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Class II membrane glycoproteins share a common topology of the NH, terminus inside and the COOH
terminus outside the cell. Their transport to the cell surface is initiated by the function of a single hydrophobic
domain near the NH, terminus. This functional domain serves both as an uncleaved signal sequence and as a
transmembrane anchor. We examined the signal and anchor functions of influenza virus neuraminidase, a
prototype class II membrane glycoprotein, by deletion analysis of its long, uncharged amino-terminal region.
The results presented here show that the entire stretch of 29 uncharged amino acids (7 to 35) is not required
for either a signal sequence or an anchor sequence function. On the basis of translocation and membrane
stability data for different mutants, we suggest that the first 20 amino acid residues (7 to 27) are likely to provide
the hydrophobic core for these functions and that within this putative subdomain some sequences are more
efficient than the other sequences in providing a translocation function. Finally, it appears that neuraminidase
and its mutant proteins are translocated with the proper orientation, regardless of the characteristics of the

flanking sequences.

Recently, a great deal of attention has focused on se-
quences which direct proteins to their subcellular compart-
ments. Perhaps the best studied is the signal sequence which
directs a protein to the rough endoplasmic reticulum (RER)
and is involved in translocation of the protein across the lipid
bilayer (37). The common characteristics of these sequences
are their overall hydrophobicity with a minimum core of
eight or nine apolar amino acids (31, 33). It is not surprising
that a great degree of heterogeneity is found among signal
sequences (38). In fact, a significant portion of randomly
obtained sequences provides signal information (17). Addi-
tionally, other sequences not typically involved in translo-
cation, such as stop transfer-anchor domains, substitute for
a signal sequence when they are engineered to the proper
amino-terminal location (23, 40).

Whereas most signal sequences are removed by proteoly-
sis from the mature protein (37), some proteins contain
hydrophobic leaders which are not cleaved and are also used
as the anchor domain for the mature protein (21, 29, 39, 41).
Since both of these functions are determined by hydrophobic
amino acids, and anchor sequences are typically longer than
signal sequences, it has been postulated that the signal
function is redundant within the anchoring domain. This was
demonstrated to be true for the asialoglycoprotein receptor.
In this case, a minimal length of hydrophobic residues was
found to provide the signal function, whereas the additional
hydrophobic residues were necessary to ensure proper an-
choring (28). These data strongly suggest that, in this case,
no subdomain structure is required for a signal-anchor
domain.

Influenza virus neuraminidase (NA), a class II membrane
glycoprotein, contains a signal-anchor domain within the
first 40 amino acids of the mature protein (3). Located within
this domain is an uncharged hydrophobic region of 29 amino
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acids (6). Previous results from this laboratory, using site-
directed mutagenesis to place charged residues within this
region (27), suggested that there is a specific subdomain
within the larger anchor region which is required for the
RER-targeting signal. However, the presence of a charged
amino acid may not always cause disruption of the signal
function of the adjacent sequences (8). Therefore, in the
present study we created a nested set of deletion mutants
within this region. These mutants were then tested with an in
vitro transcription-translation system for retention of a func-
tional signal and for ability to be anchored in the membrane.

