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We have previously shown that proper processing of dengue type 4 virus NS1 from the NS1-NS2A region of
the viral polyprotein requires a hydrophobic N-terminal signal and the downstream NS2A. Results from
deletion analysis indicate that a minimum length of eight amino acids at the C terminus of NS1 is required for
cleavage at the NS1-NS2A junction. Comparison of this eight-amino-acid sequence with the corresponding
sequences of other flaviviruses suggests a consensus cleavage sequence of MetLeu-Val-Xaa-Ser-Xaa-Val-Xaa-
Ala. Site-directed mutagenesis was performed to construct mutants of NS1-NS2A that contained a single amino
acid substitution at different positions of the consensus cleavage sequence or at the immediate downstream
position. Three to eight different substitutions were made at each position. A total of 50 NS1-NS2A mutants
were analyzed for their cleavage efficiency relative to that of the wild-type dengue type 4 virus sequence. As
predicted, nearly all substitutions at positions P1, P3, P5, P7, and P8, occupied by conserved amino acids,
yielded low levels of cleavage, with the exception that Pro or Ala substituting for Ser (P5) was tolerated.
Substitutions of an amino acid at the remaining positions occupied by nonconserved amino acids generally
yielded high levels of cleavage. However, some substitutions at nonconserved positions were not tolerated. For
example, substitution of Gly or Glu for Gln (P4) and substitution ofVal or Glu for Lys (P6) each yielded a low
level of cleavage. Overall, these data support the proposed cleavage sequence motif deduced by comparison of
sequences among the flaviviruses. This study also showed that in addition to the eight-amino-acid sequence, the
amino acid immediately following the NS1-NS2A cleavage site plays a role in cleavage.

The four serotypes of dengue virus are members of
Flaviviridae, a family of 60 to 70 viruses that are transmitted
by mosquitos or ticks. Dengue viruses and many other
flaviviruses, including yellow fever virus, Japanese enceph-
alitis virus, and tick-borne encephalitis virus, cause major
epidemics associated with human illnesses of various de-
grees of severity (17, 28). Results from studies on the
morphology, chemical, and antigenic structure indicate that
members of the flavivirus family share a high degree of
similarity (33). The complete or nearly complete sequences
of several flavivirus genomes have been determined (9, 10,
16, 19, 23-25, 30, 32, 36, 39, 41, 44). Analysis of these
sequences showed that 95% of the flavivirus genome en-
codes a long polyprotein in the order NH2-C-pre-M/M-
E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-COOH.
The polyprotein is co- and posttranslationally processed to
produce the 10 or more individual structural proteins and
nonstructural proteins. There is evidence that the three virus
structural proteins, C, pre-M/M, and E, are cotranslationally
cleaved by a signal peptidase (26, 37). The proteolytic
processing of the nonstructural protein NS2A-NS2B-NS3-
NS4A-NS4B-NS5 domain has been studied for a number of
flaviviruses, including dengue type 4 (DEN 4) virus (4,
12-14), DEN 2 virus (34, 35), yellow fever virus (6-8), and
West Nile virus (43). These studies supported the proposal
that NS3 contains a catalytically active proteinase domain
(1, 15). In addition, NS2B is also required for cleavage,
presumably as a cofactor for functional activity (8, 14, 43).
This two-component viral proteinase mediates cleavage at
the NS2A-NS2B, NS2B-NS3, NS3-NS4A, and NS4B-NS5
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junctions. These cleavage junctions share a common se-
quence motif in which the sequence of two basic amino
acids, Lys-Arg or Arg-Arg, is followed by Ala, Ser, or Gly.
Cleavage at the NS4A-NS4B junction of the polyprotein can
occur in the absence of the viral NS2B-NS3 protease, and
this cleavage is presumably mediated by a signalase because
the cleavage site is preceded by a long hydrophobic se-
quence (4).
Sequence analysis indicates that the cleavage sequence at

the NS1-NS2A junction does not contain a dibasic amino
acid motif or a long hydrophobic amino acid stretch, sug-
gesting that a novel cleavage mechanism may be involved.
We have shown earlier that efficient cleavage at the DEN 4
virus NS1-NS2A junction requires the N-terminal hydro-
phobic signal of NS1 and downstream NS2A in cis (12).
The requirement for a signal suggests that cleavage of
the NS1-NS2A precursor occurs at some intracellular site
along the exocytic pathway (13). Deletion analysis has
shown that an octapeptide sequence at the C terminus of
NS1 is also required for efficient cleavage at this junction
(18). On the basis of comparison of this eight-amino-acid
sequence with the corresponding sequences of 13 other
flaviviruses, we have proposed that the flavivirus consensus
NS1-NS2A cleavage sequence appears to be P8-Met/Leu-
Val-Xaa-Ser-Xaa-Val-Xaa-Ala-Pl, in which amino acids at
positions P6, P4, and P2 vary (18). The experimental evi-
dence to support the proposed sequence motif is still lacking.
For this reason, we analyzed the cleavage phenotype of
DEN 4 NS1-NS2A constructs that contained a single substi-
tution for one of these eight amino acids or the amino acid
immediately following the cleavage site. For the most part,
the results of this analysis are in good agreement with the
cleavage sequence motif deduced from the sequence com-
parison.

