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The uptake and breakdown of formaldehyde-treated ™1- or *[-labeled
albumin in liver lysosomes have been measured i(n vivo. Ultracentrifuge
studies and gel filtration showed that. in contrast to heat-denatured albumin

frequently used in clearance experiments, (i ENGDICIEIEUIIOEED
@EEBESRERE) s Jcmonstrated by autoradiography.

The in vivo breakdown of the protein in the Kupffer cells was inhibited
by suramin. The results of determinations of the drug in liver fractions
were in agreement with a lysosomal localization. Histochemical staining
showed a granular accumulation of suramin in Kupffer cells only.

Our resuits indicate that {1) the hypothesis that denatured serum proteins
are rapidly taken up by the reticuloendothelial syste

2) the many reports in literature on intralyso-
somal breakdown of formaldehyde-treated albumin in virro and its inhibi-
tion by suramin apply exclusively to Kupffer cell lysosomes.

Formaldehyde-treated albumin is rapidly taken up from the blood and
accumulated in a particulate liver fraction (Mego and McQueen, 1965a).
Upon incubation of this fraction /n vitro degradation products are released
into the medium. This system is often used as 2 model for intralysosomal
protcolysis. After preloading the liver with the irypanocide suramin (syn-
onyms: Bayer 205, Germanin), Davies, Lloyd, and Beck (1971) meas-
ured a decrcase of the release of degradation products in this in vitro
system.

Liver contains two major types of endocytosing cells, namely, hepato-
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cytes and Kupfler cells, occupying about 87% and 2% of the adult rat
liver volume, respectively {Greengard, Federman, and Knox, 1972). The
lysosomes of the hepatocytes, which probably form the overwhelming ma-
jority of liver lysosomes, differ from the lysosomes of Kupller cells in rcla-
tive cnzymatic content (Wattiaux ef al.,, 1956). It is, thercfore, of interest
to know which of the lysosomal populations of liver is represented by the
in vitro system described above.

Many investigators have presented cvidence that aggregates of heat-
denatured scrum proteins are taken up by cells of the reticuloendothelial
system and by polymorphonuclear phagocytes (Benacerraf et al., 1957,
Bocci ef al., 1968; Kirsch et al.,, 1972) and Schultzc and Heremans
(1966) stated that “denaturation presumably lavors incorporation because
it leads to the formation of aggregates. . . .7

As shown below, the modificd albumin used in studics on intralysosomal
proteolysis in vitro does not form aggregates. We have investigated the cel-
lular and subccltular localization of this nonaggregated protein. In addition
we have determined the localization of suramin and studied its ellect on
the breakdown of the protein in vivo.

MATERIALS AND METHODS

Materials

Bayer 205 (symmetrical urcide of m-aminobenzoyl-m-amino-p-methyl-
benzoyl-naphtylamino- 1 -sodium-trisulfonate-4,6,8) was a gift from Bayer,
Leverkusen, German Federal Republic. N-(1-naphthyl)ecthylenediamine
dihydrochloride was purchased from Merck, Darmstadt, German Federal
Republic. *»'I-Labeled human serum albumin with a specific radioactivity
of about 18 xCi per mg of protein was obtained from Philips Duphar N.V.,
Petten, The Netherlands. (*#*1)-iodide was purchased from The Radio-
chemical Centre, Amersham, England. Human scrum albumin (Fraction
V) was obtained from Serva, Heidelberg, German Federal Republic.
Bovine serum albumin was obtained from Povict Producten N.V., Amstcr-
dam, The Netherlands. *#°I-Labeled albumin was prepared by the chlo-
ramine-T procedure according to Bocei (1969). The preparations had
specific radioactivities of 50-60 pCi per mg of protcin. Treatment with for-
maldehyde was carricd out by the procedure described by Mego and
McQueen (1965a). Before injection labeled™ protein was cxhaustively
dialyzed against 0.15 M NaCl. Denaturation by heating and solubilization
of the complex was performed as described by Benacerraf et al. (1957).

