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ABSTRACT: The metzincin metalloproteinase pregnancy-associated plasma protein-A (PAPP-A, pappalysin-
1, EC 3.4.24.79) specifically cleaves insulin-like growth factor binding protein (IGFBP)-4 and -5. Regulation
of insulin-like growth factor (IGF) bioavailability through cleavage of these inhibitory binding proteins
is an important mechanism for the control of growth and development of vertebrate cells. Although
proteolysis of IGFBP-4 and -5 by PAPP-A has been extensively studied in many systems, quantitative
analyses have been lacking. We have characterized the cleavage of its natural substrates, IGFBP-4 and
-5, in the absence and presence of IGF-I or -II and determined the kinetic parameters (Km andkcat) for the
different combinations of IGFBP and IGF. The rate of IGFBP-4 proteolysis is dramatically increased
upon addition of IGF-I or -II. Kinetic analysis revealed that IGF-II was a more potent activator of IGFBP-4
proteolysis than IGF-I. Proteolysis of IGFBP-5 is slightly inhibited by IGF, and we find that IGF-I and
-II display a similar degree of inhibition of IGFBP-5 cleavage. We show that the mechanism of IGF-
modulated proteolysis of IGFBP-4 and -5 involves changes in both the recognition of substrate (Km) and
the turnover rate (kcat). In addition, we have devised a novel method of revealing potential consequences
of substrate modification for kinetic analysis, and we have used this method to establish that there is no
apparent difference in the behavior of radiolabeled IGFBP-4 and -5 compared to the behavior of the
unmodified protein substrates. We also propose experimental conditions for the proper analysis of IGFBP
proteolysis, and we demonstrate their usefulness by quantitatively evaluating the effect of inhibitory
compounds on the rate of proteolysis. Finally, we have compared PAPP-A to other proteinases thought
to have IGFBP-4 or -5 as a substrate. This emphasizes the potential of PAPP-A to specifically and efficiently
function as a regulator in the IGF system.

The insulin-like growth factors (IGF-I1 and -II) are
approximately 7.5 kDa polypeptides with auto- and paracrine
effects on cell proliferation, migration, and differentiation
(1). IGF-I and -II exert their activities by binding to the IGF-1
receptor (IGF1R), which initiates an intracellular signaling
cascade (2). Binding to IGF1R is modulated by six IGF
binding proteins, IGFBP-1-6. All IGFBPs have higher
affinities for IGF-I and IGF-II (10-9-10-11 M) (3) than does
IGF1R (10-8-10-9 M) (4), thereby sequestering IGF from
the receptor (1, 5). Specific proteolysis of the IGFBPs
represents the principal regulatory mechanism of IGF bio-
availability, generating IGFBP fragments with weakened
affinity for IGF and thus promoting binding to IGF1R. The
study of IGFBP proteolysis is relevant because the IGFs are
involved in both normal physiology and human disease, e.g.,
cancer (6, 7) and cardiovascular disease (8, 9), and therefore,
strategies for the direct inhibition of IGF signaling are being

developed (10, 11). However, specific inhibitors of growth
promoting proteolytic activity may represent a valuable
alternative, in particular because such inhibition of IGF
receptor stimulation is unlikely to interfere with insulin
signaling.

One of the most studied IGFBP proteinases is pregnancy-
associated plasma protein-A (PAPP-A). PAPP-A is a protein
of 1547 residues (12) and belongs to the metzincin super-
family of metalloproteinases (13-17). PAPP-A specifically
cleaves IGFBP-4 (18), IGFBP-5 (19), and IGFBP-2 (20),
thereby releasing sequestered IGF. While the extent of
proteolysis of IGFBP-4 and -2 is increased many fold upon
binding of IGF, the cleavage of IGFBP-5 appears to be
slightly impaired by the presence of IGF (19).

