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We have studied the maturation of the influenza A virus neuraminidase (NA), using monoclonal antibodies
(MAbs) with different conformational specificities against the head domains of the N8 NA. The results obtained
with radioimmunoprecipitation, together with previously published information, suggest the following steps in
maturation of this molecule. First, the folding of the nascent NA leads to formation of the epitope recognized
by MAb N8-10, a step that depends on the formation of intramolecular disulfide bonds. Second, monomers
form dimers by an intermolecular disulfide linkage in the stalk, with a ¢,,, of 2.5 min. Third, the epitope
recognized by MAb N8-82 appears after dimerization, suggesting that oligomeric NAs may undergo confor-
mational change with a ¢,,, of 8 min. Finally, a tetramer-specific epitope recognized by MAb N8-4 appears on
the NA with a¢,,, of 13 min. Epitope detection by MAb N8-4 was inhibited by tunicamycin treatment, suggesting
that glycosylation of this molecule is required for proper tetramerization. Each of these proposed steps occurs
in the endoplasmic reticulum of host cells, as demonstrated by treatment of virus-infected cells with brefeldin
A or carbonyl cyanide m-chlorophenylhydrazine; subsequently, tetrameric NA is transported to the Golgi
apparatus, where oligosaccharide processing is completed. Our findings also provide a possible explanation—
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lack of a functionally active conformation—for the absence of enzymatic function by NA monomers.

Viral membrane proteins undergo sequential steps in their
maturation, including the folding and assembly of subunits
before their integration into virions (for review, see reference
11). Influenza A virus has two membrane glycoproteins, hem-
agglutinin (HA) and neuraminidase (NA). The HA is a type I
protein whose folding and assembly have been studied in detail
(9, 15, 24, 26). The nascent molecule is folded during and after
translation and is assembled into trimers on completion of
folding. Trimerization appears to be a prerequisite for HA
transport from the endoplasmic reticulum (ER) of the host
cell. The NA, a type II glycoprotein on the surface of the viral
envelope, is a tetramer with three distinct domains: a globular
head containing the enzyme active site and most of the anti-
genic sites, a stalk region containing a hydrophobic region by
which this enzyme is embedded in the viral envelope, and a
cytoplasmic tail (1). Despite extensive study of the three-di-
mensional structures of the head domains of the NA (8, 25),
little is known about the maturation of this integral membrane
protein (16).

Monoclonal (MAbs) and polyclonal antibodies are useful
tools for exploring the process of protein maturation (10).
Some antibodies are specific for a particular maturational
stage or oligomeric form of a protein. A panel of MAbs against
the head domain of the N8 NA derived from strain A/duck/
Ukraine/1/63 has been established (21). The neuraminidase-
inhibiting MAbs are divided into three groups (I, II, and III)
based on their reactivities with escape mutants. MAb N8-10
(group I) immunoprecipitates the monomeric, dimeric, and
tetrameric forms of the NA, while N8-4 (group II) binds spe-
cifically to the tetramer (21). A third MAb, N8-82 (group III),
characterized in this report, recognizes an epitope formed af-
ter dimerization. By exploiting the different conformational
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specificities of these antibodies against metabolically labeled
NAs, we have identified discrete molecular steps in the matu-
ration of this viral envelope glycoprotein.

MATERIALS AND METHODS

Cells and virus. Madin-Darby canine kidney (MDCK) cells were maintained
in minimal essential medium (MEM) with 5% fetal calf serum. The reassortant
influenza virus NWS-Dk/Ukraine (HINS; NWS-N8), which possesses the HA
gene from A/NWS/33 and the NA gene from A/duck/Ukraine/1/63 (25), was used
exclusively in these studies. The numbering of amino acid residues in the N8
head follows the conventional N2 numbering system.

