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Introduction

Nucleic acid (NA) chaperones are proteins or small molecules that 
facilitate the rearrangement of nucleic acids structures into their 
lowest energy states, by optimizing the number of base pairs and 
tertiary interactions.1,2 Several different types of NA chaperones 
are known, as described in this special issue. Some NA chaperone 
proteins facilitate the native NA fold by specifically binding to 
and stabilizing this fold, while others work by preventing specific 
alternative NA structures. In this chapter, we discuss a different 
type of NA chaperone, which acts sequence non-specifically on 
any NA, leading to a rapid conversion to minimal free energy 
conformations. This type of NA chaperone appears indispens-
able for facilitation of reverse transcription (RTion) in retrovi-
ruses and retrotransposons. The process of copying the retroviral 
genomic RNA (gRNA) into proviral dsDNA involves continu-
ous remodeling of NAs, including multiple complementary NA 
sequence annealing steps, many of which must be converted 
from a highly structured state. Interestingly, both retroviruses 
and retrotransposons encode their own NA chaperones, thereby 
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RNA chaperone proteins play significant roles in diverse 
biological contexts. The most widely studied RNA chaperones 
are the retroviral nucleocapsid proteins (NC), also referred to 
as nucleic acid (NA) chaperones. Surprisingly, the biophysical 
properties of the NC proteins vary significantly for different 
viruses, and it appears that HIV-1 NC has optimal NA chaperone 
activity. In this review we discuss the physical nature of the 
NA chaperone activity of NC. We conclude that the optimal 
NA chaperone must saturate NA binding, leading to strong 
NA aggregation and slight destabilization of all NA duplexes. 
Finally, rapid kinetics of the chaperone protein interaction with 
NA is another primary component of its NA chaperone activity. 
We discuss these characteristics of HIV-1 NC and compare 
them with those of other NA binding proteins and ligands that 
exhibit only some characteristics of NA chaperone activity, as 
studied by single molecule DNA stretching.
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highlighting the critical importance of these proteins in the ret-
roviral life cycle. In the case of retroviruses, these NA chaper-
ones constitute the RNA-binding domain of the Gag polyprotein 
in the immature capsid. In the course of virus maturation, the 
nucleocapsid (NC) domain is cleaved from Gag, and serves as a 
major facilitator of RTion. In contrast to more specific NA chap-
erone proteins, NC does not use ATP or another energy source. 
However, stoichiometric binding of NC to the entire gRNA is 
necessary for its chaperone function. It is this type of saturated 
protein binding to polymeric NA that is most amenable for stud-
ies using single molecule (SM) stretching of long dsDNA mol-
ecules, as is described below.

DNA Force-Induced Melting Studies  
Using Optical Tweezers

Figure 1A is a schematic diagram of a dual beam optical tweezers 
instrument for stretching single DNA molecules. In these experi-
ments, two streptavidin-coated polystyrene beads are attached 
to both sides of one double-stranded bacteriophage λ genomic 
DNA molecule (48,500 bp) by interacting with biotin molecules 
at the 5' end of each DNA strand. Two laser beams are over-
lapped to form an optical trap to trap one bead, and the other 
bead is attached to a glass micropipette. By moving the glass 
micropipette, the DNA is stretched. The force required to stretch 
the DNA a certain distance is obtained, resulting in a measure-
ment of the force-extension profile of the DNA molecule, shown 
in Figure 1B.

In the stretching process, initially a small force (approximately 
5pN) is applied to stretch DNA to its B-form contour length. After 
DNA is straightened, a rapid force increase is required to stretch 
the duplex DNA structure. In this regime, the curve is consistent 
with theoretical dsDNA stretching curve from the Worm-Like 
Chain (WLC) model,3 a model that accurately represents the elas-
ticity of a rigid polymer such as dsDNA. At a force of approxi-
mately 60 pN, a phase transition from dsDNA to ssDNA occurs. 
In this regime, DNA can be stretched to 1.7 times its B-form 
contour length with very little increase in force, shown as a pla-
teau in Figure 1B, and the fraction of the ssDNA increases as the 
length of the construct increases through the transition. After this 
transition, dsDNA is transformed into ssDNA, and the stretching 
curve goes up following the theoretical ssDNA stretching curve 
from the Freely-Jointed Chain (FJC) model, a model that fits to 
ssDNA stretching with reasonable but not perfect accuracy.4
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and low salt.5-8 In addition, some small proteins 
or ligands with the function of NA stabilization 
or destabilization can affect the overstretch-
ing force, as expected for DNA melting.9-12 
Therefore, the DNA overstretching transition 
should properly be considered as a DNA force-
induced melting transition.

We also know that DNA is melted by force 
and the DNA base pairs are exposed during this 
transition based on several recent experiments 
using glyoxal, intercalating dyes and fluores-
cently labeled single stranded binding proteins 
(SSBs). Glyoxal (C