PAPP-A is found in the circulation of normal individuals
at a very low concentration, but the level is found to increase
throughout pregnancy (21). In the circulation of pregnant
women, PAPP-A is present in a 2:2 complex with the pro
form of eosinophil major basic protein (proMBP) (22), which
is proteolytically inactive (23). Recently, it has been found
that patients with acute coronary syndromes (ACS) show
an elevated level of PAPP-A antigen and that this correlates
with the presence of unstable atherosclerotic plaques (24).
Furthermore, PAPP-A seems to be implicated in follicle
selection (25) as well as wound healing (26).
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There are several candidate proteinases for IGFBP-4 and/
or -5 (27-31); however, kinetic analysis has not been carried
out for any of these, nor has the effect of IGF or other binding
partners on the rate and specificity been quantitatively
studied. Furthermore, most reports on proteolytic activity
against IGFBP-4 or -5 were based on nonphysiological
enzyme-to-substrate ratios and extended incubation times,
and the in vivo relevance of the enzymes studied is therefore
uncertain. Kinetic analysis of PAPP-A has not been per-
formed, neither with natural substrates nor with low-
molecular weight chromogenic substrates, currently not
available. We have therefore determined the kinetic param-
eters for its cleavage of IGFBP-4 and -5 in the presence and
absence of IGF-I or -II. The kinetic analysis reported here
represents the first study of a proteinase of the pappalysin
family, and it will support the development of models for
PAPP-A function in vivo.

MATERIALS AND METHODS

Expression, Purification, and Labeling of Proteins.Human
IGFBP-4 and IGFBP-5 were recombinantly expressed in
HEK293T cells. Briefly, serum-free media from a population
of stably transfected cells were harvested, and IGFBP was
purified as previously described (19). Human IGFBP-2 was
produced in a similar manner (L. S. Laursen and C. Oxvig,
unpublished observations). Medium containing recombinant
human PAPP-A was harvested from a stable population of
HEK293T cells transfected with PAPP-A cDNA (23).
Concentrations of purified proteins were determined by
quantitative amino acid analysis (32). IGFBP (5-20µg) was
radiolabeled using the Chloramine-T method (33). The
concentration of radiolabeled IGFBP was determined using
a direct capture ELISA. In brief, unlabeled IGFBP and
radiolabeled IGFBP were added to a Maxisorp Microplate
(Nunc). A monoclonal antibody against thec-mycepitope
(9E10) followed by peroxidase-conjugated anti-mouse IgG
(P0260, DAKO) was used for detection. The ELISA was
developed usingO-phenylenediamine (OPD, S2045, DAKO)
according to the manufacturer’s instructions, and the enzy-
matic reaction was terminated by adding 0.5 M H2SO4.
Dilution series of unlabeled IGFBP-4 and -5 were used to
establish standard curves. Ulilysin was activated as described
previously (34) and used at a final concentration of 40 ng/
mL. Plasmin (American Diagnostica) was used at a concen-
tration of 10 ng/mL. Trypsin (Worthington) was used at a
concentration of 100 ng/mL. mAbs 234-5 and 234-10 (21),
mAb PA-1A (V. Rodacker and C. Oxvig, unpublished
observations), and polyclonal anti-PAPP-A (35) antibodies
were used.

Proteolytic Assays.All reactions were carried out in 50
mM Tris, 100 mM NaCl, and 1 mM CaCl2 at pH 7.5.
Radiolabeled IGFBP (19) was preincubated with or without
IGF (Diagnostic Systems Laboatories) at a 5-10-fold molar
excess for 15 min before the reaction was initiated to allow
complete formation of the IGFBP-IGF complex. The
reaction was initiated by adding the proteinase to the reaction
mixture followed by incubation at 37°C. Aliquots were
removed at individual time points, and the reaction was
stopped by the addition of SDS loading buffer supplemented
with 100 mM EDTA. The samples were separated by
nonreducing SDS-PAGE (10-20% Tris-glycine) (36). Fol-
lowing electrophoresis, gels were dried and exposed to a

storage phosphor screen (Molecular Dynamics) for a mini-
mum of 20 h. The screens were scanned on a Typhoon Trio
scanner (GE Healthcare) and quantified using the Im-
ageQuant software package (GE Healthcare). The degree of
cleavage ([cleaved]) in each lane was determined by relating
the intensity of the cleaved fragments (Icleaved) to the sum of
the intensities of the intact protein (I intact) and cleaved
fragments in each lane after subtraction of background (eq
1). [S] is the initial concentration of substrate.

