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ABSTRACT: Within the IGF axis, the insulin-like growth factor-binding proteins (IGFBPs) are known to
play a pivotal role in cell proliferation and differentiation. Defined proteolysis of the IGFBPs is proposed
to be an essential mechanism for regulating IGF bioavailability. The generated IGFBP fragments in part
exhibit different IGF-dependent and -independent biological activities. Characterizing naturally occurring
forms of IGFBPs in human plasma, we identified both a N- and a C-terminal fragment of IGFBP-4 by
means of immunoreactivity screening. As a source for peptide isolation, we used large amounts of human
hemofiltrate obtained from patients with chronic renal failure. Purification of the IGFBP-4 peptides from
hemofiltrate was performed by consecutive cation-exchange and reverse-phase chromatographic steps.
Mass spectrometric and sequence analysis revealétl ahl3 233 for the purified N-terminal fragment
spanning residues AspPhé?2 of IGFBP-4 and arM, of 11 344 for the C-terminal fragment extending

from Lys!3® to GIw®’. Proteolytic digestion and subsequent biochemical analysis showed that the six
cysteines of the C-terminal IGFBP-4 fragment are linked between residues 833194-205, and 207

228 (disulfide bonding pattern;12, 3—4, and 5-6). Plasmon resonance spectroscopy, ligand blot analysis,
and saturation and displacement studies demonstrated a very low affinity of the C-terminal IGFBP-4
fragment for the IGFs (IGF-1IKq = 690 nM; IGF-I, Kq > 60 nM), whereas the N-terminal fragment
retained significant IGF binding properties (IGFH#y = 17 nM; IGF-1,Kg = 5 nM). This study provides

the first molecular characterization of circulating human IGFBP-4 fragments formed in vivo exhibiting
an at least 5-fold decrease in the affinity of the N-terminal IGFBP-4 fragment for the IGFs and a very
low IGF binding capacity of the C-terminal fragment.

The insulin-like growth factor-binding proteins (IGFBPs) domains include 1014 cysteine residues, whereas the
are a family of six related proteins involved in regulating C-terminal domains of all IGFBPs contain six cysteine
the effects and the bioavailability of the insulin-like growth residues forming disulfide bonds. It has been reported that
factors, IGF-I and IGF-Il, which are responsible for growth either the N-terminal domain of IGFBP-% (6—8), the
and differentiation of cells and tissuek @). C-terminal domain of IGFBP-29( 10), or both domains of

The complete IGFBPs exhibit high affinity for both IGFs IGFBP-3 and -4%, 7) bind the IGFs, however, with reduced
and are capable of either enhancing or inhibiting cellular affinity compared to those of the complete IGFBP molecules.
effects of the IGFs. Furthermore, they have partly been In human plasma, all six IGFBPs were detectable, mostly
shown to exhibit intrinsic activities independent of their occurring as high-molecular mass complexes of 80 or
binding to the IGFs that modulate cell proliferatiody 4). 150 kDa, but only little is known about their exact in vivo

The overall structure of IGFBP-16 consists of cysteine-  degradation and the presence of low-molecular mass IGFBP
rich, globular N- and C-terminal domains which are con- fragments2). Therefore, we started to screen for circulating
nected by a nonconserved central regigin The N-terminal fragments of IGFBPs in human blood filtrate (hemofiltrate,

HF) (11, 12) to identify the cleavage sites formed in vivo
t Supported by the German government, BMBF Grant 0311139, and and to characterize structural and functional properties of

the Deutsche Forschungsgemeinschaft (SFB 402/A6; T.B.). the fragments themselves. o _
*To whom correspondence should be addressed. Ph#dé:-(0)- Human HF is generated during blood filtration of patients
511-5466-329. Fax:+49-(0)511-5466-132. E-mail: L.standker@gmx.net. ith endstage renal disease and was hitherto shown to be a
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§Lh? Lower Saxony Institute for Peptide Research. valuable source for the isolation of new regulatory peptides
niversity of Hamburg. ith M f <20000 (.3 14
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U Centre de Investigaciones Bigjizas. This study provides the first structural description of
1 Abbreviations: ESI-MS, electrospray ionization mass spectrometry; circulating human IGFBP-4 fragments formed in vivo. We
HF, hemofiltrate; MALDI-MS, matrix-assisted laser desorption ioniza- e _ ; -
tion mass spectrometry; IGF, insulin-like growth factor; IGFBP, insulin- pu”ﬁ_ed b_Oth_ a 13.2 kDa N .termmal fragment of IGFBP 4
like growth factor binding protein; rh, recombinant human; SDS  bearing significant IGF affinity and an 11.3 kDa C-terminal

