B-lactamase activity
in lung, kidney, small intestine, and heart. MBD gene deletion
had no effect on viability or fertility. The mutant mice retain
partial ability to convert LTD,4 to LTE,4, ranging from 80-90%
of the wild-type values in small intestine and liver to 16% in
kidney and 40% in lung, heart, and pancreas. MBD is also
believed to function consecutively after y-glutamyl transpep-
tidase to cleave cystinyl-bis-glycine (cys-bis-gly) generated
from glutathione cleavage. Our data indicate that Kidney
homogenates from MBD-deficient mice retain ~40% of their
ability to cleave cys-bis-gly, consistent with only modest
elevations (3-5-fold) of cys-bis-gly in urine from MBD-
deficient mice. These observations demonstrate that the con-
version of LTD,4 to LTE, and the degradation of cys-bis-gly are
catalyzed by at least two alternative pathways (one of which is
MBD) that complement each other to varying extents in
different tissues.

Cysteinyl leukotrienes (LTC4, L'TDy4, and LTE,4) are potent
mediators of inflammatory responses and have been impli-
cated in a number of acute and chronic inflammatory condi-
tions (1-5). They are generated by the conjugation of the
epoxide intermediate LTA, with glutathione (GSH) to form
LTC4 (6). This compound is degraded by the action of
y-glutamyl transpeptidase (GGT, EC 2.3.2.2) and the more
recently characterized enzyme -y-glutamyl leukotrienase; these
enzymes cleave the y-glutamyl moiety from LTC, to form the
cysteinyl glycine conjugate of LTA, (7, 8). LTD, is then
converted to LTE, by a dipeptidase. The significance of this
conversion is that LTEy is 10- to 100-fold less active than LTDy4
(3,9-11). Hence, cleavage of LTD, is an important step in the
elimination of cysteinyl leukotriene function. Although it is by
no means clear which dipeptidase(s) is/are involved in LTDy4
to LTE, catalysis, membrane-bound dipeptidase (MBD; de-
hydropeptidase-I, renal dipeptidase, microsomal dipeptidase;
EC 3.4.13.19) has long been suspected to contribute to LTDy
inactivation (12-14).

In asthma, LTD,4 and other cysteinyl leukotrienes induce
and aggravate bronchoconstriction, vascular permeability,
edema, and inflammation (1, 15-17). LTDy, is considered more
potent than LTC, in the induction of mucus formation and
eosinophil accumulation (1, 18-20). LTDy is also contributive
to functional and structural changes during immune complex-
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induced inflammatory reactions in the glomerulus (21, 22).
LTD, is believed to induce and exacerbate ventricular arrhyth-
mias and impair coronary flow and ventricular function (23,
24). In view of the potency of these compounds in responses
to injury, it is of great importance to elucidate the regulation
of their inactivation.

Glutathione (y-glutamyl cysteinyl glycine) is the principal
nonprotein thiol involved in a variety of cellular functions (25).
Besides acting as a source of reducing equivalents in a number
of biosynthetic reactions, it also plays a major role in the
conjugation and metabolism of eicosanoids, toxins, and car-
cinogens (25, 26). GSH is metabolized extracellularly, princi-
pally in the renal tubules. The degradation of reduced and
oxidized glutathione (GSH and GSSG) is initiated by GGT to
form cysteinyl-glycine (cys-gly) and cystinyl-bis-glycine (cys-
bis-gly) (11, 12). It is generally believed that cys-bis-gly is
further metabolized into its constituent amino acids by MBD
(11, 12, 25, 27). Because the majority of cys-gly in the renal
tubules exists in the oxidized form, the recycling of GSH is
postulated to be mediated via the consecutive actions of these
two enzymes (12).

Although both GGT and MBD act in concert to metabolize
a variety of compounds, their expression patterns are not
concordant among various tissues. In tissues such as kidney
and small intestine, they are both expressed at high levels,
whereas in other tissues (fetal liver, lung, and seminal vesicles),
one of the enzymes is absent or present at low levels. These
findings suggest some functions that are concerted and others
that are unrelated (28).

