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ABSTRACT The carbodiimide-catalyzed conjugation of a
6700 molecular weight fragment of poly-L-lysine to radiolabeled
human serum albumin or to horseradish peroxidase enhances
the membrane transport of each protein into cultured mouse
fibroblasts approximately 11- and 200-fold, respectively. At least
50% of the peroxidase activity remained after conjugation.
Trypsinization and carbamylation of the two conjugates dem-
onstrates that the enhancement of their cellular uptake is related
to their poly-L-lysine content. Simple addition to the medium
of comparable amounts of free poly-L-lysine has no effect on the
transport of either native protein. Addition of poly-L-ornithine
(molecular weight 200,000) at 3-30 ,ug/ml, a condition known
to cause enhancement of '25I-labeled human serum albumin
uptake by mouse sarcoma cells, has no visible effect on the
cellular u take of native horseradish peroxidase. The intracel-
lular locaization of the enzyyme-poly-L-lysine conjugate can be
demonstrated cytochemically by either light or transmission
electron microscopy. A concentration of conjugate that increases
the uptake more than 200-fold does not cause any detectable
morphological change suggestive of cell toxicity. Furthermore,
because poly-L-lysine is an excellent substrate for intracellular
proteolytic enzymes, it can be expected to be broken down and
reutilized in the cell.

The transport of protein at the surface of mammalian cells was
described 10 years ago as a process of considerable potential
biological significance (1). Examples have since been found in
which transport is preceded by a specific protein-receptor in-
teraction (2-4). The alteration of such interactions and the
concomitant reduction of protein transport have been associated
in several instances with specific genetic diseases. The molecular
changes responsible for the decreases in protein transport were
found to reside either in the surface receptor (5) or in the protein
itself (4, 6). It has become increasingly important therefore to
develop procedures that will enhance cellular penetration of
macromolecules for the purpose either of introducing molecules
that are not ordinarily transported to a significant extent or of
restoring a normal transport when a receptor-mediated
mechanism is defective.

Previous work from this laboratory demonstrated that ad-
dition of positively charged proteins or polyamino acids to a
medium containing radiolabeled albumin enhanced the cellular
penetration of albumin into sarcoma S 180 monolayers (1, 7,
8) and suspension cultures (9). This observation was used by
others to increase the cellular penetration of interferon (10, 11),
viral nucleic acids (12), diphtheria toxin (13), and other bio-
logically active macromolecules into various avian and mam-
malian cells. The procedure was effective also in increasing
infection of plant cell protoplasts with tobacco mosaic virus
RNA (14). An analysis of the phenomenon revealed that poly-
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L-ornithine [poly(Orn)], poly-D-lysine, and poly-L-arginine
[poly(Arg)] were the most effective enhancers (8), that poly-
D-lysine was more effective than poly-L-lysine [poly(Lys)] (9),
and that their effects increased with their molecular size (15).
However, there was a considerable scatter in the magnitude of
enhancement measured in different experiments and in dif-
ferent cell lines under comparable conditions. Furthermore,
cytochemical experiments aimed at revealing intracellular
activity of horseradish peroxidase failed to demonstrate any
effect of poly(Orn) and poly-D-lysine on the intracellular ac-
cumulation of horseradish peroxidase. In this paper we report
that the cellular transport of human serum albumin and
horseradish proxidase is dramatically increased when the
proteins in question are covalently linked to a small fragment
of poly(Lys).

MATERIALS AND METHODS
Crystalline human serum albumin, 1:ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide, and 3,3'-diaminobenzidine were
purchased from Sigma Chemical Co., St. Louis, MO; poly(Lys)
hydrobromide (molecular weight, 6700) and poly(Orn) hy-
drobromide (molecular weight, 200,000) were purchased from
Pilot Chemicals, Watertown, MA; horseradish peroxidase was
from Worthington Biochemical Corporation, Freehold, NJ, and
had a purity number (R. Z.) of 3.03. Chloramine-T was pur-
chased from Eastman Kodak, Rochester, NY. The tissue culture
products and trypsin solution (0.25%) were purchased from
Grand Island Biological Co., Grand Island, NY. L929 cells were
purchased from the American Type Culture Collection,
Rockville, MD. The rabbit anti-human serum albumin antibody
was a gift from Lawrence Levine, Brandeis University, Wal-
tham, MA.

