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Intermediates in the Limited Proteolytic Conversion

of Procollagen to Collagen®
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ABSTRACT: The conversion of chick bone procollagen to
collagen proceeds in a stepwise fashion to produce a limited
number of intermediates. Initial proteolytic cleavages re-
move NH>-terminal nonhelical extensions and yield an in-
termediate which remains disulfide-bonded via COOH-ter-
minal extensions. Subsequent stepwise scission of one or
two chains of the triple-stranded molecule in its COOH-ter-
minal domain produces intermediates which can only be
distinguished after dissociation of the noncovalently bonded

The conversion of procollagen to collagen has been re-
ported to occur by scission of nonhelical polypeptides in the
NH,-terminal region of each constituent proa chain (see
Bornstein, 1974 for a review). The enzymatic activity re-
sponsible for this proteolysis was termed procollagen pepti-
dase (Lapiére et al., 1971; Bornstein et al., 1972; Kohn et
al., 1974). However, preliminary studies (Bornstein et al.,
1975) led us to conclude that disulfide-bonded procollagen,
which is larger than the substrate used for the initial char-
acterization of the conversion process, was not converted to
collagen by preparations containing procollagen peptidase.
We therefore set out to determine whether the conversion of
procollagen proceeded by single or multiple enzymatic clea-
vages in individual proa chains of the precursor. If conver-
sion were multi-step, then chains intermediate in size be-
tween proo and « chains should have been generated during
the course of collagen biosynthesis. Indeed, several labora-
tories, including our own, have recently presented prelimi-
nary evidence for the existence of intermediates in procolla-
gen conversion (Goldberg et al., 1975; Davidson and Born-
stein, 1975; Fessler et al., 1975; Tanzer et al., 1975).

We describe here the results of a study of the course of
limited proteolysis of procollagen, as it occurs in organ cul-
ture of embryonic chick cranial bone. As part of this study
we isolated and partially characterized a class of intermedi-
ates which contained intact COOH-terminal nonhelical ex-
tensions and which thus demonstrate that there are at least
two distinct sites of proteolytic cleavage in each proa chain.
In addition, recent information on the extent and nature of
the COOH-terminal nonhelical domain in procollagen
(Tanzer et al,, 1974; Murphy et al., 1975; Byers et al.,
1975) has permitted the construction of a model of procol-
lagen conversion which reconciles the data reported from a
number of laboratories.

Materials and Methods

Preparation of Procollagen. Cranial bones from 17-day-
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« chains. A final cleavage in this region produces the colla-
gen molecule and a disulfide-bonded triple-stranded frag-
ment which represents the COOH-terminal domain. In all
likelihood the endopeptidases which effect cleavage in the
NH;- and COOH-terminal regions differ. More than two
enzymes may be required for conversion of procollagen to
collagen if the nonhelical domains are not released in an en
bloc fashion.

old chick embryos were placed into Dulbecco-Vogt modi-
fied Eagle medium which lacked the amino acid to be used
as a radioactive label. The conditions of incubation have
been described (Monson and Bornstein, 1973; Monson et
al., 1975). The bones were preincubated in a saturated oxy-
gen atmosphere at 37° for 20-60 min to deplete endogenous
amino acid pools. Radioactive labeling was performed with
L-[2,3-3H]proline (New England Nuclear, 35 Ci/mmol),
L-[U-"*C]proline (New England Nuclear, 200 Ci/mol), L-
[G-*H]tryptophan (New England Nuclear, 7.7 Ci/mmol),
or L-[3,5-*H]tyrosine (Amersham, 53 Ci/mmol). In pulse
chase experiments with [*H]proline, chase media were sup-
plemented with 12.5 mM L-proline.

Proteins were extracted and fractionated by an adapta-
tion of the method of Monson et al. (1975). At the end of
the labeling period, the medium was decanted, and the
bones were quickly rinsed with ice-cold water and then sus-
pended in cold extraction buffer consisting of 1 M NaCl,
0.05 M Tris-HCI (pH 7.5), 25 mM EDTA,! 10 mM Mal-
NEt, and 1 mM Dip-F in an approximate ratio of 1 ml per
bone. Homogenization was carried out for 30 sec in a Virtis
homogenizer and the homogenate was immediately clarified
by centrifugation at 38000 g at 2° for 10 min.

