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ABSTRACT: Investigation of the structurefunction relationship of the '’ oligoadenylate [2-5 (A)]
synthetases has been hampered by the lack of an efficient expression system for a recombinant enzyme.
Here, we report that the 9-2 isozyme of murine 2-5 (A) synthetase can be efficiently expressed in insect
cells using the baculovirus system. The recombinant protein was purified to apparent homogeneity, and
its enzymatic activity was characterized. It had a high specific activity, required double-stranded RNA
as a cofactor, and synthesized dimers to hexamers of 2-5 (A). The utility of our expression system was
demonstrated by studying the properties of two previously reported mutant proteins. Both of these mutants,
when produced in bacteria, are enzymatically inactive, although similarly produced wild-type protein is
active. Unexpectedly, when expressed in insect cells, both mutant proteins were enzymatically as active
as the wild-type protein. These results suggest that in the eukaryotic expression system described here,
the mutant proteins can undergo appropriate modifications or folding that is required for attaining an
enzymatically active conformation.

2'-5' Oligoadenylate [2-5 (A)f] synthetases are a family  9-2/3-9 synthetases have almost identical sequences except
of enzymes that polymerize ATP into a series 852linked for the carboxyl terminal regions that are encoded by the
oligoadenylates]( 2). All of these enzymes require double- alternatively spliced regions. The different isozymes of 2-5
stranded (ds) RNA as a cofactor, and their synthesis is (A) synthetase reside in different subcellular compartments.
induced by treatment of cells with interferons. The 2-5 (A) This differential distribution is dictated by isozyme-specific
molecules can activate a latent ribonuclease, RNase L, byposttranslational modifications in some cases. The small
causing its dimerization3j. In an interferon-treated cell, synthetases exist as tetramers, the medium as dimers, and
virus infection causes the production of dsRNA, consequent the large as monomers8)(
production of 2-5 (A), activation of RNase L, and degradation = We have been studying the structufanction relationship
of RNA (4). Thus, the 2-5 (A) synthetase/RNase L pathway of the murine 9-2 synthetase whose cDNA we clonéd (
can prevent viral replication by activating a cellular RNA- 9). For these studies, we have used in vitro reticulocyte
degradation pathway. lysate system anBscherichia colifor expressing wild-type

2-5 (A) synthetases fall into three size classes: large, ahd mutant synthetases. We have shown that a mutant, P7Q,
medium, and small?). The different isozymes are structur-  Of this isozyme is enzymatically inactive although it can
ally related. In humans, there is one large synthetase of 100tetramerize and bind ATP and dsRN2J). Similarly, Kon
kDa, two medium synthetases of 69 and 71 kDa, and two and SuhadoInik1) have reported that mutation of the lysine
small synthetases of 46 and 40 k[%.( The two members  residue at position 199 of the human small synthetase
of each of the small and medium family are the products of inactivates the protein. This was presumably because of the
alternatively spliced mRNAs transcribed from the same gene. requirement of the lysine residue for formation of the active
Similarly, in mouse, 9-2 and 3-9 are two small synthetases €nzyme complex.
originating from the same gene, whereas L-3 is a different  Structural and mutational studies of 2-5 (A) synthetase
small synthetase encoded by a separate g&n®.( There have been hampered by the lack of a good expression system
is very high sequence conservation across the spegjes ( of the recombinant enzymes. Although expression of the
For example, the human small synthetases and the murindluman small isozyme k. coli was reported 9 years ago
(12), only recently was it purified to apparent homogeneity
using an affinity tag 11). The bacterial expression system
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Expression in mammalian cells has, however, been ineffec-solubilized. This process eliminated some contaminating

tive because of the activation of the RNase L pathway and proteins.

