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Abstract—Cis and rans isomers of X-proline (X-Pro) bonds can influence some aspects of the kinetics of
peptide metabolism. We previously used the peptidyl-prolyl cis-trans isomerase, cyclophilin, to show that
angiotensin converting enzyme (ACE) preferentially hydrolyzes the frans isomer of a synthetic tripeptide that
contains a C-terminal proline (Dawson ef al., Am J Physiol 257: H853-H865, 1989; Merker et al., J App! Physiol
75: 1519-1524, 1993). Bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) exists as both cis and trans isomers
at all three X-Pro bonds, and although its inactivation in the lung by pulmonary endothelial peptidases is
extensive, commonly a small fraction of the peptide survives passage through the lung. To determine whether
the presence of cis X-Pro bonds might limit the extent of bradykinin metabolism in the lung, we studied
inactivation of bradykinin by the isolated perfused rat lung using the rabbit jugular vein superfused with the
pulmonary venous cffluent as a bioassay for bradykinin. A large fraction (>90%) of the bradykinin in a bolus
injection was inactivated in a single transit through the pulmonary circulation, but a detectable fraction emerged
in the venous effluent. The addition of cyclophilin to the bradykinin in the bolus reduced the bradykinin
emerging from the lungs to virtually undetectable levels. When the isomerase inhibitor cyclosporin A was
included with bradykinin and cyclophilin in the injectate, this effect of cyclophilin was reversed. These obser-
vations suggest that the fraction of bradykinin that normally survives passage through the lungs contains isomers
that have at least one X-Pro bond that is refractory to enzymatic inactivation and whose isomerization time
constant is significantly longer than the pulmonary capillary transit time.
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Proline-containing peptides can exist as relatively slowly
equilibrating mixtures of cis and trans rotational isomers
at X-Pro imide bonds [1-3]. The potential physiological
significance of this phenomenon has received attention
recently due to the discovery of a family of immunosup-
pressant binding proteins, the cyclophilins and FK bind-
ing proteins, that are also peptidyl-prolyl cis-trans
isomerases [4, 5]. Since these ubiquitously distributed
enzymes [6-8] catalyze cis-trans isomerization, the
search for physiological processes that they might influ-
ence has intensified. For example, cis-trans isomeriza-
tion has been identified as a rate-limiting process in the
maturation of some proteins [9-11]. These enzymes are
also useful for examining the role that cis-trans isomer-
ization plays in kinetic processes involving proline-con-
taining peptides [12], as in the present study.

Although the role of cis-trans isomerization in the
function of proline-containing vasoactive peptides is not
well understood, some peptidases preferentially hydro-
lyze trans isomers of proline-containing peptides in so-
lution [1, 13-17], and preferentially bind trans isomers
of their inhibitors [18-20]. Angiotensin converting en-
zyme ACEY, a peptidase found on the luminal surface of
the pulmonary endothelium that hydrolyzes a variety of
physiologically important peptides in the pulmonary
vasculature [21], preferentially hydrolyzes trans con-
formers of tripeptide substrates containing C-terminal
proline residues in vitro and in the intact perfused lung
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[12, 22, 23]. Since cis-trans isomerization time constants
of the prolyl-peptide bonds in these substrates are longer
than the pulmonary capillary transit time (80-170 sec vs
2-3 sec, respectively), a fraction of peptide nearly equal
to the equilibrium cis fraction is spared from hydrolysis
and emerges in the lung venous effluent. The ACE pref-
erence for trans isomers of its proline-containing vaso-
active substrates could have significant consequences
with respect to the fate of vasoactive peptides on passage
through the lungs.

Although bradykinin undergoes extensive inactivation
by endothelial peptidases, including ACE, on passage
through the lungs, commonly a small fraction of the
peptide survives [24-32]. Bradykinin contains three pro-
line residues, and the cis-trans ratio of each of the imide
bonds has been estimated to be up to 10% at equilibrium
[33, 34). For the Ser®-Pro’ bond specifically, cis-trans
ratios of 0.15 and 0.13 have been reported for the brady-
kinin fragment Ser-Pro-Phe-Arg and for the same bond
in [p-flouro-Phe®]bradykinin, respectively [34, 35]. The
T\, for the cis-trans isomerization about the Ser®-Pro’
bond in the [p-fluoro-Phe®] bradykinin is about 14 sec
[351, again longer than for transit through the pulmonary
capillary bed. If the pulmonary peptidases involved in
bradykinin hydrolysis preferentially cleave peptides at or
near trans X-Pro bonds, this might account for the ob-
servation that some fraction of bradykinin can survive
passage through the lung.