Metabolic labeling and i precipitation of NA. Confluent monolayers of
MDCK cells in 25-cm? culture flasks were infected with 10° 50% egg infectious
doses (EIDs,) of NWS-N8 in MEM with 0.3% bovine serum albumin (MEM-
BSA) and incubated for 1 h at 37°C. After addition of 4 ml of MEM-BSA,
incubation was continued for another 4 h at 37°C in 5% CO,. The cells were then
washed with warmed phosphate-buffered saline (PBS) twice, and 1 ml of methi-
onine-free MEM was added for 15 min. For experiments designed to examine
the role of glycosylation, tunicamycin (TM) was added at 3 h postinfection to a
final concentration of 1 wg/ml, which was maintained throughout the procedure
described below.

Two hundred microcuries of [>*S]methionine (Trans*S; ICN, Irvine, Calif.)
was added to the medium for pulse labeling, after which the cells were washed
with warm PBS twice, and the medium was replaced with MEM containing 10
times the concentration of unlabeled methionine for chase. To examine the effect
of low temperature on NA maturation, we adjusted the chase medium to 15°C
and performed incubations in a 15°C water bath. ATP was depleted by adding
carbonyl cyanide m-chlorophenylhydrazine (CCCP) to the chase medium. At the
end of the chase period, cells were washed with cold PBS twice, harvested, and
lysed in 50 mM Tris (pH 7.5)-100 mM NaCl-1% Triton X-100-20 mM iodoac-
etamide for 30 min on ice. After removal of cell debris by microcentrifugation,
cell lysates were incubated overnight with MAD at 4°C. Antigen-antibody com-
plexes were precipitated by rabbit anti-mouse immunoglobulin (heavy- and light-
chain specific) bound to beads (Immunobead Reagent; Bio-Rad, Hercules, Ca-
lif.). Samples were analyzed by sodium dodecyl sulfate-10% polyacrylamide gel
electrophoresis (SDS-PAGE) under nonreducing conditions after boiling for 4
min (unless otherwise mentioned). Fluorographs were scanned with a Bio Image
Visage 110 (Millipore, Ann Arbor, Mich.).

BFA treatment. Brefeldin A (BFA; Epicentre Technologies, Madison, Wis.)
was added to the medium at 3 pg/ml 2 h before the labeling of virus-infected cells
with [33S]methionine. This concentration was maintained during the methionine
depletion, labeling, and chase periods.

Gradient centrifugation. Virus-infected cells in 25-cm? culture flasks were
pulse-labeled with 1 mCi of [>>S]methionine and chased with an excess of unla-
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FIG. 1. Radioimmunoprecipitation of the N8 NA with MAbs. (A) Virus-
infected cells were labeled with [*S]methionine for 5 min and chased with
unlabeled methionine as indicated. Lane a, MAb N8-10; lane b, MAb N8-82;
lane ¢, MAb N8-4. (B) Cell lysates treated (+) or not (—) with PNGase F were
immunoprecipitated with MAb N8-82. Samples were analyzed by SDS-14%
PAGE under reducing conditions. Sizes are shown in kilodaltons.

beled methionine in the presence or absence of 1 mM CCCP. Cells were lysed in
the Triton buffer described above, and after microcentrifugation, cell lysates
were loaded onto a 5 to 25% sucrose gradient containing 0.1% Triton X-100 in
the same buffer. Gradients were centrifuged for 16.5 h at 174,500 X g at 20°C in
an SW41 rotor (Beckman). Thirty 400-pl fractions were collected from each tube
and divided into two equal parts; the even-numbered fractions, 1 to 30 from the
top to bottom of the tube, were immunoprecipitated with MAbs. Immunopre-
cipitates were analyzed by SDS-10% PAGE under nonreducing conditions. BSA
(4.9S), aldolase (8.6S), and catalase (11.3S) were used as molecular markers.

Endo H treatment. Immunoprecipitations after [>*S]methionine labeling and
chase were performed as described above. Immunoprecipitates were suspended
in 130 pl of 100 mM sodium phosphate buffer (pH 5.9)-0.1% Triton X-100—
0.02% SDS-20 mM EDTA. The suspensions were incubated for 3 min at 100°C
and then divided into two equal parts. One was treated with 5 mU of endogly-
cosidase H (Endo H; Boehringer Mannheim, Indianapolis, Ind.) overnight at
37°C, while the other served as a control. After overnight incubation, each
sample was analyzed by SDS-10% PAGE under reducing conditions.

