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Abstract: The solution structures of nucleocapsid (NC)-like CCHC zinc-binding domains bound to nucleic
acid targets have revealed that these domains bind guanosine residues within single-stranded nucleic acids.
Here, we have performed initial studies examining the potential use of NC-like CCHC zinc-binding domains
as modules to construct single-stranded nucleic acid binding peptides. The affinity for guanosine-containing
single-stranded deoxyribooligonucleotides increases with the number of CCHC domains in the peptide.
The length of the linker between domains affects the spacing of guanosine residues in oligonucleotides
that are preferentially bound. These studies provide a proof of principle that NC-like CCHC zinc-binding
domains can be utilized as a basis for designing peptides that bind specific single-stranded nucleic acid
sequences.

Introduction

The prospect of designing functional proteins based on
naturally occurring motifs, such as the Cys2His2 zinc finger
proteins typified by Xenopus transcription factor IIIA, has shown
great promise in recent years. Cys2His2 zinc fingers are small,
approximately 28-30 amino acid domains that coordinate zinc
through two cysteines and two histidines to form a stable
structure well suited for binding double-stranded DNA.1-3

Crystal structures of complexes between arrays of Cys2His2

domains from a series of DNA-binding proteins have revealed
that each domain typically inserts an R-helix into the major
groove and utilizes sets of amino acids residues to make
sequence-specific contacts with the DNA.3-10 Each domain
contacts three or four bases, and the binding sites for each
domain are adjacent or slightly overlapping. The modular nature
of these proteins suggested that specific DNA-binding proteins
might be designed by preparing proteins containing tandem
arrays of these Cys2His2 domains with previously characterized

DNA-binding characteristics. This suggestion has been realized
with highly specific DNA-binding proteins being prepared,
structurally characterized, and utilized in vivo to activate or
repress the expression of specific genes or to target nucleases
to specific sites.6,11-21

Despite their success, Cys2His2 zinc finger proteins bind
primarily double-stranded nucleic acids. Therefore, expansion
of designed protein binding into the realm of single-stranded
nucleic acids requires a new module. Ideally, such a module
would be a small, stable structure that recognizes a small number
of bases, relatively independently of other modules surrounding
it. Retroviral nucleocapsid-like CCHC-box zinc-binding domains
(sometimes referred to as “zinc knuckles”) have properties
suggesting they may prove useful as such a module.22-25

CCHC-box domains were first identified as a recurring sequence
motif in retroviral nucleocapsid proteins of the form Cys-X2-
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Cys-X4-His-X4-Cys. These sequences were proposed22 and
confirmed23,26 to form zinc-binding domains, with the Cys and
His side chains providing ligands to a tetrahedrally coordinated
zinc ion. The three-dimensional structures of a number of these
domains and proteins containing these domains have been
determined by NMR methods.24,27-39 These domains form
compact structures that are quite similar to one another (Figure
1). While some proteins contain single CCHC-box domains,
many contain arrays of two or more such domains. In these
proteins, the CCHC-box domains are connected, preceded, and
followed by regions that are relatively unstructured in the
absence of bound nucleic acid.

The structures of several complexes between CCHC-box
domains and CCHC-box-containing proteins have been deter-

mined by NMR methods. The structure of one such complex,
that between the nucleocapsid protein from HIV-1 bound to a
20-nucleotide fragment of RNA corresponding to stem loop 3
(SL3) from the RNA packaging signal,29 is shown in Figure 2.
In this structure, each of the CCHC-box domains interacts
primarily with one guanosine residue, with the guanine base
extending into a hydrophobic pocket within the domain. Guanine
recognition is further facilitated by hydrogen bonds involving
groups from the polypeptide backbone of the CCHC-box domain
and NH1 and O6 of the base. In this structure, the two bound
guanosines are part of a G-N-G sequence in a loop. This mode
of interaction, with one CCHC-box domain binding a guanosine
residue, has been observed for almost all other CCHC-box
domains nucleic acid complexes that have been structurally
characterized. The importance of guanosine residues is also
supported by binding site selection studies of the HIV nucleo-
capsid protein.40,41

