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The structure and dynamics of proteins underlies the workings of
virtually every biological process. Existing biophysical methods are
inadequate to measure protein structure at atomic resolution, on a
rapid time scale, with limited amounts of protein, and in the context
of a cell or membrane. FRET can measure distances between two
probes, but depends on the orientation of the probes and typically
works only over long distances comparable with the size of many
proteins. Also, common probes used for FRET can be large and have
long, flexible attachment linkers that position dyes far from the
protein backbone. Here, we improve and extend a fluorescence
method called transition metal ion FRET that uses energy transfer to
transition metal ions as a reporter of short-range distances in proteins
with little orientation dependence. This method uses a very small
cysteine-reactive dye monobromobimane, with virtually no linker,
and various transition metal ions bound close to the peptide back-
bone as the acceptor. We show that, unlike larger fluorophores and
longer linkers, this donor–acceptor pair accurately reports short-
range distances and changes in backbone distances. We further
extend the method by using cysteine-reactive metal chelators, which
allow the technique to be used in protein regions of unknown
secondary structure or when native metal ion binding sites are
present. This improved method overcomes several of the key limita-
tions of classical FRET for intramolecular distance measurements.

fluorescence � peptides � FRET

F luorescence resonance energy transfer (FRET) occurs when
excitation energy is transferred from a donor fluorophore to

an acceptor dye through weak dipole–dipole resonance inter-
actions (1, 2). FRET is extremely sensitive to the distance
between the two dyes, with the transfer rate inversely propor-
tional to the sixth power of the distance between them. This steep
distance dependence has suggested that FRET could be used as
a spectroscopic ruler on the molecular scale (3, 4). In addition
to distance, five other factors influence the rate of energy
transfer: (i) the overlap of the donor’s and acceptor’s excitation
and absorbance spectra, respectively; (ii) the refractive index of
the solvent; (iii) the relative orientation of the dyes; (iv) the
quantum yield of the donor; and (v) the extinction coefficient of
the acceptor.

Although FRET is sensitive to the distance between probes,
several factors have prevented the widespread use of FRET to
easily map backbone distances within proteins. First, most com-
monly used FRET pairs have R0 values (distance at which FRET
efficiency is 50%) between �30 and 60 Å and are only able to
measure distances between �20 and 80 Å. Thus, to accurately
measure distances, the probes must be separated by large distances
relative to the size of many proteins. Also, the large size of many
dyes and their long attachment linkers position fluorophores far
from the backbone of the protein. These flexible linkers also
increase the conformational space sampled by the dye (4, 5).
Because of the strongly nonlinear dependence of FRET on dis-
tance, fluorophores can appear in a different position in FRET
measurements than the average center position of the dye in space
(4, 6, 7). This effect can be further exaggerated by the long

excited-state lifetimes of some probes (8). Because of these issues,
changes in backbone position might not be accurately represented
by changes in FRET signals. Last, the difficulty in determining the
relative orientation of the two probes can add uncertainty to the
interpretation of FRET (9).

We previously developed a fluorescence method called transition
metal ion FRET that improves on classical resonance energy
transfer (10). Specifically, we used colored transition metal ions as
ultrasmall, ultrashort-range FRET acceptors for the organic dye
fluorescein. The metal ion acceptors were bound to engineered
dihistidine sites in �-helices very close to the peptide backbone. This
technique (i) has the ability to measure distances at close range
(�5–20 Å), (ii) maintains the steep distance dependence of FRET,
(iii) exhibits a low orientation dependence, (iv) uses smaller dyes
with little or no linkers and minimal perturbation to the protein
backbone, (v) has the ability to independently label two sites within
one protein, (vi) has the ability to add and remove the acceptor to
measure absolute FRET efficiency by donor quenching/
dequenching, and (vii) affords the possibility of using multiple
acceptors in the same experiment.