In this study, we examined the hypothesis that cis
isomers of the imide bonds in bradykinin limit the extent
of its inactivation in the pulmonary vasculature. We took
advantage of the finding that cis-frans isomerization of
the Ser®-Pro” peptide bond of [p-fluoro-Phe®] bradykinin
has been shown to be catalyzed by the peptidyl-prolyl
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cis-trans isomerase, cyclophilin [35]. We measured
bradykinin surviving passage through perfused rat lungs
in the presence or absence of cyclophilin or cyclophilin
with its specific inhibitor, cyclosporin A. We used a
bioassay technique because it was a rapid, sensitive as-
say for the small fraction of injected bradykinin surviv-
ing passage through the lung, and because bradykinin
cleavage products are not vasoactive in this assay prep-
aration [24, 36].

MATERIALS AND METHODS

Bradykinin was purchased from the Sigma Chemical
Co. (St. Louis, MO) or Bachem Bijoscience, Inc. (King
of Prussia, PA). Purified human recombinant cyclophilin
was prepared with the assistance of Dr. Wei Li in the
laboratory of Professor Robert E. Handschumacher,
Yale University School of Medicine (New Haven, CT).
The cyclophilin was »95% pure, and was active in an
assay for peptidyl-prolyl cis-trans isomerase activity,
which measures the extent to which cyclophilin acceler-
ates chymotrypsin-dependent hydrolysis of the substrate
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide [2, 4]. The cy-
clophilin concentration was determined in our laboratory
by titration with tritiated cyclosporin A [37]. Cyclospor-
in A was the gift of Dr. B. Ryffel of Sandoz Pharma
Ltd., Basel, Switzerland. {Gly®Jbradykinin was pur-
chased from Genosys Biotechnologies, Inc. (The Wood-
lands, TX).

For the bioassay tissue, two pieces of 22 pm tungsten
wire were threaded through a segment of rabbit jugular
vein that was ~1.5 mm long. The wires were stretched
over the jaws of two stainless steel rings, one of which
was anchored and the other attached to a force trans-
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ducer, as previously described [38]. A 750-mg load was
applied to the jugular ring, and the vessel segment was
allowed to equilibrate in the perfusion system in the
Krebs-Ringer bicarbonate buffer (pH 7.4; P, = 100
Torr, Pco, = 40 Torr) containing 5 mM glucose and
2.5% bovine serum albumin at 37° for 60 min. The tissue
response to bradykinin was then tested, and afterward
the isolated rat lung was connected into the perfusion
circuit so that the jugular vein was superfused with the
venous effluent from the lung.

The isolated rat lungs from male Sprangue-Dawley
rats weighing between 330 and 450 g were perfused at a
flow rate of 11 to 12.6 mL/min with the perfusate de-
scribed above using previously described techniques
[22]. This produced a pulmonary artery pressure of 5.7 +
2.1 (SD) Torr with the venous pressure set at zero. The
pulmonary artery pressure did not change significantly
throughout the course of the experiments. The lungs
were ventilated at 30 breaths/min with 6% CO, and 15%
0, with end inspiratory and end expiratory pressures of
9.2 £ 2.4 (SD) and 2.5 = 0.5 (SD) Torr, respectively.
Two injection ports were included in the perfusion cir-
cuit such that a 0.1-mL bolus could be introduced either
proximal to the lung into the arterial inflow (lung injec-
tion site) or distal to the lung into the venous outflow
(tissue injection site) (Fig. 1).

Bolus injectates containing bradykinin (or [Gly]-
bradykinin) with or without cyclophilin or cyclophilin
plus cyclosporin A in a final volume of 0.1 mL were
prepared immediately before injection. Sequences of in-
jectates containing bradykinin with cyclophilin (+Cyp)
or bradykinin with cyclophilin and cyclosporin A
(+Cyp+CsA) always included a bolus of bradykinin
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Fig. 1. Diagram of the rabbit jugular ring superfused with the venous effluent of the isolated perfused rat lung.
Note in particular the location of the lung and tissue injection sites.
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alone before the sequences (BK1). A second bolus of
bradykinin alone (BK2) was also included at the end of
each sequence.

