




contains two xrRNAs, and cellular factors could
modulate xrRNA function during infection to
produce a multiple-sfRNA pattern (20).
Insight into the structural basis of sfRNA for-

mation comes from a previously solved structure
fromMurray Valley encephalitis virus (MVE) (21),
but our understanding is incomplete. Specifically,
in theMVExrRNA structure, an important pseudo-
knot (L3-S4; gray line in Fig. 1B) (4, 18, 22, 23)
was not formed, and thus the structure of a fully
folded xrRNA remains unsolved. Also, the MVE
structure was of the downstream xrRNA of two
in series (xrRNA2), and evidence now suggests
differences between xrRNA1s and xrRNA2s (16, 18);
xrRNA1s are predicted to have a more stable
fold, and WNV infection models suggest that
loss of xrRNA1 has a greater effect on viral in-
fection (4, 24). Fully understanding sfRNA for-
mation therefore requires a detailed structural

description of a fully folded xrRNA1. ZIKV xrRNA1
is ideal for such studies, as it shows robust Xrn1
resistance in vitro (Fig. 1E), it forms sfRNAs in
all tested cell types (Fig. 1A), and its pseudoknot
is predicted to be stabilized by four consecutive
G-C base pairs.
We solved the structure of ZIKV xrRNA1 by x-ray

crystallography (Fig. 2A and table S1), using the
MR766-NIID African isolate sequence (PRVABC59
xrRNA1 is 97% identical in this region) with se-
quence alterations to improve transcription and
crystallization (fig. S2). This RNA maintained
Xrn1 resistance and is thus correctly folded (Fig.
2B). All 71 nucleotides were visible (fig. S3), and
unlike the MVE xrRNA2 structure, the RNA is
fully folded; a pseudoknot is formed between L3
and S4, completely encircling and constraining
the 5′ end of the RNA (Fig. 2C). In both the MVE
and ZIKV xrRNA structures, the fold is organized

around the P1-P2-P3 three-way junction; the P1
and P3 helices form a ring through which the 5′
end passes from one side of the structure to the
other, positioned by nucleotides at the 5′ end
that form base pairs with nucleotides in the junc-
tion and a U4•A24-U42 base triple (Fig. 2D; the
dot indicates a non–Watson-Crick base interac-
tion). The presence of these interactions in both
structures strongly suggests their functional im-
portance; disrupting them may be a way to at-
tenuate diverse MbFVs.
The ZIKV xrRNA1 structure reveals multiple

previously unobserved interactions. A37 and U51
form a reverseWatson-Crick (or trans) long-range
base pair that closes the ring structure to “lasso”
the RNA that passes through (Fig. 3A). Contrary
to predictions, A37 is flipped out of the helix;
this position is created by an unexpected struc-
ture in the P3-L3 stem-loop that contains a G-U
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Fig. 3. Details of the ZIKVxrRNA1 structure. (A) Detailed view of the A37-U51
base pair (red) and intervening nucleotides (blue),which circle the 5′ end of the
RNA.Other nucleotides discussed in the text are labeled. (B) TheA37-U51 basepair
(red) and intervening nucleotides (blue) are highlighted.The box shows the pre-
viously predicted secondary structure of the P3-L3 stem-loop. Leontis-Westhof
nomenclature is used to indicate noncanonical pairing (30). Inset displays details
of all three noncanonical base pairs; electron density is displayed at the 2s con-

