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Abstract Electrostatic interactions were studied in a triple-heli-
cal peptide, (POG),PKGQKGEKG(POG),, which contains a ly-
sine-rich 9 residue sequence from the collagen-like domain of the
macrophage scavenger receptor (MSR). This peptide adopts a
stable triple-helical conformation only when the pH is higher than
4.5, corresponding to ionization of the Glu side chain. Modeling
shows Glu forms ion pairs with one of the Lys residues, stabilizing
the structure. Previously studied collagen-like peptides show rel-
atively small contributions of electrostatic interactions to stabil-
ity. The large magnitude of the pH mediated structural changes
seen for this peptide suggests that specific placement of charged
residues in the triple-helix conformation can generate strong elec-
trostatic interactions.
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1. Introduction

The triple-helix is the major repeating structural element of
all collagens and constitutes one of the basic structural motifs
in a number of host defense proteins, including pulmonary
surfactant apoprotein A, the mannose binding protein, Clq,
and the macrophage scavenger receptor [1-3]. The triple-helix
is composed of three supercoiled polyproline II-like chains, and
has steric requirements for glycine as every third residue and
a high imino acid content [4,5]. This generates a (X-Y-Gly),
sequence where X and Y are frequently Pro and Hyp, respec-
tively.

A high proportion of charged residues (15-20%) is generally
found in collagen triple-helical domains. A net excess of posi-
tive charges is observed for collagens, with most basic residues
in the Y position of X-Y-Gly triplets [6,7]. All residues in the
X and Y positions of the triple-helix are partially exposed to
solvent [8], giving charged residues the potential for intramo-
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Abbreviations: CD, circular dichroism; NMR, nuclear magnetic reso-
nance; TPPI, time proportional phase incrementation; *, indicates *N-
enriched residue for NMR detection; 7, midpoint of thermal transi-
tion; MSR, macrophage scavenger receptor; oxLDL, oxidized low den-
sity lipoproteins; O (one-letter code) and Hyp (three-letter code),
4-hydroxyproline; thus (POG),, is used for (Pro-Hyp-Gly),,. The EK
containing peptide is Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-
Hyp-Gly-Glu-Lys-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-
Hyp-Gly-Pro-Hyp-Gly; MSR-1 peptide is used to denote the peptide
Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Lys~-Gly-Gln-Lys-Gly-

Glu-Lys-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly-Pro-Hyp-Gly.

lecular interactions between the three chains and for interac-
tions with other molecules. The highly conserved charged resi-
dues of collagen have been implicated in electrostatic interac-
tions stabilizing the triple helix [9,10], the molecular association
to form fibrils [11,12] and association of collagen with other
molecules [13].

The triple-helical domains of Cl1q and macrophage scavenger
receptor have a very high content of charged residues (20-25%),
with a large excess of basic residues, which are again preferen-
tially found in the Y position of triplets. Electrostatic interac-
tions appear to be critical to the function of these host defense
proteins, as they are in collagen. For example, a charged region
of the Clq triple-helix is implicated in binding to the Clq
receptor [2], and the basic collagen-like domain of the macro-
phage scavenger receptor has been identified as the region
which binds to polyanionic ligands [14,15,16]. To investigate
the electrostatic interactions which occur in a triple-helix, a
synthetic peptide was designed which contains a highly charged
sequence found in the macrophage scavenger receptor (MSR)
and has been implicated in ligand binding [14,15]. This peptide
is seen to adopt a stable triple-helical conformation, with
electrostatic interactions as the dominant determinant of its
stability.

2. Materials and methods

2.1. Peptide synthesis

The peptide (POG);PKGQKG*EKG(POG),, designated MSR-1
was synthesized with ’N-enriched glycine (G*) at the indicated posi-
tion, on an Applied Biosystems 430A peptide synthesizer using a stand-
ard N-t-Boc protection strategy on t-Boc-L-Gly-PAM resin. Side chain
protection was benzyl for Hyp, benzyl ester for Glu and 2-chloroben-
zyloxycarbonyl for Lys. All amino acids after position 5 were double
coupled, and a hydrogen fluoride cleavage was used. The peptides were
purified to greater than 95% by reverse-phase HPLC on a Vydac C-18
column. The identities of these peptides were confirmed by mass spec-
troscopy using a VG Analytical ZAB-T instrument at the Center for
Advanced Food Technology (Rutgers University, New Brunswick NJ).