Here, we have improved on transition metal ion FRET by using
a much smaller fluorescent donor (monobromobimane, mBBr),
which is close to the size of a natural amino acid, and three different
transition metal ion acceptors (11). mBBr was attached via cysteine
residues to model �-helical peptides, and metal ions were bound to
either dihistidine sites or small cysteine-attached metal chelators.
These FRET pairs afforded accurate measurements of distance in
the peptide backbone. When larger dyes or longer linkers were
used, we observed smaller changes in distance than those expected
from the structure of the peptides. This technique should open the
door to the complete mapping of unknown protein structures or
changes in protein structure with FRET.

Results
Transition Metal Ions as Distance-Dependent FRET Acceptors for
Bimane. Some transition metal ions including Ni2�, Cu2�, and Co2�

absorb visible light, making them potential FRET acceptors for
many fluorophores (12–15). The absorbance spectra of these metals
are broad, and their extinction coefficients are very small, between
5- and 30-fold less than commonly used organic fluorophores (12).
Fig. 1A shows the overlap of the absorbance of Ni2� and Cu2�

bound to histidine residues in a helical peptide with the emission of
the small organic fluorophore bimane. The extent of this overlap,
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low extinction coefficient of the metals, and low quantum yield of
bimane suggest that these metals should work as efficient FRET
acceptors for bimane only at very close distances. Indeed, the
calculated R0 (distance where FRET efficiency is half-maximal)
between bimane and these metals is 10 Å for Ni2� and 12 Å for
Cu2�. Also, the multiple transition dipoles of these metals virtually
eliminate the orientation dependence normally associated with
FRET (12, 13).

To explore close-range FRET between fluorophores and tran-
sition metal ions, we created a set of short 16-aa �-helical model
peptides (Fig. 1B). The sequences of our peptides were based on
previously described alanine-containing peptides, which are
strongly helical in aqueous solution (16). CD spectroscopy con-
firmed that our peptides were �-helical (Fig. S1). This reduced
chemical scaffold simulates larger proteins and allowed us to easily
manipulate several aspects of the system, including the structure of
the probes, their mechanism of attachment, and the molecular
distances between them. Each peptide contained a single cysteine
at the second amino acid position (C2). We modified this cysteine

with mBBr (Fig. 1B), a small fluorophore with a cysteine-reactive
methyl bromide linker consisting of only a single methylene group
(17). The peptides also contained a pair of histidines along one face
of the helix (Fig. 1B). Pairs of histidines have been shown to bind
transition metal ions with high affinity (18, 19). Coordination of the
metal with a dihistidine motif offers several advantages: (i) it binds
the metal at a well-defined location very close to the peptide
backbone, eliminating the long linker normally associated with dyes
used to label proteins; (ii) it can be engineered into existing
structural elements (�-helices and �-sheets) with minimal per-
turbation of the protein backbone; and (iii) the site can bind
different transition metal ions tightly, yet reversibly, affording
the possibility of using different acceptor dyes in the course of
the same experiment.

To test the distance dependence of transition metal ion FRET,
we performed fluorescence quenching experiments on the above
peptides in solution. We added increasing concentrations of metal
to solutions containing mBBr-modified peptides and monitored the
decrease in the donor’s emission. The fraction of donor quenching
(1 � Fmetal/F) is a direct measurement of FRET efficiency. In a
peptide with a metal binding site adjacent to the fluorophore
(C2H3H6), we observed substantial quenching with increasing
concentrations of both Ni2� (Fig. 1C) and Cu2� (Fig. 1D). There
was no change in the peak or the shape of the emission spectrum
consistent with quenching being the result of FRET. The quenching
with Cu2� is greater than the quenching with Ni2�, as expected
from its larger R0.