Collagenous proteins were precipitated by addition of
solid NaCl to the supernatant to a final concentration of
20% (w/v) and the suspension was stirred in the cold for 60
min. The precipitate was collected by centrifugation at
38000 g for 10 min and reextracted in an equal volume of
extraction buffer for 1 hr at 4°. The insoluble material from
this extraction was removed by centrifugation for 20 min at
38000 g and the supernatant was stored at —20° for further
processing or directly precipitated with CI3;CCOOH (see
below).

DEAE-Cellulose Chromatography. Procollagen prepa-
rations extracted from bone were precipitated with 10%
ClI3CCOOH in the presence of 5 ug/ml of pepstatin at 0°
for 30 min and insoluble material was collected by centrifu-

! Abbreviations used are: EDTA, ethylenediaminetetraacetic acid;
MalNEt, N-ethylmaleimide; Dip-F, diisopropy! fluorophosphate;
PhCH,SO,F, phenylmethanesulfonyl fluoride; DATD, N,N’-diallytar-
tardiamide.
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gation at 38000 g for 10 min. The pellet was extracted with
0.25 M Tris-HCI (pH 7.5) containing 1 M NaCl for 60 min
at 4° and clarified by centrifugation. The soluble procolla-
gen fraction was dialyzed against three changes (20 vol-
umes each) of 6 M urea and 40 mM Tris-HCI containing
0.4 mM PhCH,SO,F, diluted with an equal volume of 6 M
urea and applied to a column (2.5 X 20 ¢m) of microgranu-
lar DEAE-cellulose (Whatman DES2) previously equili-
brated with 2 M urea and 0.02 M Tris-HCI (pH 7.5) con-
taining 0.2 mM PhCH,;SO;F at 4°. This procedure was re-
quired in order to solubilize the majority of radioactive pro-
tein. Elution was performed with 100 ml of the equilibra-
tion buffer followed by a linear gradient from 0 to 0.2 M
NaCl over a total volume of 2 I. A flow rate of 150 ml/hr
was used.

Analytical Dodecyl Sulfate Polyacrylamide Gel Electro-
phoresis. Gel electrophoresis was carried out on 5% acryl-
amide gels (13 X 0.6 ¢cm) as described by Goldberg et al.
(1972) except that an equimolar concentration of DATD
was substituted for methylenebisacrylamide as a cross-link-
ing agent (Anker, 1970). Samples were prepared in one of
two ways: (1) precipitation with 10% ClI3CCOOH in the
presence of 5 ug/ml of pepstatin at 0° for 30 min, followed
by centrifugation at 11000 g for 20 min at 2° and dehydra-
tion of the pellet with successive ethanol, ethanol-ether, and
ether washes; (2) dialysis against 1 mM ammonium bicar-
bonate (pH 7.6) followed by lyophilization.

Iodoacetamide (100 mAf) or dithiothreitol (50 mM) was
added to samples to achieve oxidizing or reducing condi-
tions, respectively, and dansylated collagen components
were added as internal reference standards. Electrophoresis
was performed for 4 hr at 15 mA/tube and the gels were
subsequently sliced at l-mm intervals, digested at room
temperature with 0.5 ml of 2% periodic acid (Anker, 1970),
and counted in 10 ml of 25% Triton X-114 (Sigma) con-
taining 0.3% Omnifluor (New England Nuclear) in xylene.

Slab Gel Dodecyl Sulfate Polyacrylamide Gel Electro-
phoresis. Samples were electrophoresed in 5% bisacrylam-
ide slabs using an apparatus described by Studier (1973). A
discontinuous dodecyl sulfate buffer system (Laemmli,
1970), with 0.5 M urea added to all buffers, was employed
and samples were treated as described for analytical gels.
After electrophoresis, gel slabs were permeated with di-
methyl sulfoxide and 2,5-diphenyloxazole for scintillation
autography, as described by Bonner and Laskey (1974),
dried on Whatman 3MM paper under vacuum and heat,
and exposed to RP Royal X-Omat film (Kodak) at —70°.