We have previously reported the genomic organization of
MBD along with the comparison of the expression patterns of
MBD and GGT (28). In the mouse, MBD is a single copy gene
transcribed from at least three promoters that are used in a
tissue-specific manner (ref. 28 and unpublished observations).
To determine the physiological significance of MBD in the
metabolism of leukotrienes, cys-bis-gly and cys-bis-gly conju-
gates of xenobiotics, we have generated mice carrying a null
mutation in the MBD coding region. With the availability of
MBD-deficient mice, we have now begun to address the issue
of how different dipeptidases function in different tissues in
the mouse.

MATERIALS AND METHODS

Generation of MBD-Deficient Mice. A targeting vector for
the MBD gene was constructed from the murine genomic
clone isolated from a 129SvEv genomic library (Stratagene)
(28). Fragments identical to their corresponding regions of the
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gene were inserted 5’ and 3’ of a phosphoglycerate kinase-
hypoxanthine phosphoribosyltransferase expression cassette
(29) such that the exon 1 coding region would be replaced by
phosphoglycerate kinase-hypoxanthine phosphoribosyltrans-
ferase after homologous recombination of the plasmid with the
endogenous locus (see Fig. 14). The vector also contained an
HSV-tk expression cassette 5’ of the insertion sites (30). The
linearized targeting vector (25 pg) was electroporated into the
HPRT-negative AB2.1 line of embryonic stem (ES) cells (107)
and selected in hypoxanthine/aminopterin/thymidine (HAT)
and 1-(2-deoxy-2-fluoro-B-arabinofuranosyl)-5-iodouracil
(FTAU) as described (30). HATR, FTAUR ES cell clones were
screened by Southern blot analysis (31) for correct targeting at
the MBD locus. Germline transmission from chimeric males
generated from three independent clones of ES cell lines was
determined by Southern blot analysis as described (30). Mice
were generated on C57BL/6/129SvEv hybrid and 129SvEv
inbred genetic backgrounds. They were maintained 1-5 per
cage and fed autoclaved Autoclavable Rodent Laboratory
Chow 5010 from Purina Mills and water ad lib.

RNA Analysis by Northern Blotting. Total RNAs were
prepared from wild-type and MBD-deficient mice using the
guanidinium thiocyanate procedure (32). Fifteen micrograms
of total RNA from various tissues from wild-type and mice
homozygous for the MBD mutation were electrophoresed on
a 1% agarose, 2.2 M formaldehyde gel, transferred to a Zeta
Probe nylon membrane (Bio-Rad), hybridized with a 620-bp
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FiG. 1. Targeting strategy for homologous recombination at the
MBD locus. (A4) Partial restriction maps of the endogenous MBD
gene, deletion targeting vector, and the recombinant mutant allele are
shown. Coding sequences and introns that are replaced by homologous
recombination are indicated by the following: vertical open box,
noncoding exon of type I MBD RNA; vertical hatched box, common
splice site necessary for all MBD RNAs; vertical solid box, part of the
coding exon 1 containing the initiation site ATG and the introns (thin
lines). Solid horizontal boxes represent the 5’ and 3’ arms. A phos-
phoglycerate kinase-hypoxanthine phosphoribosyltransferase expres-
sion cassette was used as the positive selectable marker, and an MC1tk
expression cassette was used as a negative selectable marker as shown
(31). B, BamHI,; Bg, Bgl1l; E, EcoR1; H, HindIIL; P, Pst1; Sp, Sphl. (B)
Southern blot analysis of BamHI-digested tail DNA; hybridization was
performed using a 3’ external probe. wt, wild-type; +/—, heterozy-
gote, —/—, homozygote. (C) Northern blot analysis of total RNA from
various tissues of wild-type and MBD-deficient mice. The blots were
hybridized using a 620-bp 3?P-labeled mouse MBD c¢DNA probe
corresponding to bases +610 to +1230 of the mouse MBD cDNA (28).
The blot was stripped and reprobed with glyceraldehyde-3-phosphate
dehydrogenase cDNA to verify equal loading in all lanes.
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32P-labeled cDNA probe corresponding to the 3’-half of the
mouse MBD cDNA (33), washed, and autoradiographed as
described earlier (28).