7225



7226 PETHEL ET AL.

MATERLILS AND METHODS

Cells and viruses. CV-1 cells and human thymidine kinase-
negative 143 cells were grown in minimal essential medium
(MEM) containing 10% fetal bovine serum as described
previously (45). TheWR strain ofvaccinia virus was used for
construction of recombinant vaccinia viruses. Recombinant
vaccinia virus vSC8, which contains a bacterial ,B-galactosi-
dase gene but no dengue virus cDNA insert, was used as a
negative control (5). All recombinant vaccinia viruses de-
scribed in this report were grown and titered in CV-1 cells.
The recombinant virus vTF7-3, which contains the T7 RNA
polymerase gene under the control of the vaccinia virus
early/late promoter p7.5, was kindly supplied by B. Moss
(11).

Site-directed mutagenesis and construction of vaccinia virus
recombinants. Restriction enzymes were purchased from
Bethesda Research Laboratories, Inc., or New England
BioLabs, Inc. A GEMSEQ kit (Promega Corp.) or Seque-
nase 2.0 kit (United States Biochemical Corp.) was used for
DNA sequencing. Oligonucleotides encoding amino acid
changes were synthesized on a model 391 PCR-Mate Oligo-
synthesizer (Applied Biosystems Inc.). Recombinant DNA
construction was performed according to standard proce-
dures. Initially, the pSC11/NS1-NS2A plasmid construct
obtained earlier (12) was digested with BamHI and EcoRI to
produce the 1.8-kb NS1-NS2A DNA fragment for insertion
into the M13mpl9 cloning vector. Site-directed mutagenesis
for the construction of substitutions at positions P1, P2, P3,
and P1' was conducted by using a Muta-Gene M13 in vitro
mutagenesis kit (Bio-Rad Laboratories) as suggested by the
manufacturer. Mutations contained in the various M13mpl9
recombinant DNA constructs were verified by sequence
analysis, and the 1.8-kb BamHI-EcoRI NS1-NS2A DNA
fragment was introduced into the pSC11/NS1-NS2A inter-
mediate cloning vector. The wild-type vaccinia virus WR
strain and the recombinant plasmid pSC11/NS1-NS2A were
used for the construction of recombinant vaccinia viruses as
described previously (12, 45).
pTM-1 transient expression system. Cleavage of mutant

NS1-NS2A constructs encoding an amino acid substitution
at position P4, P5, P6, P7, or P8 was studied by using the
pTM-1FI'7 transient expression system (11, 29). To facilitate
mutant DNA construction, two silent mutations (G-3473 to T
and C-3476 to A) that generated a new PstI site at nucleotide
position 3472 of the DEN 4 virus sequence were introduced
into the wild-type NS1-NS2A DNA fragment by site-di-
rected mutagenesis. The mutated DNA fragment was subse-
quently inserted into the pSC11 vector to yield plasmid
pSC11-NS1-NS2A (PstI).
The ATG codon within the NcoI site (CCATGG) of the

pTM-1 plasmid vector is the codon of choice for initiation of
protein synthesis (29). To prepare the NS1-NS2A DNA
sequence for insertion into the pTM-1 vector, a polymerase
chain reaction (PCR) was performed, using the pSC11-NS1-
NS2A (PstI) DNA template, oligonucleotide D179 (5'-CCCA
GATTCATGAACACTrCAATGGCTATG-3'), which con-
tains an ATG codon within the flanking BspHI sequence,
and oligonucleotide 1852 (5'-TCTGTGAGCGTATCCCAA
ACG-3'), which is located within the pSC11 DNA down-
stream of the DEN 4 virus NS1-NS2A insert. The PCR DNA
product (1.8 kb) was cleaved by BspHI and SmaI prior to its
insertion between the NcoI and StuI sites of the pTM-1
vector, yielding plasmid pTM-1-NS1-NS2A (PstI). To con-
struct mutant plasmids, the DNA fragment between the
unique PstI site at position 3472 and the unique NcoI site at
position 3220 of the DEN 4 virus sequence was replaced with

the corresponding DNA fragment encoding an amino acid
change. For this purpose, a series of mutant DNA fragments
was generated by PCR, using the wild-type NS1-NS2ADNA
template primed by a negative-strand oligonucleotide carry-
ing the mutation to be introduced and the PstI cleavage
sequence. The positive-strand primer was oligonucleotide
2410, which contains the sequence 5'-AAGGCTATGCC
ACGCAAA-3' located upstream of the unique NcoI site.
The PCR product was cleaved by NcoI and PstI and was
used to replace the wild-type DNA fragment in pTM-1-NS1-
NS2A (PstI). All plasmid constructs were sequenced across
the mutation site for verification.