Immunological Studies. Antibodies to procollagen and
acid-extracted proal were prepared as described by Nist et
al. (1975). The ability of these antibodies to react with pro-
collagen and with intermediates in the conversion to colla-
gen was assayed by the double antibody radioimmune pro-
cedure described by von der Mark et al. (1973).

Results

Pulse Chase Experiments. Cranial bones were labeled
with [3H]proline for 18 min, transferred to medium with an
excess of unlabeled proline, and incubated further for 15,
30, or 45 min. The collagenous proteins were then extracted
and the samples analyzed by electrophoresis in dodecyl sul-
fate acrylamide gels. After an 18-min pulse (Figure 1A)
virtually all the radioactivity in an unreduced sample was
found in a single, high molecular weight peak with a molec-
ular weight in excess of 400000. After reduction, two bands
with apparent molecular weights of approximately 150000
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FIGURE 1: Dodecyl sulfate acrylamide gel electrophoresis of procolla-
gen and its conversion products, labeled in pulse-chase experiments,
before (—) and after (- - -) reduction with dithiothreitol. Four batches
of cranial bones were labeled with [*H]proline for 18 min and either
extracted immediately or chased with an excess of unlabeled proline
for the indicated times. The position of a1 and «2 are indicated in the
solid trace in panel D. The positions of migratjon.of dansylated (DNS)
B11 and al, used as internal standards, are indicated by arrows. DNS
al comigrates with a2 since dansylation increases the mobility of
chains in dodecyl sulfate containing buffers.

were obtained. This pattern is consistent with previously
published electrophoretograms of procollagen and its com-
ponent proal and proa2 chains (Monson and Bornstein,
1973; Fessler and Fessler, 1974; Goldberg et al., 1975).

With increasing time of chase, the electrophoretic data
demonstrated the presence of intermediates in the conver-
sion process (Figure 1). As expected, there was a gradual
diminution in the relative amount of intact procollagen and
a corresponding increase of two lower molecular weight
nonreducible components whose mobilities coincided with
those of al and a2 chains. In addition, with longer chase
periods two high molecular weight reducible components
appeared; one migrated between intact procollagen and
dansylated §;;, the second migrated slightly faster than the
dansylated 3;; component. Bones labeled continuously for 2
hr also contained these intermediates (see below). In the ab-
sence of reduction, only a small amount of radioactivity was
detected between the positions of proal and al.

Reduction of the samples revealed a more complex pat-
tern. The reduced samples indicated a shift of radioactivity
with time from the region of proa to that of « chains (Fig-
ure 1). This shift was characterized initially by a broaden-
ing of the proal region and a concurrent increase of radio-
activity in the proa2 region. We concluded from these ex-
periments that conversion of procollagen to collagen was
likely to be a multistep process in which some intermediates
contained disulfide bonds.

Long-Term Labeling Studies. When cranial bones were
continuously labeled for 2 hr with both [*H]tryptophan, an
amino acid limited in its distribution to regions of procolla-
gen unique to the precursor, and [!“C]proline, a distinctive
electrophoretic pattern of extracted collagenous proteins
was obtained (Figure 2). Prior to reduction, three high mo-
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FIGURE 2: Dodecyl sulfate acrylamide gel electrophoresis of collage-
nous proteins extracted from cranial bones labeled for 2 hr with
[*H]tryptophan and [1*C]proline. Upper panel, before reduction; lower
panel, after reduction, The arrows indicate the position of migration of
dansylated 8 components, a chains, a1-CB7, and the dye marker. ol
and a2 are indicated on the upper panel. Since no radioactivity migrat-
ed beyond 60 mm in the unreduced sample, subsequent electrophoreto-
grams of unreduced material (Figures 4-6) were not analyzed beyond
this point.
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FIGURE 3: DEAE-cellulose chromatography of an extract of cranial
bone labeled for 2 hr with [*H]tryptophan and ['#C]proline. See Mate-
rials and Methods for details.