MATERIALS AND METHODS

Plasmid construction. Various construction schemes used
to generate the deletion mutants are described below. Wild-
type (wt) NA cDNA (1,465 base pairs) of A/WSN/33 influ-
enza virus (HIN1) was removed from SNC (9, 15) with
EcoRI and directly subcloned into pGem3 (Promega Bio-
tech) to create pNA. pN1S was created from SN10 (9), a
clone generated by BAL 31 digestion of wt NA cDNA and
subcloned into pA11SVL3 after addition of EcoRI linkers.
To construct pN15, the NA sequences of SN10 were re-
moved with EcoRI and subcloned into the EcoRI site of
pGem3. This mutant (pN15) begins translation at the first
available AUG (amino acid 15 of wt NA). pN18 was created
by restricting SN11 (27) with Accl (nucleotide 66 of SN11),
filling in the overhangs with the Klenow fragment, and then
recutting with EcoRI. The fragment representing bases 66 to
1,400 of wt NA was then cloned into pGem3, which had been
cut with Accl, filled in, and then recut with EcoRI. This
mutant (pN18) relies on an AUG provided in the polylinker
of the vector and adds six amino acids to the authentic NA
sequence in front of residue 18. To generate pN23, SNC (9)
was restricted with Sspl (nucleotide 88) and EcoRI, the
DNA fragment representing bases 88 to 1,400 of wt NA, was
then cloned into pGem3 treated as described for pN18. This
mutant (pN23) also uses the AUG of the vector and adds five
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7 35 40 aa
wWild Type MNPNQK IITIGSICMVVGIISLILQIGNIISIWIS HSIQTG
N1S MVVGIISLILQIGNIISIWIS HSIQTG
N18 MPAGRD GIISLILQIGNIISIWIS8 HSIQTG
N23 MPAGR LQIGNIISIWIS HSIQTG
N26 MVLRPDPNS GNIISIWI8S HSIQTG
N23-122 MNPNQK IITIGSICMVVGIISLI\ /ALLN DKHSRG
N17-23 MNPNQK IITIGSICMV\ /LQIGNIISIWIS HSIQTG
N17-26 MNPNQK IITIGSICMV\ /ANSGNIISIWI8 HSIQTG

FIG. 1. Predicted amino acid (aa) sequences of the NH, termini
of wt and mutant NA proteins. The plasmids shown were sequenced
by chain termination (26) and read through the appropriate junc-
tions. The bold sequence indicates the hydrophobic region as
predicted by the Kyte and Doolittle method (18). The underlined
residues are those derived from a non-NA sequence as described in
Materials and Methods. The symbols \ and , indicate the inter-
nally deleted sequences of NA.

amino acids in front of residue 24 of wt NA. pN26 was
derived from SN26 (9). Here, SN26 was restricted with Kpnl
(a site within simian virus 40 and 60 nucleotides upstream of
the NA sequences) and HindIII (a site downstream of NA in
simian virus 40). This DNA fragment was then cloned into
the polylinker of pGem3 between these sites. pN26 uses the
simian virus 40 agno gene AUG codon and adds nine amino
acids in front of residue 27 of wt NA (9). pN23-122 was
generated by ligation of two fragments obtained from pNA.
One fragment was obtained by restricting pNA (described
above) with Sspl (nucleotide 88 of NA). The other Sspl
fragment was recut with Narl (nucleotide 385 of NA) and
filled in with the Klenow fragment. Religation of these two
fragments removed the sequences of NA which encode
amino acids 23 to 122 and produced pN23-122. To construct
pN17-23, two fragments of pN11 were used. pN11 was
created by cloning the NA-containing sequences of SN11
into pGem?3 at the EcoRlI site. pN11 was restricted with Accl
(nucleotide 66 of NA), and the overhangs were removed with
mung bean nuclease and recut with Sspl (nucleotide 1975 of
pGem3). This fragment was isolated and ligated with the
large DNA fragment obtained after digestion of pN11 with
Sspl (nucleotides 88 of NA and 1975 of pGem3). pN17-23
lacks the coding sequence of amino acids 17 to 23 of wt NA.
To create pN17-26, pN11 was restricted with Accl and filled
in with the Klenow fragment, and the large fragment (pGem3
plus 66 nucleotides of NA) was isolated. This fragment was
ligated to a BamHI fragment obtained from SN26 blunted
with mung bean nuclease (bases —6 to 1098 of NA). pN17-26
lacks the coding sequence for amino acids 17 to 26 and is also
truncated at the 3’ end by =300 nucleotides. All manipula-
tions were performed by standard techniques, and the en-
zymes were obtained from Bethesda Research Laboratories,
Inc., or New England BioLabs, Inc.

To confirm the constructions, each mutant was sequenced
through the appropriate junction by the chain termination
method of Sanger et al. (26). The predicted amino acid
sequence for each mutant is shown in Fig. 1.

