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Abstract. A tyrosine residue in the cytoplasmic do-
main of a class of cell surface receptors is necessary,
but not sufficient, for internalization through coated
pits. To identify the amino acid context enabling a
tyrosine to serve as a signal for endocytosis, we mu-
tated the short cytoplasmic domain of a mutant
influenza virus hemagglutinin that is competent for in-
ternalization, HA-Y543, and determined the effect of
each change on internalization. From these results and
a comparison of sequences of other proteins recog-
nized by coated pits, a “tyrosine internalization signal”
was proposed. Site-directed mutagenesis was employed

to insert complete, or incomplete “tyrosine internaliza-
tion signals” into the cytoplasmic domain of a protein
normally not endocytosed, human glycophorin A.
Only the complete signal caused internalization of mu-
tant glycophorins by coated pits. The signal is formed
by a short amino acid sequence, with polar or basic
residues preferred at certain positions on either side of
the tyrosine. Amino acids, which in proteins of known
structure are frequently found in turns, are clustered
near the tyrosine on the side of the signal nearest the
transmembrane domain.

specialized domains, the clathrin-coated pits, designed

for the rapid internalization of cell surface receptors.
Coated pits appear to sort transmembrane surface proteins
into at least three classes: those that localize with high affin-
ity to coated pits and are internalized rapidly (Goldstein et
al., 1985), those that can enter coated pits slowly and are in-
ternalized at approximately the same rate as the bulk of
membrane (Roth et al., 1986), and proteins that are excluded
from coated pits (Bretscher et al., 1980; Roth et al., 1986).
The information necessary to specify rapid internalization
through coated pits resides in the cytoplasmic domain of at
least some transmembrane proteins. Deletion of the cyto-
plasmic domain of all receptors studied to date results in pro-
teins that travel to the cell surface but are internalized very
slowly (Lehrman et al., 1985; Prywes et al., 1986; Mostov
et al., 1986; Rothenberg et al., 1987; Miettinen et al., 1989;
Lobel et al., 1989). Domain switching experiments have
shown that when the cytoplasmic domains of proteins with
high affinity for coated pits are transferred to a protein nor-
mally excluded from coated pits, the resulting chimeric pro-
teins are efficiently internalized.

Although the cytoplasmic epitope recognized by coated
pits has not been identified, several lines of evidence suggest
that a relatively short stretch of amino acids containing a
tyrosine is necessary and sufficient to specify internaliza-
tion. Internalization of the receptors for LDL or for man-
nose-6-phosphate (M-6-P) is not affected by deletion of the
distal half of the cytoplasmic domain (Davis et al., 1987,
Lobel et al., 1989). Mutation of a single tyrosine within the
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stretch of cytoplasmic amino acids required for internaliza-
tion of the receptors for LDL, M-6-P, or transferrin (Tf),
results in receptors unable to be efficiently internalized (Davis
et al., 1987; Lobel et al., 1989; Jing et al., 1990; McGraw
and Maxfield, 1990). Introduction of a tyrosine residue at
position 543 of the short cytoplasmic domain of the influenza
virus hemagglutinin (HA)' converts HA from a protein that
is ordinarily excluded from coated pits into one that enters
coated pits and is rapidly internalized (Lazarovits and Roth,
1988). Significantly, introduction of tyrosines at positions
540, 545, and 546 of the HA cytoplasmic domain does not
result in endocytosed proteins (Lazarovits and Roth, 1988;
and this work). In addition, the LDL receptor cytoplasmic
domain contains three tyrosines, but only one (at position
807) participates in signaling internalization of this protein
(Davis et al., 1987). Thus, in addition to the presence of a
tyrosine, other features of the amino acid sequence of the cy-
toplasmic domain are necessary to allow a protein to enter
the endocytic pathway.

To identify the amino acid context required for a tyrosine
to function as an endocytosis signal, the amino acid se-
quence surrounding tyrosine 543 in the HA cytoplasmic do-
main was systematically mutated and the resulting proteins
were analyzed for their ability to be internalized. From the
results of these experiments, and from comparison of amino
acid sequences of the region surrounding tyrosines in the cy-
toplasmic domains of proteins known to be internalized
through coated pits, we have identified a “tyrosine internali-

1. Abbreviation used in this paper: HA, hemagglutinin.
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zation signal” common to many receptors. We have intro-
duced this tyrosine signal into the cytoplasmic domain of
glycophorin A, a protein that we show is normally excluded
from coated pits in CV-] cells, and have demonstrated that
the mutant glycophorin A carrying this signal is efficiently
internalized through clathrin-coated pits. Conversely, muta-
tions that create tyrosines in two sequences predicted not to
form “tyrosine internalization signals” in glycophorin A
failed to allow internalization.

Materials and Methods
Cells, Cell Culture, and Radiolabeling of Proteins

CV-1 cells were maintained in DME supplemented with 10% Serum Plus
(Hazleton Research Products, Lenexa, KS). Actively growing cells were in-
fected in suspension with recombinant SV40 virus stocks for 30 min on ice
and then plated on 6-well plates for experiments at 30 or 42 h after infection.
To label newly synthesized proteins, cells were starved for 30 min with
DME without methionine and cysteine and then were radiolabeled with 50
uCi of Translabel (ICN Radiochemicals, Irving, CA) per 35-mm plate in
the same medium. At the end of the pulse, the radioactive medium was
replaced with complete DME and the cell monolayers were incubated at
37°C for various times.

Recombinant DNA Techniques

The construction of SV40 vectors encoding the wild-type or mutant Japan
HA genes has been described previously (Doyle et al., 1985; Lazarovits and
Roth, 1988). The gene encoding human giycophorin A, obtained from Dr.
Minoru Fukuda (Siebert and Fukuda, 1986), was excised from pBluescript
with Eco RI for subcloning into mpl8, and with Cla [ and Bam HI for sub-
cloning into the SV40 late-replacement vector pKSVE. For subcloning of
glycophorin A after mutagenesis in mpl8, we replaced the wild type Sac 1
and Bam HI fragment of glycophorin in pKSVE with the corresponding
fragment of the mutated glycophorin from mpl8. Oligonucleotide-directed
mutagenesis was performed as described in the Mutagene instruction man-
ual (Bio-Rad Laboratories, Richmond, CA) (the method of Kunkel, 1985).
With the exception of the mutations at position 544 of HA, all mutations
were produced in duplicate on independently isolated templates. For muta-
genesis at position 544, we synthesized an oligonucleotide that contained
an equimolar mixture of all four bases at positions one and two of codon
544, These mutations were produced on a single template. The sequence
of all mutants was established by the method of Sanger et al. (1977) using
the Sequenase sequencing kit (United States Biochemical Corp., Cleveland,
OH) following the manufacturer’s instructions. After subcloning and before
the production of virus stocks, the identity of the mutants was reconfirmed
in most cases by sequencing the double-stranded expression vector pKSVE.

