8, May 1, 1992, Capyright © 1992 by Coll Press

5 M. protein was expressed in Xeno-
and shown to have an associated
selective for monovalent ions. The
rug amantadine hydrochloride
ated the inward current induced by
oocyte membranes. Mutations in
panning domain that confer viral
ntadine produced currents that were
ug. Analysis of the currents of these
suggests that the channel pore is
membrane domain of the M: pro-
channel was found to be regu-
d-type M: ion channel activity is
pivotal role in the biology of influ-

ifluenza A virus is an excellent model
standing many aspects of membrane pro-
lucidating properties of cellular exo-
athways. The virion lipid envelope
membrane proteing: he magalutinin
and a small integral membrang pro-
1side the envelope are the helical viral

F}structures, which consist of a ge-
ent covered with the nucleocapsid pro-
ciated ANA transcriptase protein com-
embrane protein (M) is a peripheral
that associates with both the BNPs and
g of the lipid bilayer {reviewed in Lamb,
ral membrane protein (97 aa) is abun-
il the plasma membrane of virus-
rgatly underrepresentad in virions, as
28-80) molecules are incorporated
nketal., 1985, Zebedes et al., 1985;
988, 1989). The M: protein spans
and is orientated such that it has 25
sllularresidues and a 54 residue C-termi-
rdomain, and thus M; is a model type |1
protein (nomenclature of van Haijne,
., 1885; Hull et al., 1938; raviewed in
alive form of the M: protein is minimally
nsisting of either a pair of disulfide-
sulfide-linked tetramers, the disulfide

bonds acting o stabilize the oligomer (Holsinger and
Lamb, 1981 Sugrue and Hay, 1991). In studies using
chemical cross-linking reagents, a small amount of a large
complex (150-180 kd) has been identified that appears to
contain only M. molecules and thus may represent a
higher structure of 10-12 M. molecules {Holsinger and
Lamb, 1921).

Influenza viruses bind to cell surfaces by means of an
interaction between HA and cell surface molecules con-
taining sislic acid, and virions enter calls by receplor-
medisted endocylosis (reviewed in Marsh and Helenius,
1983). On transfer of the endocytic vesicles containing
virion particles to secondary endosomes, the low intra-
comparimental pH causes a conformational change in HA,
which renders it competant to mediate fusion of the viral
envelope with the membrane of the endosome. Thizs fusion
event delivers the RNPs into the cytoplasm ({reviewed in
Wharton el al., 1990),

Amantadine (1-aminoadamantane hydrochloride) and
its structural analog rimantadine are antiviral drugs that,
atmicromelar concentrations, specifically inhibit influenza
A virus replication (Davies et al., 1984; Appleyard, 1877).
The block to virus replication is thought to coour after the
virus has bound to the cell but before uncoaling ocours
{Bukrinskaya et al., 1982a, 1982b; Skehel el al., 1977 Hay
el al., 1986; reviewead in Hay, 1989). Inthe presence of the
drug, intact complexes of the RNPs and the M, protein can
be isolated from cells but these cannot be faund in the
absence of the drug (Bukrinskaya et al., 1982a). Recantly,
inan invitro analysis of the mechanism of virion uncoaling
ithas bean found that the M, protain is selectively remaoved
from the RMF structure at acidic pH (pH 5.8}, and it was
suggdesied that during virus replication, this change in the
RBMP-M, protain interaction occurs when the virion is in
the endosomal compartment {Zhirnow, 1990, Howaver,
s the M, protein resides inside the viral lipid bilayer, &
mechanism, sensitive to amantadine, of making the inte-
rier of the virion accessible to a pH change is required.

Amantadine-resistant influenza virts mutants have
been isclated (Lubeck et al., 1978; Hay etal., 1979; Schal-
tissek and Faulkner, 1979; Hay and Zambon, 1984), and
genetic studiss indicated drug resistance is linked to ge-
nome BNA segment 7, which encodes the M, and M. pro-
leins. Muclectide sequence analysis of RNA segment 7
indicated that the target of antiviral action s the hydropho-
bic membrane-spanning domain of the M. protein, as
amino acid substitutions mapped to 4 residues in this do-
main {Hay et al., 1985). These data indicate that Ms has
an essential role in the influenza A virus replicative cycle,

In additich 10 the “early” effect of amantadine on the
replication ofinfluenza virus at the stage of uncoating, the
drug has a second “late” effect on the growth of fowl plague
virus, a strain of influgnza virus that has an HA with a high
pH optimum of fusion (pH &), as it blocks release of virus
particles without interfering with bud formation (R uigrak et
al., 1981). The available evidence strongly suggests that
with fowl plague virus, addition of amantading to s2lls late
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in infection brings about a premature conformational
change in HA that occcurs in the trans Golgi complesx during
the transport of HA 1o the cell surface (Sugrue et al., 1990).
By immunological and biochemical criteria, this form of HA
iz indistinguishable from the "low pH-induced form of HA"
(Skehel el al,, 1982) that results following exposure of na-
tive HA to [ow pH, which in vivo oceurs once the virions
are endocytosed and transported o endosomes. This pra-
mature confarmational change in HA is thought 1o be detri-
mental 1o the relzase of virus particles (Ruigrok et al.,
1891). Alterations in the amino acid seguence of the M.
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dine, yet the ohservable phenotypic ch:m_}g_g,
acid-induced confarmational change in HAL|
fore been suggested that the M, protein"
capable of modulating the pH of intracelll;
ments in influenza virus-infected cells (Hay, 1
and Hay, 1991). The same mutations inth
brane domain abolish susceptibility to bo
“late” effects of amantadine, suggesting t
ons must have the same function as invins
[Hay, 1989). Thus, in virions, Ms may be an




flow of protons from endosomes into the
y facilitate removal of M. protein from BNPs
ncoating in endosomes. Here, we describe
ggical exparimants in which injection of b
jocytes of Xenopus laevis induces an ion

that is sensitive to amantadine hydrochlo-
sorbe properties of the conductance of
les that are resistant to the effect of the