Cells and Culture Medium. L929 mouse fibroblasts were
grown as monolayers in Leighton tubes with a flat surface of
13.5 cm2 (Bellco Glass, Inc., Vineland, NJ). The growth medium
was Eagle's minimal essential medium supplemented with 10%
fetal calf serum, and penicillin (50 units/ml) and streptomycin
(50 ,g/ml). The cells were fed every other day and on the day
before the experiment.

Modifications of Human Serum Albumin and Horseradish
Peroxidase and Their Conjugates. Iodination. Crystalline
human serum albumin was radioiodinated with Na'25I by the
chloramine-T procedure (16). After purification, the product
(125I-HSA) contained less than 3% free 125I and had a specific
activity of approximately 50 ,uCi/mg. The 125I-HSA was diluted

Abbreviations: poly(Orn), poly-L-ornithine; poly(Arg), poly-L-arginine;
poly(Lys), poly-L-lysine; 125I-HSA, '25I-labeled human serum albumin;
Pi/NaCI, phosphate-buffered saline; 125I-HSA-poly(Lys), poly(Lys)
conjugate of 125I-HSA; HRP-poly(Lys), poly(Lys) conjugate of
horseradish peroxidase.
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with unlabeled albumin to give the protein concentrations
desired for each experiment.

Conjugation of 125I-HSA with poly(Lys). 125I-HSA, poly-
(Lys), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
were dissolved (20mg each) in 0.8 ml of water. The solution was
incubated for 3 hr at 250 with occasional shaking and then
loaded onto a Sephadex G-100 column that had been equili-
brated with 0.01 M phosphate-buffered saline (Pi/NaCl), pH
7.0. The column was eluted with Pi/NaCl, and protein fractions
emerging at or near the void volume were collected, pooled,
concentrated to 1.0 ml, and diluted with water to 10.0 ml.
Unreacted 125I-HSA was removed by passing the low-salt so-
lution through a DEAE-Sephadex column. A standard ra-t
dioimmunoassay for human serum albumin showed that the
purified conjugate [125I-HSA-poly(Lys)] had lost more than 99%
of its albumin antigenicity and thus contained less than 1%
unreacted albumin. Polyacrylamide disc gel electrophoresis at
pH 4.5 confirmed the absence of unmodified albumin: the
normal albumin band was replaced by a set of bands including
some faster moving ones. The complexity of the electrophore-
togram suggested that some poly(Lys)-induced crosslinking
between albumin molecules might have occurred.

Conjugation of horseradish peroxidase to poly(Lys). The
same procedure was used to prepare the horseradish peroxi-
dase-poly(Lys) conjugate [HRP-poly(Lys)]. The enzyme
showed two close bands on polyacrylamide gel electrophoresis
at pH 4.5. The Sephadex G-100 column elution profile of the
reaction mixture showed two incompletely separated peaks that
were collected separately. Native horseradish peroxidase added
to the column eluted with the second peak. The first peak was
rechromatographed and used as HRP-poly(Lys) conjugate.
With an assay using o-dianisidine as an electron acceptor (17)
in which the rate of color development at 460 nm was measured
as expression of enzymatic activity, it was found that conjuga-
tion decreased the enzymatic activity of horseradish peroxidase
by about 50%. Polyacrylamide gel electrophoresis showed total
disappearance of the two bands of native horseradish peroxidase
molecules.

Trypsinization of 125I-HSA-poly(Lys) and HRP-poly(Lys).
In several experiments the poly(Lys) content of the conjugates
was decreased by brief trypsinization. An aliquot (0.3 ml)
of 125I-HSA-poly(Lys) (1.5 mg/ml) or HRP-poly(Lys) (0.85
mg/ml) was mixed with 30 ,l of 0.25% trypsin solution and
incubated for 5 min at 37°. The enzymatic reaction was stopped
by dilution of the 0.33 ml reaction mixture with 8.0 ml of Ea-
gle's minimal essential medium containing 5% fetal calf serum
(in the case of albumin) or by 500-fold dilution with serum-free
medium (in the case of the peroxidase). The concentrations used
in the experiments were 54 ,g/ml for HSA-poly(Lys) and 1.5
,ug/ml for HRP-poly(Lys).

