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Infection of animal cells by numerous viruses is detected and
countered by a variety of means, including recognition of nonself
nucleic acids. The zinc finger antiviral protein (ZAP) depletes
cytoplasmic RNA that is recognized as foreign in mammalian cells
by virtue of its elevated CG dinucleotide content compared with
endogenous mRNAs. Here, we determined a crystal structure of a
protein-RNA complex containing the N-terminal, 4-zinc finger human
(h) ZAP RNA-binding domain (RBD) and a CG dinucleotide-containing
RNA target. The structure reveals in molecular detail how hZAP is
able to bind selectively to CG-rich RNA. Specifically, the 4 zinc
fingers create a basic patch on the hZAP RBD surface. The highly
basic second zinc finger contains a pocket that selectively accom-
modates CG dinucleotide bases. Structure guided mutagenesis,
cross-linking immunoprecipitation sequencing assays, and RNA
affinity assays show that the structurally defined CG-binding
pocket is not required for RNA binding per se in human cells. How-
ever, the pocket is a crucial determinant of high-affinity, specific
binding to CG dinudeotide-containing RNA. Moreover, variations in
RNA-binding specificity among a panel of CG-binding pocket mutants
quantitatively predict their selective antiviral activity against a CG-
enriched HIV-1 strain. Overall, the hZAP RBD RNA structure provides
an atomic-level explanation for how ZAP selectively targets foreign,
CG-rich RNA.
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Animal cells possess a variety of mechanisms for the detection
of nonself biomolecules. Such recognition can lead to the
mobilization of innate and adaptive immune mechanisms that
constitute the host’s defenses against infectious agents. For ex-
ample, foreign nucleic acids can be recognized by endosomal
Toll-like receptors or cytoplasmic sensors, based on their in-
appropriate location within a cell or the presence or absence of
modifications that mark RNA molecules as self or nonself (1).

The zinc finger antiviral protein (ZAP) is a cytoplasmic pro-
tein that confers a cell-autonomous protective effect against a
variety of RNA viruses (2). Indeed, the replication of viruses as
diverse as retroviruses, alphaviruses, filoviruses, and hepadnaviruses
can be inhibited by ZAP (2-5). The ZAP protein includes an N-
terminal ~227-aa RNA-binding domain (RBD) containing 4
CCCH zinc fingers (ZnF1 to ZnF4), sometimes referred to as
N-ZAP, that is necessary, and to some extent sufficient, for
antiviral function (2, 6). The remaining portions of the protein,
whose functions are unknown, include a WWE domain and a C-
terminal poly(ADP-ribose) polymerase domain that is present
in the ZAP-L isoform but not in the ZAP-S isoform (7) (Fig.
1A4). Cofactors reported to be important for ZAP activity in-
clude TRIM25, whose role in antiviral activity is unknown (8,
9), KHNYN, a predicted endonuclease that is important for
ZAP antiviral activity against retroviruses but not against Sindbis
virus (10), and the RNA exosome (11).
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We recently found that ZAP discriminates self from nonself
(viral) RNAs based on their dinucleotide content (12). Specifi-
cally, HIV-1 is largely resistant to inhibition by endogenously
expressed ZAP, because it mimics the CG-poor status charac-
teristic of endogenous human mRNAs. Removal of the CG-poor
bias from the HIV-1 genome via synonymous mutation results in
cytoplasmic viral RNA depletion and a lethal, ZAP-dependent
replication defect (12). In addition, cross-linking immunopre-
cipitation sequencing (CLIP-seq) assays show that in human
cells, ZAP binds directly and preferentially to mRNA elements
containing CG dinucleotides (12). The low level of CG dinu-
cleotides in endogenous mRNAs probably results from the cu-
mulative depletion of CG dinucleotides from animal genomes
via DNA methylation and deamination (13). Of note, many, but
not all, viruses with RNA genomes (14-16), including HIV-1
(17), appear to mimic the low CG content of their hosts, per-
haps to evade ZAP. Indeed, the identities of viruses against which
ZAP does and does not exhibit antiviral activity is predicted by
their high and low CG content, respectively (12).
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Zinc finger antiviral protein (ZAP) protects cells from infection
by diverse RNA viruses through its ability to specifically detect
and deplete viral RNAs that have a greater frequency of CG
dinucleotides than host messenger RNAs. We solved an X-ray
crystal structure of the domain of ZAP that recognizes RNA and
found that a crucial component of RNA recognition by ZAP is a
pocket on the protein surface that can accommodate a CG di-
nucleotide but no other dinucleotides. The structure explains in
atomic detail how ZAP is able to selectively recognize CG-rich
viral RNAs as foreign and thereby provide hosts with a defense
against viral infection.
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Fig. 1. hZAP RBD with bound RNA. (A) Schematic of hZAP showing the ZAP-L and ZAP-S isoforms and the positions of the Zn fingers in the RBD. (B) Structure
of the hZAP RBD RNA complex. The 4 Zn fingers (ZnF) are colored separately (green, ZnF1; yellow, ZnF2; blue, ZnF3; cyan, ZnF4) in these views from the side
(Left) and top (Right) of the hZAP RBD. The RNA CG dinucleotide binds to ZnF2. The UCG trinucleotide and the Zn ligands are shown in stick form with atomic
colors (gray, G red, O; blue, N; orange, P; yellow, S), and the Zn atoms are shown as gray spheres.