The enriched extract was then loaded onto a

consequent anticellular actions. Here we report that the 9-2Sephacryl S-300 column (1.2 cw 100 cm) equilibrated
isozyme can be expressed to high levels in insect cells usingwith buffer A containing 450 mM NaCl; 2-mL fractions were
the baculovirus system. The recombinant enzyme was collected after the void volume and assayed for protein and

purified to homogeneity. It had a high specific activity and

for 2-5 (A) synthetase activity. The 9-2 protein was eluted

was totally dependent on dsRNA. Using the insect cell right after the void volume. The active fractions were pooled
expression system, we demonstrated that two mutant proteinsand dialyzed against buffer A containing 200 mM NacCl. The
are as active as the wild-type protein although the samedialyzed supernatant was then loaded onto a phosphocellulose

mutants are inactive when expressed in bacteria.

MATERIALS AND METHODS

Reagents.Reagents for preparing recombinant baculovirus
and for expression of insect cells were purchased from Gibco-

BRL. Immobilon PVDF membrane was from Millipore,

peroxidase-conjugated antibody was from Boehringer Mann-
heim, and enhanced chemiluminescence kit was purchasec'f_fr

from Amersham. The 2-5 (A) antibody was a gift from Dr.
Yoshihiro Sokawa13). Radiolabeled ATP was from New

England Nuclear Labs, PEI cellulose plates were from EM

Scientific, poly(lypoly(C) and Sephacryl S-300 were from
Pharmacia, and phosphocellulose was from Whatman.
Cells and Viruses. Spodoptera frugipercklls were used
for propagation of viruses anricoplusia nicells were used
for protein expression. The cells were cultured at27n

column (1 cmx 4 cm) equilibrated with the same buffer
and eluted with a linear salt gradient of 68.2.0 M NacCl, in
buffer A. The 9-2 protein was eluted between 0.3 and 0.4
M NaCl as judged from activity assay and SPBAGE
analysis. For further purification, active fractions were
pooled, dialyzed against buffer A containing 200 mM NacCl,
and chromatographed on a smaller phosphocellulose (1 cm
2 cm) column in a similar fashion as done above.
actions were assayed for 2-5 (A) synthetase activity and
checked for homogeneity by SB®AGE analysis. The
purified fractions were pooled, dialyzed against buffer A
containing 0.3 M NaCl and 25% glycerol, and stored in 1.5
mL of buffer at—20°C. The enzyme remained fully active
even after 6 months under this condition.

Enzyme Assay.The 2-5 (A) synthetase assay was per-
formed following an earlier method6( 10 with minor
modifications. In a typical 104 reaction mixture, unless

Grace's supplemented insect media containing 10% heat-gtherwise stated, the enzyme (@/mL) was incubated with

inactivated fetal bovine serum. Wild-type baculovirus (Ac-
MnPV) was purchased from Gibco-BRL.

Expression of 9-2 Protein in Insect Cellsthe Gibco-
BRL protocol was followed for recombinant baculovirus
production. The hexahistidine-tagged 9-2 cDNKY was
cloned at theXba-Xhd sites in PFastBac plasmid. The

20 mM Tris-HCI, pH 7.4, 20 mM magnesium acetate, 2.5
mM DTT, 5 mM ATP, 5uCi of [a-32P]ATP, and 5Q:g/mL
poly(l)-poly(C) for 1 h at 30°C. The reaction was stopped
by heating (95 C, 5 min), and the mixture was treated with
calf intestinal alkaline phosphatase and analyzed by thin-
layer chromatography as described previoudy. (For

recombinant plasmid DNA was used to transform DH10 Bac analysis of the different oligomeric forms of 2-5 (A), either
cells. Colonies containing the recombinant plasmids were [o-32P]- or [y-3?P]ATP (5 uCi/sample) was used in the

identified by the loss ofs-galactosidase activity. High-

reaction mixture and the reaction products were analyzed

molecular-weight DNA was prepared from the bacterial cells directly by high-voltage electrophoresis (1600 V) in 20%

harboring the recombinant plasmid. frugiperda (Sf 21)
cells were transfected with that DNA using CellFectin

polyacrylamide gel in the presence®M urea as described
earlier 4). In all cases, 2-5 (A) oligomers synthesized were

reagent. The culture media were collected as a source ofquantitated by Phosphorimager analysis and are expressed
the recombinant virus. The virus stock was maintained at ejther as nmol of ATP polymerized/mL or as arbitrary units.
—70°C following virus titer measurement using plague assay ~ SDS-PAGE and Immunodetectior8DS—polyacrylamide
technique. For protein production, monolayer cultures of gel electrophoresis was performed under reducing conditions

