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The expression of the ubiquitin-like molecule ISG15 and
protein modification by ISG15 (ISGylation) are strongly
activated by interferon, genotoxic stress, and pathogen
infection, suggesting that ISG15 plays an important role
in innate immune responses. 4EHP is an mRNA 5� cap
structure-binding protein and acts as a translation sup-
pressor by competing with eIF4E for binding to the cap
structure. Here, we report that 4EHP is modified by
ISG15 and ISGylated 4EHP has a much higher cap struc-
ture-binding activity. These data suggest that ISGylation
of 4EHP may play an important role in cap structure-
dependent translation control in immune responses.
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ISG15 was the first reported ubiquitin-like modifier (ubl)
(Haas et al. 1987). It forms covalent conjugates with cel-
lular proteins similar to protein ubiquitylation (Loeb and
Haas 1992). ISG15 expression and protein modification
by ISG15 (ISGylation) are strongly activated by Type I
interferon (IFN) (Farrell et al. 1979; Loeb and Haas 1992).
IFNs are critical cytokines involved in innate immune
responses (Garcia-Sastre and Biron 2006). These facts
suggest that ISG15 modification may modulate certain
immune responses related to pathogen infections and
various stresses. Similar to protein ubiquitylation,
ISGylation is also regulated by a set of enzymes. UBE1L
is an ISG15 E1 enzyme, which shows high homology
with the ubiquitin E1 (Yuan and Krug 2001). USP18
(UBP43) has been identified as a deISGylating isopepti-
dase (Malakhov et al. 2002). Recently, ubiquitin E2 en-
zymes UbcH6 and UbcH8 have been determined to func-
tion also as ISG15 conjugating enzymes (Kim et al. 2004;
Zhao et al. 2004; Takeuchi et al. 2005). UbcH8 is re-
ported to interact with several ubiquitin E3 ligases to
mediate protein ubiquitylation (Dao and Zhang 2005).
The fact that UbcH8 functions as a dual E2 enzyme for
both ubiquitin and ISG15 raises the possibility that some
UbcH8-interacting ubiquitin E3 ligases can function as
an ISG15 E3 ligase. In fact, we have recently reported
that the UbcH8 partner Efp ubiquitin ligase functions as
an E3 for 14–3–3� ISGylation (Zou and Zhang 2006).

The binding of eukaryotic translation initiation factor
4F (eIF4F) to the mRNA 5� cap structure is the rate-lim-
iting step of cap structure-dependent translation initia-
tion in eukaryotes (Gingras et al. 1999). eIF4F contains
cap-binding protein eIF4E, scaffold protein eIF4G, and
RNA helicase eIF4A. The interaction between eIF4E and
eIF4G results in a conformational change of both pro-
teins and enhances the association between eIF4E and
the RNA cap structure (Gross et al. 2003). There are
three eIF4E-family members in mammals termed
eIF4E-1 (eIF4E), eIF4E-2 (4EHP and 4E-LP), and eIF4E-3
(Rom et al. 1998; Joshi et al. 2004). Like prototypical
eIF4E, 4EHP is expressed ubiquitously; however, expres-
sion of eIF4E-3 is detected only in heart, skeletal muscle,
lung, and spleen (Joshi et al. 2004). Similar to eIF4E, both
4EHP and eIF4E-3 bind to the RNA 5� cap structure (Rom
et al. 1998; Joshi et al. 2004). Furthermore, both eIF4E
and eIF4E-3 are able to bind to eIF4G to facilitate trans-
lation initiation (Rom et al. 1998; Joshi et al. 2004). How-
ever, 4EHP does not interact with eIF4G (Rom et al.
1998; Joshi et al. 2004) and thus cannot function in ribo-
some recruitment. This suggests that 4EHP competes
with eIF4E or eIF4E-3 for binding to the RNA 5� cap
structure and prevents translation. In fact, the Dro-
sophila 4EHP homolog (d4EHP) has recently been re-
ported to be an mRNA-specific translation inhibitor
(Cho et al. 2005).