B-Lactamase Assay. B-lactamase activity (a specific mea-
sure of MBD activity) was assayed as previously described (34).
Activity in homogenates from different tissues from wild-type,
heterozygous, and homozygous mice was determined by mea-
suring the rate of hydrolysis of the unsaturated dipeptide
glycyldehydrophenylalanine. Reactions were carried out in
quadruplicate.

LTD4 Conversion Assay. Total tissue homogenates from
wild-type and MBD- deficient male mice were incubated with
5 uM LTDgin a total volume of 0.2 ml in 0.1 M Tris-HCl buffer,
pH 8.0, for predetermined time intervals at 37°C. The reac-
tions were terminated by the addition of 0.8 ml of methanol on
ice for 10 min and centrifuged at 10,000 X g for 10 min. The
supernatants were then purified on octadecyl disposable ex-
traction column (J.T. Baker). LTDy4 and its conversion prod-
ucts were eluted with methanol and evaporated in a Speedvac.
The resuspended residues were injected onto a C18 reversed
phase column (Customsil ODS, 4.6 X 150 mm, 3-um particles,
Custom LC, Houston) using the mobile phase methanol/
water/acetic acid (65:35:0.1, pH 5.6, adjusted with NH,OH)
(35). Specific activity of LTD,4 conversion was expressed as
nmol LTE, formed/mg protein per h.

Cystinyl-bis-Glycine Metabolism. Tissue homogenates from
wild-type and MBD-deficient kidney were incubated with 0.4
mM cystinyl-bis-glycine in a total volume of 0.5 ml in 0.1 M
Tris-HCI buffer, pH 8.0, at 37°C for different time intervals.
The remaining cystinyl-bis-glycine and its conversion products
were then incubated with 5 ul of 10 mM DT to convert them
to cysteinyl glycine and cysteine. The samples were derivatized
with 2,4-dinitroflurobenzene and analyzed by reversed-phase
ion exchange HPLC as described previously (8, 36).

RESULTS

Generation of MBD-Deficient Mice. The MBD targeting
vector was constructed using a clone isolated from a 129SvEv
mouse genomic library (Fig. 14). Fragments derived from the
mouse MBD clone were used to prepare a plasmid that upon
homologous recombination with the endogenous locus was
predicted to result in the disruption of the gene for this protein.
The targeting construct was designed to delete the regulatory
region 5’ of exon 1, exon 1, and part of intron 1. Exon 1
contains the noncoding sequences for MBD type I RNA, a
splice acceptor site necessary for the processing of the other
three known MBD RNAs, a 16-amino acid signal peptide, and
the first 18 amino acids of the mature MBD protein. This MBD
fragment was replaced by a phosphoglycerate kinase-
hypoxanthine phosphoribosyltransferase expression cassette
(Fig. 1; also see refs. 28, 30, 37). As the signal peptide is
required for the protein to be processed, absence of this
sequence was expected to result in MBD deficiency. The
construct was electroporated into AB2.1 cells (37). Resistant
colonies were screened for the targeted (mutant) allele with
both 5" and 3’ external probes. Of 186 colonies screened with
the 5" external probe, 135 (73%) showed the expected 13-kb
EcoRI recombinant mutant fragment indicative of the cor-
rectly targeted allele. We confirmed these results with a 3’
external probe and a BamHI digest; a 13.7-kb band diagnostic
of the targeted mutant allele was identified (data not shown;
see Fig. 14). Three independent clones of ES cell lines were
injected into blastocysts. All three led to the generation of male
chimeras with ES cell-derived agouti coat pigmentation. A
total of 95 agouti offspring were generated, and 45 (47%) were
heterozygous for the mutant allele (MBD™!/+); this number
agrees with the expected 50% transmission rate of the mutated
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allele. Heterozygous mice were viable and fertile. Heterozy-
gous (MBD™!/+) F1 breeding pairs were set up using 14 male
and 14 female heterozygotes, and their F2 offspring were
genotyped by Southern blot analysis (Fig. 1B). MBD™!/
MBD™! mice were present in the litters in expected numbers
based on Mendelian ratios for a heterozygous mating. This
finding indicates that disruption of the MBD gene had no
deleterious effect on fetal survival or development. The
MBD™ /MBD™! mice were indistinguishable visually from
their MBD wild-type and MBD ™!/ + littermates. We carried
out extensive growth studies on MBD™!/MBD™! mice along
with wild-type littermates and found no difference in their
growth rates on an 129SvEv/C57BL/6 background (data not
shown). We also set up limited breeding pairs to obtain
MBD™! /MBD™! mice on 129SvEv background. These mice
also seemed to grow at a normal rate. Both male and female
MBD™!/MBD™! mice are fertile.

