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Abstract Overlapping cDNA clones from human heart and

melanoma libraries were used to establish the 1587-residue

sequence of a novel protein (LTBP-4) belonging to the family of

extracellular microfibrillar proteins which also bind transforming

growth factor-LL. LTBP-4 consists of 20 EG modules, 17 of them

with a consensus sequence for calcium binding, 4 TB modules

with 8 cysteines and several proline-rich regions. Northern blots

demonstrated a single 5 kb mRNA which is highly expressed in

heart but also present in skeletal muscle, pancreas, placenta and

lung. The modular structure predicts that LTBP-4 should be a

microfibrillar protein which probably also binds TGF-LL.
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1. Introduction

A large and still increasing family of extracellular and trans-

membrane proteins is characterized by long tandem arrays of

epidermal growth factor-like (EG) modules which possess a

consensus sequence for calcium binding [1]. Typical members

are the micro¢brillar proteins ¢brillin [2,3] and ¢bulin [4,5],

each of which exists as two isoforms and basically has a rod-

like shape. This shape is primarily determined by the EG

modules which are stabilized by calcium binding as shown

for an EG dimer of ¢brillin-1 [6]. A further subfamily closely

related to the ¢brillins consists of the latent transforming

growth factor-L binding proteins (LTBP) which were origi-

nally identi¢ed in a covalent complex with latent TGF-L1 in

platelet extracts [7,8]. So far, complete sequences have been

reported for three isoforms, LTBP-1 [9^11], LTBP-2 [12^14]

and LTBP-3 [15]. Apart from a large and variable number of

EG modules with six cysteines, they also contain four LTBP-

like (TB) modules, characterized by an eight cysteine pattern

[16], which they share with the ¢brillins. Recent evidence in-

dicates that they are associated with extracellular micro¢brils

containing ¢bronectin in ¢broblast cultures [17], with elastic

¢brillin-containing micro¢brils [13], bone nodules [18] and

micro¢brillar structures that are important for epithelial-mes-

enchymal transitions in heart development [19]. LTBP-1 and

-2 also bound to the extracellular matrix deposited by cultured

¢broblasts, endothelial and epithelial cells [12,20,21]. This

binding is apparently dependent on the N-terminal region of

LTBP-1 [11,22]. Together, the data identify LTBPs as typical

extracellular matrix proteins, although their supramolecular

organisation still remains to be elucidated.

As well as their functions as matrix components, all three

isoforms of LTBP share the unique property of a disulphide-

mediated association with the latent form of TGF-L1

[7,8,12,15]. In this complex, mature TGF-L1 is already pro-

teolytically released from the precursor form but still in a non-

covalently associated and inactive state. Formation of the

complex occurs fast and intracellularly and considerably en-

hances TGF-L1 secretion [23]. The mechanism of activation is

still unclear but may include LTBP-mediated presentation to

cell surfaces [24], possibly facilitated by the proteolytic release

of LTBP from the matrix [11,21]. The binding of TGF-L1 to

LTBP-1 was recently shown to occur through the TB-3 mod-

ule located close to its C-terminal region and very likely in-

volves a disulphide exchange with the precursor portion of

TGF-L1 [22,25].

In a recent search for members belonging to this family of

extracellular matrix proteins, we identi¢ed a particular ex-

pressed sequence tag (EST) cDNA clone as a further candi-

date gene. Complete cloning and sequence analysis demon-

strated the existence of a novel LTBP-4 with quali¢cations

to be a micro¢brillar and probably additional TGF-L1 bind-

ing protein. Its tissue expression patterns indicated overlap

with as well as di¡erences from previously identi¢ed LTBP

isoforms.

2. Materials and methods

A cDNA clone Z19101 from a human heart library (Stratagene;

genebank accession number Z19101) was kindly supplied by Dr. B.

Obermeier (Genzentrum, University Munich). After random primed

labelling (Stratagene), it was used to screen a random primed human

melanoma V ZAP library (Stratagene) using standard hybridisation

conditions (0.5 M sodium phosphate, pH 7.2, 7% SDS, 1 mM

EDTA, 1% BSA) overnight at 65³C. Filters were then washed once

in the same bu¡er (10 min, 65³C) and twice in 0.04 M sodium phos-

phate, pH 7.2, 1% SDS (15 min, 65³C) and exposed to X-ray ¢lm.

Plating, isolation and puri¢cation of phage plaques were performed

according to standard protocols. After excision of the inserts, the

resulting clones were subcloned into the E. coli strain DH5K. cDNAs

were isolated according to standard protocols and further analysed by

Southern hybridisation. Subsequently, clones were sequenced with

speci¢c primers using a cycle sequencing terminator kit (Perkin Elmer)

and an automated 373A DNA sequencer (Applied Biosystems). De-

duced amino acid sequences were compared by the GCG program pile

up and CLUSTAL W.

A commercially available Northern blot containing poly-A

�
RNA

isolated from eight di¡erent human tissues (Clontech) was purchased

and hybridized to an ApaI fragment (bp 3069^3597) of LTBP-4. The

fragment was labelled using the Stratagene random primed labelling

kit supplemented with K-[
32
P]dCTP according to the manufacturer's

instructions. Hybridisation was performed in 0.5 M sodium phos-

phate, pH 7.2, 7% SDS, 1% BSA, 1 mM EDTA, overnight at 65³C.