2
H

2
O

2
) is a small molecule 

which binds irreversibly to exposed guanine bases 
of DNA with slow kinetics and therefore hinders 
the reannealing of the DNA. In the experiment, 
λ-DNA molecules were held at fixed extensions 
for 30 min in the presence of glyoxal, which is 
the timescale required for DNA binding. When 
initially stretched in the absence of glyoxal, the 
DNA stretching curve showed a contour length 
equal to that expected for dsDNA, 0.34 nm/bp. 
Upon relaxation, the force-extension curve was 
almost identical to that obtained upon stretch-
ing. However, after treatment with glyoxal, the 
force-extension curve upon relaxation exhibited 
a much longer contour length, as expected for 
a DNA molecule that is partially ssDNA and 
partially dsDNA. This disagreement between 
stretching and relaxation curves is referred to 
as hysteresis. Such hysteresis is often observed 
when DNA is unable to reanneal after being 
melted by force, as observed after glyoxal treat-
ment. What is unusual in the case of glyoxal is 
that subsequent stretches also show an increased 
contour length because the DNA is essentially 
frozen in the melted state due to the fact that 
guanine bases are covalently modified, which 
subsequently prevents DNA reannealing. As will 
be shown later, in the presence of DNA binding 
proteins, more temporary hysteresis is an indica-
tion of slow protein dissociation from ssDNA. 
Recent single-molecule studies have also directly 
visualized the nature of the structural transition 
using a combination of optical tweezers and fluo-
rescence imaging techniques.13 A DNA molecule 

is stretched in the presence of YOYO, a fluorescent dye which 
only intercalates into the paired bases of dsDNA. Therefore, the 
length of DNA to which YOYO can bind reveals the fraction of 
dsDNA. This experiment visually illustrates a structural conver-
sion from dsDNA into ssDNA. In addition, the experiments on 
Human mitochondrial SSB which only binds and wraps relaxed 
ssDNA and the SSB Replication Protein A, which only binds 
ssDNA, also provide evidence to support the force-induced melt-
ing model. Although the latter study showed that DNA only 
melted by peeling from the ends, it is likely that in the presence 

As shown in Figure 1B, without any proteins or ligands inter-
acting with the DNA (except monovalent salt), this stretching 
and relaxation process can be considered reversible. When this 
is the case, the work done by the external force to stretch DNA 
as a double strand, and then to relax it as a single strand, i.e., 
the area surrounded by the WLC model, transition plateau and 
FJC model, labeled by ΔG, is the free energy of DNA melting. 
Analogous to the dsDNA thermal melting temperature T

m
, the 

overstretching transition midpoint force, F
m
, is affected by solu-

tion conditions such as high and low pH value, high temperature 

Figure 1. (A) Schematic diagram of a dual beam optical tweezers instrument. (B) DNA 
force-extension curves. Solid circles represent the stretching curve of naked λ-DNA, while 
open circles are the relaxation curve of naked DNA. The blue curve is the theoretical force-
extension curve of dsDNA, based on the wormlike chain model. The green curve shows 
the force-extension curve of ssDNA.
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dsDNA wrapped on itself in a toroid from its maximum compac-
tion to the dsDNA contour length.47-51 Examples of such low de-
aggregating forces observed below the dsDNA contour length are 
presented in Figure 2B for DNA stretching with Poly-lysine51 and 
later for DNA stretching with the ORF1p protein (see below).52 
This force is a direct measure of the multivalent cation-induced 
DNA-DNA attractive energy per unit length,53 and it depends on 
the cation’s net charge and its density, as well as on the concentration 
of competing monovalent salt in solution.48,53 Interestingly, dsDNA 
de-aggregating forces similar to those measured in the presence of 
multivalent cations were observed in the presence of HIV-1 NC.51 
However, the de-aggregating force was less constant than in the case 
of simple cations (CoHex3+ or Spermine4+) and showed some rug-
gedness, most likely, reflecting some non-electrostatic protein-DNA 
interactions, resulting in lower protein mobility on DNA. dsDNA 
de-aggregating forces can therefore be considered as a signature of 
dsDNA aggregation by a particular ligand.

In addition to inducing aggregation of almost any nucleic 
acids, including DNA or RNA in double-, single- or triple-
stranded forms, multivalent cations also cause a significant 
increase in the flexibility of dsDNA.47 This effect was discovered 
by careful analysis of the shape of the dsDNA stretching curves 
near the dsDNA contour length,47 from which one can obtain 
dsDNA persistence length measurements under aggregating 
solution conditions. It was previously known24,54 that high con-
centrations of monovalent cations enhance dsDNA flexibility by 
screening its charge, leading to saturation of the DNA persistence 
length at a value of 50 nm.55 However, multivalent cations reduce 
the dsDNA persistence length to 25–30 nm and the strength of 
this effect correlates with the DNA aggregating ability of the 
multivalent cation,56 making the aggregation energetically more 
favorable.

These results suggest that the ability of multivalent cations to 
aggregate NA is analogous to that of NC proteins, which facilitate 
NA refolding. However, in contrast to HIV-1 NC, which desta-
bilizes NA duplexes,57-60 multivalent cations stabilize duplexes by 
contributing to higher solution ionic strength, thereby providing 
better screening for the higher charge on dsNA relative to ssNA. 
This effect leads to an increase in the melting temperature of 
NA duplexes,54,61 as well as to an increase in the dsDNA melting 
force.62

Several studies suggest that the duplex destabilizing activity of 
HIV-1 NC is associated with its two properly folded zinc fingers, 
which stack their aromatic residues (W and F) with unpaired 
NA bases, leading to preferential HIV-1 NC binding to ssNA 
duplexes.51,57,60,63-66 Therefore, we expect the zinc-less version of 
HIV-1 NC to lose this ability and to behave more like a multiva-
lent cation in DNA stretching experiments. Indeed, as illustrated 
by Figure 2, the DNA stretching curves in the presence of HIV-1 
SSHS NC, a mutant form of NC that is unable to coordinate Zn 
(Fig. 2A), resemble DNA stretching curves in the presence of 
the unstructured cationic polypeptide poly-lysine (Fig. 2B).57 In 
both cases the DNA melting force is significantly raised by the 
presence of the peptide, while the curve’s shape remains almost 
unaffected. In addition, in both cases some DNA aggregation 
is apparent at extensions below the dsDNA contour length. 