Transcriptions. Plasmid DNA was purified by the method
of Krieg and Melton as described by Promega Biotec. Three
micrograms of either linearized or circular DNA, was tran-
scribed in a 20-pl transcription mixture composed of 40 mM
Tris hydrochloride (pH 8.3), 6 mM MgCl,, 2 mM spermidine,
10 mM NacCl, 10 mM dithiothreitol, 20 png of human placental
RNase inhibitor (isolated as described by Blackburn et al.
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[2D) per ml, 0.1 mg of nuclease-free bovine serum albumin
(Boehringer Mannheim Biochemicals), 1 mM each ATP,
CTP, and UTP, 0.05 mM GTP, 1 mM GpppG (Pharmacia),
and 10 U of either T7 or Sp6 RNA polymerase. The reaction
was performed at 39°C for 20 min and then supplemented
with GTP to a final concentration of 1 mM and allowed to
react for another 20 min. At the end of the incubation period,
the transcription mixture was used immediately for transla-
tion or quick-frozen in liquid nitrogen for storage at —70°C.

Translations. Five microliters of the transcription mixture
was added to a translation cocktail composed of 35 ul of
rabbit reticulocyte lysate (Promega Biotec), 1 ul of amino
acids without methionine (1 mM), 5 pl of [**S]methionine (15
mCi/ml; Amersham Corp.), 2.5 pl of RNase inhibitor, 1 wl of
aprotinin (10 mg/ml; Boehringer Mannheim Biochemicals),
and S pl of nuclease-treated (35) dog pancreas microsomes
(RM) or RM buffer (50 mM triethanolamine [pH 7.5], 250
mM sucrose, 1 mM dithiothreitol). This was incubated at
30°C for 45 min and then supplemented with 1 pl of 1 mM
methionine and incubated for a further 15 min.

At the end of the incubation period, a 10-pl sample of the
cocktail was removed, adjusted to 1% sodium dodecyl
sulfate (SDS), and boiled for 3 min. This was diluted 10-fold
into 50 mM phosphate buffer (pH 5.5) and split into two
aliquots. One aliquot was supplemented with 8 mU of
endoglycosidase H (endo H; ICN Pharmaceuticals Inc.; 30),
and both were incubated overnight at 37°C. On the next day,
the samples were adjusted to 2.3% SDS-50 mM Tris hydro-
chloride (pH 6.8)-10% glycerol. The samples were boiled for
3 min and analyzed by SDS-polyacrylamide gel electropho-
resis on 10% gels (19).

Another 10-pl sample of the translation cocktail was
removed and adjusted with RSB (10 mM Tris hydrochloride
[pH 7.4], 10 mM KCIl, 1.5 mM MgCl,), 2 pl of 100 mM
CaCl,, and 2 pl of 30 mM tetracaine (24) to a final volume of
20 pl. This was split into three 6-pl samples, one receiving an
additional 1 pl of trypsin (1.25 mg/ml) and another receiving
trypsin and 1 pl of 10% Triton X-100. The samples were
incubated on ice for 30 min and then immediately boiled in
SDS.

As a measure of translocation efficiency, 10 pl of the
cocktail was diluted into 100 pl of ice-cold RSB, incubated
for 30 min on ice, and then spun in a microcentrifuge for 30
min to pellet the RMs or any particulate material. The
supernatant fraction was precipitated with 10 volumes of
ice-cold acetone, recovered by centrifugation, and prepared
for electrophoresis. The pellets were carefully rinsed with
cold water and boiled in SDS.

Carbonate extractions (14) were performed by diluting 10
pl of the translation cocktail into 100 pl of 100 mM sodium
carbonate (pH 10 or 11) and incubating the mixture on ice for
30 min. The samples were then centrifuged for 30 min in an
Eppendorf microcentrifuge. The soluble proteins were re-
covered by acetone precipitation and boiled in SDS. The
pellets were rinsed and prepared for electrophoresis. Both
the soluble and pellet fractions were analyzed by SDS-
polyacrylamide gel electrophoresis.

