
or DNA transfer into eukaryotic cells (25).
The absence of TFSS genes necessary for
DNA transfer in the UWE25 genome sug-
gests that in this organism TFSS is responsi-
ble for secreting effector proteins into the
amoebal host and thus fulfills a function sim-
ilar to that of the TTSS. The arrangement of
UWE25 TFSS genes adjacent to each other in
a single region on the chromosome, their
higher G�C content (41.9%, 37.9% in the
third codon position) compared with the
genomic G�C content (35.8%, 26.9% in the
third codon position), and the presence of
several transposases in proximity to TFSS
genes indicates that the TFSS was recently
acquired by UWE25 from a donor with a
genomic G�C content greater than 42% [es-
timated according to (26)]. The TFSS genes
thus represent the only recognized example
for a possible recent lateral transfer of genes
(coding for proteins with known function) to
UWE25 after the split of the chlamydial lin-
eage into its two sister groups.

A recently recognized virulence factor of
pathogenic chlamydiae, the protease-like activ-
ity factor (CPAF) (27), is also encoded in the
UWE25 genome (pc0916). CPAF is one of the
few proteins that have been shown to be secret-
ed (possibly by means of the TTSS) by patho-
genic chlamydiae into the host cytoplasm. Its
function is still unknown, but CPAF is able to
degrade the human transcription factors re-
quired for major histocompatibility complex
(MHC) expression (27). The presence of CPAF
in UWE25, which resides in a host that does not
possess a MHC system, indicates that CPAF
has evolved from a protease with a different
specific function in lower eukaryotic hosts.

Chlamydiae are among the most successful
bacterial pathogens of humans and have recent-
ly also been associated with chronic diseases (1,
9). Comparative and phylogenetic genome
analysis of a chlamydia-related symbiont of
amoebae showed that it has retained several key
features of the last common chlamydial ances-
tor and provided evidence that major virulence
mechanisms of present-day pathogenic chla-
mydiae have evolved from the interaction of
ancestral chlamydiae with early eukaryotes.
Subsequent adaptation of pathogenic chlamyd-
iae to animal and human host cells was most
likely mediated by proteins found in modern
pathogenic chlamydiae but not detectable by
sequence homology in the UWE25 genome
(table S3). However, the presence of key viru-
lence factors in environmental chlamydiae, to-
gether with their documented ability to multiply
in human macrophages (28), suggests that these
protozoan symbionts have the genetic tools to
allow them to infect mammalian cells.
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Protein Displacement by DExH/D
“RNA Helicases” Without

Duplex Unwinding
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Members of the DExH/D superfamily of nucleic acid–activated nucleotide
triphosphatases are essential for virtually all aspects of RNA metabolism,
including pre–messenger RNA splicing, RNA interference, translation, and nu-
cleocytoplasmic trafficking. Physiological substrates for these enzymes are
thought to be regions of double-stranded RNA, because several DExH/D pro-
teins catalyze strand separation in vitro. These “RNA helicases” can also disrupt
RNA-protein interactions, but it is unclear whether this activity is coupled to
duplex unwinding. Here we demonstrate that two unrelated DExH/D proteins
catalyze protein displacement independently of duplex unwinding. Therefore,
the essential functions of DExH/D proteins are not confined to RNA duplexes
but can be exerted on a wide range of ribonucleoprotein substrates.

DExH/D proteins are required for virtually
all phases of RNA metabolism, primarily as
essential parts of large ribonucleoprotein
(RNP) assemblies, such as the mRNA
splicing machinery or viral replication ap-
paratuses (1, 2). It is generally believed