Determination of Kinetic Parameters.Purified, unlabeled
IGFBP in the presence or absence of a minimum of a 5-fold
molar excess of IGF was used to make dilution series from
approximately 5µM to 40 nM. Radiolabeled IGFBP (20 nM)
was added to the reaction mixture as a tracer to follow the
cleavage of the unlabeled substrate. Reactions were initiated
by adding the proteinase PAPP-A (160 pM) followed by
incubation at 37°C. At individual time points, aliquots were
removed and analyzed by SDS-PAGE and autoradiography.
Reaction rates were calculated by linear approximation of
progress curves. The resulting data were analyzed by
nonlinear regression using Sigmaplot 8.02 and Enzyme
Kinetics Module version 1.1 (Systat Software Inc.). Kinetic
parameters were obtained by fitting the standard Michaelis-
Menten equation (eq 2) to the data.

To obtain specificity constants (kcat/Km) of ulilysin, trypsin,
and plasmin toward IGFBP-4 and -5, and of PAPP-A toward
IGFBP-2, initial rates were measured at substrate concentra-
tions of 10 and 20 nM (i.e.,>10-fold lower than theKm of
cleavage of IGFBP-5 by PAPP-A) and enzyme concentra-
tions of 1 nM (ulilysin), 4 nM (trypsin), 0.1 nM (plasmin),
or 1.5 nM (PAPP-A). The linear approximation of eq 2 at
substrate concentrations belowKm (eq 3) was fitted to the
data.

Analysis of Effects upon Radiolabeling of the Substrate.
To determine if substrate radiolabeling influences proteolysis
by PAPP-A, we used a strategy based on competive
inhibition. The labeled substrate was defined as the signal-
generating substrate (S*) and the unlabeled substrate as an
inhibitory silent substrate (S0). Substitution of these defini-
tions ([S]) [S*] and [I] ) [S0]) in the general equation for
competitive enzyme inhibition, in whichKi is the dissociation
constant for inhibitor binding, yields eq 4.

A restraint on [S*] and [S0] was introduced (eq 5). Re-
arrangement of eq 5 and substitution into eq 4 yield eq 6.
Simulations were carried out using this equation.

[cleaved]) Icleaved

Icleaved+ I intact
[S] (1)

V )
Vmax[S*]

Km + [S*]
(2)

V

[E0]
)

kcat

Km
[S*] (3)

V )
Vmax[S*]

Km(1 + [S0]/Ki) + [S*]
(4)
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Importantly, if the inhibitor has no interactions with the
proteinase (Ki f ∞), eq 6 approximates the standard
Michaelis-Menten equation (eq 2). In the case that the two
substrates are apparently equal (Km ) Ki), eq 6 reduces to
eq 7.

When plotted, eq 7 yields a straight line through the origin
and a slope ofVmax/(Km + K). For analysis of binding
proteins IGFBP-4 and -5, the concentration of labeled and
unlabeled IGFBP was measured with an ELISA and adjusted
to approximately 0.3µM. Labeled IGFBP was serially diluted
in buffer containing the same concentration of unlabeled
IGFBP to satisfy the restraint in eq 5. IGF-I or -II was added
to the reaction mixture in excess (2µM) to ensure saturation.
The reaction was initiated by the addition of PAPP-A (160
pM).

RESULTS

Proteolysis of IGFBP-4 and -5 by PAPP-A. Proteolysis
of IGFBP-4 and -5 by PAPP-A was analyzed using purified
recombinant proteins expressed in HEK293T cells. The
substrates and the enzyme were quantified by amino acid
analysis. Initially, it was assumed that substrate cleavage was
not affected by iodination, and trace amounts of radiolabeled
substrate were added to the reaction mixture to allow
quantification. The degree of cleavage was determined by
densitometry following separation by SDS-PAGE and
autoradiography using a phosphorimager (Figure 1A-D).
From the progress curves (Figure 1E,F), linearity was
observed under conditions of less than 20% substrate
cleavage. Similar experiments with human IGFBP-2 in the
presence of IGF showed less efficient cleavage of this
substrate compared to the cleavage of both IGFBP-4 and
-5. In the presence of IGF, thekcat/Km value for the PAPP-
A-IGFBP-2 complex was approximately 25-fold lower than
that for the PAPP-A-IGFBP-4 complex (data not shown).
Further kinetic analysis of IGFBP-2 was not carried out.