RESULTS

Figure 1 shows the predicted amino acid sequences of the
wt NA and each of the mutants constructed. The wt NA
possesses a small cytoplasmic tail composed of 6 amino
acids followed by 29 uncharged residues. Previously, we
have shown that the first 40 amino acids contains the
information necessary for both translocation and anchoring
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FIG. 2. Translation and glycosylation of NA and mutants. In
vitro translations of NA or mutant mRNA in rabbit reticulocyte
lysates were performed in the presence (+) or absence (—) of RM.
wt and mutant protein products, translated without RM, migrated at
46 kDa (arrowheads), except for N17-26 and N23-122, which gave
rise to products of 36 kDa (see Materials and Methods). Dots
indicate the higher-molecular-weight protein products made in the
presence of RM, presumably representing glycosylation of the four
predicted sites, except for N23-122, which has only two glycosyl-
ation sites. After endo H treatment (+), the higher-molecular-weight
bands disappeared and migrated with or close to the translation
products made in the absence of RM (—). The products made in the
absence of RM were unaffected by endo H treatment.

of NA (3). Each of the mutants is progressively shortened
within the uncharged region of NA (Fig. 1). For conve-
-nience, the mutants were designated to indicate the first
authentic NA residue retained in the mutant (for amino-
terminal deletions) or to indicate the residues removed from
NA (for internal deletions). For example, N15 begins at
residue 15 of the wt, whereas N17-23 has amino acids 17
through 23 removed. In some cases, extraneous sequences
were added because of addition of linkers. These are under-
lined in Fig. 1.

When the wt NA cDNA was transcribed and translated in
rabbit reticulocyte lysates (Fig. 2, NA, —RM, and —endo
H), a prominent radioactive band (arrowhead) that migrated
at 46 kilodaltons (kDa) was seen. This is consistent with the
predicted molecular weight of influenza virus strain WSN
NA (15). Additionally, antiserum against strain WSN immu-
noprecipitated this band (data not shown), confirming that
this species is authentic NA. This protein was unaffected in
its mobility when treated with endo H, an enzyme which
specifically removes N-linked carbohydrates of the high-
mannose type (30), a characteristic of localization in the
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RER. When the wt protein was translated in the presence of
RM, two prominent radioactive bands were observed which
migrated with an increase in apparent molecular mass (=55
kDa). These bands (indicated with dots) were of the ex-
pected molecular weight for WSN NA glycosylated at three
and four of the four predicted glycosylation sites (15). When
this sample was treated with endo H, these higher-molecu-
lar-weight bands disappeared and a single radioactive band
appeared at a position only slightly higher than that of
nonglycosylated NA. These results demonstrate that NA
became glycosylated in the presence of RMs, presumably
because of translocation across the RER into the lumen of
the membranes. It should also be noted that after treatment
with endo H, the protein migrated in a manner which
suggests that the signal peptidase present in the RM failed to
cleave wt NA, as in eucaryotic cells.

The behavior of each of the mutants was analyzed in a
manner identical to that described above for the wt NA. The
results are presented in Fig. 2. In each case, the primary
translation product obtained in the absence of RMs (arrow-
head) was of the expected molecular weight. The additional
band seen just above the N18 and N26 mutant proteins
represents a monospecific 48-kDa methionine-binding pro-
tein present in the lysates. When translated in the presence
of RM, N15, N18, N23-122, and N17-23 produced products
which migrated with higher apparent molecular weights
(dots). These additional bands were sensitive to the activity
of endo H, which caused a shift in their mobility to a position
slightly heavier than that of the unglycosylated product. This
suggests that these mutants, like the wt protein, were not
processed by signal peptidase. In other words, the con-
structs did not uncover a cryptic cleavage site for the signal
peptidase, as reported for another class II membrane protein
(20). The other mutants, N23, N26, and N17-26, did not
appear to become glycosylated, since they failed to be
altered in mobility because of the presence of RM.

Whereas glycosylation of a protein is an indication of
translocation, more direct evidence of translocation is pro-
tection of the protein against externally added protease. wt
NA, translated in the absence of RM (Fig. 3, arrowhead),
was completely digested by trypsin (compare lanes 1 and 2).
However, in the presence of RM, the glycosylated forms of
NA (dots) were resistant to this concentration of trypsin. To
demonstrate that glycosylation of the protein did not confer
this resistance to protease, a portion of this sample was
treated with Triton X-100 to solubilize the microsomes
before addition of trypsin. In this case, the glycosylated
forms of NA were also completely sensitive to the protease.