PAGE, sodium dodecy! sulfatgolyacrylamide gel electrophoresis.  fragment with only very low IGF binding capacity. The
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disulfide bonding pattern of the C-terminal fragment was degradation with on-line detection of phenylthiohydantoin

determined (connected cysteines;2, 3—4, and 5-6). Our
data indicate a high level of structural stability of both IGFBP
domains in the circulation.

MATERIALS AND METHODS
Isolation of N- and C-Terminal IGFBP-4 Fragmenifhe

amino acids using the standard protocol recommended by
the manufacturer.

Identification of the C-terminal amino acids of IGFBP-
41-122\yas carried out as described in detail previoudl)
Briefly, 50 ug of the peptide was immobilized to a poly-
(vinylidene difluoride) matrix, which was digested with

peptide bank used as a source for the isolation of IGFBP-4 carboxypeptidase P (sequencing grade from Boehringer
peptides was generated from 10000 L of human blood Mannheim, Mannheim, Germany) at 3Z in 50 mM sodium

ultrafiltrate (hemofiltrate, HF) as described recentl@)( In

citrate (pH 4.0). After digestion for 0.5, 1, 3, 5, and 10 min,

brief, peptides were extracted by cation-exchange chroma-qleaved Q-term[nal aminp acids were identified by conven-
tography using seven buffers with increasing pH followed tional amino acid analysis.

by RP chromatography of the resulting pH eluates. Lyoph-

To analyze the disulfide bonding pattern of IGFBR¢A3,

ilized aliquots of the peptide bank fractions corresponding proteolytic cleavage of the native peptide was performed by
to 100 mL equivalents of human hemofiltrate were used to the endoproteases chymotrypsin and Arg-C (sequencing
detect IGFBP-4 peptides by Western blot analysis. Isolation grade from Boehringer Mannheim). For chymotryptic diges-

of both intensive immunoreactivities with apparent molecular tion, the peptide was incubated using a peptide:enzyme ratio

masses in the range of +14 kDa corresponding to the C-

of 100:1 (w/w) fa 8 h at 25°C in Tris-HCI buffer (pH 7.8,

and N-terminal IGFBP-4 fragments, respectively, was per- 100 mM) as recommended by the manufacturer. For Arg-C
formed by consecutive chromatographic steps. The C-ter-digestion, incubation was performed using a peptide:enzyme
minal fragment was purified by two additional RP chromato- ratio of 100:1 (w/w) fo 2 h at 37°C in Tris-HCI buffer
graphic separations. As solvents in gradient elution, 0.1% (pH 7.6, 90 mM) according to the manufacturer’s instruc-

TFA in H,O (solvent A) and 80% (v/v) acetonitrile contain-
ing 0.1% TFA (solvent B) were used. First, the fraction
exhibiting the 11 kDa immunoreactivity was applied to an
analytical RP-C4 column (250 mm 20 mm inside diameter,
30 nm, 5um, Vydac, Hesparia, CA) at a flow rate of 2.5
mL/min with a linear gradient from 100% solvent A to 80%
solvent B over the course of 80 min. Final purification was
performed using an analytical RP-C18 column (250 mm
4.6 mm inside diameter, 30 nmn, Vydac) at a flow rate
of 0.7 mL/min (linear gradient from 100% solvent A to 60%
solvent B over the course of 60 min). Isolation of the

tions. The resulting fragments were separated by analytical
RP-C18 HPLC and analyzed by mass spectrometry (MALDI-
MS) first. Peaks containing masses corresponding to calcu-
lated masses of expected fragments containing disulfide
bonds were sequenced and analyzed by ESI-MS.