lecular weight components similar to those seen in the 43-
min chase (Figure 1D) were resolved; an inverse correlation
between the size of these components and the ratio of
[3H]tryptophan to ['4C]proline was noted. [!4C]Proline-
labeled a1 and «2 chains which lacked tryptophan were
also observed. After reduction the pattern of radioactivity
was complex. Incompletely resolved tryptophan-containing
chains migrated in positions ranging from that of proal to a
position coinciding with the position of a1 (Figure 2, lower
panel). An additional tryptophan-containing peptide (mi-
grating near DNS «1-CB7) with a mobility corresponding
to that of the reduced form of the procollagen-derived frag-
ment isolated from cranial bone culture medium (Murphy
et al., 1975) was also observed.

When an extract of cranial bones, labeled for 2 hr with
[*H]tryptophan and ['“C]proline, was chromatographed on
DEAE-cellulose, four major components were resolved
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FIGURE 4: Dodecyl sulfate acrylamide gel electrophoresis of peak A,
Figure 3. Upper panel, before reduction; lower panel, after reduction.
The arrows indicate the positions of migration of dansylated 81, al,
and «1-CB7. The positions of «! and @2 are indicated on the upper
panel. Note that DNS a1 comigrates with a2.

(Figure 3). Two fractions (A and B) were enriched in pro-
line relative to tryptophan. Each of the peaks was isolated,
concentrated, and examined by dodecyl sulfate gel electro-
phoresis. As seen in Figure 4, the pattern for peak A re-
vealed ['*C]proline-labeled a1 and a2 chains. No change in
pattern occurred after reduction and no lower molecular
weight peptides were released. No significant differences in
the electrophoretic patterns of radioactive chains were
noted with peaks A, By, and B,. The reasons for the chro-
matographic separation of these peaks (Figure 3) are not
known but the findings were consistent.

Electrophoresis of peak C (see Figure 3) prior to reduc-
tion revealed three tryptophan-rich components as well as
[!4C]proline-labeled al and «2 chains (Figure 5, upper
panel). The former correspond in position of migration to
the high molecular weight fractions noted in the starting
material but with a diminished proportion of the largest
species (see Figure 2, upper panel). As before, there was an
inverse correlation between the mobilities of these high mo-
lecular weight components and the ratio of [*H]tryptophan
to ['4C]proline. In addition to the ['*C]proline-labeled «l
and «2 chains released by denaturation, reduction of peak
C yielded two tryptophan-containing chains with mobilities
similar to those of proa chains and a low molecular weight
chain which migrated ahead of dansylated «1-CB7 (Figure
5, lower panel). The latter again corresponded to a similar
peptide noted following reduction of the original extract
(see Figure 2, lower panel).

Electrophoresis of peak D, examined before and after re-
duction (Figure 6), yielded patterns identical with those of
intact procollagen (Monson and Bornstein, 1973; Murphy
et al., 1975; see Figure 1A). Prior to reduction nearly all the
radioactivity was in a high molecular weight peak; fol-
lowing reduction, bands migrating in the positions of proc!
and proa2 were noted. Only trace quantities of labeled ma-
terial were seen in the region of the dansylated «l1-CB7
marker. The resolution of these dodecyl sulfate acrylamide-
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FIGURE 5: Dodecyl sulfate acrylamide gel electrophoresis of peak C,
Figure 3. Upper panel, before reduction; lower panel, after reduction.
The arrows indicate the positions of migration of dansylated 81, a1,
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panel. Note that DNS al comigrates with a2.
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FIGURE 6: Dodecyl sulfate acrylamide gel electrophoresis of peak D,
Figure 3. Upper panel, before reduction; lower panel, after reduction.
The positions of proal and proa2 are indicated on the lower panel. The
arrows indicate the positions of migration of dansylated 8;,, «l, and
al-CB7.

DATD disc gels was insufficient to reproducibly distinguish
relatively small molecular weight differences which would
be expected as a result of cleavage of nonhelical peptide ex-
tensions from proal and proa2 (compare with Figure 5,
lower panel). However, resolution was achieved by slab gel
electrophoresis (see below).