The mutants which were glycosylated (N15, N18, and
N17-23) demonstrated behavior identical to that of the wt
protein (Fig. 3). That is, the nonglycosylated protein was
digested, whereas the glycosylated protein was protected,
unless the integrity of the microsomes was disrupted by
detergent. However, the mutant proteins which did not
display any apparent glycosylation (N23, N26, and N17-26)
were completely digested by the added trypsin, regardless of
the presence or absence of RM or detergent.

As mentioned earlier, the region of NA which functions as
a signal sequence also serves as the anchor domain for the
mature protein. Therefore, it was important to determine
whether these two functions could be dissociated. Samples
of the translation cocktail were diluted into cold RSB or
carbonate at either pH 10 or pH 11. wt NA, when translated
in the absence of RM (Fig. 4, upper left panel), was recov-
ered in the soluble fractions, as expected for a soluble
protein. This suggests that NA, although fairly hydrophobic
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FIG. 3. Protease treatment of translated products. Each tran-
script was translated in the presence (+) or absence (—) of RM and
then divided into three eliquots. The first received neither trypsin
(=) nor Triton X-100 (TX-100) (—). The second received 125 pg of
trypsin per ml (+) but no Triton X-100 (—). The third received both
trypsin (+) and Triton X-100 (+). The glycosylated forms (dots) of
NA, N15, N18, N17-23, and N23-122 are shown above the nongly-
cosylated forms (arrowheads) and were protected from digestion
until the RM were disrupted by addition of Triton X-100.

in nature, did not appear to aggregate and become insoluble
under these conditions. When these experiments were con-
ducted for NA translated in the presence of RM, virtually all
of the protein was recovered in the pellet fraction after
dilution into RSB. This suggests that NA was efficiently
translocated and that the conditions used did not severely
disrupt the integrity of the microsomes. When diluted into
carbonate, NA was recovered mostly in the pellet fraction
and only a small fraction of the glycosylated protein was
found in the supernatant. This indicates that NA was stably
anchored in the lipid bilayer.

Although the mutants N23, N26, and N17-26 appeared not
to be translocated, on the basis of either glycosylation or
protease protection, one could not rule out the possibility
that they were translocated in the wrong orientation (i.e., the
COOH terminus outside and the NH, terminus inside the
vesicle; 23, 25). If this were the case, they would neither
become glycosylated nor display resistance to protease but
should display some association with the microsomal mem-
brane. However, these mutants (N23, N26, and N17-26)
were quantitatively recovered in the soluble fractions under
all conditions (Fig. 4). This reemphasizes the complete lack
of signal function in these mutants.

The primary translation product of N15 (without RM) was
always recovered exclusively in the soluble fractions. When
translated in the presence of RM and diluted into RSB, the
soluble fraction contained virtually all of the nonglycosyla-
ted protein and none of the glycosylated protein. The pellet
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fraction was composed entirely of the glycosylated protein.
This demonstrates that translocation of this mutant was
directed in a manner similar to that of the wt and none of the
protease-sensitive, unglycosylated N15 protein was associ-
ated with the RM in a backward orientation. When diluted
into carbonate at either pH, the glycosylated forms were
recovered in both the soluble and pellet fractions, indicating
that this protein, in comparison with the wt, was less stably
anchored in the membrane.

N18 gave results similar to that of N15 except that the
glycosylated protein was recovered almost exclusively in the
pellet fraction at pH 10 while at pH 11 it was found in both
fractions. N23-122 behaved in a manner very consistent with
the wt NA in that the translocated, glycosylated forms were
predominantly recovered with the membrane pellets under
these conditions. N17-23 behaved much like N15 in that the
translocated protein was recovered as both soluble and
anchored species after carbonate extraction at either pH,
indicating that it was poorly membrane bound. These re-
sults, consistent with the observations of Dalbey and Wick-
ner (8), show that all the mutant proteins translocate in the
proper orientation, regardless of the flanking charge (N15
and N18) and each mutant contains a stop transfer function.