Northern Analysis of MBD Expression in MBD™!/MBD™!
Mice. Total RNA was isolated from six different tissues of
wild-type and MBD™!/MBD™! mice. A Northern blot probed
with a mouse MBD 620-bp ¢cDNA fragment (Fig. 1C) showed
that murine MBD mRNA was present in the lanes correspond-
ing to kidney, small intestine, lung, and heart in the MBD
wild-type mice, but no hybridization was seen in the lanes
corresponding to these organs in the MBD™!/MBD™! mice.
We also confirmed this finding by using an MBD cDNA probe
containing sequences 3’ of those eliminated by targeting (data
not shown). As we did not detect MBD mRNA, it is clear that
a critical region of the MBD gene had been deleted through
recombination.

MBD™! /MBD™! Mice Do Not Hydrolyze -Lactam Sub-
strates. MBD was initially identified and characterized as a
mammalian B-lactamase and has been shown to catalyze the
hydrolysis of a number of dipeptides, including penem and
carbapenem derivatives (34, 38). To confirm that the MBD™!
was a null allele, we assayed mice for MBD B-lactam hydro-
lyzing activity (see Materials and Methods and Table 1) (34). In
wild-type mice, MBD activity was high in lung and kidney and
low in small intestine and heart. Activity was completely
inhibitable by cilastatin, a known competitive inhibitor of
MBD (39). Heterozygous (MBD™!/+) mice showed approx-
imately half the activity of the wild-type mice. In MBD™/
MBD™ mice, we could not detect any MBD activity in lung,
kidney, small intestine, or heart, the four organs in which MBD
expression is highest (28). These results confirm that the
MBD™ is a null allele and that MBD™/MBD™ mice com-
pletely lack MBD activity.

LTD4 Cleavage in MBD-Deficient Mice. Because LTDy
conversion to LTE, is thought to be an MBD-mediated event,
we analyzed this reaction in MBD-deficient mice. Our initial
experiments with kidney homogenates from wild-type mice
showed that 100 pg of protein convert 60% of the LTD4 to
LTE, in 30 min; in contrast, extracts from MBD-deficient
kidney converted only 12% of LTD, to LTE, (see Fig. 2 Top).
We confirmed these observations by assaying other tissues in
which MBD expression is known to be high. When we incu-

Table 1. B-Lactamase activity in MBD-deficient mice

Tissue Wild type Heterozygous Homozygous
Lung 1,530* 579.8 ND
Kidney 996.5 4314 ND
Small intestine 164.1 78.6 ND
Heart 147.6 75.4 ND

Glycyldehydrophenylalanine (70 uM) was used as the B-lactam
substrate to assay MBD activity at 37°C using 100 ug of protein (34).
Each determination was performed in quadruplicate, and at least
three mice were used. Each SEM was 5-15% of the averaged values.
ND, no detectable activity.