Here, we report that 4EHP is a target of ISG15 modi-
fication. The UbcH8-interacting E3 ligase HHARI (hu-
man homolog of Drosophila ariadne) (Moynihan et al.
1999; Tan et al. 2003) promotes ISGylation of 4EHP.
More importantly, ISG15 modification of 4EHP substan-
tially enhances its cap structure-binding activity. This is
the first report that shows “gain of function” due to
ISG15 modification and suggests a role for protein
ISGylation in cap structure-dependent translation con-
trol in innate immune responses.

Results and Discussion

4EHP is an ISG15 target protein

Given that UbcH8 is able to act as a conjugating enzyme
in both the ubiquitylation and ISGylation pathways, we
studied whether the UbcH8-interacting RING–IBR–
RING-type ubiquitin ligase HHARI can function as an
ISG15 ligase to modify its target protein 4EHP (Moyni-
han et al. 1999; Tan et al. 2003). 4EHP could be modified
by ISG15 with or without exogenous expression of
HHARI when 4EHP was overexpressed in the presence of
ISG15 E1 and E2. We observed two ISGylated Flag-4EHP
bands (Fig. 1A). ISGylation of 4EHP was slightly en-
hanced by HHARI expression (Fig. 1A,B). However,
HHARI(�C) that lost the UbcH8-interacting RING–IBR–
RING domain (Moynihan et al. 1999; Tan et al. 2003) did
not increase the ISGylation of 4EHP (Fig. 1B). We further
examined the ISGylation of endogenous 4EHP (Fig. 1C).
ISGylation of endogenous 4EHP was clearly detected
with the expression of HA-HHARI. These data showed
that HHARI is an ISG15 ligase for 4EHP. Endogenous
4EHP also gave two bands of ISGylation signal, even
though the top band overlapped with a nonspecific band
(Fig. 1C). We also studied the ISGylation of endogenous
4EHP in response to IFN stimulation using UBP43
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knockdown KT-1/A3 cells, which give more ISGylated pro-
tein than parental cells (Fig. 1D). Two bands of ISGylated
4EHP protein were also detected on a Western blot. To-
gether, these results indicate that 4EHP is an ISG15 tar-
get and HHARI functions as an ISG15 E3 ligase for 4EHP
modification in the presence of the ISGylation system.

Since 4EHP is 30% identical and 60% similar to eIF4E
at the amino acid level (Rom et al. 1998), we also exam-
ined whether eIF4E could be modified by ISG15. HA-
eIF4E or HA-4EHP was expressed in 293T cells in the
presence or the absence of ISGylation components. The
ISGylation of 4EHP was clearly observed; however,
eIF4E was not modified by ISG15 (Fig. 1E).

Lys 134 and Lys 222 of 4EHP are target sites
of ISGylation

To identify the ISGylated lysines of 4EHP, His6-ISG15-
modified Flag-4EHP was purified by two-step purifica-

tion using Ni-NTA agarose and anti-Flag M2 agarose
(Fig. 2A). Bands A and B were subjected to mass spec-
trometry analysis. As shown in Figure 2B, the peptides
from band A are underlined (#A1–A6), and those from
band B are boxed (#B1–B4). If any lysine residue of 4EHP
was modified by ISG15, the modified lysine residue
could not be recognized by trypsin and the unique pep-
tide that contains an additional Gly–Gly from ISG15
might be detected by nano LC-MS/MS analysis (Zou et
al. 2005). The mass of one peptide (#B3) from band B
matched the Gly–Gly modification (Fig. 2B). However,
we could not detect the peptide that was modified by
ISG15 in band A. To confirm that the candidate Lys 222
is one of the ISGylation sites, we mutated this Lys to
Arg, and then examined whether this mutant
4EHP(K222R) was modified by ISG15 (Fig. 2C). Mutant
4EHP(K222R) lost the bottom ISGylated band and still
kept the top ISGylated band. This result demonstrates

