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ABSTRACT

Human tRNALys3 serves as the primer for reverse transcription in human immunodeficiency virus type-1 (HIV-1) and anneals to
the complementary primer binding site (PBS) in the genome. All tRNALys isoacceptors interact with human lysyl-tRNA synthetase
(hLysRS) and are selectively packaged into virions. tRNALys3 must be released from hLysRS in order to anneal to the PBS, and this
process is proposed to be facilitated by the interaction of hLysRS with a tRNA-like element (TLE) first identified in the HIV-1 5′′′′′-
untranslated region (5′′′′′-UTR) of the subtype B NL4-3 virus. However, a significant subset of HIV-1 strains represented by the MAL
isolate possess a different secondary structure in this region of the genome. Thus, to establish the conservation of this mechanism
for primer targeting and release, we investigated the subtype A-like 5′′′′′-UTR of theMAL isolate. hLysRS bound to a 229-nt MAL RNA
containing the PBS domain with high affinity (Kd = 47 nM), and to a 98-nt truncated construct with ∼10-fold reduced affinity.
These results resemble previous studies using analogous NL4-3-derived RNAs. However, in contrast to studies with NL4-3, no
binding was observed to smaller stem–loop elements within the MAL PBS domain. The tertiary structure of the 98-nt construct
was analyzed using small-angle X-ray scattering, revealing remarkable global structural similarity to the corresponding NL4-3
PBS/TLE region. These results suggest that the tRNA-like structure within the 5′′′′′-UTR is conserved across distinct HIV-1
subtypes and that hLysRS recognition of the MAL isolate is likely not conferred by specific sequence elements but by 3D structure.
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INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1) is a lentivi-
rus that belongs to the Retroviridae family of viruses (Sonigo
et al. 1985; Sharp and Hahn 2010; Thormar 2013). Like all
retroviruses, HIV-1 uses a host tRNA to prime reverse tran-
scription of its genomic RNA (gRNA) into proviral DNA
(Telesnitsky and Goff 1997; Frankel and Young 1998; Freed
2001; Ganser-Pornillos et al. 2008). The specific reverse tran-
scription primer in the case of HIV-1 is tRNALys3 (Ratner et
al. 1985; Wain-Hobson et al. 1985; Litvak et al. 1994; Mar-
quet et al. 1995). Human tRNALys3 and the other tRNALys

isoacceptor, tRNALys1,2, are selectively packaged into HIV-1
virions (Jiang et al. 1993; Huang et al. 1994; Li et al. 1996).
While tRNALys isoacceptors constitute 5%–6% of the total
low-molecular-weight RNA population in the cytoplasm of
the infected cell, this fraction increases to 50%–60% in the
virion, indicating selective incorporation (Mak et al. 1994;
Kleiman et al. 2010). Although both isoacceptors are pack-
aged (∼20 molecules per virion), only tRNALys3 primes
reverse transcription, as its 3′-18 nucleotides (nt) are perfect-
ly complementary to the primer binding site (PBS) located in

the 5′-untranslated region (UTR) of the HIV-1 genome (Ji-
ang et al. 1993; Kleiman 2002).
To fulfill their canonical role in translation, tRNALys isoac-

ceptors must be specifically recognized and aminoacylated by
human lysyl-tRNA synthetase (hLysRS) (Kleiman 2002).
Approximately 20–25 molecules of hLysRS are also packaged
into HIV-1 virions via specific interactions with HIV-1 Gag
(Cen et al. 2001, 2002; Javanbakht et al. 2003; Kovaleski
et al. 2006, 2007; Dewan et al. 2014). Knockdown of endog-
enous hLysRS by siRNA results in reduced packaging of
tRNALys, while expression of exogenous hLysRS leads to in-
creased virus-associated tRNALys, suggesting that hLysRS
is the limiting factor for tRNALys packaging (Gabor et al.
2002; Guo et al. 2003). hLysRS mutants with impaired
tRNALys binding properties do not enhance primer packag-
ing; however, hLysRS mutants with normal tRNALys binding
but reduced aminoacylation activity are still able to package
tRNALys at the level of wild-type (WT) hLysRS (Javanbakht
et al. 2002; Cen et al. 2004). Furthermore, tRNALys3 anti-
codon mutations that are known to significantly weaken
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LysRS binding affinity, reduce virus-associated tRNALys3 lev-
els, indicating that the anticodon plays a major role in primer
packaging by allowing efficient interaction with hLysRS
(Javanbakht et al. 2002).
The tRNALys:hLysRS complex is packaged into the virion

via interactions with the viral Gag and GagPol polyproteins
(Kleiman and Cen 2004; Kleiman et al. 2010). Gag and
GagPol are large precursor proteins, which are cleaved by
the viral protease to yield the structural proteins matrix
(MA), capsid (CA), and nucleocapsid (NC), and the viral en-
zymes protease (PR), reverse transcriptase (RT), and integrase
(IN) (Frankel and Young 1998; Kleiman and Cen 2004). Gag
alone can package hLysRS independent of tRNALys or GagPol,
but the incorporation of tRNALys into virions requires GagPol
(Mak et al. 1994; Cen et al. 2001). The C-terminal domain of
CAwithin Gag interacts with the catalytic domain of hLysRS,
and the RT domain of GagPol is required for efficient pack-
aging of tRNALys3 (Mak et al. 1994, 1997; Khorchid et al.
2000).
TheHIV-1 genome is large (∼9.1 kb) and highly structured