T. ni (High Five) cells were infected with the recombinant
virus at a multiplicity of infection of 10. The cells were

further incubated at 27C in Grace’s supplemented insect
cell media (Gibco-BRL) containing 10% fetal bovine serum

on 10% gel as described previousB).( For the immuno-
detections of 9-2 protein in crude extracts as well as in
purified preparations, the method described earkerl()
was used with minor modifications. The blotted membrane

before harvesting at 40 h. The cells could be stored at this was washed with Tris-buffered saline containing 0.1% Tween

stage at—70 °C for several months. The cells @Qvere
sonicated at 4C for 6 min using four 30-s pulses in 4 mL
of buffer A (25 mM Hepes, pH 7.4, 10% glycerol, 2 mM
MgCl,, 5 mM S-mercaptoethanol, 0.5% NP-40, 1 mM
PMSF, 2ug/mL aprotinin, 1ug/mL leupeptin, and kg/mL
pepstatin) containing 450 mM NaCl. The cell extract was
centrifuged at 300@pfor 15 min, and the supernatant was
stored at—70 °C for use as a starting material for enzyme
purification.

Enzyme Purification.The 9-2 protein was precipitated by
dialyzing the cell extract (prepared from®dells, 10 mg of
protein) against buffer B (buffer A containing 25 mM NaCl).

20 (TBST). The peroxidase-conjugated goat anti-mouse 1gG
was used at a 1:2000 dilution.

Site-Directed MutagenesisGeneration of the P7Q mutant
has already been describetD). The K199R mutant was
generated as follows by polymerase chain reaction (PCR)
using four oligonucleotide primers. Primer 1 was a sense
primer spanning nucleotides 54859 upstream of thest
site at 561 §). Primer 2 was an antisense primer corre-
sponding to nucleotides 664637. This primer carried the
mutation from AAG to AGG for converting the lysine residue
encoded by nucleotides 61820 to an arginine residue.
Primer 3 was a sense primer spanning nucleotides-63%,

When the precipitate was resuspended in buffer A containingand primer 4 was an antisense primer spanning nucleotides

450 mM NaCl, more than 80% of the protein became

731-747 downstream of &lindlll site at nucleotide 687.



3826 Biochemistry, Vol. 37, No. 11, 1998

] ] [ o
[ | i !
w-fd - -
i ar
- i
! AN — T —
4.1—i -
. = T
™ :.,_’r 28 £

Ficure 1: Purification of recombinant 9-2 protein. The 9-2 protein
was expressed using the baculovirus expression system and purifie
as described. (A) Coomassie brilliant blue staining pattern of
proteins present in crude extractsy ug) of insect cells infected
with control vector AcMnPV (lane 1) and with vector containing
the 9-2 cDNA (lane 2). The arrow on the right indicates the position
of the 9-2 protein. The numbers on the left show the mobilities of
molecular weight markers in kDa. (B) Silver staining pattern of
purified protein. The arrow on the right indicates the position of
the protein. The numbers on the left show the mobilities of
molecular weight markers in kDa. (C) Western blot analysis of
purified 2-5 (A) synthetase using a monoclonal antibd)(The
arrow on the right indicates the position of the protein. (D) Enzyme
activity of the purified protein: lane 1 no protein; lane 2 purified
protein. The arrows indicate the positions of 2-5 (A) oligomers and
phosphates.

Bandyopadhyay et al.