Carbamylation of HSA-poly(Lys). In several experiments
the positive charge contributed by poly(Lys) was abolished by
carbamylation. To 1 ml of 'MI-HSA-poly(Lys) (1.5 mg/ml in
Pi/NaCl, pH 7.0) was added 16 mg of KCNO and the mixture
was incubated at 250 for 24 hr. After extensive dialysis against
Pi/NaCl, more than 90% of the total protein and of the 125I
radioactivity was recovered.
Measurement of Cellular Uptake of 125I-HSA and 125I-

HSA-poly(Lys). Confluent monolayers of L929 fibroblasts were
incubated in serum-free growth medium containing 125I-HSA
or 125I-HSA-Poly(Lys) at 50 ,ug/ml for 1 and 60 min at 37°. The
monolayers were then washed twice with Earle's balanced salt
solution at neutral pH and detached from the culture flask by
brief exposure to trypsin. The cells were washed twice in 5 ml
of balanced salt solution, once in 5 ml of heparin (5 mg/ml in

balanced salt solution) and twice more in 5 ml of balanced salt
solution. The final cell pellet was dissolved in IM NaOH. The
protein content of this cell extract was determined by the
method of Lowry et al. (18); its radioactivity was measured in
a y-scintillation counter and expressed as ,ug of 125I-HSA per
mg of cell protein. The amount of cell-associated radioactivity
measured at 1 min, which corresponds to surface adsorption,
was subtracted from the 60-min value to yield the amount of
net uptake.
Measurement of Cellular Uptake of Horseradish Peroxi-

dase and HRP-poly(Lys). The incubation and washing proce-
dures were as described for 125I-HSA uptake, except that the
peroxidase and HRP-poly(Lys) concentrations in the medium
were 100,gg/ml. The final cell pellet was lysed in 0.05% Triton
X-100. The cell extract was used to measure peroxidase activity
in the o-dianisidine colorimetric assay (17) to give an estimate
of the amount of peroxidase taken up by the monolayer.

Cytochemical Demonstration of Horseradish Peroxidase
and HRP-poly(Lys). By light microscopy. Sparse monolayers
of L-929 fibroblasts were grown on glass coverslips in Leighton
tubes and incubated in the presence of horseradish peroxidase
or HRP-poly(Lys) at concentrations ranging from 1.5 to 150.0
,gg/ml. The washing procedure was modified as follows. After
incubation, the coverslips were washed twice in balanced salt
solution, transferred to clean Leighton tubes, incubated for 4
min at 370 in heparin (5 mg/ml in balanced salt solution), rinsed
three times in balanced salt solution, and fixed for 20 min at
250 in 2.5% glutaraldehyde/0.1 M cacodylate buffer, pH 7.4.
After five rinses the cells were stained (19) for 10 min with di-
aminobenzidine (0.5 mg/ml in 0.05 M Tris buffer, pH 7.6/
0.01% H202). After four rinses, the monolayers were fixed for
60 min in 2% OsO4 in 0.1 M cacodylate buffer (pH 7.4) at room
temperature. The monolayers were rinsed four more times,
dehydrated, and mounted on glass slides.
By transmission electron microscopy. Sparse monolayers

were grown on carbon-coated glass coverslips in Leighton tubes.
The monolayers were processed as described above until
completion of the post-osmium rinses. They were then stained
en bloc overnight at 40 with 1% aqueous uranyl acetate, rinsed
abundantly in distilled water, dehydrated, and embedded
in Epon. Filled Epon capsules were inverted on top of the
monolayers and cured. The hardened capsules were broken
away from the coverslip, ripping off the cell-laden carbon film.
Thin sections cut parallel to the plane of growth were observed
without further staining in a Philips 300 electron micro-
scope.