2.2. Circular dichroism spectroscopy

Samples for circular dichroism spectroscopy (CD) measurements
were prepared at a concentration of 1.0 mg/ml, with pH values ranging
from 1 to 13. Previous studies have shown triple-helix formation to be
stable over this entire pH range [10]. Spectra were collected for samples
prepared in both phosphate and cacodylate buffer systems to ensure
that any observed effects were not due to buffer composition. Ionic
strength was adjusted by the addition of NaCl. All solutions prepared
at room temperature were equilibrated at 4°C for at least 24 h prior to
CD measurements. All CD spectra were recorded on an Aviv Model
62DS spectropolarimeter with a Hewlett Packard Peltier thermoelectric
temperature controller using a 1 mm path length cell. For equilibrium
melts, the ellipticity at 225 or 223 nm was monitored as the temperature
in the cell was increased (step size of 0.3°C, 3 min equilibration at each
temperature) and signal averaged for 30 s.
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pH2 +H2NPOGPOGPOGPKGQKGEKGPOGPOGPOGPOGCOOH
+ -

pH6 +H2NPOGPOGPOGPKGQKGEKGPOGPOGPOGPOGCOO-

pH9  HNPOGPOGPOGPKGQKGEKGPOGPOGPOGPOGCOO-

pH13 HNPOGPOGPOGPKGQKGEKGPOGPOGPOGPOGCOO-

Fig. 1. The amino acid sequence of MSR-1 indicating the charges
present at different pH values.

2.3. Calculation of thermodynamic parameters

Thermodynamic parameters were extracted by non-linear least
squares fitting of the equilibrium constant for the transition between
monomer and trimer as previously described [17]. After correcting for
a linear temperature dependence in ellipticity for both monomer and
trimer, the equilibrium melting transitions were fit to a two state trimer
to monomer transition. Thermodynamic parameters were calculated
following previously described methods [17,18,19], using a standard
state of 1 mM. The T,, and the van’t Hoff enthalpy 4H® were deter-
mined by curve fitting to the following equation, where ¢, is the initial
peptide concentration:

K =exp [AHYRT x (T/T,, — 1) — In (0.75¢,)]
Then 4S° and AG° values were calculated:

AS® = [AH® = RT,, x In (0.75¢,)|/ T,
AG® = AH® — 29845°

2.4. NMR Spectroscopy
All NMR spectra were collected on a 500 MHz Varian VXR-500
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spectrometer and processed on Silicon Graphics INDIGO, worksta-
tions using FELIX (Biosym Inc.). Each 'H-""N HSQC (heteronuclear
single quantum coherence) [20] data set was collected and 90° phase
shifted sinebell window functions were applied in both dimensions prior
to Fourier transformation. Each spectrum consisted of 96 ¢1 increments
of 1K complex data points. Quadrature detection in the ¢1 dimension
was obtained by TPPI [21]. The sample concentration was 10 mM for
all NMR experiments.

2.5. Molecular modeling

Starting structures for MSR-1 were generated from (POG);, coordi-
nates [22] using Insight II (Biosym Inc.). The charges on K and E were
considered explicitly to mimic ionized states of E and K residues. The
model peptides were energy minimized with IMPACT program [23]. A
distance dependent dielectric constant (¢ = ) was used.