M: Proteins in Qocytes
Avirus M: protein membrane-spanning do-
P43 inclusive; Lamb et al., 1985) that is
with sensitivity of tha virus to the antiviral drug
e drechioride is shown in Figure 1. Several
B conslructad, using the M. cDMA, Lo encode
hanges in the M: membrans-spanning
E' toresistance of influenza A virus to aman-
ride {Hay et al., 1965). These include four
nts (Ma—Yarf, Ma—Ver3, M8 T, and
il & deletion of residues 28-31 (VAAS) from
nbrana domain (Madels 4], If the M: protein
g domain is modeled as an a helix, M; resi-
and 31, which are changed in amantading-
nts, lig on the same face of the o helix, and
the protein could involve an interaction with
¥, 1988). Addition of an amino acid residue to
helix has the potantial to disrupt the protein
dihus the Ma—A:T mutant was enginesred 1o
itiznal valing residue in the transmembrane
nutant designated Mo+ AT,
yn'_l_FiIﬁlﬁx franscripts were synthesized using
T: ANA polymerase from the wild-type and
oA templates cloned in a pGEM3 vector
al, 1285; Hull et al., 1988). The M: mANAS
jzcladinto cocytes of Xenopus laevis. To con-
L mANAS were translated, at 24 hr postinjection,
were labeled with [**5]methioning for 24 hr,
eimmunoprecipitated with an Me—specific
ntibody (14C2) (Zebedee and Lamb, 1988).
i Fgurﬂ 1, synthesis of the wild-type and mutant
=15,000) could be detectad, The additional
mohility detected with Mz+V AT is due
asparagine-linked carbohydrate to Mz This
found to be sensitive 10 digastion with paptide
toyield the faster migrating band. In addition,
d was not ohserved when oocytes were in-
) tunicamyein (data not shown). The addition of
bohydrate to Ma4V AT probably cceurs al
cosylation (NDS; M, residues 20-22) that is
 wild-type M. protein (Zebedes at al., 1985). A
'"planau'nn for glycosylation is that the structure
wmembrang domain is sufficiently rigid that
{the valine residue alters the border of the acto-
emembrane domain region 1o make residues
ible to the oligosaccharyltransferase.
[ aming acids in the ectodomain and cyto-
ain of many integral membrane proteins block

thedr transport out of the endoplasmic reticulum, dus 1o
protein misfolding [reviewed in Rose and Doms, 1988).
For the work to be described below, it was essential to
invastigate whether the wild-type and altered M. proteins
were axpressed gl the oooyile plasma membrane. Thin
frozen sections of oocytes expressing the various M, maole-
cules ware stained with M. ectodomain-specific mono-
clonal antibody and fluorescein-labeled secondary anti-
hody, Az shown in Figure 2, all the Mz molecules showed a
characteristic bright surface staining on the oocyte plasma
membrans.

Characterization of an M; Protein-Associated

fon Channel Activity

To test for My protein ion channel activity using a two-
electrode veltage-clamp procedure, oocytes of Xenopus
lagvis were injected with the wild-lype Mz mBNA or the
mutant M mANAS, cultured for 1-3 days, and total
membrane currents were measured. The currents of
oocytes expressing the wildtype M, protein were studied
by holding the membrane voltage of the cocyte at —40
mY and then changing the membrane voltage to a more
negative value [betwaen —60 and 130 mV) with a step volt-
age-clamp pulse. This hyperpolarization induced an
inward current with minimal time dependence (Figure 34
insel) and increased to a steady valug immediately after
the hyperpolarizing pulse was applied. This current was
sigrificantly larger than the endogenous current evoked
by identical changes of membrane woltage in control
oocytes that either were injected with antisense mBMA ar
ware uninjected {Figure 3B).

We wished to investigate the effect of amantadine
hydrochloride on the M. prolsin-associated ion channel
aclivity, The concentrations of the drug used to inhibit
influenza virus in tissue culture have ranged from 1-100
KM (Hay, 1983). However, we had no prier knowledge of
the concentration of amantadine hydrochloride to use with
oocytes or the duration of the freatment. When oocyles
expressing wild-lype Mz were bathed for 2 min in a solution
that contained 10 or 100 pM amantadine hydrochloride, it
was found that the component of the current induced by
hyperpolarization of cocytes thatl was associated with Mz
expression was completely attenuated (Figure 3A; Table
1), whereas the drug had very little effect on the small
currents measured in control oocytes (Figure 38).

Amantadine-Resistant M. Proteins Exhibit
Drug-Resistant Conductances

We were interested in testing the associaled ion channsl
activity of M proteins containing amino acid changes in
their hydrophobic domain that, when found in influenza
virus, lead 1o resistance to amantadine hydrochloride. The
membrans currents of cocyies expressing five such natu-
rally occuring proteing, Ma—VaA, Ma-VeS, Ma—AxT,
=53, and Madely.s (and protain MV, AuT), were
measured, and the currents were found to exhibit a range
of amplitudes: these amplitudes were all larger than that
of the wild-type M: protein except for the current associ-
ated with expression of mutant Ma—5uM, which was
smaller. The relative surface expression levels of the mu-
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tant Mz proteins have not been determined and, therefare,
could not be compared with current amplituds. However,
the difference in amplitude of membrane currents associ-
ated with expression of the mutant M; proteins did not
correlate with the amount of labealed M. protein that acecu-
mulated in a 20 hr labeling period (see Figure 1; Table
1}. Other explanations for the reproducible differences in
current amplitude observed from expression of the mutant
Mz proteins include a greater ionic flux through a single
channel and a greater probability of a channel being open.
Most importantly toward understanding the molecular ac-
tign of the anti-viral drug amantadine hydrochloride, the
membrane currents associaled with expression of the mu-
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that activates a normally silent channel endoge-
10 oocytes. It has been argued similarly that the cystic
sis fransmembrane conductance regulator and g
K}t channzls could be modifiers of existing host cell
annels (Kartner et al,, 1991; Goldstein and Miller, 1981).
pore s anintegral parl of every chan nel, and therefore
pelling evidence for a direct role of the amino acids in
ie M: membrane-spanning domain in channel function
provided if mutations are intreduced into this do-
nihat alter ion selectivity without grossly affecting the
structure and functional integrity of the channel.
analysis has been applied, for example, to K chan-
the nicotinic acetylcholine receptar, the cystic fibro-
transmembrane conductance regulator, and s (Yool
|Schwarz, 1991; Leonard et al., 1988, Anderson etal.,
1: Goldstein and Miller, 1931). We have used a similar
hof comparing the channgl behavior associalad
i mutant Mz proteins to show that both the ion selectivily
andactivation praperties differ with the amino acid compo-
of the outermost region of the M. transmembrane
in. We used tail current analysis to compars the ion
potivity of the membrane currents of oocytes ex-
two amanladine-resistant mutant M. proteins,
Blieq: and MoV AsT. These currents were suitable
the tail current analysis because they were large in
de and had two Kinetic components (Figure 4, see
#), ane which appeared immediately after the ap-
of a hyparpolarizing step of voltage and a second
onent that increased slowly with lime,

cyles alter bathing in Barth's sciution con-
taining 100 pdd amantadine for 2 min, Curienls
were measured al the end of 1he activating volt-
age puise.