RESULTS
Uptake of 125I-HSA and 125I-HSA-poly(Lys). Table 1 sum-

marizes the results of five experiments comparing the net cel-
lular uptake of 125I-HSA and 125I-HSA-poly(Lys). The mean
(+ SEM) uptake of 125I-HSA after 1 hr was 0.506 ± 0.077
,qg/mg of protein; that of 125I-HSA-poly(Lys) was 5.62 + 0.62
Mg/mg. This 11-fold enhancement is highly significant (P <
0.0005). When added to 125I-HSA-containing medium at
concentration roughly comparable to that introduced with the
conjugate (10 ,g/ml), free poly(Lys) caused no enhancement
of 125I-HSA uptake. Unlabeled HSA-poly(Lys) prepared in the
same way as the labeled conjugate and added to the 125I-
HSA-containing medium at the same final concentration (50
,ug/ml) had no effect. Two modifications aimed at reducing the
positive charge of the poly(Lys) conjugate markedly reduced
the uptake of 125I-HSA-poly(Lys). Brief trypsinization cut the
uptake by half, and carbamylation of the a- and eamino groups
of the conjugate totally abolished enhancement and brought
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Table 1. Uptake of 125I-HSA and its poly(Lys) conjugate by L-929 mouse fibroblasts during a 1-hr exposure

Cell-associated 1251-HSA, Ag/mg cell proteint
Form of 1251-HSA Additions,* Exp. no.

(50 Ag/ml) Ag/lm 1 2 3 4 5

HSA-poly(Lys) 5.2 5.9 5.0 6.7 5.3
HSA 0.41 0.60 0.44 0.59 0.49
HSA poly(Lys), 10 0.41
HSA HSA-poly(Lys), 50 - 0.77 0.72
HSA-poly(Lys) 5% FCS 6.2 -

HSA-poly(Lys) (Tryp)t 5% FCS 3.2
HSA-poly(Lys) (Carb)§ 0.51
HSA-CDI- - 0.80

* FCS, fetal calf serum.
t The amount of 125I-HSA measured after 1 min of incubation was subtracted from all 60-min measurements.
Briefly trypsinized before use; concentration in the medium was 54 pg/ml.

§ Conjugate was carbamylated before use.
¶ Treated with carbodiimide reagent as for conjugation but in the absence of poly(Lys).

the uptake down to control values. Treatment of 125I-HSA alone
with the carbodiimide reagent did not significantly alter its
cellular uptake.

Uptake of Horseradish Peroxidase and HRP-poly(Lys). The
enzymatic activity of horseradish peroxidase was 80 times
higher in the extract of cells exposed to HRP-poly(Lys) than in
cells exposed to the unmodified enzyme (AA460/min, 0.159
and 0.002, respectively). No endogenous peroxidase activity
was detected in extracts of control cells. Because the conjugation
procedure decreases the enzymatic activity to 50% of the initial
value, it is inferred that the 80-fold difference in activity cor-
responds to a 160-fold increase in enzyme protein-i.e., a
160-fold enhancement of protein uptake (see Note Added in
Proof).
To ascertain that the peroxidase activity measured in the cell

extract corresponded to real cellular uptake, monolayers ex-
posed to the identical experimental conditions were processed
for cytochemical staining and cellular localization of peroxidase
reaction products. All cells contained strongly stained and
coarsely granular reaction product localized predominantly in
paranuclear areas of the cells but seen also in more peripheral
locations (Fig. 1A). The cell surface and the intercellular areas
of the coverslip were remarkably free of peroxidase stain. In
contrast, cells exposed to unconjugated peroxidase at 15 ,ug/ml
showed no trace of peroxidase reaction product and could not
be distinguished from control cultures. To obtain a roughly
quantitative estimate of the difference in the cellular uptake
of the two forms of peroxidase, the concentrations of peroxidase
and HRP-poly(Lys) were chosen so as to differ by a factor of
100. Cells exposed for 60 min to HRP-poly(Lys) at 1.5 ,ug/ml
(Fig. 1B) showed a distinct, coarse, and granular accumulation
of reaction product, localized mostly in the perinuclear areas
of the cell. In contrast, cells exposed for 60 min to unconjugated
peroxidase at 150 jig/mg showed only faint, fine granular, and
hardly perceptible reaction product visible in only very few cells
(Fig. 1C). Because the enzymatic activity in the conjugate is
only 50% of the initial activity, it would appear that the cellular
uptake of the conjugated enzyme protein differs from the cel-
lular uptake of the native enzyme protein by a factor greater
than 200.
When HRP-poly(Lys) was exposed briefly to trypsin in order