(Watts et al. 2009), and the mechanism by which tRNALys3 is
released from hLysRS and specifically targeted to the PBS is
not well understood. Recent studies using the HIV-1 NL4-3
virus suggested that a tRNA-like element (TLE), located prox-
imal to the PBS, binds preferentially to hLysRS, facilitating
tRNALys3 release and annealing to the PBS. These studies re-
vealed that the TLE mimics the U-rich anticodon loop of
tRNALys3 and together with other nearby elements, effectively
competes with the anticodon stem–loop of tRNALys3 for
binding to hLysRS (Jones et al. 2013). Nuclear magnetic res-
onance (NMR) spectroscopy experiments showed that the
anticodon-binding domain of hLysRS interacts with the
TLE in a manner that is strikingly similar to its interaction
with the anticodon stem–loop of tRNALys3 (Liu et al. 2016).
In addition, a small-angle X-ray scattering (SAXS) study
showed that the PBS/TLE domain and tRNALys3 displayed re-
markable global structural similarity (Jones et al. 2014).
The studies identifying the TLE were all carried out with a

subtype B HIV-1 virus, NL4-3. In contrast to NL4-3, the PBS
domain of the MAL isolate, which has a subtype A-like se-
quence (Robertson et al. 1995; Gao et al. 1998) (http://hiv.
lanl.gov), contains a 23-nt insertion 3′ to the PBS (Fig. 1).
This insertion is known to alter the secondary structure of
the PBS region, which is no longer predicted to contain an
exposed U-rich loop (Baudin et al. 1993; Goldschmidt
et al. 2004). It has been suggested that the NL4-3 virus is
structurally and functionally representative of HIV-1 strains
that do not contain the 23-nt insertion, while theMAL isolate
is representative of all other HIV-1 strains that contain the in-
sertion (Goldschmidt et al. 2004).
In the present work, we aimed to determine if hLysRS

binding to the HIV-1 MAL isolate PBS domain was main-
tained despite the lack of a U-rich loop element. We found
that RNAs containing the MAL PBS domain bound to
hLysRS with a similar affinity as previously measured for

NL4-3. However, none of the individual stem–loops or short
sequence motifs of MAL were essential for binding. SAXS
analysis revealed a similar global conformation of the MAL
and NL4-3 PBS domains, both of which resembled the L-
shaped fold of a tRNA. Overall, these results demonstrate
that these two representative HIV-1 strains share a conserved,
structure-based mechanism for binding hLysRS and facilitat-
ing tRNA primer placement onto the PBS.

RESULTS

Presence of the PBS and Psi (ψ) domains in MAL RNA
confer high-affinity binding to hLysRS

An N-terminally truncated hLysRS construct (hLysRSΔN65)
was used in these studies to allow direct comparison to pre-
vious studies using the NL4-3 virus. The N terminus encodes
a basic domain that confers nonspecific nucleic acid binding
and contains a putative nuclear localization signal (Francin
et al. 2002; Halwani et al. 2004). We have previously shown
that both WT hLysRS and hLysRSΔN65 bind to the NL4-3
PBS/TLE domain (Jones et al. 2013). We confirmed that
both of these proteins follow similar trends in their interac-
tions with tRNALys3 and MAL-derived RNAs (Supplemental
Fig. S1), suggesting that hLysRSΔN65 is suitable for our cur-
rent study.
We first investigated binding of hLysRSΔN65 to a 229-nt-

long MAL construct (nt 123–349) containing the PBS region
and the ψ packaging signal (Fig. 1). Using fluorescence
anisotropy (FA), we observed high-affinity binding of
hLysRSΔN65 to WT MAL 123–349 (Kd = 47 ± 13 nM)
(Table 1). A point mutation (C277G) was introduced in the
SL1 dimerization initiation signal (DIS) stem–loop of MAL

FIGURE 1. Secondary structure of MAL 123–349 predicted by mfold.
The PBS/TLE (left) and Psi (ψ) (right) domains are shown in the dotted
boxes. The A-rich stem–loop is shown in green, the PBS in red, and the
23-nt subtype A-specific insertion in blue. The C277G DIS mutant con-
struct is indicated by the circled C. To facilitate in vitro transcription,
two 5′ G’s, not encoded by HIV-1, were added to this construct (gray).
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123–349 to inhibit dimerization, as verified by native gel elec-
trophoresis (Supplemental Fig. S2). MAL 123–349 C277G
DIS mutant bound to hLysRSΔN65 with an approximately
twofold reduced affinity relative to WT MAL 123–349 (Kd

