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ABSTRACT: The formation of a genomic RNA dimer is critical for the HIV-1 replication cycle, and
dimerization is known to initiate within the S'UTR (S’ untranslated region) of the viral RNA.
However, the S'UTR constitutes the 335 terminal nucleotides, and because of this considerable size, it
has been difficult to study the global structure using conventional structural methods. Here, the atomic
force microscope has been used to directly visualize the dimer formed from RNAs including HIV-1
nucleotides 1—744. Gold nanocolloids were deposited on the primer binding site regions in the dimer
as an internal control. The dimer showed distinct ring morphology with up to two gold nanocolloids
deposited within the ring and one or two strands extending from the ring. This morphology implies a
dimer including a DIS-DIS (dimerization initiation site)-containing 3’ dimer linkage site (DLS) and a
TAR-TAR (trans-activation region)-containing S'DLS. Furthermore, the dimer was formed under the

influence of Mg®" and was imaged with an atomic force microscope under buffer conditions. The overall ring morphology
containing a S'DLS and a 3'DLS with one or two strands extending from it was conserved in these atomic force microscopy images.
This indicates that the observed dimer morphology is physiologically significant. Moreover, evidence of multiple dimer interstrand
contacts downstream of the major splice donor were observed, which indicates a component in the selection of full-length genomic

RNA in dimer formation during virion packaging.

n the HIV-1 replication cycle, several processes such as reverse

transcription, transcription, genomic packaging, and genomic
dimerization are regulated, at least in part, by cis elements present
in the 5’ untranslated region (S'UTR). These elements are named
according to their proposed regulatory functions: the trans-
activation region (TAR), the S’ polyadenylation signal [poly(A)],
the primer binding site (PBS), the dimerization initiation site
(DIS), the major splice donor (SD), and the packaging signal
(ps1).! 3

In particular, prior to virion packaging, the dimerization of
identical, or nearly identical, genomic RNAs must take place.*
Early EM studies of viral RNA dimers revealed a seemingly
parallel strand arrangement with contact in a dimer linkage site
(DLS) situated near the 5 end.”® It was soon established that in
vitro transcribed RNAs containing DLS sequence from the
S'UTR dimerized spontaneously in the absence of protein.””
In particular, a six-nucleotide palindromic sequence present in
the loop of a hairpin in the S'UTR was identified as the primary
DIS."*~ "> However, dimerization can take place in the absence of
DIS function, suggesting other secondary elements are facilitat-
ing dimerization, as well.””~ ?

It has been demonstrated that the S'UTR can adopt alternative
conformations.”>?! In one conformation, the long distance
interaction (LDI), the DIS hairpin is disrupted and its sequence
involved in alternative base pairings. An alternative conformer,
the branched multiple hairpin (BMH), contains an intact DIS
hairpin and is dimerization competent. This suggests that the
control of the LDI-BMH equilibrium might constitute a
regulatory dimerization switch. This switch is under the influence
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of the viral nucleocapsid protein (NCp7), which has a potent
chaperone effect and shifts the conformational equilibrium toward
BMH, thereby facilitating genome dimerization.”’ In general,
NC exhibits nucleic acid binding, and the interaction can lead to
destabilization of nucleic acid structures as well as to strand
amnealing.zz_26

HIV-1 S'UTR RNAs in the BMH conformation exposing their
DIS hairpins are thought to engage in a kissing loop complex,
thereby initiating genome dimerization.'*"? Rearrangements in
the RNA structure are then proposed as a prerequisite for
maturation of the kissing loop complex into a more stable
extended duplex. NC protein also facilitates the progression
from kissing loop complex to extended duplex.'"*”~3°

Other S'UTR secondary structure candidates to be involved as
dimerization facilitators are the TAR and the poly(A) hairpins.
They both harbor palindromic sequences potentially capable of
participating in kissing loop formation."* Biochemical evidence
of a conserved 10-nucleotide palindromic sequence in the TAR
hairpin involved in kissing loop formation has been reported,”"
and the TAR—TAR interaction has been demonstrated in HIV-
1-transfected cell cultures (Cos-7 and HeLa) to be even more
important in dimerization of full-length genomic RNAs than the
DIS—DIS interaction.”> Another study suggests the poly(A)
hairpin to be involved in interstrand base pairing.*® The latter
study is, however, open for dispute in light of the former two,
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because the poly(A) palindrome had no effect on dimerization in
cell culture studies.>”>*