This recognition of guanosines by CCHC-box proteins is not
limited to RNA. For example, the structure of the HIV NC
amino-terminal CCHC zinc-binding domain complexed with a
DNA pentanucleotide, d(ACGCC), revealed interactions that are
quite similar to those observed for the same domain in the
context of the intact HIV NC protein bound to RNA, including
the same hydrogen-bonding interactions between the peptide
backbone and the central deoxyguanosine.27 Another protein
containing CCHC-box domains is the universal minicircle
sequence binding protein (UMSBP) from the trypanosome
Crithidia fasciculata.42-45 UMSBP contains five CCHC-box
domains and functions to bind the guanosine-rich single-stranded
DNA universal minicircle sequence (UMS), 5′-GGGGTTGGT-
GTA-3′. UMSBP binds its single-stranded DNA target with a
dissociation constant of approximately 0.04 nM. The protein
can also bind to single-stranded RNA, but not to double- or
quadruple-stranded DNA. Mutational analysis has shown that
the guanine bases, specifically G4, G7, and G10 (underlined
above), are essential for high-affinity UMSBP binding to
UMS.44

Since CCHC-box domain-containing proteins bind single-
stranded nucleic acids containing arrays of guanosines, we
reasoned that these domains might be well-suited modules for
the design of specific single-stranded nucleic acid binding
proteins. The well-structured region of each CCHC-box domain
extends approximately one amino acid before the first and three
amino acids beyond the last zinc-coordinated cysteinate. The
sequence of the HIV-1 nucleocapsid protein is MQKGNFR-
NQRKTVKCFNCGKEGHIAKNCRAPRKKGCWKCGKEG-
HQMKDCTE-RQAN, with the zinc-binding residues shown in
bold and the linker between CCHC-box domains underlined.
The linker, starting after the last cysteine in one CCHC-box
domain and ending at the first cysteine of the next CCHC-box
domain, is seven amino acids in length. This corresponds to a
linker between the structured regions of the two CCHC-box
domains of approximately three amino acids, and the binding
site for this protein has the form 5′-GXG-3′. A potential
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Figure 1. Representation of the structure typically formed by CCHC-box
domains. The structure is centered around a zinc ion coordinated to the
cysteinate sulfur atom of three cysteinate residues and the ε-nitrogen from
a histidine. Three peptide backbone NH-to-S hydrogen bonds (shown as
dotted lines) stabilize the structure.
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relationship between the length of the linker between CCHC-
box domains and the spacing between key guanine residues
within their binding site is revealed by comparing these results
for HIV-1 nucleocapsid protein with those for UMSBP. The
guanosine residues that are most crucial for binding in UMS
are spaced with the pattern 5′-GXXGXXG-3′. The amino acid
sequence of UMSBP, MSAAVTCYKCGEAGHMSRECP-
KAAASRTCYNCGQTGHLSREC-PSERKPKACYNCGSTE-
HLSRECPNEAKTGADSRTCYNCGQSGHLSRDC-PSERK-
PKACYNCGSTEHLSRECPDRH, reveals that three of the four
linkers between CCHC-box domains in UMSBP are one amino
acid longer than that in HIV-1 nucleocapsid protein, while the
other is five amino acids longer. This correlation between linker
length and the spacing between key guanosine residues is highly
suggestive and is supported by simple structural modeling.

On the basis of these observations, we hypothesized that
proteins with arrays of CCHC-box domains recognize single-
stranded nucleic acids with patterns of guanosine residues, with
each CCHC-box domain recognizing a single guanosine and
the lengths of the linkers between CCHC-box domains deter-
mining the spacing of the recognized guanosines. Here, we
report results that provide support for this hypothesis and use
this principle to design binding proteins that recognize specific
DNA sequences with appropriately spaced guanosine residues.