= 84 ± 21 nM). These results indicate that RNA dimerization
does not significantly affect binding to hLysRSΔN65. To as-
sess the contribution of the ψ packaging signal on hLysRS af-
finity, MAL 123–349 was truncated at the 3′-end to yield the
98-nt-long MAL 123–218 construct (Fig. 2). This RNA
bound to hLysRSΔN65 with an ∼10-fold reduced affinity
(Kd = 485 ± 133 nM) relative to MAL 123–349 (Table 1).
The binding curves of these three RNAs are shown in com-
parison to binding to tRNALys3 in Figure 3A. These observa-
tions indicate that the presence of the ψ packaging signal
enhances the MAL RNA-hLysRSΔN65 binding affinity to a
similar extent as was previously observed in NL4-3 (Jones
et al. 2013).

MAL PBS region is minimal domain required
for binding to hLysRS

NMR experiments showed that the A-rich stem–loop of the
MAL PBS region (Fig. 1) mimics the structure of the antico-
don stem–loop of yeast tRNAPhe, as both loops form aU-turn
motif with stacked nucleotides at the 3′-side of the loop
(Puglisi and Puglisi 1998). We have also observed, using sys-
tematic evolution of ligands by exponential enrichment
(SELEX) experiments, that hLysRSΔN65 prefers binding to
aptamers with U-rich or A-rich single-stranded sequences
(A Curtright, W Wang, K Musier-Forsyth, unpubl.). Collec-
tively, these results suggested that the A-rich stem–loop could
be the preferred site of hLysRS interaction in theMAL isolate.
We prepared the same A-rich stem–loop RNA construct as
was used in the NMR studies, referred to as hairpin 1
(HP1) (Fig. 2C), and tested its binding to hLysRSΔN65
(Fig. 3B). We observed that this construct did not bind to
hLysRSΔN65 (Table 1), suggesting that this hairpin was not
a crucial recognition element.

The MAL PBS region undergoes structural rearrangement
after the annealing of tRNALys3 to the PBS, with the U-rich
anticodon of tRNALys3 interacting with the A-rich loop
of the MAL RNA (Goldschmidt et al. 2004). The only struc-
tural element unaltered in the PBS region is the stem–loop
corresponding to hairpin 2 (HP2, Fig. 2F). This stem–loop
is also U- and A-rich. However, binding assays revealed
that this stem–loop also failed to bind to hLysRSΔN65
(Table 1; Fig. 3B).
An earlier alignment of HIV-1 sequences from various

subtypes and circulating recombinant forms (CRFs) revealed
high conservation of the UUU sequence in the loop of the
NL4-3 TLE, which was essential for binding to hLysRS, and
which mimicked the anticodon sequence of tRNALys3

(Jones et al. 2013). This sequence aligns with a base-paired
151CUC153 sequence in the MAL RNA (Fig. 2, green). To
test the importance of this sequence in binding to
hLysRSΔN65, we prepared two mutants in the context of
MAL 123–218. In the CUC/AAA variant, the 151CUC153 se-
quence was mutated to AAA, creating an internal loop in
the stem (Fig. 2D). In the GCAG/UCUU variant, compensa-
tory mutations were made opposite to the AAA sequence to
restore the base-pairing (Fig. 2E). The dissociation constants
of these two variants were similar to that of WT MAL 123–
218 (Kd∼ 250–500 nM) (Table 1; Fig. 3B). This suggests
that the CUC sequence is not important for binding to
hLysRSΔN65, and that alteration of the secondary structure
in this region does not significantly affect binding.
Next, we tested the importance of the entire A-rich stem–

loop in binding to hLysRSΔN65 by preparing two mutants in
the context of MAL 123-218. In one mutant, HP1 ext, the A-
rich stem–loop was extended by 10 alternating A–U base
pairs (Fig. 2A), while in ΔHP1 the A-rich stem–loop was re-
placed with a GAGA tetraloop (Fig. 2B). The binding assays
indicated that extending or deleting the A-rich stem–loop
did not significantly affect binding to hLysRSΔN65 (Table
1; Fig. 3B).

SAXS analysis of MAL 123–218 reveals structural
similarity to the NL4-3 PBS/TLE domain and tRNALys3

We have previously shown using SAXS that the NL4-3 PBS/
TLE domain mimics the overall shape of tRNALys3 (Jones
et al. 2014). Therefore, we wanted to perform a similar anal-
ysis with the MAL PBS domain. MAL 123–218 possessed a
similar size-exclusion chromatography (SEC) retention vol-
ume as NL4-3 PBS/TLE for its monomer and dimer species
(Supplemental Fig. S3A). However, the elution profile
showed that the MAL RNA has a greater tendency to oligo-
merize than its NL4-3 counterpart. MAL 123–218 monomer
and dimer species were separable by SEC and remained mo-
nomeric and dimeric as visualized by native gel electrophore-
sis immediately following SEC purification (Supplemental
Fig. S3B). However, within 24 h, these fractions began to
reequilibrate into multiple oligomeric species. Thus, in-line