Since the wt NA possesses an unusually long uncharged
region (29 amino acids) which could satisfy the requirements
for a helical hairpin configuration (12), it was of interest to
examine the role of the signal recognition particle (SRP) (36)
in the translocation of this molecule. We originally at-
tempted to demonstrate translational arrest (34) of NA by
exogenous addition of SRP to wheat germ extracts but were
unable to observe any effect on translation due to the
presence of SRP (data not shown).

These results were unexpected and suggested the possi-
bility that translocation of NA is uniquely independent of the
SRP. To assess this possibility, salt-washed, SRP-depleted
RM were prepared by washing RM three times in high-
potassium buffer (36) to remove the endogenous SRP before
use in a standard translocation assay. NA was not glycosy-
lated when translated in the presence of salt-washed, SRP-
depleted RM but became glycosylated when the SRP (30
nM) was exogenously added to the salt-washed membranes
(Fig. 5). These results demonstrate that NA was dependent
upon SRP for translocation across the RER.

DISCUSSION

In previous studies from this laboratory, we demonstrated
that the first 40 amino acids of NA contain the functional
elements required for RER translocation and transmem-
brane anchoring (3). A key element required for both of
these functions is overall hydrophobicity (13, 31-32, 33).
Kyte and Doolittle analysis (10, 18) demonstrated that the
length of the hydrophobic domain extends from amino acids
6 to 35 (Fig. 1). This stretch of 29 uncharged residues is
longer than the 17 to 20 residues required to span the lipid
bilayer of a membrane and remarkably longer than the
typical RER translocation signal (10 to 15 residues). By
introducing charged amino acids in this region, we suggested
that the entire span of 29 amino acids is not required for
either the signal or the anchor function (27). Therefore, we
undertook this study to further characterize the structural
requirements for both signal and anchor functions. Our
results are presented in a semiquantitative manner in Table
1.

NA remains anchored in the lipid bilayer of the membrane
by the amino-terminal hydrophobic domain with a small
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FIG. 4. Membrane stability of translocated proteins. wt NA and translation-positive mutants (N15, N18, N17-23, and N23-122) were
translated in the presence (+) or absence of RM. The samples were separated by centrifugation in RSB to indicate the soluble (S) or
vesicle-associated (P) fraction. The RM were also subjected to carbonate extraction (14) at pH 10 and pH 11, and the membrane (P) and
soluble (S) proteins were isolated as described in Materials and Methods. The arrowheads indicate the nonglycosylated proteins, and the band

above these are glycosylated forms (dots).

NH,-terminal tail exposed in the cytoplasm. The precise
boundary of the transmembrane domain is not known,
though it has been suggested that it encompasses the 29
uncharged residues from 7 to 35 (6). Although the precise
requirements for the anchoring function are not known, it is
well accepted that transmembrane anchors are hydrophobic,
exist in a helical conformation in the lipid environment, and
require approximately 20 amino acid residues in length to
span the width of the lipid bilayer (see reference 13 for a
review). When the span of hydrophobicity is partially de-
leted or interrupted by charged amino acids, membrane
proteins often become less stably integrated or are some-
times secreted (1, 7).

The data presented here show that we could remove large
portions from either end of this region (amino acids 7 to 35)
and still retain a reasonably stable membrane interaction,
indicating the redundancy of the sequence information for
the anchor function within this region. However, our data
also suggest that removal of the sequences from the NH,-
terminal (N18 and N15) or central region (N17-23) affects the
anchoring function more dramatically than does removal of
sequences from the COOH terminus of this region (N23-
122). Furthermore, the presence or absence of charges in the
amino terminus also appeared to affect membrane stability
(N15 versus N18). Overall, our data support the idea sug-
gested previously that residues 27 to 35, which are less
hydrophobic and resemble the C region of a typical signal