tour level. (C) The L3-S4 pseudoknot with the P4 stem coaxially stacked.Colors
are as in Fig. 2, A and C. (D) Xrn1 resistance assays of pseudoknotmutants and a
mutant known to disrupt xrRNA folding (C22G) (19, 21). Quantitation of re-
sistance from three experiments is shown,determined as in Fig. 2B. (E)Northern
blot of viral RNA isolated fromviral infectionwithwild-type virus and virusmutated
in the xrRNA1 structure.Themutants are labeled tomatch the analogousmutants
in (D) and fig. S4C; corresponding positions in the viral RNA are provided below.
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wobble pair between G38 and U28 and a Hoog-
steen pair between A36 and U29 (Fig. 3B). The
A37-U51 base pair led us to hypothesize that this
interaction may precisely define the size of the
ring,which is 14 nucleotides in the ZIKV xrRNA1.
Indeed, sequence alignment shows that 30 of 33
confirmed or putative xrRNAs haveWatson-Crick
base-pairing partners 14 nucleotides apart in
analogous positions (fig. S4, A and B). Although
these are apparent Watson-Crick partners, the
structure suggests that they form noncanonical
pairs. Indeed, YFV, Sepik virus, andWesselsbron
virus have G bases at both positions, suggestive
of a G•G pair and thus implying possible alter-
native conformations of this long-range base pair.
To explore this long-range interaction, we

altered the A37-U51 pair by mutation and tested
for Xrn1 resistance in vitro (fig. S4C). Substitu-
tion of either nucleotide individually had very
little effect, and substitution of both bases to
convert the interaction to either a C-G or G•G
resulted in only amoderate decrease in resistance.
Overall, it is not clear why sequence conservation
shows a preference for apparent Watson-Crick
pairing partners; perhaps certain pairs improve
Xrn1 resistance in the context of specific xrRNAs,
or they may contribute to functions other than
Xrn1 resistance. Consistent with this, the prefer-
ence for a purine at the first position of this
interaction and a pyrimidine at the second po-
sition is reminiscent of a conserved trans R15:

Y48 (R, purine; Y, pyrimidine) base pair observed
in tRNAs (25). G•G pairs have been observed at
this position in cysteine tRNAs, and tolerance
for switching between G•G and R15:Y48 pairs
has been shown to be dependent on the RNA
sequence context (26).
The A37-U51 base pair defines the size of the

ring and continues the progression of stacked
bases from the P1 stem to the L3-S4 pseudoknot
(Fig. 3, A and C). Specifically, A52 stacks on this
pair but is not itself paired. This base is universally
a purine (fig. S4, A and B), likely to maximize
stacking potential. The next base, A53, is ex-
truded to form a crystal contact (fig. S5), but in
solution it likely stacks under A52, supported
by the presence of electron density where A53
could stack, consistent with a 1,6-hexanediol mol-
ecule from the crystallization solution (fig. S5A). If
stacked within the helix, A53 would continue the
progression of stacked purines through S4 to the
pseudoknot and could form anA•Apair with A35,
providing additional stability (Fig. 3C).
As predicted, the L3-S4 pseudoknot contains

four consecutive G-C Watson-Crick base pairs
(Fig. 3C). The four G’s in L3 aremade accessible
by aU-turn, amotif found in other loops including
tRNA anticodon loops. To test the functional
importance of the ZIKV xrRNA1 pseudoknot,
we generated mutant RNAs (Pkmut1, Pkmut2)
and tested them for Xrn1 resistance in vitro
(Fig. 3D). Disruption of the pseudoknot severely

decreased Xrn1 resistance to the same degree as
a previously characterized mutation that disrupts
the three-way junction (C22G) (19, 21). Restoring
the pseudoknot (Comp) returned nearly wild-type
Xrn1 resistance; thus, the pseudoknot is critical
for ZIKV xrRNA1 function.
The effects of structure-based mutations to

xrRNA1 on Xrn1 resistance in vitro led us to pre-
dict that the same mutations would alter sfRNA
formation during infection; therefore, we gen-
erated mutant ZIKV using an infectious clone
based on strain FSS13025 (identical to PRVABC59
in xrRNA1) (27). Mutations in xrRNA1 analogous
to C22G and Pkmut1 resulted in highly reduced
sfRNA formation during infection, matching the
in vitro Xrn1 resistance result (Fig. 3E). Both
sfRNAs were reduced; this finding underscores
the importance of xrRNA1 to sfRNA formation
overall. A mutation analogous to A37C had no
discernible effect on sfRNA formation, consist-
ent with this mutant’s Xrn1 resistance in vitro
(fig. S4C).
We also assessed the effect of Xrn1 knockdown