Here we describe the structural basis for the specific recog-
nition of CG-containing RNA elements by ZAP. Specifically, we
report an X-ray crystal structure of the human ZAP (hZAP)
RBD (amino acids 2 to 227) in a complex with a CG-rich RNA
target sequence. Of note, the hZAP RBD RNA complex reveals
a binding pocket within a basic patch in the hZAP RBD that can
accommodate a CG dinucleotide but no other dinucleotides.
Structure-guided mutagenesis of the CG-binding pocket con-
firmed the biological relevance of the crystal structure, and we
generated a panel of mutants with well correlated RNA-binding
and antiviral specificity. In the most extreme case, the removal of
a single oxygen atom in the CG-binding pocket (a Y to F sub-
stitution) nearly abolished the CG specificity that characterizes
WT hZAP-L-RNA binding and antiviral activity. Overall, the
structure of the hZAP RBD with its target explains how hZAP-L
is able to specifically recognize foreign, CG-rich viral RNA.

Results

Structure of an ZAP(2-227) CG-Rich RNA Complex. To visualize RNA
binding to ZAP, we determined the crystal structure of hZAP
RBD with a CG-rich RNA oligomer (Fig. 1B and SI Appendix,
Table S1) (18). For these experiments, we selected a 21-nt RNA
sequence (5’AUCGACUUCGAUUCGCGGGAA3Z') from the
site with the highest read count in CLIP-seq experiments with
hZAP (12) and cocrystallized an equimolar mixture of hZAP
RBD and the CG-rich oligonucleotide. RNA binding does not
change the overall structure, as seen by comparison of hZAP
RBD structures with and without RNA (rmsd 0.8 A). Without
RNA, helix 4 is shifted slightly into the CG dinucleotide site (S
Appendix, Fig. S1). Although the 21-nt RNA contains 4 CG
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dinucleotides and the hZAP RBD has 4 Zn fingers, RNA is
bound only to ZnF2. Three nucleotides (5'-U;C,G3-3") were fit
unambiguously into the electron density (SI Appendix, Fig. S2).
No density for RNA was present in ZnF1, ZnF3, or ZnF4 even
though none of these Zn fingers was blocked by a crystal contact.
CG-dinucleotide binding to ZnF2 is sequence-specific, as no
other dinucleotide could be accommodated in the CG dinucle-
otide site without steric clashes (Fig. 24).