= s w o Membranes
= & & - KRM
SRP

FIG. 5. SRP-dependent translocation of NA. wt NA was trans-
lated in wheat germ embryo extracts with (+) or without (—) the
SRP and supplemented with (+) or without (—) salt-washed, SRP-
depleted microsomes (KRM). NA did not become glycosylated
unless translated in the presence of both KRM and SPR. Fully
glycosylated NA comigrated with the glycosylated product obtained
when NA was translated with nonextracted microsomal membranes
(+). Arrowhead, nonglycosylated NA; X, glycosylated NA.
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TABLE 1. Quantitation of the functional behavior of NA and
mutant proteins in vitro®

% Anchored at:

Protein % Glycosylated® % Translocated®
pH 10 pH 11
NA 86 98 75 71
N15 33 49 35 19
N18 68 90 86 33
N23 ND ND NA NA
N26 ND ND NA NA
N23-122 61 83 79 84
N17-23 35 37 37 33
N17-26 ND ND NA NA

“ Each value listed varied by 10%, depending on the trace used for
integration. ND, Not detected; NA, not applicable.

® Determined by densitometric tracing of the lanes listed as + RM, —
trypsin, — TX-100 in Fig. 3.

< Determined by densitometric tracing (Bio-Rad model 620) of the lanes
listed as S, RSB versus P, RSB in Fig. 4 after autoradiographic exposure of
preflashed Kodak XAR-5 film.

4 Determined by densitometric tracing of the fully glycosylated protein in S
versus P of Fig. 4 for the carbonate-extracted samples.

sequence (33), are outside the membrane-spanning region
(32) of wt NA. On the other hand, in mutants like N15 and
N18 these residues are able to function cooperatively with
other hydrophobic sequences to span the lipid bilayer.

Analysis of a large number of signal sequences, both
cleaved and uncleaved, suggests that, whereas there is no
sequence specificity, there are two structural requirements
for signal function. These are (i) a hydrophobic core consist-
ing of a minimum stretch of eight apolar amino acid residues
(31) and (ii) an a-helix conformation of the core (4, 11, 16).
The ability of anchoring sequences (23, 41), as well as an
artificially created hydrophobic peptide (40), to function as
signals also supports the lack of a specific sequence require-
ment. In addition, flanking sequences appear to affect the
translocation efficiency of the signal peptide, possibly by
altering the conformation (4).

With respect to translocation, the NA mutants essentially
fall into the following three classes: wt (N18 and N23-122),
slightly defective (N1S5 and N17-23), and entirely defective
(N23, N26, and N17-26). Considering the results of Spiess
and Handschin (28) and Zerial et al. (40, 41), one might
expect that eight or more residues of the uncharged region of
NA (residues 7 to 35) would serve as a signal sequence.
Therefore, it was surprising that neither N23 nor N26
retained competent signals, since they contain, respectively,
12 and 9 amino acids from this region. This behavior of
N23 and N26 cannot be accounted for by the extraneous
NH,-terminal sequences, since the added residues in
N23 (MPAGR) are very similar to those of N18, a translo-
cation-positive mutant, and to those of the wt sequence
(MNPNQK) in terms of overall length, charge, and the
presence of a helix-breaking proline at the minus three
position with respect to the charge. Similarly, N26, a trans-
location-negative mutant, has the identical residues present
in N10, a mutant which was indistinguishable from the wt
when expressed in eucaryotic cells (9). In addition, N11-29
(27), which retains amino acids 27 to 35 of wt NA, does not
translocate in vitro (data not shown). Conversely, N23-122,
which does not contain these residues, is as efficiently
translocated as the wt protein. This, coupled with the data
from the carbonate extractions, leads us to suggest that the
most probable hydrophobic core sequence of NA is repre-
sented by residues 7 to 27 (32). However, a cooperative
function of residues 28 to 35 with other adjacent hydropho-
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SIGNAL
7 27 36 aa
NA MNPNQK IITIGSICMVVGIISLILQIG NIISIWISHSIQTG +
N1o* MVLRPDPNS GS8ICMVVGIISLILQIG NIISIWISHSIQTG +
N15 MVVGIISLILQIG NIISIWISHSIQTG +
N18 MPAGRD GIISLILQIG NIISIWISHSIQTG +
N23 MPAGR LQIG NIISIWISHSIQTG -
N26 MVLRPDPNS G NIISIWISHSIQTG -
N23-122 MNPNQK IITIGSICMVVGIISLIALLN DKHSRG +
N17-23 MNPNQK IITIGSICMVLQIG NIISIWISHSIQTG +
N17-26 MNPNQK IITIGSBICMVANSG NIISIWISHSIQTG -
dl Ixx MNPNQK IITIGSVSLP KLVEYRNWS -
N7#**% MNPNQK IITI R SICMVVGIISLILQIG NIISIWISHIQTG +
N1la* MNPNQK IITIGSICMV D GIISLILQIG NIISIWISHIQTG +
N2g*#* MNPNQK IITIGSICMVVGIISLILQ R GNIISIWISHIQTG +
N7-29%%% MNPNQK IITI R SBICMVVGIISBLILQ R GNIISIWISHIQTG +