In this study, AFM is used to explore different aspects of HIV-1
genome dimerization. As model RNA, a 744-nucleotide HIV-1
transcript containing the total SUTR and the ' part of the Gag
open reading frame was used. Dimers were formed from these
transcripts, and gold nanocolloid-conjugated primers were an-
nealed to the PBS region as internal markers. These complexes
were studied by AFM, and from the images collected, it was
possible to, using knowledge of the PBS position in the RNA,
infer the existence of at least two interstrand contacts, the 5’'DLS
and the 3'DLS.

The results support a model in which the S'DLS contains a
TAR—TAR kissing loop interstrand interaction and the 3'DLS
contains the DIS—DIS kissing loop interstrand interaction, and it
suggests the existence of multiple interstrand interactions down-
stream of the SD site.

B EXPERIMENTAL PROCEDURES

Gold Nanocolloid Coating and Upconcentration. Five
nanometer gold nanocolloids were coated with bis(p-sulfonato-
phenyl) phenylphosphine (Strem Chemicals, Newburyport, MA).*
Six milligrams of bis(p-sulfonatophenyl) phenylphosphine was added
to 10 mL of a S nm gold nanocolloid stock solution (Ted Pella,
Redding, CA), and the solution was stirred at room temperature
overnight. NaCl was added until the Au colloids precipitated.
The colloids were pelleted by centrifugation for 30 min at
3000 rpm in a spin bucket rotor at 14 °C. The supernatant was
removed, and the gold nanocolloids were resolved in a 1 mg/mL
bis(p-sulfonatophenyl) phenylphosphine buffer to a final con-
centration of 0.83 pmol/uL.

DNA Primer and Gold Colloid—Primer Conjugation. In this
study, T used a DNA primer complementary to an exposed region
in the HIV-1 S'UTR PBS secondary structure. The primer has
been described as PBS-DNA elsewhere.*® The primer used here
has an additional 12-nucleotide 3’ linker terminating in a 3’ thiol
group (MWG, Ebersberg, Germany) and has in this context been
named primer PBS DNA SH.

Fifty picomoles of coated gold nanocolloids was mixed with X
pmol of primer PBS DNA SH (X = 50, 100, 200, 300, or 400) in
50 mM NaCl. The reaction mixtures were incubated at room
temperature for 2 h and then run in a 3% agarose gel [0.5x TBE;
50 mM Tris-HCl (pH 7.9), 45 mM borate, and 0.5 mM EDTA].
The colloid—primer complexes were eluted by insertion of a
glass fiber matrix with a dialysis membrane behind it into a slit in
the gel in front of the band. The complexes were forced into the
glass fiber matrix by further electrophoresis; the matrix was
recovered and inserted into a 0.5 mL tube with a hole in the
bottom. The 0.5 mL tube was then inserted into a 1.5 mL tube,
and the gold nanocolloid—PBS DNA SH complexes were eluted
by centrifugation for 5 min at 13000 rpm and room temperature.

Plasmid. The plasmid used for transcription of the 744-
nucleotide HIV-1 RNA has been described previously.®

In Vitro Transcription. For large-scale transcription of the
744-nucleotide RNA containing the full HIV-1 SUTR and an
additional 409 nucleotides of the 5’ Gag ORF, the template was
generated by digestion of the plasmid mentioned above with
BamHI. RNA transcription was performed by using 2 ug of
linearized plasmid in 20 uL reaction mixtures with 80 mM
HEPES-KOH (pH 7.5), 25 mM MgCl,, 2 mM spermidine,
20 mM dithiothreitol, 7.5 mM rNTP, 10 units/mL yeast

inorganic PPase, 20 units of ribonuclease inhibitor (Promega,
Madison, WI), and 2 units of T7 polymerase incubated at 37 °C
for 2 h. The samples were then treated with DNasel for 1S min
prior to purification in 4% denaturing polyacrylamide gels.