Internalization Assays

The presence of mutant proteins in intracellular vesicles diagnostic of an
endocytosis-competent phenotype was established by immunofluorescence
as described in Lazarovits and Roth (1988). The rate of internalization of
mutant HAs was measured using the antibody internalization assay de-
scribed in Lazarovits and Roth (1988). To determine the cellular location
of mutant HA proteins at steady state, we took advantage of the fact that
in CV-1 cells, HA is produced in an uncleaved form that trypsin quantita-
tively cleaves into two fragments, HA1 and HA2. After a 10-min pulse with
35S methionine and cysteine, the newly synthesized HA was chased to the
cell surface for 2 h. To measure the amount of HA that arrived at the cell
surface during the chase period, one half of the samples were treated with
5 ug/ml trypsin in the chase medium while the other half were not. To mea-
sure the amount of HA that was internal at the end of the chase, all samples
were treated with 100-200 pg/ml of trypsin on ice 30 min before neutraliza-
tion of trypsin with equal amount of soybean trypsin inhibitor, followed by
lysis and immunoprecipitation. An internalization index was defined as the
ratio of uncleaved HA to the tota] amount of HA (uncleaved + HAl +
HAZ2) for the samples that received trypsin on ice at the end of the chase.
This number was corrected for HA that had not yet arrived at the cell surface
by 2 h after synthesis, which is given by the ratio of uncleaved HA versus
total HA for the samples that received trypsin during the chase at 37°C.
For glycophorin A, which is degraded by trypsin, the assay for location at
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steady state was as described for HA, except that the internalization index
was determined as the ratio of glycophorin A recovered after trypsin treat-
ment to the amount of protein recovered in the absence of trypsin. As in
the case of HA, a correction was made for protein that might not have ar-
rived at the cell surface during the 2-h chase. For each of the proteins in
this study, 95% reached the cell surface by 2 h after synthesis. For the pur-
poses of comparing various mutants, in each experiment HA wt (or
glycophorin wt) and HA-Y543 were included as negative and positive con-
trols. Results of internalization assays for HA mutants were normalized to
that measured for HA-Y543 in the same experiment. Values for HAY543
varied <10% among all experiments.

EM

CV-1 cells infected with various recombinant SV40 viruses were fixed at
40-h postinfection and were labeled first with antiglycophorin A followed
by protein A conjugated to 10-nm colloidal gold (Janssen Life Science Prod-
ucts, Piscataway, NJ). The labeled monolayers were then processed for EM
using the propylene oxide lifting method as previously described (Roth et
al., 1986). Samples were photographed at 80 kV using a Jeol JEM 100-SX
microscope.

Other Methods

Restriction enzyme digestions using enzymes from New England Biolabs
(Beverly, MA) or Bethesda Research Laboratories (Bethesda, MD) were
performed following the manufacturer’s instructions. Other DNA manipula-
tions were as described in the Molecular Cloning manual (Maniatis et al.,
1982). Immunoprecipitations, analysis by SDS-PAGE (Laemmli, 1970),
fluorography, and autoradiography were performed as described in La-
zarovits and Roth (1988) using polyclonal anti-HA antibodies. For detection
of glycophorin, antibodies against the whole molecule (commercially avail-
able from Research Plus, Inc., Bayonne, NJ) or against the cytoplasmic
domain (kindly donated by Dr. M. Fukuda, La Jolla Cancer Research Foun-
dation, La Jolla, CA) were used. Quantitation of autoradiograms was per-
formed with a Molecular Dynamics 300A computing densitometer (Sun-
nyvale, CA), usually by the volume integration subroutine. Care was taken
to use autoradiograms exposed within the linear response range of the X-AR
film (Eastman Kodak Co., Rochester, NY).

Results

Mutagenesis of the Cytoplasmic Domain of HA-Y543

To identify neighboring amino acids that might contribute to
the function of a tyrosine in an internalization signal, we
compared the amino acid sequences surrounding tyrosines
in the cytoplasmic domains of proteins known to be internal-
ized through coated pits and found that at several positions
there was a significant preference for two classes of amino
acids (discussed below). Using this analysis as a guide, sev-
eral of the amino acids surrounding tyrosine 543 were al-
tered, with special emphasis on the polar or charged residues
at positions 538, 542, and 544. The cytoplasmic domain se-
quences of the resulting mutant proteins are shown in Fig. 1.

Alteration of a single amino acid may have a “global” effect
on the structure of a protein, complicating the determination
of the cause of any change in function of the mutant protein.
To avoid this problem, we introduced identical changes into
both the wild-type and HA-Y543 sequences and compared
structural properties, as well as the endocytosis phenotype
of both sets of mutants (for a list of structural assays see
Lazarovits et al., 1990). No gross structural alterations in
the mutant HAs were created by amino acid changes in the
cytoplasmic domain. In Fig. 1, mutations that were also
made on the wild type background with a cysteine at position
543 are denoted with an asterisk. The region of HA mutated
in these experiments spans amino acids 538-547. When sin-
gle amino acid changes were made in the wild-type HA se-
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quence, the resulting proteins were designated by the single
letter code for the amino acid replacement, followed by the
amino acid position, as in HA-Y543. When additional
changes were made in the HA-Y543 sequence, this nomen-
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Figure 1. Distribution of wild-type and mutant HA
molecules at steady state. (4) CV-1 cells express-
ing various HA mutant proteins were radiolabeled
for 10 min, chased for 2 h, and subjected to diges-
tion with trypsin during or at the end of the chase
as indicated. The proteins were collected by im-
munoprecipitation and analyzed by PAGE and
fluorography. Shown are some representative mu-
tants ranging from very low, HA-Y545, to high
HA-Y543, (D8), internalization. (B) The steady-
state internalization of wild type and mutant HAs
is expressed as a fraction of the value for HA-Y543
determined in the same experiment. Each value is
the average of at least three experiments and the
variation from one experiment to another was
<10%. * indicates that the mutation was also made
in the wild-type background.

clature was shortened to parentheses enclosing the single let-
ter code for the amino acid inserted, followed by the last digit
of the amino acid position. For example, (L4) designates a
leucine at position 544 in the HA-Y543 background. In Fig.



1 the names of the mutants are shown to the left, followed
by the sequence of the cytoplasmic region of HA, with only
changes in amino acids shown for the mutant proteins.