Proteolytic Susceptibility of IGFBP to PAPP-A in the
Presence of IGF.To determine the effects of IGF on the
proteolysis, the proteolytic susceptibility of the substrates

FIGURE 1: Progress curves for the specific cleavage of IGFBP-4 and -5 by PAPP-A. Proteolysis of radiolabeled IGFBP-4 (A and B) and
IGFBP-5 (C and D) was monitored by SDS-PAGE followed by autoradiography at two different substrate concentrations. The cleavage
of intact (i) IGFBP-4 and -5 results in fragments (c) that comigrate on SDS-PAGE, as indicated. To allow visualization and quantification
of cleavage, trace amounts (20 nM) of iodinated IGFBP-4 and -5, respectively, were added to the reaction mixtures. The degree of cleavage
was quantified by densitometry as described in Materials and Methods and plotted as a function of time (E and F). Cleavage of IGFBP-4
was performed in the presence of IGF-I (A and B), and cleavage of IGFBP-5 was performed in the absence of IGF (C and D). The
concentrations of IGFBP-4 and IGF-I were 4.6 and 25µM (A) and 67 and 350 nM (B), respectively. The concentrations of IGFBP-5 were
4.1 µM (C) and 63 nM (D). PAPP-A was used at a concentration of 160 pM.

[S*] + [S0] ) K (5)

V )
Vmax[S*]

Km[1 + (K - [S*])/Ki] + [S*]
(6)

V )
Vmax

Km + K
[S*] (7)
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was analyzed using increasing amounts of IGF-I and -II
(Figure 2). As previously observed (19), the activity of
PAPP-A against IGFBP-4 without IGF is almost absent. In
the presence of IGF-I or -II, the initial rates dose-dependently
increased as more IGF was added, reaching saturation at a
molar excess of 5-fold IGF over IGFBP (Figure 2A). The
reaction rate of IGFBP-4 proteolysis is significantly increased
by the binding of either IGF-I or -II, with IGF-II being a
more potent activator of the IGFBP-4 substrate (Figure 2A).
In contrast to that of IGFBP-4, the proteolysis of IGFBP-5
does not depend on bound IGF. From the experiment with
IGFBP-5 (Figure 2B), it is apparent that the initial rates are
slightly reduced in the presence of IGF-I or -II. In further
contrast to IGFBP-4, no difference in the effects of IGF-I
or -II on the reaction rates was observed. These experiments
quantitatively demonstrate that IGF-I and -II modulate the
substrate behavior of IGFBP-4 and -5. In subsequent
experiments, a molar excess of at least 5-fold IGF over
IGFBP was used, unless otherwise specified.

Enzyme Kinetic Analysis of CleaVage of IGFBP by PAPP-
A. The kinetic analysis of cleavage of IGFBP-4 and -5 by
PAPP-A was carried out using the procedure described
above. From individual progress curves, initial rates were
determined and plotted as a function of substrate concentra-
tion (Figure 3). The standard Michaelis-Menten equation
(eq 3) was fitted to the data that were obtained, and kinetic
parameters were calculated (Table 1). Kinetics of IGFBP-4
cleavage were analyzed only in the presence of IGF-I and
-II, as the proteolysis rate of IGFBP-4 in the absence of IGF
could not be reliably measured (Figure 3A). It was estimated
that in the absence of IGF, the initial rate of cleavage of

IGFBP-4 by PAPP-A was 40-fold (IGF-I) to 100-fold (IGF-
II) lower (data not shown). For the cleavage of IGFBP-4
with bound IGF-I or -II,Km values of 1.63( 0.32 and 0.45
( 0.11 µM, respectively, were found.kcat was found to be
0.89( 0.08 s-1 with IGF-I and 0.64( 0.04 s-1 with IGF-
II, yielding apparent second-order rate constants (kcat/Km) of
0.55× 106 M-1 s-1 for IGF-I and 1.44× 106 M-1 s-1 for
IGF-II. Thus, IGFBP-4 with bound IGF-II is a better substrate
for PAPP-A with thekcat/Km being approximately 3-fold
higher than with IGF-I.

For the proteolytic cleavage of IGFBP-5 without bound
IGF, Km andkcat was determined to be 0.32( 0.06µM and
0.75 ( 0.04 s-1, respectively, yielding akcat/Km of 2.38×
106 M-1 s-1. IGFBP-5 in the absence of IGF is therefore a
better substrate than IGFBP-4 with either IGF-I or -II bound.
The value ofKm for the cleavage of IGFBP-5 was found to
be 0.41( 0.11 µM with IGF-I and 0.64( 0.14 µM with
IGF-II, and kcat was found to be 0.31( 0.03 and 0.47(
0.04 s-1 for IGF-I and -II, respectively. The second-order
rate constants for IGF-I and -II were 0.76× 106 and 0.75×

FIGURE 2: Proteolytic susceptibility of IGFBP-4 and -5 in the
absence and presence of IGF. IGFBP-4 (20 nM) (A) or IGFBP-5
(20 nM) (B) was incubated with no IGF and increasing amounts
(up to 10-fold molar excess) of IGF-I or -II, respectively. The initial
rates of cleavage (V) were determined and normalized to the highest
value. Each column is the average of three independent experiments.
Standard deviations are given.