Animals

Male Wistar rats of 200-240 g body weight were used. All injections
were given in the caudal veins. Suramin (100 mg per ml in 0.15 M NaCl)
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was administered at a dosc of 250 mg per kg body weight. Controls re-
ceived an equal volume of 0.15 M NaCl. The injected labeled albumin solu-
tions contained approximatcly 0.8 mg of protein in a volume of 0.5 ml
0.15 M NaCl. At the time of injection the 'I-labeled albumin had a spe-
cific radioactivity of about 6 xCi per mg of protein.

Liver Fractionation

Livers used for [ractionations had been perfused with 0.15 M NaCl until
they had become yellowish. Fractionations werc carried out as described
by Bouma and Gruber (1966).

Measurement of Proteins and Enzymes

Protein was determined by the Lowry method. Cathepsin D was assaycd
by the method of Anson (1939) with acid-denatured hemoglobin as a sub-
strate. Acid phosphatase was mcasured according to Gianctto and de Duve
(1955) with g-glycerophosphate as a substrate.

Determination of Suramin

Samples of scrum, liver homogenates, and liver fractions of suramin-
treated rats were hydrolyzed in 6 m HCI at 110°C for 24 hr. The aromatic
amines liberated in this way were diazotized and coupled to N-(I-
naphthyl)ethylencdiamine as described by Goldbarg and Rutenburg
(1958). Standard solutions of suramin were treated in the same way. The
absorbance of the products formed was measured at 560 nm. Blank valucs
were obtained using samples from control rats.

Assay of Radioactivity

Radioactivity was dctermined in scrum, liver homogenates, and subcellu-
lar fractions, cither as total counts or after precipitation with trichloroace-
tic acid (final concentration 10% (w/v)) in the supernatant fraction as
well as in the precipitate. With scrum; bovine serum albumin (final con-
centration 11 mg of protein per ml) was added as a carricr. Precipitates
and fractions were completely solubilized in Soluenc-100 (Packard Instru-
ments International, Ziirich, Switzerland). Samples were counted in a solu-
tion of 0.4% 2,5-diphenyloxazole and 0.008% p-bis-o-methylstyrylben-
zene in tolucne and cthylene glycol monomethyl cther (3:2 (v/v)) in a
Nuclear Chicago Mark 1 liquid scintillation counter.

Autoradiography; Histochemical Staining of Suramin

For autoradiography liver pieces were fixed in a solution of 2% glutaral-
dehyde containing 0.1 M Na phosphate buffer, pH 7.4, for 24 hr at 4°C
under continuous rotation. Tissue sections were covered with AR-10 strip-
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ping film (Eastman Kodak Co., Rochester, NY). After cxposure at 4°C
for 6 weeks and development (Kodak D 19b developer) for 10 min at
18°C, sections were stained through the film with methylene—pyronin.

For histological demonstration of suramin small pieccs of liver were
placed in excess of May-Griinwald solution and processed according to
Jancsé (1955).

RESULTS

Uptake and Degradation of Formaldehyde-treated Albumin, the Effect
of Suramin

After injection of the labeled protein trichloroacctic acid-precipitable
radioactivity disappeared rapidly from the blood in both suramin-treated
and control rats, resulting in the climination of about 90% of the dose
within the first hour. In the controls as well as in the experimental animals
about 30% of the dosc was recovered in the liver at 0.5 hr. The radio-
activity still present in blood cannot contribute significantly to this valuce
since the livers taken at 0.5 hr had been perfused with 0.15 M NaCl. As
Fig. 1 shows, there was a rapid drop in the activity of control livers,
wherecas an accuinulation of modilicd albumin was found in the livers of
the suramin-trcated rats. Oualy after 2 hr did the activity in these livers
start to decrcase. Even 8 hr aflter injection of the albumin the quantity
of labeled protein in rats pretreated with suramin was still cight times the
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F1G. 1. Uptake and disappearance of injected formaldehyde-treated albumin in
livers of control (O) and suramin-treated ([J) rats. Abscissa: time after injection
of 10" dpm (0.8 mg) of formaldchyde-treated "™I-labeled human serum albumin,
Ordinate: trichloroacetic acid-precipitable radioactivity (dpm X 107 per g fresh weight
of liver). Experimental animals had received an injection of 250 mg suramin per
kg 24 hr before injection of the albumin. Each point is the mean of at Jeast
three separate experiments.
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Fig. 2. Appearance of degradation products of injected denatured formaldehyde-
treated albumin in serum of control (O) and suramin-treated ([]) rats. Abscissa:
time after injection of 107 dpm (0.8 mg) of formaldehyde-treated "™I-labeled human
scrum albumin. Ordinate: trichloroacetatic acid-soluble radioactivity. Experimental
animals had received an injection of 250 mg suramin per kg 24 hr before injection
of the albumin. Each point is the mean of five separate experiments.
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quantity present in control livers. The same course of events was found
for the spleen.

