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In order to account for the elasticity of hydrated elastin fibers as well as 
their insolubility and swelling properties, it has long been assumed that the 
individual polypeptide chains of the protein were joined together by covalent 
cross-links (1). Recent investigations have led to the isolation (2) of two new 
amino acids from bovine ligamentum nuchae elasfin. The compounds were 
shown to be structural isomers (3) composed of a pyridinium ring with four 
side chains located at the 1, 3, 4, 5 positions (desmosine), and at the 1, 2, 3, 5 
positions (isodesmosine). Since these amino acids were found in peptides con- 
taining multiple carboxyl- and amino-terminal groups (4), it has been suggested 
(3, 5) that either isomer could serve as a cross-link between as many as four 
different polypeptide chains. 

Studies on the incorporation of radioactivity into the desmosines from 
lysine-U-C 14 (5-7) as well as the age-dependent changes in the content of the 
desmosines and lysine in chick aorta elastin (6, 8) have indicated that lysine, 
in peptide linkage, is subsequently converted to the desmosines in elastin. 

Defects in aortic elastin are known to occur in copper deficiency and lathy- 
rism. The common consequence of copper deficiency observed in chicks (9--12) 
and in swine (13-15) was rupture of the aorta associated with histologic evi- 
dence of fragmentation and dissolution of the elastic laminae in the aortic 
wall. Similar degenerative changes in elastic fibers of the aorta have been ob- 
served in rats (15--25), mice (26), and turkeys (27, 28), which were maintained 
on diets containing B-aminopropionitrile (BAPN) or the seeds of Lathyrus 
odoratus. 

The cause of these defects appears to be an interruption of the normal cross- 
linking. Lathyrogens such as BAPN have been shown to inhibit the biosyn- 
thesis of the desmosines (7, 29) as well as the cross-linking of collagen (30-32). 
Aldehydes have previously been suggested (33) as participating in collagen 
cross-linking and it has further been proposed (5) that the synthesis of desmo- 
sine and isodesmosine from lysine proceeds through an aldehyde intermediate. 
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E las t in  isolated f rom aor tas  of copper-def ic ient  (7, 34) and l a thyr i t i c  (35) 

chicks  had  a 2- to 3-fold increase in lysine con ten t  accompan ied  by  only  a 

s l ight  decrease in desmosine con ten t  suggest ing the  presence of an  unde t ec t ed  

i n t e rmed ia t e  in the  fo rma t ion  of the  desmosines.  Thus ,  i t  would  appear  t h a t  

in s ta tes  of copper  deficiency and  la thyr i sm,  lysine no rma l ly  des t ined  for con- 

ve rs ion  to the  in te rmedia te ,  and subsequen t ly  to the  desmosines,  remains  as 

lysine.  

T h e  present  repor t  detai ls  the  resul ts  of h i s tochemica l  and  chemical  inves t i -  

ga t ions  designed to de tec t  the  chemica l  s ta te  of the  i n t e rmed ia t e  in the  forma-  

t ion  of desmosine  and  isodesmosine f rom lysine. E las t in  in the  aor tas  f rom 

copper-def ic ient  or l a thyr i t i c  chicks should d isp lay  l i t t le  or no r eac t i v i t y  wi th  

a r eagen t  specific for a chemica l  group carr ied  by  the  in te rmedia te .  On the  

o the r  hand,  e las t in  fibers in the  aor tas  f rom control  chicks should reac t  read i ly  

wi th  such a reagent .  

Materials and Methods 

Rhode Island Red chicks, obtained from a local hatchery at 1 day of age, were used. Copper- 
deficient and control chicks (24 in each group) were raised for 3 wk on a synthetic diet as de- 
scribed previously (7). In these experiments, the control animals received the copper-deficient 
diet which had been supplemented with 25 ppm copper in the form of CuSO4-5H20. Lathy- 
ritic and control chicks (24 in each group) were maintained for 3 wk on a normal ration sup- 
plied by the hatchery. A state of lathyrism was promoted in the experimental animals by 
the addition of 1 g fl-aminopropionitrile fumarate per kg of diet throughout the feeding period. 
At the end of 3 wk, the chicks in each group were killed by decapitation, and 0.5 cm of ascend- 
ing aorta was excised from an area proximal to the point of exit of the carotid arteries. 