We determined the distance dependence of the FRET by
measuring the quenching of different model peptides that contain
metal binding sites at increasing distances from the mBBr-labeled
cysteine. For each of the peptides, the average remaining fluores-
cence (Fmetal/F) was plotted as a function of metal ion concentration
for both Ni2� and Cu2� (Fig. 1 E and F). The C2 control peptide
(no histidines) was quenched only at very high concentrations of
metal (�1 mM). This effect was likely the result of quenching by
metal ions in solution (10). The other peptides exhibited a second,
higher-affinity component, which was the result of metal binding to
the introduced site. To quantify the FRET efficiency in each
peptide (1 � Fmetal/F), we fit curves with a two-site binding model.
This analysis allowed us to separate the high-affinity quenching
caused by metal ions bound specifically to the engineered dihisti-
dine motifs from the low-affinity solution quenching observed in
the control peptides. The fraction of the donor’s fluorescence
quenched in the high-affinity component represents the FRET
efficiency (E). FRET to Cu2� and Ni2� was greatest when the
binding site was located closest to the C2 position (C2H3H6: Ni,
55 � 1%, n � 4; Cu, 90 � 3%, n � 4). The C2H6H10 peptide
showed on average less FRET (Ni2�, 44 � 3%, n � 4; Cu2�, 92 �
3%, n � 4), and the peptide with the binding site farthest from the
C2 position showed the smallest amount of FRET (Ni2�, 9 � 3%,
n � 4; Cu2�, 30 � 2%, n � 4).

Fluorophores can transfer energy to acceptors through processes
other than FRET (4, 20–22). These processes include Dexter
exchange and electron transfer and occur predominantly at very
close distances (�5 Å), because they require the direct overlap of
the electronic orbitals of the fluorophore and quencher (4, 20–22).
For electron transfer, the rate of energy transfer falls off with an
exponential dependence on distance, whereas the rate of FRET
falls off with an inverse sixth power dependence on distance (4, 22).
To determine whether the quenching that we observed was caused
by FRET and not another form of energy transfer, we deter-
mined the distance dependence of the rate of energy transfer by
using the distances predicted from the �-carbon positions of an
�-helix. Fig. 2A shows that our data do not fit to an exponential
decay and conform better to an inverse sixth power of distance
dependence. Moreover, the measured transfer rate closely ap-
proximated the theoretical predictions of the Förster model for
both Ni2� and Cu2�.
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Fig. 1. Measuring distances between transition metal ions bound to dihistidine
motifs and mBBr in helical peptides. (A) Spectral overlap between the emission of
mBBr reacted with glutathione and the absorbance of Cu2� and Ni2� bound to
the peptide ACAAKAAAKHAAAHKA. (B) Sequences of model peptides. Diagram
depicting C2H6H10, with mBBr reacted to the cysteine at position 2 (purple), and
histidine residues at positions 6 and 10 (green). The positions of the other
histidine residues used (3 and 14) are highlighted in green. (C) Spectra of the
mBBr-reactedpeptideC2mBBrH3H6at increasing[Ni2�]. (D)SpectraofC2mBBrH3H6
at increasing [Cu2�]. (E) Average Ni2� quenching of mBBr-reacted peptides.
Fluorescence was normalized to the intensity before the addition of metal. Black
trace is a single-site binding fit to the data. All other solid lines are two-site
binding curves fit to the data. (F) Average Cu2� quenching of the peptides in E.
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To further show that our data fit a FRET mechanism, we
modeled the position of the donor fluorophore in space by using
experimental FRET values (Fig. 2B). Assuming an �-helical pep-
tide structure and a modeled position of the metal binding site, the
FRET efficiencies obtained for both Ni2� and Cu2� at all three
metal ion binding sites are fit well by the Förster equation with the
theoretical R0 values of 10 Å for Ni2� and 12 Å for Cu2�. These data
indicate that the small fluorophore mBBr can be used as an
ultrashort distance-dependent FRET donor for transition metal
ions, and that FRET between mBBr and metal ions can be used to
measure very short distances in peptides.

