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Abstract

Human carboxypeptidase N (CPN) was discovered in the early 1960s as a plasma enzyme that
inactivates bradykinin and was identified 8 years later as the major “anaphylatoxin inactivator” of
blood. CPN plays in important role in protecting the body from excessive buildup of potentially
deleterious peptides that normally act as local autocrine or paracrine hormones. This review
summarizes the structure, enzymatic properties and function of this important human enzyme,
including insights gained by the recent elucidation of the crystal structure of the CPN catalytic subunit
and structural modeling of the non-catalytic regulatory 83 kDa subunit. We also discuss its
physiological role in cleaving substrates such as kinins, anaphylatoxins, creatine kinase, plasminogen
receptors, hemoglobin and stromal cell-derived factor-1o. (SDF-1a).

1. History

Carboxypeptidases were initially isolated from pancreatic extracts and so were associated with
protein and peptide degradation in the digestive tract [1-4]. However, work beginning in the
early 1960’s by Erdds and Sloane [5] revealed the presence of a novel carboxypeptidase in the
blood that plays a regulatory role by inactivating bradykinin via removal of its C-terminal Arg
residue. (Subsequent research some 2 decades later led to the discovery of a second kinin By
receptor activated by the carboxypeptidase metabolite that is its endogenous agonist - see
below). Initially it was assumed that the enzyme represents a circulating form of pancreatic
carboxypeptidase B, but this was disproved by the characterization of its enzymatic properties
[5-8], which was later borne out by biochemical studies, sequence analysis [9-15] and
ultimately X-ray crystallography [16]. To differentiate it from the pancreatic enzyme, it was
named carboxypeptidase N (CPN; EC 3.4.17.3) and was the first member of a family of
carboxypeptidases now known as the regulatory or CPN/E subfamily of
metallocarboxypeptidases [17-19]. It has since been re-discovered many times as other
substrates were found and so has acquired aliases such as creatine kinase conversion factor,
plasma carboxypeptidase B, arginine carboxypeptidase, lysine carboxypeptidase and
protaminase [8,17,20,21]. The most notable was the finding by Bokisch and Muller-Eberhard
in 1969 — 70 [22,23] that the human plasma “anaphylatoxin inactivator” is identical with CPN.
This finding explains our interest in the work of Dr. Tony Hugli, who has made many seminal
contributions to the understanding of the structure and function of anaphylatoxins [24-27]. In
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fact, Dr. Hugli’s research produced the first in vivo evidence for the important role of CPN in
protecting laboratory animals from the lethal consequences of anaphylatoxin generation [28].
These findings, coupled with the facts that no person has ever been found to completely lack
the enzyme and patients with low enzyme levels are rare [29,30] have led to the conclusion
that CPN may be essential to the sustenance of life.

2. Localization

CPN is synthesized by the liver and secreted into the blood where its concentration is high,
approximately 30 pg/ml ( 10~7 M) [8,31]. As determined by Northern analysis (Tan and
Skidgel, unpublished)[32], the liver is its only site of synthesis, however, only low levels of
CPN can be extracted from the organ itself [9]. Probably it is not stored there, but secreted
shortly after synthesis. Although some reports claimed the presence of CPN in tissues or non-
hepatic derived cells [33-35], contribution of CPN from the blood in tissues or serum used to
grow cells was not ruled out. Possibly, membrane-bound carboxypeptidase M (CPM) could
have been detected as these two enzymes cleave the same substrates. For example, we found
that human pulmonary arterial endothelial cell membranes have high levels of CPM, but no
detectable CPN as determined by immunoprecipitation with specific antiserum [36]. RNA and
protein analyses in mouse embryos showed that expression of the active subunit of CPN occurrs
as early as 8.5 days and can be found in erythroid progenitor cells in the embryonic liver at
day 10.5 and in hepatocytes at day 16.5 [37].