Table 1: Purification of 9-2 Protein

sp activity
total (nmol of ATP
protein polymerized/ purification yield
fraction («9) ug/h) (-fold) (%)
crude extract 10000 0.85 1 100
Sephacryl S-300 550 10.63 125 68
phosphocellulose (first) 35 100 125 41
phosphocellulose (second) 15 170 200 29

ing purification of the recombinant protein, we used both
enzyme activity and protein staining assays.
We put the hexahistidine tag on the amino terminus of

the 9-2 protein with the purpose of using the tag for affinity

purification of the recombinant protein. Unfortunately,
affinity purification of the protein on Ni columns was not
efficient: only a small fraction of the native protein bound
to the affinity resin. However, the binding was very efficient
when the protein was denatured in the presence of urea.
These results suggest that the amino terminus of the 9-2
protein may be buried in the native enzyme which is known
to be tetrameric. In view of the failure of affinity purifica-
tion, we resorted to purifying the recombinant protein using
conventional chromatographic procedures. The infected cell
extract was dialyzed against a buffer containing a low NacCl

concentration (25 mM). A precipitate containing the 9-2

The first round of PCR was performed in two separate tubes protein was recovered from the dialysis tube and dissolved
using the Wt 9-2 cDNA as the template and primers 1 and in the high-salt buffer. The enriched extract was chromato-
2 in one tube and primers 3 and 4 in the other. The graphed on a Sephacryl S-300 column. Fractions containing
incubation mixtures were heated to 95 for 5 min followed the recombinant protein were pooled, dialyzed, and absorbed
by 30 cycles of 95C for 1 min, 42°C for 1 min, and 72C to a phosphocellulose column, which was eluted with a linear
for 1 min followed by 72°C for 10 min. The products (94 gradient of 0.221 M NaCl. The recombinant protein was
and 124 bp) were purified by gel electrophoresis followed eluted between 0.3 and 0.4 M NaCl. For further purification,
by extraction using the QIAEX gel extraction kit (QIAGEN). fractions containing the 9-2 protein were pooled, dialzyed,
Equal amounts of the two products were mixed and usedand rechromatographed on a smaller phosphocellulose
for the second PCR using primers 1 and 4 and the samecolumn. Fractions containing the 9-2 protein were pooled
incubation conditions as described above. The final PCR and stored as purified recombinant 9-2 protein. A 200-fold
product (208 bp) was purified by gel electrophoresis and purification of the activity was obtained (Table 1). As shown
cloned in the TA vector (Invitrogen). The recombinant in Figure 1B, silver staining revealed the presence of only
clones were digested withst and Hindlll, and the 122-bp one polypeptide of 46 kDa which reacted strongly with
insert was cloned in the corresponding sites of Wt 9-2 in monoclonal antibody to synthetase (Figure 1C). Thus, we
PET15b that had been digested with the same enzyme towere able to purify the recombinant protein to apparent
eliminate the corresponding Wt fragment. The final recom- homogeneity. The purified protein was highly active as
binant clone was sequenced to confirm the presence of theshown in Figure 1D. The specific activity of the purified
desired mutation. Both P7Q and K199R mutants were protein was 170 nmol of ATP polymerizedy/h.
subsequently cloned into PFastBac and expressed as hexa- Characterization of Purified Recombinant Enzynie the
histidine-tagged proteins. next series of experiments we examined the enzymatic
characteristics of the purified 9-2 protein. Linear enzyme
reaction was observed over 200 min (Figure 2A), and the
amount of product accumulation increased with increasing

Production and Purification of the Recombinant 9-2 enzyme concentration (Figure 2B). There was no appreciable
Isozyme.Hexahistidine-tagged 9-2 cDNA was cloned in the change in enzyme activity over the pH range of-6330
genome of the baculovirus and the recombinant virus was (data not shown). For determining the substrate affinity and
used to infect insect cells for protein production. When the its utilization rate, reactions were performed with increasing
infected cell extract was analyzed by gel electrophoresis ATP concentrations (Figure 3A). By appropriate analysis
followed by Coomassie blue staining, we observed a major of the data, we calculated i, value of 1.1 mM, aVnax
polypeptide of approximately 46 kDa, the expected size of value of 170 nmol/h/mL, and k., value of 9.5/s. 2-5 (A)
the recombinant 9-2 product (Figure 1A). This band was synthetases require dsRNA as a coactivator which presum-
absent in the extract of uninfected cells and it specifically ably changes the conformation of the protein to an active
reacted with a monoclonal antibody to 2-5 (A) synthetase form. To ensure that the recombinant 9-2 protein, purified
(13). The infected, but not the uninfected, cell extract also from insect cells, was similar to the native enzyme in terms
had a high 2-5 (A) synthetase enzyme activity. For monitor- of its requirement of dsRNA for activation, the experiment