Experimental Section

Preparation of Peptides. The following peptides were synthe-
sized on a Milligen/Biosearch 9050 peptide synthesizer using
9-fluorenylmethoxycarbonyl chemistry:

Upon completion of each synthesis, the peptide was cleaved from
the resin and deprotected by treatment with a solution of trifluo-

roacetic acid (80%), thioanisole (5%), ethanedithiol (3%), and
anisole (2%) for 2 h. The crude peptides were filtered through glass
wool, precipitated with ether, and washed with ether. The peptides
were resuspended in 5% acetonitrile and 0.1% trifluoroacetic acid
(TFA) and purified on a Vydac C18 reversed-phase HPLC column
with a 0.5%/min acetonitrile gradient containing 0.1% TFA. The
peptides were then resuspended in 400 mM Tris, pH 7.0, 100 mM
tris(carboxyethyl)phosphine, 5% acetonitrile in order to reduce all
cysteines. The peptides were then purified on a Vydac diphenyl
reversed-phase HPLC column with a 0.5%/min acetonitrile gradient
containing 0.1% TFA. Collected fractions were dried under a 95%
nitrogen/5% hydrogen atmosphere in a Savant SpeedVac concentra-
tor. All manipulations from this point on were performed in this
atmosphere to prevent cysteine oxidation, and all solvents were
degassed with helium prior to use. The mass of the peptides were
confirmed using MALDI mass spectrometry:

Peptides were quantitated using ε275 ) 1420 M-1 cm-1 per tyrosine
residue. The ability of the peptides to bind metal ions was monitored
using cobalt(II) and methods that have been used for other CCHC-
box peptides.23 Absorption spectra very similar to those for other
CCHC-box peptides were observed, with three peaks in the visible
region having extinction coefficients greater than 400 M-1cm-1 (per
metal binding site), consistent with tetrahedral metal coordination
by three cysteinates and one histidine. Zinc(II) was found to readily
displace cobalt(II). For the DNA-binding experiments, ZnCl2 was
added to provide 100 µM free Zn2+ when resuspended for the
titration, taking into account the 1 equiv of Zn2+ bound per CCHC-
box domain.

Preparation of Oligonucleotides. The following single-stranded
deoxyribooligonucleotides, both unlabeled and 3′-fluorescein-
labeled, were obtained in purified form from the Johns Hopkins
School of Medicine biopolymer facility: d(TTGTT)-F, d(T3GTTGT3)-

Figure 2. Structure of the HIV-1 nucleocapsid protein bound to a 20-base RNA target. Each of the two CCHC-box domains interacts primarily with a
guanosine, with the guanine base lying in a pocket in the CCHC-box domain, making hydrogen bonds (shown as dotted lines) with the CCHC-box domain
backbone. Note that the CCHC-box domains have been reoriented for clarity.

UBPCON1: SRTCYNCGQTGHLSRECPSE
UBPCON2U: SRTCYNCGQTGHLSRECPSERKPKACYNCGQTGHLSR

ECPSE
UBPCON3UU: SRTCYNCGQTGHLSRECPSERKPKACYNCGQTGHLSR

ECPSERKPKACYNCGQTGHLSRECPSE
UBPCON2N: SRTCYNCGQTGHLSRECRAPRKKGCYNCGQTGHLSRE

CPSE

M + H+ (Da)

calcd obsd

UBPCON1 2229.4 2230.9
UBPCON2U 4676.2 4676.8
UBPCON3UU 7122.0 7122.3
UBPCON2N 4576.1 4576.4
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F, d(T3GTTGTTGT3)-F, d(T10)-F, d(T13)-F, d(T2GTTTGT3),
d(T3GTTGT3), d(T4GTGT3), and d(T5GGT3). Oligonucleotides were
resuspended in 10 mM sodium phosphate buffer, pH 7.0, with 200
mM NaCl and then dialyzed against a 1000-fold excess of the same
buffer plus 10 g of Chelex-100 beads (Sigma). The dialysis buffer
was changed once. The oligonucleotides were dialyzed against a
1000-fold excess of double-distilled water plus 10 g of Chelex-
100 beads and dried in a Savant SpeedVac concentrator. Light
exposure for the fluorescein-labeled oligonucleotides was mini-
mized. Oligonucleotides were resuspended under a 95% nitrogen/
5% hydrogen atmosphere with buffers degassed with helium when
used for a titration. Fluorescein-labeled oligonucleotides were
quantified using ε490 ) 70 000 M-1 cm-1. Unlabeled oligonucle-
otides were quantified using ε260 ) 86 800 M-1 cm-1 for all oligo-
nucleotides except d(T5GGT3), for which ε260 ) 86 200 M-1 cm-1

was used.
Binding Studies. The binding of the peptides to fluorescently

labeled oligonucleotides was monitored using a fluorescence
anisotropy assay. The measurements were made on an ISA
Fluorolog-3 spectrofluorometer configured in the L-format. Excita-
tion and emission (band-pass/wavelength) were (2 nm/492 nm) and
(6 nm/517 nm), respectively.

