Defect in Conversion of Procollagen to Collagen in

a Form of Ehlers-Danlos Syndrome

Abstract. Three patients with a form of the Ehlers-Danlos syndrome, a gen-
eralized disorder of connective tissue, have detectable amounts of procollagen in
extracts of their skin and tendon. The activity of procollagen peptidase, the en-
zyme that converts procollagen to collagen, is reduced in cultures of fibroblasts.
The clinical manifestations of this syndrome may be related to impaired enzy-
matic conversion of procollagen to collagen. Cultures of skin fibroblasts from
these patients have an increased rate of synthesis of collagenous protein (collagen
and procollagen), possibly related to the inability of these cells to convert pro-

collagen to collagen.

Recent evidence indicates that col-
lagen molecules are formed from a
larger biosynthetic precursor, procol-
lagen (7). This conversion results from
cleavage of the NH,-terminal ends from
the proal and proa2 chains that form
the procollagen molecule by a specific
enzyme, procollagen peptidase (2). The
peptides cleaved from procollagen have
a different amino acid composition than
does the collagenous portion of the
molecule. Some major differences in
these peptides are the presence of cys-
teine, a lower proportion of glycine
and proline residues, and the absence of
hydroxyproline and hydroxylysine (3).

In our screening for biochemical ab-
normalities of collagen in tissues of
patients with heritable disorders of
connective tissue, we found three un-
related patients affected with a form
of the Ehlers-Danlos syndrome who
had an increased amount of procollagen
in skin and tendon in comparison with
normal controls. The clinical manifesta-
tions in these patients include short
stature; stretchable, velvety skin; hy-
permobile joints; and multiple disloca-
tions of joints, especially bilateral dis-
locations of the hips.

Skin and tendon from these patients
were obtained at the time of surgery or
elective skin biopsy and from the con-
trols either at surgery or at autopsy. To
obtain soluble collagenous protein, the
tissues were finely ground and then ex-
tracted for 48 hours at 4°C in 0.5M
acetic acid. The skin from two of the
patients was four times more soluble in
aqueous solvents than that of controls,
as estimated from the amount of hy-
droxyproline in the extracts. A portion
of the extracts was examined by acryl-
amide gel electrophoresis in sodium
dodecyl sulfate (SDS) (4) so that the
collagenous components could be iden-
tified (Fig. 1).

In addition to the « chains and S8
components normally present in colla-
gen, proteins with a slightly higher
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molecular weight than «l and a2 were
observed in extracts from the tissues
of the patients but not in extracts from
the control tissues. The most promi-
nent bands (Fig. 1) migrated in the
positions where proal and proa2 from
rat procollagen appeared (5). Estimated
molecular weights for the proa chains
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Fig. 1. Densitometric scan of an SDS-
acrylamide gel of acid extracts of skin
from (a) patient and (b) control. Gels
were stained in a solution of 0.2 percent
Coomassie blue, 50 percent methanol, and
10 percent acetic acid and destained in a
solution of 7 percent acetic acid and 5
percent methanol, then scanned with a
Gilford spectrophotometer at 600 nm.

in the extracts of the tissues from the
patients, with « chains and 8 compo-
nents as references, were from 105,000
to 110,000 for the major proal band
and 98,000 for the proa2 band (4).
These bands of higher molecular weight
were present on SDS-acrylamide gels of
skin in all three patients and of tendon
and round ligament from the one
patient from whom this material was
available. The 8 components of colla-
gen were reduced in amount, especially
in tendon and round ligament extracts.

For further characterization of the
collagenous protein extracted from the
tissues of the patients and the controls,
portions of the acid extracts were ap-
plied to an 8 percent agarose column
with 14C-labeled « chains added as a
standard (Fig. 2). Most of the protein
in the extracts from the skin or from
the tendons of the patients which was
comparable in molecular weight to «
chains eluted slightly earlier than the
labeled marker and in the same posi-
tion as proa chains. The comparable
material from the control tissues coin-
cided exactly with the marker chains.
This difference was most evident when
the specific activities (absorbance
divided by counts per minute) across the
peaks were compared (inset in Fig. 2).
The fractions from these regions (A and
B in Fig. 2) were pooled, and the
protein was isolated and analyzed (6).
The amino acid composition of the
material from the extracts of the pa-
tients was similar to that of procollagen
(4 to 8 half-cystines and 320 residues of
glycine per 1000 residues), and the
proportion of hydroxylysine was nor-
mal. The material from extracts of con-
trol tissues had amino acid compositions
similar to that of collagen and lacked
cysteine. These results indicate that the
extracts of the patients’ tissues contain
procollagen in greater than mnormal
amounts and suggest that these patients
have a defect in the conversion of
procollagen to collagen.