The dose of bradykinin was adjusted for each jugular
ring-lung pair to give a submaximal contraction. For all
of the experiments that included cyclophilin and cyclo-
philin with cyclosporin A, we used doses varying from
2.5 to 40 pmol/0.1 mL of bradykinin for boluses injected
at the tissue injection site and 200-600 pmol/0.1 mL for
boluses injected into the lung injection site. When cy-
clophilin was included in the boluses, it was present at
3.5 to 19 nmol/0.1 mL. In the experiments that included
cyclophilin plus cyclosporin A boluses, cyclophilin and
cyclosporin A were present at 7 and 25 nmol, respec-
tively, per 0.1 mL bolus for one lung-jugular ring pair or
3.5 and 8.5 nmol, respectively, per 0.1 mL bolus for
three lung-jugular ring pairs.

All injectates had the same concentrations of the phos-
phate buffer that was used to prepare bradykinin or
[Gly'Jbradykinin solutions and cyclophilin and cyclo-
sporin A vehicles. Thus, injectates containing bradykinin
only (BK1 and BK2) also contained cyclophilin and cy-
closporin A vehicle, and injectates containing bradyki-
nin and cyclophilin (+Cyp) contained cyclosporin A ve-
hicle. The cyclophilin vehicle was potassium phosphate
buffer (pH 7.2; 20 mM) containing NaCl (100 mM) and
2-mercaptoethanol (5 mM), and the cyclosporin A vehi-
cle was ethanol. The final concentration of ethanol in all
injectates was 2.5%. To ensure that the cyclosporin A
would be available to bind to cyclophilin, it was always
added to the injectate mixtures after the addition of the
cyclophilin and bradykinin.

To summarize the data, the magnitude of the contrac-
tions elicited by each injectate in a sequence was nor-
malized to the magnitude of the contraction elicited by
the initial bradykinin bolus (BK1) in each sequence. The
data were analyzed for statistical significance by one-
way ANOVA with repeated measures followed by the
Newman—Keuls test.

RESULTS

The characteristics and dose dependence of jugular
ring contractions to bradykinin boluses injected into the
tissue injection site are shown in Fig. 2. To demonstrate
that bradykinin inactivation by the rat lung was detect-
able in our preparation, the jugular ring response to
bradykinin doses injected at the lung and tissue injection
sites for a lung-jugular ring pair are shown in Fig. 3.

20 pmoles 10 pmoles 5 pmoles

l / l

1 min
Fig. 2. Dose-dependent contractions of the jugular ring to
bradykinin boluses injected into the tissue injection site such
that the boluses did not pass through the lung. The arrows
denote the time of injection of the bradykinin boluses. The
amount of bradykinin in each bolus is also indicated.
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Fig. 3. Contractions of a rabbit jugular ring induced by bolus
injections of bradykinin introduced into the lung (@) or tissue
(Q) injection sites, such that the bradykinin either did or did not
pass through the lungs, respectively, before reaching the jugular
ring. To control for any changes in responsiveness of the tissue
or metabolic status of the lung throughout the course of the
experiment, injections into the lung and tissue injection sites
were alternated. Data are from one lung-jugular ring pair.

Passage through the lung increased the dose required to
obtain a contraction equivalent to one in which the
bradykinin dose did not pass through the lung by about
20-fold. The doses of bradykinin used in subsequent
studies were always below the inflection point of the
dose—response curve so that the responses were sub-
maximal.

Neither cyclophilin nor cyclophilin with cyclosporin
A significantly affected the magnitude of contractions
induced by bradykinin when injections were made into
the tissue injection site such that the boluses did not pass
through the lung (Fig. 4). However, when cyclophilin
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Fig. 4. Effects of cyclophilin or cyclophilin with cyclosporin A
on bradykinin-induced contraction of the jugular ring. Upper
tracing: Injections were made into the tissue injection site such
that the boluses did not pass through the lungs as follows:
bradykinin alone (BK1); bradykinin and cyclophilin (+Cyp);
bradykinin and cyclophilin plus cyclosporin A (+Cyp+CsA),
and a final dose of bradykinin (BK2). Boluses contained 2.5
pmol of bradykinin, 3.5 nmol of cyclophilin, and 8.5 nmol of
cyclosporin A. Lower tracing. Injections were made into the
lung injection site such that the boluses passed through the
lungs as follows: bradykinin alone (BK1); bradykinin and cy-
clophilin (+Cyp); bradykinin and cyclophilin plus cyclosporin
A (+Cyp+CsA), and a final dose of bradykinin (BK2). Boluses
contained 50 pmol of bradykinin and cyclophilin and cyclo-
sporin A as above.
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was included with the bradykinin in a bolus injection
into the lung injection site, the jugular ring contraction
was essentially abolished, an effect that was reversed
when cyclosporin A was also included in the bolus
(Fig. 4).