Six aortas from each group, i.e. lathyritic and control, as well as copper-deficient and con- 
trol, were studied histochemically. One half of each of the aortas was fixed for 24 hr at 25°C in 
Lfllie's aqueous neutral calcium acetate formalin, dehydrated, embedded in paraffin, and sec- 
tioned both cross and longitudinally at 6 #. The other half of each aorta was frozen on a block 
of dry ice, affixed to a chuck, and sectioned both cross and longitudinally in a cryostat at 6/z. 
Frozen sections which were not used promptly were placed in a cardboard folder encased in a 
plastic cover to prevent dehydration and stored in a refrigerator until used (within 1 wk). 

Stains used for the identification of elastic fibers were the traditional Taenzer-Unna orcein 
(36) and the more selective orcinol-new fuchsin (37). Aldehydes were detected histochemically 
by the application of Schiff's reagent which had been prepared by the cold method (36). In all 
experiments, comparable sections from experimental and control animals were handled and 
stained simultaneously in the same solutions and containers. 

Elastin was isolated from some of the lathyritic and control aortas by a procedure which 
was designed to minimize selective hydrolysis of easily hydrolyzable peptide linkages in the 
insoluble product. In this procedure, the tissues were extracted at neutral pH and at 5°C for 
successive 48-hr periods in 3% Na2HPO4, 25% KC1, and 5 ~r guanidine hydrochloride. Fol- 
lowing these extraction periods, the insoluble residue was incubated at 37°C for an additional 
48 hr with purified collagenase (CLSPA, Worthington Biochemical Corp., Freehold, New 
Jersey). 1 mg of collagenase in 5.0 ml of 0.01 N tris (hydroxymethyl) aminomethane buffer 
(pH 7.5) was used per 10 mg of insoluble substrate. Mter incubation, the elastin preparations 
were washed several times with distilled H20 to remove buffer, enzyme, and soluble products 
of the enzyme digestion. The guanidine extraction and incubation with collagenase were re- 
peated and the elastin preparations were dried by lyophilization. 
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Elastin from control and lathyritic animals prepared in this manner was tested for reac- 
tivity with 2,4-dinitrophenylhydrazine (2,4-DNPH) (38), and amino acid analyses were 
performed on an automatic amino acid analyzer (39). 

Elastin preparations were solubilized by incubating 5 nag of elastin at  37°C in 10 ml of 
0.1 M glycine buffer (pH 7.0) containing 1 mg of electrophoreticaUy purified elastase (Worth- 
ington Biochemical Corp.). Under these conditions, complete digestion of the elastin prepara- 
tions was obtained within 48 hr. Aliquots of the control and lathyritic elastase digests were 
examined spectrophotometrically for protein content, amino acid content (39), and reactivity 
with the highly specific and sensitive carbonyl reagent, N-methyl benzothiazolone hydrazone 
hydrochloride (MBTH) (40). This reagent reacts with a carbonyl group to form an azine. 
Azines formed from aldehydes have an active hydrogen which can react with an oxidized form 
of MBTH to form a tetraazopentamethine cyaulne dye. This second stage of the reaction 
provides a highly specific method for the colorimetric determination of aldehydes. As pointed 
out by Paz et al. (41), the azine products of the first stage of the reaction have characteristic 
ultraviolet absorption spectra which enable one to follow the progress of the reaction as well 
as distinguish between azines formed from saturated and unsaturated aldehydes. Spectro- 
photometric assays of the products formed by the reaction of 2,4-DNPH with insoluble 
elastin and by the reaction of MBTH with elastase-sohibilized elastin were made in a Carey 
recording spectrophotometer (model 11) using an appropriate blank. 