of binding ligands melting also occurs in the middle of the DNA 
molecule, as is the case for thermal melting.13-16

Single Molecule Studies of Cationic Ligands

The dsDNA molecules of most organisms are very long semi-
rigid molecules that in vivo must fit into a very small spaces such 
as the eukaryotic nucleus. Similarly, the two copies of genomic 
retroviral RNA must fit into the small volume of the viral cap-
sid, which probably remains intact during much of the RTion 
process.17-21 Usually several-hundred-fold linear compression is 
required for such NA packaging, and therefore there are many 
energetic barriers to overcome in this process, such as the loss of 
configurational entropy of the long NA molecule, the tight bend-
ing of the stiff double helix and the electrostatic repulsion of the 
negatively charged NA.22 Therefore some mechanisms to lower 
these energetic barriers, decrease persistence length and facili-
tate aggregation must be relevant in vivo. Indeed, it is known23 
that physiologically relevant small multivalent cations with a net 
charge of +3 or higher, such as Spermidine3+ or Spermine4+,22-32 
induce aggregation (or condensation) of dsDNA and RNA.33,34 
In addition, protamines,35 synthetic multivalent cations (such as 
CoHex3+), and many unstructured cationic peptides or proteins 
with high positive charge density also condense DNA and RNA. 
Interestingly, HIV-1 NC was shown to aggregate both ssRNA 
and dsDNA36-41 in a very similar way.

It has previously been shown that aggregation of long heat-
melted single-stranded DNA molecules by multivalent cations 
increased the DNA re-annealing rate by up to 6 orders of mag-
nitude.42 This is because the decrease in the volume of the bi-
molecular reaction upon condensation makes it easier for the 
complementary NA regions to find each other. While there are 
many ligands and proteins that are able to aggregate NA, not all 
of them are equally efficient in facilitating annealing. For exam-
ple, most cationic lipids, NA-binding self-aggregating proteins 
and proteins that crosslink distant specific regions on dsDNA 
strongly compact NA. In most of these cases, however, the NA 
has low mobility within the aggregates, leading to a reduced 
potential for refolding. In contrast, the NA aggregates produced 
by multivalent cations are characterized by the highest possible 
NA density along with high NA and cation mobility. These fea-
tures are the result of the mechanism of electrostatic aggrega-
tion, which occurs because of the shrinking of the overall neutral 
“ionic crystal” of compact positive charges on the background of 
the “smeared” negative charge of NA. This type of aggregation 
occurs only when the multivalent cations are bound to the entire 
NA structure in a primarily delocalized manner, such that they 
can freely move to optimize their electrostatic free energy.25,43-46 
There is, therefore, a direct connection between the rapid kinet-
ics of the NA chaperone-NA interaction and NA aggregation that 
optimally facilitates NA refolding. Just as saturating amounts of 
multivalent cations are required for electrostatic aggregation,25,29 
saturating HIV-1 NC is needed for optimal chaperone activity.39

In single molecule DNA stretching experiments, multivalent 
cation-induced dsDNA aggregation is observed as a small constant 
“de-aggregating” force of 1–10 pN required for unwrapping the 
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This is in contrast to the DNA stretching curves 
in the presence of wt HIV-1 NC (see below) that 
are characterized by a significant lowering of the 
midpoint force of the DNA melting transition, 
as well as by an increased transition slope, which 
likely reflects a decrease in the DNA meting coop-
erativity and some DNA sequence-specific bind-
ing.57 These results are in agreement with in vitro 
experiments, which showed that wild type HIV-1 
NC was only better than SSHS NC at annealing 
the highly structured complementary regions of 
HIV-1 long repeats involving stable TAR hair-
pins.67 In contrast, SSHS NC and wild type HIV-1 
NC showed similar annealing activity for the much 
less structured complementary 18-nt primer bind-
ing site sequences in HIV-1 plus-strand transfer.67 
The presence of SSHC NC also greatly increases 
the efficiency of tRNA annealing by facilitating 
strand attraction.68 Because tRNA annealing does 
not require significant tRNA destabilization, the 
zinc fingers are not needed. In contrast, because 
HIV-1 minus strand transfer requires destabiliza-
tion of NA structures containing many base pairs, 
NC’s zinc fingers are required. Finally, the ability 
of NC proteins to aggregate NA to their maximum 
density may play another important role in the 
retroviral life cycle by possibly keeping the mature 
capsid associated in the cytoplasm of the infected 
cell throughout much of the RTion process.17-21

Single Molecule Studies of Single-
Stranded DNA Binding Proteins

In vivo, DNA strands form a helical duplex struc-
ture to protect the hydrophobic base pairs from 
solution. However, during some specific processes 
such as DNA replication, repair and transcription, 
the helical duplex DNA structure must be melted, 
leaving the ssDNA exposed and vulnerable. SSB 
proteins can protect ssDNA from nucleases, chem-
ical degradation and transient secondary structure 
formation by binding to exposed ssDNA as it is 
formed.14 Therefore, such proteins play important 
roles in the life cycles of viruses and cells. Different 
SSB proteins vary greatly in size, complexity and 
binding mechanism. Among them, bacteriophage 
T4 gp32 and T7 gp2.5 represent relatively simple 
model systems that have been well studied using 
single molecule and other methods.14

It is known that one of the simplest and most 
studied SSB proteins, T4 gp32, has some NA chap-
erone properties and attempts to use these proper-
ties for optimizing in vitro transcription and reverse 
transcription assays are ongoing. A recent study 
using gp32,69 has demonstrated a 2-fold increase 
in the production of full-length cDNA in in vitro 