3. Results

A 30-mer peptide denoted as MSR-1 was designed to include
9 residues of the human macrophage receptor, residues 333-
341. It is known that peptides with Gly as every third residue
and a high imino acid content will adopt a triple-helical confor-
mation, and the triplet Pro-Hyp-Gly is the strongest promoter
of triple-helix formation [18,24]. Thus the MSR 9-residue se-
quence was capped with POG triplet repeats to provide stabil-
ity, giving the final sequence (POG);PKGQKGEKG(POG),
(Fig. 1). The circular dichroism (CD) spectrum of the MSR-1
peptide shows a maximum ellipticity at 223 nm, which is char-
acteristic of the triple-helical conformation (Fig. 2, inset). With
increasing temperature, the amplitude of this maximum under-
goes a sharp decrease near 30°C (pH 7, 1 mg/ml). This sharp
thermal transition, similar to that seen for trimer-to-monomer
transitions of our other triple-helical peptides [10,17], suggests
that MSR-1 adopts a triple-helical structure at temperatures
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Fig. 2. Equilibrium melting profiles of (POG),, (0), EK-containing peptide (8), MSR-1 (e) at pH 7; and MSR-1 at pH 3 (). The inset shows CD
spectra of peptides (POG), (---—---) at 2°C , MSR-1 at 2°C (—), and MSR-1 at 50°C (- - -) at 1 mg/ml, pH 7.
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Fig. 3. '"H-"N HSQC (heteronuclear single quantum coherence) spectra
in 90% H,0/10% D,O solution at pH 5.5, 10°C for MSR-1 (10 mM
concentration). The resonances observed are for the *N-labeled Gly at
position 15. The resonances from the three chains of the triple helix are
designated with the chain number 1, 2, or 3 in the prefix, and the
resonance from the monomer form is designated as ‘m’.

below 30°C (Fig. 2). The trimeric nature of the MSR-1 peptide
was confirmed by NMR spectroscopy, using the *N-enriched
glycine incorporated into the residue at position 15. Heteronu-
clear '"H-'"N correlation NMR spectra of MSR-1 at low tem-
perature show four cross peaks for the N Gly (Fig. 3). One
cross peak is present at high as well as low temperature and is
due to monomer form. The other three peaks are present only
at low temperature and can be attributed to the three distinct
chains in a triple-helical structure [25], consistent with a mono-
mer—trimer equilibrium.

The 30-mer MSR-1 peptide (7, = 30°C) is much less stable
than the repeating polytripeptide (POG),, (T, = 62°C, Fig. 2)
[18,25], or the homologous EK-containing peptide,
(POG),EKG(POG); (T, = 46°C, Fig. 2) [10]. The presence of
triplets from the MSR sequence is destabilizing compared with
POG triplets, as expected if the imino acid content is the dom-
inant determinant of stability. Thermodynamic parameters
were calculated from equilibrium melting curves to clarify the
basis of this decreased stability [17,18]. The enthalpy values for
MSR-1, the EK-containing peptide and (POG),, are —200,
—175 and —160 kcal/mol, respectively, and the entropy values
are —650, —520 and —470 cal/mol-K, respectively, at pH 7.
The destabilization of MSR-1 peptide compared to the other
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peptides is due to its less favorable entropy term, consistent
with its lower content of imino acids [26]. The MSR-1 peptide
has the most favorable enthalpy term, which is expected on the
basis of its high content of residues that can participate in
hydrogen bonding and electrostatic interactions.

To examine the effect of ionizable side chains on this highly
charged triple-helical peptide, the thermal stability of MSR-1
was determined as a function of pH. At pH values of 4.5 and
above, a sharp thermal transition is observed. There is little
variation in the Tm over the pH range of 4.5-13 (Fig. 4). In
contrast, at pH values below 4.5, there is only a small linear
decrease in ellipticity as the temperature is raised, with no sharp
transition (Fig. 2). Such a linear decrease with no transition is
found in peptides which do not associate as trimers [17]. The
mean residue ellipticity of the maximum near 223 nm, which
relates to triple-helix content, was found to be significantly
lower at pH values below 4.5 than at higher pH values (Fig. 4).
These data indicate that MSR-1 forms a stable triple-helix at
the concentrations used for the CD studies (1 mg/ml) for pH
values of 4.5 and above, but does not form a triple helix at more
acidic pH values, even at low temperature.

Possible ionization events in MSR-1 that could take place
with pH changes include the protonation of Glu and Lys side
chains and the N- and C-termini (Fig. 1). The dramatic appear-
ance of triple-helical structure at pH 4.5 or higher in MSR-1
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Fig. 4. (A) Mean residue ellipticity plotted as a function of pH for
(POG),, (0) and MSR-1 (@) peptides, (1 mg/ml, 2°C). (B) Plot of
melting temperature as a function of pH for (POG),, (0), EK-contain-
ing peptide (P) and MSR-1 (e), at 1 mg/ml. At all pH values below pH
4.5, no sharp transitions for MSR-1 are seen and therefore T, values
could not be obtained; a dashed line is used to indicated that the T,
is less than 2°C at all pH values.
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(a)