At 0.5 hr after the injection of albumin, trichloroacetic acid-sotuble ra-
dioactivity was signilicantly higher in the livers and splecns of control
animals than in thosce of treated rats. The appearance of acid-soluble activ-
ity in scrum is shown in Fig. 2. Its increase is much greater in control
rats than in treated rats. These data clearly reflect a decreased digestion
of formaldchyde-treated albumin in the organs of the trecated rats, espe-
cially in the liver and the spleen.

The results described above were obtained with labeled human serum
albumin. For bovine scrum albumin the samc rapid uptake from the blood
was obscrved,

Characterization of Formaldeliyde-treated Albumin by Ultracentrifugation
and Gel Filtration

As mentioned carlier, many investigators have presented evidence that
aggregales of heat-denatured serum proteins arc rapidly clearcd from the
blood by cells of the reticuloendothelial system. Thus, the rapid disappear-
ance of formaldchyde-treated albumin described in the previous section
might have been due to the formation of aggregates during the formalde-
hyde trcatment, which causes the formation of methylene bridges between
different amino acid side chains in proteins (Mcans and Feeney, 1971).
[t secmed quite possible that, under the conditions used by Mego and
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native

formaldehyde
treated

121 min 146 min

Fic. 3. Sedimentation patterns of native and formaldehyde-treated bovine serum
albumin in 0.15 M NaCl containing 6.7 mM sodium phosphate (pH 7.4).c = 6
mg/ml. Experiments were performed at 52,640 rpm and 20°C in a Spinco Model
E ultracentrifuge equipped with phase-plate Schlieren optics.

McQueen (1965a) and by us, intermolecular methylene bridges would
be formed resulting in large aggregates. .

Figure 3 shows that the behavior of formaldchyde-treated albumin in
the ultracentrifuge is similar to that of the native protein, although the
sedimentation constant is slightly decreased. The sedimentation pattern of
the native protein shows a shoulder which is probably duc to the presence
of a dimer. A considerably higher shoulder is scen for the treated protein.
No aggregates were obscrved when formaldehyde-treated protein was cen-
trifuged in rat serum at 38°C after 30-min preincubation. Under the same
conditions solubilized heat-denatured albumin prepared according to
Benacerraf et al. (1957) sedimented as large complexes with a sedimenta-
tion valuc around 30S.

Both native and formaldehyde-treated albumin were also analyzed by
chromatography on a calibrated column of Scphadex G 200. The clution
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FiG. 4. Estimation of Stokes'radius of formaldehyde-treated bovine serum albumin
(fBSA). Gel filtration was performed on a Sephadex G-200 column (50 X 3.2 cm)
with a Tris-buflered NaCl solution (0.1 M NaCl, 0.05 M Tris, pH 8.2). Stokes’radii
for standard proteins are taken from Andrews (1970).

profile showed an incrcase in the dimer fraction of the modificd albumin,
thus confirming the results obtained in the ultracentrifuge. Figure 4 shows
that in comparison with mono- and dimer fractions of native albumin, the
corresponding fractions of the formaldchyde-treated protein have a some-
what larger Stokes’ radius. The combination of a lower sedimentation con-
stant and a larger Stokes’ radius can only be explained by a partial un-
folding of the formaldehyde-treated molecule.