Figure 1. 4EHP is an ISGylation target. (A) ISGylation of 4EHP.
293T cells were transfected with HA-HHARI, Flag-4EHP, UBE1L,
UbcH8, and His6-ISG15 expression plasmids as indicated. Thirty-six
hours after transfection, cell lysates were subjected to Ni-NTA pull-
down and immunoblot (IB) analysis with anti-Flag antibody. The
positions of unmodified and ISGylated 4EHP are shown on the right
side as well as the molecular weight markers (in kilodaltons). (B)
HHARI enhances ISGylation of 4EHP. Either Flag-HHARI (WT) or
C-terminal-deleted Flag-HHARI (�C) was transfected to 293T cells
with HA-4EHP and the His6-ISGylation system (UBE1L, UbcH8,
and His6-ISG15). Cell lysates were subjected to Ni-NTA pull-down
and immunoblot (IB) analysis. (C) ISGylation of endogenous 4EHP.
293T cells were transfected with UBE1L, UbcH8, HA-HHARI, and
His6-ISG15 expression plasmids as indicated. Cell lysates were sub-
jected to Ni-NTA pull-down and immunoblot (IB) analysis. (D)
ISGylation of endogenous 4EHP dependent on IFN� treatment.
KT-1dUBP43 cells were stimulated by 1000 U/mL of IFN�-2a for 48
h. The cell lysates were subjected to immunoprecipitation (IP) with
anti-ISG15 antibody and immunoblot (IB) analysis. (E) eIF4E is not
ISGylated. 293T cells were transfected with HA-eIF4E or HA-4EHP
with or without the His6-ISGylation system as indicated. Cell ly-
sates were subjected to Ni-NTA pull-down and immunoblot (IB)
analysis. The positions of unmodified eIF4E and 4EHP are shown as
well as ISGylated 4EHP on the right side.

Figure 2. The ISGylation sites of 4EHP. (A) Coomassie staining of
purified Flag-4EHP and ISGylated Flag-4EHP. Both bands A and B,
which are ISGylated Flag-4EHP, were subjected to nano LC-MS/MS
analysis. (B) Identified peptides by nano LC-MS/MS analysis. Pep-
tides that came from band A are underlined (#A1–A6), and those that
came from band B are boxed (#B1–B4). The lysine residue that was
identified to be modified by Gly–Gly is indicated by the arrow. (C)
K222R mutation eliminates the ISGylated bottom band of 4EHP.
Either wild-type or K222R mutant Flag-4EHP was transfected to
293T cells with or without the His6-ISGylation system, followed by
Ni-NTA pull-down and immunoblotting (IB) analysis. (D) ISGyla-
tion of Lys 134 contributes to the ISGylated top band of 4EHP.
Flag-4EHP (wild type or mutants) were transfected to 293T cells
with the His6-ISGylation system as indicated, followed by Ni-NTA
pull-down and immunoblotting (IB) analysis. (E) K121/130/134/
222R mutant 4EHP is not ISGylated. Flag-4EHP (wild type or K121/
130/134/222R) was transfected to 293T cells with the His6-ISGyla-
tion system as indicated, followed by Ni-NTA pull-down and im-
munoblotting (IB) analysis. (F) Schematic model of the ISGylation of
4EHP. Lys 134 or Lys 222 of 4EHP can be ISGylated. The ISGylation
of one of the lysine residues blocks modification on another lysine
residue by structural obstruction.
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that 4EHP has at least two ISGylation sites, one of which
is Lys 222. The ISGylation of different Lys residues re-
sults in different migration rates in SDS-PAGE. Based on
the structure of eIF4E (Marcotrigiano et al. 1997) and the
above mass spectrometry data (Fig. 2B), we examined Lys
121, Lys 130, and Lys 134 of 4EHP for ISGylation. These
Lys residues were mutated to Arg and used for an ISGyla-
tion assay (Fig. 2D). The 4EHP(K134R) mutant partially
lost the top ISGylated band, and additional mutations
(K121R, K130R, or both) further decreased the top band.
These data suggest that the major ISGylation site, which
contributes to the top ISGylated band, is Lys 134, but Lys
121 and Lys 130 could compensate for the K134R muta-
tion. We further constructed a 4EHP (K121/130/134/
222R) mutant, which had similar m7GTP cap structure-
binding activity (data not shown). However, this mutant
almost completely lost both ISGylated bands (Fig. 2E).
Based on these data, we concluded that the ISGylation of
Lys 222 contributes to the bottom ISGylated band and
that of Lys 134 contributes to the top ISGylated band.
The ISGylation of each of these Lys residues may inhibit
the modification of another Lys due to structural ob-
structions.