TABLE 1. Apparent dissociation constants for MAL-derived RNAs
binding to hLysRSΔN65 determined by fluorescence anisotropy

MAL RNA Kd,
a nM

123–349 (229 nt) 47 ± 13
123–349 C277G DIS (229 nt) 84 ± 21
123–218 (98 nt) 485 ± 133
HP1 (23 nt) NB
HP2 (20 nt) NB
HP1 ext (118 nt) 384 ± 117
ΔHP1 (76 nt) 520 ± 74
123–218 CUC/AAA (98 nt) 247 ± 50
123–218 GCAG/UCUU (98 nt) 553 ± 34
tRNALys3 280 ± 31

aValues are the average of at least three independent trials with
the standard deviation indicated. NB, no binding.

Comandur et al.

1852 RNA, Vol. 23, No. 12

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062182.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062182.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062182.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062182.117/-/DC1


SEC-SAXS was performed to isolate and analyze monomeric
MAL 123–218, and compare it to the previously character-
ized NL4-3 PBS/TLE monomer (Jones et al. 2014).
The MAL 123–218 monomer peak generated good quality

SAXS data (Fig. 4A). Inspection of the Guinier plot showed
linearity at low scattering angles, indicating that the sample
was free from aggregation or interparticle repulsions (Sup-
plemental Fig. S4A). The Kratky plot showed that MAL
123–218 adopts a well-folded and elongated conformation
in solution (Supplemental Fig. S4B). The radius of gyration
(Rg), which represents themass distribution about a particle’s
center of gravity, was calculated from both the slope of the
Guinier plot (32 ± 5 Å) and the pair distance distribution
[P(r)] function (32 ± 0.4 Å), a histogram of all interelectron
distances in the RNA molecule (Table 2). The P(r) function
(Fig. 4B) was also used to determine the maximum electron
pair distance (Dmax) (104 Å) (Table 2). The Rg parameters are
similar to those previously determined for NL4-3 PBS/TLE
(∼34 Å), while the NL4-3 Dmax (118 Å) is modestly larger
than that of the MAL RNA (Table 2). It should be noted
that the NL4-3 PBS/TLE previously investigated is slightly
longer (105 nt) than MAL 123-218 (98 nt).

Ab initio envelopes of MAL 123–218 were generated and
the first round models possessed an average χ2 fit to the scat-
tering data of 0.93 and a normalized spatial discrepancy
(NSD) value between the 20 models of 0.83 (Table 2). NSD
is a measure of the overall variance between 3D shapes (in
the present case the ab initio envelopes), and values <1 are
not generally considered to be significantly different (Burke
and Butcher 2012). After the second round of modeling,
the χ2 fit remained about the same (0.93), while the NSD val-
ue improved to 0.56 (Table 2). A second round of ab initio
modeling was also performed using NL4-3 PBS/TLE SAXS
data previously acquired (Jones et al. 2014), resulting in an
improved χ2 fit and NSD value of 0.89 and 0.47, respectively
(first round χ2 fit and NSD values were previously deter-
mined to be 0.90 and 0.76, respectively, Table 2).
The final, averaged ab initio envelopes for MAL 123–218

and NL4-3 PBS/TLE are shown separately and overlaid
(Fig. 4C). Additional orientations of the overlay are shown
in Supplemental Figure S5A. The NSD value comparing these
two RNAs was calculated to be 0.75, indicating that they pos-
sess significantly similar shapes within the resolution of
SAXS. Visual inspection of the envelopes shows a similar

FIGURE 2. Predicted secondary structure of MAL 123–218 (Goldschmidt et al. 2004). The PBS is highlighted in red, and the two 5′ G’s shown in gray
were added to this construct to facilitate in vitro transcription. (A–F) The various stem–loops and mutations used in the binding assays are indicated,
as described in the text. In the case of HP1 and HP2, three additional closing G–C base pairs were added to stabilize the stems (gray). The apparent
dissociation constants for the binding of each RNA construct to hLysRSΔN65 are indicated.
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overall topology of the structures. Both possess an amor-
phous region on the right of the structure (in the orientation
shown in Fig. 4C), a more well-defined tRNA-like structure
on the left, and a short initiating helix shown at the bottom.
Consistent with slightly smaller Rg and Dmax values, MAL
123–218 is not quite as extended as NL4-3 PBS/TLE.
Finally, despite a clear similarity in overall shape, the putative
MAL 123–218 TLE stem possesses a small protrusion that the
NL4-3 PBS/TLE does not have (Supplemental Fig. S5A, red
arrow). A comparison of the MAL 123–218 envelope and a
SAXS envelope that we previously determined for tRNALys3

(Jones et al. 2014) was also made (Fig. 4C). Additional orien-
tations of the overlay are shown in Supplemental Figure

S5B. The positioning of the bend and overall size of the
MAL RNA TLE stem is strikingly similar to those features
in the tRNALys3 envelope. In conclusion, the SAXS models
show that the MAL and NL4-3 PBS domains share a highly
similar overall shape, and that the MAL PBS domain mimics
the structure of tRNALys3.