that DExH/D proteins couple nucleotide
triphosphate (NTP) hydrolysis to confor-
mational changes of such ribonucleoprotein
assemblies, which is consistent with the
ability of these enzymes to hydrolyze NTPs
in a RNA-stimulated fashion in vitro (1, 3).
Although it is unknown by which mechanism
NTP binding and hydrolysis are used to effect
conformational changes in RNP assemblies, it
is widely assumed that the biological function
of DExH/D proteins involves the NTP-depen-
dent RNA helicase activity that many DExH/D
proteins display in vitro, even though physio-
logical targets for almost all DExH/D proteins
are not well defined (4, 5).
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It has recently been demonstrated both in
vivo and in vitro that DExH/D enzymes can
rearrange RNA-protein complexes (6–8). Con-
trary to the traditional assumption that RNA
helicase activity is central to DExH/D protein
function, some observations made during these
experiments suggested that RNP remodeling
might not necessarily be coupled to duplex
unwinding (7–10). Because of the central im-
portance of DExH/D proteins in RNA metabo-
lism, it is essential to understand the range of
substrates on which these enzymes can act; yet
DExH/D “RNA helicases” have never been
shown to perform NTP-driven conformational
work on RNA or RNPs outside the constraints
of RNA secondary structure.

We therefore investigated whether
DExH/D proteins could rearrange RNP com-
plexes without duplex unwinding. We chose
two model systems in which RNA secondary
structure plays no role in protein binding. The
first complex is formed between the trypto-
phan RNA-binding attenuation protein
(TRAP) and its specific 53-nucleotide-long
cognate RNA (Fig. 1A). No RNA secondary
structure surrounds or is contained within the
TRAP-binding site (11, 12). TRAP binds to
this RNA in a sequence-specific manner as an
11-unit oligomer, and its affinity can be mod-
ulated by tryptophan; that is, increasing tryp-
tophan concentrations stabilize the RNA pro-
tein complex (11).

The second complex is the exon junction
complex (EJC) deposited on mRNAs as a
consequence of splicing (13) (Fig. 1, B and
C). Although the exact composition of the
EJC remains to be determined, it is composed
of at least five distinct proteins that bind
tightly in a non–sequence-specific manner
approximately 20 nucleotides upstream of
exon junctions (13, 14). The EJC plays a
variety of roles in postprocessing mRNA me-
tabolism, including nonsense-mediated decay
and translational efficiency (13, 15).

We determined whether two distinct
DExH/D proteins, NPH-II and DED1,
could remodel either or both of the model
RNPs. These enzymes were chosen because
they are phylogenetically distant within the
DExH/D protein superfamily (16 ) and be-
cause they differ in distinct and important
mechanistic properties. NPH-II is a proces-
sive RNA helicase that unwinds duplexes
with 3� single-stranded overhangs (17 ). In
contrast, DED1 is nonprocessive (18) but
unwinds RNA duplexes with single-
stranded regions located either 3� or 5� to
the duplex regions (19, 20).

Two RNAs containing the TRAP-
binding site were prepared. One was com-
posed only of the minimal 53-nucleotide
TRAP-binding region, whereas the other
had a single-stranded, 3�-terminal, 24-
nucleotide extension in order to provide a
binding site for the DExH/D proteins (Fig.

2, A and B). Both RNAs formed distinct
complexes with TRAP that were visualized
by nondenaturing polyacrylamide gel elec-
trophoresis (PAGE) (Fig. 2, A and B).
TRAP bound to both RNAs with subnanomo-
lar affinity and dissociated with a rate con-
stant koff

TRAP of (2.0 � 0.2) � 10�3 min�1

[in the presence of 10 �M tryptophan (20)].
We then assessed the ability of NPH-II

and DED1 to disrupt the TRAP-RNA com-
plexes (21). NPH-II readily displaced
TRAP from the RNA containing the
single-stranded extension (Fig. 2A). The
displacement was adenosine triphosphate
(ATP)– dependent and proceeded with a
rate constant kdispl

TRAP � 8 min�1 (Fig. 2,

C and D). That is, NPH-II accelerated
TRAP dissociation by more than three or-
ders of magnitude, indicating that TRAP
displacement by NPH-II was an active
ATP-driven process. The dislodging of
TRAP was not accelerated by NPH-II in the
presence of the nonhydrolyzable ATP ana-
log AMPPNP (20), indicating that ATP
hydrolysis, rather than mere ATP binding,
is necessary for active protein displace-
ment. We also observed slight ATP-
dependent displacement of TRAP from the
RNA lacking the single-stranded extension
(Fig. 2B). This result suggested that NPH-
II might initiate the reaction either by
accessing the exposed backbone of the