A summary of the data from all of the experiments of
the kind shown in Fig. 4 is shown in Figs. 5 and 6. The
force of bradykinin-induced contractions was unaffected
by cyclophilin (+CyP) or cyclophilin and cyclosporin A
(+Cyp+CsA) as compared with bradykinin alone (BK1
and BK2) when boluses were introduced into the tissue
injection site (Fig. 5), but when the boluses were intro-
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Fig. 5. Summary of data demonstrating that neither cyclophilin
nor cyclophilin with cyclosporin A affected the magnitude of
bradykinin-induced constractions of the jugular ring when in-
jections were made into the tissue injection site such that the
boluses did not pass through the lungs. The injection sequences
were as follows: Upper panel: (BK1), bradykinin alone;
(+Cyp), bradykinin and cyclophilin; and (BK2), a final dose of
bradykinin. Data are from seven jugular rings. The mean force
of contraction elicited by the initial bradykinin boluses (BK1)
was 0.25 + 0.18 (SD) g. Lower panel: (BK1), bradykinin alone;
(+Cyp+CsA), bradykinin and cyclophilin plus cyclosporin A,
and (BK2), final dose of bradykinin. Data are from three jugular
rings. The mean force of contraction elicited by the initial
bradykinin boluses (BK1) was 0.29 + 0.17 (SD) g. Values are
given as means and * SD. The data were analyzed for statistical
significance by ANOVA followed by a Newman—Keuls test. No
significant differences were detected.
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Fig. 6. Summary of data demonstrating that cyclophilin de-
creased the magnitude of bradykinin-induced contractions of
the jugular ring when the cyclophilin and bradykinin were in-
jected into the lung injection site such that the boluses passed
through the lungs, and that cyclosporin A reversed this effect.
The injection sequences were as follows: Upper panel: (BK1),
bradykinin alone; (+Cyp), bradykinin and cyclophilin; and
(BK2) a final dose of bradykinin. Data are from eleven lung-
jugular ring pairs. The mean force of contraction elicited by the
initial bradykinin boluses (BK1) was 0.19 + 0.11 (SD) g. Lower
panel: (BK1), bradykinin alone; (+Cyp+CsA), bradykinin and
cyclophilin plus cyclosporin A; and (BK2), a final dose of
bradykinin. Data are from four lung-jugular ring pairs. The
mean force of contraction elicited by the initial bradykinin bo-
luses (BK1) was 0.29 + 0.16 (SD) g. Values are given as means
+ SD. The data were analyzed for statistical significance by
ANOVA followed by a Newman—Keuls test. Key: (*) signifi-
cantly different from the other responses, P < 0.01.

duced into the lung injection site, the magnitude of the
bradykinin-induced contraction was decreased to a mean
of less than 6% of that elicited by bradykinin alone (BK1
and BK?2) when cyclophilin (+Cyp) was present (Fig. 6).
In six of these eleven experiments, in which cyclophilin
was included in the bradykinin boluses injected into the
lung injection site, no detectable contraction of the jug-
ular ring occurred. When cyclosporin A was included in
the bolus (+Cyp+CsA), the mean magnitude of the con-
tractions was not significantly different from that elicited
by bradykinin alone (BK1 and BK2; Fig. 6).

To determine whether cyclophilin might act to dimin-
ish the force of the bradykinin-induced contractions by
causing the lung to release a physiological antagonist of
bradykinin, we first determined that it took 5 sec for a
bolus to traverse the tubing and lung between the lung
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and tissue injection sites. A bolus containing cyclophilin
alone was injected into the lung injection site, and 5 sec
later, a bolus of bradykinin alone was injected into the
tissue injection site. Under these conditions, the magni-
tude of the contraction induced by the bradykinin that
did not pass through the lungs was the same whether the
bolus was injected into the lung injection site contained
cyclophilin or vehicle only.

The results obtained with the bradykinin analog,
[Glyﬁ]bradykinin, were similar to those obtained with
bradykinin (Fig. 7).