RESULTS



2-5 (A) Synthetase Production in Insect Cells Biochemistry, Vol. 37, No. 11, 1998827

A A
600 10
= 8 .
E 450 2 .
2 E
[=]
2 £
g 300 % 4
Y
& UK 1
B 150
>
< N
1 0 1 2 3 4
o V[ATP](mM)
L T 1 L]
0 50 100 150 200 250 B
Time (min)
B 300-
375 E
=
2
g 300 1 E 2007 . * *
= ~
3 . 8
: g
£ 225 | .
=] E- 100
N S
] [-# »,
g
Z 150 4 E
9] q
& 0 T T T L}
% s 0 25 50 75 100
polyl-polyC (p.g/ml)
0 FiIGURE 3: (A) Determination of catalytic characteristics. TKg
0 ! 1.0 T 20 T 3.0 value for ATP was evaluated from Lineweavdurk plot. The
synthetase activity was assayed at different concentrations of ATP
2-5A Synthetase Conc. ( pg/ml) for 1 h. The enzyme concentration was a@/mL for each point.

FIGURE 2: (A) Kinetics of 2-5 (A) synthesis; 1.ag/mL enzyme The initial velocity §/o) is expressed as arbitrary units. The
was used in this experiment. The results are expressed in nmol ofrgs]xbrgﬁjrg ¥§J?ﬁgy§]r;a9n?ef ?ngsign;iagga&e;;denKmol\//gllrlFeL,isthe
ATP polymerized/mL. (B) Enzyme concentration curve. Different Y ) cat

: : 9.5/s. (B) Effects of increasing dsRNA concentrations. 2-5 (A)
ggggerw:;'ogsrfg:n?ég st%nihﬁtase were used for this study. EaChsynthetase activity at an enzyme concentration ofunL was
y P ) assayed in the presence of increasing concentrations of poly(l).

- poly(C).
shown in Figure 3B was performed. The enzyme was

inactive without dsRNA, and 2Bg/mL poly(l)-poly(C) was this deleted region, residue 7 is the critical one. Replacement
saturating in activating the enzyme although evergimL of the proline residues at that position by any of a number
was enough to observe substantial activation of the enzyme of other residues partially or totally abolished the enzymatic
The 2-5 (A) synthetases are known to oligomerize a seriesactivity. The P7Q mutant produced by in vitro translation
of 2-5 (A) molecules with increasing chain lengths. For or by expression inE. coli is enzymatically inactive.
determining the sizes of the products, we analyzed them byHowever, the mutant protein is otherwise normal: it can bind
denaturing gel electrophoresis (Figure 4). During the ATP and dsRNA, and it can oligomerize. Inthe experiment
relatively short incubation times used for experiments shown shown in Figure 5, hexahistidine-tagged P7Q mutant was
so far, the predominant product was a dimer (Figure 4B). produced in insect cells. As shown in Figure 5A, equal
However, with increasing time, higher oligomers started amounts of Wt and P7Q proteins were expressed in cells
accumulating. After 18 h of incubation, up to hexamers of infected with the respective recombinant viruses whereas
2-5 (A) could be observed. That all three phosphates of thethere was no 9-2 protein in cells infected with the natural
acceptor ATP are retained in the products was confirmed virus without any cDNA insert. Surprisingly, the mutant
by the experiment shown in Figure 4A: similar product protein was as active as the Wt protein (Figure 5B,C). To
profiles were observed using either-f2P]-ATP or [y-32P]- rule out the possibility that the viral insert might have
ATP. reverted back to the Wt sequence, DNA from the mutant
Properties of the P7Q and the K199R Mutants Produced virus was directly sequenced and it was confirmed that it
in Insect Cells. We have previously reported that deletion still carried the P7Q mutation (data not shown). Thus, we
of residues 19 inactivates the 9-2 isozymd@). Within demonstrated that the mutant protein, P7Q, was enzymati-
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Ficure 4. Determination of product size. The 2-5 (A) oligomers

were directly analyzed by polyacrylamide gel electrophoresis. (A)