The C, pyrimidine base inserts into a hydrophobic pocket that
is too small to accommodate a purine (Fig. 2B). The cytosine
base forms 2 cytosine-specific hydrogen bonds with the protein
backbone (N3 with the K89 amide and N4 with the L87 carbonyl)
and 1 pyrimidine-specific hydrogen bond (O2 with the L.90 am-
ide). On one side of the pocket, the cytosine base stacks with the
Y108 side chain, and on the other side, it forms a cation—r in-
teraction with K89. A hydrophobic contact of cytosine C5 with
F144, which is located in the linker connecting ZnF1-2 and
ZnF3-4, completes the pocket. Interestingly, the F144 interac-
tion would clash with any substituent at cytosine C5, precluding
ZnF?2 binding of a 5-methyl-cytosine nucleotide. The G; base
is in the purine-only syn conformation (Fig. 2C) and forms 4
guanine-specific hydrogen bonds with the protein (N1 with Zn
ligand C106, N2 with Zn ligand C96, and O6 with the K107
amide and amino groups) and 1 purine-specific hydrogen bond
(N7 with the K107 amino). In addition, the guanine base is
stacked with Y98. The 5’ nucleotide, Uy, is clearly not part of the
recognition site and is more loosely bound at the periphery of the
hZAP RBD, where it has hydrophobic contacts with the aliphatic
portion of the R74 side chain (Fig. 24). ZAP ZnF2 contacts the
RNA backbone only through hydrogen bonds of the Y108 hydroxyl
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Fig. 2. CG dinucleotide binding to hZAP RBD. (A) The RNA C and G bases
bound in pockets of ZnF2. (B) Detail of cytosine binding, showing C-specific
hydrogen bonds to the L87 carbonyl and the K89 amide and a pyrimidine-
specific hydrogen bond to the L90 amide (dashed lines). Y108 stacks on the C
base. (C) Detail of guanine binding. The G base is in the syn conformation
and forms G-specific hydrogen bonds with 2 Zn ligand cysteine S atoms and
with the K107 amide and amino. The K107 amino is also hydrogen-bonded
to the purine N7, and the K107 amino and Y108 hydroxyl are hydrogen-
bonded to the 5-phosphate of C. The U base makes no hydrogen-bonding
contacts with the protein. Color-coding is as in Fig. 1.

and the K107 amino to the 5'-phosphate of the C, nucleotide
(Fig. 20).

Structure-Guided Mutagenesis Reveals Amino Acids Responsible for
ZAP Antiviral Specificity. To test the biological relevance of the
protein RNA contacts observed in the hZAP RBD RNA crystal
structure, we designed a series of 10 mutants targeting 5 amino
acids (K89, Y98, K107, Y108, and F144) in direct contact with
the CG dinucleotide (Fig. 3 4 and B). The mutations were either
alanine substitutions or minimal, conservative substitutions (e.g.,
Kto R, Y to F). The mutations were introduced in the context of
a tagged hZAP-1-3xHA protein, such that antiviral activity and
RNA-binding ability could be determined in mammalian cells.

Each mutation of the 5 amino acids that made contact with the
CG dinucleotide in the hZAP RBD RNA complex resulted in
hZAP-L-3xHA proteins that were well expressed (SI Appendix,
Fig. S3). To test whether the mutant proteins could bind RNA,
transfected cells were fed 4-thiouridine (4sU), which becomes
incorporated into RNA, and then UV irradiated to generate
protein-RNA adducts via 4sU cross-linking. Then, cell lysates
were treated with RNase, and the hZAP-L-3xHA was immu-
noprecipitated. Polynucleotide kinase labeling of the immuno-
precipitated proteins revealed that each mutant protein had an
apparently undiminished ability to cross-link to RNA (SI Ap-
pendix, Fig. S3).