Several Amino Acids in the HA Cytoplasmic Domain
Contribute to the Ability of Tyrosine 543 to
Signal Internalization

Two assays were used to evaluate the ability of HA mutants
to be internalized. In the first, HAs at the cell surface were
identified by their accessibility to trypsin added to the cul-
ture medium. Although in some cell types endogenous pro-
teases cleave each polypeptide of the HA trimer at a single
site, producing two disulfide-bonded subunits, HAl and
HA2, in CV-1 cells this cleavage occurs only if exogenous
proteases are added. Addition of trypsin to CV-1 cells ex-
pressing properly folded HAs rapidly cleaves essentially all
cell surface HA into its subunits, which can be quantitatively
recovered by immunoprecipitation. To determine the pro-
portion of various HA mutants residing in endocytic com-
partments at steady state, protein synthesized in the presence
of »S-methionine and cysteine was chased to the cell sur-
face and allowed to equilibrate between cell surface and en-
docytic compartments. 2 h postsynthesis, cell monolayers
were treated with extracellular trypsin at 2°C, a temperature
at which endocytosis is inhibited. The ratio of cleaved to to-
tal HA was determined by immunoprecipitation with anti-
HA antibodies, PAGE, and autoradiography (Fig. 1 4). As
a control to determine the residual proportion of HAs that
had not left the exocytic compartments or were otherwise in-
accessible to trypsin, for a sample of each mutant, trypsin
was included in the 37°C chase medium to cleave all protein
that appeared on the cell surface. The proportion of uncleaved
HAs in these controls (never more than 5%) was subtracted
from the proportion uncleaved by trypsin at 2°C.

An advantage of this assay is that it does not require label-
ing of HAs at the cell surface until the end of the assay when
protein traffic has ceased. In addition, the assay is particu-
larly good for distinguishing proteins that are completely in-
competent for endocytosis from those with incomplete inter-
nalization signals that, nevertheless, slowly enter coated pits.
However, the steady-state distribution of a protein depends
upon rates of internalization, recycling to the surface, and
delivery to degradative compartments; thus, this assay deter-
mined whether a mutant HA entered the endocytic pathway,
but did not directly measure its affinity for coated pits.

In Fig. 1 B, the portion of wild-type and mutant HA pro-
teins that was internal at steady state is expressed as a frac-
tion of the value for HA-Y543 (the actual value for HAY543
is 40% internal). As reported previously, the only single
amino acid change in the wild-type background that induced
HA to be internalized was the introduction of a tyrosine at
position 543. Other aromatic amino acids at that position did
not substitute, nor did tyrosines at positions 540, 545, and
546 (Fig. 1 B, first seven mutants). In contrast, all the mu-
tants on the HA-Y543 background (Fig. 1 B, second set) were
internalized to various extents. The least amount of internal
protein was observed when both amino acids adjacent to
Y543 were changed (L2 and S4) or when a leucine was intro-
duced at position 544 (L4). Introduction of other amino
acids with large, hydrophobic side chains, (W4), (S4), (V4),
and (A4), at position 544 caused a less severe reduction.
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Changes on both sides of the tyrosine reduced the amount
of internal protein at steady state (AO), (E2), (86), and
(STOP 6). Most importantly, a change that caused a rela-
tively severe reduction in the internal protein at steady state,
(L2, S4) could be partially reversed by changes at other posi-
tions, (D8, L2, S4) and (E2, S4), that increased the
hydrophilicity of the region (Fig. 1 B).

To evaluate the rate at which mutant HAs were internal-
ized, protein that had been labeled with S methionine and
cysteine in vivo was allowed to reach the cell surface and
then the cells were chilled on ice to stop endocytosis. HAs
at the cell surface were bound by anti-HA antibodies at
0-2°C. After removal of unbound antibodies, the cell mono-
layers were incubated at 37°C for various intervals to allow
endocytosis to resume. At the end of an interval of internali-
zation, cells were chilled on ice to stop endocytosis and HAs
at the cell surface were marked by cleavage into HAl and
HAZ2 by trypsin added to the ice-cold culture medium. Anti-
body-HA complexes were immunoprecipitated with Protein
A sepharose and the fraction of uncleaved (internal) HA was
determined by PAGE, fluorography, and densitometry (Fig.
2). This assay measured the rate at which each HA was inter-
nalized and reflects the relative affinities of the proteins for
coated pits.

The rates of internalization of wild-type and mutant HA
proteins during the first 10 min after warming to 37°C were
expressed as fractions of the rate of internalization of HA-
Y543 and are shown in Fig. 2 B. Comparison of mutations
in the HA-Y543 background revealed that amino acids at po-
sitions 540, 542, and 544 were important for the ability of
the tyrosine signal to function for internalization, but that the
relation between changes in these amino acids was complex.
Large hydrophobic amino acids were not tolerated at posi-
tion 544 (mutants (L4), (W4), (V4), and (A4), Fig. 2 B).
Substitution of alanine for serine at position 540 (A0) had an
equally severe effect (Fig. 2 B). Reduction of the polar
character of the sequence near tyrosine 543 impaired inter-
nalization. Thus, mutant (L2, S4) is internalized more
slowly than the more polar mutations in mutants (E2, S4)
and (D8, L2, S4) (Fig. 2 B). In addition, a modest but repro-
ducible increase in internalization rate was observed for mu-
tant (D8) compared to HA-Y543 itself. However, increasing
hydrophilicity did not necessarily improve function of the
signal, as can be seen by the reduction in internalization rate
caused by changing glutamine 542 to glutamic acid (E2, Fig.
2 B), and by the fact that although mutant (E2, S4) was less
charged than (E2), which has an arginine at position 544, it
was internalized slightly faster. Replacing arginine 544 with
an amino acid of opposite charge (E4) was surprisingly well
tolerated. Taken together, these results suggested that amino
acids surrounding the tyrosine were important for contribut-
ing to both a polar character and particular secondary struc-
ture, but none of the amino acids in the six positions changed
were as critical as the tyrosine for signal function.

In addition, several mutations that had modest effects on
the proportion of protein that was internal at steady state,
nevertheless, dramatically reduced the rate of internalization
(compare (W4) and (V4) in Figs. 1 B and 2 B). This observa-
tion suggested that these mutations affected a second step in
the intracellular traffic of these proteins, by decreasing either
the rate or the extent to which they recycled to the plasma
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membrane after internalization. The basis for this second
change is currently under investigation and will be the sub-
ject of a future report.

In experiments in which tyrosines have been removed
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Figure 2. Internalization rate of wild-type and mu-
tant HA molecules after binding antibody at the
cell surface. (4) CV-1 cells expressing various mu-
tant proteins were radiolabeled for 10 min and
chased for 2 h. At the end of the chase, HAs at the
cell surface were bound with anti-HA antibodies
at 2°C, unbound antibodies were removed, and the
HA-antibody complexes were allowed to internal-
ize at 37°C as indicated. Following internaliza-
tion, the surface HA was cleaved with trypsin and
all HA-antibody complexes were captured with
protein A sepharose and analyzed by PAGE and
fluorography. Shown are representative mutants
ranging from no, HA-Y545, to high, HA-Y543 (D§),
internalization. (B) The initial rate of internaliza-
tion of wild-type and mutant HAs is expressed as
a fraction of the value for HA-Y543. Each mutant
was analyzed in at least three experiments and the
internalization intervals were usually 0, 10, and 20
min. The values shown are averages for internali-
zation during the first 10 min at 37°C and variation
within these experiments was never >10%. * indi-
cates that the mutation was also made in the wild-
type background.