FIGURE 3: Michaelis-Menten plots for the concentration-dependent
cleavage of IGFBP-4 and -5 in the absence or presence of IGF-I
or -II. Initial rates for the proteolysis of IGFBP-4 and -5 in the
absence (IGFBP-5 only) or presence of IGF-I or -II were measured
at substrate concentrations from 70 nM to 5µM. The Michaelis-
Menten equation was fitted to the data to obtain the kinetic constants
Km andkcat (Table 1). The best fit to the data is represented as a
solid line.

Table 1: Kinetic Parameters for the Proteolysis of IGFBP-4 and -5
by PAPP-A

Km (µM) kcat (s-1) kcat/Km (µM-1 s-1)

IGFBP-4
IGF-I 1.63( 0.32 0.89( 0.08 0.55( 0.12
IGF-II 0.45( 0.11 0.64( 0.04 1.44( 0.36

IGFBP-5
no IGF 0.31( 0.06 0.75( 0.04 2.38( 0.45
IGF-I 0.41( 0.11 0.31( 0.03 0.76( 0.22
IGF-II 0.64( 0.14 0.47( 0.04 0.75( 0.18

Enzyme Kinetic Characterization of PAPP-A Biochemistry, Vol. 46, No. 7, 20071975



106 M-1 s-1, respectively. Interestingly, a difference between
IGF-I and -II in the modulation of proteolytic susceptibility
was observed for IGFBP-4, but not for IGFBP-5. The kinetic
parameters are summarized in Table 1.

Iodination of IGFBP-4 and IGFBP-5 Does Not Affect
Susceptibility toward PAPP-A. As mentioned in the analysis
given above, it was assumed that radiolabeled IGFBP and
unlabeled IGFBP are equally good PAPP-A substrates. The
recently published structures of the N-terminal part of
IGFBP-4 (37) and -5 (38) in complex with IGF-I show that
indeed Tyr-49 of IGFBP-4 and Tyr-50 of IGFBP-5 are
engaged in hydrogen bonding to Asp-11 of IGF-I. Since it
is well-established that neither IGF-I nor IGF-II binds to
PAPP-A (19, 39) and that the modulatory effect of IGF on
IGFBP proteolysis is a consequence of binding of IGF to
IGFBP, the use of radiolabeled IGFBP as a tracer in kinetic
assays could lead to erroneous results.

To address the potential difference in substrate behavior
of labeled versus unlabeled IGFBP, substrate cleavage was
analyzed using an approach based on competitive inhibition
enzyme kinetics. The competitive inhibition of the iodinated
signal-generating substrate in the presence of a silent
substrate at a total concentration ofK (eq 5) is expected to
result in a straight line (eq 7) through the origin with a slope
of Vmax/(Km + K), provided they are equally good substrates.
To visualize the potential error of using a tracer, we simulated
data describing different scenarios using kinetic parameters
similar to those determined for PAPP-A (Figure 4). In case
modification of the substrate enhances the substrate, an
upward curvature starting at the origin and ending at [S*])
K is expected. If, on the other hand, modification compro-
mises substrate functionality, the resulting curve will be
downward. These three scenarios are all plotted together
(Figure 4). For comparison, a simulated Michaelis-Menten
curve based on the same kinetic parameters is also shown.

IGFBP-5 was analyzed in the absence of IGF (Figure 5A).
Evidently, the points lie on a straight line through the origin
with no tendency of curving. The hypothetical cases where
Ki deviates fromKm by a factor of 0.1 or 10 are also shown.
Likewise, IGFBP-5 (Figure 5B) and IGFBP-4 (Figure 5C)
were analyzed in the presence of IGF-I and -II. In all cases,

data points were on a straight line through the origin with
no detectable deviations from linearity.