ISGylation of 4EHP enhances its m7GTP cap
structure-binding activity

We next examined the cap structure-binding activity of
ISGylated 4EHP. We transfected Flag-4EHP with or
without the ISGylation system, and then cell lysates
were directly used for a cap structure-binding assay (Fig.
3A). We did not detect ISGylated 4EHP in the input lane;
however, it was clearly detected after m7GTP pull-down

(Fig. 3B). This result indicates that ISGylated 4EHP has
higher cap structure-binding activity. We further con-
firmed this finding by another experiment shown in Fig-
ure 3C. We purified comparable amounts of ISGylated
4EHP and nonmodified 4EHP after the Ni-NTA purifi-
cation. Nonmodified 4EHP was pulled down by nonspe-
cific interaction with Ni-NTA agarose. The eluate frac-
tion was used for the cap structure-binding assay.
ISGylated 4EHP had higher cap structure-binding activ-
ity compared with nonmodified 4EHP (Fig. 3D). These
data indicate that ISGylation of 4EHP causes a gain of
function of 4EHP. We further confirmed this result using
ISG15–4EHP fusion proteins (Fig. 4A). Such ubiquitin-
like fusion proteins have been found to mimic the con-
stitutively modified state of a protein and are particu-
larly useful when the native modification site occurs
near the terminus of a protein of interest (Ross et al.
2002). ISG15, 4EHP, and 4EHP fused to ISG15 were ex-
pressed in 293T cells, and the lysates were used for the
cap structure-binding assay (Fig. 4B). ISG15 alone was
not able to bind to the cap structure, and 4EHP could
bind to the cap structure. As we expected, if ISG15 was
fused to 4EHP either N-terminally or C-terminally, the
cap structure-binding activity was strongly enhanced,
and the C-terminal fusion protein (Flag-4EHP–ISG15)

Figure 3. ISGylation of 4EHP enhances m7GTP cap structure-bind-
ing activity. (A) The flow chart of the direct cap structure-binding
assay. (B) Flag-4EHP was transfected to 293T cells with or without
His6-ISGylation system. Cell lysates were incubated with Protein A
Sepharose or m7GTP-Sepharose, followed by immunoblotting (IB)
analysis. Short and long exposures are shown. (C) The flow chart of
the purification of ISGylated 4EHP and nonmodified 4EHP for the
cap structure-binding assay. 293T cells were transfected with Flag-
4EHP, HA-HHARI, and His6-ISGylation system. Cell lysates were
subjected to Ni-NTA purification. The Ni-NTA-bound proteins
were eluted by imidazole, and then used for the cap structure-bind-
ing assay using m7GTP beads. (D) The cap structure-binding assay.
After Ni-NTA purification, the eluate fraction was subjected to im-
munoblot (IB) analysis to show the relative amount of Flag-4EHP
and ISGylated Flag-4EHP (left, lane 1). Different amounts of Ni-
NTA eluate fraction were subjected to pull-down assay with control
beads or m7GTP beads as indicated (lanes 2–7). The positions of
unmodified and ISGylated 4EHP are shown on the right side.