Cellular Localization of the Albumin, and Suramin Storage

Figure 5 shows the results of an autoradiographic examination of livers
of controls and treated rats at 0.5 and 2 hr after injection of formalde-
hydc-treated ***I-labeled human albumin. The grains resulting from radio-
active radiation arc always located above the Kupfler cells only. At 0.5
hr, but not at 2 hr, grains could also be detected above the blood vesscls.
A remarkable loss of grains occurred in control livers between 0.5 hr and
2 hr, whereas livers of treated rats still showed considcrable activity at
2 hr. These results arc in agreement with the quantitative measurements
described above. Formaldchyde-treated '*I-labeled bovine serum albumin.
was also localized cxclusively in Kupffer cells at 0.5 hr after injection.

Figurc 6 shows that 24 hr after injection of 250 mg per kg body weight
suramin is localized as large granules in Kupffer cells. In control animals
no granules could be detected.

Subcellular Localization of the Albumin, and Suramin Storage

Wattiaux et al. (1956) have shown that the lysosomal cnzyme acid
phosphatase is rclatively more abundant in the hcpatocytes, whereas
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Fi1G. 5. Autoradiograms of liver sections of rats injected with formaldehyde-treated
T Jabeled albumin, (a) liver of control rat 0.5 hr after injection of labeled protein.
(b) liver of suramin-treated rat 0.5 hr after injection of labeled protein. (c¢) liver
of control rat 2 hr after injection of labeled protein. (d) liver of suramin-treated
rat 2 hr after injection of labeled protein. All sections have been exposed for
the same time. For details see Materials and Methods. X 400.

cathepsin D occurs predominantly in Kupfler cells. Since our autoradio-
graphic results showed that formaldchyde-treated albumin js localized
exclusively in Kupfler cells, we compared the distribution of the labeled
albumin in subcellular fractions with those of the lysosomal cnzymes men-
tioned above. A comparison of Fig. 7a with Fig. 7¢ and d shows that the
distribution of radioactivity in rats not treated with suramin is clearly lyso-
somal and rescmbles more closely the distribution of cathepsin D than that
of acid phosphatasc as far as the relative concentrations in the nuclear,
mitochondrial, and microsomal fractions are concerned. The relatively high
radioactivity in the supernatant fraction might be caused by the incomplete
removal of serum by the perfusion with saline.
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Figure 7b shows the distribution of radioactivity in liver fractions of
rats treated with suramin. A rcliable determination of lysosomal enzymes
in these animals was not possible. The cnzymes were inhibited by suramin
present in the homogenates. In addition there was no linearity between
the residual enzyme activitics and the concentration of the tissue fractions.
However, the similarity between the distribution patterns of the radioactiv-
ity in experimental and control rats showed that in the suramin-treated
rats the distribution of the radioactivity is also lysosomal. The shift toward
the heavier “mitochondrial” fraction is probably due to the loading of
lysosomes with suramin.

Between 1.8 and 2.2% of the dose corresponding to about 1 mg of
suramin was present in the livers used for fractionations. The distribution
of the drug in the subccllular fractions could not be determined with great
accuracy owing to high blank values. A significant difference in absorbancy
between cxperimental and control samples could be found in the “mito-
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chondrial” and lysosomal fractions only. The amount of suramin in these
fractions accounted for about 80% of the total quantity present in the
homogenates.

DISCUSSION

Uptake of Proteins by the Reticuloendothelial System

It is generaily accepted that denatured proteins are rapidly taken up
by cells of the reticuloendothelial system. This notion originates from clear-
ance cxperiments with heat-denatured, aggregated serum proteins (Ben-
acerraf et al., 1955, 1957). Schultzc and Hercmans, in their standard work
on the molecular biology of human plasma proteins, put forward the hy-
pothesis that denaturation presumably favors incorporation because it Icads
to the formation of aggregates. This hypothesis makes the uptake of dena-
tured proteins by the reticuloendothelial system comparable to that of
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other colloidal particles.

Evidently
the uptake of these molecules by the rcficuloendothelial system must be
determined by other structural characteristics.