*nmol glycyldehydrophenylalanine cleaved/mg protein/h at 37°C.
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F1G. 2. Analysis of LTD4 metabolism by tissue homogenates of
kidney, lung, and heart of wild-type (Left) and MBD-deficient (Right)
mice by HPLC. The reaction conditions are as described under
Materials and Methods. The peaks labeled as 1 and 2 refer to LTD4 and
LTE4, respectively. For kidney (Top), 100 ug of protein and an
incubation time of 30 min was used. Lung extracts were assayed using
50 ug of protein for 30 min (Middle). Heart extracts were incubated for
75 min and contained 100 ug of protein (Bottom).

bated lung homogenates from wild-type mice with LTDy,
approximately 60% was converted to LTE4 with 50 ug of
protein in 30 min. Under identical conditions, lung extracts
from MBD-deficient mice converted 25% of the LTD4to LTE,4
(Fig. 2 Middle). Heart homogenates from wild-type mice
convert 62% of LTD4 to LTE4 in 75 min, whereas homogenates
from MBD-deficient mice cleave 30% of LTDy4 to LTE, (Fig.
2 Bottom). Thus, MBD-deficient mice retain substantial ability
to metabolize LTD4 to LTE,.

To develop more quantitative comparisons, we have evalu-
ated LTD,4 to LTE,4 converting activity in a variety of tissues
(Fig. 3). Results from these and similar experiments were used
to determine the specific activity of LTD4 to LTE4 conversion
from different tissues of wild-type and MBD-deficient mice
(Table 2). In wild-type mice, the highest activity was found in
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F16. 3. Time course of LTD4 metabolism by small intestine, liver,
and pancreas of wild-type and MBD-deficient mice. Total homoge-
nates from these tissues were assayed for LTDy4 to LTE4 conversion as
described under Materials and Methods. For all assays, 100 pg of
protein was used. Squares indicate wild-type and diamonds denote
MBD-deficient assays. All assays were carried out at 37°C.

lung, followed by kidney and small intestine. Heart, liver, and
pancreas had lower levels. In MBD-deficient mice, the en-
zyme(s) responsible for LTDy cleavage seem to have similar
specific activities in lung and small intestine. Kidney and liver
from MBD-deficient mice express this activity at about 25—
35% of the levels found in lung, whereas the levels in heart and
pancreas are somewhat lower. Thus, in small intestine where
MBD expression is relatively high (Table 1), its contribution to
LTD;, clearance is low (Table 2), whereas in lung in which
MBD activity is also high (Table 1), it accounts for about
two-thirds of the LTD4 conversion to LTE, (Table 2).
Assessment of cys-bis-gly Cleavage in MBD-Deficient Mice.
We have previously shown that GGT-deficient mice fail to
thrive because of a cysteine deficiency resulting from urinary
loss of cysteine as uncleaved GSH (37). However, unlike
GGT-deficient mice, which show ~2,500-fold higher levels of
GSH in the urine, MBD-deficient mice have only a 3- to 5-fold
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Table 2. LTD, dipeptidase activity in wild-type and
MBD-deficient mice

Wild-type

Tissue Wild type MBD-deficient activityt, %
Lung 247.5% 86.6 35
Kidney 179.6 28.6 16
Small intestine 101.2 87.2 86
Heart 39.4 12.1 31
Liver 32.8 26.4 81
Pancreas 8.5 3.1 37

Assays were performed in duplicate by using tissue homogenates
from male mice. For each determination, three mice were used. For
calculation of specific activity, values from the initial portion of the
curve where the activity was most linear were used. Each SEM was
10-20% of the averaged values.

*nmol LTE, formed/mg protein per h.
TMBD-deficient specific activity/Wild-type specific activity X 100.

elevation of urinary cys-bis-gly (7.9 uM in wild-type versus 33.8
M in MBD-deficient mice). MBD has been implicated as the
enzyme responsible for cleavage of cys-bis-gly to cysteine and
glycine (11, 27). We adapted a reversed phase ion-exchange
HPLC method used to separate GSH and GSSG (36) to
examine cys-bis-gly cleavage to cysteine. In the assay, we used
DTT to convert uncleaved substrate cys-bis-gly and product
cystine to cys-gly and cysteine, respectively. We monitored the
appearance of one of the cleavage products (cysteine) spec-
trophotometrically. The results from these experiments indi-
cate that the kidney homogenates from MBD-deficient mice
cleave cys-bis-gly at a reduced rate of 40% compared with
wild-type kidney homogenates (Fig. 4). These observations
indicate that there are other enzymes in addition to MBD
capable of converting cys-bis-gly to cysteine.