.9 1.2

from the cytoplasmic domains of receptors, or in which
amino acids surrounding tyrosines have been mutated (Davis
etal., 1987; Jing et al., 1990; McGraw and Maxwell, 1990),
effects on internalization have ranged from less than two to
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Figure 3. Internalization of three mutant HAs at two different
periods postinfection with recombinant SV40 virus vectors. Identi-
cal infection and labeling conditions were used for the two experi-
ments. The proportion of HAs internalized was determined as
shown in Fig. 2 A and plotted as a function of chase time at 37°C.

approximately sevenfold, similar to the results reported
above for mutants of HA-Y543. Since several of our mutants
showed changes of internalization of twofold or less, it was
important to know how variations in the amount of protein
expressed for different mutants within a given experiment
might effect our results. To investigate this possibility, we
made use of the fact that the amount of protein expressed in
CV-1 cells infected with recombinant SV40 vectors varies
enormously as a function of time after infection (Gething and
Sambrook, 1981). Fig. 3 shows the results of an antibody in-
ternalization assay performed with parallel samples, one at
22 and the other at 44 h after infection. At 22 h after infection
expression of the protein has just become detectable. At the
later period, the amount of HA present, almost all of which
is at the plasma membrane, has increased eightyfold as de-
tected by Western blot analysis (data not shown). At earlier
times, both the rate and extent of internalization were greater
than at later times, consistent with an interpretation that the
apparent rate of endocytosis decreased as coated pits became
saturated. However, the relationship between the three mu-
tant proteins shown remained essentially the same, indicat-
ing that comparisons of the rates of internalization of various
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mutants were valid measures of their relative affinity for
coated pits, as long as care was taken in each assay to express
similar amounts of protein per cell.

Two Aspects of the Tyrosine Internalization Signal

Our mutagenesis of HA-Y543 was guided by the observation
that in the region surrounding tyrosines in the cytoplasmic
domains of several receptors there was a significant conser-
vation of basic or polar residues. However, the observation
that the arginine at position 544 could be replaced by a resi-
due of opposite charge without destroying the capacity for
endocytosis did not fit our original hypothesis and stimulated
a second comparison of the nature of sequences surrounding
tyrosines. In proteins of known amino acid sequence that en-
ter coated pits, there is at least one tyrosine in the cytoplas-
mic domain, but the position of the tyrosine in the linear
amino acid sequence, with respect to either the end of the
hydrophobic transmembrane sequence, or the end of the
polypeptide chain, is not fixed. Of these proteins, even
among those with cytoplasmic domains that are relatively
short and have no enzymatic function, the cytoplasmic do-
main varies in length from 10 to 164 amino acids. No amino
acid identities are apparent when the sequences surrounding
tyrosines in these short cytoplasmic domains are compared
to each other (Fig. 4 A4; also discussed by Davis et al., 1987),
indicating that any common structural motif surrounding the
tyrosine will be formed by allowing more than one type of
amino acid at each position.

Fig. 4 A presents an alignment of the cytoplasmic amino
acid sequences of thirteen proteins known, or in one case,
ELAM-1, suspected, to be endocytosed. In the first seven se-
quences, the tyrosine chosen has been shown to be important
for internalization. Of the other six sequences, only the FcR
and pIgR contain more than one tyrosine. For the FcR, the
sequence shown is contained within a region demonstrated
to be important for endocytosis (Miettinen et al., 1989). For
the pIgR, data from Breitfield et al. (1990) and ourselves
(Shia, S. P., and M. G. Roth, unpublished observations),
suggests that both cytoplasmic tyrosines contribute to the en-
docytosis of pIgR. The membrane proximal tyrosine of that
protein is included in Fig. 4 A4; the sequence surrounding the
other tyrosine has no features in common with the others
shown in the figure (see Discussion). For 12 of the 13 se-
quences shown, the tyrosine is predicted to be located near
a local maximum for surface probability and hydrophilicity
when analyzed by the program “peptide structure” (Wolf et
al., 1988). The exception is the tyrosine of the FcR, which
has a slightly negative surface prediction.

All sequences were oriented with the transmembrane-
proximal residues to the left: for most proteins this means
NH,- to COOH-terminus, but for some (marked *) it
means COOH- to NH,-terminus (see Discussion). The
number of amino acids used for the alignment was based on
two types of observations. (a) Only three amino acids on the
membrane-distal side of the tyrosine were included because
the lysosomal proteins (Lgp-As and Lgp-Bs) contain only
three, and the asialoglycoprotein receptors only four residues
on that side. (b) For the transmembrane-proximal side of the
tyrosine, eight amino acids before the tyrosine were included
because that position marks the junction with the transmem-
brane domain for the lysosomal membrane proteins and prob-
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Figure 4. Common motifs in
the cytoplasmic sequences
of endocytosed proteins. (A)
Alignment of the cytoplasmic
sequences of endocytosed pro-
teins. Sequences of 12 amino
acids from the cytoplasmic
domains of 13 proteins are
shown with the membrane
proximal residues to the left.
The position of the tyrosine
with respect to the first cyto-
plasmic amino acid as well as
the total number of amino
acids of the domain are in-
dicated. Unless marked (*),
the orientation is from NH,-
to COOH-terminus. The se-
quences are shown twice; once
to emphasize residues that fa-
vor a random coil conforma-
tion (left side) and once to in-
dicate residues that are polar
or positively charged (right
side). The arrows beneath the
sequences on the right indi-

4 -76-5-4-3-2-10+1+2

-8 -6 -4 -2 0 +2 cate positions where polar or
A A A AR positively charged amino acids

are most abundant. The se-

O Polar or positively charged quences shown are according
to the following references:

Lgp-A, Kornfeld and Mell-

man, 1989; Man-6-P R, Lobel

position relative to tyrosine etal., 1987; VSV G, Rose and

Gallione, 1981; TfR, McClel-
land et al., 1984; LDLR.,
Yamamoto et al., 1984; LAP,
Pohlmann et al., 1988; HA-
Y543, Lazarovits and Roth,
1988; IgG,,, KataokaYama-
waki et al., 1982; pIgR, Mos-
tov et al., 1984; ASGPR,
Spiess et al., 1985; ELAM-I,
Bevilacquaetal., 1989; CHL,
Drickamer, 1981; FcR, Lewis
etal., 1986. (B) The frequency
of occurrence of polar or posi-
tively charged amino acids

N TN
turn or coil

for the sequences shown in A (black bars) is compared to the frequency of occurrence in an alignment of 40 tyrosines from the external
domains of the same thirteen proteins (white bars). Arrows indicate positions where the increased frequency is significant with a confidence
level of >95%. (C) A schematic representation of the endocytosis signal. The size of the symbols for polar and basic residues indicates

relative importance.

ably for HA-Y543 as well (see Lazarovits et al., 1990). To dis-
cuss relationships between these sequences, we have designated
the position of the tyrosine as “0” and number positions in
both directions starting from the tyrosine. Amino acids lo-
cated between the tyrosine and the transmembrane domain
are given negative numbers and those located on the mem-
brane-distal side are given positive numbers.