Figure 2. (A) DNA stretching (solid line) and relaxation (dotted line) curves in the ab-
sence of protein (black) and in the presence of SSHS NC (red). (B) DNA stretching (solid 
line) and relaxation (dashed line) curves in the presence of 200 μM polylysine (red) and 
10 μM polylysine (blue).
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gRNA reverse transcription as compared to the pre-
vious best yields obtained at elevated temperatures. 
According to the study,69 the primary reason that 
gp32 facilitates transcription is by preventing the 
formation of template ssDNA and RNA second-
ary structures, allowing for faster polymerization 
of the complementary strand by the polymerase or 
reverse transcriptase. This facilitation of the full-
length cDNA production by gp32 is significantly 
less than the analogous effect of HIV-1 NC in in 
vitro reverse transcription assays.70 The reason for 
the relatively poor NA chaperone activity of gp32 
becomes clear as we consider the results of single 
molecule DNA stretching studies of gp32-DNA 
interactions71-74 that are briefly described below.

T4 gp32 has a DNA binding site contain-
ing an oligonucleotide binding (OB) fold in 
the core, an N-terminal domain used for highly 
cooperative binding to ssDNA and a C-terminal 
domain (CTD) that interacts with other replica-
tion proteins. Figure 3A shows the force extension 
curves of DNA in the presence of T4 gp32 and its 
CTD truncation mutant T4 gp32 *I obtained at 
a DNA pulling rate of 100 nm/s. In contrast to 
DNA stretching curves in the presence of mono- 
or multivalent cations or HIV-1 NC, the DNA 
stretching curves in the presence of gp32 depend 
strongly on the DNA pulling rate. Also, in con-
trast to that observed with HIV-1 NC, the DNA 
force-extension curves with gp32 appear very dif-
ferent upon DNA stretching through the melting 
transition relative to the subsequent relaxation of 
DNA. Indeed, the DNA stretching curves show 
very little effect of gp32, as if the protein did not 
have enough time to bind. On the other hand, the 
DNA relaxation curves indicate that the DNA 
remains single-stranded and permanently bound 
by the protein, such that no strand re-annealing 
after melting can occur. When the DNA stretch-
relax cycle in the presence of gp32 is performed at a 
slower rate, the force-extension curves in the stretch 
and relax part of cycle become closer to each other, 
and are expected to eventually converge in a single 
hysteresis-free equilibrium curve. However, gp32’s 
ssDNA on and off rates are so slow that this equi-
librium curve is unobtainable on the time scale of 
our experiments. This result allows us to estimate 
the on and off rates, as discussed below. Moreover, 
this extreme case of a very “slow” protein helps 
us to understand that the amount of hysteresis in 
the DNA stretch-relax cycle and the dependence 
of the curves on the DNA pulling rate are both 
quantitative signatures of the rates of protein-DNA 
interaction. These non-equilibrium features of 
DNA stretching curves in the presence of various 
proteins allow for semi-quantitative analysis of the 

Figure 3. (A) DNA stretching (solid line) and relaxation (dashed line) curves in the 
absence of protein (black) and in the presence of T4 gp32 (red) and its mutant T4 gp32 *I 
(blue). (B) DNA stretching (solid line) and relaxation (dashed line) in the absence of pro-
tein (black) and in the presence of T7 gp2.5 (red) and its mutant T7 gp2.5-Δ26C (blue).
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and inhibiting ssDNA binding. In both cases, removal of the 
C-terminus exposes the DNA binding site on the protein core 
and facilitates ssDNA binding by the protein, which is consis-
tent with our single molecule experiment results. In addition, the 
smaller hysteresis indicates that T7 gp2.5 has a faster off rate than 
T4 gp32, which is on the order of tens of seconds.10,76,77

The results above demonstrate that all four of the tested SSB 
proteins have the ability to destabilize dsDNA in equilibrium 
and the mechanism of destabilization can be quantified by DNA 
stretching. Importantly, all of these SSB proteins appear to have 
slow ssDNA on and off kinetics (when compared to the best NA 
chaperone, HIV-1 NC). This property of SSB proteins emerges 
as a primary reason for their relatively weak NA chaperone activ-
ity as characterized by in vitro reverse transcription assays,69,70 
despite their strong duplex destabilizing activity. Moreover, 
excessive duplex destabilization by some SSB proteins may lead to 
complete equilibrium melting of the DNA duplex by the protein. 
This can be detrimental for the NA chaperone function of an 
SSB protein, which should facilitate the folding of an NA struc-
ture into its most stable base-paired conformation. For this to 
occur, the final base-paired structure must be stable in the pres-
ence of the protein.

NA Chaperone Proteins: Retroviral NC Proteins

After the retrovirus infects the host cell, its RNA must be copied 
into dsDNA through RTion. This process is performed by the 
enzyme reverse transcriptase (RT) with the participation of NC 
proteins. RTion contains three obligatory NA annealing steps: 
tRNA primer annealing, minus-strand transfer and plus-strand 
transfer. Studies have shown that all these three steps need the 
participation of NC proteins, especially the minus stand transfer 
step.66,78-80 The effect of NC’s chaperone activity on these pro-
cesses is detailed in the review by Levin and Musier-Forsyth in 
this special issue.