3. Physical Properties and Subunit Structure

Purified native human CPN has an apparent molecular weight of about 270 to 330 kDa although
280 kDa is the most frequently cited value [9,13,20,38]. When separated under denaturing
conditions, it dissociates into three major protein bands of 83 kDa, 55 kDa and 48 kDa [13,
20,38]. The 83 kDa protein is a non-catalytic regulatory subunit whereas the 55 kDa and 48
kDa proteins represent the native and proteolytically cleaved forms of the active subunit [13,
20,38]. The 280 kDa form of CPN is a dimer of heterodimers, with each heterodimer containing
one catalytic subunit and one 83 kDa subunit. The 83 kDa subunit is highly glycosylated (about
28% by weight) whereas the active subunit was thought to lack carbohydrate [13,38]. However,
the recent X-ray crystal structure of the active subunit revealed the surprising presence of O-
linked carbohydrate [16] (see below). The subunits of CPN are held together by non-covalent
forces as they can be dissociated with 3 M guanidine and separated by gel filtration [13,20].

Because of its small size and relative instability at 37°C [13,39], the active subunit would not
survive by itself in the circulation for very long. In vitro, the 83 kDa subunit stabilizes the
active subunit at 37°C and at low pH [13]. This indicates that, although the 83 kDa subunit
lacks enzymatic activity, it is important because it carryies and stabilizes the active subunit in
the blood. In addition, the 83 kDa subunit may enhance the interaction of the catalytic subunit
with larger substrates such as anaphylatoxin C3a and inhibitors (protamine) [17,40]. However,
most of the enzymatic properties of the intact 280 kDa tetramer are preserved in the isolated
catalytic subunits [13,41]

Both subunits are sensitive to proteolysis by serine proteases in their native conformation
[13,38]. When intact CPN tetramer is exposed to plasmin or trypsin the 83 kDa subunit is
cleaved at Arg#>7-Ser%%8, releasing a 13 kDa peptide, resulting in dissociation of the tetramer
into two active 142 kDa heterodimers [42] (Fig. 1A). When exposed to trypsin or plasmin, the
catalytic subunit either alone or bound to the 83 kDa subunit is cleaved at the C-terminus to
reduce its size from 55 kDa to 48 kDa [13,42](Fig. 1A). Proteolysis at these sites appears to
occur constitutively in the blood or during processing and secretion from the liver as CPN
quickly isolated from fresh blood with added high concentrations of protease inhibitors, still
contains the 55 kDa and 48 kDa subunits at a ~ 1:1 ratio [13,20]. This also applies to CPN
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secreted from HepG2 cells and detected directly by [S3%]-methionine labeling without
purification [43]. The C-terminal truncation does not affect specific activity or tetramer
formation indicating that the proteolytically generated 48 kDa form of the active subunit is a
normal component of the active, circulating CPN tetramer. Subsequent cleavage of this subunit
at Arg218_Arg?19 increases catalytic activity and generates an active two-chain form held
together by non-covalent bonds [13,42] (Fig. 1LA). This two-chain form may play a role in
pathological conditions where proteases are activated. It is not found in normal plasma or in a
purified protein preparation as long as protease inhibitors are used during the purification.

4. Comparison to related carboxypeptidases

Molecular cloning [15] revealed that the 50 kDa subunit has sequence similarities to other
metallocarboxypeptidases [17,21,31,32] although the homology is much higher with the
members of the regulatory subfamily (~38 — 49%) than with those in the pancreatic CPA/B
subfamily (~14 — 19%). However, most of the active site residues are conserved among the
metallocarboxypeptidases and all require zinc as cofactor for activity [17,21,31].

The C-terminal region of the catalytic subunit of CPN contains numerous basic residues, and
this differs from all other family members. In addition, the segment containing the Arg?18—
Arg?19 protease sensitive site noted above, is also unique to CPN because of 4 — 12 extra
residues located on an exposed surface loop (see below) compared with other CPN/E family
members.

5. Structure of the 83 kDa subunit

CPN is unique among mammalian metallocarboxypeptidases in having a non-catalytic subunit
as an essential component of its native form [13,21,38]. The cloning and sequencing of the 83
kDa subunit showed that it encodes a 59 kDa protein with no sequence similarity to the 50 kDa
active subunit or any other carboxypeptidase and identified it as a member of the leucine-rich
repeat (LRR) family of proteins [44]. This repeating pattern was first noticed in the sequence
of the leucine-rich ap-glycoprotein and had been found in only a few other mammalian proteins
at the time (e.g. platelet GPIb, GP V and GP IX, proteoglycans, RNAse inhibitor, luteinizing
hormone receptor, oligodendrocyte/myelin glycoprotein and U2 snRNP-A") [44-46]. The LRR
motif has now been found in over 2000 proteins from a variety of species [47,48] and these
proteins comprise a subset of the larger “solenoid protein” superfamily [48]. Although very
few members of this family have been crystallized, the LRR forms a structure important for
mediating binding interactions [47,48].