Autoradiogram of activity assay fd h (lanes 1 and 3) or 15 h

(lanes 2 and 4) using eithey-F2P]JATP (lanes 1 and 2) onf32P]-

ATP (lanes 3 and 4). B. An autoradiogram showing the synthesis

of 2-5(A) products at different times. The position of each product T
is indicated on the right. S E
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cally active when produced in insect cells, although the same

protein is inactive when expressedHn coli. L R
Kon and Suhadolinki(l) have identified the ATP-binding

domain of an human isozyme of 2-5 (A) synthetase which

k-
=1

is virtually identical in sequence to the murine 9-2 isozyme E N

that we have studied here. They demonstrated that 8-azido- - = A

ATP can cross-link to the lysine residue present at position =

199, thus establishing it as a crucial residue for enzyme E;f_ a0

activity. When the K199R mutant protein was expressed in E

E. coli, it was enzymatically inactive although it still bound wnT
ATP. We expressed the same mutant, K199R, in the context

of the 9-2 isozyme, in insect cells (Figure 6). Similar J
amounts of hexahistidine-tagged Wt and K199R proteins

were synthesized (Figure 6A), and both proteins were equally

active in synthesizing 2-5 (A) (Figure 6B,C). These results

support our conclusion that mutants that are inactive when FIGURE 5: Enzyme activity of the P7Q mutant expressed in insect

produced irE. coli can be active when produced in higher cells. The Wt and P7Q mutant were expressed in the insect cell.
: (A) Equal amounts of the two proteins were expressed as shown

AchinPy

eukaryotic cells such as the insect cells. by Western analysis. There was no cross-reacting protein in the
extract of cells infected with the empty virus. (B) Enzyme activity
DISCUSSION assay using extracts from cells infected with Wt virus (Wt), mutant

virus (P7Q), and empty virus (AcMnPv). (C) Quantitation of the
2-5 (A) synthetases are interesting enzymes for a variety activity assay shown in B.

of reasons: in vivo their actions initiate a cascade of cellular
actions, they require dsRNA as a cofactor, and they are the One of the main impediments in studying the structure
only known nucleotide polymerases which catalyZe5'2 function relationship of 2-5 (A) synthetase has been the
phosphodiester bond formatiof, (). Despite these novel absence of an expression system for the recombinant
enzymatic features, structural information about these pro- enzymes. The natural enzymes are difficult to produce in
teins is scanty. Earlier we identified the amino terminal large quantities because they need to be induced by interferon
region to be responsible for dSRNA bindir@).( This region, treatment. Once induced, they are difficult to purify because
however, does not contain the dsRNA-binding motif present many isozymes are induced in the cell at the same time and
in another class of dsRNA-binding proteins represented by the activity assay cannot distinguish between them easily.
the interferon-induced protein kinase, PKE&6{-18). Thus, Thus, production of a recombinant enzyme is ideal for its
2-5 (A) synthetases belong to a separate and distinct classurification in large quantities. Moreover, specific mutant
of dsRNA-binding proteins whose dsRNA-binding domain proteins can only be produced by expressing a cDNA clone.
remains to be critically defined. Similarly, the ATP-binding In the past, we and others have ugedcoli for expressing
domain of these enzymes is also not easily discernible. Theythese enzymesl0—12). However, the yields are poor, the
do not contain the ATP-binding motif present in various specific activity of the protein is low, and as discussed below,
proteins kinases and ATPases. Recently, using photoaffinity properties of mutant proteins are affected negatively. Ex-
labeling, Kon and Suhadolnik {) have identified the ATP-  pression of these enzymes in transfected mammalian cells,
binding residue of the human 40-kDa isozyme. Surprisingly, on the other hand, has been difficult. In contrast, the insect
mutation of the critical lysine residue, however, did not cells used in the current study could produce a high level of
abolish ATP binding by the mutant protein. active 9-2 protein. Since the baculovirus/insect cell system
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A. isozymes affect their cellular actions, is an open question.
For RNase L activation in vitro, all products from trimer
onward are equally active.