Preparation of 35S-labeled cell lysates and immunoprecipi-
tation. Confluent CV-1 cells in a six-well dish were infected
with a recombinant vaccinia virus at a multiplicity of infec-
tion of 4.2 PFU per cell in MEM containing 2% fetal bovine
serum (MEM-2). At 24 h postinfection, cells were starved for
methionine by replacing the MEM-2 with methionine-free
MEM-2. After 1 h, the medium was replaced with 0.6 ml of
the same medium containing 60 pCi of L-[35SJmethionine
(>800 Ci/mmol; Amersham Corp.). At the end of 2 h, the
labeling medium was removed and cells were lysed by
adding 0.5 ml of radioimmunoprecipitation assay buffer (0.1
M Tris hydrochloride [pH 7.5], 0.15 M NaCl, 1% sodium
deoxycholate, 1% Nonidet P-40) and 0.1% sodium dodecyl
sulfate (SDS). The cell lysate was collected, centrifuged for
15 min in a microcentrifuge, and stored at -20°C until use.
To 50 ,ul of the 35S-labeled cell lysate was added 1 ,ul of

normal mouse ascitic fluid. The lysate mixture was incu-
bated on ice overnight. Excess Pansorbin (Calbiochem) was
added, and the incubation continued for an additional 1.5 h.
The mixture was then centrifuged, and the resulting super-
natant was transferred to another tube and immunoprecipi-
tated with 1 ,l of DEN 4 virus hyperimmune mouse ascitic
fluid. Following incubation for 2 h on ice, excess Pansorbin
was added. After 1.5 h, the lysate mixture was again
centrifuged and the pellet was washed twice with radioim-
munoprecipitation assay buffer containing 2% SDS.

Alternatively, confluent CV-1 cells in a six-well dish were
infected with recombinant vaccinia virus vTF7-3 at a multi-
plicity of infection of 8.3 PFU per cell in 0.5 ml ofMEM per
well without fetal bovine serum. After 30 min, the inoculum
was removed and cells were transfected with 3 ,ug of
wild-type plasmid pTM-1-NS1-NS2A (PstI) or a recombi-
nant mutant plasmid plus 15 ,ul of Lipofectin (Life Technol-
ogies, Inc.) in 1 ml of MEM. At 3.5 h postinfection, 1 ml of
MEM containing 20% fetal bovine serum was added to each
well. At 24 h after infection, cells were starved for methio-
nine by replacing the medium with methionine-free MEM
containing a final concentration of 124 mM NaCl. After 20
min, the medium was removed and replaced with 0.6 ml of
the same medium containing 100 ,Ci of L-[35S]methionine
per ml. At the end of 1.5 h, the labeling medium was
removed and cells were lysed as described above. Immuno-
precipitation of the lysate was performed by using hyperim-
mune mouse ascitic fluid except that the preabsorption step
with normal mouse ascitic fluid was omitted.

Polyacrylamide gel electrophoresis and fluorography. The
immunoprecipitate pellets were resuspended in 1x protein
loading buffer (50 mM Tris hydrochloride [pH 6.8], 5%
2-mercaptoethanol, 2% SDS, 0.1% bromophenol blue, 10%
glycerol) (45) and boiled for 5 min prior to loading on an
SDS-12% polyacrylamide gel. Fluorography was done as
previously described (3).

Quantitation of NS1-NS2A cleavage. The percent cleavage
of the wild-type or mutant NS1-NS2A polyprotein was
determined by measuring the radioactivity present in the
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NS1 and NS1-NS2A bands excised from the dried gel. The
wild-type NS1-NS2A polyprotein expressed by recombinant
vaccinia virus was completely processed to yield authentic
NS1, as no labeled precursor NS1-NS2A band was detected
following the 2-h labeling (see Results). Under the same
infection and labeling conditions, the total radioactivity
measured for NS1-NS2A of several mutants that did not
produce detectable NS1 averaged 10.2-fold less than that
found for the wild-type NS1 band. The reduced detection of
the NS1-NS2A polyprotein compared with processed NS1
was probably not due to the instability of the uncleaved
polyprotein, since this precursor could stably accumulate for
at least 30 min and only slowly degraded thereafter under
conditions that inhibited the polyprotein processing (13).
This finding suggests that the NS1-NS2A precursor exhib-
ited a lower level of binding affinity to hyperimmune mouse
ascitic fluid than did NS1. This differential immunoprecipi-
tation was taken into consideration in the quantitation of the
cleavage levels for NS1-NS2A mutants.