PNGase F treatment. Virus-infected cells were labeled with [**S]methionine
for 30 min and then were lysed in 100 mM sodium phosphate buffer (pH 7.1)-20
mM EDTA-0.1% SDS-1% Triton X-100. After removal of cell debris by cen-
trifugation, the lysates were divided into two equal parts, one of which was
treated with 6 U of peptide-n-glycosidase F (PNGase F; Beohringer Mannheim)
overnight at 37°C, while the other was used as a control. After overnight incu-
bation, both samples were subjected to immunoprecipitation as described earlier
in this section.

RESULTS

MADb N8-82 recognizes the epitope not present on monomeric
NA. NA-inhibiting MADbs are classified as group I, II, or III,
depending on their reactivity with escape mutants (21). MAb

4 6 8 1012 14 16 18 20 22 24 26 28

B
[ B N8-4
b

Dimer Tetramer

N8-10

N8-82

FIG. 2. Fractionation of radiolabeled cell lysates followed by immunopre-
cipitation with MAb N8-10 (upper panel), N8-82 (middle panel), or N8-4 (lower
panel). Virus-infected cells were labeled with [**S]methionine for 20 min, lysed,
and subjected to sucrose gradient centrifugation. Immunoprecipitates were an-
alyzed by nonreducing SDS-PAGE. The photographic print of MAb N8-82 was
intentionally overexposed to show the trace amount of dimeric NA. BSA (4.9S),
aldolase (8.6S), and catalase (11.3S) sedimented with peaks in fractions 6, 20,
and 26, respectively, under identical conditions. Lane numbers are fraction
numbers.
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FIG. 3. Kinetics of dimerization and tetramerization of the N8 NA. Cells
were labeled for 5 min and chased for up to 120 min, followed by immunopre-
cipitation with Mab N8-10 (upper panel) or N8-4 (lower panel). Sizes are shown
in kilodaltons.

NB8-82 recognizes an epitope involving amino acid residues 367,
399, and 400, for this group III antibody did not inhibit the
enzyme activity of NA mutants with amino acid substitutions at
residue 367 or 400, and its enzyme-inhibiting activity was
greatly reduced on the mutant with a substitution at residue
399 (21). In the present study, MAb NB8-82 precipitated
dimeric NA at 0 min of chase (Fig. 1A), but failed to recognize
monomeric NA.

Immediately after metabolic labeling of the NA for 5 min,
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FIG. 4. Effect of DTT and TM on NA maturation. (A) Virus-infected cells
were labeled with [**S]methionine in the absence [DTT(—)] or presence
[DTT(+)] of DTT for 20 min. Cells were lysed after labeling or further chased
for 30 min without DTT [DTT(+) + 30-min chase], lysed, and immunoprecipi-
tated with MADb N8-10 (lanes a), N8-82 (lanes b), or N8-4 (lanes c). (B) Virus-
infected cells were treated with TM as described in Materials and Methods.
Samples were immunoprecipitated with MAb N8-10, N8-82, or N8-4 as shown at
the top of the panel. D/T, dimer and tetramer; M, monomer; D/T gly™ and M
gly~, NAs without carbohydrate chains. The precipitates indicated by arrow-
heads are nonspecific, as these bands were not consistently detected in multiple
experiments. Sizes are shown in kilodaltons.



VoL. 69, 1995

1) BFA

N8-10

e en < Diner/Tetramer

-a <«— Monomer

M < Totramer

0 5 10 20 30 45 60 120
Chase time (min)

STEPS IN MATURATION OF INFLUENZA A VIRUS NEURAMINIDASE 5013

2) CCCP

N8-10 N8-4

-.“ ... «— Dimer/Tetramer

o - <«<— Monomer

0 45 0 45 Chase time (min)

0 00310 0 0 0310 CCCP conc. (mM)