Surface Plasmon Resonance Interaction Analysis, IGF
Competition Studies, and Ligand BlottingsFs were pur-
chased from PeproTech (London, U.K.). Intact recombinant
human IGFBP-4 (rhIGFBP-4) was kindly provided by K.
Lang (Penzberg, Germany).

The interaction between intact IGFBP-4 or IGFBP-4

N-terminal IGFBP-4 fragment was carried out as described fragments and IGF-Il was analyzed in real time by surface

recently (2).
SDS-PAGE and Western Immunoblottingyophilized

plasmon resonance using a BIAcore-2000 biosensor (Phar-
macia, Freiburg, Germany). IGF-1l was coupled to a CM5

aliquots of HPLC fractions corresponding to 100 mL equiva- sensor chip via amino coupling (2 ng/MmAll interaction
lents of hemofiltrate were reconstituted in sample buffer, and experiments were performed in buffer A [20 mM HEPES/

the peptides were separated by SEFAGE (15) in Mini-

NaOH (pH 7.0), 150 mM NacCl, 10 mM KCI, and 2 mM

Protean systems (Bio-Rad, Munich, Germany) for 20 min MgCl;] at a flow rate of 2QuL/min. Association for 2 min

at 60 V followed by 100 min at 120 V. Molecular mass
standards of 4210 kDa (SeeBlue, NOVEX, San Diego, CA)

was followed by dissociation for 2 min, during which buffer
A was perfused. A short pulse injection (15 s) of 20 mM

were used as references. The separated peptides were tranBlaOH/0.5% SDS was used to regenerate the sensor chip

ferred to a hydrophilic poly(vinylidene difluoride) (PVDF)
membrane &7 V for 2 h using a semidry electrophoretic
transfer unit (Bio-Rad). After incubation with rabbit anti-

IGFBP-4 antiserum (Upstate Biotechnology, Lake Placid,

surface after each experimental cycle. The peptide-derivatized
sensor chips remained stable and retained their specific
binding capacity for more than 100 experimental cycles of
association/dissociation and regeneration. The rate constants

NY) diluted to 1:1000, the membrane was incubated with (k,for association ank for dissociation) of the interactions
anti-rabbit 1gG coupled to alkaline phosphatase (Sigma, were calculated with the BlAevaluation software, version
Deisenhofen, Germany). Bands were developed using al.2. [?3]IGF-II ligand blotting was performed as described

bromochloroindolyl phosphate/nitro blue tetrazolium sub-

previously (L7).

strate systems as recommended by the manufacturer (Sigma). Furthermore, saturation and displacement studies using
Immunoreactive fractions were additionally analyzed by mass radiolabeled and unlabeled IGF-I and -1l were performed.

spectrometry.
Peptide AnalysisMass determination of the purified
peptides was carried out on a Sciex ARl quadrupole

First, increasing concentrations of each binding protein were
incubated with 20 000 cpm of P]IGF-I or -l (specific
activity of ca. 500 000 cpm/ng) for 224 h at 4°C in a

mass spectrometer (Sciex, Perkin-Elmer, Langen, Germany)total volume of 30Q:L of assay buffer [0.1 M HEPES, 0.44
with an electrospray interface (ESI-MS). Mass analysis of mM NaHCGQ;, 0.02% Triton X-100, and 0.1% BSA (pH

HPLC fractions was performed with a LaserTec RBT II

6.0)]. Bound and free IGF were separated by adding 500

MALDI-MS system (PerSeptive Biosystems, Freiburg, Ger- uL of 40% (w/v) polyethylene glycol 4000 in assay buffer.

many) as described previous|¥2).