To assess antiviral activity, we used an overexpression assay in
ZAP-deficient 293T cells, in which WT (HIV-1yr) or CG-enriched
(HIV-1¢g) HIV-1 proviral plasmids were cotransfected with vary-
ing amounts of WT and mutant hZAP-L expression plasmids. In
these ZAP-deficient cells, the yield of infectious virions from HIV-
, the yield of in-
P-L coexpression

(Fig. 44). Conversely, the yield of infectious HIV-1¢g was pro-
gressively decreased as hZAP-L expression was increased, up
to ~20- to 50-fold at the highest levels of hZAP-L (Fig. 44).
Concordantly, HIV-1wr Env protein expression was unaltered
by hZAP-L expression, while HIV-1¢cg Env protein expression
was reduced to nearly undetectable levels in the presence of
hZAP-L (SI Appendix, Fig. S4).

Despite their apparently unaltered ability to cross-link RNA,
hZAP-L proteins bearing mutations at each of the 5 positions in
the CG-binding pocket exhibited reduced antiviral activity
against HIV-1g, enhanced activity against HIV-1yr, or both, as
assessed by infectious virus yield (Fig. 4 A-F and SI Appendix,
Table S2) and viral protein expression (SI Appendix, Fig. S4)
assays. For example, mutations at residue K89, which forms
contacts with the C in the CG dinucleotide (K89A and K89R),
reduced hZAP-L potency against HIV-1¢g and, notably, caused
acquisition of some antiviral activity against HIV-1ywr (Fig. 4B
and SI Appendix, Table S2 and Fig. S4). Similarly, mutations at
another basic amino acid, K107, which forms contacts with the G
in the CG dinucleotide (K107A and K107R), had comparable
effects (Fig. 4D and SI Appendix, Table S2 and Fig. S4). Muta-
tions at Y98 had distinct effects depending on the nature of the
substitution. Specifically, removal of the stacking interaction with
the G nucleotide (in the Y98A mutant) marginally diminished
activity against HIV-1¢g and caused the acquisition of modest
activity against HIV-1wr (Fig. 4C and SI Appendix, Table S2).
The conservative substitution Y98F, which should preserve the
stacking interaction, resulted in minimal alteration of hZAP-L
activity (SI Appendix, Table S2 and Fig. S4). Mutations at 2
further aromatic amino acids, Y108 and F144, which constrain
the CG-binding pocket, had more dramatic effects. In particular,
mutations at Y108, which is positioned between the C and G
nucleotides (Y108A and Y108F), stacks on the C nucleotide, and
packs against K107, marginally decreased activity against HIV-1¢g

Fig.3. The hZAP RBD-binding surface for a CG dinucleotide. (4) Top surface
of hZAP RBD showing C and G bases bound in pockets of ZnF2. Bound ri-
bonucleotide and surfaces are color-coded as in Fig. 1. (B) Surface detail of
ZnF2, with mutagenized amino acids in magenta.
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Fig. 4. Antiviral activity of structure-guided hZAP-L mutants targeting the CG-binding pocket. (A-F) Infectious virion titer (infectious units/mL) following

transfection of ZAP-deficient 293T cell with HIV-1y (black symbols/lines) or

HIV-1¢g (red symbols/lines) proviral plasmids and increasing amounts of the

indicated WT or mutant hZAP-L expression plasmids (top row, alanine substitutions; bottom row, conservative substitutions).

and also caused acquisition of substantial activity against HIV-1ywr
(Fig. 4E and SI Appendix, Table S2 and Fig. S4). Indeed, the
Y108A and Y108F mutations caused nearly complete abolition of
hZAP-L specificity for HIV-1¢g over HIV-1y (Fig. 4E and S/
Appendix, Table S2). Finally, mutations at F144, which contacts
both the C nucleotide in the RNA target and K89, resulted in
substantial diminution of specificity for HIV-1¢g over HIV-1yr
(in the case of F144A) or modest effects in the case of the con-
servative F144Y substitution (Fig. 4F and SI Appendix, Table S2
and Fig. S4).