DISCUSSION

In the present work, we have shown that the 5′-UTR derived
from the HIV-1 MAL isolate binds to hLysRS with relatively
high affinity despite the fact that it appears to lack a U-rich
loop sequence, which is a major tRNALys identity element.
The MAL PBS domain is required for binding to
hLysRSΔN65, but the additional presence of the ψ domain
enhances binding ∼10-fold (Table 1). A similar trend was
previously observed in NL4-3 (Jones et al. 2013). The MAL
PBS-ψ RNA (MAL 123–349) contains the DIS stem–loop,
and is capable of dimerization; however, disruption of
dimerization did not significantly affect binding to
hLysRSΔN65 (Fig. 3A). Our previous studies showed that
the TLE stem–loop present in the NL4-3 5′-UTR effectively
competed with the anticodon stem–loop of tRNALys3 for
binding to LysRS (Jones et al. 2013). Additionally, recent
NMR chemical shift perturbation analysis showed that the
anticodon-binding domain of hLysRS interacts with the
NL4-3 TLE and the anticodon stem–loop of tRNALys3 in a
remarkably similar manner (Liu et al. 2016). In contrast to
the results obtained with the NL4-3 TLE, isolated stem–

loops (HP1 and HP2) of MAL 123–218 did not bind to
hLysRSΔN65 (Fig. 2). Furthermore, neither changes to the
151CUC153 sequence, which aligns with the UUU present in
the TLE loop of NL4-3, nor extension or deletion of the A-
rich stem–loop in MAL 123-218 led to a significant impact
on binding (Fig. 2).
It is possible that the presence of an exposed U-rich stem–

loop is important for hLysRS binding only in some HIV-1
strains. Multiple sequence alignment of the TLE region in
various HIV-1 subtypes and CRFs showed that while the con-
servation of the UUU sequence is high, it is not universal, and
these residues can be CUC (as is the case of MAL) or CUU
(Jones et al. 2013). Furthermore, these residues are not always
exposed in a hairpin loop as they would be in the tRNA
anticodon loop, and in some subtypes they are base-paired
in stem regions (Jones et al. 2013). Other conserved PBS
domain sequence elementsmay play a role in hLysRS recogni-
tion, while not being sufficient to bind hLysRS alone. For ex-
ample, the A-rich sequence found in a loop sequence in MAL
is conserved in all HIV-1 strains (Isel et al. 1993; Goldschmidt
et al. 2004) and has been proposed to interact with the an-
nealed tRNALys3 primer anticodon sequence (Isel et al. 1993,
1995; Wilkinson et al. 2008). However, in the NL4-3 genome
these residues are present in a stem bulge rather than in a
hairpin loop, as is the case in MAL (Goldschmidt et al.
2004). SELEX experiments have shown that hLysRSΔN65

FIGURE 3. Fluorescence anisotropy assay of (A) WT and C277G MAL
123–349, MAL 123–218, and tRNALys3 and (B) HP1, HP2, HPI ext,
ΔHP1, MAL 123–218 CUC/AAA, and MAL 123–218 GCAG/UCUU
binding to hLysRSΔN65. The points represent the average of three ex-
periments, and the lines represent the best fit to a 1:1 binding equation,
with standard deviations shown.
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has a preference for binding to aptamerswithU-rich orA-rich
single-stranded sequences (A Curtright, WWang, K Musier-
Forsyth, unpubl.). Thus, PBS/TLE recognition may involve
some combination of the U- and A-rich sequence elements
present in different subtypes of HIV-1. Another possible ex-
planation for the discrepancy between the observed high-af-

finity binding of hLysRSΔN65 with the MAL PBS domain,
and the lack of binding observed with HP1 and HP2 is differ-
ential exposure of residues important for recognition in the
different RNA constructs. For example, alterations to the sec-
ondary structure ofHP1 and/orHP2may occur in the context
of the full MAL 123–218 RNA that expose A- or U-rich

FIGURE 4. SAXS data for MAL 123–218 and comparison of the ab initio models of MAL 123–218, NL4-3 PBS/TLE, and tRNALys3. (A) Plot of in-
tensity vs. momentum transfer for MAL 123–218. The open black circles indicate every fifth data point from the experimental SAXS curve and the
black line represents the back-calculated scattering curve of the ab initio envelope. (B) The pair distance distribution [P(r)] function showing a his-
togram of all interelectron distances in MAL 123–218. The open black circles represent the P(r) transformation of the experimental data, while the
solid black line represents the back-calculated P(r) function of the ab initio envelope. (C) The ab initio envelopes of NL4-3 PBS/TLE and tRNALys3 are
shown in black. The confirmed TLE and PBS regions of the NL4-3 PBS/TLE RNA are indicated (Jones et al. 2014). The ab initio envelope ofMAL 123–
218 is shown in red. The envelopes were superimposed using the SUPCOMB program (Konarev et al. 2006), and in the case of tRNALys3, followed by
manual adjustments to optimize the fit.
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sequences in these hairpins that are critical for LysRS binding.
Alternatively, critical RNA tertiary interactions may occur in
theMAL123–218construct that cannot form in the individual
hairpins.