Fig. 1. RNP remodeling without duplex unwinding. (A) Remodeling of the TRAP-RNA complex.
The radiolabeled RNA contained a 25-nucleotide single-stranded region (green) 3� to the
53-nucleotide TRAP-binding site (red; radiolabel indicated by asterisk). TRAP binding was
visualized by autoradiography of nondenaturing PAGE, resulting in a shift of the labeled RNA
(gel panel, lane 1). Upon TRAP removal, free RNA emerged (gel panel, lane 2). The extent of
TRAP release was quantified by comparing the amounts of TRAP-RNA to those of free RNA (see
methods). (B) Displacement of the EJC bound to spliced RNA. A specific radiolabel (asterisk)
was introduced into the EJC-binding region (red) (18). Removal of the EJC renders the region
previously protected from micrococcal nuclease (gel panel, lane 2) susceptible to degradation,
which results in the disappearance of the 8- to 10-nucleotide (nt) bands on the denaturing
PAGE (gel panel, lane 3). The extent of EJC release was quantified by comparing the amount
of EJC-bound RNA in control reactions to that in reactions including DExH/D protein (18). (C)
Partial purification of EJC-containing mRNA. RNA with a specific internal radiolabel was spliced
in vitro (29), followed by fractionation using glycerol gradient sedimentation. The resulting
fractions were analyzed by denaturing PAGE before (right, upper panel) and after (right, lower
panel) treatment with micrococcal nuclease (30). RNA-bound EJC (characteristic 8- to 10-
nucleotide RNA fragments) cofractionated with spliced mRNA.
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TRAP-bound RNA or by capturing fraying
nucleotides in the TRAP-RNA complex.
Nevertheless, the presence of a single-
stranded extension significantly increased the
displacement efficiency. These results dem-
onstrate that a DExH/D protein can actively
remodel a RNA protein complex without any
requirement for duplex unwinding.

In sharp contrast to the results obtained
with NPH-II, DED1 could not accelerate
TRAP dissociation from either RNA under
any condition tested (20). The failure to
actively displace TRAP was not due to
compromised DED1 enzyme under the re-
action conditions, because DED1 unwound
RNA duplexes as expected in control reac-
tions (20). Because NPH-II was active in
the TRAP displacement reaction and DED1
was not, these experiments also revealed
unanticipated selectivity in the function of
disparate DExH/D proteins.

To confirm and extend these observa-
tions, we then determined whether NPH-II
and DED1 could displace the EJC from
RNA with single-stranded regions adjacent
to the EJC-binding site (Fig. 1B). To assay
EJC displacement, pre-mRNA containing a
single radiolabeled phosphate at position
–21 relative to the 5� splice site was spliced
in vitro (Fig. 1C). In agreement with the
results of others (22), deposition of the EJC
was indicated by the appearance of a spe-
cific nuclease-resistant fragment [8 to 10
nucleotides long, centered at –20 on the 5�

exon (Fig. 1C)]. The emergence of the
nuclease-resistant RNA fragment was de-
pendent on splicing, and the fragment co-
fractionated with spliced mRNA during
glycerol gradient sedimentation (Fig. 1C).
Displacement of the EJC was monitored by
loss of nuclease resistance in the EJC-
binding region; that is, by the disappearance
of the characteristic 8- to 10-nucleotide frag-
ments upon nuclease treatment (Fig. 1B). Al-
though the affinity of the EJC proteins for their
binding site cannot be determined directly, EJC
dissociation was found to proceed with a rate
constant koff

EJC � 10�5 min�1 under the reac-
tion conditions (20).

When incubated with DED1 and ATP, we
observed a significant decrease in the fraction
of bound EJC (Fig. 3A). Negligible displace-
ment was observed without ATP, and signif-
icantly less displacement was observed from
a “tailless” EJC-RNA complex, prepared by
predigestion with nuclease (Fig. 3, A and B).
These results indicate that DED1 requires
unstructured RNA outside the EJC-binding
region to remodel this RNP, although we
cannot distinguish whether 5�, 3�, or both
overhangs are necessary.