The primary sequence of the 83 kDa subunit can be divided into 3 major domains with the
following features (Fig. 1B): 1. a 52 residue N-terminal domain that contains a cysteine-rich
LRR N-flanking region (amino acids 1-27); 2. a 312 residue central domain that consists of
13 tandem leucine-rich repeats of 24 residues each (amino acids 53-364); 3. a C-terminal
domain of 145 residues that contains a 26 residue cysteine-rich LRR C-flanking region (amino
acids 400 -425).

Although the 3 dimensional structure of the 83 kDa subunit has not been determined, the other
known LRR structures adopt an overall horseshoe shape with a curved B-sheet lining the inner,
concave surface and other repeated secondary structures, such as a-helix or p-turn, flanking
the outer circumference [47,48]. Homology modeling of the 83 kDa subunit was accomplished
using the ESyPred3D program [49], yielding a structure within the LRR domain similar to
those of other LRR proteins (Fig. 2). Among these, the 83 kDa subunit has the highest sequence
identity (26.3%) with Lingo-1, a transmembrane protein in the central nervous system that
inhibits axon growth whose structure was very recently solved [50]. Lingo-1 contains an Ig-
like domain at the C-terminus of the LRR and the interface between this domain and the C-
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terminal end of the LRR domain contains binding sites mediating tetramer formation [50].
Interestingly, the 83 kDa model, based on the Lingo-1 structure, also has a C-terminal Ig-like
domain (Fig. 2) containing the protease sensitive site noted above that, when cleaved, leads to
dissociation of the CPN tetramer into heterodimers. Thus, interactions between the 83 kDa
subunits in this region may mediate formation of the CPN tetramer (Fig. 2).

6. Structure of the catalytic subunit

The recent determination of the crystal structure of the CPN catalytic subunit has revealed
some surprising features and important residues likely to be involved in hydrolysis and binding
to the regulatory 83 kDa subunit [16]. The catalytic subunit has an overall pear-like shape with
a 319 residue N-terminal catalytic domain abutting a cylindrically shaped 79 residue C-terminal
B sandwich transthyretin (TT) domain (Fig. 3). The structure of the CPN catalytic subunit is
topologically similar to those of the duck CPD-2 fragment [51] and human CPM [52]. The
polypeptide chain of the C-terminally truncated CPN catalytic subunit was traced in the final
electron density to Ser398 except for nine residues around the Arg218-Arg219 protease-
sensitive cleavage site (Fig. 3). This site is in the B6-a6 loop, which is three or six residues
longer than in CPM or CPD-2, also without the Arg-Arg sequence. Although previously
considered to be non-glycosylated, we were surprised to find three Thr residues of the distal
TT edge of the subunit that were O-linked to N-acetyl-glucosamines [16] (Fig. 3). The data
do, however, explain a historical paradox. The molecular weights reported for intact and
truncated catalytic subunit are 55-56 kDa and 48-49 kDa by SDS-PAGE [13,38,42], whereas
the calculated molecular weights based on the sequence are only 50 kDa or 45 kDa. Additional
mass added by the O-linked carbohydrate can resolve this discrepancy.

Modeling of the C-terminal Pro-Phe-Arg of bradykinin into the active site showed how the S1’
pocket might accommodate P1’-Lys better than Arg, in agreement with CPN’s preference for
cleaving C-terminal Lys [16]. The relative preference for medium sized penultimate (P1)
substrate residues over Gly (see below) might result from enhanced flexibility of bound
substrates containing P1 Gly [16].

