
ORIGINAL ARTICLE

Metal binding to cowpea chlorotic mottle virus
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Abstract Metals are thought to play a role in the
structure of many viruses. The crystal structure of the
T=3 icosahedral cowpea chlorotic mottle virus
(CCMV) suggests the presence of 180 unique metal-
binding sites in the assembled protein cage. Each of
these sites is thought to involve the coordination of the
metal by five amino acids contributed from two adja-
cent coat protein subunits. We have used fluorescence
resonance energy transfer (FRET), from tryptophan
residues proximal to the putative metal-binding sites, to
probe Tb(III) binding to the virus. Binding of Tb(III)
was investigated on the wild-type virus and a mutant
where the RNA binding ability of the virus was re-
moved. Tb(III) binding was observed both in the wild-
type virus (Kd=19 lM) and the mutant (Kd=17 lM),
as monitored by the increase in Tb(III) fluorescence
(545 nm) and concomitant decrease in tryptophan flu-
orescence (342 nm). Competitive binding experiments
showed Ca(II) to have about 100-fold less affinity for
the binding sites (Kd=1.97 mM). This is the first direct
evidence of metal binding to the putative metal-binding
sites, originally suggested from the crystal structure of
CCMV.
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Introduction

Metals often play an essential role in macromolecular
protein assembly [1, 2, 3]. For example, viral capsids are
typically assembled from a limited set of protein su-
bunits that often involve metal coordination [4]. In
addition, many virus particles can undergo dramatic
structural transitions, often associated with processes of
infection. The influenza virus, for example, undergoes
dramatic structural transitions to release its nucleic acid
into the cell [5]. A small spherical plant virus, cowpea
chlorotic mottle virus (CCMV), has been a model system
for understanding the chemical basis of virion assembly
for the past 30 years [6, 7, 8]. The virion is comprised of
180 identical copies of a single coat-protein subunit
which assemble into 28 nm T=3 icosahedral particles
(Fig. 1) both in vivo and in vitro. The CCMV virion
encapsulates an approximately 2.3 kb single-stranded
RNA genome [9]. The RNA is predominantly associated
with the protein shell through an electrostatic interac-
tion with the basic N-terminus, composed of nine Arg
and Lys residues, in each coat-protein subunit. In vitro,
at neutral pH, the assembly of CCMV is dependent on
the presence of divalent metal ions, such as Ca2+ [10,
11]. Putative metal-binding sites have been suggested by
the CCMV crystal structure, but full occupancy of these
sites was not observed due to the low pH conditions
(pH 3.2) used for crystallization [12]. This illustrates that
once the CCMV virion is assembled, the bound metal
ions are labile and can be removed by substantially
reducing the pH. In addition, metals can be removed
from the virus at near neutral pH by chelating agents,
without causing virion disassembly. The crystal struc-
ture suggests that the putative metal-binding sites are
located at the 60 separate quasi-three-fold axes formed
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at the interface between three coat-protein subunits
(Fig. 1). There are three putative metal-binding sites at
each of these axes, leading to 180 sites in the assembled
T=3 virion. The coordination of the Ca2+ ion at these
sites has been modeled and is thought to include the
carboxylic oxygens of three acidic residues (E81, E148,
and D153) and the carbonyl oxygens of two polar
groups (Q85 and Q149) [12, 13]. Removal of metals from
these sites, at near neutral pH, causes a structural
transition, resulting in the swelling of the virion. Below
pH 6.5, the suspected sidechains coordinating the metal
ions are protonated. Under these conditions the virus is
in its closed (unswollen) conformation, independent of
the presence or absence of metal ions. The swelling
structural transition is a result of expansion at the
pseudo-three-fold axis centered around the putative
metal-binding sites. However, there is little direct bio-
chemical information regarding the metal binding at the
putative metal-binding sites.