RESULTS 

Histochemical 3tudies.--Microscopic examination of sections of aortas from 
lathyritic and copper-deficient animals revealed the characteristic abnormali- 
ties of elastic fibers described by previous investigators. Sections from animals 
in both experimental groups (Fig. 1) manifested elastic fiber fragmentation, 
abnormally shaped fibers, elastic fibers with bulges, and clumps of intercellular 
elastic material. A section illustrating the density and arrangement of elastin 
fibers in aortas from control and copper-supplemented animals is given in Fig. 
2. Sections stained for the detection of aldehydes exhibited a considerable 
difference in reactivity. Elastic fibers, in either paraffin-embedded or fresh 
frozen sections of aortas from control chicks subjected to Schiff's reagent with- 
out a previous oxidation, stained moderately indicating the presence of indige- 
nous aldehyde groups (Fig. 3). Elastic fibers in comparable sections from either 
copper-deficient or lathyritic animals stained only faintly, if at all (Fig. 4). 

Chemical Studies.--The amino acid composition of elastin isolated by the 
nonhydrolytic method from aortas of control and lathyrltic chicks is given in 
Table I. While the composition is similar to that previously published for chick 
aorta elastin which had been isolated by hot alkali extraction (6, 7), significant 
differences were observed in the content of acidic, basic, hydroxy- (threonine 
and serine), and sulfur-containing amino acid residues. I t  is considered unlikely 
that the increase in acidic and basic residues is due to incomplete removal of 
collagen from the insoluble residue as the hydroxyproline content of the elastin 
prepared in this manner is somewhat lower than that observed in the alkali- 
extracted preparations. The absence of hydroxylysine would also indicate that 
collagen was not a significant contaminant in these elastin preparations. I t  is 
likely that the differences observed between the present preparations and those 
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obtained by hot alkali extraction are due to a decrease in selective hydrolysis 
and destruction of the amino acids in the insoluble residue when the nonhy- 
drolytic procedure is employed. Also, it was found that  isolation of elastin by  
the nonhydrolytic procedure has the added advantage of better preservation of 
labile functional groups in the protein which may  be destroyed during alkali 

TABLE I 
Amino Acid Composition of glaain Isolated from the Aortas of 3-wk-oid 

Control and La2hyr@ic, Chi*ks* 

Amino acid 

Hydroxyproline 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Half-cystine~t 
VaLine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Quarter-desmosine plus isodesmosine§ 
Lysine 
Histidine 
Arg~nine 

Residues/lO00 total residues 

Control 

16.6 
6.6 

12.8 
10.0 
15.7 

125 
339 
171 

4.6 
166 

1.0 
20 
55 
11.6 
23 
7.9 
4.8 
1.4 
7.2 

Lathyrltie 

15.7 
6.6 

13.4 
10.2 
15.7 

123 
336 
172 

5.2 
164 

1.1 
21 
55 
11.4 
23 
8.1 
7.7 
1.6 
7.6 

* Values in each column represent the average of 4 determinations performed on 2 sepa- 
rate preparations of control and lathyritic elastin. 

Represents sum of cysteic acid and cystine. 
§ Expressed as quarter residues since each molecule is presumed to occupy four positions 

in the polypeptide. 

extraction. This was particularly true of aldehyde groups, which are discussed 
below. 

In  the present study, control and lathyritic elastin were found to differ only 
with respect to lysine content. The total amount  of lysine and quarter-desmo- 
sine plus isodesmosine in the lathyritic elastin equaled 15.8 residues per 1000 
total residues and the corresponding value in control elastin was 12.7. This 
result suggests that  in control elastin at least 3 lysyl residues per 1000 total 
amino acid residues exist in a form which is undetected after acid hydrolysis 
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of the protein. The actual figure is probably higher since the isolation procedure 
may remove a low cross-linked fraction which would be enriched in lysine. 

Since the histochemical studies had shown the presence of considerably more 
aldehyde groups in elastic fibers of the aortas of control animals, it was reason- 
able to assume that the apparent loss of lysine in control elastin was due to an 
alteration in some of the peptide-bound lysyl residues resulting in the formation 
of aldehydes. Thus, additional studies were performed on elastin isolated by 
the nonhydrolytic method from the aortas of control and lathyritic animals in 
an attempt to quantitate and characterize the aldehyde groups associated with 
the purified protein. 