Optimal Spacing of Histidines for Metal Coordination in an �-Helix.
Binding sites for transition metal ions can be engineered into
existing secondary elements by introducing as few as two histidines
into the protein (18). For example, two histidines separated by one
turn of an �-helix can produce a binding site with micromolar
affinity (18). The strength of this interaction has been suggested to
depend on the exact spacing of the histidines along the helix (18).
To determine the optimal spacing of histidines in our system, we
measured the metal binding affinity for a series of peptides by
transition metal ion FRET (Fig. 3A). The peptides were conjugated
with fluorescein-5-maleimide (F5M) and studied with increasing
concentrations of Ni2� or Cu2�. As seen for mBBr, a peptide with
no histidines (C2) showed quenching only at high concentrations of
Ni2� (�1 mM) (Fig. 3B). Similarly, a peptide with a single histidine
located close to the labeled cysteine (C8H12) exhibited quenching
only at relatively large concentrations of Ni2�. These data indicate
that a single histidine does not provide a strong binding site.
However, a peptide with two adjacent histidines positioned near the
cysteine (C8H11H12) showed robust quenching with a higher
affinity (KD, 318 � 100 �M) than the control or single histidine
peptides. A peptide with the histidines spaced one turn away on the
�-helix (C2H6H10) showed the highest affinity (125 � 40 �M).
From these data, we conclude that two histidines bind Ni2� with
high affinity and that spacing the histidines one turn away on an
�-helix provides the most robust binding site.

Right-handed �-helices found in proteins consist of 3.6 residues
for each turn of the helix. Thus, histidines at the i and i � 3 and i
and i � 4 position of the helix could both, in principal, form metal
coordination sites. We next asked whether the i � 3 or i � 4 spacing
created a better metal ion binding site in our model �-helix. At a
position one helical turn from the dye-modified cysteine, both Ni2�

and Cu2� bound with a higher affinity to the i � 4 configuration
(C2H6H10) (Fig. 3 C and D). However, when the first histidine was
located directly adjacent to the dye-modified cysteine, Ni2� pre-
ferred the i � 3 spacing (C2H3H6), whereas Cu2� preferred the i
� 4 spacing (C2H3H7) (Fig. 3 E and F). We conclude that the i �

4 spacing generally creates a better binding site; however, other
local factors, including neighboring residues, backbone stability,
and solvent exposure, may influence the ion specificity or affinity
of the dihistidine site. These factors should be considered and tested
when applying transition metal ion FRET to the study of protein
structure.

Labeling Peptides with Cysteine-Reactive Metal-Binding Molecules.
Although dihistidine sites offer a number of advantages for binding
metal ions, under some circumstances, their use may be problem-
atic: (i) when the protein contains a nearby native metal binding site
of equal or higher affinity, (ii) when the site is uncoiled or its
structure is unknown, and (iii) when metal coordination by two
histidines causes a change in structure or constrains a conforma-
tional rearrangement. For these situations, we used an alternative
method for introducing metal quenchers: using small cysteine-
reactive metal binding groups to coordinate the metals (23).
Synthetic metal binding molecules such as nitrilotriacetic acid
(NTA), EDTA, and iminodiacetic acid (IDA), can bind transition
metal ions such as Ni2�, Cu2�, and Co2�, with affinities in the
picomolar range, higher than the affinity of most native sites in
proteins. Similar chelators have been used to coordinate lanthanide
ions for use in luminescence resonance energy transfer studies (24).
Metals bound to EDTA have similar absorption spectra to metals
bound to dihistidine peptides (Fig. 4A). The R0 between bimane and
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EDTA-chelated metals was calculated to be 9.2 Å for Ni2�, 10.3 Å
for Cu2�, and 11.7 Å for Co2�. Also, the metal binding groups can
be introduced at a cysteine residue without any previous knowledge
of the structure of the protein and with minimal perturbation to the
backbone. Thus, the use of synthetic metal binding molecules might
mitigate some of the issues associated with endogenous metal sites
or structural constraints and extends the usefulness of the transition
metal ion FRET method.

To test whether cysteine-reactive chelators could be used to
coordinate metals for transition metal ion FRET, we created a set
of short peptides that contained two incrementally spaced cysteines
(Fig. 4B). The peptides were partially labeled with mBBr and then
completely labeled with an excess of MTS-EDTA, a cysteine-
reactive metal chelator. This procedure ensured that virtually every
fluorescent peptide that had a donor (mBBr) also had an acceptor
(MTS-EDTA). Reversed-phase liquid chromatography showed
that the fluorescent peptides were nearly equally divided between
the two orientations of donor and acceptor, and virtually no peptide
contained two donor fluorophores. Using saturating concentra-
tions of metal (10–100 �M), we tested whether EDTA-bound
metals could FRET with mBBr. Peptides showed position- and
metal-specific quenching (Fig. 4C). Control peptides modified with
N-ethylmaleimide (NEM), a molecule that does not bind metal,
showed no appreciable quenching (Fig. 4C). These data indicate
that metal binding molecules such as EDTA can be used to
coordinate metals at defined locations within proteins for use as
FRET acceptors. Similar data were acquired by using F5M for the
donor and metal bound to a cysteine-reactive NTA (MNTA) as the
acceptor (Fig. S2).