FIG. 5. Virus-infected cells were treated with either BFA or CCCP as described in Materials and Methods. BFA-treated cells were radiolabeled for 5 min and
chased for up to 120 min. The cells were subjected to immunoprecipitation by MAb N8-10 (upper panel) or N8-4 (lower panel). For CCCP treatment, virus-infected
cells were radiolabeled for 5 min and then chased with unlabeled methionine in the presence of various concentration of CCCP for either 0 or 45 min. Cells were

subjected to immunoprecipitation as indicated.

marked differences in reactivity were apparent among MAbs
N8-4, N8-10, and N8-82 on oligomeric NAs (Fig. 1A). MAb
N8-10 immunoprecipitated both the monomer and the oli-
gomer, whereas N§8-4 did not precipitate either form. MAb
N8-82 precipitated smaller amounts of the oligomeric NA and
failed to precipitate the monomer altogether. At 5 min of
chase, MADb N8-4 began to precipitate the NA tetramer, which
dissociates into dimers upon electrophoresis (16, 21). At 20
min of chase, these three MAbs precipitated comparable
amounts of NA (Fig. 1A), indicating that the previously noted
differences in reactivity among these MADs in fact reflect the
kinetics of epitope formation. Carbohydrate side chains are
not involved in epitope recognition by MAb N8-82, as demon-
strated by the result of PNGase treatment (Fig. 1B), which
cleaves all N-linked oligosaccharide moieties from glycopro-
teins. These results suggest that the NA oligomer may undergo
conformational change during oligomeric maturation, leading
to formation of the epitope recognized by MAb N8-82. The
putative conformational change detected by this antibody oc-
curs with a #,,, of 8 min, as demonstrated by an experiment
similar to those shown in Fig. 1A.

To examine whether the epitope recognized by MAb N8-82
residues on the dimer or tetramer, we subjected virus-infected
cell lysates to sucrose density centrifugation (Fig. 2). Oligo-
meric NAs with molecular masses of approximately 110 and
130 kDa were precipitated by MAb N8-10 in fractions 10 to 24.
Two peaks of oligomeric NAs were observed in fractions 14
and 20. The former consisted of NAs with a molecular mass of
110 kDa and the latter of NAs of both 110 and 130 kDa. The
tetramer-specific MAb N8-4 precipitated the latter peak exclu-
sively. These results led us to designate fractions 14 and 20 as
dimeric and tetrameric NAs, respectively; monomeric NA
could not be detected because of its small quantity. MAb
NB8-82 precipitated tetrameric NA and a trace amount of NA in
fractions 10 to 14, which might represent the dimeric form of
the molecule. This observation suggests that the epitope rec-
ognized by MAb N8-82 may occur on dimeric NA, preceding
tetramer formation. However, the small amount of NA in
fractions 10 to 14 precludes any firm interpretation of the data.

Kinetics of folding of the NA. We also examined the kinetics
of dimer and tetramer formation of the NA by radioimmuno-
precipitation and taking advantage of the fact that MAb N8-4
recognizes only the tetrameric forms of the NA (21), while
MADb NB8-10 recognizes the epitope on the NA monomer. Pre-

cipitates obtained after each chase period were scanned and
quantified. Maximum amounts of radiolabeled NA were pre-
cipitated by MAb N8-10 at 20 min of chase. On the other hand,
at 0 min after labeling, only 47% of radiolabeled NA was
precipitated by the same antibody compared with the results at
20 min of chase (Fig. 3). Thus, MAb N8-10 appears to recog-
nize a conformation-dependent epitope of the NA, while the
remainder of the NA is still not folded. Almost 70% of the NA
precipitated with MAb N8-10 at this time was in the dimeric
form. Although the observed dimeric NA was probably formed
by intermolecular disulfide linkage at the stalk, we cannot rule
out the possibility that a noncovalently linked dimer was
formed before intermolecular disulfide linkage occurred and
was dissociated into monomers by SDS-PAGE.