In a typical forward titration experiment, 220 µL of a 50-100
nM solution of the labeled oligonucleotide in 50 mM 2-(N-
morpholino)ethanesulfonic acid (MES) buffer, 150 mM NaCl,
100 µM ZnCl2, pH 6.0, was added to a 0.4 mL Spectrosil
stoppered fluorescence cuvette (Starna Cells, Inc.). The pH value
of 6.0 was chosen on the basis of preliminary observations which
indicated that several hours were required for the fluorescence
anisotropy to stabilize at high peptide concentrations (greater
than ∼100 µM) at pH 7.0. The fluorescence anisotropy of the
solution, corresponding to that of the free oligonucleotide, was
recorded. The peptide was then titrated into the cuvette from a
stock solution (50 mM MES, 150 mM NaCl, 100 µM free ZnCl2,
pH 6.0) in a stepwise fashion, and the resultant changes in
anisotropy were recorded.

For most cases, the total change in fluorescence intensity over
the course of an experiment was less than 10% and no correction
was applied. In the cases where the total intensity did change more
than 10%, the anisotropy, r, was converted to fraction bound, Fbound,
using the equation

where rfree is the anisotropy of the oligonucleotide, rbound is the
estimated anisotropy of the oligonucleotide-peptide complex at
saturation, and Q is the ratio of the quantum yields for bound versus
free oligonucleotide.

Competition titrations were begun as forward titrations, except
the buffer used was 50 mM N-2-hydroxyethylpiperazine-N′-2-
ethanesulfonic acid (HEPES) buffer, 150 mM NaCl, 100 µM
ZnCl2, pH 7.0 (plus 0.05 mg/mL bovine serum albumin for the
UBPCON2N titrations), and the peptide was added until binding
was estimated to be ∼90% saturated. At this point, unlabeled
oligonucleotides were titrated into the cuvette from a stock
solution (50 mM HEPES, 150 mM NaCl, 100 µM ZnCl2, pH
7.0) in a stepwise fashion, and the resultant changes in anisotropy
were recorded after 20 min, a time found to be sufficient for the
anisotropy signal to stabilize.

Results and Discussion

In order to test the hypothesis that single-stranded nucleic
acid binding proteins could be designed on the basis of arrays
of CCHC-box domains, we prepared a series of peptides
containing variable numbers of CCHC-box domains connected
by different linkers. The ability of these peptides to binding

appropriate oligonucleotides was monitored using a fluorescence
anisotropy-based binding assay.

We designed and synthesized four peptides based on the
consensus sequence of the five domains from UMSBP, which
is identical in sequence to the second CCHC-box domain from
UMSBP. The sequences of the peptides are

The first peptide, UBPCON1, is identical in sequence to the
second CCHC-box domain from UMSBP and the surrounding
residues. The second, UBPCON2U, consists of two CCHC-box
domains joined by the linker that occurs between domains 2
and 3 in UMSBP. Similarly, the UBPCON3UU consists of three
CCHC-box domains, with each pair joined by the linker from
UMSBP. The final protein, UBPCON2N, includes two CCHC-
box domains identical to those in UBPCON2U, but the linker
is based on the sequence that links the two CCHC-box domains
in the HIV-1 nucleocapsid protein.

Fluorescence anisotropy was selected as the assay for studying
nucleic acid binding.46-48 This assay has many advantages,
including the ability to study binding in solution under a wide
range of conditions and the ability to monitor binding quanti-
tatively for interactions with a wide range of peptide-nucleic
acid binding affinities. Fluorescence anisotropy is generally
applied to monitor protein-nucleic acid interactions through
the use of nucleic acids labeled with fluorescent tags.