Final washes were with 0.04 M sodium phosphate, pH 7.2, 1% SDS,

1 mM EDTA for 15 min at 65³C. After washing the blot was air dried

and exposed to X-ray ¢lm.
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3. Results

The computer-assisted screening of an EST library (Merck/

WashU project) with the sequence of the EG repeats of ¢bu-

lin-1 [26] identi¢ed a related 2 kb cDNA clone Z19101. Since

sequence analysis of this clone revealed tandem arrays of cal-

cium-binding EG modules, we extended the screening to a

human melanoma V Zap library and identi¢ed four more

overlapping clones spanning a size of slightly more than 5 kb

(Fig. 1). Their complete sequence analysis (Fig. 2) demon-

strated an open reading frame of 4761 bp joined to 184 bp

untranslated region at the 5P-end and 267 bp at the 3P-end

with a typical polyadenylation signal starting at position 4996.

32 bp after this position is a long poly-A tail.

The start of the amino acid sequence (1587 residues) was

assigned to a methionine preceding a typical hydrophobic

signal peptide sequence. Predictions as to its cleavage site

[27] indicated position 15/16 or as a second best choice posi-

tion 23/24. The postulated start methionine is preceded by

many stop codons in all three reading frames and therefore

very likely correctly assigned. The deduced amino acid se-

quence could not be found in the databank and predicts a

polypeptide with a calculated molecular mass of 187 kDa

and a pI of 5.87. Five putative N-glycosylation sites could

be identi¢ed at positions 315, 388, 1018, 1163 and 1302

(Fig. 2) and, if occupied, may increase the molecular mass.

The sequence is dominated by a total of 24 cysteine-rich mo-

tifs which could be clearly identi¢ed as either EG or TB mod-

ules [16]. Their arrangement is most similar to those shown

for other LTBP isoforms [9^15], hence the novel polypeptide

will be referred to as LTBP-4.

The hallmark of LTBP-4 structure is a central array of 14

consecutive EG modules (EG-3 to EG-16), which, apart from

the most N-terminal one, all possess a consensus sequence for

calcium binding (Figs. 1 and 2). This consensus structure is

characterized by an almost invariable DVDE sequence in

front of the ¢rst cysteine which provides some major calcium

ligation sites [28]. The C-terminal region is characterized by a

tandem array TB-3/EG-17,18/TB-4 and directly at the C-ter-

minus by the last pair of EG modules. The N-terminal region

contains another TB-1/EG-2/TB-2 array and a single EG-1

module. From the total of 20 EG modules, 17 can be pre-

dicted to bind calcium. These regions of de¢ned protein mo-

tifs are connected or terminated by non-classi¢ed segments of

50^130 residues some of which are rich in proline (26^30%).

Peculiar features include a short segment with four cysteines

close to the N-terminus and one odd cysteine (position 318) in

front of module EG-2. LTBP-4 did not contain a potentially

cell-adhesive RGD sequence.

The other three LTBP isoforms show basically the same

organisation of EG and TB modules into several clusters,

but have a smaller number of EG modules (8^13) in the cen-

tral array. A comparison of the amino acid sequences of these

clusters showed identities in the range of 42^59% (Table 1).

The overall sequence identity was somewhat lower (38^42%).

Certain sequence peculiarities, such as a missing cysteine in

the CCC sequence of the TB-1 module (Fig. 2), are, however,

maintained in all four isoforms.

Further di¡erences between LTBP-4 and the other isoforms

were observed by examining its expression by Northern blot-

ting of poly-A
�
RNA from eight human tissues (Fig. 3). A

cDNA probe with only 60^66% nucleotide sequence identity

to LTBP-1, -2 and -3 was used under stringent hybridisation

conditions in order to eliminate cross-hybridisation and the

commercially available mRNA ¢lter was similar to those

showing distinct and di¡erent patterns for human LTBP-1

and LTBP-2 [12]. The LTBP-4 mRNA appeared as a single

band of about 5 kb, in agreement with the size of the cDNA

sequence. A particular strong expression was observed in

heart followed by skeletal muscle and pancreas. Moderate

signals were observed for placenta and lung and no or only

weak ones for brain, liver and kidney. Northern blots for

human LTBP-1 were previously shown to hybridize to two

mRNAs of 5.2 and 7 kb and for human LTBP-2 to bands

of 7.5 and 9.5 kb [11^13]. None of these bands were detected

with the cDNA probe for human LTBP-4, demonstrating the

speci¢city of hybridisation. Further preliminary in situ hybrid-

isation experiments in adult mouse heart demonstrated LTBP-

4 expression in interstitial ¢broblasts of heart valves but not

in the myocardium (unpublished). A restricted expression in
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Fig. 1. Scheme of the module arrangement of human LTBP-4 and correlation with cDNA clones used for sequence analysis. The modules in-

clude EG (circles), EG with calcium-binding sequence (circles with dot) and TB (black bars). Open bars indicate non-classi¢ed sequences and

are marked with P if rich in proline.
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certain tissue compartments has also been observed for mouse

LTBP-3 [15].