5 mg each of control and lathyritic elastin were shaken at room temperature 
with 20 ml of a 0.5% solution of 2,4-DNPH in 1 N HCI for 20 min. At the end 
of this period the elastin preparations were immediately washed in fresh 1 N 
HC1 and then dialyzed at 5°C for 1 wk against several changes of distilled 
H~O. Following this treatment control elastin was stained more deeply yellow 
than lathyritic elastin indicating that the formation of 2,4-dinitrophenylhy- 
drazones had been significantly greater in the case of control elastin. 

The 2,4-DNPH elastins were then solubilized by incubation in purified 
elastase as described in the methods section. Within an hour after the beginning 
of digestion with elastase the incubation solution appeared yellow. The yellow 
color of the solution was not apparent when similarly treated samples were 
incubated under the same conditions without elastase suggesting that the 
2,4-DNPH was in fact bound in some manner to the elastin fibers. 

When the control and lathyritic elastins had been completely dissolved in 
the elastase solution, absorption spectra of the incubation solutions were read 
from 600 to 300 mg using blanks which consisted of elastase digests of control 
and lathyritic elastin which had not been reacted with 2,4-DNPH. The spec- 
tral characteristics of the control and lathyritic elastase digests were identical 
in that both exhibited a single peak with a maximum absorption at 380 m~t. 
However, the concentration of 2,4-dinitrophenylhydrazones in the control 
digest was approximately twice that in the lathyritic digest as indicated by 
measurement of the absorbance at 380 m/z. I t  would appear that the spectra 
observed in this experiment were due to the presence of 2,4-dinitr6phenyl- 
hydrazones in the elastase digests since 2,4-DNPH alone absorbs maximally 
at 358 mg. 

Further evidence for the presence of aldehyde groups in the elastin prepara- 
tions was sought by use of the Sawicki reagent, MBTH. For these experiments 
5 mg each of control and lathyritic elastin were first solubilized by incubation 
with purified elastase as previously described. When enzyme digestion had 
been completed, ultraviolet absorption spectra of the incubation solutions indi- 
cated that protein concentration was equal in both digests. This was confirmed 
by amino acid analysis of acid-hydrolyzed aliquots of the digests. On the basis 
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of valine concentration, it was estimated that the concentration of enzyme- 
digested elastin was 0.45 mg/ml in both digests. 

The pH of the digests was adjusted to 4.0 and 3.0 ml aliquots were allowed 
to react with 0.2 ml of an aqueous 0.1% solution of M B T H  at 40°C (41). A 
solution of elastase, identical to that used to solubilize the elastins, was allowed 
to react with M B T H  under the same conditions. Absorption spectra of the 
reaction solutions were made at hourly intervals after addition of the M B T H  
solution. The elastase-MBTH solution was used as a blank when spectra were 
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TExT-FIG. 1. Absorption spectra read at the completion of the reaction of MBTH with 
the control etastin digest. 

made of the control and lathyritic digests. Spectra of the elastase-MBTH solu- 
tion were obtained with a blank which consisted of an aqueous solution of 
M B T H  at the same concentration. 

Approximately 16 hr were required for completion of the reactions in the 
control and lathyritic elastin digests and absorption spectra obtained after 
this period are shown in Text-figs. 1 and 2 (pH 4.0). In both instances the 
curves are characterized by an Xmax at 312 m# and a broad shoulder at about 
350 In#. Absorption spectra of the elastase-MBTH solution throughout the 
course of the reaction revealed no change in absorbance over the 280 to 400 
m# range and indicated that azine formation from carbonyl groups associated 
with elastase were not responsible for the spectra of the digests. 
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Since the azine derivatives of saturated aldehydes have rather narrow ab- 
sorption bands with X~o~x from 306 to 312 mg while the azine derivatives of 
a,fl-unsaturated aldehydes have somewhat broader absorption bands with 
Xm,= from 326 to 331 n~  (41), the wide range of wavelengths over which ab- 
sorbancy was observed in these experiments suggested that the elastin digests 
contained a mixture of saturated and unsaturated aldehydes. This view was 
supported by the observation that the entire spectra could be shifted to lower 
wavelengths by adjusting the pH of the reaction mixtures to 1.0 as also shown 
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T~xT-Fm. 2. Absorption spectra read at the completion of the reaction of MBTH with 
the lathyritic elastin digest. 

in Text-figs. 1 and 2. Spectral shifts such as these at low pH values are charac- 
teristic of azine derivatives of both saturated and unsaturated aldehydes (41). 