Figure 4. ISG15–4EHP fusion proteins have much higher m7GTP
cap structure-binding activity. (A) Schematic representation of wild-
type and ISG15–4EHP fusion proteins. (B) The cap structure-binding
assay using wild-type or fusion proteins. 293T cells were transfected
with Flag-tagged proteins as indicated, and then equal amounts of
cell lysates were subjected to the cap structure-binding assay and
immunoblot (IB) analysis. Ponceau S staining shows the relative
amount of protein in each sample. (C) The quantification of cap
structure-binding activity of 4EHP and that fused to ISG15. The
amount of protein bound to m7GTP beads, which was determined
by scanning densitometry of the immunoblot, was divided by the
signal intensity of the input lane and normalized by that of Flag-
4EHP. Data are expressed as means + standard deviations from three
independent experiments. (D) Cap structure-binding assay with pu-
rified proteins. Each Flag-protein was purified from 293T cells and
used for cap structure-binding assay. Coomassie staining shows no
interacting protein with each purified protein.
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has the highest activity. Next, we quantified the amount
of Flag-4EHP or Flag-4EHP fused to ISG15 that bound to
the cap structure (Fig. 4C). N- or C-terminal fusion pro-
tein has ∼10 or 20 times higher cap structure-binding
activity compared with Flag-4EHP itself, respectively.
We also used purified proteins in the assay to verify
whether other proteins in the lysates are involved in the
enhanced cap structure-binding activity of 4EHP–ISG15
(Fig. 4D). Purified 4EHP–ISG15 fusion protein still had
higher cap structure-binding activity compared with
nonmodified 4EHP. These data strongly indicate that
ISGylation of 4EHP enhances cap structure-binding ac-
tivity and the ISG15–4EHP fusion protein can mimic the
ISGylated 4EHP.

ISGylation enhances the function of 4EHP
in translational control

4EHP inhibits Caudal mRNA translation via interaction
with Bicoid in Drosophila (Cho et al. 2005). Since no
human 4EHP target is known yet, we investigated
whether ISGylation of 4EHP could enhance the cap
structure-binding activity and inhibit the translation of a
specific mRNA using the Caudal-Bicoid model. We first
demonstrated that both human 4EHP (Fig. 5A) and
4EHP–ISG15 (Fig. 5B) bound to Bicoid. Next, using the
same assay system as described by Cho et al. (2005), we
showed that human 4EHP inhibited the translation of
mRNA with a Bicoid-binding site like Drosophila 4EHP
in the presence of Bicoid as reported previously (Cho et
al. 2005). More importantly, 4EHP–ISG15 fusion protein
had higher translation inhibition activity compared with
4EHP (Fig. 5C). These data indicate that ISGylation of 4EHP
enhances the cap structure-binding activity and transla-
tion-inhibition activity of 4EHP on a specific mRNA.

Although ISG15 has been known for about three de-
cades (Farrell et al. 1979), the role of ISG15 modification
remains largely unclear. Research on ISGylation has
been expanded by the identification of the enzymes in-
volved in the ISG15 conjugation process and the target
proteins of modification. However, the consequence of
ISGylation for most of the proteins has not been identi-
fied yet. Recently, it was reported that ISGylation of the
ubiquitin-conjugating enzyme Ubc13 disrupts its ubiq-
uitin-conjugating activity (Takeuchi and Yokosawa
2005; Zou et al. 2005). The relationship of protein ubiq-
uitylation and ISGylation has also been explored (Liu et
al. 2003; Malakhov et al. 2003; Desai et al. 2006; Kim et
al. 2006). Furthermore, the positive role of protein IS-
Gylation in antiviral responses has been reported (Yuan
and Krug 2001; Lenschow et al. 2005; Okumura et al.
2006). Here we report that the ubiquitin ligase HHARI
promotes the ISGylation of 4EHP and such modification
increases 4EHP RNA cap structure-binding activity and
translational control. The discovery that ISGylation en-
hances 4EHP binding to the cap structure demonstrates
a novel gain-of-function modulation of protein ISG15
modification, which is highly significant considering that
ISG15 generally modifies a small fraction of any target
protein upon IFN stimulation or pathogen infections.
Furthermore, this result extends the investigation of pro-
tein ISGylation into the regulation of protein translation.