A region on the catalytic subunit that might interact with the 83 kDa subunit was identified
based on several criteria [16]: the ready accessibility to proteases and proteolysis of the C-
terminus of the TT domain in tetrameric CPN; the presence of O-linked carbohydrates on the
distal edge of the TT domain; the accessibility to proteases of the Arg218—-Arg219 cleavage
site in the p6-a6 loop; accessibility of the active site groove to large protein substrates (e.g.,
creatine kinase) in the tetramer; the hydrophobic nature of the catalytic subunit after separation
from the 83 kDa subunit. These considerations restrict the likely interaction surface of the
catalytic subunit to the interface between the carboxypeptidase and TT domains (Fig. 4). Thus,
in tetrameric CPN, a unique hydrophobic surface patch wrapping around the catalytic domain—
TT interface and possibly spreading over parts of the CP and the TT domain (Fig. 4), might
interact with the concave inner B-sheet of the LRR domain of the 83 kDa subunit to form the
heterodimer (Fig. 2).

7. Enzymatic Properties

CPN contains zinc as a required cofactor, thus it is inhibited by chelating agents such as EDTA
and o-phenanthroline [6,8,53]. Replacement of Zn** in the active center by Co** activates
CPN by about 2 to 6-fold at neutral pH depending on the substrate[41,53-55]. The increased
activity is primarily due to an increase in the keat [41]. In contrast, Cd*™* inhibits the enzyme.
[6,53]. CPN has a neutral pH optimum and its activity drops off dramatically at lower pH,
retaining about 7% at pH 5.5 [53,55]. This is likely due to a loss of zinc as added Co** is still
able to activate the enzyme at pH 5.5 to 1.5-fold of that measured at pH 7.5 without Co**
[55]. Relatively high affinity bi-product analog inhibitors of CPN have been developed,;
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guanidinoethylmercaptosuccinic acid with a K; = 1 uM and DL-2-mercaptomethyl-3-
guanidinoethylthiopropanoic acid with a K; of 2 nM [56,57]. However, these are not specific
for CPN as they also inhibit other B-type carboxypeptidases with similarly high affinity.

CPN cleaves only C-terminal Arg or Lys from peptides or proteins [21,31,39]. In general, the
enzyme cleaves off C-terminal Lys faster than Arg due to a higher turnover number. For
example, for the synthetic substrate FA-Ala-Lys, the K, = 340 uM and Kggt = 5820 min1
whereas for FA-Ala-Arg the Ky, = 260 uM and Kz = 1860 min~1 [54]. This is also true for
biologically active peptides such as Arg®-Met>-enkephalin (K, = 49 pM, Kcat = 1024 min~1)
and Lys®-Met>-enkephalin (K, = 216 pM, Keat = 6204 min~1) [41]. The penultimate residue
in substrates also plays an important role, with Ala or Met being preferred; the presence of Gly
greatly slows down hydrolysis [8,20]. For example, the specificity constant (kq;t/Ky,) for Bz-
Gly-Lys isonly 0.7 uM~Imin 1 but is 60.3 uM~Imin1 for Bz-Ala-Lys. The large effect of the
penultimate residue has in vivo significance as the very rapid hydrolysis of anaphylatoxin C3a
(C-terminal sequence -Leu-Ala-Arg) by CPN results in a significantly shorter plasma half-life
compared with anaphylatoxin C5a with C-terminal -Leu-Gly-Arg [26].

8. Hydrolysis of biologically relevant peptides in vivo

Cleavage of the C-terminal Arg from bradykinin by CPN led to its discovery as the first kininase
[5,8]. Bradykinin has the lowest K, (19 uM) of all peptide substrates tested, although the
turnover number (K.5) is lower than for other naturally occurring substrates [20,41]. CPN
carries out this reaction in vivo as the concentration of des-Arg®-bradykinin in human blood is
3-fold higher than that of bradykinin itself [58]. Although CPN contributes in vivo to the
degradation of circulating kinins, this pathway is secondary to kinin hydrolysis by angiotensin
I converting enzyme (ACE) on pulmonary vascular and other endothelial cells [8].
Consequently, CPN activity takes on added significance in patients receiving ACE inhibitors.
Because peptide hormones like kinins are primarily autocrine or paracrine hormones and their
sites of action are restricted to a small local area, the levels of circulating peptides are likely
to represent “spillover” of peptides generated at local sites. High concentrations of kinins in
the blood can have noxious effects, thus blood enzymes like CPN can be protective and prevent
the buildup of potentially harmful levels in the circulation [17,21,31]. CPN exists at a relatively
high level in blood (~30 pg/ml) and is also of obvious relevance in the inactivation of
anaphylatoxins [23,31]. In fact, no one has been found who completely lacks the enzyme and
even patients with low enzyme levels are rarely encountered [29,30]. Genetically determined
blood levels of about 20% of normal resulted from decreased hepatic synthesis in one patient
[30,59], likely due to two mutations, one causing a frameshift mutation in the catalytic subunit
[60]. This was associated with repeated attacks of angioedema in the patient, possibly due to
the increased half-life of kinins and/or anaphylatoxins [30,59]. Conditions that affect hepatic
plasma protein synthesis also alter plasma CPN levels such as a decrease in cirrhosis of the
liver or an increase in pregnancy [29]. Elevations in enzyme level have been noted in certain
types of cancer and in the blood and synovial fluid of arthritic patients [29,30,61,62]. The
possible function of CPN in these disease states is not known.