In  order to use the spectral curves as a means of estimating the number of 
carbonyl groups associated with the elastin preparations, solutions of model 
compounds at various concentrations were reacted with M B T H  under the 
same conditions as employed in the reaction of M B T H  with the elastin digests. 
I t  was found that upon completion of the reaction with MBTH,  a mixture of 
glyceraldehyde (0.018 #mole/ml) and crotonaldehyde (0.009 ~mole/ml) ex- 
hibited an absorption spectrum very similar to that obtained from the control 
elastin digest, Text-fig. 1. A spectral shift with maximum absorption at 300 
mg was also noted when the pH of the known mixture was adjusted to 1.0. 
This result indicated that in the control elastin digest, a total carbonyl concen- 
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tration of about 0.027 #mole/ml was associated with an elastin concentration 
of 0.45 mg/ml. Assuming an average amino acid residue weight of 100, the 
elastin concentration of 0.45 mg/ml represents an effective amino acid concen- 
tration of 4.5 gmole/ml. Thus, it would appear that approximately 6 carbonyl 
groups are present in control elastin for every 1000 amino acid residues. A 
similar consideration of the spectrum derived from the lathyritic elastin digest 
(Text-fig. 2) indicated that only 4 carbonyl groups were present for every 1000 
amino acid residues. In general, it was found that the reaction of model com- 
pounds with MBTH was much faster than reaction with the elastin digests. 
The reaction in the glyceraldehyde-crotonaldehyde mixture mentioned above 
required only 8 hr. 

1 ml aliquots of the control and lathyritic elastin digests in which azine 
formation had been completed were cooled to room temperature and tested 
colorimetrically for the presence of aidehydes (41). A bluish-green color was 
developed in both digests indicating the formation of tetraazopentamethine 
cyanine dyes and providing further evidence that the reactive groups in the 
elastin digests were in fact aldehydes. A standard curve for the colorimetric 
determinations was obtained by reacting 2:1 mixtures of glyceraldehyde and 
crotonaldehyde at various total concentrations with MBTH under the same 
conditions. The solutions were read at 670 m# against a reagent blank. An 
absorbance of 0.161 was noted in the control digest while that observed in the 
lathyritic digest was 0.102, indicating that total aldehyde concentration in the 
original elastin digests was 0.031 and 0.019 gmole/ml respectively. These 
results for total aldehyde concentration in the elastin digests are within ex- 
perimental error of those obtained by examination of the spectral curves of the 
azine derivatives. 

DISCUSSION 

In this report we have presented evidence that elastin fibers of the chick 
aorta possess free aldehyde groups. Inasmuch as histochemical methods do not 
localize at the molecular level, it cannot be categorically stated that the alde- 
hydes identified histochemically are those detected chemically. Histochemical 
observations of both formalin-fixed and fresh frozen sections from aortas of 
control and experimental groups (lathyritic and copper-deficient) treated 
identically and simultaneously in the same staining and other solutions clearly 
revealed less staining of elastic fibers in the aortas of experimental animals in 
comparison to those from control animals as depicted by Figs. 3 and 4. Detec- 
tion of aldehydes in comparable specimens with both histochemical and chemi- 
cal methods, and alteration of their availability in response to experimentation 
as determined by both methods, strongly suggests that they may both be identi- 
fying the same aldehyde groups. 

Chemical examination of elastin isolated from the aortas of control and lath- 
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yritic animals revealed that the aldehyde content varies inversely with lysine 
content suggesting that peptide-bound lysine is converted to an aldehyde- 
containing derivative in elastin. Since lysine is known to be a precursor of the 
desmosines in elastin (5-7) it is reasonable to presume that the aldehyde- 
contMniug derivative represents an intermediate in the formation of desmosine 
and isodesmosine from lysine. These results also demonstrate that lathyrogens 
act by inhibiting the reactions involved in the oxidation of peptide-bound 
lysine. 