As judged from the appearance of the N8-4-reactive form,
tetramerization had begun by 5 min of chase. The NA species
of slower mobility on polyacrylamide gels appeared by 10 min
of chase, indicating further processing of oligosaccharides. At
120 min of chase, most of the NA showed slower mobility on
polyacrylamide gels, and the amount obtained by radioimmu-
noprecipitation with MAb N8-10 decreased to 40% compared
with that obtained at 20 min of chase, results consistent with
incorporation of the tetramer into virions, intracellular degra-
dation, or both (16). The half-time of dimerization was approx-
imately 2.5 min, while that of tetramer formation, estimated
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FIG. 6. Fractionation of CCCP-treated virus-infected cells. Virus-infected
cells were radiolabeled for 5 min and then chased for 45 min in the presence
(right panels) or absence (left panels, control) of 1 mM CCCP. Cell lysates were
fractionated on 5 to 25% sucrose density gradients. Even-numbered fractions
were immunoprecipitated with MAb N8-10 (a and c) or N8-4 (b and d).



5014 SAITO ET AL.

Dimer/Tetramer & = lllew bl an 0 ™

Monomer =& .

Chase time 0 min @LI I @L I |
20 min @I@] I ®I®[®®® -
45 min

Chasedat  15°C o 0 0 [© OO
ar°c CECEETETESE

FIG. 7. Temperature sensitivity of NA maturation. The MAbs used for ra-
dioimmunoprecipitation are given at the top of the panel. After 5 min of labeling,
the cells were chased for 0, 20, or 45 min, as indicated, at either 15 or 37°C.

from the appearance of N8-4 epitope, was approximately 13
min.

Implication of disulfide bonds and glycosylation during NA
maturation. The formation of the epitope detected by MAbs
N8-4, -10, and -82 depends on folding and assembly of the NA.
Disulfide bond formation and glycosylation have been de-
scribed as important factors for the proper folding and assem-
bly of glycoproteins (11). To assess their involvement in NA
epitope formation, we added dithiothreitol (DTT; 5 mM) to
the medium during labeling with [>>S]methoinine to prevent
disulfide bond formation in newly synthesized proteins (5, 24).
After virus-infected cells were labeled for 20 min in the pres-
ence or absence of DTT, the cells were lysed and subjected to
immunoprecipitation. The addition of DTT prevented the for-
mation of the epitopes recognized by MAbs N8-4, -10, and -82
(Fig. 4A), indicating that disulfide linkage plays a crucial role
in the folding of the NA and in epitope formation detected by
these three MAbs. Further chase (30 min) with unlabeled

J. VIROL.

methionine after removal of DTT and [**S]methionine re-
stored the normal maturation of the NA (Fig. 4A).

To determine the role of glycosylation in NA maturation, we
inhibited this process with TM (1 wg/ml). None of the MAbs in
our panel recognized carbohydrate chains as part of the
epitope (Fig. 1B) (21). After TM treatment, the NAs precipi-
tated by MAb N8-10 showed lower molecular masses than
those observed without such treatment (Fig. 4B, D/T gly™
versus D/T). In addition, a majority of the precipitates that
probably represented aggregation of NAs that could not un-
dergo proper assembly were found in a higher-molecular-mass
portion of the gel. Sucrose gradient fractionation confirmed
the presence of tetrameric NA and of aggregates with higher
sedimentation velocity (data not shown). MAb N8-82 precipi-
tated only a trace amount of the NA, while MAb N8-4 did not
precipitate any NA after TM treatment.

These results indicate that NA molecules cannot achieve
proper tetramerization in the absence of carbohydrates.
Whether or not these oligomers without carbohydrate chains
can be transported to the cell surface remains to be determined.

Tetramerization of the NA occurs in the ER of host cells. To
identify the cellular compartment in which the NA attains its
quartertiary structure, we treated the virus-infected cells with
BFA, a fungal metabolite that disrupts the Golgi complex and
blocks transport from the ER to the Golgi apparatus (18, 19).
Although BFA did not block tetramerization of the NA, as
shown by its immunoprecipitation by MAb N8-4 (Fig. 5), the
high-molecular-mass species of the NA oligomer was not ob-
served, indicating incomplete processing of oligosaccharides.