Two patterns emerge from this alignment. The stretch of
amino acids before the tyrosine is rich in residues (G, N, S,
P, D, R) which are frequently found in a random coil confor-
mation or in turns (Gibrat et al., 1987). When the sequences
are considered as a whole, 46% of the amino acids in this
region favor a random coil conformation (Fig. 4 A, left side).
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This percentage is significantly higher (with a confidence
level of >99.99% using the binomial distribution) than the
percentage of such residues expected for a random amino
acid arrangement (27 % would be expected using the amino
acid frequencies in human proteins {Lathe, 1985]). In 11 of
13 sequences these amino acids occur in a group of two to
four, but no spatial conservation is apparent when comparing
one sequence to another. On the membrane-distal side of the
tyrosine there is no significant preference for residues favor-
able to random coil conformation.

The region near the tyrosine, with the exception of posi-
tion -2, is also rich in polar (S, T, Q, N) or positively charged
(R, K, H) residues (Fig. 4 A, right side). The frequency of
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Figure 5. Expression, biosyn-
thesis, and transport of wild-
type glycophorin A in CV-1
cells after radiolabeling, immu-
noprecipitation, PAGE, and
fluorography. (4) CV-1 cells
were infected with a recombi-
nant SV-40 virus expressing
HA (-) or glycophorin A
(INF), or were transfected
with a glycophorin A plasmid
vector (TRNF). 42 h after in-
fection or transfection, cells
were radiolabeled for 10 min
and chased for 2 h. (B) CV-1
cells expressing wild-type gly-
cophorin A were radiolabeled
as described above and chased
for the times shown. Under

precursor

Trypsin 4 °C - + + — + + - +
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positively charged or polar residues for each position ranges
from 46 to 85%, with the positions +2, +1, —1, —4, —6,
and —8 most prominent, where the percentages are 69, 85,
62, 69, 62, and 62 %, respectively (Fig. 4 B, black bars). Ac-
cording to the frequencies with which these residues are
found in human proteins (R = 56%,K = 70%,H = 2.5%,
S=81%,T = 56%, Q = 4.5%, and N = 3.5% [Lathe,
19851), the expected frequency for a “random” sequence is
36%. In the 13 amino acid sequences compared, 62 % of the
amino acids are polar or positively charged, an increase over
random occurrence that is significant at a >99.99% confi-
dence level by the binomial distribution. For individual posi-
tions, the preference for polar or positively charged amino
acids is significant with a confidence level of >95% for posi-
tions —6, —4, —1, +1, and +2. There was no significant
preference or exclusion of negative charges at any position.
Alignment of 40 sequences surrounding tyrosines found in
the external domains of the proteins listed in Fig. 4 4 results
in an overall abundance of polar or positively charged resi-
dues of 34 %, and frequencies at positions —6, —4, —1, +1,
and +2 of 22, 27, 35, 27, and 45%, respectively (Fig. 4 B,
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these conditions, the half-life

of glycophorin A in CV-1 cells
* is 4 h. (C) Triplicate samples
of CV-1 cells expressing gly-
cophorin A were radiolabeled
for 10 min and chased for the
times shown. The asterisk in
these and subsequent photo-
graphs indicates a 46-kD pro-
tein which appears to copre-
cipitate nonspecifically with
glycophorin.

11 12

white bars). Thus, the feature recognized by coated pits for
efficient internalization appeared to consist of a tyrosine that
was (@) preceded by a short region in which helical or sheet
structure is suppressed; and (b) surrounded by polar or posi-
tively charged amino acids, preferentially located at positions
+2, +1, =1, —4, and —6 (Fig. 4 C).

The lack of conservation of primary sequence around tyro-
sines, and the observation that single amino acid changes at
one position of the HA-Y543 sequence could be compensated
by changes at a second position, indicated that to test our hy-
pothesis, additional mutagenesis of the HA-Y543 sequence
would require a large number of multiple amino acid
changes. However, a more powerful test of the signal pro-
posed in Fig. 4 C would be to use recombinant techniques
to build an internalization sequence into the cytoplasmic do-
main of a protein that lacked one. In its simplest form, this
would require identification of positions within the cytoplas-
mic amino acid sequences of proteins that are excluded from
coated pits where a tyrosine could be introduced to create
an internalization signal, and, conversely, where tyrosines
would not have that function. As a test of our hypothesis, we
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Figure 6. Mutagenesis of the cytoplasmic domain of glycophorin
A. (A) The sequence of 36 amino acids of the cytoplasmic domain
of glycophorin A is shown, as well as the sequences of all mutants
created. Arrows indicate positions where tyrosines or a stop codon
were introduced. The orientation of the sequence is from NHo- to
COOH-terminus. (B) Alignment of the sequences surrounding the
three tyrosines introduced in the cytoplasmic domain of glycopho-
rin A. Polar or basic amino acids at conserved positions are circled
and those favoring random coil are boxed.

identified a second protein that was excluded from coated
pits in CV-1 cells, and converted it into one that was endocy-
tosed by introducing a tyrosine residue into a sequence of the
cytoplasmic domain that had the proper context.

Human Glycophorin A Is Not Endocytosed When
Expressed in CV-I Cells

Glycophorin A, the major sialoglycoprotein of the erythro-
cyte cell membrane, contains no cytoplasmic tyrosines
(Tomita and Marchesi, 1976). When CV-1 cells were either
transfected with a plasmid vector or infected with recom-
binant SV40 virus carrying a cDNA for glycophorin A (Sie-
bert and Fukuda, 1986), we were able to immunoprecipitate
a protein of the apparent molecular mass of glycophorin, 43
kD, using antibodies specific for glycophorin A (Fig. 5 4,
TRNEF, INF). No protein was immunoprecipitated under the
same conditions from CV-1 cells that were infected with
SV40 virus encoding HA (Fig. 5 4, —). Glycophorin A la-
beled with *S methionine and cysteine for 10 min was first
detected as a precursor with an apparent molecular mass of
22 kD (Fig. 5 B, 0-min chase) that was rapidly converted to
the highly glycosylated, fully processed form of molecular
mass 43 kD (Fig. 5 B, 15- and 30-min chase). Glycophorin
A arrived at the surface of CV-1 cells within 30 min after syn-
thesis and had a half-life on the cell surface of ~4 h. Our
antiserum for glycophorin also immunoprecipitated an un-
related polypeptide that migrated as a sharp band slightly
above glycophorin A during electrophoresis on polyacryl-
amide gels (marked with an asterisk in Fig. 5). This polypep-
tide of apparent molecular mass of 46 kD did not appear to

Ktistakis et al. Characteristics of a Tyrosine Internalization Signal

associate specifically with glycophorin A, as the ratio of this
band to glycophorin varied from experiment to experiment,
and did not correlate with the endocytic phenotype of any of
the mutant glycophorin A molecules.