3 sec
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Tao evaluate the ion selectivity of oocyles expressing
these bwo mutant M, proteing with the method of tail cur-
rent analysis, we applied an activaling pulse to =110 mY
follower by test pulses between —40 and +40 my and
measurad the amplitude of the decaying membrane cur-
rent after the test pulses [see Figure 5) in order to deter-
mine the reversal voltage, V... This analysis was per-
formed on a minimum of five cocytes expressing each
mutant M: protein while the oocyte was bathed in normal
Barth's medium and in media in which the ionic composi-
tion was allerad.

If only one ion were responsible for the membrans cur-
rent, then replacemsnt of that ion by an impermeant ion
ought to alter V... according to the predicted changs in the
ternat equilibrivem potential, and alleratichs in concentra-
tions of other ions ought to be without effect. For cocytes
that expressed the Madela o protein and cocyles that ex-
pressad the M+ AT protein, V.. varied with the activi-
ties of both Ma® and CI- (Figure 6), suggesting that a non-
specific increase in monovalent ion conductance Goours.
However, the dependance of Ve, upon Ma' activity was
slronger for the oocyles that expressed the Medaly. mu-
tant protein than for occytes that expressed the M=V Ay T
protein (Figurs 64). When [Ma™] was decreased from 77 1o
2 mEqg/l, V.. decreased by 12 mV tor oocyles expressing
the Madelys: mutant protein, while V.. decreased by only
5 1 for oocytes expressing the Ma+V AT (P < 0.01). On
the other hand, when [CI7] was decreased from 77 to 8
mEqil (Figure BB), V.. increased by 30 mVY for ococyles

.‘ 1. Amplitude of Inward Currants

Irard Currend {pAd (Mean = SEM)?

Mo Drug + 100 pid Amantading + 10 uh Armantadine
nGEnolype ne=>5s n=5% n=5
M 008 = 002 000 = 0012 0.00 = 0,004
i 042 & 003 028 = 0.004
043 = 018 040 = 0020
045 = 0,10 0.61 = 0.050
oM o+ 0 001 £ D004
AT 086 + 0.20 0,92 + 0.070
“5 2.7 = 023 270 £ 000

Figure 3 for endogenaus currents, Currents measured at - 130

ent ol control cocyles injected with antisenss FHA [Endogenous current) was subtracted from tatal current measured o yield currant repored.

mh.
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expressing the Ma+V AqT protein, while V.., increased by
only 10 mY for oocytes expressing the Madele, protein
(P 0.01). We ware not able to fit values far V.., caleulated
fram the Goldman-Hodgkin-Katz relationship to the mea-
sured values of V., (Hille, 1981} to arrive at a calculated
value forthe Cl-and Ma' permeahilities. However, the data
shown in Figure & indicate that the Ma® permeakbility is
greater for the Matelza_y mutant protein-associated chan-
nel activity than for Me+V, Az T, while the G- permeability
is reversed for the channels associated with ex pression of
these two mutant M; proteins. We found that no detectahle
alteration in V., occurred for either mutant when Na* was
replaced by K inthe bathing medium iTable 2), the bi-icnic
condition [Hille, 1991). This finding of invariant V.., under
these latter conditions suggests that the permeabilities for
Ma™and K= are similar for both of the mutants. When CI-
was replaced by other ions from the halide saries (Takble
2} Ve varied in a similar manner for both mutants:
F~ > CI" = Br = I". This finding suggests that the halide
permeabilities for the conductances asscciated with e
pression of the mutant proteins are determined by hydra-
tion energy (I° > Br > CI' > F) (Eisenman and Haorn,
1983). The difference in ion selectivities for the channals
functioning in ooccytes expressing the Medely s ar
M.+V Az T proteins indicates the mutations affect, insome
way, the pare-forming region of the channel,

To provide further evidence that the M, protein is a chan-
nel per se, aspects of the activation properties of oocyles
that expressed the Madelzg . and Mo+ ST proteing were

compared. Aftar removal of an activating pulse, he
cess of deactivation of an ion channel occurs, af
channel conductance returns to the value in tha
unactivated state. When applying repeatad, idant
vating pulses, we cbserved that the currents of 0
expressing the Ma+V AT protein increased with
sive pulses. This suggests that some channel ach L
evoked during the first activating pulse survived fh
maoval afthis pulse, resulting in a greater current ampk
al the onset of the next identical pulse {Flgure §
fraction of the increase in current that occurred durn
activating pulse that remained at the onset of
activating pulse is defined as residual activation. For
Gyles exprassing the Ma+V AT protein, the residys
vation carried from the first to the second pulse was
0.03 SEM, and the current increased with each suc
pulse. However, the residual activation ohsarved
identical train of pulses was applied to aocyles exp
the Mzdelss = protein was only 0.22 + 0,02 SEM{P<0
for the first pulse and decayed for each successivepy
Thus, oocytes axpressing the M2V, AT profei
considerably more residual activation than thass e
ing the Mydel: 5, protein.
The voltage dependence of activation of the clir
aocyles expressing the Madely o, and Moy, AmTp
was alzo compared, To do so, we determined thalo
mic potential sensitivity, defined as the changer
brane vollage required for an e-fald increass in o
tance. This property has baen used as it is an inds) ;._1
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MNaF +16.0 = 25 +1.0 = 4.0
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Mal -0+ 241 -43.0 = 24
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"E(BE mibdy sanstied the bicnic condition (Hille, 1531).

gating charge [or the dipole moment) of the voltage-
sensing region of the jon channel {see Hille, 1991} Wa
measured the amplitude of the slowly increasing kinstic
component of current at the cessation of closely spaced
steps of membrane veltage (3 s duration). When Infcon-
ductance) was plotted against the membrans voltage (V).
the values fell about a straight line for V., betwean —70
and —100 m¥ [data not shown). The logarithmic potential
sensitivity was 50 mV = 1.6 mY SEM for gooyles express-
ing the Madel:: ) protein and 80 mV = 5.7 mV SEM for
ooCyles expressing the MaV, AT protein (P < 0L01).
Thus, the voltage dependence of activation diffared for
oooytes sxpressing these two mutant proteins.