The protein transport inhibitor CCCP depletes intracellular
ATP, resulting in a blockade of protein export from the ER (2,
3, 12, 23). Treatment with this compound failed to block the
appearance of MAb N8-4-reactive forms of the NA, but pre-
vented appearance of the NA oligomer with slower mobility
(Fig. 5). That CCCP blocked export to the Golgi apparatus was
confirmed by experiments showing inhibition of the acquisition
of Endo H resistance (data not presented). The finding that
NA precipitated by MAb N8-4 after CCCP treatment was

Translation ~ Monomer folding  Dimer formation Conformational Tetramer formation
(S-S linkage) (S-S linkage) change detected detected by
detected by by MAb N8-82 MAb N8-4
MADb N8-10
s8-8
Cytoplasm I I
| ! | | |
t1I2
0 min <2.5 min 2.5 min 8 min 13 min

Unfolded p-sheet

FIG. 8. Proposed steps in the maturation of influenza virus NA. Whether or not the epitope recognized by MAb N8-82 appears on dimeric NA is yet to be

determined.
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FIG. 9. (A) Three-dimensional structure of N8 NA as written by the MOLSCRIPT program (17). The NA tetramer is viewed from the top, and the B-sheet involving
amino acid residues 367, 399, and 400, recognized by MAb N8-82, is highlighted with a bold line. (B) Linear diagram of the N8 NA head (disulfide linkages are shown
as S). Numbers at the bottom indicate the positions of cysteine residues. Each of the B-sheets is represented by a solid line. Residues involved in each B-sheet are: B1,
amino acids (a.a.) 122 to 176; B2, a.a. 180 to 216; B3, a.a. 224 to 267; B4, a.a. 276 to 316; B5, a.a. 353 to 403; and B6, a.a. 96 to 102 and 407 to 418.

tetrameric was confirmed by sucrose gradient fractionation
followed by radioimmunoprecipitation (Fig. 6). These findings
indicate that tetramerization of the NA can occur in the ER of
virus-infected cells, the site of oligomerization of most, if not
all, viral glycoproteins (see reference 11 for a review). This
interpretation agrees with the study of Hogue and Nayak (16),
demonstrating that the NA tetramer was formed before the
acquisition of Endo H resistance.

Temperature sensitivity of the NA assembly. Low tempera-
ture (15°C) induces protein accumulation in pre-Golgi vacu-
oles (22, 23), blocking the transport of glycoproteins to the
Golgi apparatus. We therefore conducted chase experiments at
15°C to test the effect of this lower temperature on tetramer-
ization of the NA, which occurs in the ER of host cells. Un-
expectedly, chase at 15°C for 45 min (Fig. 7) and 2 h (data not
shown) prevented the appearance of the NA tetramer recog-
nized by MAb N8-4. Since the experiments with CCCP and
BFA demonstrated that the NA can tetramerize in the ER, the

lack of tetramer detection by MAb N8-4 after 15°C incubation
seemed irrelevant to protein accumulation in the pre-Golgi
vacuoles. Dimerization was also temperature sensitive, as more
monomeric NA was detected after chase at 15°C for 45 min
than at 37°C (Fig. 7). Finally, at 37°C, 72% of the oligomeric
NAs precipitated by MAb N8-10 reacted with MAb N8-82,
whereas at 15°C, this fraction was reduced to only 20%.

Temperature sensitivity of oligomerization was observed in
influenza A virus HA trimerization (9). Trimerization of the
HA occurs more slowly at 15°C than at 37°C (t,,,, 110 to 130
min versus 7 to 8 min). Thus, our inability to detect NA tet-
ramers with MAb N8-4 at 15°C probably stems from temper-
ature sensitivity of earlier steps in oligomerization, such as
dimerization and/or the conformational change detected by
MADb N8-82. Whether or not oligomeric NAs precipitated by
MADb N8-82 formed tetramers at 15°C could not be examined,
as the amount of radiolabeled oligomer during the 15°C chase
was not sufficient for sucrose gradient analysis.
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DISCUSSION