NCp7.NCp7 protein was a generous gift from J.-L. Darlix. The
protein preparation has been described previously.*'

Formation of the RNA Dimer—PBS DNA SH—Gold Nano-
colloid Complex. The eluted purified gold nanocolloid—PBS
DNA SH complex had a volume of 10—15 uL. To this aliquot
were added 5 pmol of the 744-nucleotide HIV-1 RNAs and a
renaturing buffer [20 mM HEPES (pH 7.2) and X mM KCl
(X = 10, 20, 30, 50, 60, or 70)]. The reaction mixtures were
heated to 80 °C for 2 min, slowly cooled to room temperature,
and stored on ice. NCp7 was added to a concentration of S M,
and the reaction mixtures were incubated at 37 °C for 15 min.
After incubation, the reaction mixtures were placed on ice for
2 min and then at 25 °C for 2 min. SDS was added to a final
concentration of 0.2%, and samples were left at room tempera-
ture for 5 min. The NCp7 protein was removed by phenol
extraction, with two steps of phenol with 0.1% SDS, one step of
phenol and chloroform, and a last step of chloroform. The
reconstituted RNA dimer—PBS DNA SH-—gold nanocolloid
complexes were either run in a 2% agarose gel (0.5x TBE) at
4 °C or used in AFM experiments. For AFM, the samples were
diluted to 1 ng/uL in 1X renaturing buffer.

RNA Dimer Formation. Reaction mixtures containing S pmol
of the 744-nucleotide RNA were heated to 80 °C and slowly
cooled to room temperature. Reaction mixtures were exposed to
S mM MgCl, and incubated at room temperature for 15 min.
These samples were used for AFM under buffer conditions.

AFM. All samples were prepared on freshly cleaved mica
surfaces. In the case of RNA dimer—PBS DNA SH—gold nano-
colloid complexes, the freshly cleaved mica was immersed for
10 min in a 100 pg/uL spermine solution (Aldrich, St. Louis, MO).
The spermine layer was rinsed in RNase free water (Ambion,
Austin, TX) and dried in a delicate N, stream. Then 1 uL of a
1 ng/uL RNA dimer—PBS DNA SH—gold nanocolloid complex
solution was deposited on top of the spermine layer and left to settle
for 2 min. The sample was subsequently rinsed with RNase free
water, dried in a delicate N, stream, and mounted in the atomic
force microscope. All AFM images were collected in tapping mode
using NSG11 cantilevers [spring constant k = 5.5 N/m, and curv-
ature radius r = 10 nm (NT-MDT, Moscow, Russia)].

For the gold nanocolloid control experiment, spermine-coated
mica was prepared as described above. Bis(p-sulfonatophenyl)-
phenylphosphine-coated gold nanocolloids (described above)
were deposited on spermine-coated mica as well as on freshly
cleaved mica. In both cases, the specimen was rinsed, dried, and
imaged as described above.

For the RNA dimer experiments, the reaction mixture de-
scribed above was diluted to 1 ng/uL in imaging buffer [30 mM
KCl, S mM MgCl,, and 10 mM HEPES (pH 7.2)], and 2 uL was
immediately deposited onto a freshly cleaved mica surface
already mounted in the atomic force microscope. The sample
was left to equilibrate for 2 min; a liquid cell was mounted, and
imaging buffer was slowly injected into the liquid cell. The AFM
images were collected in tapping mode using OMCL-TR400PSA
cantilevers [spring constant k = 0.08 N/m, and curvature radius
r < 20 nm (Olympus, Atomic Force F&E Gmbh, Mannheim,
Germany)].

All AFM images were recorded with a Veeco MultiMode
Scanning Probe Microscope equipped with a Nanoscope IIla
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Figure 1. Schematic representation of the formation of RNA dimer—PBS DNA SH—gold nanocolloid complexes from individual components. The
final reaction product is a result of several equilibria. As seen, the RNA dimer is expected to exhibit the morphology of a ring with one or two strands
emerging. Either zero, one, or two gold nanocolloids are expected to be deposited onto the PBS region inside the ring structure.

controller (Digital Instruments, Santa Barbara, CA). The AFM
scanner used was the 10 yum X 10 um X 2.5 um “E” scanner. The
recorded AFM images were analyzed using the Veeco Multimode
version 5.30r1.