The samples were mixed vigorously, incubated for 30 min

Peptides were sequenced on a 473 A gas-phase sequencat room temperature, and centrifuged at 2P0 25 min
(Applied Biosystems, Weiterstadt, Germany) by Edman at 4°C. The supernatant was removed, and the samples were
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Ficure 1: Detection of immunoreactive IGFBP-4 fragments in human hemofiltrate. Isolation of the immunoreactive IGFBP-4 fragments
was guided by immunoblot screening in fractions of a peptide bank established from human hemofiltrate comprising about 350 different
peptide-containing fractions. (A) In a first separation step using cation-exchange chromatography, peptides were batchwise eluted by means
of a pH gradient. (B) RP-HPLC fractionation of the peptides derived from pH pool eluate 3. (C) Aliquots of this chromatography were
examined by immunoblotting using polyclonal anti-IGFBP-4 antibodies. Two main immunoreactive peptides with apparent masses of 12
and 14 kDa could be detected in fractions-B0. (D) The MALDI-MS spectrum of fraction 27 from pH pool eluate 3 containing both
immunoreactive IGFBP-4 peptides exhibited molecular masses of 11.4 and 13.3 kDa.

centrifuged again at 20Q0for 20 min. The bound radio- 1B). Aliquots of these fractions were examined using
activity in the final pellet was measured pycounting (1470 polyclonal anti-IGFBP-4 antibodies. The fractions obtained
Wallac Wizard, Pharmacia, Turku, Finland). Nonspecific after reverse-phase chromatography of pH pool eluate 3
binding was quantitated by adding a 500-fold excess of revealed the existence of two prominent IGFBP-4 immu-
unlabeled IGF and subtracted from the total bound radioac- noreactive bands exhibiting apparent molecular masses of
tivity to determine the extent of specific binding. The IGFBP 12 and 14 kDa (Figure 1C). MALDI-MS analysis of fraction
concentrations yielding 4650% binding of radiolabeled 27 containing both immunoreactive bands revealed peptides
IGFs were used to construct displacement curves in theyith molecular masses of 11.4 and 13.3 kDa (Figure 1D).

presence of increasing concentrations of unlabeled IGF-I or The immunoreactive peptide with an apparent molecular
-1l using the same protocol as described abdugvalues . :
were determined by nonlinear curve fitting and Scatchard mass of 14 kDa was sgbsequ_ently purified from fracpon 29
analysis. of pH pool eluat_e 3 using addltlona_l chromatographic steps
(12), accompanied by immunoblotting and MALDI-MS as
RESULTS depicted in panels C and D of Figure 1. Finally, analytical
reverse-phase chromatography (Figure 2A) resulted in a pure
Detection of Immunoreacie IGFBP-4 Peptides in Hemo-  peptide as demonstrated by capillary zone electrophoresis
filtrate and Purification of N- and C-Terminal IGFBP-4  (inset in Figure 2A). The exact molecular mass of the
Fragments.Human hemofiltrate was previously described peptide determined by ESI-MS was 13 283..1 Da (Figure
as a valuable source for the isolation of regulatory peptides 2B). N-Terminal sequence analysis yielded the sequence
with M,s of <20000 (L3, 14). To identify circulating DEAIHXPPXSEEKLARXRPP (where X represents a weak
fragments of the insulin-like growth factor binding proteins amino acid signal that could not be assigned), indicating the
(IGFBPs), we performed immunoblotting in the fractions of isolation of an N-terminal fragment of human IGFBP-4
a peptide bank generated from 10 000 L of hemofiltrate as (Figure 2C). The determined molecular mass of 13 233 Da
described recentlyl(l, 12). was in accordance with the calculated mass of IGFBP22
Generation of the peptide bank fractions was achieved in (13 237 Da). After reduction and amidoalkylation of the
a standardized two-step procedure, including stepwise batchN-terminal IGFBP-4 fragment, the molecular mass was
elution from a cation exchanger with seven buffers with determined to be 14 042 2.9 Da, indicating 14 alkylated
increasing pH (Figure 1A) and subsequent fractionation of cysteine residues (mass increase of 58 Da for each cysteine).
the resulting pH pool eluates by RP chromatography (Figure C-Terminal sequence analysis following carboxypeptidase
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Ficure 2: Purification and analysis of the immunoreactive N- and C-terminal IGFBP-4 fragments. (A) Purification of the 13.3 kDa
immunoreactive peptide from fraction 29 (panels B and C of Figure 1) was achieved by consecutive chromatographic steps (not shown)
and yielded in isolation a pure peptide by final analytical RP-HPLC. The purity of the peptide was checked by capillary zone electrophoresis
(CZE; inset). (B) The ESI-MS spectrum exhibited a molecular mass of 132283 Da. (C) N-Terminal sequence analysis of the purified
immunoreactive peptide and alignment with the human IGFBP-4 sequence revealed isolation of an N-terminal IGFBP-4 peptide. (D) Further
chromatographic purification of immunoreactive fraction 27 (panels B and C of Figure 1) was performed (not shown), and final reverse-
phase chromatography yielded in isolation of a pure peptide as demonstrated by capillary zone electrophoresis (CZE; inset). (E) The molecular
mass was determined to be 11 3441.1 Da by ESI-MS. (F) N-Terminal sequence analysis and alignment with the human IGFBP-4
sequence showed isolation of a C-terminal IGFBP-4 fragment starting witl#6Lys