To determine whether the wild-type glycophorin was en-
docytosed in CV-1 cells, triplicate cell cultures were labeled
with radioactive methionine and cysteine and chased for var-
ious periods (Fig. 5 C). For each chase period, trypsin was
included in the chase medium of one sample so that any pro-
tein arriving at the cell surface would be digested. Another
sample was treated with trypsin at 2°C at the end of the chase
so that any proteins that were internal at that time would be
protected from digestion. A third sample was not treated
with trypsin. Most of glycophorin arrived at the cell surface
by 30 min after synthesis, as evidenced by the loss of protein
in the sample containing trypsin in the chase medium (Fig.
5 C, compare lanes 4 and 5). After arrival at the cell surface,
none of the protein was internalized as is indicated by the ab-
sence of bands corresponding to intact glycophorin A in
lanes 9 and 12 of Fig. 5 C. The lower-mobility bands seen
in the samples treated with trypsin (lanes 5, 6, 8, 9, 11, 12)
correspond to tryptic fragments of glycophorin encompass-
ing the transmembrane and cytoplasmic domains that could
be immunoprecipitated with antibodies specific for the gly-
cophorin cytoplasmic tail (data not shown). The observation
that all of the newly synthesized glycophorin A arrived at
the cell surface but was not internalized was reinforced by
experiments employing immunofluorescence and EM (see
below).

Mutagenesis of the Cytoplasmic Domain
of Glycophorin A

The wild-type glycophorin A cytoplasmic domain is com-
posed of 36 amino acids and lacks a tyrosine (Fig. 6 A4).
Amino acids at positions 100, 104, and 106 of the glycopho-
rin cytoplasmic domain were converted to tyrosines, since
these positions were located in sequences that fulfilled either
one or both of our postulates concerning the tyrosine recog-
nition signal (Fig. 6 B). The mutant glycWT(Y106) was ex-
pected to be internalized since (a) immediately upstream of
the tyrosine there are four contiguous amino acids (including
a proline) which favor random coil; and () in three of the
five most important neighboring positions there are polar or
positively charged residues (positions +1, —4, and —6). In
contrast, the mutant glycWT(Y104) fulfilled the secondary
structure requirement but only one of the five “critical” posi-
tions held a polar or positively charged residue (—4);
whereas the glycWT(Y100) mutant contained polar or posi-
tively charged residues at three of the five critical positions
(+2, +1, —4), but had only one residue favoring random coil
conformation on the membrane-proximal side of the tyro-
sine. The identical mutations were introduced into a gene
truncated at position 111 to produce glycophorins lacking the
carboxy-terminal 20 amino acids, a region thought to inter-
act with the cytoskeleton in erythrocytes (Anderson and
Lovrien, 1984). The mutant proteins were expressed in CV-1
cells and their ability to be internalized was determined.

Only GlycWT(Y106) and GlycSTOP111(Y106)
Are Endocytosed

When CV-1 cells expressing wild-type and mutant glycopho-
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rins were fixed and examined by indirect immunofluores-
cence, those expressing the wild-type protein showed a
diffuse pattern of fluorescence superimposed upon a more
concentrated perinuclear staining (Fig. 7 a) that was identi-
cal to the pattern obtained with cells expressing wild-type
HA. Double infections with HA and glycophorin A followed
by double staining with FITC and Texas red resulted in com-
plete colocalization of the two proteins, suggesting that
glycophorin A, like HA, is excluded from coated pits (data
not shown). The pattern of fluorescence of the mutants
Gly¢WT(Y100) and GlycWT(Y104) (Fig. 7, b and ¢, respec-
tively) as well as of GlycWT(STOP111), GlycSTOP111(Y100),
and GlycSTOP111(Y104) (data not shown) was identical to
the wild-type glycophorin, suggesting that the mutants con-
taining incomplete internalization signals failed to be endo-
cytosed. In contrast, cells expressing GlycWT(Y106) or
GlycSTOP111(Y106) contained a punctate pattern of immuno-
fluorescence in addition to the diffuse and perinuclear stain-
ing patterns (Fig. 7, d, e, and f). To determine whether this

glycophorin.

pattern of immunofluorescence was caused by entry of these
mutants into endocytic vesicles, cells expressing wild-type
and mutant glycophorins were treated with cycloheximide to
allow newly synthesized proteins to exit the exocytic pathway
and were then treated with chloroquine (in the continued
presence of cycloheximide) to prevent the degradation of in-
ternalized proteins. The results of such an experiment for the
wild-type glycophorin and for GlyeWT(Y106) and GlycSTOP-
111(Y106) are shown in Fig. 7 (g-i). In the presence of the
two drugs, wild-type glycophorin A was cleared from the ex-
ocytic pathway (as evidenced by the absence of any perinu-
clear staining) and very few vesicles with immunoreactive
material were observed (Fig. 7 g). Cells expressing glyco-
phorins with tyrosines at positions 100 and 104 exhibited a
pattern of immunofluorescence identical to the wild-type
(not shown). In contrast, much of the immunoreactivity of
cells expressing GlycWT(Y106) and GlycSTOP111(Y106) was
observed in large vesicles and the diffuse cellular staining
was reduced, indicating that the protein was being depleted

Figure 7 Indirect immunofluorescence of wild-type and mutant glycophorin A molecules expressed in CV-1 cells. (a~f) 40 h after infection,
the cells were fixed, permeabilized, and treated sequentially with rabbit antiglycophorin A, biotin-conjugated goat anti-rabbit, and Texas
red-conjugated avidin. (@) Wild type glycophorin A; (b) GlycWT(Y100); (c) GlycWT(Y104); (d and e) GlycWT(Y106); (f)
GlycSTOP111(Y106). ( g-i) Before fixation the cells were treated at 37°C with 100 pg/ml of cycloheximide for 2 h followed by 100 ug/ml
of cycloheximide plus 50 uM chloroquine for 4 h, and labeled as above. (g) Wild type glycophorin A; (h) GlycWT(Y106); (i)
GlycSTOP111(Y106). (j-I) Living cells were incubated with antiglycophorin A antibodies at 37°C for 30 min to allow internalization of
antibody-glycophorin complexes. Unbound antibodies were then washed off and the cells were fixed, permeabilized, and stained with FITC-
conjugated goat antirabbit. (j) Wild-type glycophorin A; (k) GlycWT(Y106); (/) GlycSTOP111(Y106). Bars, S um.