to decrease its poly(Lys) content, the enhancement of HRP-
poly(Lys) uptake was abolished (Fig. 1D). The same trypsin
treatment of HRP-poly(Lys) did not decrease its enzymatic
activity in vitro and it therefore can be concluded that the
difference (Fig. 1 B and D) reflects the failure of trypsin-treated
HRP-poly(Lys) to penetrate the cells.

The intracellular localization of the peroxidase reaction
product seen in Fig. 1 was confirmed by electron microscopy
(Fig. 2).
Numerous attempts were made to determine cytochemically

whether addition of free basic polyamino acids to the incubation
medium would enhance the cellular uptake of horseradish
peroxidase. The lowest concentration of peroxidase required
to give minimal detectable staining after 1 hr of incubation at
370 was 0.1 mg/ml. Monolayers were incubated with peroxi-
dase at 0.1, 0.3, 0.6, and 1.0 mg/ml for 3, 15, 30, and 60 min in
the presence or absence of poly(Orn) at 3, 10, and 30 gg/ml.
Such conditions were known from previous experiments to
cause marked enhancement of 125I-HSA uptake (15). The
monolayers were stained for peroxidase, coded for blind ex-
amination, and ranked by six examiners according to the
amount of visible peroxidase reaction product. The observers
were able to detect a time- and concentration-dependent in-
crease of peroxidase uptake and their ranking of slides ac-
cording to these two parameters was highly consistent. How-
ever, they were unable to detect any effect of basic polyamino
acids on peroxidase accumulation. Poly(Orn) had no inhibitory
effect on the enzymatic activity of horseradish peroxidase in
vitro when tested at a concentration as high as 1 mg/ml and at
a poly(Orn)/peroxidase weight ratio as high as 104. These
negative results demonstrate that a covalent linkage of the basic
polyamino acid to the enzyme is required to enhance the cel-
lular uptake of peroxidase in cytochemically visible fashion.

DISCUSSION
Two different proteins conjugated covalently in the same
manner to a fragment of poly(Lys) of molecular weight 6700
show marked increases in their ability to penetrate mamman
fibroblasts grown in culture. That this increase is related to the
positive charges of the poly(Lys) fragment is best demonstrated
by the fact that chemical masking of these charges by car-
bamylation totally abolishes the effect (see Table 1, Exp. 3). This
conclusion is also supported by the data obtained with mildly
trypsinized HRP-poly(Lys). As shown in Fig. 1D, trypsin-
treated HRP-poly(Lys) is not taken up by fibroblasts in de-
tectable amounts, and it was taken up to a lesser extent than the
intact HSA-poly(Lys) (Table 1, Exp. 2). It can be assumed that
further trypsinization of the latter conjugate would have further
decreased the enhancement of uptake due to conjugation.

It has been shown that aggregation of proteins can itself in-
crease cellular penetration. For instance, ferritin is taken up
more readily by sarcoma monolayers in aggregated than in
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FIG. 1. Monolayer of L-929 mouse fibroblasts exposed for 60 min at 370 to (A) HRP-poly(Lys) at 15 ,g/ml. (B) HRP-poly(Lys) at 1.5 ,ug/ml.