In studies using the pTM-1M17 transient expression sys-
tem, wild-type NS1-NS2A DNA produced predominantly
cleaved NS1, but a minor band representing the uncleaved
NS1-NS2A precursor was also detected. The cleavage effi-
ciency of wild-type NS1-NS2A was found to be approxi-
mately 80%. The cleavage efficiency of the wild-type NS1-
NS2A polyprotein measured in each transfection experiment
was used to normalize the cleavage efficiency for each
mutant. Three or more independent transfection experi-
ments were conducted for each mutant. A Student Q test
(38) was used to determine whether any values of percent
cleavage could be discarded. In general, the percent cleav-
age values obtained for each mutant were relatively consis-
tent.

RESULTS

Experimental approach to the analysis of the DEN 4 virus
NS1-NS2A cleavage sequence. By sequence comparison of a
number of flavivirus polyproteins, we previously proposed
that the consensus sequence for cleavage of flavivirus NS1-
NS2A is, from position P8 to position P1, Met/Leu-Val-Xaa-
Ser-Xaa-Val-Xaa-Ala (18). In this cleavage sequence, Xaa at
positions P2, P4, and P6 are nonconserved amino acids and
amino acids at the other positions are conserved.
To test this cleavage model in vivo, mutant constructs of

DEN 4 virus NS1-NS2A cDNA were engineered to encode a
single amino acid substitution at one of these eight positions
or at the P1' position immediately following the NS1-NS2A
junction. NS1-NS2A mutants containing amino acid substi-
tutions at positions P1', P1, P2, and P3 were expressed by
using the recombinant vaccinia virus-based system. The
cleavage phenotype of these NS1-NS2A mutants was ana-
lyzed by detection of the cleaved NS1 product and its
precursor NS1-NS2A polyprotein expressed in recombinant
virus-infected cells. A second procedure of gene expression
was used to facilitate analysis of a large number of amino
acid substitutions at positions P4 to P8. The second ap-
proach utilized the T7 promoter-driven transient expression
system (11). Mutant NS1-NS2A DNA was directly cloned
into plasmid pTM-1 under the control of a T7 promoter.
Plasmid constructs were used for transfection of CV-1 cells
previously infected with a recombinant vaccinia virus,
vTF7-3, expressing T7 polymerase. Cleavage of the ex-
pressed mutant NS1-NS2A polyprotein was similarly ana-
lyzed.

Mutational analysis of the octapeptide sequence at the DEN
4 NS1-NS2A junction. (i) Effects of substitutions for Ala (P1)

a
a wt

man

T b A
K L W S wt - wt D R L F S Y

- _ _ a& !

a a

_--46 %S--NS2A

- NS'

C:eavage Seoje-ce: M-V-K-S-Q-V--T-A'G

FIG. 1. Effects of substitutions for Thr (P2) (a) or Ala (P1) (b) on
the cleavage of NS1-NS2A. Cleavage of DEN 4 virus NS1-NS2A
was analyzed by immunoprecipitation of [35S]methionine-labeled
lysates prepared from recombinant vaccinia virus-infected cells.
The precipitates were separated by polyacrylamide gel electropho-
resis. The locations of the cleaved NS1 and uncleaved NS1-NS2A
precursor are indicated. The vSC8-infected cell lysate is shown in
lane -, and the cleaved NS1 product of wild-type NS1-NS2A is
shown in lane wt. In all figures, the NS1-NS2A cleavage sequence is
shown at the bottom; amino acids in bold letters indicate the
positions for substitution. Amino acids are designated by the single-
letter nomenclature system.

or Thr (P2). Six amino acids, Asp, Arg, Leu, Phe, Ser, and
Tyr, were selected to separately substitute for Ala at posi-
tion P1, which is conserved among the previously sequenced
flaviviruses. Analysis of the cleavage phenotype of this
series of mutant NS1-NS2A constructs is shown in Fig. 1,
and cleavage efficiencies are summarized in Table 1. It can
be seen that each of the six substitutions for Ala expressed
predominately uncleaved NS1-NS2A. Interestingly, substi-
tution of Leu for Ala almost completely abolished cleavage
of the NS1-NS2A polyprotein, presumably because Ala
contains a small aliphatic side chain whereas Leu contains a
much larger side chain. Similarly, substitution of Ser for Ala
also greatly diminished the cleavage efficiency despite the
fact that both amino acids contain small side chains. Al-
though only a few substitutions were tested, these six amino
acids contain a variety of side chains. This finding indicates
that Ala (P1) is optimal for cleavage, consistent with the
proposed sequence motif.