Schizosaccharomyces pombe also has a 4EHP-like
protein (eIF4E2, encoded by tif452) (Ptushkina et al.
2001). It is not essential for S. Pombe. Its expression
relative to eIF4E1 is increased at higher temperature. In

Caenorhabditis elegans, there are five eIF4E isoforms,
termed IFE-1 through IFE-5 (Keiper et al. 2000). IFE-4 is
most closely related to 4EHP and is not essential for
viability (Dinkova et al. 2005). It has been reported that
the translation of only some specific subsets of mRNA
are affected in the ife-4 homozygous deletion mutant
(Dinkova et al. 2005). Furthermore, expression of human
4EHP is increased in metastatic tumors (Ramaswamy et
al. 2003). These data suggest that 4EHP is not actively
involved in the main pathway of general translation ini-
tiation, but may play an active role in certain unusual
conditions.

4EHP inhibits the translation of the mRNA encoding
Caudal in cooperation with Bicoid in Drosophila (Fig.
5D, Drosophila; Cho et al. 2005). In normal conditions,

Figure 5. ISGylation of 4EHP enhances the mRNA-specific trans-
lation inhibition activity of 4EHP. (A) Human 4EHP binds to Dro-
sophila Bicoid. HA-Drosophila 4EHP (d4EHP) or human 4EHP
(4EHP) was transfected to 293T cells with or without Flag-Dro-
sophila Bicoid, followed by immunoprecipitation (IP) and immuno-
blot (IB) analysis. (B) Human 4EHP–ISG15 fusion protein binds to
Drosophila Bicoid. Flag-tagged Human 4EHP or 4EHP–ISG15 fusion
protein was transfected to 293T cells with or without HA-Dro-
sophila Bicoid, followed by immunoprecipitation (IP) and immuno-
blot (IB) analysis. (C) In vitro translation of capped-Renilla renifor-
mis luciferase-Bicoid-binding region reporter mRNA with purified
human 4EHP or 4EHP–ISG15 fusion protein as well as mock-puri-
fied fraction. In vitro translation of the reporter mRNA was per-
formed in the presence of in vitro transcribed and translated Dro-
sophila Bicoid and purified human 4EHP or 4EHP–ISG15 as well as
mock-purified fraction. Data are presented as mean + standard de-
viation from two independent experiments, both of which were du-
plicated (n = 4). The values were normalized by that obtained for
mock-purified fractions. (D) A model of cap structure-dependent
translation regulation by ISGylated 4EHP. In Drosophila, 4EHP
binds to the cap structure and Bicoid. Bicoid also binds to the Bicoid-
binding region (BBR) in the 3�-untranslated region (UTR) of Caudal
mRNA. This protein–mRNA complex prevents the interaction be-
tween eIF4E and the cap structure. As a result, the translation of
Caudal is inhibited. Under normal conditions (ISGylation “OFF”),
the eIF4F complex—which contains eIF4A, eIF4E1, and eIF4G—
translates mRNA in a cap structure-dependent manner in coopera-
tion with poly(A)-binding protein (PABP). Under a particular condi-
tion (ISGylation “ON”) that induces the ISGylation system, 4EHP is
ISGylated, which leads to its stronger cap structure-binding activity
to specific mRNA templates in cooperation with certain currently
unknown factors. As a result, a lower amount of eIF4F complex
binds to the cap structure of these mRNAs to initiate translation.
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eIF4E is a major regulator of translation in cooperation
with other factors (Fig. 5D, ISGylation “OFF”). 4EHP has
a much weaker cap structure-binding activity under the
normal conditions compared with ISGylated 4EHP (Figs.
3, 4). However, upon activation of the ISGylation sys-
tem, 4EHP is modified by ISG15 and ISGylation in-
creases its cap structure-binding activity (Fig. 5D,
ISGylation “ON”). Since ISG15 itself does not have cap
structure-binding activity (Fig. 4B) and another protein–
protein interaction was not required for the enhance-
ment of cap structure-binding activity (Fig. 4D), the
ISGylation of 4EHP probably causes a conformational
change of 4EHP and enhances cap structure-binding ac-
tivity. To test ISGylation of 4EHP in the regulation of
general cap-dependent protein translation, we performed
an in vitro translation assay using a capped-firefly lucif-
erase mRNA reporter and purified 4EHP protein or
4EHP–ISG15 fusion protein. We could not detect any
clear results with this assay system (data not shown). We
also analyzed general translation in the presence of
ISG15, 4EHP, or ISG15–4EHP fusion protein by a [35S]-
methionine metabolic incorporation experiment. No ob-
vious difference was observed (data not shown). These
results indicate that ISG15 modification of 4EHP en-
hances the cap structure-binding activity of 4EHP; how-
ever, it does not inhibit general translation. However, as
demonstrated in Figure 5, ISGylation enhances the 4EHP
inhibitory effect on translation of a specific mRNA that
has a Drosophila Caudal mRNA Biocoid-binding site.
Therefore, ISGylation of 4EHP may inhibit the transla-
tion of certain specific mRNAs through its interaction
with other factors that are specially associated with
these particular mRNAs (Fig. 5D, ISGylation “ON”). In
fact, inhibition of mRNA-specific translation has also
been reported in mammalian cells (Mazumder et al.
2003). For example, IFN-�-activated inhibitor of transla-
tion (GAIT) is a 3�-untranslated region (UTR)-binding
protein and a transcript-specific translational inhibitor.
GAIT suppresses the translation of the mRNA encoding
Ceruloplasmin (Cp) (Mazumder et al. 2005). Besides in-
creasing the affinity of 4EHP for the cap structure,
ISGylation may also provide a new protein interaction
with factors binding to the 3�-UTR of certain mRNAs
(Fig. 5D, ISGylation “ON”). Future studies to define
4EHP- and ISG15-interacting proteins and their target
mRNA transcripts will provide valuable information
about ISG15 modification in the control of specific pro-
tein translation.