(3)

B(Lys11) unpaired

Fig. 5. (A). Helix wheel diagram showing a cross-section of the triple-
helix in the central region of the 9 residue MSR sequence. (B). Axial
view of the energy minimized structure of MSR-1. Prefixes A, B, and
C refer to the three chains of the molecule. The residues that form
interchain ion pairs are: A(Glu')-C(Lys"); A(Lys'")-B(Glu'®);
B(Lys'7)-C(Glu'®). The residues that participate in interchain hydrogen
bonding are: A(GIn")- - C(Lys'"); A(Lys') - B(GIn'*); B(Lys'¥)---C-
(GIn®). Unpaired ionizable side chains are: A(Lys'!)); B(Lys'');
C(Lys").

occurs close to the expected pK value for the ionization of
glutamic acid. Determination of Glu pKs by NMR have indi-
cated values of 4.2 for a tetrapeptide [27] and 3.8 for Bovine
Pancreatic Trypsin Inhibitor [28]. The midpoint of the transi-
tion of the mean residue ellipticity of MSR-1 is near pH 3.8
(Fig. 4A), and the somewhat low value may be caused by the
interactions of Glu residues with Lys side chains. Very little
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variation is observed in the value of the 7, and the mean
residue ellipticity over the pH range of 4.5-13 (Fig. 4), suggest-
ing the loss of charge on the lysine residues and the deprotona-
tion of the amino terminus have only small effects on stability.
A small change in ellipticity is noted below pH 2, which could
be related to deprotonation of the C-terminus.

4, Discussion

Charged residues in collagen-like domains play a critical role
in ligand binding for MSR [14,15] and for Clq [2]. The extended
nature of this rod-like domain makes charged residues available
for interaction with other molecules. The absence of a net
dipole moment and its unique geometry result in distinctive
clectrostatic interactions in this triple-helix motif [10]. The Clq
triple-helix stability shows pH dependence, increasing 12°C in
going from pH 4 (48°C) to pH 8 (60°C) [29], while collagen
thermal stability increases by 7°C in going from pH 1 (32°C)
to pH 7 (39°C) [30]. The striking pH dependence of MSR-1
stability shows it is possible to model electrostatic interactions
in a triple-helical peptide.

The magnitude of the pH dependent change in stability seen
for MSR-1 (>30°C) is much greater than seen for other triple-
helical peptides containing Glu and Lys residues. For example,
the EK-containing peptide shows a T, of 43°C at pH 3 and T,
of 46°C at pH 7 [10], and a peptide with two Lys residues with
two potential jon pairs GKOGEOGPKGDAGAOGAO-
(POG),GV, shows a maximum variation of 9°C over the pH
range 1-13 [10]. In all triple-helical peptides studied other than
MSR-1, electrostatic interactions are a relatively minor factor
in stability, small compared to the influence of imino acid
content ([10]; unpublished observation). The anomalously large
pH effect and predominance of electrostatic interactions in the
stability of MSR-1 is dependent on the 9 residue amino acid
sequence which has Lys in three consecutive Y positions with
one adjacent to a Glu. The effect of side chain on triple-helix
stability is consistent with conformational energy calculations
[31].

At low pH, there are three positively charged lysine residues
per MSR-1 chain, and the triple-helix, which would include
9 Lys residues evenly distributed around the helix in an axial
length of 3 nm, is not stable. It appears likely that the charge
repulsion which would result from the high density of positively
charged side chains in a triple-helix is responsible for the desta-
bilization of the trimer relative to the monomer. As the pH is
raised above 4.5, the Glu side chain becomes negatively charged
and the triple-helix is stabilized (Fig. 1). It is the context of Lys
residues surrounding the EKG triplet in MSR-1 peptide which
results in its dramatic pH dependence, since the ionization of
Glu in the EK-containing peptide shows only a minor effect on
stability (Fig. 4). To probe the molecular basis for triple-helix
stabilization, molecular modeling studies were performed. Ex-
amination of the 9 Lys residues in the energy minimized triple-
helical structure of MSR-1 shows that three Lys are involved
in intramolecular ion pairs with Glu, three Lys participate in
hydrogen bonding with Gln residues, and three Lys side chains
are unpaired (Fig. 5B). Since all residues in X and Y positions
of a triple-helix are substantially exposed to solvent [8], the
unpaired lysines are potential candidates for intermolecular
interactions, such as ligand binding.