We have used fluorescence resonance energy transfer
(FRET) to probe the metal-binding characteristics of
CCMV with two different metal ions [Ca(II) and
Tb(III)] that have physiological significance or spectro-
scopic advantages. Both wild-type virus and a geneti-
cally altered virus have been used. The genetically
altered virus used in this study is not capable of pack-
aging nucleic acid and has allowed us to directly com-
pare metal binding to CCMV in the presence and
absence of packaged viral RNA.

Materials and methods

CCMV virions used in binding studies

Two forms of CCMV virions were used in these experiments: the
wild-type virus (wt CCMV) which contained the native viral RNA,
and a mutant form of CCMV, devoid of the viral RNA [14]. The

wild type was purified to homogeneity from infected cowpea plants
[11], while the mutant virus capsid was purified from a yeast het-
erologous expression system [14]. In this mutant, termed subE,
eight basic N-terminal amino acids (K8, K20, K22, R11, R14, R15,
R19, and R23) have been altered to the acidic glutamic acid (E)
residue using QuikChange site-directed mutagenesis (Stratagene,
La Jolla, Calif.). Immediately prior to fluorescence experiments, the
virions were fractionated using size exclusion chromatography
(Superose 6, Amersham Biosciences, Uppsala, Sweden; 50 mM
MES, pH 6.5) to eliminate any aggregates or subunit disassembly
products potentially present in the samples. Purified virions were
analyzed by dynamic light scattering (ZetaPlus, Brookhaven
Instruments), SDS-PAGE, and directly visualized using transmis-
sion electron microscopy (Leo 912 at 100 kV) of negatively stained
samples (1% uranyl acetate). Protein concentration was deter-
mined by the absorbance at 280 nm (�=24,075 M)1 cm)1) and
confirmed using a biuret assay [15].

Fluorescence

All fluorescence experiments were performed on a SPEX Fluoro-
max2 or a Fluorolog spectrophotometer at 25 �C. Excitation and
emission slit widths were set to 4 and 8 nm, respectively. The flu-
orescence spectrum of tryptophan in the native CCMV was mea-
sured (kmax=342 nm) following excitation at 295 nm. A stock
solution (250 mM) of Tb(NO3)3 was prepared in pure water
(18 MX resistivity) and diluted to give a working solution of
25 mM for Tb(III) binding studies. The concentrations of both
solutions were independently measured by atomic emission induc-
tively coupled plasma (AE ICP) measurements. Fluorescence was
measured on solutions of virus (2.0 mL, 2 lM, 5 lM, or 7 lM
subunit concentration) to which metal ion was added in 5–20 lL
increments. The first 12 additions were 10 lL of metal solution
(0.25 mM) and six subsequent additions were 5 lL of metal ion
solution at 2.5 mM concentration. All fluorescence experiments
were independently measured at least three times. FRET from
tryptophan to bound Tb resulted in typical Tb(III) emission [16],
where the 545 nm peak (5D4 fi 7F5) was monitored in the present
study. The pH of the samples was buffered at 6.5 (50 mM MES,
50 mM NaCl).

Calculation of metal-binding isotherm and dissociation constants

In analyzing the data for Tb(III) binding to the CCMV protein
cage, we have made the underlying assumption that all 180 sites are
invariant, with identical affinities. Assuming an average of one
binding site per subunit allows us to use a simple single-site model
(Eq. 1) to analyze the data:

/B ¼
Tb IIIð Þ½ �F

Tb IIIð Þ½ �FþKd
ð1Þ

where /B is the fraction of CCMV bound to Tb(III), [Tb(III)]F is
the free Tb(III) concentration, and Kd is the dissociation constant.