To further characterize the effects of radiolabeling, we
reasoned that if the binding of IGF to radiolabeled IGFBP-4

FIGURE 4: Simulations of the possible adverse effects of using a
modified protein substrate. SimulatedV(S*) curves are shown for
different values ofKi (cf. eq 6). Data simulations were carried out
with the following parameters:Km ) 1 µM, Vmax ) 5 nM/min,
andK ) 1 µM (simulated from [S*]) 0 to [S*] ) K). The situation
in which the silent substrate has no interaction with the enzyme is
shown (0). In this situation,Ki reaches∞ and the curve ap-
proximates the Michaelis-Menten curve (eq 6 approximates eq
2). Three different values ofKi were used to illustrate the effect of
altered substrate interaction:Ki ) 5 µM (b), Ki ) Km ) 1 µM
(9), andKi ) 0.1 µM (O).

FIGURE 5: Substrate recognition or proteolysis is not affected by
iodination of IGFBP-4 or -5. Potential differences between iodinated
and unmodified IGFBP were evaluated. (A) IGFBP-5 was analyzed
as described in Materials and Methods. Equation 6 was fitted to
the data obtained with the parametersK (0.25µM) andVmax (7.24
nM/min) kept constant. The kinetic constants obtained from this
initial fit were used to simulate the situation in whichKi ) 0.1Km
and Ki ) 10Km. (B) Analysis of IGFBP-5 with aK of 0.25 µM
and the determinedVmax values (Table 1). (C) Analysis of IGFBP-4
with a K of 0.31 µM and the determinedVmax values (Table 1).
(D) Analysis of IGFBP-4 in the presence of nonsaturating amounts
(0.1 µM) of IGF-I and -II. Standard deviations are given for all
plotted curves.

1976 Biochemistry, Vol. 46, No. 7, 2007 Gyrup and Oxvig



or -5 was impaired, the addition of sub-equimolar amounts
of IGF to the mixture of labeled and unlabeled IGFBP would
yield a distribution of IGF between the two proteins in favor
of the unlabeled IGFBP. Under conditions where IGFBP-4
was not saturated with IGF-I or -II, downward curvatures
were observed for both IGF-I and -II, demonstrating a
reduced level of binding to IGFBP-4 (Figure 5D). For the
analysis of IGFBP-5, the curvatures were less pronounced,
but there was a slight tendency toward an upward curvature,
in agreement with the inhibiting effect of IGF on IGFBP-5
proteolysis, indicating a reduced level of binding of IGF to
radiolabeled IGFBP-5 (data not shown).

Effect of Different InactiVating Compounds on PAPP-A
Proteolytic ActiVity. In biological systems, inhibitors of
PAPP-A activity may be present. Evaluation of such com-
punds is relevant and should be done according to our
knowledge of the kinetic parameters to avoid misinterpreta-
tion of the results. For the routine analysis of PAPP-A
activity against IGFBP-4 and -5 contained in biological
samples, we suggest that substrate concentrations be kept
belowKm (from 100 to 10 nM) to ensure a linear correlation
with the rate of proteolysis. Furthermore, time course
experiments, rather than end point assays, should always be
carried out and used for comparison. In end point assays,
the error levels are significantly higher when proteinases with
large differences in the progress of the proteolytic reaction
are compared. We analyzed the effect of selected antibodies
on the proteolysis of IGFBP-4 and -5 by PAPP-A, illustrating
that the effect of inhibitory compounds is readily determined
using this assay (Figure 6).

PAPP-A Is a Highly Specific and Efficient Proteinase
Compared to Other Proteinases Reportedly Able To CleaVe
IGFBPs. To evaluate the specificity and efficiency of
PAPP-A against the natural substrates IGFBP-4 and -5, we
compared the apparent second-order rate constants for
proteolysis of these two substrates by PAPP-A, plasmin,
trypsin, and ulilysin (Figure 7). Initial rates were measured
at two different substrate concentrations belowKm to achieve
pseudo-first-order kinetics. In contrast to common belief, we
found that PAPP-A cleaves both IGFBP-4 and -5 much more
efficiently than ulilysin, trypsin, and plasmin, probably by

means of a higher affinity for the substrates rather than a
higherkcat. Interestingly, the archaebacterial enzyme uliysin,
which also belongs to the family of pappalysins (34), shows
a pattern of IGF-modulated proteolysis of IGFBP-4 with no
IGF < IGF-I < IGF-II, similar to the cleavage of IGFBP-4
by PAPP-A.

