The Use of SM-FRET Spectroscopy to Determine Whether Cooperative Binding is
Involved in the Chaperone Function of HIV-1 Nucleocapsid Protein
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ABSTRACT
Human immunodeficiency virus nucleocapsid protein (HIV-1 NC) is known to

have both structural and nucleic acid chaperone functions in the replication cycle of the
retrovirus. As a nucleic acid chaperone, NC protein interacts with TAR RNA and TAR
DNA structures during the minus-strand transfer step of reverse transcription. The aim of

this study is to use single molecule florescence resonance energy transfer (SM-FRET)

spectroscopy to study biotin-immobilized TAR DNA hairpins at various concentrations
of NC protein. The resulting data will subsequently be used to determine whether

cooperative binding occurs between the NC protein and the TAR DNA hairpins. The

results of this study are inconclusive; however, refinement of the experimental technique
may provide conclusive data regarding cooperative binding in NC protein-TAR DNA

interactions.
INTRODUCTION
Human immunodeficiency virus nucleocapsid protein (HIV-1 NC) is a 55-amino
acid protein (Henderson et al., 1992) with two zinc fingers (Summers et al., 1992). NC

protein has both specific and non-specific interactions with nucleic acids throughout the

replication cycle of HIV-1 (Levin et al., 2005). Sequence-specific NC-nucleic acid

interactions occur via the zinc-finger domains while the cationic N-terminal domain is
responsible for non-specific electrostatic interactions between the NC protein and nucleic

acids (Rein et al., 1998).
The combination of non-specific and specific NC-nucleic acid interactions allows
NC protein to have a variety of structural and nucleic acid chaperone functions in the

replication cycle of the HIV-1 retrovirus. NC protein plays a critical role in the
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development of the mature virus structure by augmenting protein-protein interactions
(Zhang et al., 1998) and promoting dimerization of the RNA genome (Feng et al., 1996).
NC protein is also known to facilitate nucleic acid aggregation via Ostwald ripening
(Levin et al., 2005). Additionally, NC protein promotes nucleic acid strand transfer

reactions by destabilizing or “melting” nucleic acid double-helix structures (Urbaneja et
al., 2002) and inhibiting competing self-priming reactions (Guo et al., 1997).

The role of NC-nucleic acid interactions in the chaperone activity of NC protein is

somewhat controversial. Some research groups state the NC protein chaperone function
results from a combination of the nucleic acid aggregation and double-helix
destabilization effects (Levin et al., 2005). Other groups discount the role of nucleic acid

aggregation and instead suggest chaperone activity is a consequence of the double-helix
destabilization effect combined with NC protein’s impact on the thermodynamics of

nucleic acid rearrangements (Zeng et al., 2007).
As a nucleic acid chaperone, NC protein plays an essential role in the nucleic acid

strand transfer steps of HIV-1 reverse transcription. One of these steps, the minus-strand
transfer step, involves annealing of the transactivation response (TAR) segment in the

minus-strand strong-stop DNA to the complementary TAR RNA sequence in the viral
genome. Before minus-strand transfer, the TAR DNA and the TAR RNA regions form

stable hairpin structures that hinder annealing (You and McHenry, 1994). NC protein

promotes the minus-strand transfer step by destabilizing these hairpin structures and

inhibiting the competing self-priming reaction (Guo et al.. 1997).
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Single molecule fluorescence resonance energy transfer (SM-FRET) experiments

have been established as a technique for studying the effect of NC protein on the

conformational dynamics of immobilized TAR DNA hairpins. These experiments have
demonstrated that bound NC protein shifts the equilibrium conformation of the TAR
DNA hairpins from a fully closed position with a maximum number of Watson-Crick
base pairs, known as the “C” conformation, to a partially open position with the terminal
ends of the polynucleotide unwound, known as the “Y” conformation (Cosa et al., 2004).

In the present study, SM-FRET was used to study the effect of a mutant NC
protein, (11-55) NC, on the conformational dynamics of mutant -L3L4 TAR DNA

hairpins. Because the mutant protein lacks the ten amino acids that comprise the cationic