In another experiment, cranial bones were labeled for 2
hr with [*H]tyrosine. Since tyrosine exists both in collagen
and in the precursor-specific extensions of procollagen
(Murphy et al., 1975; Monson et al., 1975), procollagen as
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FIGURE 7: Composite fluorescent autoradiograms of [*H]tyrosine-
labeled collagenous proteins obtained by DEAE-cellulose chromatog-
raphy and electrophoresed on dodecyl sulfate acrylamide slab gels. Ap-
proximately 4000 dpm were applied to each slot of the gel. The autora-
diogram was exposed for 48 hr at —70°. In this experiment the low mo-
lecular weight fragment obtained following reduction of peak C and
the dye marker were electrophoresed off the bottom of the gel. RED,
reduced.

well as its derivatives were potentially identifiable in this
material. Collagenous proteins were extracted and subject-
ed to partial fractionation by DEAE-cellulose chromatogra-
phy under conditions identical with those used to generate
the data for the double label experiment described above.
Peaks A, B, C, and D were then analyzed by electrophoresis
and radiofluorography on acrylamide slab gels (Figure 7).

Peaks A and B contained only « chains (compare with
Figure 4). The nature of the high molecular weight band in
peak A which appeared to enter the gel following reduction
is unknown. The small differences in mobility of « chains in
peaks A and B are probably a function of differences in
sample load. Peak C, before reduction, contained three high
molecular weight bands and two faint bands corresponding
to al and a2 (compare with Figure 5). Following reduction,
two bands which migrated more rapidly than proa chains
(as seen in reduced peak D material), but more slowly than
« chains, were noted. Peak D consisted largely of a high
molecular weight band which after reduction yielded proal
and proa2 chains. However, bands of intermediate mobility
as well as proal and proa2 bands were seen in the unre-
duced material. The proa chains and apparent dimers ob-
served in peak D prior to reduction may reflect a fraction of
native procollagen which had not yet become entirely disul-
fide bonded at the time of extraction (Fessler and Fessler,
1974; Harwood et al., 1975).

Immunologic Studies. Antisera against intact procolla-
gen or the pal chain? of acid-extracted procollagen were
reacted with material in peaks C and D. The radioimmu-
noassays (Figure 8) indicated that antibodies to intact pro-
collagen reacted with both peak C and peak D material
whereas antibodies to acid-extracted pal chain reacted only
with peak D material. Since recent studies indicate that
acid-extracted procollagen contains NHj-terminal exten-

2 In accord with a recently proposed nomenclature {Martin et al,,
1975) chains intermediate in length between proa and « chains are
termed pe chains.
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FIGURE 8: Immune precipitation curves of [*H]tyrosine labeled pro-
collagen fractions isolated by DEAE-cellulose chromatography and ti-
trated with antisera to intact procollagen and to the pal chain of acid-
extracted procollagen: peak D titrated with antiprocollagen serum
(a—a), and antipal serum (a-—aA); peak C titrated with antiprocol-
lagen serum (@®- - -@), and antipal serum (O- - -O). Peaks C and D
were obtained from a chromatogram similar to that illustrated in Fig-
ure 3. Antiprocollagen serum was diluted 1:50 and antipal serum was
diluted to 1:10. Points represent the average of duplicate assays using
about 3000 dpm of antigen.

sions but lacks a large COOH-terminal nonhelical domain
(Byers et al.,, 1975) these results are consistent with the
supposition that procollagen intermediates in peak C have
lost NH,-terminal nonhelical extensions.