DISCUSSION

When bradykinin boluses were injected into the lung
injection site, passing through the lung en route to the
jugular ring bioassay tissue, we observed significant in-
trapulmonary inactivation of bradykinin, to the extent
that as little as 5% of the injected dose survived passage
through the lungs (e.g. Fig. 3). This observation is con-
sistent with the many published studies of bradykinin
metabolism in the lung [24-32]. When cyclophilin was
included in a bolus of bradykinin injected into the lung
injection site, the fraction of bradykinin that ordinarily
survived passage through the lungs fell to much lower,
often undetectable, levels. Thus, we conclude that cy-
clophilin facilitated the inactivation of the bradykinin
that normally survives a single transit through the pul-
monary capillary bed.

The observation that the cyclophilin effect required
that the bradykinin pass through the lung is consistent
with the hypothesis that bradykinin inactivation in the
lung is isomer specific, involving one or more of its
X-Pro bonds. This is consistent with observations that
many peptidases preferentially hydrolyze peptide con-
formers containing trans X-Pro bonds [1, 12-17]. Since
a fraction of the bradykinin is not inactivated in the lung
under normal conditions, our result also implies that the
cis-trans isomerization rate constant of one or more of
the three X-pro bonds is longer than the capillary transit
time.

London et al. [35] showed that cyclophilin catalyzed
cis-trans isomerization of the Ser®-Pro’ and Gly®-Pro’

GlyS BK1 GlyS BK + Cyp Gly® BK2
Gly® BK1 Gly® BK + Cyp Gly® BK2
— T

0.75 gm
Tmin
Fig. 7. Effect of cyclophilin on [Gly®]bradykinin-induced jug-
ular ring contractions. Upper tracing: Effects of
[Gly]bradykinin with and without cyclophilin when boluses
were injected into the tissue injection site. The injection se-
quence was as follows: [Gly®]bradykinin alone (Gly*BK1);
[Gly®Jbradykinin and cyclophilin (Gly*BK+Cyp); and a final
dose of [GlyS]bradykinin (Gly®BK2). Boluses contained 37.5
pmol of [GlySJbradykinin and 3.5 nmol of cyclophilin. Lower
tracing: Effects of [Gly®]bradykinin with and without cyclo-
philin when boluses were injected into the lung injection site.
The sequence of injections was as above. Boluses contained 600
pmol of [Gly®]bradykinin and cyclophilin as above.
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bonds, respectively, of [p-fluoro-Phe®Jbradykinin and its
Gly® analog. They found that at a bradykinin concentra-
tion of 2.2 mM, the spontaneous isomerization rate con-
stant (0.048 sec™") was increased by 1.2 sec™ per uM
cyclophilin. In a typical experiment in our study, the
cyclophilin concentration in the injectates was 32 pM.
This represents an upper boundary on the concentration
of cyclophilin in the bolus passing through the lung,
which is reduced by mixing and dispersion in the per-
fusate flowing through the lungs. Based on the results of
London et al. [35), this concentration of cyclophilin
would result in a catalyzed isomerization rate constant
for bradykinin (2.2 mM) in their experiments of 40
sec™", Although we do not know the K, for this reaction,
K, values for other peptides are generally in the milli-
molar range [4, 39). In our boluses, bradykinin was
present in micromolar concentrations. Therefore, the fact
that cyclophilin had a significant effect on the isomer-
ization within the time course of a pulmonary capillary
transit time of about 2-3 sec appears to be consistent
with the influence of cyclophilin on the rate of [p-fluoro-
Phes]bradykinin isomerization measured by London et
al. [35].

London et al. [35] studied only the SerS-Pro’ bond,
but the study did not exclude the possibility that cis-
trans isomerization of the two remaining X-Pro bonds
could also be catalyzed by cyclophilin. Since the length
of the substrate N-terminal to the imide bond is thought
to be important for efficient catalysis by cyclophilin [2],
the Arg!'-Pro’ bond may not be an important site of
cyclophilin-catalyzed cis-trans isomerization in brady-
kinin. However, since the Arg'-Pro’> and Pro®-Pro’
bonds of bradykinin have not been specifically studied in
this regard, we cannot predict the extent to which their
isomerization rates contributed to the results of our
study.