Activation of M; Channel Activity by H’

In mammalian cells infected with influgnza virus approsi-
mately 10°-107 molecules of the M. protein accumulate at
the cell suriace (Zebedee et al., 1985), and if these were
all active channels (made active by the resting membrane
voltage of the cell) it seems likely thal the continuous ion
flux through the channel (see Table 1) would be extremsly
deletericus to the cell. Twa ahservations indicatad that the
conductance of the ion channel in oooyles expressing the
wild-type M. protein iz not activated by changes in mem-
brang voltage: the curreni-voltage relationship was lingar
throughout the range of membrane voltages that were ap-
plied (52 Figure 3), and the current amplitude did not
change with time (compare inset of Figure 34 with Figure
4, inwhich the voltage-activated, time-dependent increase

Figure 7. Residual Activation in Qocyles Thal
= Expressed hModel, .. and MA AT Mutant

O W AT Proteina
— & delZE-M

{A) The fraction af the current developed during

aller the onset of a second identical pulse (g}
is the residual activation, a'ly, (B) Residual acli-
walion i5 plolled as a function of pulse number
and was larger lor oocytes thal expresscd Lhe
AV AT mutant protein, Festing voltage,
=20 mV; valtage during pulse, —130 mY. Pulse

e l\f 4 given pulss, (b} that appeared immedialely

— duration, 3 5. Imerpulae interval, 0.5 5.
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Figure K. Modulation of the Membrane Currents of Oooytes Exprass.
ing Mz Prateins by H”

The peak amplifude of the current during a hyperpolan 2ing pulge (— 1730
m'] is plotted against extracellular pH. Mote that the amplitude for wild
type increased by B-fold when pH was decreased to 5.8, The currenl
of ofdyles expressing he M,—HA prodein remained constant over
the entire pH rangs. (Inset) Expression of wild-lype M: and M-Hph
prowens analyzed on SD3-PAGE,

incurrent of an oocyte expressing the Medel. ., mutant is
shown). This led us to investigate other possible means of
activation of the wild-type My—associated conductance.
The intracellular site of action of M: is thought to be in
secondary endosomes, to permit ions to flow into the virion
particle to facilitate virion uncoating. In addition, as de-
scribed above in the Introduction, the fowl plague virus
M. protein is reguired to be functional in the trans Golgi
network. As both of these intraceliular compartments are
acidic (pH 5-8), it seemed possible that M. could be regu-
lated by changas in pH, We tested this notion by measur-
ing the currents of oocytes that expressaed the wild-type M.
protein while the oocytes were bathed in Barth's sclution
in which the pH had been lowered from the normal value
of pH 7.4 to values as low as pH 5.4, The amplitude of the
currents increased monolonically with decreasing pH fTor
the oocytes that expressed the wild-lype M: protein,
whereas control oocytes had only & small, pH-indepandent
current (Figure 8). Below pH 5.4 irreversible changes in
membrane current occurred and thus were nol measured.
The currents were linearly related to membrane voltage,

Table 3. Irward Currents ol Wild-Type M; Channel Activity in
Amantading and Low pH

Inwézre Current [lA)

Treatment (Mean = SEM) n
oH 7.5 0110 = 0.05 4
pH&2 0770 = 0.07 4
pH &2 + 100 pM Amantading 0.0 = 003 4
Table 4. Inward Currents al Low ph

Ireezrd Current (jA) (mean = SEM) o
Genotlype pH7S5S pH 5.8 n
Wild-Type M. 018 = 0.01 168 = 0.16 a
Mz AT 1.54 = 041 4.75 = 0,94 3
Maodely . 212 = 0.57 2.22 + 058 &

were not time dependent for any value
not shown), and were blocked Dfﬂ.l'l'l
Thus, the amplitude of the mnductarm
oocyles expressing the wild-typa Mz p
lated by H™.
Histidine residug 37 is highly consan,
of influgnza A virus, is the only charge
membrane-spanning domain, and has
6.0, depending an the protein, Thus,
that histidine residus 37 might be a i
volved in activation of the M. channel
mutant HaA was constructed inwhich the
was changed to alaning. When the
axpressing the HyA protein were st
7.4, the amplilude of the current was ab
than for cocytes expressing the wild- /
8). However, more importantly, whant'ﬁ
Bathed in solutions with lowered pH |
rents were not markedly increased (Figu
ing a role, either directly or indirectly,
pH regulation of M. activity. In ad
nocytes expressing the Madals.s, pn;'llﬁ'
by bathing in solutions of low pH, whel
expressing the Maty AT protein wara
with low pH (Table 4). Becauss Madﬁlmm
channel activities are voltage activated
Mz is pH activated, the data suggest
alterations modify the manner in which i
ulated, 4
The ion flux of the wild-type Ma channel;
5-6, as opposed to pH 7.4, s likely toba
measurement for the life cyele of infl
the ion selectivity of the currents that
could not be examined by the method
sis because thess currents wera nat |
Thus, to obitain a qualitative estimate
of wild-type M channel activity at low pl
alternative approach and measurad the
relationship with slowly varying comma
5). The voltage at which no nel membr
the null voltage, was determined wh
bathed in media of various ionic ¢
rents for cocytes bathed in solutions
to vary lingarly with membrane voltage
cocyles were bathed in Barth's solutio
voltage was +27 mV (Table 5) and ba
when [Ma®] was decreased from 88 f
[CI"] and [K*]were held constant. Ho
did not change when [CI7] was redu
mEq/l while [Ma*] and [K*] ware held con;
was increased from 2 to 20 mEg/ with &
decrease in [Ma™] and constant [CF
increases in [K°] brought abaut irreversit
oncyte at this low pH and could not
null voltage for oocytes that expressed
protein, when studied at pH 6.2, varie
manner consistent with 2 membrans oo
ion. However, the null vallage did no
[CI7] or [K7], suggesting that the cond
ions is less than that for Ma®. Althoug
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icitage Relationship of Oocyles Exprassing (he

Spudied al pH 6.2

d by & slowfy changing membrane voltage (S m!

fing, and after hathing the cocyls in a medium

&' was replacad by N-methyl-o-glucaming’. Nate
urrent axis intercept; see Lexl) decreased whan

and that the curreni-vollage relationships wers

= not allow us to exclude the possibility
i hrane conductance for CI- and K* exists at
data indicate that the ion selectivity of the
n oocytes expressing wild-dype Mz is
that found in oocytes expressing either
W AT proteins. While the data indicate
nnel activity associated with wild-type M.
\gocytes causes permeability to Ma' ions, we
to measure the H* conductance, as it is
stinguish the flow of protons from the currents
the flow of othar ions because of the low
.,;and thus low conductance) of protons in
hat opcytes will tolerate. However, it would
qifthe monovalent cation conductance we
HE

tad here provide direct evidence that the
Mz pratein forms an ion channel. Injection
RMA into oocytes produces an inward
n be blocked by addition of the anti-viral
tadine, However, amantadine did not block the
f aocytes expressing Mz proteins that con-
nns that confer viral resistance 1o amanta-
ntadine-resistant Mz—Sz M protein conduc-

naly greatly diminished as compared with
type M. protein: an observation thal indi-
ductance associated with the other M: pro-
fiic and not an artifactual result of microinjec-
AMA into cocyles. Possible reasons far the
nductanice of M.—S:M are discussed below.
has a single membrane-spanning domain
forms a tetramer (Holsinger and Lamib,
se and Hay, 1991) and does not have the mo-
gture of most ion channels cloned to dats (re-
1991). Thus, it was acutely necessary to
er evidence that the M; protein is a channel

Table 5 lonic Selectivily of Wild-Typa M:

Hull Voltage
lon Vared  n lon Concentration (mb) (Mean = SEM) (mY)
e 4 BB +270 £ 1.3
| +37.0 &£ 34
Ma's 4 Bg +33.0 = 3.8
1.76G +19.5 = 25
K= 3 +28.0 % 28
el +32.0 = 3.2

* [Mar] and [K'] were held congtant 2nd Gl replaced by methanssullo-
nate .