Six amino acids, Glu, Lys, Leu, Trp, Ser, and Gln, were
also selected to replace Thr (P2), which is not conserved
among flaviviruses. As shown in Fig. la and Table 1, four of
the six substitutions produced the cleaved NS1 product in
high or relatively high yield, ranging from approximately 67
to >100% of the wild-type level. This result indicates that
these substitutions for Thr (P2) had little or no effect on
NS1-NS2A cleavage. However, substitution of charged
amino acid Glu or Lys yielded mutant NS1-NS2A polypro-
teins which were cleaved at a reduced level (18 or 34% of
wild-type cleavage, respectively). Thus, a number of un-
charged amino acids can substitute for Thr (P2) with little or
no effect on cleavage.

(ii) Effects of substitutions for Val (P3) or Gln (P4). Four
amino acids, Lys, Glu, Leu, and Gly, were substituted for
Val (P3), which is invariant among flaviviruses with the
exception of DEN 3 virus. As shown in Table 1 and Fig. 2,
each of the four mutant recombinant vaccinia viruses pro-
duced predominantly the uncleaved NS1-NS2A polyprotein
precursor. This result showed that cleavage of NS1-NS2A
did not occur when Val (P3) was replaced with charged
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TABLE 1. Efficiency of cleavage at the DEN 4 virus NS1-NS2A
junction containing an amino acid substitution

a Q
E L K G A R C W wt -

b v
K E L G wt - SUbst!:ztiorn

Substitution
(single-letter code)

Glu (E)
Arg (R)
Val (V)
Trp (W)
Asp (D)
Arg (R)
Leu (L)
Phe (F)
Ser (S)
Tyr (Y)
Glu (E)
Lys (K)
Leu (L)
Trp (W)
Ser (S)
Gln (Q)
Glu (E)
Lys (K)
Leu (L)
Gly (G)
Glu (E)
Leu (L)
Lys (K)
Gly (G)
Ala (A)
Arg (R)
Cys (C)
Trp (W)
Arg (R)
Pro (P)
Thr (T)
Glu (D)
Ala (A)
Phe (F)
Gln (Q)
Leu (L)
Glu (E)
Val (V)
Arg (R)
Ala (A)
Asp (D)
Gly (G)
Arg (R)
Trp (W)

Gly (G)
Thr (T)
Glu (E)
Lys (K)

Val (V)
Leu (L)

Cleavage efficiency
(% of wt levelp

19 t 8
7 4
7 4

48 t 24
3 2
5 5

4 4
0

10 3
0

18 5
34 16
78 10
67 22
107 15
132 19
4 2
1 t 2
4 t 3
10 4
20 8
85 18
48 t 18
13 t 3
41 13
65 28
37 25
66 5
8 t 3

132 4
20 10
3 t 3

100 11
7 t 1
84 26
50 15
28 13
43 6
73 23
102 21

5 t 4
1 t 1
1 t 1
6 t 0
1 t 1
4 t 2
2 t 1
2 3

20 5
70 11

*1 _" - NS A

1so w..f- S'

C;eavage Seque-ce,: M-A-4V' K---S -Q---V-T--Ay G
FIG. 2. Effects of substitutions for Gln (P4) or Val (P3) on the

cleavage of NS1-NS2A. (a) Cleavage of NS1-NS2A polyproteins
containing substitutions for Gln (P4) as produced by the vTF7-3/
pTM-1 transient expression system; (b) cleavage of recombinant

vaccinia virus-expressed NS1-NS2A mutants containing amino acid

substitutions for Val (P3). Analysis of NS1-NS2A cleavage was

performed as described for Fig. 1. Lane -, pTM-1-transfected cell

lysate; lane wt, wild-type cleavage.

substitution, a moderate to high level of NS1-NS2A cleavage
(37 to 85%) was observed for the amino acid substitutions.
Both Glu and Gly substitutions reduced the cleavage effi-
ciency to 20 and 13%, respectively. This result indicates that
a number of amino acids can occupy position P4 and produce
high levels of cleavage of NS1-NS2A.