N11-29*%** MNPNQK IITIGSICMV D GIISLILQ R GNIISIWISHIQTG -

FIG. 6. Summary of NA signal-anchor mutations. Shown are the
amino acid sequences of the various NA mutants and their retention
(+) or loss (—) of signal function. The residues in boldface represent
those predicted to be involved in the hydrophobic core. *, Data
taken from Davis et al. (9); **, data taken from Markoff et al. (22);
*xx_data taken from Sivasubramanian and Nayak (27). N11-29 was
also confirmed to be negative for translocation by an in vitro
transcription-translation system (unpublished data).

bic sequences cannot be ruled out. On the basis of this
hypothesis, we have summarized the known mutants of NA
in Fig. 6. However, caution should be exercised in drawing
this conclusion about the hydrophobic core region of NA,
since extraneous sequences were introduced in some of
these constructions. Clearly, more precise mutations are
needed to test this hypothesis, and their behavior in vivo
should be tested.

The data presented here indicate that the signal informa-
tion is redundant within residues 7 to 27. Ten or more
residues from this region appears to be sufficient for trans-
location, although some sequences are more efficient than
others in providing the signal function. For example, a
minimum of 10 residues derived from the carboxyl edge
(amino acids 18 to 27) of the proposed hydrophobic core is
sufficient and very efficient for translocation (N18), whereas
10 residues derived from the amino edge of this region
(amino acids 7 to 16) does not supply a signal function (d1I
[22] and N11-29 [27]; unpublished data derived by in vitro
translocation). However, the same amino-terminal 10 resi-
dues can provide the signal function when joined to addi-
tional amino acids from the carboxyl-terminal edge (N17-23).
The data also show that, although positive for translocation,
N17-23 is both poorly translocated and poorly anchored,
possibly indicating the loss of some important feature. This
becomes more evident in N17-26, which completely loses
the signal function and yet is similar to N17-23, except for
residues LQI in N17-23 and ANS in N17-26. We assume that
LQ to AN are conservative changes and that I to S decreases
the overall hydrophobicity of N17-26. Therefore, either this
slight reduction in hydrophobicity disrupts the marginal
signal function of N17-23 (the residues removed in N17-23
are the most hydrophobic in the wt NA) or the ANS
sequence is incompatible for the signal function. These
considerations, coupled with the behavior of the point mu-
tants we previously described (27), lead us to speculate that
the helix-breaking—polar residues GS at positions 11 and 12
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of the wt NA may place a structural constraint against the
signal function of this region. Whereas our data are consis-
tent with this prediction, since no mutant which included
these residues as part of a minimal hydrophobic core re-
tained a functional signal sequence, precise mutations of the
GS residues at positions 11 and 12 are required to define their
role and definitively establish the existence of a signal
subdomain within this region. Finally, identification of a
signal subdomain within a type Il transmembrane domain
will require evidence of a secreted protein containing an
uncleaved signal in vivo.

In summary, the data presented here show that significant
portions of the NH,-terminal hydrophobic sequence are
dispensable for both signal and anchor functions and suggest
that the hydrophobic core is likely to be represented by
residues 7 to 27. The data also show that within this region
some sequences are more efficient than others in providing
the translocation signal and that the wt and mutant NA
proteins are translocated in the proper orientation, regard-
less of the characteristics of the flanking sequences.
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