* [CI] and |K°] were held constant znd Ma’ replaced by M-melhyl-o-
glucamineg’.

£ k] inereaged by reducing [Ma’], [C] held constant.

and to eliminate the possibility that it is a regulatory protein
that activates a normally silent channel endogenous to
ooCyieEs.

The pore is intrinsic to a channel molecule, and electro-
slalic forces generated by aming acids thal ling the pore
determing ion selectivity. Thus, a prima facia case that a
protein is a channel can be oblained i rutations intro-
duced into the transmembrane domain alter properties of
the channel. When mutations were introduced into the
transmembrane domain of the e protein, several altered
characteristics could be measured. First, the amino acid
alterations caused changes in kinetics; some altered M,
proteins were activated by membrang hyperpolarization
(MW AT and Madely-..) whereas others were not (=.a.,
wild-type My) (see Figure 3; Figure 4). Second, a change
in amino acid sequence of the Mg transmembrans domain
produced different ion selectivities for wild-lype b,
MLV AT, and Modelss s (Figure & Figure 9). Third, the
Wt AT and Madels s channel conductances had dil-
ferent voltage dependencies of activation and different re-
sidual activation properties. Fourth, different mutants had
varying pH sensitivities. Thus, although final proof of the
Wl channel activity will require purification and reconstitu-
tion of the protein inlo artificial bilayers, the data reported
here, when taken together, provide strong evidence that
the influenza virus Mz protein is a bona fide ion channel.

The whale-cell currents measursd in oocytes exprass-
ing the various altered Mz proteing were found 1o be repro-
ducibly different {Tahle 1), and the size of the current did
not correlate with the amount of radicactively labeled M,
protein that aceumulated in a 20 hr labeling period [zee
Figure 1). The different current amplitudes could reflect
relative suriace expression leveals, but the levels of surface
flunrescence staining for each altered M; protein, although
only a qualitative estimate, did not suggestth atthe surface
expression levels varied by orders of magnituds, Maore
likely, the ditterences in current observed reflect a change
in ion flux or a greater probability of the channel being
open, and these factors can be determined once re-
cordings from single channsls can be made, The Mz=SaM
protein had a current in the presence and absence of
amantadine that was lower than thal found with expression
of the wild-lype M. protein in the absence of amantading.
Assuming the explanation for the low current is a direct
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reflection of channel activity, we suggest that the serine to
asparagine change is deleterious to total ion flux but the
remaining activity is not affected by amantadine. This is
consgislent with the observation that influenza virus con-
taining the M.—5.,N mutation grows poorly (Sugrue and
Hay, 1981). In addition, it has been found in cells infectad
with influenza virus containing the Mz—S. N change that
the amount of HA that undergoes a premature acid-
induced confarmational change is large (S0%-75%), even
in the absence of amantadine. This premature conforma-
tional change suggests that the M:—5, M protein is fune-
tioning poorly (Ciampor et al., 1992),

The data reparted here also have gensral implications
toward understanding properties of transmembrang do-
mains. Operationally, transmembrane domains are de-
fined as the hydrophobic domain bounded by 2 charged
residues, and using this criterion, the M. protein trans-
membrana domain contains 19 residues, Transmembraneg
domains are usually thought to be o helical regions, based
on theoretical predictions and the observation that
membrane-spanning domains of bacterial photosynthetic
reaction centers form o helices (Deisenhofer et al,, 1985
Allen et al., 1987, Roth et al., 1989). When the M: frans-
memiranea domain is modeled as an o heliz, residues 27,
30,31, and 34, which are changed in amaniadine-resistant
mutants, and histidine residue 37, shown in this report to
be implicated in pH regulation of Mz, all map 1o the same
face of an a helix (Sugrue and Hay, 1991) Howevar, there
are several ohservations, which although individually do
nat rule out an o helical structure for this domain, when
taken wgether need consideration. First, an amantadine-
resistant influenza virus has been isolated that contains
the M: transmembrane domain change of Aw to proline
{Hay et al., 1985), a residue that can be helix breaking.
Second, the insertion of an amino acid into the putative o
helix would have the potential to disrupt the conformation
of the protein, yet the mutant M4V AT retains ion chan-
nel activity (Table 1). Third, deletion of 4 residues from the
19 residue M. transmembrane domain in Madels_. still
permils this altered protein to function as an ien channeal.
When residues are deleled from atransmembrane domain
it cannot be ruled out that other residues, previously exte-
rior to the bilayer, are pulled into the membrans: it they are
nct then the remaining 15 residues of the Madels o is too
shortaregion to span the lipid bilayer as an o helix (Adams
and Rose, 1985 and references therein). In this regard it
has been suggested that the presumed pare region of the
Shaker K* channel is formed by a conserved stretch of
only 18 residues (Yellen et al., 1891). Site-directed muta-
genesis shows that the blocker tetraethylammonium binds
in this region and that a stretch of only 8 aa may span
the membrane. This latter stretch has been suggested to
consist of antiparallel B strands (Hartmann et al,, 1991;
Guy and Conti, 1980). Clearly it is of importance 1o deter-
mine the structure of the transmambrane domain of the
influenza virus M. ion channel,

Another known channel that has a single membrane-
spanning domain is the 130 aa s« (mink) K* channel (Ta-
kumi et al., 1988; Folander et al., 1990; Pragnell et al.,
1990; Sugimeoto et al., 1980; Goldstein and Millar, 1991),

and interestingly lu, like the influenza
one of the few known type Il integral
However, comparison of the aming a
Mz protein membrane-spanning domain
of protein sequences does not indicate
gy with other known proteins.