(C) Unconjugated horseradish peroxidase at 150 ,g/ml. (D) HRP-poly(Lys) that had been briefly trypsinized before use, at 1.5 4g/ml. Cells
in A and B show distinct intracellular staining of peroxidase reaction product. Staining is only faint in cells exposed to a higher concentration
of unconjugated peroxidase (C). Control monolayers as well as cells exposed to unconjugated peroxidase at 15 pg/ml showed no discernible staining
and were undistinguishable from the cells in D. (X1575.)

soluble form (20). The possibility that intermolecular bonding
of the albumin occurring during conjugation might contribute
to the enhancement described in Table 1 can be ruled out on
the ground that carbamylation, which abolishes enhancement,
cannot be expected to break intermolecular bonds and influence
the state of albumin aggregation. Large aggregates of ferritin
(20) and polynucleotides (21) share the property of enhancing
the cellular uptake of 125I-HSA present in the experimental
medium, an observation that suggests that large albumin ag-
gregates formed during the conjugation procedure might play
a role in enhancing the cellular uptake of 125I-HSA. There are
two reasons to exclude such an effect as a factor in the data of
Table 1. One is that we showed that 125I-HSA-poly(Lys) con-
tains less than 1% unreacted 125I-HSA. The other is that (as
shown by Exps. 2 and 4) the addition of unlabeled HSA-poly-
(Lys) to 125I-HSA does not significantly influence its uptake.
The possibility that enhancement of l25I-HSA-poly(Lys) uptake
could be due to some other protein modification caused by the
carbodiimide reagent such as the transformation of carboxyl
to N-acyl urea groups (22) is excluded by the fact that carbo-
diimide-treated 125I-HSA was not taken up differently than the
untreated protein (Exp. 4).

It is apparent also from our data that enhancement requires
covalent attachment of poly(Lys) to the two proteins considered
in this paper. Indeed, free poly(Lys) of the same molecular
weight as that used for conjugation fails to enhance the uptake
of 125I-HSA (Table 1, Exp. 1), and poly(Orn) of high molecular

weight fails to enhance the uptake of horseradish peroxidase
in cytochemical experiments. The lack of effect of poly(Lys)
is consistent with previous data that showed that poly(Lys) of
low molecular weight had little or no effect on the cellular
uptake of 125I-HSA (15).
The amount of cell-associated 125I-HSA measured after 1 min

of incubation was generally 'ho of the amount measured at 60
min. Such 1-min values are expressions of surface binding, and
the subtraction of these values from all measurements rules out
the possibility that surface adsorption would contribute sig-
nificantly to the data of Table 1. Furthermore, one can infer
from the intracellular localization of HRP-poly(Lys) (Figs. 1
and 2) that HSA-poly(Lys) is also intracellular.
The addition of the same poly(Lys) fragment causes strik-

ingly greater enhancement of peroxidase uptake than of al-
bumin uptake. We assume that this difference is related to the
fact that the two proteins have different isoelectric points (7.2
and 4.7, respectively). The negative charges remaining on the
albumin molecule may diminish the effect of poly(Lys) addi-
tions, and it can be postulated that a more quantitative substi-
tution of carboxyl groups caused by a more complete conju-
gation reaction would increase the magnitude of albumin up-
take to a level more comparable to that of peroxidase up-
take.
The cytochemical data obtained with HRP-poly(Lys) are of

particular interest. On the one hand, they show that the covalent
linkage of a 6700 molecular weight poly(Lys) fragment does

Cell Biology: Shen and Ryser
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further advantage of adding a polycation that is susceptible to
trypsin and to intracellular proteolytic enzymes. It can be ex-
pected, therefore, that the carrier moiety of the conjugate will
be nontoxic once ingested by the target cell. This method may
offer new possibilities of introducing increased amounts of
active enzymes into cells and particularly into lysosomes of cells
burdened with certain genetic diseases.
Note Added in Proof. New data with another preparation of HRP-
poly(Lys) show that comparable exposure to 15 sg/ml causes a cellular
uptake of active enzyme that is 4.7-fold greater than that caused by
unconjugated horseradish peroxidase at 1500.ug/ml. When corrected
for comparable concentrations, the difference is 470-fold for the en-
zyme activity and more than 1000-fold for the enzyme protein (26).
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