We made additional alanine point mutants at other surface-
exposed, positively charged or aromatic amino acids included in
the basic patch SI Appendix, Fig. S54, based on our structure and
the previously described structure of unbound rat ZAP RBD
(19). The basic amino acids are positioned in ZnF1, ZnF3, and
ZnF4, and some (R74A, R75A, K76A, R79A, K151A, R170A,
H176A, F184A, and R189A) were previously reported to affect
RNA binding and antiviral activity (19). According to a cross-
linking immunoprecipitation polynucleotide kinase assay, none
of these point mutations prevented RNA binding in cells (S/
Appendix, Fig. S5B). Moreover, mutations outside the CG-
binding pocket were largely devoid of effects on hZAP-L anti-
viral activity (SI Appendix, Fig. S5C). The exceptions were R74A,
R75A, and particularly R76A, which caused the acquisition of
modest antiviral activity against HIV-1y without diminution of
activity against HIV-1¢g. Of note, however, R74A, R75A, and
particularly R76A, unlike the other mutants in this panel, per-
turb amino acids immediately proximal to the CG-binding
pocket. Indeed, K76 is near the 5’-phosphate of the C nucleo-
tide in our structure. Mutant R179A, which targets the periphery
of the basic binding surface, also exhibits somewhat diminished
activity against HIV-1¢g without acquisition of activity against
HIV-1wr. Overall, these mutagenesis experiments show that
perturbation of the structurally defined CG-binding pocket
resulted in hZAP-L proteins that maintain RNA-binding activity
but have altered antiviral specificity.

Antiviral Specificity of hZAP-L Mutants Is Predicted by RNA-Binding
Specificity. The loss of ZAP antiviral activity against HIV-1cg,
coupled with a gain of activity against HIV-1yr, suggested that
some mutations in the CG-binding pocket could cause an

24306 | www.pnas.org/cgi/doi/10.1073/pnas. 1913232116

alteration in the RNA-binding specificity of the hZAP RBD. To
test the RNA-binding specificity of hZAP-L mutants in cells, we
conducted CLIP-seq experiments, whereby RNA elements that
bound hZAP-L in HIV-1¢g-producing cells could be identified
by cross-linking and sequencing.

As we described previously (12), hZAP-L bound preferentially
to viral RNA elements containing CG dinucleotides, and espe-
cially frequently to the HIV-1¢g genome segment (nucleotides
5,853 to 6,348) that had been deliberately CG-enriched through
the addition of 37 CG dinucleotides (Fig. 5). Conversely, hZAP-L
binding to the bulk of the HIV-1 genome, which is highly CG
suppressed, was comparatively sparse (Fig. 5). While all of the
hZAP-L mutants bound RNA (S Appendix, Fig. S4), there were
clear differences in their binding profiles across the HIV-1¢g
genome compared with WT hZAP-L (Fig. 5 and SI Appendix,
Fig. S6). Specifically, each of the mutants exhibited diminished
binding to the CG-enriched portion to the HIV-1 genome and
enhanced binding to the unaltered CG-poor portion of the ge-
nome. For some mutants, (e.g., YO8F), this change was minor (S
Appendix, Fig. S6), while for others (e.g., Y108A) it was dra-
matic, with clear acquisition of binding to unaltered CG-poor
portions of the genome at the expense of binding to the CG-
enriched portion. Indeed hZAP-L(Y108A) exhibited little ap-
parent specificity for binding to CG-enriched sequences in HIV-

To complement the cell-based results in terms of direct RNA-
protein interaction, we used a fluorescence polarization (FP)
assay to determine the affinity of purified hZAP RBD for
fluorophore-tagged versions of the 21-nt CG-rich RNA oligo-
nucleotide from HIV-1¢g that was used for crystallization and 3
other RNA oligomers with one or no CG dinucleotides (SI Ap-
pendix, Fig. ST). The hZAP RBDwr had the greatest affinity for
the HIV-1cg RNA with 4 CG dinucleotides (K4 = 0.055 pM) and
10-fold lower affinity for the RNAs with a single CG dinucleo-
tide (0.45 uM for a 6-nt RNA and 0.57 pM for a 21-nt RNA).
The hZAP RBDyw bound weakly to a 23-nt RNA lacking a CG
dinucleotide (5.4 pM).