(iii) Effects of substitutions for Ser (P5) or Lys (P6). Six
substitutions (Glu, Thr, Pro, Arg, Ala, and Phe) were made
for the conserved Ser at position P5 to test the effects of
these mutations on the cleavage of the NS1-NS2A precur-
sor. The results in Table 1 and Fig. 3 show that a charged
amino acid in this position, such as Arg or Glu, reduced the
level of cleavage of NS1-NS2A to 8 or 3%, respectively.
Substitution of Thr for Ser, despite the fact that both amino
acids have a hydroxyl group, also diminished the level of
cleavage, as did the substitution of Phe (20 and 7%, respec-
tively). Interestingly, Pro or Ala substituting for Ser had no

effect on cleavage (132 or 100%, respectively, of the wild-
type level). These substitutions were well tolerated.

Gln, Leu, Glu, Val, Arg, and Ala were selected to substi-
tute for Lys at position P6, which is not conserved among

K S

- wt A R V E L E T P R Substiituor.

I Cleavage at the NS1-NS2A junction of DEN 4 virus requires an eight-
amino acid sequence at the NS1 C terminus which, from P8 to P1, is
Met-Val-Lys-Ser-Gln-Val-Thr-Ala.

b Two or more independent experiments were performed to determine the
cleavage efficiency of mutant NS1-NS2A relative to that of the wild-type (wt)
NS1-NS2A control. The average cleavage efficiency with variations from the
mean was calculated for each mutant polyprotein.

I Amino acid position P1' immediately following the cleavage site is
occupied by Gly in the DEN 4 virus NS1-NS2A sequence.

amino acid Lys or Glu or with Leu, which is a large aliphatic
nonpolar amino acid similar to Val.

Eight amino acids, Glu, Leu, Lys, Gly, Ala, Arg, Cys, and
Trp, were chosen to substitute for Gln (P4), which is not
conserved among flaviviruses. Analysis of NS1-NS2A cleav-
age observed in mutant DNA-transfected cells (Table 1 and
Fig. 2a) showed that with the exception of Glu or Gly

NS 1 NS2A

Ei.I. NS1

Cleavage Sequence: M-V-K-S-Q-V-T-Av G
FIG. 3. Effects of substitutions of Lys (P6) or Ser (P5) on the

cleavage of NS1-NS2A. DEN 4 virus NS1-NS2A polyproteins
containing the indicated substitutions were produced by the vTF7-
3/pTM-1 expression system. Analysis of NS1-NS2A cleavage was

performed as described for Fig. 1. Lane -, infected cell lysate; lane
wt, wild-type cleavage.

Amino acid
(position)a

Gly (Pl)c

Ala (P1)

Thr (P2)

Val (P3)

Gln (P4)

Ser (P5)

Lys (P6)

Val (P7)

Met (P8)
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M V
G T E K V D G R wt - S-ostitulior

R W wt E V wt - Substitution
_. 4

.

M-_ * NS1-NS2A

m -aNS1

Cleavage Sequence: M-V-K-S-Q-V-T-A G

FIG. 4. Effects of substitutions for Met (P8) or Val (P7) on the
cleavage of NS1-NS2A. The vTF7-3/pTM-1 transient expression
system was used to analyze cleavage of NS1-NS2A polyproteins
containing the indicated amino acid substitutions. Cleavage of
NS1-NS2A was analyzed as described for Fig. 1. Lane wt, wild-type
product; lane -, pTM-1-transfected cell lysate.

flaviviruses. Analysis of the expressed DEN 4 virus products
showed that most amino acid substitutions at this position
had little or no effect on cleavage of the NS1-NS2A precur-
sor (Fig. 3). On the other hand, substitution of negatively
charged Glu for positively charged Lys (P6) reduced the
cleavage efficiency to 28% (Table 1).

(iv) Effects of substitutions for Val (P7) or MetlLeu (P8). Val
(P7) in the NS1-NS2A cleavage sequence is conserved
among flaviviruses. Three amino acids, Asp, Gly, and Arg,
were selected to replace Val at this position for analysis of
the effect on cleavage of the mutant NS1-NS2A polypro-
teins. As shown in Fig. 4 and Table 1, Asp, Gly, or Arg
substitution produced cleavage-defective NS1-NS2A. This
analysis indicates that Val (P7) is required for NS1-NS2A
cleavage.
Seven amino acid substitutions, Trp, Gly, Thr, Glu, Lys,

Val, and Leu, were tested for the requirement of Met (P8) in
the cleavage sequence of the DEN 4 virus NS1-NS2A
polyprotein. Analysis of the cleavage phenotype of these
seven NS1-NS2A mutants is shown in Fig. 4. With the
exception of the Val substitution, which yielded a low level
of NS1-NS2A cleavage (20%; Table 1), NS1-NS2A contain-
ing one of five substitutions for Met (P8) was cleaved at a
very low level (1 to 6%). However, substitution of Leu for
Met had a minimal effect on NS1-NS2A cleavage (approxi-
mately 70% of the wild-type level), indicating that Leu at this
position of the cleavage sequence can be tolerated. Similar
to other positions occupied by amino acids that are con-
served among flaviviruses, position P8 appeared to be rela-
tively invariant and restricted to Met or Leu for DEN 4 virus
NS1-NS2A cleavage.