A potentially more important function of CPN is the alteration of the receptor specificity of
kinins [39]. The actions of bradykinin or kallidin (Lys-bradykinin) are mediated via activation
of the B2 receptor which is critically dependent on the presence of the C-terminal arginine
[63]. However, des-Arg®-bradykinin or des-Argl0-kallidin generated by CPN has a variety of
activities mediated through a different receptor designated “B1” [64,65]. The B1 receptor
system is upregulated in response to injury or inflammatory mediators and may be part of the
acute phase reaction [63,65]. Thus, conversion of kinins to des-Arg-kinins to produces the
endogenous agonists for the B1 receptor, of potential importance in inflammatory or
pathological responses. Activation of B1 receptors initiates increased ERK activation,
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prostaglandin production [65], high output NO generation and inhibits PKCe activity in
cytokine-treated human endothelial cells [66—68].

As noted above, eight years after the discovery of CPN as a kininase, the enzyme was identified
as the plasma anaphylatoxin inactivator [22,23]. Although the potential clinical significance
of this finding was clearly understood, direct testing of the concept was not possible until high
affinity CPN inhibitors were developed [56,57]. Dr. Hugli’s group obtained the first convincing
in vivo evidence for the importance of this role in studies on guinea pigs in which the
complement cascade was activated by the injection of cobra venom factor [28]. The subsequent
release of anaphylatoxins had no effect on control guinea pigs because of the inactivation by
CPN, but the reaction had dramatic results in guinea pigs when they were pretreated with the
potent carboxypeptidase inhibitor DL-2-mercaptomethyl-3-guanidinoethylthiopropanoic acid
[28]. In these animals, cobra venom factor induced a lethal reaction within 5 min, due primarily
to intense bronchoconstriction and asphyxiation [28]. In addition, histologic sections from
these lungs showed small airway constriction, vasoconstriction, cellular aggregates in vessels,
pulmonary edema and interstitial infiltrates of mononuclear cells [28]. Whether pulmonary
carboxypeptidase M might also play a role in inactivating anaphylatoxins generated in the
blood is not clear, but the MGTA used would have also inhibited this enzyme that is highly
expressed in lungs [36]. Later studies clearly showed that the carboxypeptidase inhibitor
enhanced anaphylatoxin but not bradykinin effects as ACE inhibitors were inactive in guinea
pig anaphylaxis while CPN inhibitor pretreatment resulted in high mortality [69].

Evidence for a similar protective function of CPN in humans is, necessarily, somewhat indirect
but the protamine-reversal syndrome is one condition where low CPN activity may be involved.
In some patients, intravenous protamine given to neutralize the anti-thrombotic effects of
heparin after extracorporeal circulation caused a catastrophic reaction consisting of pulmonary
vasoconstriction, bronchoconstriction and systemic hypotension [70,71]. This reaction is
attributed to the release of thromboxane and the generation of anaphylatoxins and kinins
subsequent to activation of the complement cascade and factor XII which activates plasma
kallikrein [71,72]. We showed that protamine is a potent inhibitor of CPN [40], indicating that
the resulting decreased degradation of anaphylatoxins and kinins could contribute to the
protamine reversal syndrome. In addition, the CPN level decreased to about half after the
initiation of cardiopulmonary bypass, due primarily to dilution of the blood [73]. This
syndrome is relatively rare (incidence ~ 1%) indicating that other factors are involved. We also
showed that the binding of heparin to protamine reverses the inhibition of CPN [40], thus only
when protamine is given in excess would CPN activity be compromised. Indeed, re-
administration of heparin reversed protamine reactions in two patients, which was attributed
to the reactivation of CPN [74]. In addition, the data of Mathews et al. [30] indicate that CPN
levels of 20% of normal or greater might be sufficient for its protective role under normal
conditions, thus a 50% reduction after cardiopulmonary bypass may not necessarily cause
significant symptoms. However, in patients with abnormally low CPN levels or in those who
produce excessive amounts of anaphylatoxins or kinins, a 50% reduction could have serious
consequences, especially if protamine is given in excess.