The properties of the two mutant proteins produced in
insect cells were unexpected. They were enzymatically as
active as the wild-type protein, suggesting that the introduced
mutations did not affect the structure of the protein in a way
that destroys its catalytic property. Since we did not
determine all the enzymatic characteristics of purified mutant
proteins, it remains possible, however, that there are subtle

-+ 3.5 (A differences between the properties of the wild-type and the
mutants. When we studied the P7Q mutant synthesized in
vitro or in E. coli, although it was enzymatically inactive, it
retained the properties of binding dsRNA and ATP and it
could oligomerize 10). Similarly, the K199R mutant,
produced irk. coli, although inactive, could bind ATRLY).
These observations suggest that the mutant proteins have
subtle differences when produced in eukaryotic cells, such

C as the system described here, and in bacteria. The putative

] difference could be in the proper folding of the protein to
acquire an active conformation. The difference could also
be in the potential posttranslational modifications of the

Wit
K198R
AokinPy

K1eER
AohinPy

HO

= protein which are known to be different in eukaryotic and
___5.: é Ll prokaryotic cells. Sequence analysis reveals potential sites
b for phosphorylation, glycosylation, and isoprenylation of the
Er 401 9-2 protein. Whether these modifications occur, however,
E B remains to be examined. The critical role of the expression

system on the activity of the mutant protein was confirmed
by the expression of the P7Q mutant in mammalian cells.
The P7Q mutant expressed in COS cells was active (data
not shown). Further investigations will be needed to identify
the crucial difference between the prokaryotic and eukaryotic
expression systems that affects the activity of the mutants.

Ficure 6: Enzyme activity of the K199R mutant expressed in insect It appears that the difference between the two expression
cells. The analyses were done and the results are presented a§ystems, be it protein folding or posttranslational modifica-

described for Figure 5. . . .
. . - . . tion, affects the mutants only and not the wild-type protein.
is a highly efficient system for the production of recombinant The above conclusion could, however, be misleading since

prote|rr]15', it should be an |de<:]1I source for 25(A) s'ynthetasesthe recombinant enzyme purified froEh coli has a much
anddt e'(; g‘“{ﬁ_”ts- ItEnoutg . r_iz_c?mbtlna?t plrottezlg_s can beIower specific activity than the protein purified from insect
produced by ifis syster {0 intate structural studies USING geils (1), Thus, it is possible that the putative lack of a
Purified 9-2 protein produced in insect cells had appropri- pqsttranslaﬂongl modlflcatlo.n also aﬁects the act_|V|ty of the
ate enzyme characteristics, thus ensuring its usefulness. Thgwld-type protein produced in bacteria, .and the mtroduced
specific activity of this enzyme was at least 6-fold higher mutations could somehow exagg('arate.thls effgct. Irrespegtlve
than that reported for the human 40-kDa protein produced of the exlact hature .Of the underlying blqchemlcal mechanism
in E. coli (11). The recombinant protein was not constitu- responsible for active enzyme productlon, the current study
clearly shows that, for expressing 2-5 (A) synthetases, the

tively active, and it still required dsRNA for activation. In > ; ;
contrast, PKR produced iE. coli is often constitutively baculovirus system is preferable to the bacterial system,

active and does not require dsRNA. Our conclusion that 25 Pecause it produced wild-type enzyme with a higher specific