P digestion revealed that the sequence QKHF constitutes 153 Mr 3236 183
the four C-terminal amino acid residues of the peptide d
(119-122). Taken together, all data are consistent with the %8 ¥/NGAPREPA=EVEOGSCOSBLIRRLERLAASQSHTHEDLY T TPTPNCD
isolation of an N-terminal IGFBP-4 fragment from human
hemofiltrate comprising the-1122.

Using the same procedure, the immunoreactive band of
approximately 12 kDa in fraction 27 of pH pool eluate 3
(Figure 1C) was isolated by consecutive chromatographic 104 205 207 228
steps. The final reverse-phase chromatography (Figure 2D)FiGuRe 3: Disulfide bonding pattern of the human IGFBP-4
yielded a pure peptide as shown by capillary zone electro- C-terminal domain. The native peptide IGFBF%23" was cleaved

phoresis (inset in Figure 2D). The peptide exhibited a by endoproteases Arg-C and chymotrypsin as described in Materials

. and Methods. The resulting fragments analyzed by MALDI-MS,
mOIeCUIar mass Of 11 344 1.1 Da that was detel’mlned ES|_MS’ and Sequencing are represented by gray boxes. Two

by ESI-MS (Figure 2E). Initially, 25 amino acid residues of connected fragments of the endoprotease Arg-C digest (molecular
the N-terminus were sequenced, which demonstrated themass of 3236 Da) were shown to comprise amino acid residues
isolation of a C-terminal fragment of human IGFBP-4 147-159 and 17+185 and indicated the existence of a disulfide

. ) . . bond between Cy8® and Cy$8. Two single fragments derived
starting WI'Fh Ly$36 (Figure _2F). The dete_rmmed molecul_ar from Chymotrypti?: digestio)rll of IGFBPlgH?” vgith molecular
mass was in accordance with the theoretical mass of residuesnasses of 1960 and 3112 Da belonged to amino acid residues 190

136—237 of human IGFBP-4, calculated to be 11 347 Da. 206 and 207235, respectively, indicating disulfide bridges between
These results indicate that Glis the C-terminal amino ~ Cys*** and Cy$% and Cy$°” and Cy$?® in the native IGFBP-4
acid residue of the C-terminal IGFBP-4 fragment isolated ragment.
from hemofiltrate. mass of the reduced and amidoalkylated |IGFB¥-2%7
Disulfide Bonding of the IGFBP14% 237 Fragment.Mil- fragment was determined to be 11 6821.5 Da, indicating
ligram amounts of the N- and C-terminal IGFBP-4 fragment six amidoalkylated cysteine residues (mass increase of 58
were isolated from 10 000 L of human hemofiltrate and Da for each cysteine). The native IGFBP%237 fragment
purified to homogeneity. For determination of the disulfide was cleaved by the endoproteases Arg-C and chymotrypsin
bonding pattern of C-terminal IGFBP<# 237, proteolytic (Figure 3). Sequencing of a 3236 Da fragment obtained from
digestion of the peptide with subsequent MALDI-MS, ESI- Arg-C digestion yielded two amino acid signals per cycle
MS, and sequence analysis was carried out. The moleculamwhich could be assigned to amino acid residues—1¥459