Because some rings were inghtlY distorted, ring diameters
were estimated to be 0.5(r12 + rzz) / % where r; and r, are the
minor and major axes of the ellipse, respectively.*!

B RESULTS

AFM has proven to be useful for revealing the morphology of
biological systems®” and was reviewed in ref 38. To identify
specific primary structures in the HIV-1 S'UTR RNA, markers
were specifically attached to the RNA. A DNA primer comple-
mentary to an exposed region in the PBS secondary structure in
the S'UTR was designed. The primer targeted part of the major
loop in the PBS secondary structure and part of the PAS region
previously shown to engage in base pairing with the primer
tRNA.**~* It also included a linker region terminating in a 3’
thiol. The targeted region in the PBS secondary structure has
been shown previously to be accessible to primers,*® and the
primer variant used in this study will be termed PBS DNA SH.
Five nanometer gold nanocolloids were chosen for conjugation
to the PBS DNA SH 3’ thiol group. The aim was to specifically
attach a gold nanocolloid via PBS DNA SH to the S'UTR PBS
region. Figure 1 presents the presumed reaction scheme of the
study. HIV-1 S'UTR RNAs in the BMH conformation dimerize
via DIS—DIS and TAR—TAR interactions. The annealing of PBS
DNA SH results in dimers with zero, one, or two gold nano-
colloids attached to the RNA ring formed during dimerization.

Several reaction stoichiometries were included in the search
for reaction conditions leading to a distribution of gold nano-
colloids with an optimal number of primers attached per colloid.

Lane 1 2 3 4 5 6 7
Gold colloids
(pmol) 50 50 50 50 50 50
PBS DNA SH
(pmol) 50 100 200 300 400 0

Figure 2. Formation of PBS DNA SH—gold nanocolloid complexes.
The increasing shifts in the gel (lanes 1—5) illustrate that increasing the
concentration of primer PBS DNA SH relative to the concentration of
gold nanocolloids results in more primers attached per colloid. Lane 7 is
a control containing gold nanocolloids only.

The optimal PBS DNA SH—gold nanocolloid mix would pre-
sumably be able to deposit a gold nanocolloid on the RNA
without cross reactivity resulting in RNA multimers.

From the band shifts presented in the gel in Figure 2, it is
evident that with the increase in the amount of primer in the
reaction mixture it was possible to attach a larger number of
primers per gold nanocolloid.

The next step was to dimerize the 744-nucleotide RNA transcript
containing the entire HIV-1 S'UTR (nucleotides 1—335) and the &'
part of the Gag open reading frame (nucleotides 336—744) and
attach the purified PBS DNA SH—gold nanocolloids species to the
PBS target sequence. Gel analyses showed that the PBS DNA SH:
gold nanocolloid stoichiometry resulting in the desired Au nano-
colloid deposition with no formation of RNA—multimer complexes
was 4:1 (data not shown and Figure 2, lane 3).
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HIV-1 5’UTR RNA dimer formation and
PBS DNA SH annealing
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Figure 3. RNA dimer formation and attachment of PBS DNA
SH—gold nanocolloid complexes to the S'UTR PBS region. (a) RNA
dimerization as a function of KCl concentration. Lanes 1—6 show
dimerization in the presence of PBS DNA SH—gold nanocolloid
complexes. Lane 7 is a control showing RNA dimerization with no
PBS DNA SH—gold nanocolloid complex added. (b) Annealing of PBS
DNA SH—gold nanocolloid complexes to the RNA dimerization
reaction mixtures shown in panel a. (c) Quantification of RNA
dimerization and annealing of the PBS DNA SH—gold nanocolloid
complex as a function of KCI concentration. When the KCI concentra-
tion becomes low, RNA dimerization and deposition of PBS DNA
SH—gold nanocolloid complexes are inhibited. At 70 mM KCl, both
RNA dimerization and PBS DNA SH-—gold nanocolloid complex
deposition reactions have reached a plateau. Because at 10 mM KCI
gold nanocolloid deposition has been reduced to an unspecific smear
and dimerization has been disrupted (panel b, lane 1), quantification of
this lane has been omitted.