DNA targets for these peptides were designed to be as simple
as possible, minimizing the likelihood of having alternative
binding sites and of forming stable secondary structures. For
UBPCON1, the pentadeoxyribonucleotide d(TTGTT)-F was
used where the 3′-end of the oligonucleotide was labeled with
fluorescein through the use of a fluorescein-based phosphora-
midite during synthesis. For UBPCON2U and UBPCON2N, two
labeled oligonucleotides were used: d(TTTGTTGTTT)-F and
d(TTTTTTTTTT)-F. In addition, four unlabeled oligonucle-
otides were used in competition studies: d(TTTGTTGTTT),
d(TTTTGTGTTT), d(TTGTTTGTTT), and d(TTTTTGGTTT).
Finally, for UBPCON3UU, two labeled oligonucleotides were
used: (TTTGTTGTTGTTT)-F and d(TTTTTTTTTTTTT)-F.

The results of initial studies with UBPCON1 being titrated
into a solution d(TTGTT)-F are shown in Figure 3A. An
essentially linear increase in anisotropy was observed up to a
concentration of 600 µM UBPCON1. No significant change in
fluorescence intensity was observed. The linear increase in
anisotropy suggests that this single-domain peptide binds with
this oligonucleotide with a dissociation constant greater than
300 µM. This binding is substantially weaker than that reported
for a single domain from the HIV-1 nucleocapsid protein binding
to a DNA pentanucleotide.27 However, the present studies were
performed in relatively high salt conditions (50 mM MES, 150

(46) Murakami, A.; Nakaura, M.; Nakatsuji, Y.; Nagahara, S.; Tran-Cong,
Q.; Makino, K. Nucleic Acids Res. 1991, 19, 4097–4102.

(47) LeTilly, V.; Royer, C. A. Biochemistry 1993, 32, 7753–7758.
(48) Heyduk, T.; Ma, Y.; Tang, H.; Ebright, R. H. Methods Enzymol. 1996,

274, 492–503.

Fbound )
r - rfree

(rbound - r)Q + (r - rfree)

UBPCON1: SRTCYNCGQTGHLSRECPSE
UBPCON2U: SRTCYNCGQTGHLSRECPSERKPKACYNCGQTGHLSR

ECPSE
UBPCON3UU: SRTCYNCGQTGHLSRECPSERKPKACYNCGQTGHLSR

EC-PSERKPKACYNCGQTGHLSRECPSE
UBPCON2N: SRTCYNCGQTGHLSRECRAPRKKGCYNCGQTGHLSRE

CPSE
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mM NaCl), whereas previous studies were monitored by NMR
in solutions with very low ionic strength.

UBPCON2U with two CCHC-box domains separated by the
linker with sequence and length from UMSBP was titrated into
d(T3GTTGT3)-F and d(T10)-F. The results are shown in Figure
3B. No significant changes in fluorescence intensity occurred
over the course of the titrations. The binding curve for

d(T3GTTGT3)-F showed a strong and weak binding phase and
was fit to a rectangular hyperbola plus a line to take into account
the weak-binding event. The tight phase was fit to yield a
dissociation constant of 4.4 ( 0.2 µM ((95% confidence
intervals). The binding curve for d(T10)-F was fit in a similar
manner, with the maximum anisotropy change of the tight phase
and the slope of the linear phase constrained to values from the
d(T3GTTGT3)-F titration to yield a dissociation constant of 144
( 12 µM.

The peptide UBPCON3UU, which contains three UMSBP
CCHC-box domains with each pair separated by the linker with
sequence and length from UMSBP, bound d(T3GTTGTTGT3)-F
with a tight and weak phase in a manner similar to that for
UBPCON2U. The results are shown in Figure 3C. The dis-
sociation constant determined for the tight phase was 1.1 (
0.1 µM. Similarly, UBPCON3UU bound d(T13)-F with a
dissociation constant of 19.4 ( 1.1 µM.