Mr 1960 Mr 3112
GNFHPKQCHPALDGQRGKCH| [CVDRKTGVKLPGGLEPKGELDCHQLADSFRE 237
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and 171-185 by computer analysis. These results demon- the N-terminal IGFBP-4122 fragment exhibited a 5-fold
strate the existence of a disulfide bond between'€ymd reduced IGF-I binding affinity kg = 5 nM) compared to
Cyst®, Another fragment with a molecular mass of 1960 that of the complete IGFBP-K{ = 1.2 nM), the C-terminal

Da derived from chymotryptic digest of IGFBP2& 237 IGFBP-436-237 fragment revealed an even more reduced
represented residues 19206, and a further fragment with  IGF-I binding affinity (K > 60 nM). Comparable values

a molecular mass of 3112 Da comprised amino acid residueswere obtained by sedimentation equilibrium measurements
207—-235 (Figure 3). These data are compatible with disulfide by centrifuging an equimolar mixture of each fragment
linkages between Cy& and Cy3% and Cy3°” and Cy3&2%, together with IGF-1 (data not shown).

respectively. In summary, the isolated human C-terminal

IGFBP-4 fragment contains three disulfide linkages between DISCUSSION

cysteines 153 and 183, 194 and 205, and 207 and 228

(bonding pfattern, +2, .3_4’ and 5-6). . characterization of circulating human IGFBP-4 fragments
IGF Binding Properties of the Isolated N-and C-Terminal o rmeq in vivo., The results demonstrate that both the

Fragments of IGFBP-4To examine the ability of the isolated  \_terminal (IGFBP-4-122 and C-terminal (IGFBP46237)

N- and C-terminal IGFBP-4 fragments to bind to the IGFs, fragments are present in the circulation and bind IGF-I
the fragments were separated by SBBAGE and blotted 54 although with reduced affinity.

onto nitrocellulose membranes followed by incubation with The ;‘ormation of IGFBP fragments by limited proteolysis

elgher EZQGFV\I/lh'EFI%Lge 4A)fqrtan;u lGFBPb.4 ar;tlﬁody of their parent IGFBP molecules results in a reduced affinity
(Figure 4B). e ng of Intact recombinant NUMan ¢, 1he |GFs and decreases the half-life of the circulating

- 136237 imi N N
IGFEP-4 a:cndzslzlg?: Ir;g dOf IG'_:BF;QE: q bo'ﬁ'nd S|m|Iard growth factors {8—20) which makes the IGFs more avail-
amounts of PAJIGF-II (determined by densitometry and o6 for interaction with cellular IGF receptors. Our findings
direct counting of the excised bands from the nitrocellulose confirm this concept, demonstrating an at least 5-fold
membranstz,r),B;lo binding of PJIGF-II to 250 ng of the  yecrease in the affinity of the IGFBP=422 fragment for
IGFBP-4 [fragment was observed (Figure 4A). For o |GE-| and IGF-Il and a further reduction of IGF binding
comparison, aliquots of hemofiltrate fractions containing both capacity of the C-terminal fragment. Recently, mutational
peptides (qomparable to fraction 27 as shown in panels Canalysis of human IGFBP-4 revealed that residues 2
and D of Figure 1) were pooled and subsequently tested by|ocated in the N-terminal region are essential for IGF binding

immunoblotting and ligand blotting. After immunoblotting (7). Although the main IGF binding site in various IGFBPs
had been performed, the pooled fraction contained the majoragppears to be located in the N-terminal pat 21), the

14 and 12 kDa IGFBP-4 fragments mentioned above, and c-terminal domain is also shown to retain IGF binding

minor IGFBP-4 immunoreactive bands of 21 and 18 kDa capacity (0, 22). It is suggested that both domains contribute
(Figure 4B). When tested in ligand blotting, the 14 kDa but o the high-affinity binding of the intact IGFBF5(22).