Although the shift between the lung and tissue injec-
tion site dose-response curves is probably not a highly
accurate measure of the extent of intra-pulmonary brady-
kinin inactivation since there is a difference in the dis-
persion that occurs after injection at the different sites,
fractional inactivation of bradykinin in the perfused lung
appears to exceed 90% (Fig. 3). If each X-Pro bond
exists as up to 10% cis conformer [33, 34], the data may
suggest that not every X-Pro bond is functionally in-
volved in the inactivation, that there are bradykinin pep-
tidases that do not prefer trans isomers, or under the
conditions of the study, that the uncatalyzed isomeriza-
tion time constant of one or more of these bonds ap-
proaches the capillary transit time. Alternatively, if the
relevant cis fractions are somewhat smaller than under
the conditions of the NMR studies, more than one of the
X-Pro bonds may contribute to the peptidase resistant
conformation(s).

Given the degree to which ACE is thought to contrib-
ute to bradykinin inactivation in the lung [21, 25, 31,
40], it seems likely that the cis isomer of the Ser®-Pro’
bond may be relevant. It is also probable that lung pep-
tidases other than ACE have a preference for trans iso-
mers of proline-containing substrates. For example, ami-
nopeptidase P, which is also thought to contribute to
the intrapulmonary inactivation of bradykinin [25, 31],
cleaves bradykinin at the Arg’-Pro® bond, and there is
direct and indirect evidence suggesting that it also has a
trans preference [14, 41].

We used cyclophilin as a tool to evaluate the impact of
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cis and trans prolyl-peptide isomers on bradykinin hy-
drolysis in the lung. This is a predominately intracellular
enzyme that is probably not present in plasma in suffi-
cient quantity to have a substantial effect on the rate of
cis-trans isomerization of imide bonds that are involved
in regulating bradykinin hydrolysis in the lung [42].
Therefore, it is not expected that cyclophilin plays an
important role in facilitating inactivation of proline-con-
taining peptides in the lung vasculature under normal
physiological conditions. On the other hand, the abun-
dant cis-trans isomerases in intracellular compartments
[7, 8, 42] and, by extension, their inhibitors, the immu-
nosuppressive drugs cyclosporin A and FK506, may be
important modulators of peptide activation and inactiva-
tion by converting enzymes and peptidases inside cells.

One possible implication of our results is that at the
beginning of the arterial system, at least one of the imide
bonds in any bradykinin that survives passage through
the lungs is predominately in the cis conformation. Al-
though we do not know which of the cis conformations
is most relevant, we might take as an example a form
that has a cis isomer at the Ser®-Pro’ bond. Based on the
spontaneous isomerization rate constant that has been
measured for this bond in [p-fluoro-Phe®]bradykinin
(0.048 sec™') [35], half the bradykinin could still be in
this peptidase resistant conformer 14 sec after it has
entered the systemic circulation from the venous outflow
of the lung. This finding may be of further physiological
relevance if cis and trans isomers can affect the confor-
mation of an entire peptide [1], and, as has been sug-
gested, bradykinin receptor subtypes are sensitive to dif-
ferent bradykinin conformations [33, 35]. If the propor-
tions of circulating bradykinin occurring in alternative
isomeric conformations vary throughout the circulation,
the fraction of bioactive bradykinin available to receptor
subtypes at different levels of the systemic circulation
would also vary. Hence, for the wide variety of circu-
lating proline-containing physiological peptides, the
lung may regulate not only the extent of their conversion
to active or inactive forms, as has been known for a long
time, but also the nature of their activity.

Acknowledgements—The authors acknowledge the help of Dr.
Jane Madden and Peter Keller for assistance with the bioassay
technique. We also thank Dr. D. Roerig and Dr. C. N. Gillis for
helpful discussions. This work was supported by the National
Heart, Lung and Blood Institute (HL-52108), the American
Heart Association of Wisconsin (92-GB-23), and the Depart-
ment of Veterans Affairs.

REFERENCES

1. Fischer G, Peptidyl-prolyl cis/trans isomerases and their
effectors. Angew Chem Int Ed Engl 33: 1415-1436, 1994,

2. Stein RL, Mechanism of enzymatic and nonenzymatic pro-
1yl cis-trans isomerization. In; Advances in Protein Chem-
istry. Accessory Folding Proteins (Ed. Lorimer G), pp.
1-24. Academic Press, San Diego, 1993.

3. Schmid FX, Mayr LM, Mucke M, and Schonbrunner ER,
Prolyl isomerases: Role in protein folding. In: Advances in
Protein Chemistry. Accessory Folding Proteins. (Ed.
Lorimer G), pp. 25-66. Academic Press, San Diego, 1993.