In order to determine whether this
defect resulted from decreased activity
of procollagen peptidase, the activity of
this enzyme was assayed in medium
from cultures of fibroblasts from these
three patients (7). Medium from cul-
tured cells normally contains procolla-
gen peptidase activity, whereas none is
detectable in the harvested cells (2, 8).

Medium was collected after 4 days
from confluent cultures of patients, con-
trol fibroblast strains, and mouse cell
lines 3T3 and 3T6. Portions (5 ml)
were concentrated tenfold by partial
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Fig. 2. Molecular sieve chromatography
(Bio-Gel A 1.5, 250 by 1 cm column) of
acid extracts of skin from (a) patient
1, a 16-year-old Caucasian girl, and from
(b) control 1, a 48-year-old Caucasian
woman. Authentic **C-labeled « chains
prepared from chick calvaria biosynthe-
tically labeled in vitro (I15) were added
to the extracts of human tissue. Sam-
ples were dialyzed against a solution
of 1M CaCl,, tris(hydroxymethyl)amino-
methane hydrochloride (pH 7.4), and
0.2M 2-mercaptoethanol, and applied to
the column (I16). Regions A and B in-
dicate the fractions pooled for amino
acid analysis; 4b., absorbance; cpm, counts
per minute.

lyophilization, and the concentrates
were tested for activity at several pro-
tein concentrations as described (2).
Acrylamide gel electrophoresis was
used to detect the conversion of procol-
lagen to collagen.

Enzyme activity, expressed as micro-
grams of procollagen converted to col-
lagen in 12 hours per 5 ml of medium,
was 131 for 3T3 mouse cells, 182 for
3T6 mouse cells, 333 for human con-
trol 1, 298 for human control 2, 53
for patient 1, 38 for patient 2, and 68
for patient 3. Thus, medium from fibro-
blast cultures from the patients con-
tained significantly less procollagen
peptidase activity than did medium
from normal human or reference cells.

No enzymatic activity was detected
in extracts of the cells from four flasks
of 3T3 or 3T6. When equal aliquots of
medium from patient and control cell
lines were mixed, an additive increase
in activity was produced.

The data reported here indicate that
a clinically distinct group of patients
with the Ehlers-Danlos syndrome have
a biochemical defect in the conversion
of procollagen to collagen resulting
from reduced activity of procollagen
peptidase (9). The clinical findings
presumably arise from the accumula-
tion of procollagen, which does not
form normal collagen fibrils (10).

A defect in the conversion of procol-
lagen to collagen has previously been
detected in dermatosparaxic cattle (10)
and sheep (7). Although these animals
have a generalized involvement of col-
lagenous tissues, easily torn skin is the
most prominent aspect of the disease.
In dermatosparaxic cattle the tissues
contain almost no detectable procolla-
gen peptidase activity (2), while the
media from cultures of skin fibroblasts
from these animals contain enzyme
activity similar to that in media from
the cultured skin fibroblasts of these
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patients (/2). Our results suggest that
the biochemical defect in one form of
the Ehlers-Danlos syndrome is similar
to that in dermatosparaxis, although
the clinical manifestations differ.
Initial studies indicate that cells from
the skin of the patients have a higher
rate of synthesis of collagenous protein
(procollagen plus collagen) than do con-
trol cultures, as measured by the pro-
portion of peptide-bound ['*C]proline
converted to [14Clhydroxyproline (13)
(Table 1). This difference is not due to
a variation in hydroxylation, since the
increased synthetic rate of collagenous
protein was also found when bacterial
collagenase was used to distinguish col-
lagenous from other proteins (74).

Table 1. Synthesis of collagenous protein by
cutaneous fibroblasts from patients and nor-
mal controls. Duplicate 250-ml Falcon flasks
of confluent cultures of fibroblasts from pa-
tients and controls were incubated for 24
hours with 10 uc of uniformly labeled [*C]-
proline in 10 ml of Dulbecco-Vogt medium
supplemented with ascorbic acid (50 pg/ml).
The medium was decanted, and the cell layer
was harvested, dialyzed exhaustively against
distilled water at 4°C, lyophilized, and hydro-
lyzed in distilled 6N HCl. [*C]Hydroxyproline
and [“C]proline were measured in the effluent
from an automatic amino acid analyzer (17);
Pro, proline; Hyp, hydroxyproline.