Discussion

We interpret the data reported in this paper in the fol-
lowing manner. The procollagen molecule contains both
NH,- and COOH-terminal nonhelical domains which are
not present in collagen (Tanzer et al., 1974; Murphy et al.,
1973; Byers et al., 1975). Both of these regions must there-
fore be excised during conversion of procollagen to collagen.
We suggest that, in the normal conversion process in bone,
cleavage occurs first in the NH,-terminal region of procol-
lagen (Figure 9) because non-disulfide-bonded chains larg-
er than « chains have not been identified in pulse chase or
long term label experiments. Since interchain disulfide
bonds occur exclusively in the COOH-terminal domain
(Byers et al., 1975), prior removal of this region would have
given rise to such chains. On the other hand, a class of di-
sulfide-bonded intermediates of high molecular weight but
differing in elution from DEAE-cellulose from procollagen
was identified (peak C, Figure 3). This observation is con-
sistent with the suggestion that such intermediates (I, I1,
and III, Figure 9) lack NHj-terminal but retain COOH-
terminal extensions.

We have not identified the NH;-terminal peptides re-
leased during the physiological conversion of procollagen
and therefore cannot ascertain the number of cleavages in
each chain required to effect release of this domain. How-
ever, the finding that the enzyme procollagen peptidase pro-
duces en bloc excision of peptides from dermatosparactic
procollagen (Kohn et al., 1974) suggests that only a single
cleavage may be involved. Very possibly intermediates with
cleavage of only one or two NHy-terminal extension pep-
tides exist.

The intermediate produced by removal of the NHy-ter-
minal extensions of procollagen remains disulfide bonded
via COOH-terminal extensions (intermediate I, Figure 9;
Byers et al., 1975) but elutes earlier than procollagen from
DEAE-cellulose (peak C in Figure 3). The immunologic
5192
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FIGURE 9: A proposed model of conversion of procollagen to collagen.
Intact procollagen with a molecular weight of approximately 450000,
and consisting of two proal chains (—) and one proa2 chain (-- -},
contains both NH;,- and COOH-terminal nonhelical extensions. This
molecule is first cleaved by enzyme E, to a 390000-dalton trimer (in-
termediate I) lacking NH,-terminal peptides. Sites of cleavage are in-
dicated by bars perpendicular to each chain. Subsequent stepwise scis-
sion in a disulfide-bonded COOH-terminal domain by enzyme E; pro-
duces intermediates I1 and III and eventually yields a 285000 daiton
collagen molecule with release of a 105000-dalton disulfide-bonded
fragment. This model presumes cleavage of a minimum of six peptide
bonds per procollagen molecule. Interchain disulfide bonds are indicat-
ed (0—@).

data reported in this work also support the existence of an
intermediate which lacks NH,-terminal extensions. The ab-
sence of NH;-terminal extensions from an intermediate in
the conversion of procollagen to collagen is further substan-
tiated by the observation that purified tadpole collagenase
cleaved peak C into an NH;-terminal fragment similar in
size to that obtained from collagen and a COOH-terminal
fragment which was equivalent in size to that obtained from
intact procollagen.’

The cleavage of the COOH-terminal domain appears to
occur in a stepwise fashion with scission in first one, then in
a second, and finally in a third chain of the intermediate
(Figure 9). The order of cleavage will require further clari-
fication. Peak C obtained by DEAE-cellulose chromatogra-
phy (Figure 3) contained all three forms of the intermediate
(I, 11, and III, Figure 9). This is to be expected since the
ion-exchange properties of the undenatured proteins are not
likely to be very different. We suggest that intermediates
with scission of one or two chains represent the high molec-
ular weight forms migrating on either side of the dansylated
B11 marker (Figure 5, upper panel) and also seen in slot C
(Figure 7). Such intermediates would, after reduction, give
rise to a mixture of three chain types: (a) pa chains inter-
mediate in size between proo and « chains and lacking
NH,-terminal extensions, (b) « chains, and (c) the COOH-
terminal extension peptide. These peptides are shown in
Figure 5, lower panel, and in Figure 7, slot C, Red. The het-
erogeneity of the intermediate band (Figure 7, peak C) may
reflect the presence of components with either two pal or
one pal and one pa2 chains.