DISCUSSION

We have developed mice with a null mutation at the MBD
locus (Fig. 1, Table 1). These mice grow and develop normally
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F1G. 4. Analysis of cys-bis-gly metabolism in kidney homogenates
from wild-type and MBD-deficient mice. For details on assay condi-
tions and sample preparation, see Materials and Methods. (1) HPLC
profile of cys-bis-gly metabolism by homogenates of wild-type kidney.
The peaks labeled 1, 2, and 3 represent cys-gly, cysteine, and the
internal standard +y-glu-glu, respectively. (B) HPLC profile of cys-bis-
gly metabolism in kidney homogenates from MBD-deficient mice.
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and are fertile. Our results also confirm that g-lactam hydro-
lysis is a specific assay for MBD in the mouse (Table 1).

Although MBD exhibits activity toward a variety of dipep-
tide substrates, the biological role of this enzyme is not well
understood. Two principal physiological functions have been
attributed to MBD: 1) the conversion of LTD, to LTE4 and 2)
the metabolism of cys-bis-gly and cys-bis-gly conjugates of
toxins and xenobiotics. Our studies indicate that MBD is not
the only enzyme capable of these functions (Table 2, Figs.
2-4). MBD is a major contributor to LTD4 conversion activity
in kidney, lung, heart, and pancreas, but in tissues like small
intestine and liver, MBD seems to play a minor role. We have
assayed activity at pH 8.0 in 0.1 M Tris-HCI buffer, conditions
optimal for MBD. Because these conditions may not be
optimal for other converting enzymes, the percent contribu-
tion of MBD to LTD4 conversion should be viewed as approx-
imate.

It is unclear why more than one LTD,4 converting enzyme is
necessary. One explanation is that the action of LTDy is
life-threatening if left unchecked, and consequently dual sys-
tems may have evolved. Another possibility is that MBD and
other enzymes function in different local environments (28).
As for the high level of LTD, converting activity in kidney
attributable to MBD (Table 2), the most likely explanation is
that it represents a “by-product” of MBD’s role in GSH
metabolism. This idea is supported by our previous demon-
stration of high levels of expression of MBD in the proximal
convoluted tubules (28). Similarly, MBD is expressed at high
levels in the villous epithelium of the small intestine, where it
is more likely to participate in GSH metabolism (ref. 11 and
unpublished observations). The fact that only about 14% of the
LTD, converting activity in the small intestine is attributable
to MBD again supports the idea that other enzyme(s) can
catalyze this process.

MBD-deficient mice do not share any of the stigmata of
GGT-deficient mice (37). They grow and mature normally and
are not cysteine-deficient. The most likely explanation for the
lack of cysteine deficiency is that MBD accounts for only
40-50% of the cys-bis-gly cleaving activity in kidney. Conse-
quently, there is only moderate loss of cysteine as cys-bis-gly in
the urine. Although we have not examined the hydrolysis of any
S-cys-gly conjugates (xenobiotics or carcinogens) in MBD-
deficient mice, it is unlikely given our findings with LTD4
metabolism that MBD is the only enzyme capable of such
cleavage. Our findings are also consistent with a report of
LTD4 to LTE4 conversion by lysosomal enzymes from human
polymorphonuclear leukocytes; however, it is unknown if this
enzyme(s) represents the residual activity we have detected

Our results, along with the characterization of a newly
identified enzyme vy-glutamyl leukotrienase (8), demonstrate
that cysteinyl leukotriene metabolism is more complex than
previously believed. The role of MBD and other enzymes that
cleave LTD, as well as the contribution of GGT and y-glutamyl
leukotrienase to leukotriene metabolism remain to be ex-
plored.
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