Using SAXS, we demonstrated that MAL 123–218 mimics
the overall 3D structure of a tRNA and has a similar global
fold as the NL4-3 PBS/TLE domain (Fig. 4C). While the an-
ticodon stem–loop sequence of tRNALys is a critical LysRS
recognition element, structural models of LysRS bound to
tRNALys show that the canonical L-shape of the tRNA makes
extensive additional protein contacts throughout the accep-
tor and anticodon stems (Ofir-Birin et al. 2013). An RNA
(such as the PBS domain) that adopts a similar L-shaped
fold would likely be capable of making similar distributive
contacts with LysRS. Despite the inability of the MAL A-
rich stem–loop to bind to LysRS in isolation, it may still con-
tribute to the overall tRNA-like nature of the MAL PBS
domain as suggested by previous NMR studies (Puglisi and
Puglisi 1998). As previously noted, the addition of ψ enhanc-
es LysRS affinity in both the NL4-3 and MAL strains.
Although the 3D structure of the MAL ψ domain is un-
known, the 3D structure of the NL4-3 ψ element has recently
been reported (Jones et al. 2014; Keane et al. 2015). Given the
high degree of 3D structural homology of ψ elements even
from distinct retroviruses (Cantara et al. 2014), it is likely
that theMAL and NL4-3 ψ domains possess similar 3D struc-
tures. RNA binding proteins often use different degrees of
shape and/or sequence recognition of RNAs to achieve spec-
ificity (Stefl et al. 2005; Lunde et al. 2007), and in some in-
stances RNA shape vs. sequence compete to modulate
protein binding (Zearfoss et al. 2013).

In summary, we have shown that tRNA mimicry is con-
served across two prototypical HIV-1 strains, NL4-3 and
MAL. While both the U-rich loop sequence and PBS/TLE

domain structure are important for hLysRS recognition in
the case of NL4-3, the primary determinant of hLysRS recog-
nition in the case of MAL is likely to be the global PBS
domain structure. In both MAL and NL4-3, elements within
ψ contribute to high-affinity hLysRS binding. Based on our
findings, we hypothesize that tRNA mimicry in the 5′-UTR
is conserved throughout HIV-1, and is used to facilitate
primer tRNALys3 release from LysRS and annealing to the
proximal PBS. Given the high degree of conservation of the
HIV-1 5′-UTR sequence and structure (Wilkinson et al.
2008), the TLE could represent an attractive therapeutic tar-
get for future drug development.

MATERIALS AND METHODS

Preparation of proteins and nucleic acids

Plasmid phLysRSΔN65 encoding His-tagged hLysRSΔN65 was
transformed into E. coli strain BL21(DE3) CP-RIL and grown over-
night in 50 mL of LBmedia containing 100 µg/mL ampicillin and 35
µg/mL chloramphenicol at 37°C. A 10mL aliquot of this culture was
added to 1 L of LB media containing the same antibiotics and grown
for 90min at 37°C. After cooling cells to room temperature, the con-
centration of ampicillin was increased to 110 µg/mL and protein ex-
pression was induced as previously described (Shiba et al. 1997).
Cells were harvested by centrifugation at 8000g for 8 min at 4°C,
and the cell pellet was resuspended in 20 mL of lysis buffer (50
mM Na2HPO4, pH 7.5, 300 mM NaCl, 20 mM imidazole, and
one protease inhibitor tablet [Roche] per liter). The cells were lysed
by sonicating for 12 cycles of 15 sec of sonication followed by 45 sec
of rest. Polyethylenimine (0.5% final) was added and the solution
was stirred gently for 30 min at 4°C. The cellular debris was pelleted
by centrifugation at 27,000g for 15 min at 4°C. Protein was precip-
itated by the addition of 375 mg/mL ammonium sulfate, incubated
at room temperature for 15 min, and pelleted by centrifugation at

TABLE 2. Statistics determined from analysis of the SAXS scattering curves and construction of ab initio envelopes using DAMMIN