on ZIKV sfRNA production during infection of
human cells (fig. S6). Xrn1 knockdown resulted
in a reduction of one sfRNA species and a change
in the overall sfRNA pattern; however, the per-
sistence of some sfRNA bands suggests that Xrn1
could be redundant with other exonucleases in
producing ZIKV sfRNAs. Xrn1 resistance in vitro
and ZIKV sfRNA production during infection
are linked by the strong agreement between the
effects of RNA mutations in both assays, which
implies that the RNA structure is necessary for
sfRNA formation.
One of the most functionally essential inter-

actions is the L3-S4 pseudoknot, whose formation
is accompanied by substantial structural differ-
ences relative to the MVE xrRNA2 structure (Fig.
4A). The helical element created by the pseudo-
knot forms a continuous stack with the P4 helix
(fig. S7, A and B), placing the P4-L4 stem-loop
in a different position relative to the MVE xrRNA2
structure (Fig. 4B) and differing from that pre-
dicted by structural modeling (fig. S7, C and D).
P4’s stacking on the pseudoknot likely stabil-
izes the overall fold, but there are no obvious
sequence-specific roles for this element in forming
the structure. However, the P4-L4 stem-loop con-
tains numerous conserved bases found in other
MbFVs (fig. S8), and it therefore may be impor-
tant for some aspect of sfRNA formation or
downstream function.
Using the fully folded structure, we constructed

a newmodel of the ZIKV xrRNA1 interactingwith
Xrn1 fromD.melanogaster (with bound substrate
analog), using previously reported biochemical
information (19, 28) and the electrostatic charge
distribution and shape of the enzyme’s surface
(Fig. 4C). The model shows extensive contacts
between the enzyme and the RNA. A model of
the partially folded MVE xrRNA with Xrn1 sug-
gested that the RNA ring structure prevents Xrn1
from unwinding the structure (21), but in that
form, the P4 element projected away from the
surface of Xrn1 (Fig. 4C). In contrast, the fully
folded ZIKV xrRNA1 closelymatches the contours
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Fig. 4. Model of ZIKVxrRNA–Xrn1 interaction. (A) Comparison of the S4 region (orange) and adjacent
RNA in the partially folded MVE (left) and fully folded ZIKV (right) xrRNAs. (B) Overlay of the MVE (cyan)
and ZIKV (yellow) structures, showing the change in the position of the P4-L4 hairpin. (C) Models of theMVE
(top) and ZIKV (bottom) xrRNAs docked onto the surface of Xrn1, colored according to electrostatic potential
(blue, positive; red, negative). Structural features are labeled.
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of an electropositive patch, with P4 contacting a
conserved charged region on Xrn1’s winged helix
domain.
This putative P4-Xrn1 interaction could serve

to stabilize the xrRNA’s pseudoknot interaction
and thus enhance resistance to the enzyme, or P4
may form sequence-specific interactionswithXrn1
or with Xrn1-bound proteins. Also, because the
winged helix domain is important for processive
Xrn1 function (29), the bound ZIKV xrRNA may
prevent conformational changes in the enzyme
that are important for processivity. The new struc-
ture and derived hypotheses point the way to
future studies that may clarify the formation and
function of ZIKV sfRNAs, with implications for
the development of interventions or vaccines.
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HEMATOPOIESIS

Depleting dietary valine permits
nonmyeloablative mouse
hematopoietic stem cell transplantation
Yuki Taya,1 Yasunori Ota,2 Adam C. Wilkinson,1,3 Ayano Kanazawa,1