We then purified and tested 4 hZAP RBDs with ZnF2 substi-
tutions that caused reduced antiviral activity (K89A, Y98A, Y108A,
and F144A). The Y108A substitution was by far the most delete-
rious to RNA binding, but all 4 ZnF2 substitutions had substantially
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Fig. 5. CLIP-seq analysis of the RNA-binding specificity of hZAP-L mutants. (A-F) Reads from CLIP-seq experiments in which HIV-1¢g was coexpressed with
each of the indicated WT or alanine mutant hZAP-L proteins and mapped to the HIV-1cg genome (represented on the x-axis) (27). The fraction of the in-
tegrated read density at each nucleotide position is plotted on the y-axis. Each CLIP sample contained 4 x 10° to 10 x 10° total reads, of which 0.85% to 2.25%
were mapped to the viral genome. Inverted blue triangles indicate the positions of the CG dinucleotides. Dashed lines indicate sequence blocks 2,600 to 3,300

and 5,850 to 6,550 used to assess RNA-binding specificity in Fig. 6A.

reduced affinity for the RNA oligonucleotides relative to hZAP
RBDw (SI Appendix, Fig. S7). The minimal 6-nt RNA (5-AUC-
GAC-3') is an optimal probe of hZAP RBD’s intrinsic affinity for
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a single CG dinucleotide. The Y108A substitution effectively
prevented binding to the hZAP RBD (K4 >100 pM for Y108A,
compared with 0.45 pM for WT). Thus, the loss of aromatic
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stacking with the cytosine base and a hydrogen bond to the 5'-
phosphate in ZnF2 obliterated the CG specificity of the hZAP
RBD, demonstrating that ZnF1, ZnF3 ,and ZnF4 do not bind the
CG dinucleotide.

To quantify the extent to which changes in RNA-binding speci-
ficity among the panel of hZAP-L mutants predicted changes in
antiviral specificity, we calculated an antiviral “specificity index” for
each hZAP-L mutant. This index was defined as the ratio of in-
fectious virus yields for HIV-1y vs. HIV-1¢g (HIV-1y titer/HIV-
1cg titer) at the highest level of hZAP-L protein expression (Fig.
4). Next, as a measure of RNA-binding specificity, we calculated a
ratio of the accumulated CLIP-seq read density in a 700-nt genome
segment that included the CG-enriched portion of HIV-1¢g (nu-
cleotides 5,850 to 6,550) vs. the cumulative read density in a 700-nt
CG-poor genome segment (nucleotides 2,600 to 3,300). This
measure of RNA-binding specificity was well correlated with the
antiviral specificity index (P < 0.001; Fig. 64). As an independent
measure of hZAP-L. RNA-binding specificity, we assessed the
ability of the hZAP-L mutants to selectively cross-link to rare CG-
rich RNA elements in human mRNA. Specifically, we calculated
the frequency of CG dinucleotides in the 100 most preferred
binding sites in cellular mRNAs for each of the hZAP-L mutants.
This calculation yielded values in the range of 0.03 to 0.06 CG per
nucleotide, and these values again correlated with the antiviral
specificity index (P = 0.012; Fig. 6B). A similar calculation, using a
different dinucleotide (UA) that is also underrepresented in
mammalian mRNA, revealed no preferential binding to UA di-
nucleotides by hZAP-L or mutants thereof and no correlation with
the antiviral specificity index (SI Appendix, Fig. S8). Overall, these
data show that the proclivity of the hZAP-L mutant panel to
preferentially bind CG-containing RNA elements predicts their
ability to specifically reduce HIV-1¢g infectious virus yield.