RNA MAL 123-218 NL4-3 PBS/TLE

Scattering curve
Rg (Å),

a Guinier 32.0 ± 5.0 34.1 ± 0.4f

Rg (Å),
a P(r) 32.1 ± 0.4 33.9f

Dmax (Å)
b 104 118f

DAMMIN,c first round (n = 20)
χ2 d 0.930 ± 0.001 0.90 ± 0.02f

NSDe 0.83 ± 0.03 0.76 ± 0.05f

DAMMIN,c second round (n = 24)
χ2 d 0.931 ± 0.001 0.893 ± 0.009
NSDe 0.56 ± 0.03 0.47 ± 0.03

aRg is the radius of gyration and represents the mass distribution about a particle’s center of gravity.
bDmax is the maximum interelectron distance.
cAll DAMMIN statistics are calculated as the average of the number of iterations run (n), and all errors are reported as the standard deviation
of this average.
dχ2 is the goodness of fit comparison between the experimental scattering curve and the scattering curves back-calculated from the
DAMMIN-generated envelopes.
eNSD is the normalized spatial discrepancy, a measure of the overall variance between 3D shapes (in this case, the ab initio models).
fData taken from Jones et al. (2014).
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27,000g for 15 min at 4°C. The pellet was washed with 50 mL of lysis
buffer supplemented with 375 mg/mL ammonium sulfate and re-
centrifuged at 27,000g for 15 min at 4°C. The pellet was resuspended
in 20 mL of lysis buffer and further centrifugation at 27,000g for 15
min at 4°C was performed to remove insoluble debris. The superna-
tant was loaded onto a Ni–NTA (Sigma-Aldrich) column, which
was washed with lysis buffer followed by a wash buffer containing
20 mM imidazole. Protein was eluted using increasing amounts of
imidazole, and fractions containing hLysRSΔN65 were combined
and concentrated using 30K MWCO centrifugal filter units
(Amicon) by centrifuging at 3200g at 4°C. The concentrated protein
was then dialyzed overnight in a 10K MWCO Slide-A-Lyzer dialysis
cassette (Thermo Scientific) into 2× storage buffer (80 mMHEPES,
pH 7.5, 300mMNaCl, 4mMDTT, and one protease inhibitor tablet
[Roche] per liter). After dialysis, the protein solution was further
concentrated using 30K MWCO centrifugal filter units (Amicon)
by centrifuging at 3200g at 4°C. The concentrated protein solution
was diluted with glycerol (40% final). The protein concentration
was determined using the Bradford assay (Bio-Rad) and stored at
−20°C. Since hLysRSΔN65 has a tendency to aggregate after extend-
ed periods of storage (>6 mo), the quality of the protein was period-
ically assessed by SDS–PAGE gel electrophoresis. Dynamic light
scattering analysis also confirmed that the protein used in the exper-
iments was not aggregated (data not shown).
Plasmid pJCB (a gift from Dr. Roland Marquet, Strasbourg,

France) was used to obtain the MAL RNA constructs used in this
study. This plasmid encodes nt 1–615 of the HIV-1 MAL isolate ge-
nome under the control of a T7 promoter to allow for T7-mediated
in vitro transcription (Paillart et al. 1994). A truncated construct was
generated by removing the first 122 nt of the genomic sequence
from pJCB using the MAL del 1–122 forward and reverse primers
(Supplemental Table S1). These primers introduce two nonnative
G’s at the 5′ end to ensure efficient in vitro transcription
(Milligan et al. 1987). To generate homogenous 3′ termini in the
DNA templates for in vitro transcription, FokI cut sites were intro-
duced after nt 218 using MAL 218 FokI forward and reverse primers
and after nt 349 using MAL 349 FokI forward and reverse primers
(Supplemental Table S1) to generate plasmids pMAL 123–218 and
pMAL 123–349, respectively. In vitro transcription of the digested
plasmids yielded the RNAs MAL 123–218 and MAL 123–349, re-
spectively. RNAs MAL 123–218 CUC/AAA, MAL 123–218 GCAG/
UCUU, HP1 ext and ΔHP1 were obtained from pMAL 123–218,
and MAL 123–349 C277G DIS mutant was obtained from pMAL
123–349 by QuikChange mutagenesis (QIAGEN). Complementary
DNA oligonucleotides encoding HP1 and HP2 hairpin sequences
with an upstream T7 promoter sequence followed by three nonna-
tive G’s were ordered from Integrated DNA Technologies (Supple-
mental Table S1). The complementary DNA strands were annealed
in Milli-Q purified water by heating at 80°C for 3 min, 60°C for 3
min, and then placed on ice for at least 30 min. The annealed
DNA templates were used for in vitro transcription by T7 RNA po-
lymerase to prepare the RNAs HP1 and HP2. Unmodified human
tRNALys3 was obtained from plasmid pLYSF119 as previously de-
scribed (Shiba et al. 1997). The following extinction coefficients at
260 nm were used to determine the concentrations of the RNAs:
HP1, 169,400 M−1cm−1; HP2, 141,400 M−1 cm−1; MAL 123–218,
MAL 123–218 CUC/AAA, and MAL 123–218 GCAG/UCUU,
870,300 M−1 cm−1; MAL 123–349 and MAL 123–349 C277G DIS
mutant, 2,094,500 M−1cm−1; ΔHP1, 664,700 M−1 cm−1; and HP1
ext, 1,057,200 M−1 cm−1.