Effects of substitutions for Gly (Pl') on cleavage of NS1-
NS2A. Comparison of flavivirus sequences indicates that Gly
(P1') immediately following the DEN 4 virus NS1-NS2A
cleavage site is not a conserved amino acid. Three other
amino acids, Tyr, Phe, and Asn, occupy this position in the
sequences of other flaviviruses (18). The cleavage phenotype
of NS1-NS2A containing amino acid substitutions for Gly
(P1') was also studied. Four substitutions, Glu, Arg, Val,
and Trp, were made at the P1' position. The results in Table
1 and Fig. 5 revealed that substitution of Trp for Gly (P1')
resulted in a moderate reduction of NS1-NS2A cleavage to
48% of the wild-type level. Substitution of Glu, Arg, or Val

Cleavage Sequence: M-V-K-S-Q-V-T-AvG
FIG. 5. Effects of substitutions for Gly (P1') downstream of the

NS1-NS2A cleavage site. Wild-type and mutant DEN 4 virus
NS1-NS2A polyproteins were expressed by recombinant vaccinia
viruses. Cleavage of NS1-NS2A was analyzed as described for Fig.
1. The cleavage sequence shown below indicates substitutions for
Gly at position P1'. Lane wt, cleavage of the wild-type NS1-NS2A;
lane -, pTM-1-transfected cell lysates.

for Gly resulted in a significant reduction of cleavage (19, 7,
or 7%, respectively). These results indicated that the amino
acid at position P1' also plays a role in cleavage.

DISCUSSION

Processing of viral polyproteins plays a central role in the
gene expression of positive-strand RNA viruses (40). These
viruses encode proteinases that cleave the viral polyproteins
at certain sites with a stringent specificity (20). Analysis of
the sequence near the cleavage sites has shown that viral
proteinases generally recognize a sequence motif composed
of a small number of amino acid residues. For example,
picornavirus 3C or 2A proteinase has been shown to cleave
the sequence Q-G or T-Y/F-G, respectively (20). The Nla
proteinase of tobacco etch virus, a member of the potyvirus
group, cleaves a heptapeptide sequence containing the Glu-
Xaa-Xaa-Tyr-Xaa-Gln-Ser/Gly motif, with cleavage occur-
ring between Gln and Ser or Gly (31). The proteolytic
processing of the DEN 4 virus polyprotein at the junction
between nonstructural proteins NS1 and NS2A requires an
eight-amino-acid sequence at the C terminus of NS1 (18).
Cleavage also requires the downstream NS2A protein appar-
ently acting in cis (12). Evidence demonstrating that a fusion
protein containing a portion of pre-M, the C-terminal eight
amino acids of NS1, and all of NS2A was cleaved at the
predicted NS1-NS2A junction has been obtained (13). This
finding indicates that the NS1 sequence is not required for
cleavage except for the C-terminal eight amino acids. Com-
puter searches have not identified any sequences in the
flavivirus NS2A protein with homology to the catalytic site
of any proteinase family. In vitro translation-processing
studies have not revealed evidence that NS2A autocatalyzes
its cleavage from NS1 (13). Thus, it seems likely that
cleavage at the NS1-NS2A junction may be mediated by a
novel host cell protease.

Chemically synthesized peptides of various sequences
have been used for analysis of cleavage sequence motifs in a

number of in vitro cleavage systems (2, 42). Because the
protease responsible for cleavage at the NS1-NS2A junction
has not been identified and no in vitro processing system is
available, this approach has not been possible for the anal-
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ysis of flavivirus NS1-NS2A cleavage. Instead, we turned to
a study of the in vivo cleavage of the NS1-NS2A polyprotein
encoded by a series of mutant DEN 4 virus NS1-NS2A
cDNAs constructed by oligonucleotide-directed mutagene-
sis. Our results showed that most substitutions at positions
P1, P3, P5, P7, and P8, occupied by conserved amino acids,
yield low levels of cleavage ranging from no cleavage (Phe
substitution for Ala at position P1) to approximately 20% of
wild-type cleavage (Thr substitution for Ser at position P5 or
Val substitution for Met at position P8). Exceptions were the
Pro and Ala substitutions for Ser at position P5 and the Leu
substitution for Met at position P8. The observation that the
Leu substitution for Met (P8) has only a minimal effect on
cleavage is predicted, as position P8 is occupied by Met in
the DEN 4 virus sequence or by Leu in other flavivirus
sequences (18). On the other hand, most substitutions of
amino acids at the nonconserved positions generally yielded
moderate to high levels of cleavage. These data are in
agreement with the proposed consensus cleavage sequence
for the NS1-NS2A junction; the conserved amino acids are
essential for cleavage, while substitutions at the noncon-
served positions are tolerated.