4. Fischer G, Wittmann-Liebold B, Lang, K, Kiefhaber T, and
Schmid FX, Cyclophilin and peptidyl-prolyl cis-trans
isomerase are probably identical proteins. Nature 337:
476-478, 1989.

5. Harding MW, Galat A, Uehling DE, and Schreiber SL, A

10.

11.

12.

14.

17.

18.

19.

20.

21.

22,

23.

24.

M. P. MERKER and C. A. DAWSCON

receptor for the immunosuppressant FK506 is a cis-trans
peptidyl-prolyl isomerase. Nature 341: 758-760, 1989.

. Marks WH, Harding MW, Handschumacher RE, Marks C,

and Lorber ML The immunochemical distribution of cy-
clophilin in normal mammalian tissues. Transplantation
52: 340-345, 1991.

. Ryffel B, Cyclosporin binding proteins. Identification, dis-

tribution, function and relation to FK binding proteins. Bio-
chem Pharmacol 46: 1-12, 1993,

. Merker M, Rice J, Schweitzer B and Handschumacher RE,

Cyclosporin A binding component in BW5147 lympho-
blasts and normal lymphoid tissue. Transplan Proc 15:
2265-2270, 1983.

. Mucke M and Schmid FX Enzymatic catalysis of prolyl

isomerization in an unfolding protein. Biochemistry 31:
7848-7854, 1992.

Stamnes MA, Shiech B-H, Chuman L, Hamis GL, and
Zucker CS, The cyclophilin homolog nina A is a tissue
specific integral membrane protein required for the proper
synthesis of a subset of Drosophila rhodopsins. Cell 219:
219-227, 1991.

Steinmann B, Bruckner P and Superti-Furga A, Cyclospor-
in A slows triple-helix formation in vivo: Indirect evidence
for a physiological role of peptidyl-propyl cis-trans isom-
erase. J Biol Chem 266: 1299-1303, 1991.

Merker MP, Dawson CA, Bongard R, Roerig D, Haworth
S and Linehan J, Angiotensin converting enzyme preferen-
tially hydrolyzes the zrans isomer of a proline-containing
substrate. J Appl Physiol 75: 1519-1524, 1993.

. King GK, Middlehurst CR and Kuchel PW, Direct NMR

evidence that prolidase is specific for the trans isomer of
imidopeptide substrates. Biochemistry 25: 1054-1062,
1986.

Lin L-N and Brandts JF, Role of cis-trans isomerism of the
peptide bond in protease specificity. Kinetic studies on
small proline-containing peptides and on polyproline. Bio-
chemistry 18; 5037-5042, 1979.

. Lin L-N and Brandts JF, Evidence showing that a proline-

specific endopeptidase has an absolute requirement for a
trans peptide bond immediately preceding the active bond.
Biochemistry 22: 44804485, 1983.

. Lin L-N and Brandts JF, Determination of cis-trans proline

isomerization by trypsin proteolysis. Application to a
model pentapeptide and to oxidized ribonuclease A. Bio-
chemistry 22: 553-559, 1983.

Lin L-N and Brandts JF, Evidence suggesting that some
proteolytic enzymes may cleave only the rrans form of the
peptide bond. Biochemistry 18: 4347, 1979.

Skoglof A, Nilsson I, Gustafsson S, Deinum J and Gothe P,
Cis-trans isomerization of an angiotensin converting en-
zyme inhibitor. An enzyme kinetic and nuclear magnetic
resonance study. Biochim Biophys Acta 1041: 22-30, 1990.
Schuster DP, McCarthy TJ, Welch MJ, Holmberg S, San-
diford P and Markham J, In vivo measurements of pulmo-
nary angiotensin converting enzyme kinetics. II. Imple-
mentation and application. J Appl Physiol 78: 1169-1178,
1995.

Markham J, McCarthy TJ, Welch MJ and Schuster DP, In
vivo measurements of pulmonary angiotensin converting
enzyme kinetics. 1. Theory and error analysis. J Appl Phys-
iol 78: 1158-1168, 1995.

Erdos EG and Skidgel RA, The angiotensin I-converting
enzyme. Lab Invest 56: 345-348, 1987.