N-terminal domain, its non-specific nucleic acid aggregating ability is compromised
while leaving the zinc finger domains responsible for specific NC-nucleic acid
interactions intact. The -L3L4 TAR DNA hairpins have been shown to give the same

results as the wild-type TAR DNA hairpins (Cosa et al., 2004) and were used because of

their simplified structure. The experiments were performed at varying concentrations of
the (11-55) NC protein. The aim of the present study was to use the resulting data to
calculate the association constant for the protein-nucleic acid interactions and to examine

the hypothesis that cooperative binding plays a role in the chaperone function of NC

protein. Ultimately, this information may be incorporated into the open source software
NCMELT to improve the software’s model for NC-nucleic acid interactions.
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THEORY
The principles of fluorescence resonance energy transfer underlie SM-FRET
experiments. Fluorescence resonance energy transfer is radiation-less energy transfer

from an excited fluorescent molecule to an acceptor molecule. In the present study, a

laser beam with a wavelength of 514 nm was used to excite cyanine-3 (Cy3). The energy
absorbed by Cy3 may be emitted directly, or the energy may be transferred to cyanine-5
(Cy5) and then emitted. The efficiency of the energy transfer depends on the distance

between the Cy3 and Cy5 dyes. Because emission from Cy3 and Cy5 occurs at different
wavelengths, the apparent FRET efficiency (EA) may be calculated using the intensity of

the two different emissions according to the equation EA =

'a+Id

where IA is the intensity

of emission from the acceptor dye (Cy5) and Id is the intensity of emission from the
donor dye (Cy3). As the distance between the two dyes decreases, EA increases because
the efficiency of energy transfer between the two dyes increases and IA increases relative

to total emission intensity. Thus, EA may be used as a semi-quantitative intermolecular
ruler because the efficiency of energy transfer between the two dyes indicates the relative

distance between the dye molecules. When the two dyes are placed on opposite ends of a
DNA hairpin, EA indicates the degree to which the hairpin is in the “C” or the “Y”
conformation. In the present study, EA is used to indicate the apparent FRET efficiency
for a single molecule or for a single population of molecules while <EA> indicates the

mean apparent FRET efficiency for multiple populations of molecules.
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MATERIALS AND METHODS

Coverslip preparation

Coverslips were cleaned by soaking in piranha solution (3:1 concentrated sulfuric

acid to 30% hydrogen peroxide) to remove organic residues. A rinsing and sonicating
protocol was then used to remove particulate matter from the coverslips. After 1 hour,

coverslips were rinsed three times with purified water and then covered with purified
water and sonicated for 10 minutes. The rinsing and sonicating were then repeated with

acetone. The clean coverslips were used to prepare biotinylated PEG coverslips as

previously described (Cosa et al., 2004).
Protein and nucleic acids

The (11-55) NC protein was supplied by Karin Musier-Forsyth (Ohio State
University). The protein was diluted to various concentrations in a solution containing an
oxygen scavenger system as previously described (Cosa et al., 2004). The oxygen

scavenger system was used to minimize oxidative damage to the DNA hairpins. The dye-

labeled biotinylated DNA hairpins were obtained from TriLink Biotechnologies (San
Diego, CA) and have been previously described (Cosa et al., 2004). In the present study,
the DNA hairpins were diluted from a stock concentration of 10 pM to 1 nM in IX

HEPES buffer and 1 mM Mg2+. The DNA hairpins were immobilized via a biotinstreptavidin interaction on the biotinylated PEG coverslips as previously described (Cosa

et al., 2004).
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Experimental setup

Streptavidin

APO

Figure 1. Diagram of the experimental instrumentation used in the present study.

Cosa et al. (2004) described the argon ion laser and avalanche photodiode (APD)
detectors depicted in Figure 1. A syringe and pump system was used to deliver the NC

protein solution described above and a buffer solution containing 0.2 mM Mg2+, IX
HEPES buffer and an oxygen scavenger system (Cosa et al., 2004).
Data analysis
The images produced in the present study were analyzed using a homemade

algorithm written by Paul Barbara, University of Texas (pers. comm.). The algorithm
converted the images from the APD to numerical data that was then used to calculate Ea
values. Data for molecules with Ea values less than 0.7 and greater than 1.1 were deleted
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to account for the effects of photobleaching and background noise. The resulting EA
values were averaged and graphed versus time. An example of such a graph is shown in

Figure 2. The drop in EA upon introduction of the (11-55) NC protein to the sample

chamber was used to verify the protein had reacted with the DNA hairpins. As shown in
Figure 3, the <EA> values for the hairpins in the presence of (11-55) NC protein were

also analyzed as a function of [(11-55) NC].
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Figure 2. EA values for Cy3/Cy5-L3L4 TAR DNA hairpins. When IX buffer was

flowing through the sample chamber, the EA values were found to be above 0.95. When
1250nM (11-55) NC protein was flowing through the sample chamber, the EA values

were found to be less than 0.95.
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RESULTS AND DISCUSSION

Observations of Cy3/Cy5-L3L4 TAR DNA hairpins at four different
concentrations of (11-55) NC protein were inconclusive. As shown in Figure 3, there was
no readily apparent relationship between the Ea values and the concentration of (11-55)

NC protein.