As scission of two chains results in a molecule with two
noncovalently bonded « chains, denaturation would lead to
a component with one pa chain linked by disulfide bonds to
two COOH-terminal extension peptides (intermediate 111,
Figure 9). Since « chains are rich in proline but lack trypto-
phan, their progressive loss following denaturation accounts
for the increasing [*H]tryptophan to ['*C]proline ratio of

3 Davidson, J. M., McEneany, L. S. G., and Bornstein, P., manu-
script in preparation.



LIMITED PROTEOLYSIS OF PROCOLLAGEN

components with increasing mobilities on dodecyl sulfate
gels (see Figures 2 and 5). Intermediates I, II, and 11T have
been isolated and characterized further following prepara-
tive and two-dimensional acrylamide gel electrophoresis.>

The final cleavage at the COOH-terminus of the procol-
lagen derivative yields collagen and a disulfide-linked
COOH-terminal extension fragment (Figure 9). This frag-
ment has recently been isolated from the medium of cul-
tured bone and characterized (Murphy et al., 1975). Pre-
sumably, the similar but somewhat smaller fragments iso-
lated by bacterial collagenase digestion of procollagen se-
creted by fibroblasts in culture (Sherr et al., 1973; Dehm et
al., 1974) are also derived from the COOH-terminal do-
main.

Our best estimate of the molecular weight of an intact
proa chain is approximately 150000, resulting from the ad-
dition of an NHj-terminal extension of 20000 and a
COOH-terminal extension of 35000 to an « chain of 95000
molecular weight (Monson et al., 1975; von der Mark and
Bornstein, 1973; Murphy et al, 1975). The molecular
weight of procollagen would therefore be 450000 and that
of the intermediate, 390000. Intermediates which have sus-
tained one or two cleavages in the COOH-terminal region
would yield (following dissociation of the noncovalently
linked & chains) components with molecular weights of ap-
proximately 295000 and 200000, respectively. These molec-
ular weights are roughly consistent with the mobility of the
bands observed in dodecyl sulfate gels (Figures 5 and 7).

Although it is possible that the same enzymatic activity is
responsible for cleavage of both NH,- and COOH-terminal
extensions from procollagen, current evidence favors the ex-
istence of two separate enzymes. In dermatosparaxis, the
procollagen derivative which accumulates in skin lacks in-
terchain disulfide bonds (Lenaers et al., 1971) but contains
NH,-terminal extensions (Stark et al., 1971). We therefore
conclude that, like acid-extracted procollagen, this deriva-
tive lacks the COOH-terminal domain. Presumably, the en-
zymatic activity, procollagen peptidase, which is defective
in dermatosparaxis (Kohn et al., 1974), is responsible for
cleavage of the NHj-terminal extensions. Under these cir-
cumstances the enzyme or enzymes which cleave the
COOH-terminal extensions may do so even though normal-
ly, in bone, the removal of the COOH-terminal domain fol-
lows cleavage of the NH,-terminal extensions. However, if
the procollagen derivatives identified in normal bovine and
rat skin (Veis et al., 1973; Byers et al., 1974) and in the me-
dium of cultured human skin fibroblasts (Lichtenstein et
al., 1975) represent physiological intermediates, procolla-
gen conversion in skin may first occur in the COOH- and
then in the NH,-terminal region, or may occur randomly.

Stepwise scission of procollagen chains has also been pro-
posed by Goldberg and his associates (Goldberg and Sherr,
1973; Goldberg et al., 1975) and indeed in many respects
our data are consistent with those published by these work-
ers. It also seems likely that the disulfide-linked triple-
stranded intermediate identified by Fessler and his asso-
ciates (Fessler et al., 1975) is identical with intermediate I
(Figure 9). Our model differs from that proposed by Gold-
berg in that (a) proteolytic steps at both ends of the procol-
lagen molecule are invoked, (b) the disulfide-bonded exten-
sions are placed in the COOH-terminal domain, and (c) the
initial intermediate produced contains disulfide bonds link-
ing all three chains. The enzymatic activity identified by
Goldberg et al. (1975) in the medium of cultured 3T6 cells
may therefore be responsible for removal of the COOH-ter-
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minal domain.