Fluorescence anisotropy binding assay

RNAs were fluorescently labeled at their 3′ termini with fluorescein-
5-semithiocarbazide (FTSC) (Invitrogen) using previously de-
scribed methods (Pagano et al. 2007; Rye-McCurdy et al. 2015).
Briefly, 5 nmol of the RNAs shorter than 30 nt and 2.5 nmol of
RNAs longer than 30 nt were used in the labeling reactions. The
RNAs were oxidized using 75 nmol of NaIO4 and then incubated
with 2.5 mM FTSC overnight at 4°C. The free FTSC dye was re-
moved from the labeled RNAs using G-25 Sephadex columns
(Roche). The labeling efficiencies were calculated as previously de-
scribed (Rye-McCurdy et al. 2015). A labeling efficiency of >65%
was obtained for all RNAs except for MAL 123–349 (52%) and
MAL 123–349 C277G DIS (37%).
The fluorescently labeled RNAswere folded in 50mMHEPES, pH

7.5 by heating at 80°C for 2 min, 60°C for 2 min, followed by the ad-
dition of 10mMMgCl2, and incubating on ice for at least 30min. The
FA binding assays were performed as previously described with mi-
nor modifications (Jones et al. 2013). The folded fluorescently la-
beled RNA (10 nM) was mixed with varying concentrations of
hLysRSΔN65 in 20 mM Tris–HCl, pH 8, 15 mM NaCl, 35 mM
KCl, and 1 mM MgCl2. The samples were excited at 485 nm and
the emission was measured at 525 nm. The data points were fit as-
suming 1:1 binding (Stewart-Maynard et al. 2008). Three indepen-
dent binding measurements were performed for each of the RNAs
and the average value with the standard deviation was reported.

SAXS data acquisition and analysis

MAL 123–218 RNA (1 mg) was refolded in a volume of 200 µL by
heating the sample in 50 mM HEPES, pH 7.4, to 80°C for 2 min,
60°C for 2 min, followed by addition of 10 mMMgCl2. The sample
was then incubated at 37°C for 5 min, and on ice for at least 30 min.
The folded RNA was purified by SEC on a 24-mL Superdex 200 10/
300 GL Increase column (GE Healthcare) using a GE HPLC
ÄKTApurifier in a buffer containing 150 mM NaCl, 50 mM
HEPES, pH 7.4, 1 mM MgCl2, and 3% glycerol (wt/vol) at a flow
rate of 0.5–1.1 mL/min. The absorbance of the eluate was monitored
at 260 nm. Prior to SAXS analysis, SEC was performed on the folded
MAL 123–218 RNA (300 µg) as described above, except that 250 µL
fractions were collected and run on 8% native polyacrylamide gels
containing 1 mM MgCl2 and stained with ethidium bromide to as-
sess the homogeneity of the RNA eluted in each peak. The SAXS data
were collected at station G1 at the Cornell High Energy Synchrotron
Source (CHESS) using the experimental setup previously described
(Acerbo et al. 2015). Briefly, the X-ray source was a 1.5 m CHESS
Compact Undulator, and X-rays were detected using a Finger
Lakes CCD. The beam diameter was 250 µm × 250 µm with a flux
of 8.4 × 1011 photons sec−1 and an energy of 9.962 keV. X-ray expo-
sures were taken continuously every 4 sec while the SEC eluent
passed through the SAXS flow cell. Initial SAXS data processing, in-
cluding radial averaging and buffer subtraction, was performed us-
ing the BioXTAS RAW software program (Nielsen et al. 2009). SAXS
exposures (10 × 4 sec) corresponding to the RNA peak of interest on
the SEC were averaged, and 50 × 4 sec SAXS exposures correspond-
ing to buffer alone were averaged and then used to buffer subtract
the RNA average SAXS curve (Skou et al. 2014). Subsequent data
analysis steps were carried out as previously described (Jones et al.
2014) using the program PRIMUS (Konarev et al. 2006). Guinier
analysis was used to calculate the radius of gyration (Rg) of the
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RNA, and Kratky analysis was performed to determine the extent of
folding. If the Guinier plot displayed nonlinearity (a sign of poor-
quality data) or Kratky analysis indicated that the RNA was not
well-folded, then the data were not analyzed further. The interelec-
tron pair distance distribution [P(r)] function was calculated using
the programGNOM (Konarev et al. 2006), and the maximum inter-
electron distance (Dmax) and P(r)-based Rg was determined using
the AutoGNOM feature. Ab initio envelopes were generated largely
as previously described using the ATSAS software suite (Konarev
et al. 2006; Jones et al. 2014). Briefly, 20 ab initio envelopes were
generated in jagged mode with no symmetry restraints imposed,
and the χ2 fits and reproducibility (NSD) values were determined.
These 20 envelopes were averaged into one envelope, which was
then packed with 5718 “dummy atoms” with an atomic radius of
2.0 Å. This was then used as the starting point for an additional
24 ab initio envelope calculations, generated in expert mode with
no symmetry restraints imposed. These envelopes were averaged
to generate the final envelope and their χ2 fits and NSD values
were calculated.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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