In addition to these obligatory strand-transfer events, each 
RTion process involves on average 10 random strand trans-
fers81 in which RT switches between the two viral RNA tem-
plates. These events are extremely important for viral survival, 
as each of the two ~10,000-nucleotide ssRNA genomes often 
appears to be broken, necessitating strand transfer. In addi-
tion, random strand transfers lead to extensive recombination 
between the two non-identical gRNA molecules,81-84 facilitat-
ing rapid retroviral evolution. During each strand transfer 
event, the newly synthesized cDNA strand has its template 
RNA degraded by the RNase-H activity of RT and anneals 
to the complementary region on the other gRNA molecule, 
leading to a switch of RT to another template.85-88 All of these 
processes are bimolecular in nature, and involve annealing of 
extensively structured complementary RNA and DNA regions. 
Therefore, all of them rely heavily on the chaperone activity 
of NC proteins present at high concentrations in all retrovi-
ruses.57,66,84,89-91 The major role of HIV-1 NC in strand transfer 
events was also confirmed in a recent in vitro RTion study.70 
The authors showed that it is the efficiency of strand transfers, 
which occur on average every 300 nt, that greatly increase the 

kinetics of the protein-DNA binding events for any chaperone 
protein. Interestingly, the kinetics of the protein-NA interaction 
appears to be a major determinant of a particular protein’s NA 
chaperone activity.

In an extensive series of single molecule DNA stretching stud-
ies71-75 on gp32, we developed a methodology that allows for the 
complete quantitative characterization of the equilibrium and 
kinetic properties of a protein’s DNA interactions. In particular, 
fixing the DNA length near the melting transition midpoint and 
watching relaxation of the force over time allows us to estimate 
the equilibrium melting force, F

m
 and the relaxation rates associ-

ated with the protein’s on and off processes. The slow off times, on 
the order of several minutes for gp32 dissociation from ssDNA, 
are due to the cooperative binding of this protein to ssDNA, lead-
ing to its preferential dissociation only from the end of the gp32 
bound cluster at the dsDNA-ssDNA boundary. Moreover, per-
forming such measurements as a function of protein concentra-
tion allowed us to construct the gp32-ssDNA binding isotherm, 
and to determine its ssDNA binding constant. Furthermore, 
measuring the DNA strand melting force vs. pulling rate allowed 
us to estimate the protein’s ssDNA on rate under the condition 
when all of the available ssDNA is already bound by polymerized 
gp32, while the new ssDNA site for gp32 appeared upon stretch-
ing the DNA. The measured on rate dependence on gp32 con-
centration suggests that this protein finds its new ssDNA site by 
sliding along the dsDNA. This observation allowed us to deter-
mine the gp32 equilibrium binding constant to dsDNA. Finally, 
all of these characteristics of gp32 were studied as a function of 
monovalent salt concentration for wt gp32 and its CTD trunca-
tion mutant *I, allowing us to construct a detailed model of the 
electrostatic regulation of gp32-DNA binding by this protein’s 
anionic CTD. This model is in good agreement with the results 
of all other more conventional studies of this protein, but also 
provides extensive new information.

The technique described above that was originally developed 
for the analysis of gp32-DNA interactions was subsequently suc-
cessfully applied to another SSB protein, T7 gp2.5.10,76,77 Even 
a superficial comparison of the DNA stretching and relaxation 
curves in the presence of gp32 and gp2.5 in Figure 3A and B, 
which were obtained at the same DNA pulling rate of 100 nm/s, 
leads to the conclusion that gp2.5 exhibits faster DNA interac-
tion kinetics relative to gp32. Interestingly, many features of 
gp32-DNA interactions are also present for gp2.5. In particu-
lar, this SSB protein also has a highly anionic CTD, which sig-
nificantly slows down this protein’s DNA on rate. This can be 
observed by comparing the DNA stretch/release curves in the 
presence of wt gp2.5 and its CTD truncation mutant T7 gp2.5-
Δ26C shown in Figure 3B. Similar to T4 gp32, its C-terminal 
truncation mutant exhibits a stronger ability to lower the DNA 
melting force, which can be also explained by its stronger prefer-
ential binding to ssDNA. Both C-terminal tails have been shown 
to weaken ssDNA binding, but they work by different mecha-
nisms. In the case of T4 gp32, the C-terminal tail binds directly 
to the DNA binding site of the same molecule, inhibiting ssDNA 
binding. In the case of T7 gp2.5, the C-terminal tail binds to the 
ssDNA binding site of its dimer partner, facilitating dimerization 
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single molecule DNA stretching studies of various HIV-1 NC 
mutants,51,92 HIV-1 NCp7 precursor forms Gag, NCp15 and 
NCp9,41 as well as of NC proteins from other retroviruses95 sug-
gest that the binding of most of these proteins to DNA result in 
much larger DNA stretching hysteresis, indicating much slower 
protein-DNA interaction kinetics. The rapid protein-DNA inter-
action kinetics, as characterized by small hysteresis in DNA 
stretching and relaxation experiments, appears to be the physical 
property of NC proteins that most strongly correlates with the in 
vivo infectivity of the corresponding mutant viruses.51 The precise 
mechanism by which HIV-1 NC maintains its rapid NA inter-
action kinetics on the molecular level is still a mystery. Indeed, 
the protein’s duplex destabilizing ability requires its preference 
for unpaired NA bases. This preference, in turn, requires protein-
NA interactions other than nonspecific electrostatic binding. 
Apparently, HIV-1 NC is capable of balancing these two contra-
dictory properties to optimize its NA chaperone function. This 
balancing act relies on finely tuned stacking of the HIV-1 NC’s 
aromatic residues with the unpaired NA bases, such that even 
minor alteration of these essential residues or of their positioning 
within NC’s zinc fingers leads to slower protein-NA interaction 
kinetics and poor chaperone function. More studies are underway 
to understand the molecular details of this balancing act.