Ktistakis et al. Characteristics of a Tyrosine Internalization Signal

1403



Figure 9. EM of CV-1 cells expressing wild-type and mutant
glycophorins. CV-1 cells expressing (4) glycWT; (B and D)
glycWT(Y106); and (C) glyWTSTOP111(Y106) were labeled on the
surface with antiglycophorin antibodies followed by protein A-10-
nm gold conjugates. The monolayers were embedded in plastic,
sectioned, and stained with uranyl acetate before examination in the
electron microscope. Bars, 100 nm.

from the plasma membrane and trapped in endocytic vesicles
(Fig. 7, h and ). To demonstrate internalization directly,
CV-1 cells expressing glycophorin were incubated at 37°C
with antiglycophorin antibodies for 30 min. After removal
of unbound antibodies, the cells were fixed, permeabilized,
and stained with fluorescent second antibody (Fig. 7, j-/).
Cells expressing GlycWT(Y106) and GlycSTOPI11(Y106)

Table I. Immunogold Labeling of Wild-type and Mutant Glycophorins

accumulated immunoreactive material in intracellular vesi-
cles (k and /), whereas cells expressing the wild-type gly-
cophorin did not (j). Thus, GlycWT(Y106) and GlycSTOP-
111(Y106), which contain a tyrosine within a context predicted
to form an internalization signal, were internalized, whereas
mutants of glycophorin containing tyrosines in unfavorable
positions were not. Like HA, glycophorins lacking a tyro-
sine internalization signal remained at the cell surface even
when bound by polyvalent antibodies.

For all three sets of cells the diffuse fluorescence at the cell
surface was greatly diminished after 30 min incubation at
37°C. This was due to the elution of antibodies from unfixed
glycophorin, a property of our polyclonal antibody that
prevented the measurement of the rate of internalization of
mutant glycophorins by the antibody internalization assay.
However, the steady-state distribution of the mutant glyco-
phorin A proteins was determined using degradation by ex-
tracellular trypsin as a means to differentiate internal and
cell surface proteins. This assay is identical to that shown in
Fig. 1 A for mutant HAs, with the exception that, since the
external domain of glycophorin A is degraded by trypsin, it
is necessary to compare the percentage of the protein surviv-
ing treatment with trypsin to the amount recovered in the ab-
sence of trypsin treatment (Materials and Methods). The re-
sults of some of these experiments are shown in Fig. 8. The
absence of intact glycophorin A in samples that received
trypsin at 37°C during the chase indicated that the wild-type
and mutant proteins had arrived at the cell surface by 2 h af-
ter synthesis (Fig. 8 A, second lane in each set of mutants).
When trypsin was added at 2°C at the end of the chase period,
two classes of proteins were evident (Fig. 8 A4, third lane in
each set of mutants). Wild-type glycophorin, glyeWT(Y100),
glyeWT(Y104), and glycWT(STOP111) were digested to >95%
by extracellular trypsin; thus, an assay that detects internali-
zation even of proteins with incomplete internalization sig-
nals (shown for HA, compare Fig. 1 B and Fig. 2 B) indi-
cated that these proteins were not internalized. The same was
true for glycSTOP111(Y100) and glycSTOP111(Y104), data
not shown. In contrast, at the end of the chase a portion of
glycWT(Y106) was protected from extracellular trypsin indi-
cating that some of this mutant protein was internal (Fig. 8
A). At 40 h after infection, 30% of GlycWT(Y106) or Glyc-
STOPI111(Y106) was internal at steady state as compared to
<3 % for the wild-type protein and the other tyrosine mutants
(Fig. 8 B).

Gold in

No. of cell Coated pits Gold particles Coated pits

Name profiles per profile per profile coated pits labeled with gold

a %
GlycWT 23 1.7 (1-3) 24.7 £ 19.0 0.09 (0-1) 5
Y100 7 1.6 (1-2) 17.3 + 4.2 0.14 (0-1) 11
Y104 16 1.4 (1-3) 17.4 £ 10.3 0.06 (0-1) 4
Y106 16 1.4 (1-3) 10.9 + 6.2 1.0 (0-4) 71
Y106STOP111 15 1.8 (1-4) 11.7 £ 5.2 1.13 (0-4) 63

CV-1 cells expressing wild-type or mutant glycophorins were fixed and labeled with antiglycophorin antibodies and protein-A colloidal gold. For cells expressing
each type of glycophorin, the percent of clathrin-coated pits that were labeled with gold was determined on cell profiles examined by EM. Numbers in parenthesis
indicate ranges of values. Standard deviations are given for numbers of gold particles per cell profile. The percentage of labeled coated pits on cells expressing
glycophorins bearing the Y106 mutation differs significantly from those labeled on cells expressing wild-type glycophorin (>99.9% confidence level by the two-
sample ¢ test). The difference in percentage of coated pits labeled on cells expressing glycY 100 or glycWT is not significant (P > 5.0, two-sample 1 test).
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MODELS FOR TYROSINE INTERNALIZATION SIGNAL(S)
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Figure 10. Schematic representation of tyrosine internalization sig-
nals. The signal is composed of a loop containing tyrosine to one
side. Hydrogen bonding of residues on either side of the tyrosine
may stabilize the loop. The arrowhead indicates the polarity of the
polypeptide chain.

GlycWT(Y106) and GlycSTOP111(Y106) Enter
Coated Pits

To establish that the mutant glycophorins with a tyrosine at
position 106 were internalized through clathrin-coated pits,
cells expressing various mutants or the wild-type protein
were fixed, labeled first with antiglycophorin antibodies and
then with protein A gold, and prepared for EM. Coated pits
on cells expressing GlycWT(Y106) or GlycSTOP111(Y106)
(Fig. 9, B-D) were labeled with the gold probe more fre-
quently than coated pits on cells expressing wild-type gly-
cophorin (Fig. 9 A). The numbers of coated pits that were
labeled or unlabeled in thin sections of cells expressing each
type of glycophorin were counted (Table I). Cells expressing
glycWT(Y106) or glycSTOP111(Y106) had on average >60%
of the coated pits decorated with gold. Thus, the mutation
that resulted in an increased internal fraction of glycophorin
A at steady state also allowed the protein to enter coated pits.
In contrast, only 5-11% of the coated pits were labeled on
profiles of cells expressing glycWT, glycY100, or glycY104,
suggesting that the smaller internal fraction of these proteins
at steady state was caused by their inability to efficiently
localize in coated pits for internalization.