not the 12 kDa fragment bounéflJIGF-1I, confirming the Proteolytic activities cleaving IGFBP-4 into 18 and 14 kDa
data obtained with the purified N- and C-terminal fragments g ments have been identified in media of various cultured
(Figure 4A). Furthermore, only the minor IGFBP-4 immu-  ¢¢|js ©3). Interestingly, the 18 kDa immunoreactive band
noreactive band of 18 kDa bount{]IGF-Il (Figure 4A).  getected in pooled hemofiltrate fractions (Figure 4B) exhib-
This 18 kDa band was analyzed by direct sequencing, jieq the N-terminal sequence of IGFBP-4 and might therefore
yielding the N-terminus of IGFBP-4. By$]IGF-II ligand be a glycosylated form of the IGFBP422 fragment, since
blotting, traces of intact IGFBP-4 were also detected in the {pe potential N-glycosylation site (A¥H) is located in the
pooled fraction which could not be seen by IGFBP-4 N.terminal sequence. This N-terminal 18 kDa IGFBP-4

immunoblotting. . fragment also exhibited significant IGF-II binding properties
In a second approach, the precise rate const&gtsq( (Figure 4A).

andKo) for the interaction between the IGFBP-4 fragments, |, human serum proteolysis of IGFBP-4 has been
intact rhIGFBP-4, and IGF-Il were determined by surface ;pserved transientli/ after bypass surge8)(and in
plasmon resonance spectroscopy. IGF-II was ir_nmobilized pregnancy catalyzed by a disintegrin metalloprote@8s (

on a sensor surface, and subsequently, recombinant humaggecayse the proteolytic cleavage sites of human IGFBP-4
IGFBP-4 or one of the purified fragments was passed over yseq py this serum protease are unknown, the potential
the IGF-derivatized surface and analyzed for binding (Figure jgentity with the protease(s) generating IGFBP& and
4C). A high-affinity binding of intact rhiIGFBP-4Ka = 1.7 |GFBP-436-2%7 fragments remains to be determined. On the
nM) to IGF-Il was |dent|f|ed, the rate of which was 10-fold other hand7 whereas fragmented forms of |GFBP_2, _3, and

This study provides the first purification and biochemical

reduced using IGFBP14'?? (Ky = 17 nM). The affinity, .5 are also found in the hemofiltrate of patients suffering
however, of the C-terminal IGFBP:# 2" fragment was  from chronic renal diseas&, 21; L. Standker, unpublished
estimated to be more than 400-fold lower for IGF#,(= results), almost nothing is known about IGFBP fragments

690 nM) than for the intact IGFBP-4. Thus, although the in the circulation of healthy, nonpregnant individuals.
affinity of intact IGFBP-4 for IGF-Il is underestimated in  Therefore, it is unclear whether the amounts of IGFBP-4
the biosensor experiments, the results demonstrate thefragments isolated from hemofiltrate represent elevated levels
significantly lower affinity of both but especially of the as reported for a 29 kDa IGFBP-3 fragme1) since
C-terminal IGFBP-#523" fragment for IGF-II. These results  comparable serum samples from healthy probands are not
were confirmed by saturation and displacement studies usingavailable. The serum of patients with renal disease for
radiolabeled and unlabeled IGF-II (data not shown). Affinity IGFBP-4 protease activity in vitro resembles that of non-
constants for the binding to IGF-1 were also determined by pregnancy rather than pregnancy serum (T. Braulke, unpub-
saturation and displacement experiments (Figure 4D). Whereadished observations). This indicates that the nanomolar
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Ficure 4: Binding of IGF-I and IGF-1l to intact IGFBP-4 and its circulating fragments. Intact rhIGFBP-4 (50 ng), purified N-terminal
IGFBP-4-122and C-terminal IGFBP45-237 fragments (250 ng each), and a pooled hemofiltrate fraction containing both immunoreactive
IGFBP-4 fragments (as shown in panels C and D of Figure 1) were separated byPBEE and analyzed in parallel by (AYH]IGF-II

ligand blotting and (B) IGFBP-4 immunoblotting. Note also traces of intact IGFBP-4 and a 18 kDa fragment of IGFBP-4 in the pooled
hemofiltrate fraction in ligand blot analysis (A) and minor immunoreactive bands of 18 and 21 kDa (B). The positions of the molecular
mass markers are indicated. The data shown in panels A and B are from a representative experiment out of three. (C) Biacore experiments
showed high-affinity binding of intact rhIGFBP-4 to immobilized IGFH#ly= 1.7 nM), whereas IGFBP4122and IGFBP-436-237 exhibited