Hiroshi Watarai,4,5 Masataka Kasai,1 Hiromitsu Nakauchi,1,3* Satoshi Yamazaki1*

A specialized bone marrow microenvironment (niche) regulates hematopoietic stem cell
(HSC) self-renewal and commitment. For successful donor-HSC engraftment, the niche
must be emptied via myeloablative irradiation or chemotherapy. However, myeloablation
can cause severe complications and even mortality. Here we report that the essential
amino acid valine is indispensable for the proliferation and maintenance of HSCs. Both
mouse and human HSCs failed to proliferate when cultured in valine-depleted conditions.
In mice fed a valine-restricted diet, HSC frequency fell dramatically within 1 week. Furthermore,
dietary valine restriction emptied the mouse bone marrow niche and afforded donor-HSC
engraftment without chemoirradiative myeloablation. These findings indicate a critical
role for valine in HSC maintenance and suggest that dietary valine restriction may reduce
iatrogenic complications in HSC transplantation.

A
lthoughmuch is knownabout themolecules
and signaling pathways regulating hema-
topoietic stem cells (HSCs), our understand-
ing of the HSC bone marrow (BM) niche is
less clear. The availability of niche “space”

appears to be a limiting factor for engraftment in
HSC transplantation (HSCT) (1). Ionizing radiation
and/or high-dose chemotherapy are most com-
monly used to empty the BM niche. However,
severe side effects limit the success of these treat-
ments. Young patients are particularly at risk of
experiencing late effects, including secondary
malignancy, endocrinopathy, and reproductive
failure (2).

Numerous cellular andmolecular components
of the HSC niche have previously been proposed
(3). These include several stromal and neuronal
cell types, as well as various signaling molecules
including the cytokines stem cell factor and
thrombopoietin. In 1946, Kornberg et al. reported
that rats fed a low-protein diet developed severe
granulocytopenia or anemia that was corrected
by administration of purified amino acids (AAs)
(4, 5). On the basis of these findings, we hypoth-
esized that specific AAsmay be indispensable for
the BM niche and could influence HSC fate.
We initially quantified AA concentrations in BM

and peripheral blood (PB) by high-performance
liquid chromatography (HPLC). The BMcontained
>100-fold higher concentrations of all 20 AAs and
also displayed a distinct AA profile (or AA ba-
lance), as comparedwith the PB (fig. S1, A and B).
To identify the specific AAs essential for the

maintenance of hematopoiesis, CD34–Kit+Sca1+

Lin– cells (HSCs) (6) were cultured for 1 week in
various media lacking single AAs (Fig. 1A and
fig. S1C). Proliferation was significantly retarded
when cysteine or valine was absent (–Cys, –Val)
(Fig. 1B and fig. S2A). We also carried out similar
analyses using CD34+Kit+Sca1+Lin– hematopoietic
progenitor cells (HPCs). HPCs displayed signif-
icant growth retardation in medium lacking cys-
teine or lysine (fig. S2, B and C). Growth of HPCs
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cellular exonuclease
Zika virus produces noncoding RNAs using a multi-pseudoknot structure that confounds a

Jay C. Nix, J. David Beckham and Jeffrey S. Kieft
Benjamin M. Akiyama, Hannah M. Laurence, Aaron R. Massey, David A. Costantino, Xuping Xie, Yujiao Yang, Pei-Yong Shi,

originally published online November 10, 2016DOI: 10.1126/science.aah3963
 (6316), 1148-1152.354Science 

, this issue p. 1148Science
by x-ray crystallography and found that the multi-pseudoknot structure that it adopts underlies its exonuclease resistance.
that resist degradation by host exonucleases in infected cells. The authors solved the structure of one of ZIKV's sfRNAs 

 now report that ZIKV also produces sfRNAset al.region that accumulate during infection and cause pathology. Akiyama 
 untranslated′flaviviruses, such as dengue virus, encode noncoding subgenomic flavivirus RNAs (sfRNAs) in their 3

Zika virus (ZIKV) has been associated with fetal microcephaly and Guillain-Barre syndrome. Other mosquito-born
Zika virus is fit to be tied
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