Discussion

Classes of genetically unrelated proteins appear to be
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identified for common intracellular sorting events in at least
two different ways. Either proteins can contain a discrete sur-
face feature that is bound by cellular proteins that specify an
interaction with a common cellular mechanism, or proteins
can share a common physical property that, under the proper
conditions, allows them to form an aggregate, complex, or
membrane domain. For receptors that enter coated pits,
there is evidence supporting each of these two mechanisms
(Goldstein et al., 1985; Schlesinger, 1980; Zidovetski et al.,
1981). Strong evidence has been reported recently that many
receptors require specific cytoplasmic amino acid sequences
for localization to coated pits and internalization. In addi-
tion, Pearse has presented data that peptides that have some
of these cytoplasmic sequences can bind coated pit proteins
in vitro (Pearse, 1988). All of these data suggest that many
cell surface proteins are sorted into coated pits through a
specific binding event with a protein associated with the
clathrin coat. However, no strong sequence identities or ho-
mologies other than a cytoplasmic tyrosine have been ob-
served to suggest that all of these receptors share a common
mechanism for entry into coated pits. This raises the possi-
bility that there may be many different signals for recognition
by coated pits, which in turn implies the existence of discrete
and possibly noncompeting binding sites. Alternatively, the
lack of amino acid identities surrounding tyrosines in the
known or suspected “tyrosine internalization signals” of
receptor cytoplasmic domains could be explained by the
presence of a common surface feature distinctive for its size,
location, secondary structure, and tyrosine, but not its pri-
mary sequence. The apparent degeneracy of primary se-
quence of such a signal would be analogous to that observed
in the hydrophobic signal peptides for import into the ER,
or the NH,-terminal amphipathic signals for import into
mitochondria.

We have proposed features common to a “tyrosine inter-
nalization signal” which appears to be sufficient to direct cer-
tain transmembrane glycoproteins into the endocytic path-
way, and necessary for the internalization of a variety of cell
surface proteins. The N-P-X-Y sequence shown to be impor-
tant for endocytosis of the LDL receptor (Chen et al., 1990)
contains several important features of this signal. A previous
proposal of a consensus feature for internalization (Vega and
Strominger, 1988) differs from our proposal in most impor-
tant aspects. The generic internalization signal that we pro-
pose consists of no more than 8-10 cytoplasmic amino acids
with a tyrosine residue present in the membrane-distal por-
tion of the sequence. A statistically significant preference for
certain classes of amino acids at specific positions surround-
ing the tyrosine suggests that the signal is oriented with re-
spect to the membrane, is independent of the polarity of the
polypeptide chain, and, for both type I and type II transmem-
brane proteins, extends from six amino acids membrane
proximal to two residues membrane distal to the tyrosine.
This statistical analysis is supported by recent results (Jing
et al., 1990) published while this manuscript was in prepara-
tion, that show that a sequence of 10 amino acids containing
a tyrosine in the penultimate position and including the re-
gion that we identify as likely to contain a “tyrosine recogni-
tion signal” for the transferrin receptor (Fig. 4 A4) is, in fact,
sufficient to specify internalization of that receptor in the ab-
sence of other cytoplasmic sequences.

Within the internalization signal, the position of the tyro-
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sine is critical with respect to surrounding amino acids. In
some proteins the tyrosine can be substituted by phenylala-
nine (Davis et al., 1987, McGraw et al., 1990), although this
is not the case for HA. The results of our mutagenesis of HA,
and also experiments with the LDL receptor (Davis et al.,
1987; Chen et al., 1990), demonstrate that the adjacent
amino acids play an important role in presenting the tyro-
sine. Our results indicate, however, that these residues may
not be individually necessary, since for HA-Y543, many sin-
gle mutations had modest effects and some mutations that re-
duced the rate of internalization were compensated by muta-
tions at a second position. Two characteristics of the region
surrounding the tyrosine appear to be of primary impor-
tance: (a) there is a preference for residues that break regular
structure to be positioned membrane proximal to the tyro-
sine; and (b) there is a preference for polar or positively
charged residues (negative charges are allowed but not
preferred) at conserved positions surrounding the tyrosine
(Fig. 4 C). The two amino acids that break regular structure
may serve to disrupt the effect of the transmembrane se-
quences that probably initiate or dominate the folding of ad-
jacent cytoplasmic sequences. This may explain the observa-
tion that the signal appears oriented with respect to the
membrane rather than to the polarity of the polypeptide
chain. In addition, we believe that these amino acids promote
the formation of a specific structure other than alpha-helix
or beta-sheet that is required for the tyrosine to be recog-
nized by elements of the coated pits. Most of the internaliza-
tion signals shown in Fig. 4 A (the exception is the FcR) are
predicted to contain a turn in the region membrane proximal
to the tyrosine when the sequences are analyzed by both the
Chou-Fassman and Garnier-Robson-Osguthorpe secondary
structure prediction algorithms, and we suggest that the tyro-
sine recognition signal is, in fact, a small surface loop. The
polar and basic residues which are components of the signal
could participate in its recognition either by electrostatic or
hydrogen-bonding interactions. Our observation that chang-
ing the arginine at position +1 of the HA-Y543 signal to glu-
tamic acid produced only a modest reduction in the rate of
internalization of HA-Y543 suggests that hydrogen bonding
rather than electrostatic interactions are important for the
recognition of the signal by its receptor. This hydrogen bond-
ing could occur either between the signal and its receptor,
with signals differing in the strength of the interaction de-
pending upon number of bonds formed, or it is possible that
the loop is stabilized by hydrogen bonds between residues on
either side of the tyrosine, most commonly at positions +1
and —4, as indicated in the cartoon in Fig. 10 for HAY543,
glycWT(Y106) and the transferrin receptor. The transferrin
receptor is included in this figure to emphasize the point that
similar loops can be formed in chains running with opposite
polarity. In this view, the critical determinants of the signal
are a secondary structure that exposes the tyrosine to its
receptor, with polar residues at certain positions (Fig. 4 C)
promoting higher affinity binding. Our analysis does not ex-
clude the possibility that there is more than one class of sig-
nal, and thus, more than one signal receptor within coated
pits. Even for the sequences exhibiting the common elements
that we have described, it is possible that there are related
families of signals, each having a different conservation of
primary sequence elements and binding to related, distinct
receptors.
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‘We have only considered proteins with short cytoplasmic
domains and no enzymatic function. Another class of pro-
teins internalized through coated pits includes growth factor
receptors, such as those for EGF or insulin, with large cyto-
plasmic domains that have tyrosine kinase activity. For this
class of proteins it has not been shown that tyrosines are in-
volved in signaling internalization. Recently, Chen et al.
(1989) described a 48 amino acid long stretch in the cytoplas-
mic domain of the EGF receptor that is critical for calcium
signaling as well as for high- and low-affinity internalization.
Although this region contains tyrosines, the context in which
they occur is not similar to the one that we describe here but
is characterized by a stretch of negatively charged residues.
Negatively charged residues are also found preceding the
tyrosine at position 734 of the poly-Ig receptor, a residue that
has been shown to be important for allowing internalization
of that receptor in MDCK cells (Breitfield et al., 1990). In
a chimeric HA-pIgR protein, either the membrane proximal
tyrosine included among the sequences in Fig. 4 A4, or the
membrane distal tyrosine at 734 were sufficient for internali-
zation (S.-P. Shia and M. Roth, unpublished results). Thus,
the available evidence indicates that there must be at least
two independent determinants for efficiently directing pro-
teins into the endocytic pathway. It is formally possible that
the same protein might contain more than one type of signal
and that a single signal within a protein could be cryptic or
active, depending upon the degree to which it is exposed.
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