A trimer peptide containing a similar sequence from bo-
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vine macrophage scavenger receptor, preceded by N-terminal
Pro-Hyp-Gly triplets, was synthesized previously, with a design
that included covalent cross-linking at the N-terminus [32]. This
peptide adopts a triple-helical conformation with a melting
temperature of 20°C. The greater stability of MSR-1 relative
to this cross-linked trimer is likely to be due to its having
stabilizing Pro-Hyp-Gly sequences at both ends, while the
cross-linked trimer contains stabilizing features only at the N-
terminus. Cross-linked triple-helical peptides which include
both a C-terminus cross-link and stabilizing Pro-Hyp-Gly trip-
lets at the N-terminus show a high thermal stability [33].

The more than 30°C variation in MSR-1 peptide stability is
the largest dependence on pH reported for any triple-helix. It
is reminiscent of the strong effect of pH on the 3-stranded
coiled coil structure found in influenza hemagglutinin [34,35],
and both supercoiled helical structures have a high charged
content as a result of their extended conformations [36]. A
decrease in pH from 7 to pH 5 greatly stabilizes the 3-stranded
coiled coil, as a result of the reduction in charged repulsion of
the highly acidic region [34,35]. In contrast the stabilization of
the triple-helix occurs at pH values greater than 4.5, when one
of the charged Lys residues can participate in ion pairing with
an ionized Glu.

The sequence studied is found in a region of MSR critical to
ligand binding [14,15] and a similar region, including Lys resi-
dues in the Y positions of three adjacent Gly-X-Y triplets of
which one is a Gly-Glu-Lys triplets, is found in type IV collagen
(personal observation) and in a recently discovered macro-
phage receptor [37]. This highly charged sequence with its
strong electrostatic interactions is likely to be important for
ligand binding in all of these molecules, and its destabilization
at acid pH values may play some role in dissociation of ligands
from the macrophage receptors in the acidic endosomes.

Acknowledgements: We thank Dr. Monty Krieger and David Resnick
(Dept. of Biology, Massachusetts Institute of Technology, Cambridge,
Massachusetts 02139), Dr. Avedis Khachadourian and Dr. Vincent
Rifici (Robert Wood Johnson Medical School), Dr. John A.M. Ram-
shaw (CSIRO Division of Biomolecular Engineering, Australia) and
Michael Brodsky (Dept. of Biology, Massachusetts Institute of Tech-
nology) for their for helpful discussions. We are grateful to Dr. Jordi
Bella for help with molscript program and to Dr. Slawomir Mielewczyk
who assisted in thermodynamic calculations. This work was supported
by NIH Grants AR19626 (B.B) and GM45302 (J.B), Searle Scholar
Fund/Chicago community Trust (J.B.), and a Biomedical Research
Support Grant under the Department of Public Health Science (J.B.).

References

[1] Kodama, T., Freeman, M., Rohrer, L., Zabrecky, P.M., Matsu-
daira, P. and Krieger, M. (1990) Nature 343, 531-535.

[2] Hoppe, H.-J. and Reid, K.B.M. (1994) Protein Sci. 3, 1143-1158.

[3] Kielty, C.M., Hopkinson, 1. and Grant, M.E. (1993) Connective
Tissue and its Heritable Disorders (P.M. Royce and B. Steinmann
eds.) pp. 103-149, Wiley-Liss, New York.

555

[4] Rich, A. and Crick, F.H.C. (1961) J. Mol. Biol. 3, 483-506.

[5] Bella, J., Eaton, M., Brodsky, B. and Berman, H.M. (1994) Science
266, 75-81.

[6] Fietzek, P.P. and Kuhn, K. (1975) Mol. Cell. Biochem. 8, 141-
157.

[7] Salem, G. and Traub, W. (1975) FEBS Lett. 51, 94-99.

[8] Jomnes, E.Y. and Miller, A. (1991) J. Mol. Biol. 218, 209-219.

[9] Katz, E.P. and David, C.W. (1992) J. Mol. Biol. 228, 963-969.

[10] Venugopal, M.G., Ramshaw, J.A.M., Braswell, E., Zhu, D. and
Brodsky, B. (1994) Biochemistry 33, 7948-7956.