DED1 displaced the EJC from spliced
mRNA in a time-dependent manner with a
rate constant k[DED1]

displ
EJC 	 0.028 �

0.002 min�1 (Fig. 3, C and D). This reflects
an at least 3000-fold enhancement over
spontaneous dissociation, indicating that
DED1 actively displaced the EJC in an

ATP-dependent fashion. The rate of EJC
displacement was approximately 60 times
slower than the unwinding of a control
duplex under identical reaction conditions
(Fig. 3D), indicating that different process-
es limit the rates of EJC displacement and
duplex unwinding.

We next investigated whether NPH-II was
able to displace the EJC. As observed with
DED1, a decrease in the fraction of bound
EJC was observed in the presence of NPH-II
and ATP (Fig. 3E). Only negligible displace-
ment was observed either without ATP or
from a tailless EJC-RNA complex (Fig. 3, E
and F). This result indicated that NPH-II, too,
required single-stranded RNA outside of the
EJC to dislodge the EJC in an active ATP-
dependent fashion. Like DED1, NPH-II un-
wound the control duplex faster than it dis-
placed the EJC (Fig. 3H). The lower reaction
amplitude observed for EJC remodeling by
NPH-II can be tentatively attributed to the
depletion of ATP in the reaction mix because
of the fast rate at which NPH-II catalyzes
ATP hydrolysis (18). The nonhydrolyzable
ATP analog AMPPNP did not support the
reaction with either NPH-II or DED1 (20),
indicating that ATP hydrolysis was necessary
for active EJC displacement.

Despite the lower reaction amplitude with
NPH-II, and even though both proteins un-
wound the control duplex at different rates,
NPH-II displaced the EJC with a rate con-
stant highly similar to that observed for

Fig. 2. TRAP displacement from unstructured RNA by NPH-II. (A) Dis-
placement of TRAP from RNA containing a single-stranded overhang.
Remodeling reactions were stopped after 30 s. TRAP-RNA complexes and
free RNA are represented by the cartoons on the left. The apparent
heterogeneity of the TRAP-RNA complexes was not due to multiple
populations of RNA but was induced by binding of TRAP. (B) Displace-
ment of TRAP from the RNA containing only the TRAP-binding site. (C)
Representative time course for TRAP-RNP remodeling by NPH-II. Reac-
tions with the RNA containing the single-stranded overhang were per-
formed in the presence of a duplex control substrate (16 base pairs
containing a 24-nucleotide single-stranded overhang 3� to the duplex
region). Aliquots were removed in 10-s intervals. TRAP-bound RNA, free
TRAP substrate RNA, control duplex substrate, and unwound control

substrate are indicated by the cartoons on the left. Lanes from left to
right are as follows: Lane 1, no ATP added; lanes 2 to 6, time course after
ATP addition; lane 7, no TRAP and no NPH-II added; lane 8, sample
heated to 95°C for 2 min. The reaction amplitude for TRAP displacement
by NPH-II as detected by PAGE constitutes a lower limit for TRAP
displacement (31). (D) Time course for TRAP-RNP remodeling (solid
red circles) and simultaneous duplex unwinding (open blue circles).
Reactions were repeated multiple times, and data were averaged. Error
bars indicate the standard deviation. Reaction rates were too fast to be
accurately accessible with the available experimental means; that is, kobs �
8 min�1. The apparent amplitude of the duplex unwinding reaction was due
to the presence of scavenger DNA (to prevent rebinding of TRAP to the RNA)
that partially captures NPH-II during the course of the reaction as well (17).
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DED1 (Fig. 3, D and H). This raises the
possibility that a feature of the EJC, rather
than a property of the respective DExH/D
protein, dictates the rate of EJC displacement.

Collectively, our data with two different
unrelated DExH/D proteins and two different
RNP complexes establish that DExH/D pro-
teins can rearrange RNA-protein interactions
independently of duplex unwinding, in an ac-
tive ATP-driven fashion. These results provide
evidence that DExH/D proteins can perform
ATP-dependent conformational work on RNA
that is not based on strand separation. This
capability is apparently not restricted to a small
subset of DExH/D proteins. In fact, the distant
phylogenetic relationship between DED1 and
NPH-II within the DExH/D protein family (16)
renders it rather likely that the capacity to re-
model RNA protein complexes independently
of duplex unwinding may be a universal prop-
erty of DExH/D proteins.