Discussion

Here we present an X-ray crystal structure of the RNA-binding
domain of hZAP in complex with an RNA target. The 4 Zn
fingers reside on 1 face of the hZAP RBD, where they create a
strongly electropositive surface, most prominently in ZnF2. The
overall protein structure and details of ZnF2 are identical in
hZAP RBD and the previously published structure of rat ZAP

A R2=0.85, p<0.0001 B R2=0.52, p=0.012
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Fig. 6. CLIP-seq-determined RNA-binding specificity predicts the antiviral
specificity of hZAP-L mutants. (A) Antiviral selectivity of hZAP-L mutants—
the ratio of infectious virus yields for HIV-1yyt vs. HIV-1cg (HIV-11/HIV-1¢g)
at the highest level of hZAP-L protein expression in Fig. 4—plotted against
RNA-binding selectivity—the ratio of the accumulated CLIP-seq read density
in a 700-nt genome segment including the CG-enriched portion of HIV-1¢g
(nucleotides 5,850 to 6,550) vs. the cumulative read density in a CG-poor
genome segment (nucleotides 2,600 to 3,300). (B) Antiviral selectivity of
hZAP-L mutants (as in A) plotted against the frequency of CG dinucleotides
(CG dinucleotides/total nucleotides) for the 100 most frequently bound sites
in cellular mRNAs.
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RBD (rmsd 0.6 A) (19); however, the hZAP RBD N-terminal
helix does not form a dimer in crystals, as seen in the rat ZAP
RBD. More importantly, the RNA complex structure presented
herein explains in molecular detail how ZAP distinguishes CG
dinucleotides from other sequences. Specifically, substitution of
either the C nucleotide or the G nucleotide with any other nu-
cleotide is predicted to lead to steric clashes and would be unable
to form the observed hydrogen bonds. Put another way, only a
CG dinucleotide can be accommodated in the CG-binding pocket.
The ZnF2 subsite for C also excludes 5-methyl-C nucleotides.

The 4 Zn fingers of ZAP exist in 2 clusters (ZnF1-2 and ZnF3-4),
with only 1 amino acid separating fingers within a cluster (L87 in
ZnF1-2 and 1173 in ZnF3-4). The 4 Zn fingers have dissimilar
sequences and spacing of ligands (ZnF1: C73-X,-C-X;3-C-X;5-H86;
ZnF2: C88-X;-C-Xo-C-X3-H110; ZnF3: C150-X,;-C-X5-C-X5-H172;
ZnF4: C174-X7-C-X4-C-X3-H191). They also have critical dif-
ferences in structure that preclude CG dinucleotide binding
in all but ZnF2. Analogs of the ZnF?2 subsites for C and G exist
in ZnF1, ZnF3, and ZnF4 with backbone atoms and S ligands
that could form hydrogen bonds with the C and G bases, but the
relative orientations of these putative subsites are different
from those in ZnF2, and the key aromatic amino acid in ZnF2
(Y108) has nonaromatic analogs in ZnF1 (N84), ZnF3 (R170),
and ZnF4 (R189). Other subtle differences in the protein
backbone and in side chains that would create charge clashes
are incompatible with CG dinucleotide binding in ZnF1, ZnF3,
and ZnF4.

The hZAP RBD-RNA complex structure is an important ad-
dition to the rather small structural database of RNA complexes
of CCCH Zn finger proteins (20-23). These proteins have
strikingly similar RNA-binding modes, although each recognizes
a unique RNA sequence. Common features include deep pockets
to bind RNA bases, hydrogen bonds of the Watson—Crick edge of
the base to protein backbone atoms and to the S atoms of cysteine
Zn ligands, base stacking with aromatic amino acid side chains,
and a paucity of contacts with the RNA backbone. Subtle details
of each structure specify the target sequence. Use of the protein
backbone and Zn ligands for RNA selectivity means that the se-
quence specificity cannot easily be changed by mutagenesis.