Fluorescence data were collected after addition of each aliquot
of Tb(III) and fluorescence intensities monitored at 342 nm (tryp-
tophan emission) and at 545 nm (Tb(III) emission). After baseline
correction, the fluorescence spectra around the 5D4 fi 7F5 peak
(530–570 nm) were individually fit with a Gaussian function to find
the maximum intensity. Values of /B were estimated independently
for the 342 nm emission (decreasing intensity indicating increased
FRET) and 545 nm emission (increasing intensity indicating in-
creased FRET) data. For the 545 nm data we used /B ¼ I545=Imax

545
while for the 342 nm data /B ¼ I0342 � I342

� �
= I0342 � Imin

342

� �
was used,

where I0342 represents the initial intensity at 342 nm while
Imin
342 and Imax

545 represent the limiting intensities (at high Tb(III)
concentration). The limiting intensities were estimated by fitting the
raw data (fluorescence intensity versus total Tb(III) concentration)
to a rectangular hyperbola (similar to Eq. 1). Values of [Tb(III)]F

Fig. 1 Ribbon diagram of the T=3 icosahedral cowpea chlorotic
mottle virus (CCMV; pdb 1cwp): (a) subunit showing a helices in
red and b sheets in green; (b) the assembled 180 subunit virion with
the asymmetric unit shown; (c) three subunits form the asymmetric
unit with putative Ca(II) binding site (residues E81, E148, D153,
Q85, and Q149 in red) coordinating the Ca ions (blue). The
sidechain of Trp55 is shown in blue
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were estimated from the total Tb(III) concentration, [Tb(III)]T, and
total CCMV concentration, [CCMV]T, as: [Tb(III)]F=[Tb(III)]T)
/B[CCMV]T.

Competitive binding experiments were performed to assess the
relative affinities of a second ion, e.g. Ca(II), to the Tb(III) binding
site. The apparent relative binding affinity of the second ion X,
Kapp, is related to the decrease in Tb(III) fluorescence, I545, as a
function of total concentration of X as:

I545 ¼
Imax
545 Kapp

Kapp þ X½ �T
þ I lim545 ð2Þ

where [X]T is the total concentration of X and I lim
545

is the limiting
value of I545 at high [X]T. The dissociation constant for X, KX

d was
then obtained from [17]:

KX
d ¼

Kapp

1þ Tb IIIð Þ½ �T
KTb IIIð Þ
d

ð3Þ

Results

In the assembled virus particle, each subunit has an
endogenous tryptophan residue (W55) located approxi-
mately 1.5 nm from the putative metal-binding site
(Fig. 1C). This provides an ideal geometry for using
FRET to probe the metal binding at this site. Upon
excitation of the tryptophan at 295 nm, FRET to the
fluorescent lanthanide ion, Tb(III), was observed when it
occupied the metal-binding site. Thus, by monitoring the
increase in Tb(III) fluorescence, and concomitant loss of
tryptophan fluorescence, as a function of added Tb(III),
we have probed the metal-binding characteristics of this
site. The resulting hyperbolic binding isotherms have
been modeled to yield apparent dissociation constants
for Tb(III) binding to the putative binding sites.

Initially we examined Tb(III) binding to highly
purified wild-type CCMV. The purity of the protein
component was assessed by SDS-PAGE and the RNA
component by theA260/A280 ratio of the absorbance,
which was found to be 1.7. As expected, the purified
virus was assembled into 28-nm diameter T=3 icosa-
hedral particles, as determined by size exclusion chro-
matography, electron microscopy (Fig. 2), and dynamic
light scattering.

Tb(III) binding to CCMV was measured at pH 6.5.
Fluorescence of the endogenous tryptophan was moni-
tored at 342 nm after excitation at 295 nm. On addition
of Tb(III) to CCMV there was a decrease in the emission
at 342 nm with increasing Tb (Fig. 3). The decrease in
emission at 342 nm eventually reached a plateau, sug-
gesting saturation of the binding site (Fig. 4). This de-
crease in emission at 342 nm was accompanied by a

Fig. 2 Characterization of the assembled CCMV virion: (a) size
exclusion chromatography of wild-type and subE mutant virions;
(b) transmission electron micrograph of the wild-type (left) and
subE (right) virions, negatively stained with uranyl acetate
(scalebar is 100 nm)