The ability of DExH/D proteins to per-
form ATP-driven conformational work on
single-stranded RNA could resemble the
movement (tracking) on single-stranded
nucleic acids that has been observed for
some SF1 DNA helicases; for the termina-
tion factor Rho (23–25); and for the protein
MOT1, which dislodges the TATA box–
binding protein from DNA (26 ). It is, how-
ever, currently unknown whether DExH/D
proteins follow single-stranded RNA in an
unidirectional and/or processive fashion.

The capacity of DExH/D proteins for
ATP-driven conformational work on sin-
gle-stranded RNA provides a functional ex-
planation for the widely observed stimula-
tion of NTP hydrolysis by single-stranded
RNA (1). Most important, however, ATP-
driven “clearance” of single-stranded RNA
might also be the basis for RNA helicase
activity by DExH/D proteins, which, in

essence, is displacement of a complemen-
tary nucleic acid strand from single-
stranded RNA (9, 10). ATP-driven confor-
mational work on single-stranded RNA as
an underlying mechanism for duplex un-
winding would provide a straightforward
explanation of the necessity for single-
stranded overhangs on the duplexes un-
wound by most DExH/D RNA helicases
(1), and it also could explain why certain
DExH/D helicases tolerate artificial
modifications in only one strand of RNA
duplexes (27 ). Although the different rate
constants for EJC displacement and duplex
unwinding for both DED1 and NPH-II
suggest mechanistic differences between
duplex unwinding and RNP remodeling,
correlations between RNA helicase func-
tion and RNP remodeling without duplex
unwinding might nonetheless exist. For
example, the ability to processively unwind

Fig. 3. Displacement of EJC
from spliced mRNA. (A)
DED1-catalyzed EJC dis-
placement from spliced
mRNA containing single-
stranded overhangs (car-
toon). A representative PAGE
scan for EJC displacement
after 120 min is shown. La-
bels at left are as follows:
EJC, nuclease-protected EJC-
binding region, indicating
bound EJC (Fig. 1); STD, 22-
nucleotide DNA loading
standard; 26-nt and 15-nt,
size standards. Fractions of
bound EJC are indicated un-
derneath the PAGE scan. EJC
displacement was measured
in multiple reactions, aver-
ages are given, and errors
ranged from 1% (for bound
EJC control) to an average of
14% for the displacement
reactions. (B) DED1-cata-
lyzed EJC displacement from
tailless RNA. Reactions and
labels are as described in (A).
(C) Time course of DED1-
catalyzed displacement of
EJC from RNA containing
overhangs. Aliquots were re-
moved at 15, 30, 60, and 120
min. (D) Comparison be-
tween reaction rates for EJC
displacement (solid red cir-
cles) and unwinding of con-
trol duplex (open blue cir-
cles; substrate was identical
to that in Fig. 2C) catalyzed by DED1. Error bars represent the standard
deviation calculated from multiple experiments. Unwinding of the control
duplex (25-nucleotide single-stranded overhang 3� to the 16–base pair
duplex region) was measured under reaction conditions identical to those for
EJC displacement in the presence of partially purified EJC-RNA complex.
Unwinding reactions were analyzed and quantified as previously described
(17). The rate constant for EJC displacement was k [DED1]EJC 	 0.028� 0.002
min�1. The rate constant for unwinding of the control duplex was
k [DED1]unw 	 1.11 � 0.14 min�1. (E) NPH-II–catalyzed EJC displacement
from RNA containing single-stranded overhangs (cartoon). Reactions and