Linker Effects on Transition Metal Ion FRET. Many fluorophores used
to label cysteines in biological molecules are attached to reactive
groups through long, flexible linkers. Long linkers can increase the
diffusional area occupied by a fluorophore or an acceptor molecule
and can skew FRET measurements (4). For example, movement of
the fluorophore during the excited-state lifetime can bias FRET
measurements toward shorter distances. This bias occurs because of
the nonlinear dependence of distance on energy transfer (4, 8, 25).
Even a distribution of static distances can skew FRET measure-
ments (7). Specifically, distances measured by FRET appear closer
to the R0 distance when there is heterogeneity of fluorophore
positions (4, 7). To explore the effect of linker length on transition

metal ion FRET, we compared FRET between dihistidine-bound
Ni2� and bimane with essentially no linker (mBBr) to bimane
attached by a long, flexible linker (bimane-C3-maleimide, BC3M)
(Fig. 5A). Fig. 5A shows a comparison of Ni2� quenching in the two
differently labeled peptides. In C2H3H6, the BC3M-labeled pep-
tide had less FRET (31 � 5%) than mBBr-labeled peptide (55 �
5%). Thus, the long linker of BC3M likely positioned the dye farther
on average from the metal binding site. These data indicate that
close-range distance measurements of backbone structure can be
affected by the length of linkers connecting probes to the backbone.
Clearly, for direct measurements of backbone distances with
FRET, it is important to use short linkers.
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To determine the influence of probe size and linker length on
distance calculation, we measured distances for five donor–
acceptors pairs of various sizes (Fig. 5B). Fig. 5C shows a plot of the
change in apparent distance between two labeled positions within
the peptide calculated from FRET changes compared with the
change in distance expected from an �-helical model. From the
model, the distance between two backbone positions was measured
to be �5.5 Å. The change in distance observed with the small dye
mBBr and dihistidine-coordinated metals was closest to the value
predicted from the backbone structure (5 Å) (Fig. 5C). However,
when we used a larger fluorophore (F5M), the apparent distance
change was reduced to 2.7 Å. Also, using mBBr with cysteine-
reactive metal chelators produced an underestimate of the distance
change (2 Å), although the shorter MTS-EDTA was better than the
longer MNTA chelator (0.8 Å). When we used both a larger dye and
long linkers on the metal chelator (F5M and MNTA), we observed
the smallest difference in apparent distance between the probes (0.6
Å). From this analysis, we conclude that the use of large dyes and
long linkers can result in a dramatic underestimate of backbone
distance changes in proteins. This problem was largely alleviated by
using the smallest dye (mBBr) in combination with the shortest
linker (dihistidine coordination of transition metals).

Discussion
On the scale of most proteins, dyes typically used for FRET are
large. In transition metal ion FRET, the probes used are small.
Here, we used bimane, a fluorophore that emits at visible wave-
lengths with virtually no linker to position the fluorophore as close
as possible to the peptide backbone while still maintaining confor-
mational flexibility of the probe. Also, we have used metal ion
acceptors that were coordinated very near to the peptide backbone
and minimally perturb the backbone structure. Thus, distances
obtained with transition metal ion FRET more accurately repre-
sent the backbone architecture of the protein than standard FRET.
Also, distance changes of the protein backbone are better recapit-
ulated in changes in FRET when using this system. Minimizing the
effects of probe size and linker length should extend the fidelity and
sensitivity of FRET for measuring backbone distances and confor-
mational motions of the backbone.

FRET depends on the relative orientation between the probes
(9). Because transition metal ions have multiple absorption dipoles,
these orientation effects should be mitigated (12). Again, this
advantage of transition metal ion FRET has the potential to
improve the accuracy and reliability of distance measurements
within biological molecules.