Another complex cascade in blood of crucial importance is the plasminogen system because
it functions in thrombolysis/fibrinolysis, extracellular matrix degradation, tissue remodeling
and repair. The binding of plasminogen to C-terminal Lys residues on cell surface proteins and
fibrin clots increases its activation up to 1000-fold [75-78]. It was shown that plasma CPU
and CPN cleave C-terminal Lys residues on these plasminogen “receptors” and thereby
downregulate plasminogen activation [77,78]. CPU (also called TAFI) exists in blood as a
proenzyme and once activated by thrombin/thrombomodulin during coagulation has a short
half-life [79,80]. Although CPU reduces plasminogen binding to both cells and in fibrin clots,
the effect of CPN is largely restricted to removal of C-terminal Lys residues of plasma
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membrane proteins [77,78]. By decreasing cellular plasminogen binding [78], CPN can reduce
plasmin-dependent extracellular matrix degradation and cellular migration [77,81]. For
example, freshly isolated monocytes, exposed to CPN in the plasma, bind about 30-fold less
plasminogen than monocytes cultured for 18 h or longer [82]. As described above, plasmin
can cleave both subunits of CPN, causing increased activity; proteolytically cleaved CPN is
also more effective in reducing cellular plasminogen binding than native CPN [78]. This may
serve as a feedback mechanism to limit cellular plasminogen activation. Because CPN cleaves
preferentially C-terminal Lys over Arg, it is better suited for this function than membrane-
bound CPM which releases C-terminal Arg faster [17,21,83]. Apart from enhancing CPN
activity by cleavage of the catalytic subunit, plasmin conversion of CPN tetramers to
heterodimers [42] might enhance CPN’s access to cell surface proteins. Alternatively,
conversion to heterodimers may double the effective concentration of CPN in this process as
in the tetramer, only one active site at a time may be functional to hydrolyze a fixed substrate
such as a cell surface protein of limited diffusion capability.

CPN also cleaves off C-terminal Lys residues from other large protein substrates; it is the
“creatine kinase conversion factor” in blood that liberates the C-terminal Lys from both the M
and B subunits of creatine kinase, released from the heart after myocardial infarction [84,85].
Determination of the ratio of the Lys- containing isoform to the des-Lys isoform increased the
specificity and sensitivity of blood creatine kinase measurements for the diagnosis of heart
attacks [86,87]. CPN can also remove Arg!4! from the a chain of human hemoglobin [88].
This modification accelerated the dissociation of the tetramer into dimers, increased its oxygen
affinity over 3-fold and reduced the Hill coefficient (reflecting lower cooperativity) by 2-fold
[88]. Des-a-Argl4! hemoglobin also caused greater vasoconstriction than hemoglobin which
was mediated by interference with vasodilation by NO and eicosanoids [88].

Mass spectrometry-based surveys of the low molecular weight plasma proteome is a possible
source of novel biomarkers for various diseases. Recently, over 250 peptides up to a mass of
5500 d were identified as derivatives of plasma proteins released by plasmin, thrombin or
complement proteases [89]. In almost all cases there were peptide isoforms lacking the
predicted C-terminal Arg or Lys residues and it was considered to be evidence of hydrolysis
by CPN [89]. Whether this cleavage has physiological significance is unknown as the biological
activities of these peptides have not been tested, but it should be taken into consideration when
measuring peptide levels as biomarkers.