The ion channel activity of the infl
that can be regulated by pH is axps
role in the uncoating of virus partic
endosomes by allowing ions to ente
In vitro experiments have indicated i
required 1o dissociate the virion M, p
(Zhirnov, 1980). This is probably direc
vivo expefiments that indicated that
amantading, M, fails to dissociate fram;
skaya et al., 1982a; Martin and Hele
portofthe ANPs tothe nucleus doesn
Helanius, 1991). In addition, for thos
A virus that have both an HA that s ¢l
and 2 high pH optimum of fusion (e.g.,
the Mz ion channel may regulate the i
trans Golgi network. This prevents
prematurely, its pH-sensitive confarmatio
trans Gelgi netwaork (Sugrue et al., 19
1991). These presumed activities of th
suggest that the M. protein presents
far a point of intervention by drugs, in
ding, in the influenza virus raplicativi

Experimental Procedures

Site-Specific Mutagenesis, Construction of Rec
Plasmidz, and In Yitro RMA Synthesis

The clMA 1o the AllldorndT2 M. mANA (Zeb
al., 1983} was cloned inlo the BamH| sibe
M13mp19 and used as template DMA for si
described previously (Holsingar and Lamb, 153
were synthesized by the Morthwestern Univer
ity o 2 DMNA synihesizer (Model 3808, Applie
ber City, CA), Mulam cDNAS encoding tha al
cisad from the replicalive form of M13 by
subcioned inlo the BamHl site of a pGE
Sense Iranscripts could be generatad using
polymerase promotor and T: ANA palym
quence of the allerad cONAs was confeme
chain-lerminating sequencing (Sanger et a
seription. plasmid DMAs were linearized dow
tor and the My cONA with Xbal, In vilro sy
capped mBNA was camisd oul as pravious|
1288). The RNA vield was determined by m
of PHIGTF into RNA. Bactersophage T, DN A-dap
ase was obtained from Betheada Research
burg, M), BMasin™ and RQONase™ from Pr
WL and "G{5lopp(5)E from Pharmacis. (P

Microinjection and Culture of Qocytes
Crvarizn lobules from Xenopus laevis lemales
Wiy wade surgically removed and treated wltﬁ "
ml; Boshringer Mannheim Biachemicals, | g
2R-2 golufion {$2.5 mid NaGl, 2 mbd KGI, 1
MNaCH |oH 7.5 al 242C far 3 hr 1o liberate
Cetolliculated cocyles were washed in QR
solution (96 m NaCl, 2 mM KC1L 1.8 mMG
sodium pyruvate, 5 mhi HEFES-NaOH, 0.1 m
T at 17°C 24 hr pricy to microinjection,
and V) werg injected with 40 nl of RNA (0.5
dlameter glass pipetie, and cocytes were ma
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1

¢ Labeling of Injected Cocyles,

wnoprecipitation, and S05-PAGE

wera incubated in MO9S supplemented with [CS5]methionine
iiml) (Amersham Corp., Adinglon Heights, IL) fram 24-43 hr
k. Labeled cooytes were homogenized in 75 ul of BIPA
pacyta, and extracts were immunoprecipitated as previously
[Larnb et &1, 1978) using M.—specific 1402 monaclonal
ascites flulg (Zebedes and Lamb, 1938). Samples ware ana-
SD5-polyacrylamide gel electrephoresis (PAGE) on 17.5%
ured petvacryiamide gels and processed lor Nuaregraphy and
aphy as previously described (Lamb and Choppin, 1978),

H-Glycosidase F Digestions and

yein Treatmeant

i g immunoprecipitation, labeled oooyle bysales were lrealod
g Mglyeosidase F (Boehringar Mannheim Biochemicals)
ly &5 dascribed (Williams and Lamiby, 1986). Protein A-Sepha-
libody=gntigen compleses were bailed in 20 plof 10 mid Tris
0.:20% S0S for 4 min, diluted with an aqual valume o 10 mbd
H_?:d], and incubated with 30 mu) of endo F at 37°C for 16 hr,
picamycin treatment, mRMNAz were coinjected with 40 ugiml
in{Calbiochem-Behring Corp., La Jolla, CAJ (1 mefml stock
vl suifoxide) and incubated in WO9E comaining 2 wg/ml tuni-
h peior to and during metabalic labeling. Cocylas ware
ized and extracts immunoprecipitated as described above,

Immunofiucrescence Microscopy

werz injectad with M. mBMNAS a5 described above. Oocytas
by plunging them into isopentans cooled 1o — 17040 over
qen-and embedéed in cryaiorm, 2nd 10 wm Secions were
cryastel (Bright Instrument Company, Huntingdan, England]
; :' Sections were collected on gelalin-subbed slides and air
Driad sactions wore fiked in 1% formaldehyde essentially as
[Zebedee and Lamb, 1928), stained wilh Ma-specific 1402
fuid (diluted 1:300 in PBSM% boving serum zlbuming, z2nd
with lleorescein izothicoyanate—conjugated gaal anti-
secondary entibody. Pholomicrascopy was performed on an
micrescope (Carl Zeiss. Inc.. Tharmwaod: MY} All photo-
gxposure imes were equivalent.

E]

| currents were recarded fram oocytes 48-72 hr alier mEMNA
with a wo-electrode vallage-clamp apparaius consistng of 2
praamplifier (Mihen Kehden MEZ-7101, Tokyo, Japan) that
the vollage difference betwean a pipette {illed wilh 3 M KCH
dintha cell and anciher in Lhe sureunding bath. Avoltage-clamp
e (Mihon Kehden CEZ-1100) provided leedback current 12 1he
raugh a secend inlraceliular pipstte. Oooyles were recorded
ard Barth'a salution (Golman, 1964) or medified Barih's solution
ad, Amantadine hydrachloride (Sigma Chemical Cao., St
A0 (10 mbd stock in Bart's solution) was diluted &= indicatad.
“t and voltages were digitizad every 1 ms lor the tee-elecirodes
mp axperiments after approprizte low pass filtering (500
dice aliasing.

fledgments
o thank Margarst Shaughnessy and EunsJoc Song lor excel-
nical sssistance, Anne-Marie Chang for help with preparation
e frozen thin ssctions, Man-Chiang Chang for computer-
iming assistance, and Reay G. Patarson for providing (he initial
fipn of mAMA. We aizo thank Michasl J. Welsh, Heward
 Madical Instilute, University of lowa Cellege of Medicine, and
d, Merck. Sharp, and Dohme Research Laboratories, 1or
p!Ll ﬂlscusmns Thiz wark was supporied by Public Health
agearch grants AL20201 frem the Mational Institule of Allergy
ctinus Diseases and EY-01221 from the National Eye Institute,
{5 an Investigator of the Howard Hughes Medical Institute.
‘of publication of this article were defrayed in part by
of page charges, This article must tharsfore be hereby
“avarizernant’ in accordance wilh 18 USC Section 1734
a indicate this fact,

diJune 21, 1991; revised Januwary 24, 1992,

References

Adams, G. A, and Rose, J. K. {1985). Struclural regquirements af
membrang-spanning demain for protein anchoring and cell surface
tranzport. Call 47, 1007-1015.