[11] Hulmes, D.J.S., Miller, A., Parry, D.A.D. and Piez, K.A. (1973)
J. Mol. Biol. 79, 137-148.

[12] Wallace, D.G. (1990) Biopolymers 29, 1015-1026.

[13] Staatz, W.D., Fok, K.F., Zutter, M.M., Adams, S.P., Rodriguez,
B.A. and Santoro, S.A.(1991) J. Biol. Chem. 266, 7363-7367.

[14] Acton, S., Resnick, D., Freeman, M., Ekkel, Y., Ashkenas, J. and
Krieger, M.J. (1993) Biol. Chem. 268, 3530-3537.

[15] Doi, T., Higashino, K., Kurihara, Y., Wada, Y., Miyazaki, T,
Nakamura, H., Uesugi, S., Imanishi, T., Kawabe, Y., Itakura, H.,
Yazaki, Y., Matsumoto, A. and Kodama, T. (1993) J. Biol. Chem.
268, 2126-2133.

[16] Pearson, A.M., Rich, A. and Krieger, M. (1993) J. Biol. Chem.
268, 3546-3554.

[17] Long, C.G. , Braswell, E., Zhu, D., Apigo, J., Baum, J. and
Brodsky, B. (1993) Biochemistry 32, 11688-11695.

[18] Engel, J., Chen, H.-T., Prockop, D.J. and Klump, H. (1977) Bio-
polymers 16, 601-622.

[19] Marky, L.A. and Breslauer, K.J. (1987) Biopolymers 26, 1601
1620.

[20] Bodenhausen, G. and Ruben, D.J. (1980) Chem. Phys. Lett. 69,
185-189.

[21] Marion, D. and Withrich, K. (1983) Biochem. Biophys. Res.
Commun. 113, 967-974.

[22] Fraser, R.D.B., MacRae, T.P. and Suzuki, E. (1979) J. Mol. Biol.
129, 463-481.

[23] Kitchen, D.B., Hirata, F., Westbrook, J.D., Levy, R. M., Dofke,
D. and Yarmush, M. (1990) J. Comput. Chem. 11, 1169-1180.

[24] Sakakibara, S., Inouye, K., Shudo, K., Kishidi, Y., Kobayashi, Y.
and Prockop, D.J. (1973) Biochim. Biophys. Acta 303, 198-
202.

[25] Li, M.-H., Fan, P., Brodsky, B. and Baum, J. (1993) Biochemistry
32, 7377-7387.

[26] Josse, J. and Harrington, W.F. (1964) J. Mol. Biol. 9, 269-287.

[27] Bundi, A. and Wuthrich, K. (1979) Biopolymers 18, 285-298.

[28] Wutrich, K. and Wagner, G. (1979) J. Mol. Biol. 310, 1-18.

{29] Tischenko, V.M., Ichtchenko, A.M., Andreyev, C.V. and Kajava,
A.V. (1993) J. Mol. Biol. 234, 654-660.

[30] Dick, Y.P. and Nordwig, A. (1966) Arch. Biochem. Biophys. 117,
466-468.

[31] Vitagliano, L., Nemethy, G., Zagari, A. and Scheraga, H.A. (1993)
Biochem. 32, 7354-7359.

[32] Tanaka, T., Wada, Y., Nakamura, H., Doi, T., Imanishi, T. and
Kodama, T. (1993) FEBS Lett. 334, 272-276.

[33] Feilds, C.G., Lovdahl, C.M., Miles, A.J., Matthias, Hagen, V.L.
and Fields, G.B. (1993) Biopolymers 33, 1695-1707.

[34] Carr, C.M. and Kim, P.S. (1993) Cell 73, 823-832.

[351 Bullough, P.A., Hughson, F.M., Skehel, J.J. and Wiley, D.C.
(1994) Nature 371, 37-43.

[36] Cohen, C. and Parry, D.A.D. (1986) Trends Biochem. Sci. 11,
245-248.

[37] Elomaa, O., Kangas, M., Sahlberg, C., Tuukkanen, J., Sormunen,
R., Liakka, A., Thesleff, I., Kraal, G. and Tryggvason, K. (1995)
Cell 80, 603-609.