ug/mL poly(l)-poly(C) was optimum for activating the activity. But more importanFIy, thig study showed that
recombinant enzyme is consistent with previous repdits ( ~ Mutations |Qent|f|ed as deletenoug using the bacterial system
12). The Ky value obtained for the reaction was also are indeed innocuous in eukaryotic cells, the natural environ-
consistent with the corresponding published values for other ment for these enzymes. Thus, in retrospect, the inadvertent
isozymes 19, 20. The product profile was quite distinct but erroneous conclusion made that K199 is absolutely
from those of the medium and large isozymgs§). Even required for catalysis could have been avoided if the mutant
with prolonged incubation, the recombinant 9-2 enzyme had been tested in a eukaryotic cell. The insect cell system,
synthesized mostly dimers and trimers, and the largestcoupled with the bacterial expression system, could be
product detected was a hexamer. In contrast, the mediumextremely useful, in the future, in uncovering as yet unknown
synthetases can synthesize up to 22-mers of 2-5 (A) undermodification of this important class of proteins and in
identical incubation conditions (our unpublished data). elucidating how these putative modifications affect the
Whether the different product profiles of the two classes of enzyme activity.

0 T

-

KA AR
AchinPy



3830 Biochemistry, Vol. 37, No. 11, 1998
ACKNOWLEDGMENT

We thank Yoshihiro Sokawa for the synthetase monoclonal
antibody, Weidong Guo for expert technical assistance, and
Dorthy Herzberg for editorial assistance.

REFERENCES

1. Vilcek, J., and Sen, G. C. (1996) Fields Virology(Fields,

B. N., Knipe, D. M., and Howley, P. M., Eds.) pp 37899,
Lippincott-Raven, Philadelphia, PA.

2. Hovanessian, A. (1991 Interferon Res. 11199-205.

3. Dong, B., and Silverman, R. H. (1993) Biol. Chem. 270
4133-4137.

4. Gribaudo, G., Lembo, D., Cavallo, G., Landolfo, S., and
Lengyel, P. (1991). Virol. 65 1748-1757.

5. Marie, I., and Hovanessian, A. (1992) Biol. Chem. 267
9933-9939.

6. Ghosh, S. K., Kusari, J., Bandyopadhyay, S. K., Samanta, H.,
Kumar, R., and Sen, G. C. (1991)Biol. Chem. 26615293
15299.

7. Ichii, Y., Fukunaga, R., Shiojiri, S., and Sokawa, Y. (1986)
Nucleic Acids Res. 140117.

8. Matrie, 1., Svab, J., Robert, N., Galabru, J., and Hovanessian,
A. G. (1990)J. Biol. Chem. 26518601-18607.

9. Desai, S. Y., Patel, R. C., Sen, G. C., Malhotra, P., Ghadge,
G. D., and Thimmapaya, B. (1993) Biol. Chem. 2703454~
3461.

Bandyopadhyay et al.

10. Ghosh, A., Desai, S. Y., Sarkar, S. N., Ramaraj, P., Ghosh, S.
K., Bandyopadhyay, S., and Sen, G. C. (199.7Biol. Chem.
272 15452-15458.

11. Kon, N., and Suhadolnik, R. J. (1998) Biol. Chem. 271
19983-19990.

12. Mory, Y., Vaks, B., and Chebath, J. (1989)nterferon Res.
9, 295-304.

13. Asada-Kubota, M., Ueda, T., Shimada, M., Takeda, K., and
Sokawa, Y. (1995). Interferon Cytokine Res. 1B63-867.

14. Miele, M. B, Liu, D. K., and Kan, N. C. (1991) Interferon
Res. 1133-40.

15. Clemens, M. J. (1997). Interferon Cytokine Res. 1803~
524.

16. Patel, R. C., and Sen, G. C. (1992Biol. Chem. 26,/7671—
7676.

17. Patel, R. C., Stanton, P., McMillan, N. M. J., Williams, B. R.
G., and Sen, G. C. (199%9roc. Natl. Acad. Sci. U.S.A. 92
8283-8287.

18. St. Johnston, D., Brown, N. H., Gall, J. G., and Jantsch, M.
(1992) Proc. Natl. Acad. Sci. U.S.A. 820979-10983.

19. Samanta, H., Dougherty, J. P., and Lengyel, P. (198Bjol.
Chem. 2559807-9813.

20. Hovanessian, A. G., Svab, J., Marie, |., Robert, N., Chamaret,
S., and Laurent, A. G. (1988) Biol. Chem. 2634959-4969.

BI972848E