Allen, J. P.. Feher, G., Yeates, T. O., Komiya, H., and Roes, D, ©

(1267). Structuse of the reaction center from Rhodobacter sphaercides
H-26: the protein subunits. Proc. Mall, Acad. Sci, USA 84, B165-616E,
Anderson, M. P, Gregory, B. J.. Thompson, 5., Souea, D W Paul,
5., Mulligan, R.C., Smith, AL E., and Welsh, M. J. {1997). Demonstra-
fion that CETR s a chigride channel by alleration of its anion selectivity.
Sclence 253, 202-205.

Appleyard, G, (1977}, Amantadine-resistance as a genetic marker for
influgnza viruses. J. Gen. Virol, 36, 249-256.

Bukrinskaya, A G, Vorkunowa, M. D, Bormiliess, G Y Marmanioes
tova, B A, and Yorkunova, G. K. {1282a), Influenza vicus unceating
in infected celis and effect of rimantadine. J. Gen. Virol, 80, 49-59.

Bukrinskaya, A G, Vorkunovz, M. K., and Pushkarskaya, M. L.
(12820). Uncoaling of a rimanladine-resisiant variant of influenza virus
in the presence of rimantadine. J. Gen. Virol, 60, G164

Crampar, F., Tnompzon, C. A, Grambas, 5., and Hay, &, J, {1982),
Ragulation of pH by 1he M2 prolein of influsnza A vinsses. Viros Res.,
in press,

Caolman, A. (1984). Translalion of eukaryotic messenger RMA In Xanc-
ooz goeytes. In Transcription and Translation: & Praclical Appreach,
B. [ Harnes and 5, J. Higgins, eds. (Oxiosd: IBL Press), pp. 271-302.
Davigs, W, L., Gronerl, A, A, Hal, A. F., MoGahen, J.W., Meumayar,
E. M., Paulshock, K., Walls, J. G, Wood, T, F,, Herman, £, C., ang
Hallman, . E. (1964). Antiviral activity of T-adamanianamine [adaE:
maniang). Scignce 144, BE2-B63,

Deizanhofer, ., Epp, O., Miki, K., Huber, R, ana Michel, H. [1585).
Structure of the protein subunits in 1he phatosynibetic reaction canire
al Bfodopseundomonas windie at 3 A& resolution. Mature 378, 515-524.
Eisenrman, G., and Horn, B, (12683). lonic selectivity revisited: 1he role
af kinetic and equilibrium processes in ion permeation through chan-
nals. Jo Membr, Biol, 76, 197-225,

Follander, K., Smitk, J., Airtavage, J., Bernett, C., and Swanson, B,
(1220}, Cloning and expression of a delayed rectifier 1sk channsl from
necnatal ral heart and dimethyl stilbestral primed rat werus. Proc.
Mall. dcad, Sci. LISA BY, 2975-2979.

Goldstein, 5. A. B, and Killer, G {1981). Site-specific mutations in a
minimal voltage-dependent K channal aller ion selectivity and open-
chanrel Dlock, Meuron 7, 403-408.

Guy, H. B., and Conli, F, (1280}, Pursuing the structure and functicn
of voltage-gated channals. Trends Meurcsc, §, 201-206.

Hartmann, H. A, Kirseh, G, E., Drewe, . AL, Taglialatela, M., Joho,
A. H.., and Brown, & M. {1921), Exchange of conduction pathways
hetween hwo related K* channels. Science 257, 942-944,

Hay, A (1985, The mechanizm of action of amanladine and siman-
tading against inlluenza viruses, In Concepts in Viral Pathoganesis |1,
A, L. Matkins and M. B. & Cldsione, eds. {Mew York: Springer-verlag),
pp. 361-367.

Hay, A.J., and Zamban, k.G, {1984), Multiple actions of amaniadine
anaingt influsnza viruses. In Antivirzl Drugs and Interferon; The Malec-
ular Basis of their Activity, ¥, Becker, ed. (Boston: Martinus Mijhoff
Publighing), pp. 301-315.

Hay, A, ), Kennedy, M. G T., Skehel, 1 J., and Applayard, 3, (1979).
The matrix prolein gene determines amaniadine-sensitivity 0f infiu-
enza viruges. J. Gen. Virol, 42, 189-1921,

Hay, A0, Waolstenhalme, A_J., Skehet, J. J., ard Smith, M, H, (1935).
The molecular basis of the specilic anti-influenza action of amantadine.
EMBC J. 4, 3021-3024.

Hay, A. J.. Zambon, M. C., Wolstenhalme, A, J., Skehal, J, J, and
Smith, 8. H. [1986). Molecular basis of resistance of influenza A vi-
ruses to amantading. J. Antimicrob. Cheamother, [Suppl. B} 78, 19-23,
Hilla, B. (1591). lonic Channels of Excilable Membranes (Sunderland,
Massachusells: Sinausr Associates].

Holsinger, L. J., and Lamb, B A (1991). Influenza virus M; integral




Cell
528

membrane pratein is a omotetramer slabilizad by formation of disul-
fide boads, Virclogy 183, 32-43,

Hull, T, Gilmaere, B, and Lamb, B, A, (1888). Intearation of & small
integral membrang protein, M, of influsnza vieus inlo the endoplasmic
reticulum: enzlysis of Lhe internal sigral-anchor domain of & protein
with an ectoplasmic MH; ferminus. J. Cell Bigl, 708, 1480-1408,
Bartner, M., Hanrzhan, J. W, Jansen, T_.J,, Maismith, &, L., Sun, 5
Ackerley, C. A, Reyes, E. Y., Tsui, L3, Rommens, .J, M., Bear,
C.E., and Reordan, J. R, (1991), Expression of the cyshic librosis gane
in ran-gpithelial invertebrate cells produces & regulated anion conduc.
lance. Cell 64, 61531,

Lamub, R. A, [1889). The genes and proteins of influpnza viruses. In
Tre Influenza Viruses, 7. 6. Krug, ed. (Mew Yark: Planum Publishirg
Corp.), pp. 1-87.