DISCUSSION

By means of its proteolytic activity against the inhibitory
binding proteins IGFBP-4 and -5, PAPP-A functions in vivo
in complicated regulatory networks that control the avail-
ability of free IGF and ultimately the stimulation of the IGF
receptor. Models of IGFBP proteolysis must take into
account, for example, binding affinities between IGFs and
the different IGFBPs present in the same biological system,
concentrations of network components, and the balance
between proteolytic enzymes and potential inhibitors. To
allow the development of such models, knowledge of
enzyme-substrate interactions, causing IGF release, is
required. We have derived the kinetic parameters for cleavage
of its natural substrates IGFBP-4 and -5 by PAPP-A in the
presence and absence of their binding partners, IGF-I and
-II (Table 1). This is the first quantitative characterization
of an important regulatory proteinase of the IGF system and
of the founding family member of the pappalysin family (17).

Time course experiments for the proteolysis of IGFBP-4
and -5 were performed. The two substrates are both cleaved
at a single site, and the progress is linear within proteolysis
of the first 20% (Figure 1). This allowed the determination
of kinetic parameters by steady-state kinetic analysis. The

FIGURE 6: Effect of inactivating compounds on PAPP-A proteolytic
activity. Initial rates of cleavage of IGFBP-4 (10 nM) and IGFBP-5
(10 nM) by PAPP-A measured in the presence of different
antibodies (10µg/mL). IGF-II (100 nM) was added to the reaction
mixtures with IGFBP-4. Four antibodies were used, as indicated:
mAb 234-10 (an irrelevant mouse antibody), mAb 234-5 and mAb
PA-1A (mouse antibodies against PAPP-A), and pAb (polyclonal
anti-PAPP-A). Reaction rates were measured in triplicate and
normalized to the highest rate for IGFBP-4 and -5 separately.

FIGURE 7: Comparison of PAPP-A with other proteinases reportedly
able to cleave IGFBPs. The apparent second-order rate constant
(kcat/Km) for the cleavage of IGFBP-4 (A) or IGFBP-5 (B) was
determined for PAPP-A, ulilysin, trypsin, and plasmin. The analyses
were performed under conditions (2 h) where only one peptide bond
of each substrates appeared to be cleaved with each enzyme, as
judged by SDS-PAGE analysis. After extended incubation, trypsin
and plasmin cleave both substrates at more than one site. For
comparison, the results are normalized to the values of PAPP-A.
The presence of IGF-I or -II in some reaction mixtures is indicated.
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influence of IGF-I or -II on the rate of proteolysis was also
analyzed (Figure 2). The rate of proteolysis of IGFBP-4 is
dramatically increased in the presence of IGF-I or -II,
presumably because IGFBP-4 undergoes a conformational
change upon binding of IGF which causes it to become a
much better PAPP-A substrate. However, the ability of IGF-I
and -II to induce such conformational change in IGFBP-4
differs with IGF-II being a more potent activator of IGFBP-4
proteolysis than IGF-I. Kinetic analysis demonstrates that
the difference in IGF-modulated proteolysis of IGFBP-4 lies
in the recognition of substrate (Figure 3). These results
support a model in which binding of IGF-I or -II to IGFBP-4
induces distinct conformations which are differently recog-
nized by PAPP-A. However, although it has not been
possible to demonstrate an interaction between PAPP-A and
IGF in the absence of IGFBP (19), we cannot exclude the
possibility that IGF while in complex with IGFBP-4 con-
tributes to the binding surface recognized by active PAPP-
A.

Preliminary kinetic analysis of the IGF-dependent cleavage
of human IGFBP-2 by PAPP-A showed relatively slow
cleavage of this substrate compared to IGFBP-4 (kcat/Km

approximately 25 fold lower), and further kinetic analysis
was not performed. However, the pair of PAPP-A and
IGFBP-2 may still be physiologically relevant, as myoblast
proliferation and differentiation have been shown to involve
these two proteins (40).