Last, with transition metal ion FRET, multiple acceptors can be
used in a single experiment. Dihistidine binding sites and metal
chelators accommodate ions with a range of absorption spectra and
extinction coefficients. This feature of transition metal ion FRET
provides the opportunity to obtain multiple separate measurements
of distance. Indeed, in our measurements, both Ni2� and Cu2�

predicted distances that were within 1 Å of one another. Because
FRET estimates of distance are most accurate when the distance is
near R0, the acceptor used can be tuned to match the range of
distances in question.

Several important considerations should be made when applying
transition metal ion FRET to the study of protein structures. FRET
efficiency is influenced by the quantum yield of the donor (2).
Changes in quantum yields have been observed in proteins under-
going conformation changes. Because of this issue, controls should
be performed to ensure that apparent changes in FRET are not
caused by changes in the fluorophore itself (26). Previous methods
to address this issue include exchanging the position of the donor
and acceptor site and measuring distances from multiple positions
(10, 26–28). Also, as we have shown, regional differences in the
binding affinity of the dihistidine site may occur in peptides and
proteins. Indeed, dihistidine sites in proteins have been shown to
have a range of binding affinities (10, 18, 19). These differences in

affinity might be caused by surrounding residues, the stability of the
helix, the local pKa of the histidines, or the solvent exposure of the
site. We recommend that a full concentration-response curve be
performed to ensure that each metal binding site is saturated.
Third, transition metals might bind to native metal binding sites on
the protein and produce FRET (10). The contribution of native
metal binding sites to the FRET measurements should be assessed
in the absence of engineered sites. Last, transition metal ions can
affect the activity and behavior of enzymes. These effects might
occur either through the oxidation of cysteine residues or the direct
binding of the ion to native sites. In this regard, the activity of the
protein should be tested in the absence and presence of fluorophore
and metals.

When large fluorophores with long linkers are used, determining
the location of the fluorophore in space is nontrivial (29). Several
methods have been developed to account for this uncertainty.
These methods include Bayesian statistical methods and molecular
dynamics modeling to calculate a region that the fluorophore
attached to the protein will likely occupy during the excited-state
lifetime (30, 31). Although these computational methods improve
the ability to estimate the location of the fluorophore in space, an
experimental method that precludes the use of computation to find
backbone positions would be advantageous. In transition metal ion
FRET, because both probes are small and attached near the
peptide backbone, estimating the likely area the dye occupies is
much simpler. Also, because of the close proximity between the dye
and attachment site, transition metal ion FRET better reflects the
structure of the backbone.

Although X-ray crystallography has provided high-resolution
static images of many proteins, the conformational architecture and
dynamics of most proteins in solution are largely unknown. Tech-
niques to map the structure and dynamics of proteins in their native
environment are required for a complete understanding of protein
function. We anticipate that transition metal ion FRET will help to
fill this gap in understanding by providing Å-scale distance mapping
of proteins in solution or in membranes. This information should
help reveal how proteins of known structure transition between
various states. It also has the potential to aid in the high-resolution
modeling of unknown protein structures. Indeed, using only a few
distance constraints can substantially improve the ability of current
computational methods to predict the structure of a protein (32).
Future applications of transition metal ion FRET to single-
molecule fluorescence and live cell imaging have the added poten-
tial to reveal the complex nature of protein mechanics in individual
molecules in a cellular environment.

Methods
Peptides. Peptides were synthesized with N-terminal acetylation and C-terminal
amidation (Sigma or American Peptide) and diluted to a concentration of 20 �M
in either Mops buffer (260 mM NaCl/60 mM Mops, pH 7.2) or Hepes buffer (520
mMNaCl/12mMHepes,pH7.2). Singlecysteinecontainingpeptideswere labeled
with 100 �M cysteine-reactive fluorophore (mBBr, BC3M, or F5M; Invitrogen), for
2 h at room temperature. For peptides with two cysteines, 40 �M peptide was
reacted with 2 �M fluorescent dye to ensure that no more than one cysteine per
molecule was labeled. The remaining cysteines were reacted with an excess of
cysteine-reactive metal chelator [400 �M of either N-[5(3�-maleimidopropyl-
amido)-1-carboxypentyl]iminoacetic acid (MNTA) or [S-methanethiosulfonylcys-
teaminyl]ethylenediamine-N,N,N�,N�-tetraacetic acid (MTS-EDTA); Dojindo or
Toronto Research Chemicals]. Labeled peptides were purified as a single peak
from unincorporated dye by fluorescence size exclusion chromatography
(Shimadzu) using a Superdex Peptide 10/300 column (GE Healthcare).