Therefore, single molecule DNA stretching studies provide a 
simple and straightforward approach for screening various pro-
teins and ligands for their NA chaperone activity. It can also 
be used for testing drugs that may interfere with the chaperone 

yield of the full-length cDNA production, rather 
than the RT polymerization rate or processivity. 
Moreover, it was shown that RNA aggregation by 
NC is needed for this activity, and that the gRNA 
within the aggregate is fully accessible to RT, even 
if RT was added after the RNA aggregation had 
occurred. All of these features illustrate the major 
role for reverse transcription of the NA aggregat-
ing ability of HIV-1 NC, together with the high 
mobility of RNA within these dense aggregates.

Interestingly, single-molecule DNA stretching 
experiments allow for characterization of all three 
aspects of NC’s NA chaperone activity: NA aggrega-
tion, duplex destabilization and kinetics of interac-
tion, which we will illustrate using the well studied 
HIV-1 NC protein as an example. HIV-1 NC consists 
of 55 amino acids with two nonequivalent CCHC 
zinc fingers and one positively charged N-terminal 
tail and each zinc finger contains one aromatic 
residue. Figure 4 shows a stretching and relaxation 
curve of DNA in the presence of a saturating amount 
(10 nM) of wild type HIV-1 NC. Comparing the 
NC-free and NC-bound DNA stretching curves in 
Figure 4 we notice that this protein significantly 
lowers the midpoint force of the DNA melting tran-
sition. Calculation of the work performed by the 
force to melt dsDNA provides an estimate of the 
average base pair stability in the presence of HIV-1 
NC. While in the absence of HIV-1 NC each bp sta-
bility is on an average ~1.5 kcal/mol/bp, in the pres-
ence of HIV-1 NC it is reduced 30% to only ~1 kcal/mol/bp,92 
thereby classifying HIV-1 NC as a moderate duplex destabilizer. 
This moderate duplex destabilizing ability of HIV-1 NC is central 
to its optimal chaperone activity. Indeed, while still weaker duplex 
destabilization would slow down NA refolding by stabilizing mis-
folded intermediates, stronger duplex destabilization might lead to 
unfolding of the final annealed NA structure by the protein chap-
erone. Thus, the modest destabilization of every NA bp by HIV-1 
NC is equivalent to the effect of a moderate temperature increase 
to about ~20°C below the duplex T

m
, which is known to lead to 

the optimal NA annealing rates.93,94 Another prominent feature of 
the DNA stretching curves in the presence of saturating HIV-1 
NC is the broadening of the DNA melting force plateau. This 
feature may indicate any of the three following effects: (i) strong 
HIV-1 NC sequence specificity for ssDNA binding, (ii) decrease 
in the DNA melting cooperativity, due to HIV-1 NC, (iii) exten-
sive intercalation of aromatic residues of HIV-1 NC into dsDNA 
at forces above ~30 pN, but below melting force.

An even more important feature of the data is that in the pres-
ence of saturated HIV-1 NC the DNA stretching and relaxation 
curves closely follow each other (Fig. 4), showing that as DNA 
is relaxed and tends to re-anneal, HIV-1 NC rapidly dissociates 
from ssDNA and re-binds dsDNA, allowing for the equilibrium 
state of DNA at every extension and leading to very small hyster-
esis. In general, small hysteresis in the DNA stretch/relax cycle 
indicates rapid protein-DNA interaction kinetics. Taken together, 

Figure 4. DNA stretching (solid line) and relaxation (dotted line) curves in the absence 
of protein (thin black line) and in the presence of 10 nM HIV-1 NC (thick black line).
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correlated best with the protein’s ability to facili-
tate the annealing kinetics of complementary TAR 
RNA and DNA hairpins measured in the same 
study.95 At the same time, these NC proteins’ abil-
ity to destabilize DNA duplex appeared to be rather 
similar for all tested NC proteins, including the 
worst chaperone—HTLV-1 NC.95-97

Although some defects in the ability of mutant 
NC proteins to facilitate NA annealing were con-
sistently observed,67,92,95,96,98,99 these defects are not 
nearly as strong as the up to 6 orders of magnitude 
decrease in viral infectivity measured in vivo for 
the viruses with the same mutations in NC.100-102 
While simple sedimentation assays suggest that 
these mutant NC proteins are still capable of aggre-
gating NA,41,51,95,96 it is possible that these “slow” 
NC proteins may interfere with reverse transcrip-
tion by partially losing their ability to tightly aggre-
gate NA within the capsid, thereby leading to early 
capsid uncoating prior to the completion of the 
RTion. The latter can occur due to the increase in 
gRNA volume within the virion, leading to exces-
sive pressure on the capsid and capsid uncoating. 
Such early capsid uncoating can become detrimen-
tal for the virus, as all of the proteins associated 
with the reverse transcription complex will, most 
likely, be lost prior to completion of RTion.