Much of the difficulty in establishing this scheme for
conversion of procollagen to collagen may be ascribed to the
presence of two different chains (proal and proa2) in Type
I procollagen. We have recently performed analogous ex-
periments with embryonic chick sternal cartilage in culture,
a tissue which synthesizes a collagen containing three iden-
tical chains (Miller and Matukas, 1969). The results, which
are simpler to interpret, indicate a similar process of con-
version for this type II procollagen.3

Added in Proof

Subsequent to the submission of this manuscript, another
group (Morris et al., 1975) has independently published ev-
idence for at least one procollagen intermediate.
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Modification of Arginine and Lysine in Proteins

with 2,4-Pentanedione’

H. F. Gilbert, 111, and Marion H. O’Leary*

ABSTRACT: Primary amines react with 2,4-pentanedione at
pH 6-9 to form enamines, N-alkyl-4-amino-3-penten-2-
ones. The latter compounds readily regenerate the primary
amine at low pH or on treatment with hydroxylamine. Gua-
nidine and substituted guanidines react with 2,4-pentane-
dione to form N-substituted 2-amino-4,6-dimethylpyrimi-
dines at a rate which is lower by at least a factor of 20 than
the rate of reaction of 2,4-pentanedione with primary
amines. Selective modification of lysine and arginine side
chains in proteins can readily be achieved with 2,4-pentane-
dione. Modification of lysine is favored by reaction at pH 7
or for short reaction times at pH 9. Selective modification
of arginine is achieved by reaction with 2,4-pentanedione

In spite of the availability of a variety of reagents for the
modification of lysine residues in proteins and a smaller
number of reagents for the modification of arginine (Means
and Feeney, 1971; Glazer, 1970; Cohen, 1968, 1970), the
search for new reagents for the modification of these amino
acids continues, with a view toward selective modification
and ease of analysis of extent of modification.

The most common modifications of lysine residues in
proteins are acylations with anhydrides and arylations with
substituted nitrobenzenes (Means and Feeney, 1971). Nei-
ther type of modification is entirely specific, because a
number of other protein nucleophiles are capable of react-
ing with these reagents. None of these reactions are at the
same time readily reversible and readily quantitatable. In
the present paper we show that 2,4-pentanedione reacts rap-
idly with the side chain amino groups of lysine residues in
proteins. No other side chains are rapidly modified, and the
extent of modification is readily quantitated spectrophoto-
metrically. Modification can be reversed at neutral pH or
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for long times at pH 9, followed by treatment of the protein
with hydroxylamine. The extent of modification of lysine
and arginine side chains can readily be measured spectro-
photometrically. Modification of lysozyme with 2,4-pen-
tanedione at pH 7 results in modification of 3.8 lysine resi-
dues and less than 0.4 arginine residue in 24 hr. Modifica-
tion of lysozyme with 2,4-pentanedione at pH 9 results in
modification of 4 lysine residues and 4.5 arginine residues
in 100 hr. Treatment of this modified protein with hydrox-
ylamine regenerated the modified lysine residues but caused
no change in the modified arginine residues. One arginine
residue seems to be essential for the catalytic activity of the
enzyme.

by treatment with hydroxylamine.

The modification of the side chains of arginine residues
in proteins is more difficult than the modification of other
side chain functional groups. 1,2-Dicarbonyl compounds
have commonly been used (Patthy and Smith, 1975; Yank-
eelov, 1972; Takahashi, 1968; Signor et al., 1971) but such
modifications often lead to more than one product, produce
irreversible modification of lysine side chains, and can be
quantitated only by amino acid analysis. Reaction of guani-
dines with 1,3-dicarbonyl compounds produces pyrimidines
in high yield, but in spite of the widespread use of this reac-
tion for the synthesis of pyrimidines (Brown, 1962), it has
been little used for the modification of proteins (Beller et
al., 1968). In this paper we show that reaction of 2,4-pen-
tanedione with arginine residues of proteins leads to forma-
tion of a stable pyrimidine whose presence can be detected
spectrophotometrically. The modification of lysine side
chains, which also occurs when proteins are treated with
this reagent, can easily be reversed following protein modi-
fication by treatment with hydroxylamine. The modifica-
tion of hen egg white lysozyme by 2,4-pentanedione is pre-
sented to illustrate the use of this reagent for modification
of both lysine and arginine.