Spectroscopy and Fluorometry. Fluorescently-labeled peptide was diluted in 4	
fluorescence buffer (520 mM NaCl/12 mM Hepes, pH 7.2). For metal-binding
curves, HPLC purified peptide was mixed with an equal volume of metal solutions
andtwicethevolumeof2,2,2-trifluorethanol (TFE) (finalconcentration50%)and
kept on ice. Steady-state fluorescence emission spectra were acquired with a
Fluorolog-3 fluorometer (Horiba). The absorbance of metals bound to unlabeled
dihistidine model peptides (ACAAKAAAKHAAAHKA) at ratio 3:1 peptide/metal,
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or excess EDTA, or NTA were determined with a Beckman DU640 spectropho-
tometer.

Fluorescence Data Analysis. Fluorescence values were averaged over a 9-nm
window surrounding the peak of the spectrum. All spectra were blank-corrected
and normalized to the fluorescence before the addition of metals. Fluorescence
was corrected for the inner filter effect (4). Data for the control C2 peptides were
fitted to a one-site binding curve model with the following equation to account
for nonspecific solution quenching of the fluorophore:

Fmetal

F
�

1

1 �

metal�

Kd1

.

Fmetal is the fluorescence of the donor in the presence of metal, F is the
fluorescence of the donor without metal, and Kd1 is the equilibrium dissoci-
ation constant for solution quenching. Data for the peptides containing
engineered metal binding sites were fitted with a two-site binding curve
model with the following equation:

Fmetal

F
� �1 �

E

1 �
Kd2


metal�
� � 1

1 �

metal�

Kd1
� .

E is the FRET efficiency, and Kd2 is the equilibrium dissociation constant for the
engineered metal binding sites. Kd1 was fixed at the same value measured for
solution quenching in control peptides. The distances between the fluoro-
phore and the metal were calculated by using the Förster equation:

R � R0�1
E

� 1�
1
6

.

R is the distance between the fluorophore and the metal, and R0 is the Förster
distance. R0 was calculated as previous described (2, 4, 10). To calculate the
theoretical rate of energy transfer for FRET, the following equation was used:

Kt �
1
�D

�R0

R �6

,

where Kt is the rate of energy transfer and �D is the lifetime of bimane in the
absence of acceptor (8 ns) (17). The experimental rate of energy transfer was
calculated with the following equation:

Kt �
1

�1
E

� 1� �D

.

To calculate the theoretical rate of energy transfer for
electron transfer, the following equation was used (4):

Kt � 1013e�Rc�R1.4,

where Kt is the rate of energy transfer, Rc is the van der Waals contact distance
(4 Å) between the two probes, and R is the distance between probes. The rate
of 1013 s�1 was used as the maximum rate of energy transfer at van der Waals
contact distances, and 1.4 Å�1 was used as the exponential coefficient of decay
(�) (21).

Modeling and Structure Determination. Models of �-helices, dyes, and metal ion
binding sites were built with PYMOL (The PyMOL Molecular Graphics System,
DeLano Scientific) and ViewerPro (Accelrys) from ideal �-helical models and a
survey of crystal structures of metal-binding proteins from the Protein Data Bank.
To model the position of mBBr, distances to each metal binding site were
calculatedfromFRET.A locationofthefluorophorewasfoundbyusingthesolver
function of Excel (Microsoft) that produced the best fit by a least-squares analysis
to all of the experimental data (28). To determine distances of backbone resides,
�-carbons of each labeled residue were measured from the ideal helical model.
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