Figure 3. Ea values for Cy3/Cy5-L3L4 TAR DNA hairpins at various [(11-55) NC],

Each data point represents one or two trials.

Recent studies have illustrated the complexity of NC protein-TAR DNA
interactions. In the NC protein chaperoned annealing mechanism, the TAR DNA reactant
is coated by multiple NC proteins (Liu et al., 2007). The secondary structure dynamics of
the resulting NC protein-TAR DNA complexes have been observed over a wide range of

time scales indicating a complex mechanism with long-lived intermediates (Cosa et al.,
2006). Previous research has been consistent with a cooperative binding mechanism (Liu
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et al., 2007). Furthermore, when NC protein is found as part of a larger quaternary
structure, known as the Gag protein, cooperative binding to DNA is observed (Cruceanu
et al., 2006). However, it has not been determined whether cooperative binding is

involved in NC protein’s destabilization of TAR DNA.
The goal of the present study was to use SM-FRET to determine mean apparent
FRET, or <EA>, values for interactions between Cy3/Cy5-L3L4 TAR DNA hairpins and

(11-55) NC protein at various concentrations of (11-55) NC protein and to use this data to
determine whether cooperative binding plays a role in NC protein’s interactions with

DNA hairpins. Apparent FRET values for the Cy3/Cy5-L3L4 TAR DNA hairpins were
measured at four different concentrations of (11 -55) NC. It has been demonstrated that
<Ea> values decrease with increasing concentration of NC protein (Cosa et al, 2006).

However, the data in the present study are inconclusive and neither contradict nor support
this previous finding. While cooperative binding has been found to play an important role
in protein-DNA interactions (Rudnick and Bruinsma, 1999), the present study was unable

to determine whether this is true of NC-DNA interactions.

Several factors may have prevented the experiments from providing conclusive

data. The number of DNA hairpins immobilized in the sample chamber of the coverslip
was widely variable between trials. It may be possible to overcome this variability by
using one coverslip for trials at several concentrations of (11-55) NC protein. However,

this alternate study design may encounter greater problems with photobleaching than the
design of the present study due to longer time exposure of the dye-labeled DNA hairpins

to the laser. However, it should be explored to determine whether it may provide more

reliable data.
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Another source of inconsistency in the present data was the quality of the
coverslips. A qualitative deterioration of the coverslips over time was observed. While
this problem may be avoided by daily preparation of coverslips, this solution is
impractical due to time constraints. In the present study, the coverslips were stored in the
laboratory in a plastic container covered with aluminum foil to prevent exposure to light.
However, if it is determined the coverslips deteriorate due to exposure to water vapor or

oxygen in the air, changing the storage of the coverslips may prevent their deterioration.
A final factor limiting the scope of the present study was limited time devoted to

the study. To produce conclusive results, the above problems must be overcome. If these

problems are overcome, the number of trials must be expanded to ensure reproducibility
of the results. Additionally, the present study must be expanded to study the EA values at

a broader range of protein concentrations. After these steps are taken, the study results

may provide a more conclusive look at the role of cooperative binding in NC protein’s

chaperone function.
ACKNOWLEDGEMENTS
I am grateful to the National Institutes of Health and the National Science

Foundation for funding this research. I would like to acknowledge the Center for Nano
and Molecular Science and Technology at the University of Texas for providing

laboratory space. Additionally, I would like to thank Dr. Jennifer Brodbelt, Dr. Paul
Barbara, Xiaojing Ma and Yu-Shan Yeh for mentoring me at the University of Texas. I
would also like to acknowledge Dr. Gerald Shields. Dr. Kyle Strode, Dr. Ron Wilde and
Dr. Dan Gretch for mentoring me at Carroll College.

11
REFERENCES
Cosa, G., E. J. Harbron, Y. Zeng, H.-W. Liu, D. B. O’Connor, C. Eta-Hosokawa, K.

Musier-Forsyth, and P. F. Barbara. 2004. Secondary structure and secondary
structure dynamics of DNA hairpins complexed with HIV-1 NC protein. Biophys.