The Breakdown of Formaldehyde-treated Albumin as a Model for
Intralysosomal Proteolysis

Since the publication of the results of Mego and McQueen (1965a, b)
on the in vitro degradation of formaldehyde-treated albumin present in
a lysosomal fraction of liver, this sytem has often been used as a model
for intralysosomal protcolysis (Bertini et al., 1967; Mego and McQueen,
1967; Mecgo et al,, 1967; Davies et al., 1969; Bertini and Bari, 1970,
Davics et al., 1971; Mego, 1971). The autoradiographic evidence pre-
sented in this paper clearly shows that this work relates exclusively to
Kupfler cell lysosomes.



Woodrow Monte
Highlight


220 BUYS ET AL.

ad piA L

*@'ﬂ% R Tars. SR
g » £
f:n‘- R S C
F16. 6. Cellular localization of suramin in liver, 24 hr after injection of 250
mg per kg body weight. For the demonstration of the drug, livers were processed
as described under Materials and Methods. X 400.

It is quite possiblc that differences exist in protein breakdown between
Kupfler cell lysosomes and those of hepatocytes. Wattiaux et al. (1956)
reported that Kupfler cell preparations had a higher specific activity of
the lysosomal protcase cathepsin D than hepatocytes, whercas acid phos-
phatase was rclatively more concentrated in the latter cell type. Lentz and
Di Luzio (1971) found nearly identical specific acid phosphatase activitics
in both cell types. Cathepsin D was not determined in their experiments.
If the activity of acid phosphatase per mg protein in hepatocytes is the
samc or higher than in Kupffer cells, the pattern shown in Fig. 7c must
represent cssentially the distribution ol hepatoceyte lysosomes because
Kupfler cells contain only a few percent of the total liver protein. Radio-
active albumin is present in Kupliler cell lysosomes only. Therefore, Fig.
7a gives the distribution of radioactivity-containing Kupffer cell iysosomes,
which differ from the acid phosphatase-containing hepatocyte lysosomes
by having on the average a somewhat higher sedimentation constant. In
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FiG. 7. Distribution of radioactivity and enzymes after differential centrifugation
of liver homogenates 0.5 hr after injection of formaldehyde-treated ™I-labeled
albumin. Livers were perfused with saline before excision. Columns from left to
vight represent fractions in the order in which they are isolated: nuclear, mito-
chondrial, lysosomal, microsomal, and supernatant fractions. The height of the
columns is a measure of the relative specilic aclivities = percentage of total activity
divided by percentage of total protein. The width of the columns is proportional
to the percentage of the total protein. Thus, the area of each column represents
the percentage of activity in the fractions and its height represents the specific
activity. Each diagram is the result of at least three fractionations. Mean recovery
of protein was 92.0% (controls) and 85.3% <(treated rats). (a) Distribution of
trichloroacetic acid-precipitable radioactivily in control rats; mean recovery 90.0%.
(b) Distribution of trichloroacetic acid-precipitable radioactivity in suramin-treated
rats; mean recovery 87.1%. (c¢) Distribution of acid phosphatase in control rats;
mean recovery 84.8%. (d) Distribution of cathepsin D in control rats; mean recovery
90.1%. For details see Malterials and Methods.

this respect the distribution of cathepsin D-containing particles shown
in Fig. 7d resembles that of the radioactivity. Thus, cathepsin D cither
is present in a diflerent population of hepatocyte lysosomes or the concen-
tration of this cnzyme in Kupffer cells must by far cxcced that in
hepatocytes.

The Localization of Suramin

The breakdown of formaldehyde-treated albumin in Kupfler cell lyso-
somes decrcased after previous injection of suramin. This inhibition of
protcolysis in vivo is in agreement with the in vitro results of Davies et
al. (1971). It is highly likcly that this decreased digestion is due to an
inhibition of lysosomal enzymes. Unpublished expcriments in our labora-
tory have shown that suramin inhibits the acid phosphatase and (at higher
concentrations) cathepsin D activitics of lysosomal extracts. If the inhibi-
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tion of proteolysis obscrved in vivo is also due to an inhibition of cathep-
sins, suramin must have been accumulated in KupfTer cell lysosomes. The
presence of high concentrations of suramin in Kupller cell lysosomes is
confirmed by Fig. 6, which also shows that the drug is not detectable in
hepatocyte lysosomes.
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