RNA dimer—PBS DNA SH—gold nanocolloid complexes
were produced. Figure 3 shows the formation of these complexes
at KCl concentrations ranging between 10 and 70 mM. Figure 3a
illustrates that dimerization is dependent on the concentration of
KCIl. When the KCI concentration was increased, RNA dimer
formation became more efficient and reached a plateau at

60—70 mM KClI (Figure 3a, lanes 6 and 3c). At low (10 mM)
KCI concentrations, dimer formation was severely inhibited.

Figure 3b presents the annealing efficiency of the PBS DNA
SH—gold nanocolloid complex for the PBS region of the 744-
nucleotide RNA. Similarly, it is evident from panels b and ¢ of
Figure 3 that the annealing of this primer complex to the RNA is
dependent on the presence of KCI. At 10 mM KCl, the annealing
was nonfunctional, whereas it reached a plateau in the range of
50—70 mM KCI (Figure 3b, lane 6, and Figure 3c). Because the
annealing of the PBS DNA SH—gold nanocolloid complex to
RNA has been reduced to an unspecific smear at 10 mM KCl
(Figure 2b, lane 1), quantification of this lane has been omitted in
Figure 3c. An interesting side effect from having PBS DNA
SH—gold nanocolloid complexes present during RNA dimeriza-
tion is the apparently higher dimer yield (Figure 3, control in lane
7 vs reaction dimer formation in lane 6). This effect probably
originates from the fact that the overall molecular concentration
is higher when the PBS DNA SH—gold nanocolloid complex is
present, making the effective RNA concentration higher.

The reaction mixture containing the RNA dimer—PBS DNA
SH—gold nanocolloid complexes in 70 mM KCI was then
deposited onto a mica surface precovered with spermine.>”*
As seen from the AFM images in Figure 4, the molecular
assemblies showed ring morphologies with one or two strands
extending from the ring. Attached to the rings one finds examples
of zero, one, or two gold nanocolloids (Figure 4b—d). The ring
diameter was determined from the AFM images to be 43.4 +
7.0 nm (Figure 4e); deposition of gold nanocolloids did not
affect ring diameter. A cross section of the ring structure at the
position of the gold nanocolloids is shown in Figure 4f. The
measured height of the gold nanocolloids was typically in the
range of 1.0—1.5 nm, significantly smaller than the nominal
colloid diameter of 5 nm.

To address this discrepancy, I performed a control experiment
(data not shown) in which the S nm gold nanocolloids were
deposited on raw mica and on spermine-coated mica. The
measured gold nanocolloid heights were 3.7 £ 0.8 nm
(raw mica) and 0.7 & 0.6 nm (spermine-coated mica).

To validate the physiological significance of the observed
dimer morphology, I imaged it under buffer conditions. The
dimer was formed by treatment with Mg”* (Figure Sa). As
depicted in Figure Sb, the ring morphology with one or two
strands extending from it was preserved in the AFM images obtained
in buffer. The diameter for the Mg”**-treated dimers imaged in
buffer was determined to be 40.3 + 8.3 nm (Figure Sc).

As mentioned earlier, this AFM study has revealed examples of
ring structures from which either one or two strands extend.
Figure 6 presents examples of rings from which two strands
extend and in which the two strands seem to merge into one
further downstream.

H DISCUSSION

Dimerization of HIV-1 RNA transcripts (nucleotides 1—744)
and annealing of the gold-functionalized PBS DNA SH were
performed over a range of KCl concentrations. The reaction is
shown schematically in Figure 1. The desired final product of
RNA dimers with deposition of gold nanocolloids in the PBS
region is dependent on several equilibria; Figure 3 demonstrates
that the product yield is dependent on the concentration of KCL
On the basis of the results presented in Figure 3, AFM experi-
ments were performed on RNA dimer—PBS DNA SH—gold
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Figure 4. AFM analysis of RNA dimer—PBS DNA SH—gold nanocolloid complexes. The RNA dimer structure is a ring with one or two strands
emerging from it. (a) Overview AFM image. (b) RNA dimers with no gold nanocolloids attached. (c) RNA dimers with one gold nanocolloid attached to
each ring structure. (d) RNA dimers with two gold nanocolloids attached to each ring structure. Arrows indicate positions of gold nanocolloids. Gold
nanocolloids are attached to the S'UTR PBS region (Figure 1). (e) Distribution of measured ring diameters (43.4 &= 7.0 nm). (f) Cross section of an
RNA dimer presenting the profile of the ring at the position of the two attached gold nanocolloids. The data were obtained from three independent