Variation from the consensus sequence may offer addi-
tional insight into the specificity of the sequence require-
ments for NS1-NS2A cleavage. As mentioned above, a
noticeable exception has been found for the substitution of
Pro or Ala for Ser (P5), which is conserved among flavivi-
ruses. Ala and Pro differ in polarity from Ser, but like Ser,
they have small side chains and appear to be recognized
equally efficiently at position P5 by the responsible protease.
In the DEN 3 virus NS1-NS2A cleavage sequence, Ala
replaces the conserved Val at the P3 position (30). This
represents the only natural variant of the cleavage sequence
motif at position P3. This substitution is tolerated presum-
ably because both Val and Ala are aliphatic amino acids. Our
study revealed that replacement of Ser for Ala (P1), Val for
Met (P8), or Thr for Ser (P5) permits partial cleavage. For
the most part, substitutions for conserved amino acids, even
with amino acids having similar side chains, yielded cleav-
age-deficient NS1-NS2A polyproteins. This finding indi-
cates that the responsible enzyme recognizes a well-defined
sequence at the cleavage site with a highly stringent speci-
ficity.
Although amino acids at positions P2, P4, and P6 of the

cleavage sequence are not conserved among flaviviruses, not
all substitutions at these positions produce a cleavage-
competent NS1-NS2A polyprotein, and several sequence
constraints exist. In the case of DEN 4 virus NS1-NS2A
cleavage, the substitutions of Gly or Glu for Gln (P4) and Glu
for Lys (P6) permitted only a low level of cleavage. These
findings indicate that these amino acids are not completely
unimportant for cleavage. Nonetheless, it is clear that amino
acids at positions P2, P4, and P6 are less important determi-
nants for NS1-NS2A cleavage than are those at the other five
positions in the consensus cleavage sequence. In addition, it
appears that the amino acid at position P1' plays a role in
cleavage, since the substitution of Glu, Arg, or Val for Gly
reduced the level of cleavage of NS1-NS2A.
The wild-type DEN 4 virus NS1-NS2A sequence appears

to be optimal for polyprotein processing, since some substi-
tutions for the nonconserved amino acids also caused a
reduction in cleavage efficiency. This finding suggests that
the DEN 4 virus cleavage sequence may have been evolu-
tionarily selected for optimal protein processing at this
junction, presumably conferring a growth advantage on the
virus. A cleavage product, identified as NS1-NS2A', has
been detected in yellow fever virus-infected cells (7) and

Japanese encephalitis virus-infected cells (27). It remains to
be established whether or not the NS1-NS2A cleavage
sequence of yellow fever virus or Japanese encephalitis virus
is optimal for cleavage.
Although regulation of viral gene expression at the level of

polyprotein processing is complex, suboptimal cleavage at
one or more sites of the polyprotein is likely to reduce virus
replication and therefore virulence for the infected host.
Substitutions of amino acids at the NS1-NS2A cleavage site,
resulting in reduced cleavage, should cause restriction of
growth of the virus. Growth restriction, in turn, may cause
attenuation of the virus. Understanding the mechanisms and
constraints of cleavage therefore assumes importance in our
effort to design molecular strategies for the prevention of
dengue virus infection. As a result of our recent success in
obtaining an infectious RNA transcript of full-length DEN 4
virus cDNA (22), it is now possible to construct DEN 4 virus
mutants containing defined amino acid substitutions at the
NS1-NS2A cleavage site. Analysis of these mutants by
plaque assay has shown that several such single amino acid
substitution mutants exhibited a small-plaque morphology
(21). These mutants should be further evaluated for attenu-
ation in animals and eventually in humans. Furthermore,
understanding of the substrate specificity of the responsible
enzyme may allow us to design uncleavable peptide mimics
that might serve as specific inhibitors that interrupt the viral
proteolytic processing. Interruption of the polyprotein proc-
essing is an especially attractive approach to the prevention
or treatment of flavivirus infections. While effective vaccines
directed against all four dengue virus serotypes as well as
other members of the large flavivirus family will have to be
developed, a therapeutic agent specific to the novel prote-
ase, if it can be successfully designed, might have the general
applicability to all flaviviruses.
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