It is well known that IFNs inhibit the translation of
viral mRNAs while permitting normal translation of the
majority of cellular mRNAs (Platanias 2005). Further-
more, IFNs induce the phosphorylation of eIF4E-binding
protein (4E-BP1) to promote translation initiation (Plata-
nias 2005). Therefore, it is possible that ISGylated 4EHP
acts as a viral mRNA-specific translation inhibitor in a
cap-dependent manner. Since flaviviruses, such as Den-
gue, West Nile, yellow fever, Kunjin, and Japanese en-
cephalitis viruses, contain a capped positive-sense RNA
genome with a nonpolyadenylated 3�-UTR (Polo et al.
1997; Edgil and Harris 2005), they may be good candi-
dates for ISGylated 4EHP.

Materials and methods

Plasmid construction, cell culture, transfection, and antibodies
Please see Supplemental Material.

Interferon stimulation
KT-1dUBP43 cells were cultured in the presence of 1000 U/mL IFNa-2a
(Roche) for 48 h in RPMI complete medium.

Immunoprecipitation, Western blot analysis, and Ni-NTA-agarose
purification
Immunoprecipitation, Western blot analysis, and Ni-NTA-agarose puri-
fication were performed as described previously (Zou and Zhang 2006)
with some modifications. Please see Supplemental Material.

Cap-affinity assay
The m7GTP cap structure-affinity assay was performed as described pre-
viously (Cho et al. 2005) with some modifications. Please see Supple-
mental Material.

Identification of the ISGylation site
Purified His6-mISG15-conjugated Flag-4EHP was subjected to nano LC-
MS/MS analysis at the Scripps Research Institute mass spectrometry
core facility. Please see Supplemental Material.

In vitro transcription and translation assay
In vitro transcription and translation were done as described previously
(Cho et al. 2005) with slight modification. Please see Supplemental Ma-
terial.
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