experiments.

nanocolloid complexes prepared in 70 mM KCl (both RNA
dimerization and gold nanocolloid deposition processes have
reached a plateau under these conditions).

Among the RNA dimers in the sample, examples of no gold
nanocolloid deposition and of one and two gold nanocolloids are
to be expected (Figure 1). Indeed, this is what the AFM images
depicted in Figure 4b—d reveal. Moreover, the gold nanocolloids
are, as expected, almost entirely observed on the ring structures.
At 70 mM KCI, the RNA monomer:dimer ratio is ~1:1 and
~80% of the PBS DNA SH—gold nanocolloids complex added
to the reaction mixtures have been attached to HIV-1 RNA giving
an estimated ~40% of the RNA being in complex with gold
nanocolloids in solution (Figure 3). An estimated 25% of the
HIV-1 RNA dimers observed in the AFM experiments have
visible gold nanocolloids attached to the PBS region. The slightly
lower yield is expected because of additional sample preparation
in the latter case (Experimental Procedures). The observed gold
nanocolloid height was typically in the range of 1.0—1.5 nm
(Figure 4f). This is smaller than expected from colloids with a
nominal diameter of S nm. From the control experiment, it is
seen, however, that the diameter (height) measured with the
atomic force microscope of the gold nanocolloids used is 3.7 &
0.8 nm. When the colloid diameter was measured after deposi-
tion on spermine-coated mica [as used in imaging of the RNA

dimer—PBS DNA SH—gold nanocolloid complex (see Experi-
mental Procedures)], it turned out to be 0.7 & 0.6 nm. This effect
can be explained by the gold nanocolloids being partly submerged in
the soft spermine layer on the mica, and this finding is very con-
sistent with the results obtained from imaging the RNA dimer—PBS
DNA SH—gold nanocolloid complex on spermine-coated mica
under ambient (i.e,, in air) conditions (Figure 4). Hence, it can be
concluded that it is possible to specifically attach gold nanocolloids
via DNA primers to the PBS region of the HIV-1 S'UTR. Thereby,
the position of PBS is directly visible in AFM images, and other
structural information can be mapped accordingly.

Upon examination of the dimer structures in Figure 4, it is
evident that there are two interstrand contacts, one upstream and
one downstream of the PBS. I interpret the downstream inter-
action, the 3’DLS, as the DIS—DIS interaction, which is indeed
expected to be present. The upstream interaction, the S'DLS, is,
however, more intriguing. It seems to be present terminally in the
S'UTR because RNA strands on its upstream side are never
observed. Such an interaction has been previously reported, and
the TAR hairpin®"** and the poly(A) hairpin®> have been
suggested, via their palindromic sequences, to be part of kissing
loop interactions. Evidence contradicts the involvement of poly-
(A),** and part of its palindromic sequence seems to be
involved in a long-range pseudoknot.** Moreover, enzymatic
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Figure 5. AFM analysis of Mg**-treated RNA dimers in buffer. (a)
Formation of the HIV-1 RNA dimer can be mediated by Mg** ions.
Abbreviations: M, monomer; D, dimer; Mg2+, SmM Mg2+; (=), no Mg2+.
(b) Ring structure with one or two strands emerging from it observed
under ambient conditions preserved for Mg>*-induced RNA dimers
imaged in buffer. (c) Measured ring diameters (40.3 £ 8.3 nm). The
data were obtained from three independent experiments.