Lamib, A. A., and Choppin, P.W. (1976). Synthesiz of the inllucnza
wirus proteins in infecled cells: transtation of viral polypeplides, includ-
ing three P polypeptides, from ANA produced by [rimany transcription,
Virckogy 74, 504-519,

Lamb, R A, Etking, P, R, and Choppin, P, W. [1978). Eviderce for
a mimh influgnza viral polypeptice. Virclogy 97, 80-78

Lamb. B. A, Zebedee, 5. L., and Richardson, &, 0. (1985). Influsnza
wirus M, protein is &n integral memarane srelein espressed on he
infected-cell surface. Call 40, 827-633

Leonard, [, )., Labarca, C. G, Charnel, P, Davigson, M., and Lester,
H. A {1988). Evidence thal the h; membrang-spanning regian lines
the fon channel pore of the nicatinic receplor. Science 242, 16578
1581.

Lubeck, M. D., Schulmar, J, L., and Palese, &, (1978}, Susceptibility
el inllugnza A viruses 1o amanading is influenced by the gene coding
for M protein, J. Virol. 28, ¥10-716,

Marsh, M., and Helanius, A, (1283). Virus entry inbo animal cells. Adv
Wirus Res. 36, 107151,

Marlin, K., and Helenius, &, (1281). Muclear lransporl of influsnza virus
riconucleapratems: the viral matrix prelein (M1} promates export and
inkibits impart. Call &7, 117-130,

Miller, G {18915, 1990 Annus mirabilis of potassiom channels. Sei
anee 252, 10921096,

Pragnell. M., Snay, ¥, J., Trimmer, .. 5., McLusky, M. .., Nalolin, F,
Kaczmarek, K., and Boyle, M. B, (18890}, Estrogan induction of a small,
Putativee K* channel mRMNA in rat uteres, Neuron 4, 807-812,

Raose, J. K., and Dems, R WL (1988). Fegulation of pratein expart from
the endoplasmic reticulum. Annu. Rev. Cell Giol, 4, 2657-285,

Foth, M. Lewil-Bentley, A, Michel, H., Deisenbofar, J, Huber, B, and
Oesterhelt, D {1929). Detergent siructurs in cryslals of a bacterial
oRatosynifetic reaction centre, Mature 340, 659-682,

Ruigrek, B.W.H., Hirst, £ M. A and Hay, &, J. {1991}, The specific
infitition af influgnza A vires maturation by amantadine: an electron
misroscopic examinalon, J. Gen. Virgd, 72, 191-194.

Sanger, F.. Micklin, 5., and Coulsan, A, B (1977). OMA sequencing
with chain-lerrninating inhibitors, Proc. Matl. Acad. Sei, USA 74, S465-
BEET.

Scholtissek, G, and Faulkner, G, P {1979). Amantading.resislant and
songitive influenza & straing and recombinants, J. Gen. Viral, 44, 507
ans.

Skehel, J. 0, Hay, A, and Armstiong, A (1997 On the mecha-
nism of inhibition of influenza virus replication by amaniadine hydre-
chloride. J. Gen, Virol, 38, 97-110,

Skehal, ). )., Bayley, B Brown, E., Martin, S., Waterfield, M. D., White,
J., Wilsan, 1, and Wiley, D. . (1962). Changes in the conformation of
infiuenza virus hemagglulinin al the pH eptimum of virus-mediated
membrane fusion. Proc. Mall, Acad. Sci. USA 79, 9823-072.
Steinhauers, O A, Wharlon, 3. A., Skehel, J. J., Wiley, D, and
Hay, A J. (1981), Amantadine selection of a mutan! inlluenza virus
containing an acid-stable hemagglulinin glycoprotein: svidence lar
virusspecilic ragulation ol the pH of glyeoprolein transpost wesiclas.
Proc. Natl. Acad, Sci. USA 88, 11525-11520.
Sugimato, T., Tanabe, ¥., Shigemote, AL, bwai, M. Takumi, T., OG-
kuba, H.. and Makamishi, 5. (1990). Immunohbistochemical study of a

ral membrane protein which induces a selaclive p
alion: its lacalization in the apical membrane pomion nfa
J. Memb, Biol. 713, 39-47.

Sugrue, R, and Hay, AL (1981), Slructural ﬂiar
Mz protein of influsnza A viruses: evidence hat 7 1
channel. Virology 180, B17-824,
Sugrue, K. J., Bahadur, G., Zambon, M. C., Hall- L
AR and Hay, AL ) {1930), Specific struciural iilera

enza hemagglutinin by amantading, EMBO J. g,
Takurmi, T., Ohkub, M., and Nakamishi, 5. (1988), Clg
brang protein thal intraduces 2 slow voliags-gated pet
Srience 242, 1042-1045.

von Hejne, G (1988). Transcending the impenel
come 10 terms wilh mamoranes. Bicchim. Biophys.
242
Whartan, 5. A, Hay, A )., Sugroe, R, Skehs, J
Woiley, D C. (1920). Membrane fusion by influanz
mechznizsm ol action of amamading. In Use .;.f‘.n{.Ha',r"
in the Design of Antivieal Agents, W. G. Laver,
dirmic Press), pp. 112-123.

Willizms, M. A, and Lamb, B. A (1988), Determinal 1
tion of &n integral membrans protoin and sies of gl
aligonucleotide-directed mulagenesis: influenza B v
Lein lacks a cleavable signal sequence and haz &n e
miral region, Mol Cell. Biol, 6, 4317-4328,
Yellen, G, Jurman, M. E.. Abramson, T., and Mack
Mutations affecting inlernal TEA blockade idenlity § i
ferming region of a K' channol, Science 257, 939-544

Yoo, A J., and Schware, T, L (1991). Alteration of ic
a k" channel by mutaticn of the HS region. Nature
Zebeder, 5. L. and Lamb, B, A {1988). Influenza A
menoclonal antibody restriction of virus growth and ge
vinans, J. Wircl. 62, 27622772,
Zebedes, 5L, and Lamb, B A (1989), Growth rastricl
A wirus by M, protein antibady is genetically linked
Proc, Mall. fcad. Sci. USA 85, 1081-10635,
Zebedee, 5. L. Richardson, G 0., and Lamb, i, A,
teation of the influenza virus M: integral membrane pro
sinn at the infected-call surface from cloned cONA. -Js\
511, |
Zhirnee, T F. (1980), Solubilization of matrix protain M
aceurs al diferent pH far crlhomyxa- and pa:amg,r&ﬂ'
178G, 274-274,



	Pinto1992.jpg
	Pinto1992 001.jpg
	Pinto1992 002.jpg
	Pinto1992 003.jpg
	Pinto1992 004.jpg
	Pinto1992 005.jpg
	Pinto1992 006.jpg
	Pinto1992 007.jpg
	Pinto1992 008.jpg
	Pinto1992 009.jpg
	Pinto1992 010.jpg
	Pinto1992 011.jpg