CPN was recently identified as the plasma enzyme responsible for releasing the C-terminal
Lys residue from stromal cell-derived factor-1o (SDF-1a) and that reduces the ability of this
chemokine to act as a pre-B-cell growth factor and chemoattractant [90,91]. SDF-1ais
important in hematopoietic stem cell trafficking and has received recent attention because it
enhances endothelial progenitor cell homing, engraftment and angiogenesis in ischemic tissues
[92,93]. It follows that the regulation of its activity by CPN should be of significance when
using endothelial progenitor cells to treat ischemic heart disease [94].
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Figure 1. Plasmin cleavage of CPN and primary structure of the 83 kDa subunit

(A) A representation of the CPN tetramer is shown with the three major domains of the 83 kDa
subunit designated as follows: clear box, N-terminal domain; black box, leucine-rich repeats;
hatched box, C-terminal domain. Without carbohydrate, the calculated Mr of the regulatory
subunit is 58,287. Dashed lines represent inter- and intra-chain non-covalent interactions. The
sites cleaved by plasmin are denoted by stars and the amino acids at the cleavage sites are
marked. The conversion of the catalytic subunit from its 55 kDa to 48 kDa form is not shown
for sake of clarity. (B) Amino acid sequence and domain structure of the 83 kDa subunit of
CPN is shown, defining the location of the N-terminal domain, leucine-rich repeats (LRR) and
C-terminal domain containing the 13kDa “docking” peptide. Highly conserved residues within
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the 24 amino acid leucine-rich repeats are boxed. The plasmin cleavage site at R¥°7-S4%8 is
marked by the dashed arrow. Cys residues are circled and Asn residues that are potential
glycosylation sites are marked with a box. The consensus LRR Cys-rich N- and C-flanking
sequences are shaded. Reproduced with permission from Quagraine et al., 2005, Biochem. J.
388: 81-91. © the Biochemical Society.
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Figure 2. Molecular Model of the 83 kDa subunit of CPN

A three-dimensional homology model of the 83 kDa subunit was generated using ESyPred3D
[49], based on the structure of Lingo-1 [50]. Helices are colored yellow, B-strands blue and the
residual chain as a red rope. Because of additional residues in the 83 kDa subunit (E44- F87
and V83_T106) not found in Lingo-1, the model in the N-terminal region is inaccurate as
indicated by gaps in the structure and denoted by the red arrows. The C-terminal 18 residues
in the 83 kDa subunit also have no homology with Lingo-1and are not represented in the model.
The plasmin cleavage site in the Ig-like domain is indicated by the arrow. A. “Top” view
showing the overall curvature of the molecule and the orientation of the C-terminal 1g-like
domain. The potential binding sites for the 50 kDa subunit (to form the heterodimer) and
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another 83 kDa subunit (to form the tetramer) are denoted by the open arrows. B. “Front” view
showing the characteristic concave B-sheet surface of the LRR domain.
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Figure 3.

Stereo image of the structure of the catalytic subunit of human CPN. The ribbon representation
shows the catalytic domain on top and the cylindrical TT domain at the bottom. Helices (al to
a9) and B-strands (B1 to B15) are represented as golden helices and blue arrows, and the residual
chainasared rope. Also shown are the zinc ion cofactor inserted according to the CPM structure
[52] (purple sphere), the two disulfide bridges (yellow stick model), the three glycosylated
residues Thr380, Thr382 and Thr389 (orange stick models), and the O-linked proximal sugars
(green stick models) in the TT domain. The figure was prepared with Pymol
(http://pymol.sourceforge.net/). This figure is reprinted from [16] with permission from
Elsevier.
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Figure 4.

Stereo view of the CPN catalytic subunit, represented by its Connolly surface. The surface is
colored according to the electrostatic surface potential, ranging from negative (red, —10

ek 1T 1) to positive (blue, 10 ek 1T~1). The catalytic zinc ion (purple sphere) has been inserted
to indicate the active-site groove. The three O-linked sugars are shown as green sticks. Some
exposed hydrophobic residues forming a belt-like hydrophobic surface patch wrapping around
the catalytic domain/TT interface (possibly representing the attachment site for the 83 kDa
subunit) are labeled. The figure was prepared with GRASP [95]. This figure is reprinted from
[16] with permission from Elsevier.
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