J. 87:2759-2767.
Cosa, G., Y. Zeng, H.-W. Liu, C. F. Landes, D. E. Makarov, K. Musier-Forsyth, and P. F.
Barbara. 2006. Evidence for non-two-state kinetics in the nucleocapsid protein

chaperoned opening of DNA hairpins. J. Phys. Chem. 110:2419-2426.
Cruceanu, M„ M. A. Urbaneja, C. V. Hixson, D. G. Jonson, S. A. Datta, M. J. Fivash, A.
G. Stephens, R. J. Fisher, R. J. Gorelick, J. R. Casas-Finet, A. Rein, I. Rouzina
and M. C. Williams. 2006. Nucleic acid binding and chaperone properties of HIV-

1 gag and nucleocapsid proteins. Nucleic Acid Res. 34:593-605.

Feng, Y. X., T. D. Copeland, L. E. Henderson, R. J. Gorelick, W. J. Bosche, J. G. Levin,
and A. Rein. 1996. HIV-1 nucleocapsid protein induces “maturation” of dimeric
retroviral RNA in vitro. Proc. Natl. Acad. Sci. USA. 93:7577-7581.

Guo, J., L. E. Henderson, J. Bess, B. Kane, and J. G. Levin. 1997. Human

immunodeficiency virus type 1 nucleocapsid protein promotes efficient strand

transfer and specific viral DNA synthesis by inhibiting TAR-dependent self
priming from minus-strand strong-stop DNA. J. Virol. 71:5178-5188.
Henderson, L. E„ M. A. Bowers, R. C. Sowder II, S. A. Serabyn, D. G. Johnson, J. W.
Bess, Jr., L. O. Arthur, D. K. Bryant, and C. Fenselau. 1992. Gag proteins of the

highly replicative MN strain of human immunodeficiency virus type 1:

12

posttranslational modifications, proteolytic processings, and complete amino acid
sequences. J. Virol. 66:1856-1865.

Levin, J. G., J. Guo, I . Rouzina, and K. Musier-Forsyth. 2005. Nucleic acid chaperone

activity of HIV-1 nucleocapsid protein: critical role in reverse transcription and
molecular mechanism. Prog. Nucleic Acid Res. Mol. Biol. 80:217-286.
Liu, H.-W., Y. Zeng, C. F. Landes, Y. J. Kim, Y. Zhu, X. Ma, M.-N. Vo, K. Musier-

Forsyth and P. F. Barbara. 2007. Insights on the role of nucleic acid/protein
interactions in chaperoned nucleic acid rearrangements of HIV-1 reverse

transcription. Proc. Nat. Acad. Sci. U.S.A. 104:5261-5267.

Rein, A., L. E. Henderson, and J. G. Levin. 1998. Nucleic acid chaperone activity of
retroviral nucleocapsid proteins: significance for viral replication. Trends
Biochem. Sci. 23:297-301.

Rudnick, J. and R. Bruinsma. 1999. DNA-protein cooperative binding through variablerange elastic coupling. Biophys. J. 76:1725-1733.

Summers, M. F„ L. E. Henderson, M. R. Chance, J. W. Bess, Jr., T. L. South, P. R.

Blake, I. Sagi, G. Perez-Alvarado, R. C. Sowder III, D. R. Hare, and L. O. Arthur.
1992. Nucleocapsid zinc fingers detected in retroviruses: EXAFS studies of intact

viruses and the solution-state structure of the nucleocapside protein from HIV-1.
Protein Sci. 1:563-574.

Urbaneja, M. A., M. Wu, J. R. Casas-Finet, and R. L. Karpel. 2002. HIV-1 nucleocapsid

protein as a nucleic acid chaperone: spectroscopic study of its helix-destabilizing
properties, structural binding specificity, and annealing activity. J. Mol. Biol.
318:749-764.

13
You, J. C. and C. S. McHenry. 1994. Human immunodeficiency virus nucleocapsid

protein accelerates strand transfer of the terminally redundant sequences involved
in reverse transcription. J. Biol. Chem. 269:31491-31495.

Zeng, Y., H.-W. Liu, C. F. Landes, Y. J. Kim, X. Ma, Y. Zhu, K. Musier-Forsyth, and P.

F. Barbara. 2007. Probing nucleation, reverse annealing, and chaperone function
along the reaction path of HIV-1 single-strand transfer. Proc. Natl. Acad. Sci.

USA. 104:12651-12656.

Zhang, Y., H. Qian, Z. Love, and E. Barklis. 1998. Analysis of the assembly function of
the human immunodeficiency virus type 1 Gag protein nucleocapsid domain. J.
Virol. 72:1782.

CORETTE LIBRARY
CARROLL COLLEGE