The ability of the peptide UBPCON2N (with a seven amino
acid linker derived from the HIV-1 nucleocapsid protein) to
bind d(T3GTTGT3)-F was examined. This oligonucletide was
used so that a direct comparison with the results for UBPCON2U
could be made. Studies described subsequently allowed exami-
nation of the effect of spacing between the guanosine residues
on oligonucleotide binding by these two proteins. As shown in
Figure 4A, the titration of UBPCON2N into a solution of
d(T3GTTGT3)-F resulted in both a substantial increase in
anisotropy and a significant decrease in fluorescence intensity.
Because of the substantial change in fluorescence intensity over
the course of the titration, the fraction bound (Fbound) was
calculated from the anisotropy data as described in the Experi-
mental Section. The intensity of the fluorescence continued to
decrease even after the calculated fraction bound was essentially
constant, suggesting that additional nonspecific binding also
occurs as was observed for UBPCON2U and UBPCON3U. The
fraction bound values were fit to yield a dissociation constant
of 2.7 ( 0.4 µM, as shown in Figure 4B.

In order to address the influence of spacing between guanosine
residues on the ability of the two-domain peptides to bind
oligonucleotides, competition experiments with unlabeled oligo-
nucleotides were performed. In these experiments, the peptides
UBPCON2U and UBPCON2N were added to d(T3GTTGT3)-F
until binding was ∼90% saturated. At this point, an unlabeled
oligonucleotide was added, and the loss of fluorescence anisotropy
was monitored. For each protein, three unlabeled oligonucleotides
were used. For UBPCON2U, these sequences were d(T4GTGT3),
d(T3GTTGT3), and d(T2GTTTGT3). For UBPCON2N, these
sequences were d(T5GGT3), d(T4GTGT3), and d(T3GTTGT3). The

Figure 4. Binding studies with the peptide with two CCHC-box domains joined by the linker from the HIV-nucleocapsid protein with d(TTTGTTGTTT)-
F. (A) Increase in fluorescence anisotropy (red) and decrease in fluorescence intensity. (B) Binding curve fit to the fraction bound, determined by the changes
in anisotropy, corrected for the changes in fluorescence intensity.

Figure 3. Plots of the changes in fluorescence anisotropy associated with
oligonucleotide binding by peptides with one (A), two (B), or three (C)
CCHC-box domains joined by linkers derived from UMSBP. Data are shown
for oligonucleotides containing appropriately spaced guanosine residue (red)
and the corresponding oligonucleotide containing only thymidine (blue),
with fit curves in black.
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results of these experiments are shown in Figure 5. There
experiments demonstrate that UBPCON2U shows a preference for
binding the oligonucleotide with two guanosine residues separated
by two nucleotides over oligonucleotides with guanosine residues
separated by either one or three nucleotides, in keeping with
expectations. Fitting these data with a competitive binding model49

suggests that the degree of preference is approximately 3-fold in
each case. In contrast, UBPCON2N shows a preference for binding
the oligonucleotide with guanosine residues separated by one
nucleotide over oligonucleotides with guanosine residues separated
by either none or two nucleotides. In this case, the level of
discrimination is somewhat higher, with apparent preferences
estimated to be 7- to 14-fold.

Summary and Conclusions

We have utilized the CCHC-box domain as a module for
designing a series of peptides that were predicted to bind single-
stranded oligonucleotides that contain appropriately spaced
guanosine residues. Through the use of a binding assay based
on fluorescence anisotropy measurements with fluorescein-
labeled oligonucleotides, we demonstrated that these peptides
preferentially bind guanosine-containing oligonucleotides over
oligonucleotides lacking guanosine, that the affinity for gua-
nosine-containing oligonucleotides increases as the number of

CCHC-box domains is increased, and that the length of the
linker between CCHC domains modulates the preference for
oligonucleotides with different spacings between guanosine
residues in a manner that is consistent with structural modeling.

These results represent only the first step in examining the
properties of designed CCHC-box-based peptides for binding
single-strand nucleic acids, as we have simplified the system
as much as possible to facilitate these initial studies. We have
used deoxyribonucleotides containing only guanosine and
thymidine that have not been optimized and have not modified
our original peptide designs in any way. Nonetheless, these
results clearly demonstrate that our design principles generated
peptides that have the nucleic acid binding properties anticipated
in the generation of the peptides.
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Figure 5. Effects of differences in spacing between guanosine residues on the binding of (A) UBPCON2U and (B) UBPCON2N determined by competition
experiments. UBPCON2U preferentially bound the oligonucleotide with the guanosines separated by two thymidines, whereas UBPCON2N preferentially
bound the oligonucleotide with the guanosines separated by a single thymidine.
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