Dawson CA, Bongard RD, Rickaby DA, Linehan JH and
Roerig DL, Effect of transit time on metabolism of a pul-
monary endothelial enzyme substrate. Am J Physiol 257:
H853-H865, 1989.

Merker MP, Armitage I, Maehl J, Kakalis L, Bongard R,
Haworth S, Roerig D, Linehan J and Dawson C, Angioten-
sin converting enzyme preferentially hydrolyzes the trans
isomer of benzoyl-phenylalanyl-glycyl-proline (BPGP).
FASEB J 7: A543, 1993.

Alabaster VA and Bakhle YS, The inactivation of brady-



25.

26.

27.

28.

29.

30.

31.

32.

34.

Cis and trans isomers of bradykinin

kinin in the pulmonary circulation of isolated lungs, Br J
Pharmacol 45: 299-310, 1972.

Baker CRF, Little AD, Canizaro PC and Behal FJ, Kinin
metabolism in the perfused ventilated rat lung. 1. Bradyki-
nin metabolism in a system modeling the normal, uninjured
lung. Circ Shock 33: 37-47, 1991.

Ferreira SH and Vane JR, The disappearance of bradykinin
and eledoisin in the circulation and vascular beds of the cat.
Br J Pharmacol Chemother 30: 417-424, 1967.

Roblero J, Ryan JW and Stewart JM, Assay of kinins by
their effects on blood pressure. Res Commun Chem Pathol
Pharmacol 6: 207-212, 1973.

Ryan JW, Roblero J and Stewart JM, Inactivation of brady-
kinin in the pulmonary circulation. Biochem J 110: 795-
797, 1968.

Regoli D and Barabe J, Pharmacology of bradykinin and
related kinins. Pharmacol Rev 32: 1-46, 1980.

Biron P and Charbonneau R, Pulmonary extraction of
bradykinin and eledoisin. Rev Can Biol 27: 75-76, 1968.
Pesquero JB, Jubilut GN, Lindsey CJ and Paiva, ACM,
Bradykinin metabolism pathway in the rat pulmonary cir-
culation. J Hypertens 10: 1471-1478, 1992.

Levine BW, Talamo RC and Kazemi H, Action and me-
tabolism of bradykinin in dog lung. J Appl Physiol 34:
821-826, 1973.

. London RE, Stewart JM and Cann JR, Probing the role of

proline in peptide hormones. NMR studies of bradykinin
and related peptides. Biochem Pharmacol 40: 41-48, 1990,
London RE, Stewart JM, Cann JR and Matwioff NA, '*C
and 'H nuclear magnetic resonance studies of bradykinin

35.

36.

37.

38.

39.

41,

42.

2091

and selected peptide fragments. Biochemistry 17: 2270~
22717, 1978.

London RE, Davis DG, Vevrek RJ, Stewart JM and Hand-
schumacher RE, Bradykinin and its Gly® analog are sub-
strates of cyclophilin: A fluorine-19 magnetization transfer
study. Biochemistry 29: 10298-10302, 1990.

De Nucci G, Thomas R, D’Orleans-Juste P, Antunes E,
Walder, C, Wamner TD and Vane JR, Pressor effects of
circulating endothelin are limited by its removal in the
pulmonary circulation and by the release of prostacyclin
and endothelium derived relaxing factor. Proc Narl Acad
Sci USA 85: 9797-9800, 1988.

Merker M and Handschumacher RE, Uptake and nature of
the intracellular binding of cyclosporin A in a murine thy-
moma cell line, BW5147. J Immunol 132: 1-6, 1984.
Madden JA, Dawson CA and Harder DR, Hypoxia-induced
activation in small isolated pulmonary arteries of the cat. J
Appl Physiol 59: 113-118, 1985.

Harrison RK and Stein RL, Mechanistic studies of pepti-
dyl-prolyl cis-trans isomerase: Evidence for catalysis by
distortion. Biochemistry 29: 1684-1689, 1990.

. Dragovic T, Igic R, Erdos E and Rabito S, Metabolism of

bradykinin by peptidases in the lung. Am Rev Respir Dis
147: 1491-1496, 1993.

Simmons WH and Orawski AT, Membrane-bound ami-
nopeptidase P from bovine lung. J Biol Chem 267: 4897
4903, 1992.

Ryffel B, Woerly G, Greiner B, Haendler B, Mihatsch MJ
and Foxwell BM, Distribution of the cyclosporine binding
protein cyclophilin in human tissues. Immunology 72: 399
404, 1991.