When elastase-solubilized elastin was reacted with MBTH under conditions 
in which the azine derivatives of aldehydes would be formed, the shape of the 
spectral curves obtained at the completion of the reaction was similar to that 
observed with a 2:1 mixture of saturated and (x,lS-unsaturated aldehydes. 
Although this is insufficient evidence to characterize the aldehydes, the results 
suggest the presence of more than one intermediate between lysine and the 
desmosines. This could occur if the reaction is step-wise involving aldol con- 
densations of the lysine-derived aldehydes. 

The results presented here substantiate the view that similar biosynthetic 
pathways are utilized in the cross-linking of collagen and elastin. Levene (33) 
has shown that purified lathyritic guinea pig collagen exhibits less reactivity 
with 2,4-DNYH than does normal collagen. Recently, the role which the 
carbonyl groups of collagen play in the cross-linking mechanism has been 
clarified by Bornstein et al. (42), who have demonstrated the appearance of a 
lysine-derived aldehyde, probably the ~-semialdehyde of a-amino adipic acid 
in peptides derived from the N-terminal ends of the (z-chains. An intramolecular 
cross-link forms in this region, perhaps by an aldol type condensation of two 
aldehydes. 

The recent identification (8) of the amino acid, N'-(S-amino 5-carboxy- 
pentanyl)-lysine (lysinonorleucine), in elastin hydrolysates suggests that ly- 
sine-derived aldehydes in elastin may couple with the e-amino groups of un- 
altered lysine residues to provide yet another means of cross-linking the 
polypeptide chains. 

SUMMARY 

Elastin fibers in the aortas of control, lathyritic, copper-supplemented, and 
copper-deficient chicks were examined histochemically and chemically for alde- 
hyde content. Diminished staining for aldehydes was obtained in the fibers 
from the aortas of lathyritic and copper-deficient chicks. Chemical studies of 
elastin isolated from the aortas of control and lathyritic chicks showed an ap- 
parent loss of lysine residues in control elastin to be associated with an increase 
in aldehyde content providing evidence that lysine is converted to an alde- 
hyde-containing intermediate during biosynthesis of desmosine and isodesmo- 
sine. Approximately 6 aldehyde groups were present for every 1000 amino 
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acids in elastin isolated from the aortas of control animals, while the correspond- 
ing number  in lathyrit ic elastin was 4. At least two types of aldehydes, satu- 
ra ted and a , f l -unsaturated,  appear  to be associated with elastin, suggesting 
the presence of more than one intermediate between lysine and the desmosines. 

The authors would like to thank Dr. P. Bomstein, Dr. G. R. Martin, Dr. K. A. Piez, and 
Dr. E. Schiffmann for numerous discussions during the course of this work. 
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EXPLANATION OF PLATES 

PLATE 106 

FIG. 1. Section of aorta from a copper-deficient chick stained by the Taenzer- 
Urma orcein method for elastic fibers. Note fragmentation of elastic fibers, and fibers 
with bulges and other abnormal shapes. The structure of elastic fibers, and the stain- 
ing reaction of sections of aorta from lathyritic animals were indistinguishable from 
those of copper-deficient animals. × 520. 

FIG. 2. Section of aorta from a copper-supplemented chick stained by the Taenzer- 
Unna orcein method for elastic fibers. Note the quantity and normal architecture of 
elastic fibers. Sections from control animals in the lathyrism experiment appeared 
identical. >( 520. 
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PLATE 107 

FIG. 3. Section of aorta from a copper-supplemented chick stained with Schiff's 
reagent for the detection of aldehydes. Note the size, structure, and staining intensity 
of the elastic fibers. Sections from control animals in the lathyrism experiment ap- 
peared identical. X 1030. 

F~G. 4. Section of aorta from a copper-deficient chick stained with Schiff's reagent 
for the detection of aldehydes under conditions identical to that of Fig. 3. Note lesser 
stain for aldehydes, and smaller size of elastic fibers. The structure of elastic fibers, 
and the staining reaction of sections of aorta from lathyritic animals were indistin- 
guishable from those of copper-deficient animals. X 1030. 



THE JOURNAL O]? EXPERIMENTAL MEDICINE VOL. 123 PLATE 107 

(Miller and Fullmer: Elastin) 