In the extreme case of HTLV-1 NC, its complete 
inability to facilitate TAR RNA-DNA annealing 

correlates with the fact that it exhibits the largest DNA stretch-
ing hysteresis relative to other NC proteins, as shown in Figure 
5.95,96 This NC protein is also known to be unable to aggregate 
NA. The slow off rate of HTLV-1 NC protein from ssDNA can 
be quantitatively characterized by measuring the relaxation time 
of the force, as the DNA length is held constant at some point 
during the DNA release after its force-induced melting. Previous 
results show that the off rates of T4 gp32 and T7gp2.5 are on the 
order of a few minutes and tens of seconds respectively.71,76 Similar 
experiments on HTLV-1 NC indicate that this protein has a slow 
off rate on the same order as T4 gp32, with a time constant of 
about 50 s. The same time decay experiment was also performed 
on a C-terminal truncation mutant, HTLV-1 NCΔC29, in which 
29 C-terminal residues are removed.96 Interestingly, truncating 
the C-terminus increases the off rate ~10-fold, with a time con-
stant of about 5 s, similar to the off rate of T7 gp2.5. Thus, a 
model in which the C-terminal domain of HTLV-1 NC regulates 
its NA interactions (reminiscent of similar models describing T4 
gp32 and T7 gp2.5), is proposed to explain this result. For all 
three of these proteins (T7 gp2.5, T4 gp32 and HTLV-1 NC), 
prior to binding DNA, their cationic nucleic acid binding sites 
are occupied by some portion of the C-terminal domain (CTD), 
which electrostatically mimics ssDNA. The difference is that the 
NA binding sites of T4 gp32 and HTLV-1 NC interact with their 
own CTD, rather than their partners’ CTD, which is the mecha-
nism of T7 gp2.5. In either case, truncating the CTD exposes the 
NA binding sites, facilitates protein-DNA binding and increases 

activity of NC.78 This can be more informative than other more 
involved methods for studying rapid protein-NA interaction 
kinetics, such as stop-flow techniques. Thus, for example, the 
major difference between the efficient NA chaperone NC pro-
tein and the SSB proteins discussed earlier becomes immedi-
ately apparent from the comparison of the proteins’ effects on 
the DNA stretching hysteresis (compare data in Figs. 3 and 4). 
Indeed, in contrast to the “fast” NC proteins, the SSB proteins 
tend to stay “permanently” on ssDNA on the few minute time 
scale of our experiment.

The optimal NA chaperone activity of HIV-1 NC becomes 
further apparent by comparison with NC proteins from other ret-
roviruses. NC proteins from Rous sarcoma virus (RSV), Moloney 
murine leukemia virus (MLV) and human T-cell lymphotropic 
virus type 1 (HTLV-1) were examined using DNA stretching 
and other methods.95 From their force extension curves, it was 
shown that the presence of RSV NC leads to an increase in the 
overall DNA melting force, similar to that observed for multi-
valent cations, indicating that RSV may slightly stabilize NA. 
Very little hysteresis was observed, showing that RSV has the 
rapid DNA binding kinetics observed for HIV-1 NC. However, 
it lacks HIV-1 NC’s significant duplex destabilizing ability. In 
contrast, MLV does not change the overall melting force as much 
as HIV-1 NC, but it does exhibit some DNA duplex destabiliza-
tion. The presence of MLV induces moderate hysteresis, similar 
to the SSB T7 gp2.5. Both RSV and MLV NC exhibit only some 
of the components of NA chaperone activity, while missing oth-
ers. Importantly, the rapid kinetics of the NC-DNA interaction 

Figure 5. DNA stretching (solid line) and relaxation (dotted line) curves in the absence 
of protein (thin black line) and in the presence of 700 nM HTLV-1 NC (thick black line).
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of ORF1p can significantly alter the cooperativity of dsDNA 
melting. Finally, the relaxation curve is somewhat close to the 
stretching curve, showing that ORF1p induces moderate hyster-
esis and does not have rapid kinetics comparable to that of HIV-1 
NC, but its kinetics are similar to other NC proteins such as 
those from RSV and to some extent MLV.95

In addition, experiments with L1 ORF1p mutants demonstrate 
that two arginine (R) residues in the basic C-terminal domain, at 
positions 297–298, are integral to nucleic acid binding and chap-
erone activity.14 Substituting alanine (A) or lysine (K) for one or 
both of these arginine (R) residues results in a series of mutants, 
RK, KR, KK and AA. The DNA stretching experiments show sig-
nificant changes in the presence of these mutants. In contrast, wild 
type, RK, KR and KK all exhibit similar NA binding affinities, 
while the AA mutant compromises binding affinity significantly. 
Surprisingly, however, the mutants with similar binding affinity 
show very different retrotransposition activity. The property of 
the mutants that correlates most strongly with retrotransposition 
is aggregation. The mutants that aggregated DNA too strongly 
as observed by DNA stretching were not effective at facilitating 
retrotransposition. This suggests that, although DNA aggregation 
is a necessary component of NA chaperone activity, too much of 
this component can be detrimental. This is likely due to the fact 
that NA can be trapped in specific aggregated states with low NA 
mobility, thereby unable to reach the final lowest energy states.

Overall, wild type ORF1p exhibits high affinity for ssDNA 
and strongly aggregates DNA. Therefore, this protein is 
among the best chaperone proteins known at low concentra-
tions. However, because it is not a good helix-destabilizer, it is 
not expected to be an optimal chaperone protein for processes 

the on rate. In addition, HTLV-1 NC binds to ssDNA with at 
least moderate cooperativity with the participation of the CTD. 
Thus, deleting HTLV-1 NC’s CTD also increases the off rate. In 
contrast, T7 gp2.5 binds with little or no cooperativity. For T4 
gp32, it does bind with cooperativity, but the cooperativity is salt-
independent and T4 gp32’s CTD is not involved in the protein-
DNA interaction. Therefore, the removal of the CTD of T4 gp32 
only increases its DNA on rate, leaving the off rate unchanged. 
Thus, while these three proteins all exhibit regulated DNA inter-
actions, the precise biophysical mechanism of the interaction dif-
fers in each case.