labels are as described in (A). (F) NPH-II–catalyzed EJC displacement from
tailless RNA. Reactions and labels are as described in (A). (G) Time course of
NPH-II–catalyzed displacement of EJC from RNA containing overhangs.
Aliquots were removed at 15, 30, 60, and 120 min. (H) Comparison between
reaction rates for EJC displacement (solid red circles) and unwinding of
control duplex (open blue circles) catalyzed by NPH-II. Error bars represent
the standard deviation from multiple experiments. Unwinding of the control
duplex was measured as described in (D). The rate constant for EJC displace-
ment was k [NPH-II]EJC 	 0.032 � 0.003 min�1; the rate constant for
unwinding of the control duplex was k [NPH-II]unw 	 0.32 � 0.04 min�1.
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RNA duplexes might explain why NPH-II
effectively displaces TRAP from its 53-
nucleotide-long binding site, whereas
DED1, which is not a processive RNA
helicase, fails to displace TRAP. For EJC
displacement, processive action may not be
necessary, because the EJC-binding site
comprises only about 10 nucleotides and
therefore both DED1 and NPH-II can ef-
fectively displace it. Alternatively, because
DED1 has been shown to be present in
spliceosomal complexes (28), displacement
of the EJC by DED1 might be potentiated
by proteins that co-purify with the EJC
preparation but would not be present with
the TRAP complex.

The different rates at which NPH-II re-
models the TRAP- and the EJC-RNA com-
plexes, and the even starker differences in
the rates of TRAP and EJC remodeling
observed with DED1, suggest that the prop-
erties of a given RNP might also affect the
rate at which it can be remodeled by
DExH/D proteins. Differences in thermal
fraying of nucleotides in the respective pro-
tein-binding sites might explain (i) the dif-
ferent rates observed for EJC and TRAP
remodeling by NPH-II, (ii) the similarity of
rates observed for EJC remodeling with
both DED1 and NPH-II, and (iii) the dif-
ferences between the rate constants for EJC
displacement and duplex unwinding. It is
thus tempting to speculate that the nature of
a given RNP might contribute to the spec-
ificity of DExH/D proteins in vivo. Adap-
tation to the different features of their tar-
get RNPs might provide DExH/D proteins
with a much greater built-in biochemical
specificity toward their biological sub-
strates than was previously concluded on
the basis of the largely nonspecific RNA
helicase activity of these enzymes.
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Identification of Virus-Encoded
MicroRNAs
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RNA silencing processes are guided by small RNAs that are derived from
double-stranded RNA. To probe for function of RNA silencing during infection
of human cells by a DNA virus, we recorded the small RNA profile of cells
infected by Epstein-Barr virus (EBV). We show that EBV expresses several
microRNA (miRNA) genes. Given that miRNAs function in RNA silencing path-
ways either by targeting messenger RNAs for degradation or by repressing
translation, we identified viral regulators of host and/or viral gene expression.

RNA silencing is part of a primitive im-
mune system against viruses in plants (1)
and insects (2). However, its role in viral
infection in human cells has not been in-
vestigated. EBV is a large DNA virus of the
Herpes family that preferentially infects
human B cells (3). We cloned the small
RNAs from a Burkitt’s lymphoma cell line
latently infected with EBV (4 ). Four per-
cent of the cloned small RNAs originated
from EBV (tables S1 and S2). Most of the
EBV sequences were cloned more than
once, and the analysis of the genomic se-

quence flanking the cloned RNAs suggest-
ed fold-back structures characteristic of
miRNA genes (5, 6 ). The EBV miRNAs
originated from five different double-
stranded RNA (dsRNA) precursors that are
clustered in two regions of the EBV ge-
nome (Fig. 1, A and B). The EBV miRNAs
were all readily detectable by Northern
blotting, including the 
60-nt fold-back
precursor for three of the five miRNAs
(Fig. 2A). The first miRNA cluster is lo-
cated within the mRNA of the BHRF1
(Bam HI fragment H rightward open read-
ing frame 1) gene encoding a distant Bcl-2
homolog (miR-BHRF1-1 to miR-BHRF1-
3). miR-BHRF1-1 is located in the 5� UTR
(untranslated region) and miR-BHRF1-2
and -3 are positioned in the 3� UTR of the
BHRF1 mRNA. The other EBV miRNAs
cluster in intronic regions of the BART
(Bam HI-A region rightward transcript)
gene, whose function remains unknown (7 )
(miR-BART1 and miR-BART2).

EBV latently infected cells can be found
in three different latent stages (I to III, Fig.
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