Using three MAbs that recognize discrete maturation-asso-
ciated epitopes on the NA molecule, we were able to identify
key events of NA development in virus-infected cells, as de-
picted in Fig. 8. Folding of the NA monomer probably occurs
both during and after translation, as judged by the rapid for-
mation of the epitope recognized by MAb N8-10. Dimerization
by intermolecular disulfide linkage was evident soon after sub-
unit folding, with a ¢,,, of 2.5 min. The epitope recognized by
MADb N8-82 appeared on oligomeric NA with a #,,, of 8 min,
suggesting a conformational change on the NA subunit. A
tetramer-specific epitope recognized by MAb N8-4 appeared
with a t,,, of 13 min. Whether or not the putative conforma-
tional change detected by MAb N8-82 precedes tetrameriza-
tion remains to be determined. The site of these processes is
the ER of host cells, as demonstrated by experiments with two
protein transport inhibitors, BFA and CCCP.

The head domain of the NA consists of six B-sheets and
eight pairs of disulfide bonds (Fig. 9) (20), all of which (ex-
cluding the one between cysteines 90 and 417) can be regarded
as local. These bonds play an important role in folding of the
head domain of the NA. Nearly 50% of the radiolabeled NA
was already folded and precipitated by MADb N8-10 after 5 min
of labeling. Such rapid completion of folding can be attributed
to its reliance on local disulfide linkages. Protein disulfide
isomerase (PDI) catalyzes the formation and breakage of di-
sulfide bonds in peptides to maintain the correct sets of disul-
fide linkages (13, 14). Local disulfide linkages may not require
PDI to rearrange the linkages to find correct pairs of linkages
and therefore may form correct sets of linkages very rapidly.

The B-sheets involving amino acids 367, 399, and 400, rec-
ognized by MAb N8-82, is within the longest stretch of amino
acids without a disulfide bond (Fig. 9). We propose that the
inability of MAb N8-82 to detect monomeric NA might lie in
the conformational change of the NA subunit during NA mat-
uration. Because this B-sheet lacks a disulfide linkage, it may
not be folded into the same conformation as seen in the ma-
ture tetramer during the initial folding process, governed by
PDI. After dimerization, the B-sheet may undergo conforma-
tional change, resulting in the epitope formation detected by
MADb N8-82. If correct, this hypothesis might explain why only
the tetrameric form of the NA possesses enzyme activity (6),
even though each monomer has an enzyme active site (8). That
is, the active site of intracellular monomeric NA may lack a
functionally active conformation.

Oligomerization of immature subunits should not be consid-
ered unusual, as it has been reported for the HN protein of
human parainfluenza virus type 3 (7) and immunoglobulin
polypeptide (4). The HN oligomerizes into homo-oligomers,
resulting in the absence of detectable monomeric forms of the
protein within cells. With the immunoglobulin G heterodimer,
completely folded heavy chains are assembled covalently to
nascent heavy chains. Moreover, a mutant influenza A virus
HA with an incorrectly folded globular head could form trim-
ers (15).

We demonstrated the ER as the site of NA tetramerization
in experiments with BFA and CCCP. In addition to blocking
the transport of molecules to the Golgi apparatus, BFA causes
retrograde transport of Golgi residential proteins into the ER
(19). We therefore considered that such proteins may have
been responsible for NA tetramerization in the ER during
BFA treatment (19). Involvement of the intermediate com-
partment, which remains intact after BFA treatment (19), also
could not be ruled out in experiments with this protein trans-
port blocker. Both possibilities were rejected when the tet-
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ramer was detected after treatment with CCCP, which blocks
ATP-dependent transport, and hence export from the ER and
other distal steps in the transport pathway (2, 3, 12). The
formation of the intermediate compartment is considered to
be the first ATP-dependent step of export from the ER that is
inhibited by CCCP (3).

In summary, we have outlined the steps involved in matura-
tion of the influenza virus NA, using MAbs with different
conformational specificities. The possibility of conformational
changes in the NA during oligomer maturation is raised by the
results with MAb N8-82. Our findings also provide a molecular
explanation for the absence of enzymatic function by NA
monomers.
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