probing of dimers formed from isolated TAR hairpin transcripts
supports a TAR—TAR kissing loop interaction.”® Combined
with the proof of a TAR—TAR interaction in HIV-1-transfected
cell cultures® and the fact that RNA strands are never observed
on the upstream side of the S'DLS, these observations support
the interpretation that it contains a TAR—TAR kissing loop
interaction. Because the TAR stem—loop sequence is positioned
at the S’ terminus (nucleotides 1—57), this interpretation is fully
consistent with the AFM images obtained. In addition, dual
kissing loop interactions in the S'UTR of a related retrovirus
(MoMuLV) have been observed.*

Figure 6. RNA dimers showing two strands emerging from its ring
structure. The two strands seem to merge into one further downstream.
Arrows indicate strands emerging from the ring structure.

The ring diameter distribution as revealed from the AFM
images under ambient scan conditions is depicted in Figure 4e,
and the diameter was determined to be 43.4 &= 7.0 nm. Hoglund
et al. report EM structures with similar diameters varying from 13
to 40 nm with only one example below 30 nm.>> This corre-
sponds very well with the results obtained here.

Because the observed S'UTR RNA dimer structure was
imaged under ambient conditions, it was of interest to validate
the physiological relevance by imaging it under buffer conditions.
RNA dimers were produced by treatment with Mg*" ions and
verified in gels (Figure Sa). The gold nanocolloid labeling was
not possible in the buffer experiments; Mg>" had to be part of the
buffer to attach the RNA dimer to the mica surface, and divalent
cations made the protected gold nanocolloids precipitate irre-
versibly. The AFM buffer results are depicted in Figure S, and it is
seen that the dimer morphology observed under ambient AFM
imaging conditions, depicted in Figure 4, was preserved
(Figure Sb). Furthermore, the ring diameter observed for the
Mg""-treated dimers in buffer [40.3 & 8.3 nm (Figure Sc)] was
very consistent with the diameter observed for the dimer struc-
ture under ambient conditions [43.4 & 7.0 nm (Figure 4e)]. It is
thus concluded that the observed overall SUTR morphology
including a TAR—TAR-containing S'DLS and a DIS—DIS-
containing 3'DLS is likely to be physiologically significant.

During packaging of HIV-1 virions, the virus is capable of
discriminating between full-length genomic RNA dimers and
other RNA species because only full-length genomic RNA
dimers are found in virions. Thus, one might assume that
sequences downstream the SD might be involved in dimer
formation, too. Indeed, the PSI secondary structure is present
downstream of SD. Upon further examination of Figures 4 and S,
it is evident that there is always one or two strands extending
from the ring structure. In the case of two strands, the explana-
tion is rather trivial. In both RNA strands involved in the dimer,
nucleotides 278 —744 are found downstream of the DIS hairpin.
However, when only one strand is observed to extend from the
ring structure, it could be either because only one of the two
strands is attached to the mica surface or because there are
multiple interactions between the strands. Indeed, Figure 6
shows examples of two strands emerging from the ring structure,
and further downstream they merge into one. Taken together
with the many examples of only one strand emerging from the
ring structure, this may be interpreted as evidence of multiple
interactions between the strands in the HIV-1 genomic dimer
downstream of the SD. Such interactions have previously been
reported in related viruses.***”

In conclusion, the structure of dimerized HIV-1 RNAs corre-
sponding to nucleotides 1—744 has been investigated via AFM. It
was possible to specifically deposit gold nanocolloids to the PBS
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region via DNA primers and thereby directly identify the PBS
position in the AFM images. This proves that DNA—gold
chemistry can be a valuable tool in future AFM studies of native
nucleic acid structures. This knowledge allowed the resulting ring
morphologies with one or two strands emerging from them to be
interpreted as dimers including a TAR—TAR-containing $'DLS
and a DIS—DIS-containing 3'DLS. The dimer structure was
validated under buffer conditions that were close to physiological
conditions, which strongly suggests the observed dimer structure
is biologically significant. Finally, evidence suggesting multiple
HIV-1 RNA interstrand interactions downstream of the SUTR
major splice donor was observed in the AFM images, suggesting
this is part of the mechanism by which only full-length genomic
RNAs are incorporated into dimers during packaging of new
virions.
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