10- and 400-fold reduced IGF-II binding affinity, respectively. The curves that are shown represent the sum of at least six binding cycles.
(D) Saturation binding studies and Scatchard analysis of complete rhiIGFBP-4 and the purified N-terminal IGEB&ad C-terminal
IGFBP-436-237 fragments using!fA]IGF-I confirmed the reduced affinity of binding of IGFBP-422 and a very low affinity of binding

of IGFBP-436-237tg IGF-I. The binding data represent the summary of two different experiments performed in triplicate. The bars indicate

the standard error of the mean.

0.00001

concentrations of the purified IGFBP-4 fragments might not fragments in nonvascular compartments cannot be excluded.
be due to an increased level of serum proteolysis. Reducedt is likely that at least two proteases are involved in IGFBP-4
clearance of peptides by insufficient kidney function as proteolysis in the central, nonconserved region cleaving
suggested for IGFBP-3 fragmen@6j or the generation of  between residues Piéand Ala?® and between Mé# and
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N-terminal Cys-rich region C-terminat Cys-rich region

TDEA.. RRC 117 153 CQS.............FRE 237
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1 DEAIHCPPCSEEKL...... RRCLQKHF AKIRDRSTSGGKM KVNGAPREDARP.......... DSFRE 237

Ficure 5: Schematic diagram of the IGFBP-4 structure and
proteolytic cleavage sites as detected in human hemofiltrate. The

central region
COOH

122

cysteine-rich highly conserved regions of IGFBP-4 are represented 7.

as shaded boxes. Sequenced amino acids are in bold letters. In vivo

proteolytic cleavage sites in the central nonconserved region are 8.

marked by arrows resulting in generation of circulating N-terminal
13.2 kDa (IGFBP-4123 and the C-terminal 11.3 kDa (IGFBP-
4136-237) fragments. The disulfide bonds of the C-terminal region
are indicated below the diagram.

Lys'®¢ (Figure 5). Possibly, chymotrypsin-like proteases
catalyze the cleavage between Phand Ald?. Tissue
kallikreins known to hydrolyze peptide bonds between
methionine and lysine residues in circulating kininog2n) (
may be responsible for the generation of the C-terminal
IGFBP-4 fragment starting with Ly¥. Fragments also
starting with Ly$36 derived from human IGFBP-4 or with
the homologous Ly$? from rat IGFBP-4 are generated by
a protease secreted by human fibroblast8) (or by a
glucocorticoid-inducible protease in media from rat B104
cells @8), respectively, which appear to be metalloserine
proteases according to their inhibitor profiles. Indeed, the
IGF-dependent IGFBP-4 protease in human fibroblast-
conditioned media was recently identified as the?'Zn
containing pregnancy-associated plasma protei@9 {This
protease, however, is different from the IGF-independent
IGFBP-4 protease in pregnancy serudb;(B. Kubler and

T. Braulke, unpublished results). In addition, it is also
possible that acidic proteases such as cathepsin D which have
been shown to cleave human IGFBP-4 at ¥WRe(30) or

carboxy- and aminopeptidases are involved in a sequential 19.

manner in generating the circulating IGFBP-42 and
IGFBP-436-237 fragments (Figure 5).

conserved N- and C-terminal domains are not linked by
disulfide bonds. In addition, the disulfide linkages between
Cyst*® and Cys8 Cys% and Cy3d%, and Cys°” and Cy3d2®

involve all cysteine residues in the C-terminal IGFBP-4

domain (Figures 3 and 5). Our results confirm the recent 23:

report on the C-terminal disulfide bonding pattern of bovine
IGFBP-2 (L0) in which a similar C-terminal domain structure
in every IGFBP has been proposed (pattern2,13—4, and

5—6). Since the N-terminal IGFBP-4 domain contains 14 25,

cysteine residues, we were not able to determine this complex
disulfide bonding pattern. Future studies will focus on IGF-
dependent and -independent biological activities of the
circulating N- and C-terminal IGFBP fragments.
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