[“CIHyp [*C]Pro

Source of

fibroblast (count/ (count/ I—{,};}())/
culture min) min)

Patient 1 100,690 488,199 0.21
Patient 2 73,290 295,820 .25
Patient 3 71,260 375,620 19
Control 1 14,443 148,230 10
Control 2 11,950 122,670 10
Control 3 26,150 264,790 10

It is our hypothesis that the increased
synthesis of collagenous protein in these
fibroblast cultures with reduced activity
of procollagen peptidase is related to
the impaired conversion of procollagen
to collagen and the accumulation of
procollagen. Present evidence indicates
that procollagen peptidase is an endo-
peptidase, cleaving a peptide from the
NH,-terminal end of each of the proa
chains (/2). These peptides may act as
inhibitors of collagenous protein syn-
thesis so that cell cultures from these
patients, in which lesser amounts of
these peptides are produced, show in-
creased synthesis of collagenous protein.
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Oxygen Affinity and Electrolyte Distribution of Human Blood:

Changes Induced by Propranolol

Abstract. Propranolol causes a massive leakage of potassium ions from red
cells, which results in an alteration of the Gibbs-Donnan equilibrium across the
red cell membrane. According to such a mechanism, the presence of propran-
olol significantly increases the hydrogen ion activity of the interior of the red
cell, causing a decreased oxygen affinity of hemoglobin according to the classical
Bohr effect. No release of 2,3-diphosphoglycerate which may be bound io the
membrane is thus necessary to explain the effect of propranolol on the oxygen

dissociation curve of blood.

Pendleton et al. (I) showed that
propranolol, added to washed human
erythrocytes at a concentration of (1 to

5) X 10—%M, is able to shift the hemo-

globin-oxygen dissociation curve. No
effect of the drug was found for di-
alyzed hemoglobin solutions. Pendle-
ton et al. could not determine the
mechanism of action of propranolol,
but suggested that it may be mediated
by an action of the drug on the cell
membrane.

The mechanism of action of propran-
olol has been further investigated by
Oski et al. (2), who found that incu-
bation of red cells with this drug pro-
duced no change in the total 2,3-diphos-
phoglycerate (DPG) content. Accord-
ing to Oski et al., however, a certain
fraction of 2,3-DPG in the red cell may
usually be bound to the membrane and

thus cannot interact with hemoglobin
to affect its oxygen affinity. They sug-
gested that propranolol might affect
the oxygen affinity of blood by inter-
acting with the erythrocyte membrane
and releasing the bound 2,3-DPG in the
interior of the red cell. Brann and New-
man (3), however, could not demon-
strate significant binding of 2,3-DPG
to the red cell membrane.

It is relevant to ask whether the ex-
periments reported by Pendleton ef al.
and Oski et al. were carried out, in
the presence and in the absence of
propranolol, at constant activity of all
the ligands known to affect oxygen
affinity in human blood. So far four
allosteric ligands have been found to
affect the oxygen affinity of hemoglobin
solutions or whole blood; these are
protons (4), carbon dioxide (5}, or-

Fig. 1. Effect of
propranolol on the
oxygen affinity of
human blood at
37°C. The different
symbols refer to dif-
ferent subjects;
(closed symbols) ex-

log Pso

periments with pro-
pranolol; (open sym-
bols)  experiments
without propranolol;
pH, refers to plasma
pH. The inset
shows values of 0.1
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ganic phosphates [such as 2,3-DPG
and adenosine triphosphate (6)], and
the anions of various salts and acids
(7). Intracellular pH was not mea-
sured in the experiments of Pendleton
et al. nor those of Oski et al. They re-
ported, moreover, that propranolol has
a marked effect in decreasing the
hematocrit value of red blood cell
suspensions, which indicates substan-
tial changes in the electrolyte distribu-
tion across the red cell membrane. Al-
terations in the distribution of sodium
and potassium ions in red cells treated
with propranolol have also been de-
scribed and systematically investigated
by Manninen (8).

We performed a series of experi-
ments to determine whether the effect
of propranolol on the hemoglobin-
oxygen dissociation curve is mediated
by changes in the distribution of elec-
trolytes and hydrogen ions across the
red cell membrane. Fresh human
blood (about 400 ml) was collected
under sterile conditions in bottles
treated with heparin and was stored for
no more than 8 hours at 2° to 4°C.
During this time no significant changes
in the distribution of 2,3-DPG, potas-
sium, or sodium were found to occur.
Values of Py, (the partial pressure of
oxygen at which hemoglobin is 50 per-
cent saturated) were obtained accord-
ing to the technique of Brenna et al.
(9).

Either sodium bicarbonate or hydro-
chloric acid was used to adjust the blood
pH to the desired value. Hemolysis was
routinely checked by measuring the
hemoglobin content of the plasma. The
sodium and potassium concentrations
were determined by flame photometry
both in the plasma and in total blood.
All the measurements were made 30
minutes after the addition of propran-
olol. A mixture of d- and I-propranolol
was added to the blood to give a final
propranolol  concentration of 5 X
10—*M. Control experiments (without
propranolol) were done by diluting the
blood with an equivalent amount of
saline.

Figure 1 shows the effect of propran-
olol on log Py, at various plasma pH
values. The data agree with the results
of Pendleton et al. (1) and Oski et al.
(2) in showing that propranolol lowers
the oxygen affinity of whole blood (at
constant plasma pH). However, pro-
pranolol affects the oxygen affinity
more at alkaline than at acid pH. The
influence of pH on the effect of
propranolol on oxygen affinity does
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