As a retroviral NC protein, HTLV-1 NC does not exhibit 
the rapid kinetics of other NC proteins. Instead, from a kinetics 
perspective, it behaves more like an SSB protein. The advantage 
of this property is still unknown, but a possible proposal is that 
HTLV-1 has sacrificed nucleic acid chaperone potency for other 
biological purposes, such as coating ssDNA to prevent packag-
ing of APOBEC3G.103 Incidentally, the anionic CTD of HTLV-1 
NC appears to be rather similar in amino acid composition and 
charge to the p6 domain of the HIV-1 NC precursor protein 
HIV-1 NCp15.96 Moreover, both proteins share the property of 
slow ssDNA interaction kinetics,41,96 the inability to facilitate NA 
aggregation,21,96,104 and poor NA annealing activity.96 The bio-
logical role of this coincidence is still unknown.

NA Chaperone Proteins: LINE-1 ORF1p

Retrotransposons are genetic elements that can amplify them-
selves in a genome and are ubiquitous components of the DNA 
of many eukaryotic organisms. According to the structure and 
mechanism, retrotransposons can be divided into two types, long 
terminal repeat (LTR) retrotransposons, with direct LTRs that 
range from ~100 bp to over 5 kb and non-LTR retrotransposons. 
The retroviruses mentioned above use LTR regions of genomic 
RNA for minus-strand transfer, therefore, they are similar to 
LTR retrotransposons. Some other retrotransposons, like long 
interspersed nuclear element type 1 (LINE-1 or L1), which also 
reproduce via an RNA intermediate but lack this repeated region, 
belong to non-LTR retrotransposons.105 L1 encodes the products 
of its two open reading frames, ORF1 and ORF2, which are 
essential for retrotransposition. The similarity of its sequence 
to retroviral reverse transcriptases predicted that ORF2p pro-
vides both the endonuclease and reverse transcriptase activities. 
However, the function of ORF1p was unknown until single-mol-
ecule experiments were performed to demonstrate its capability 
to act as a nucleic acid chaperone protein.106

Figure 6 shows the force extension curve in the presence of 
L1 ORF1p. Comparing it to the force extension curve of naked 
DNA, we find that the presence of L1 ORF1p affects the curve 
in three aspects. At the beginning of the curve, the force required 
to stretch DNA to B-form contour length increases. This differ-
ence indicates that L1 ORF1p induces large DNA condensation, 
most likely due to the electrostatic interaction. Secondly, in the 
presence of ORF1p, the ssDNA to dsDNA transition plateau is 
dramatically inclined. This increase in the width of the transition 
force saturates at about 15pN, indicating even low concentrations 

Figure 6. DNA stretching (solid line) and relaxation (dotted line) curves 
in the absence of protein (thin black line) and in the presence of 15 nM 
ORF1p (thick black line).
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destabilize the duplex DNA, which is necessary, for example, 
in the minus-strand transfer process of HIV-1. However, the 
large hysteresis on the force extension curves indicates slow 
kinetics, preventing the SSB protein from facilitating anneal-
ing under most conditions. Like other NC proteins, HTLV-1 
NC has the ability to destabilize duplex DNA. However, in 
terms of kinetics it behaves most like SSB proteins. The reason 
why HTLV-1 sacrifices its rapid kinetics is still unknown, but 
without rapid kinetics, HTLV-1 is not an optimal chaperone. 
In contrast, the C-terminal truncation mutants of T4gp32, 
T7gp2.5 and HTLV-1 NC all exhibit faster kinetics, due to the 
exposure of cationic nucleic acid binding sites. Force extension 
curves of DNA in the presence of HIV-1 NC demonstrate that 
HIV-1 NC has high NA affinity, greatly lowers the overall melt-
ing force and exhibits rapid dissociation kinetics, satisfying all 
the requirements for efficient chaperone activity. In addition, 
ORF1p also has high ssDNA affinity and strongly aggregates 
DNA, suggesting that it will be a good chaperone for processes 
in which relatively unstable secondary structures must be rear-
ranged. Specific ORF1p mutants strongly increase aggregation 
and also inhibit retrotransposition, indicating that a balance 
of aggregation and ssDNA affinity is needed to optimize NA 
chaperone activity during LINE-1 retrotransposition.
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requiring this property, such as minus-strand transfer during 
HIV-1 reverse transcription. This is consistent with the require-
ments for LINE-1 retrotransposition, as the poly-A tail already 
forms a relatively weakly base-paired structure. Specific muta-
tions in ORF1p tend to inhibit its chaperone activity by making 
it a strong helix-stabilizer and inducing aggregation that is too 
strong, illustrating the need to balance the components of nucleic 
acid chaperone activity for optimal function.52,106

Conclusions

In this review, we discuss the properties of multivalent cations, 
SSB proteins, as well as nucleic acid chaperone proteins from 
retroviruses and retrotransposons revealed using single-mole-
cule biophysical methods. We attempt to identify the charac-
teristics of an optimal NA chaperone. To be an optimal NA 
chaperone, a protein must be able to promote NA aggregation, 
destabilize dsDNA and exhibit rapid kinetics simultaneously. 
These characteristics must be carefully balanced for efficient 
chaperone activity, and they must also likely be tuned to the 
specific biological system in which they act. Multivalent cations 
strongly interact with dsDNA and induce obvious aggregation. 
However, instead of destabilizing dsDNA, the presence of mul-
tivalent cations significantly stabilizes the dsDNA, increasing 
the melting force. Therefore, they do not represent an opti-
mal chaperone for systems that require destabilization of rela-
tively complex structures that will not fluctuate open on their 
own. SSB proteins, such as T4 gp32 and T7gp2.5, are able to 
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