4. Discussion

A distinct family of extracellular matrix proteins referred to

as LTBP-1 to LTBP-3 were classi¢ed together as a subfamily

of micro¢brillar proteins based on their modular structure

and the ability to associate with latent TGF-L1 in a covalent

manner [9^15]. We have now identi¢ed the cDNA sequence of

a fourth member of this subfamily, LTBP-4, which has a very

similar modular structure. More distantly related proteins in-

clude the ¢brillins [29], which share the calcium-binding EG

and TB modules, and the ¢bulins [26,30], in which the TB

modules are replaced by other sets of modules. Proteins be-

longing to the latter two subfamilies have basically a rod-like

structure [2^5]. This has not yet been demonstrated for

LTBPs, but their association with micro¢brils in tissues and

cultured cells [13,17^19] strongly favours this possibility. Such

¢brillar structures are apparently dependent on calcium-bind-

ing EG modules, as shown in a recent study at atomic reso-

lution [6]. Calcium binding also enhances protease stability of

LTBP-1 [31], ¢bulins [32] and ¢brillin [33].

The reason for the existence of several LTBP isoforms is

still unclear, re£ecting the fact that, except for TGF-L1 bind-

ing, they have been insu¤ciently characterized at the func-

tional level. The di¡erent, although overlapping, tissue expres-

sion of LTBP mRNAs [12] would indicate functional

di¡erences. LTBP-4 is not only strongly expressed in heart

like LTBP-1, but also in skeletal muscle and pancreas. Ex-

pression of LTBP-1 and LTBP-2 could not be demonstrated

for pancreas [12]. These analyses showed two splice variants

which di¡er by more than 1 kb for LTBP-1 [11] and probably

for LTBP-2 mRNA [12,13]. Substantial splicing has not yet

been detected for LTBP-3 [15] and, as described here, was not

found for LTBP-4. Splice variation has been localized to the

N-terminal region of LTBP-1 and may determine the strength

of its association with the extracellular matrix [11,22]. A par-

ticularly high activity was found for the long form of LTBP-1,

which contains an additional EG module not present in

LTBP-3 and LTBP-4. Human LTBP-1 [10] and LTBP-2 [12]

but not LTBP-4 contain a single RGD sequence and may

therefore di¡er in integrin-mediated cell adhesiveness.

Based on the sequence data, LTBP-4 is very likely a rod-

like protein and associated with micro¢brillar tissue struc-

tures. Its covalent association with latent TGF-L1 remains

an open question. This association was shown to occur

through module TB-3 in recombinant LTBP-1 fragments

and involves a disulphide exchange with latent TGF-L1

[22,25]. A sequence comparison of the TB-3 modules of all

four LTBP isoforms shows a high conservation in certain

regions close to the three cysteine sequence, which could in-

dicate conservation of the binding structure (Fig. 4). The

binding epitope has not yet been precisely mapped but does

not require glycosylation of an invariant NVT sequence [22].

The availability of cDNA clones for LTBP-4 will now allow

its binding to TGF-L1 and its molecular shape to be examined

by recombinant production. Such approaches have already

been successful for binding fragments of ¢brillin [34] and ¢-

bulins [5].
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Fig. 2. Complete cDNA and deduced amino acid sequence of human LTBP-4. The start of individual EG (nos. 1^20) and TB modules (nos.

1^4) are denoted on top of the nucleotide sequence (EMBL Nucleotide Sequence Database, accesion no. Y13622). Highly conserved sequences

of a calcium-binding consensus motif (EG) and a triple cysteine (TB) are shown in bold letters and are underlined. Five potential N-glycosyla-

tion sites are underlined and shown in italics. Potential signal peptide cleavage sites include positions 15/16 and 23/24. A potential polyadenyla-

tion signal is shown in bold and precedes a long poly-A tail.

Table 1

Sequence identities of LTBP-4 with other LTBP isoforms

LTBP-4 structure compared Sequence identity (%) to

LTBP-1 LTBP-2 LTBP-3

EG-1 56 47 59

TB-1/EG-2/TB-2 47 50 44

EG-3 to EG-16

a
48 49 46

TB-3/EG-17,18/TB-4 50 46 42

EG-19,20 59 57 47

Entire protein 42 42 38

Individual module segments or the total sequence are compared with

human LTBP-1 [10], human LTBP-2 [12,14] and mouse LTBP-3 [15].

a
Adjusted to the best score for the smallest number of shared mod-

ules.

Fig. 3. Expression of human LTBP-4 in di¡erent tissues examined

by Northern blots. The same ¢lter was exposed for di¡erent periods

(top: 8 h; bottom: 2 h) in order to demonstrate the expression of a

single 5 kb mRNA which existed in variable amounts.
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Fig. 4. Sequence alignment of the TB-3 module of all four LTBP isoforms. This module is involved in TGF-L1 binding in LTBP-1. Identical

or very similar residues that occur in each sequence are boxed.
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