Fig. 3 Fluorescence spectra of wild-type CCMV, in the absence
(broken line) and in the presence of Tb(III) (solid line). The growth
of the Tb(III) peak at 545 nm as a function of increasing Tb(III) is
illustrated in the inset. The corresponding binding isotherm is
shown in Fig. 4

Fig. 4 Tb(III) binding isotherm for wild-type CCMV (5 lM
subunit concentration; pH 6.5 and 25 �C). Following excitation
at 295 nm, the binding isotherm was constructed by monitoring the
increase in fluorescence emission at 545 nm and concomitant
decrease at 342 nm. A global fit of both data seta to Eq. 1
yieldedKd=19 lM
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concomitant increase in the emission at 545 nm (Fig. 3),
which also saturated at the same Tb(III) concentrations.
The binding isotherms depicting the fraction saturation
as a function of free Tb(III) is shown for both the loss of
tryptophan fluorescence and increase in Tb(III) fluo-
rescence in Fig. 4. A global fit to fraction saturation
data (both 545 nm and 342 nm data) to Eq. 1 yielded
Kd=19 lM for wild-type CCMV. These data support
the model that the increase in Tb fluorescence can be
associated with FRET from tryptophan.

To examine if the presence of viral RNA affects metal
binding to the coat protein, we examined the Tb(III)
binding in the absence of any viral nucleic acid. This was
accomplished by taking advantage of the subE mutant
in which eight of the basic residues at the N-terminus
were exchanged for the acidic residue glutamic acid. The
purity of the protein component was assessed by
SDS-PAGE. This mutant assembled into 28-nm diam-

eter T=3 icosahedral particles indistinguishable from
wild-type particles, as determined by size exclusion
chromatography, electron microscopy, and dynamic
light scattering both prior to and following metal bind-
ing studies (Fig. 2). In contrast to wild-type virus par-
ticles, the subE protein cage was determined to be empty
of RNA by electron microscopy and UV spectroscopy,
in which the A260/A280 ratio was determined to be 0.8.

The purified subE virions were used to examine
Tb(III) binding in the absence of any RNA. Tb(III)
binding to subE was measured at pH 6.5, and fluores-
cence of the endogenous tryptophan was monitored at
342 nm after excitation at 295 nm. Similar to the wild-
type virus, on addition of Tb(III) to the subE mutant
there was a decrease in the emission at 342 nm with
increasing added Tb(III) (Fig. 5). This decrease in
emission at 342 nm was accompanied by an identical
relative concomitant increase in the emission at 545 nm
associated with FRET. Both the decrease in tryptophan
emission at 342 nm and the increase in Tb(III) emission
at 545 nm reached a plateau at similar Tb(III) concen-
trations, suggesting saturation of the binding sites

Fig. 5 Fluorescence spectra of the SubE mutant of CCMV, in the
absence (broken line) and in the presence of Tb(III) (solid line). The
growth of the Tb(III) peak at 545 nm as a function of increasing
Tb(III) is illustrated in the inset. The corresponding binding
isotherm is shown in Fig. 6

Fig. 6 Tb(III) binding isotherm for subE mutant of CCMV (5 lM
subunit concentration; pH 6.5 and 25 �C). Following excitation at
295 nm, the binding isotherm was constructed by monitoring the
increase in fluorescence emission at 545 nm and concomitant
decrease at 342 nm. A global fit of both data sets to
Eq. 1yieldedKd=17 lM

Fig. 8 Normalized (to volume changes) intensity values of Tb(III)
emission (545 nm) in wild-type CCMV ([subunit]=3 lM;
[Tb(III)]=38.1 lM) as a function of increasing Ca(II) concentra-
tion. A fit of the data to Eq. 2 yieldedKapp=5.9 mM, resulting in a
KX
d (Eq. 3) value of 1.97 mM

Fig. 7 The disappearance of Tb(III) emission (545 nm band) in
wild-type CCMV ([subunit]=3 lM; [Tb(III)]=38.1 lM) as a
function of increasing Ca(II) concentration. The corresponding
competitive binding analysis is shown in Fig. 8