The RNA-binding domain of ZAP includes a large basic sur-
face surrounding the CG dinucleotide-binding pocket. Thus, the
overall RNA-binding activity of the hZAP-L RBD consists of a
less specific electrostatic component plus a highly specific, nu-
cleotide base (CG) discriminating component. These features
are reflected in the FP-binding data for hZAP RBDy. The elec-
trostatic component likely accounts for the low-affinity binding
of the longer RNA oligonucleotides and also explains why muta-
tions that we introduced into the CG-binding pocket attenuated
high-affinity binding but did not abolish the ability of hZAP-L to
bind RNA. The dominant effect of the CG-binding pocket muta-
tions was to alter hZAP-L. RNA binding and antiviral specificity.
Indeed, a single atom removal at Y108, whose side chain is posi-
tioned between the C and G nucleotides, caused a near-complete
loss of specificity for HIV-1¢g and a clear gain in antiviral activity
against HIV-1y, consistent with the critical role of Y108 in CG
recognition. In fact, the reduction in activity against HIV-1¢g
among the CG pocket mutants was generally accompanied by the
acquisition of activity against HIV-1yr, presumably due to the
predominance of nonspecific RNA binding in the mutant context.
The amino acids shown herein to be important for CG-specific
binding are well conserved among mammalian ZAP proteins.
We speculate that this conservation is driven by a requirement to
maintain a restricted specificity for CG-rich RNA, as relaxation of
this specificity could lead to the deleterious targeting of host
RNAs or to “distraction” from viral targets through competition
by host RNAs.

Multiple CG dinucleotides in a target RNA are required to
confer hZAP sensitivity (12). Moreover, previous findings indicate
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that ZAP acts as a multimer (24). Nevertheless, the structure de-
scribed herein reveals a monovalent interaction between the hZAP
RBD and a CG-containing RNA, despite the presence of 4 CG
dinucleotides in the target oligonucleotide. It remains to be determined
whether hZAP recognizes native CG-rich viral targets in a poly-
valent manner, perhaps aided by the ZAP-binding cofactor
TRIM25 (8, 9), which can form high-order multimers (25, 26). In
any case, the findings described herein explain in molecular detail
how hZAP achieves specific recognition of CG-rich viral RNA.

Methods

Expression and Purification of hZAP RDB and ZAP ZnF2 Mutants. An expression
plasmid encoding Hisg-hZAP RDB (residues 2 to 227) or mutagenized hZAP-
RBD was overexpressed in Escherichia coli and purified in 3 steps—Ni af-
finity, cation exchange, and gel filtration—including proteolytic removal of
the Hisg tag, as described in SI Appendix.

Crystallization and Structure Determination. Crystallization, data collection,
and structure determination of hZAP RBD and hZAP RBD RNA were carried
out as described in S/ Appendix.

In Vitro RNA Transcription. The CG-rich oligoribonucleotide 5-AUCGACUU-
CGAUUCGCGGGAA-3’ from HIV-1¢g was synthesized by in vitro transcription
and purified on a denaturing polyacrylamide gel followed by electroelution,
as described in S/ Appendix.

FP Assay. Saturation FP assays were carried out with 5'-6-FAM (fluorescein)
RNA probes (Integrated DNA Technologies) in 384-well plates. The plates
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were read with a SpectraMax M5 Multimode Plate Reader (Molecular De-
vices), and the K values were calculated using Prism 7 (GraphPad Software).
Details are provided in SI Appendix.

CLIP-Seq. HA epitope-tagged ZAP-L expressed in 293T cells was cross-linked to
RNA by UV irradiation and immunoprecipitated. Protein-RNA adducts were
labeled with y-[*2P]JATP, separated by SDS/PAGE, and digested with pro-
teinase K. The remaining RNA oligonucleotides were ligated to adapters,
amplified by PCR, and sequenced using the Illumina HiSeq 2000 sequencing
system. Details are provided in S/ Appendix.

Virion Yield Assay. ZAP knockout 293T cells were cotransfected with wild-type
or CG-enriched HIV-1 proviral plasmids along with varying amounts of ZAP-L
expression plasmids. At 72-h posttransfection, the culture supernatants were
harvested, serially diluted, and added to MT4 cells containing a GFP reporter
under control the HIV-1 LTR promoter. At 48 h after infection, MT4 cells were
fixed and enumerated by FACS analysis to determine infectious viral yield, as
described in S/ Appendix.
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