Chemical modification of the surface of IGFBP engaged
in the interaction with IGF potentially affects the recognition
of IGFBP by PAPP-A. To address this question, we
developed a method for the analysis of potential discrepancies
between modified substrates and their unmodified counter-
parts based on measurement of reaction rates at different
ratios of radiolabeled to unlabeled substrates. Simulations
of different scenarios, in which two apparently identical
substrates interact equally or differently with an enzyme,
were made to evaluate the method (Figure 4). These
simulations revealed that even small differences in substrate
recognition would be detected by this method. Such analysis
is particularly relevant for IGFBP-4, because a conserved
tyrosine residue at position 49 is known to be involved in
hydrogen bonding with Asp-11 of IGF-I in the published
crystal structure and is likely to react with I2 upon iodination.
The effect of iodination on IGF binding was previously
analyzed for bovine IGFBP-2 and was found to lower the
affinity of IGF for IGFBP-2 by a factor of 8. Likewise, it
was found that iodination of bovine IGFBP-2 in the presence
of IGF-I or -II protects Tyr-60 from reaction with I2 (41,
42). Using the developed method, we demonstrated that the
substrate properties of radiolabeled IGFBP-4 could not be
distinguished from unlabeled IGFBP-4 (Figure 5). This
suggested that either Tyr-49 is not involved in the binding
of IGF or the rate-accelerating effect of IGF on IGFBP-4
proteolysis is not mediated through interactions with this
residue. At sub-equimolar levels of IGF, cleavage analysis
of IGFBP-4 showed a reduced rate of proteolysis (Figure
4D). This indicates that iodination of Tyr-49 of IGFBP-4
may inhibit the binding of IGF to IGFBP-4, while not
affecting substrate modulation. The method described here
can easily be employed in other systems, relevant for not
only enzyme kinetic studies but also binding kinetics in
general, e.g., receptor-ligand interactions. Examples of

iodination causing altered properties of proteins are numerous
(43-45).

Many proteolytic enzymes have been analyzed by means
of low-molecular weight chromogenic substrates with the
advantage of convenient detection and high sensitivity, but
no such substrate has been found for PAPP-A. However,
kinetic analysis using artificial substrates may not properly
reflect the cleavage of natural protein substrates (46), in
particular, for PAPP-A which appears to interact with
substrate residues distant from the cleavage site (47). In fact,
a peptide spanning the cleavage site of IGFBP-4 must include
15 amino acids on its N-terminal side to function as a
PAPP-A substrate (47), emphasizing the relevance of analyz-
ing physiological substrates.

Although most enzymes have been characterized using
chromogenic substrates, some kinetic studies are based on
natural protein substrates. For example, the metalloproteinase
ADAMTS-13 cleaves a single site in the A2 domain of the
von Willebrand factor (VWF) with a specificity constant of
∼7 × 104 M-1 s-1 (48), 10-30 times lower than that for
cleavage of IGFBP by PAPP-A. Another example is the
cleavage of collagen types I-III by human skin fibroblast
collagenase (MMP-1) (49), for which the specificity constants
range from 1.4× 102 to 1.1 × 105 M-1 s-1. Thus, the
efficiency with which PAPP-A cleaves its natural substrates
(kcat/Km ranges from 5.5× 105 to 2.4 × 106 M-1 s-1) is
comparable to or better than those of many other physi-
ological pairs of a proteinase and a substrate.

We directly compared the cleavage of IGFBP-4 and -5
by PAPP-A with three other proteinases (Figure 7), two of
which have previously been reported to cleave the IGFBPs
(34, 50, 51). Ulilysin, a metzincin metalloproteinase from
Methanosarcina acetiVoranswhose sequence is homologous
to that of the proteolytic domain of PAPP-A, was recently
cloned and crystallized and was found to be able to cleave
IGFBP-2-6 (34). Plasmin has been suggested as a physi-
ological proteinase of both IGFBP-4 (51) and IGFBP-5 (50).
Comparison of the second-order rate constant for proteolysis
of IGFBP-4 and -5 (Figure 7) indicates that PAPP-A
represents a proteolytic enzyme optimized for the cleavage
of both of these substrates. Interestingly, ulilysin, which
represents the prototype of a pappalysin proteolytic domain,
also displays IGF-modulated proteolysis of IGFBP-4, sug-
gesting that conserved structural features in the proteolytic
domain are responsible for substrate recognition of the
IGFBP-4-IGF complex.

In conclusion, analysis of the cleavage of the natural
substrates IGFBP-4 and -5 by PAPP-A represents the first
example of kinetic analysis within the pappalysin family of
metalloproteinases. Efficient and specific substrate cleavage
suggests that PAPP-A is optimized for the cleavage of these
substrates and further substantiates the roles of PAPP-A in
the IGF system.
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