724



(Fig. 6). The binding isotherms depicting the fraction
saturation as a function of free Tb(III) is shown for both
the loss of tryptophan fluorescence and increase in
Tb(III) fluorescence (Fig. 6). From a global fit of these
data (to Eq. 1), the estimated dissociation constant for
Tb binding to 180 quasi-equivalent binding sites in subE
is Kd=17 lM. Like wild-type CCMV, the subE mutant
has a similar affinity for Tb(III), suggesting that the
RNA does not play a significant role in Tb(III) binding.
The subE mutant has allowed us to quantify metal
binding to the assembled viral protein cage in the ab-
sence of any nucleic acid.

To investigate the binding of the biologically relevant
Ca(II) to CCMV, we used a competitive binding assay
between Tb(III) and Ca(II). CCMV (wild type) satu-
rated with Tb(III) was exposed to increasing amounts of
Ca(II) and both tryptophan and Tb(III) fluorescence
were monitored at 342 nm and 545 nm, respectively.
With increasing Ca(II) there was an associated increase
in the tryptophan fluorescence (not shown) and a con-
comitant decrease in the Tb(III) fluorescence at 545 nm
(Fig. 7). These data were fit to Eq. 2 and yielded a dis-
sociation constant, KX

d ¼ 1:97 mM, for Ca(II) binding to
CCMV (Fig. 8; Eqs. 2 and 3). This indicates that the
Ca(II) affinity is approximately 100-fold lower than that
observed for Tb(III) binding.

Discussion

In this study we have investigated the metal–protein
interactions in the assembled plant virus CCMV. This is
the first quantitative analysis of metal binding to a virus.
Using the fluorescent lanthanide ion Tb(III), a well-
established and effective mimic for Ca(II), we have
exploited FRET to probe the metal interactions with the
virus in the presence and absence of nucleic acid.
Experiments with wild-type virus suggest the presence of
a metal-binding site in close proximity to a tryptophan
residue. This corresponds well with the putative metal-
binding sites suggested by the crystal structure, origi-
nating from a coordination of the metal by five amino
acid residues contributed from two adjacent subunits. In
the assembled virus particle there are 180 of these sites.
Owing to the T=3 icosahedral symmetry of the virus,
these sites are not strictly equivalent, but are quasi-
equivalent and for our analysis we have assumed that
they are functionally identical.

Genetic engineering has allowed us to investigate the
specific contribution of the virion protein shell to metal
binding. In the subE mutant we removed the ability of
the virion to bind nucleic acid, which allowed us to study
the metal binding to the viral capsid in isolation. We
found that metal binding to CCMV, with aKd�20 lM,
was independent of the presence of the viral nucleic acid.
At first glance it might seem surprising that the poly-
anionic RNA contributes so little to the overall metal
binding. However, consideration of the nine basic

residues on each coat protein N-terminus, and 13 basic
residues identified as nucleic acid binding sites from the
crystal structure, suggests that there are few anionic sites
remaining for metal binding to RNA. The RNA could
also play a role in virion structural transitions (swelling),
which are known to be metal ion dependent [12, 18]. Our
data suggest that the RNA does not play a critical role
and that the protein–metal ion interactions predomi-
nate. This is also consistent with our observations that
RNA-free subE virions undergo swelling.

The 100-fold difference in binding affinity between
Tb(III) and Ca(II) is consistent with their difference in
charge. Other studies have shown similar range of
affinities for these two metal ions. From a biological
viewpoint, the Ca(II) binding appears weak, which may
have important implications in virus replication. The
biological role of metals in virus particle structure,
assembly, and replication are not well understood.
Many viruses are known to bind metals and the exis-
tence of the coordinated metal-binding sites suggests
that they have a role in virus infection and replication
[19]. Future studies should focus on the direct in vivo
role of physiologically relevant metals (Ca, Mg) on the
CCMV replication cycle.
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