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ABSTRACT: Genetically encoded Forster resonance energy transfer (FRET) sensors
enable the visualization of ions, molecules, and processes in live cells. However, despite
their widespread use, the molecular states that determine sensor performance are usually
poorly understood, which limits efforts to improve them. We used dynamic light scattering
(DLS) and time-resolved fluorescence anisotropy to uncover the sensing mechanism of
ZifCV1.173, a Zn** FRET sensor. We found that the dynamic range (DR) of ZifCV1.173
was dominated by the high FRET efficiency of the Zn**-free state, in which the donor and
acceptor fluorescent proteins were closely associated. Mutating the donor—acceptor
interface revealed that the DR of ZifCV1.173 could be increased or decreased by
promoting or disrupting the donor—acceptor interaction, respectively. Adapting the same
mutations to a related sensor showed the same pattern of DR tuning, supporting our
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sensing mechanism and suggesting that DLS and time-resolved fluorescence anisotropy might be generally useful in the

biophysical characterization of other FRET sensors.

B INTRODUCTION

Genetically encoded Forster resonance energy transfer
(FRET) sensors are widely used to track the localization and
dynamics of biological ions and molecules in live cells. These
sensors consist of donor and acceptor fluorescent protein (FP)
domains (often cyan- and yellow-emitting variants, respec-
tively) attached to a structurally responsive analyte binding
domain. The resulting macromolecule is capable of converting
a binding event into a change in FRET efliciency between the
donor and acceptor FP domains, which can be imaged and
related to the analyte concentration. Thanks to the ease of
modern cloning techniques and the availability of analyte
binding domain crystal structures to guide their design, there
are currently over 100 analytes' for which a 7genetically
encoded FRET sensor exists, including many ions”~ and small
molecules.””

Despite the well-known dependence of FRET on the
distance and orientation between donor and acceptor
transition dipole moments,'" as well as the availability of
structural information for the individual sensor components,
there is often little-to-no understanding of the underlying
molecular configurations that give rise to sensor response.
Furthermore, FRET sensors often perform poorly and require
optimization to be useful. However, in the absence of specific
molecular information, optimization efforts are usually limited
to modifications of linker and FP domains that are borrowed
from fundamentally different sensors.”'"'* Although these
efforts do often result in improved sensors, the lack of
molecular insight into the sensing process limits the develop-
ment of new sensors and the improvement of existing ones.

-4 ACS Publications  © 2019 American Chemical Society

We set out to characterize the molecular states involved in
the FRET response to Zn** binding for a class of Zn>* FRET

sensors (Figure 1) that consist of enhanced cyan fluorescent
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Figure 1. Components of the Zn** FRET sensor, ZifCV1.173. The
crystal structures of enhanced cyan fluorescent protein (ECFP) (cyan,
pdb: 2wsn) and Venus (yellow, pdb: Imyw) are shown as ribbons,
with the mutation sites (A206 and 1146 on ECFP) and circular
permutation sites (157 and 173 on Venus) shown as spheres. A single
Zn** finger from the Zif268 transcription factor makes up the Zn>*
binding domain (ZBD) and is shown in gray (pdb: 1p47) with bound
Zn** shown as a dark gray sphere coordinated by two cysteine and
two histidine residues. Three amino acids link the Zn?* finger to either
FP and are represented as dashed lines. In ZifCV1.157, the Venus
domain is linked to the rest of the sensor at position 157, giving the
donor and acceptor domains a different relative orientation.
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protein (ECFP)"’ and Venus'* connected by a Zn*" finger
from the yeast transcription factor, Zif268." This class of Zn>*
sensors was designed by Dittmer et al. on the basis that the
Zif268 Zn®* fingers are unstructured in the absence of Zn*"
and adopt a helix-f-hairpin fold (Figure 1, gray) upon binding
to Zn>*.'® Park et al. used circular permutations of Venus to
improve the sensor dynamic ranges (DR),"” which is defined
as the magnitude of the FRET change in response to analyte
binding

X

DR = &%

min

(1)

where R, and R, are the maximum and minimum ratios,
respectively, of acceptor to donor fluorescence, upon donor
excitation. The DR of any sensor is, therefore, a reflection of
the change in FRET efficiency that results from analyte binding
and is due to altered distance and/or orientation between
donor and acceptor FPs. One promising variant, ZifCV1.173,
contains cpVenus173 as the FRET acceptor and showed a DR
of 2.6 in the mitochondria of HeLa cells, which allowed for a
more accurate quantification of mitochondrial Zn** compared
to the first-generation sensor which had a DR of 1.2."

We used a combination of time-resolved fluorescence
anisotropy and dynamic light scattering (DLS) to measure
the configurational changes that accompany Zn*" binding to
ZifCV1.173 in vitro. Our results suggest a sensing mechanism
whereby the FP domains of ZifCV1.173 are engaged in close
intramolecular association in the absence of Zn>*, in an
orientation that resembles the homodimer complex of green
fluorescent protein (GFP). The close association of ECFP and
cpVenusl73 leads to efficient FRET in this state. Binding of
Zn*" causes a large change in both the separation and relative
orientation of ECFP and cpVenusl73, leading to a drastic
reduction in FRET efliciency and an overall high DR
Mutations to the interface between ECFP and cpVenusl173
allowed us to rationally tune the sensor DR by manipulating
the strength of the intramolecular FP association, including the
I146N mutation which nearly tripled the DR of ZifCV1.173
and the closely related ZifCV1.157. Our success in tuning
sensor performance lends support to our hypothesized sensing
mechanism and suggests that the I146N mutation could be
used to improve the DR of FRET sensors that operate via a
similar mechanism. Indeed, the formation of a compact state
with close donor—acceptor FP domain interactions has been
engineered into several different FRET sensor 7platforms and is
a powerful strategy for increasing sensor DR.”'*~*° However,
to our knowledge, the I146N mutation has not previously been
used to improve the DR of a FRET sensor. Additionally, the
combination of time-resolved fluorescence anisotropy and DLS
will undoubtedly prove useful in engineering efforts of FRET
sensors in general.

B EXPERIMENTAL METHODS

Expression and Purification of Sensors. The genes for
His¢-tagged ZifCV1.173 and ZifCV1.157 were introduced into
pBAD vectors between the BamHI and EcoRI restriction sites,
and mutations were made to positions 146 and 206 using a
QuickChange mutagenesis kit from Agilent with primers
carrying the desired mutations (see the Supporting Informa-
tion for full DNA sequences). pBAD vectors containing the
desired sequence were used to transform Top10 Escherichia coli
cells, which were grown overnight at 37 °C on agarose plates
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containing ampicillin. Single colonies were picked and grown
for 12—16 h at 37 °C in 5 mL of lysogeny broth, shaking at
250 rpm. These starter cultures (1 mL of the S mL culture)
were used to seed the growth of 400—800 mL of culture.
Sensors were expressed for 24—36 h at 28 °C with the addition
of 0.2% arabinose (w/v) after the cultures reached an OD of
0.6. Cells were harvested by centrifugation at 5500g for 15 min
and frozen at —80 °C for at least 2 h before thawing at 4 °C.
Thawed cells were treated with 3 mL of bacterial protein
extraction reagent (Thermo) per gram of dry cell pellet
(typically 1—2 g) at room temperature while stirring for at least
30 min, and then the Hiss-tagged sensors were purified via
nickel—nitrilotriacetic acid (Ni—NTA) chromatography.
Eluted Hisg-tagged sensors were buffer exchanged to a buffer
containing 20 mM N-(2-hydroxyethyl)piperazine-N’-ethane-
sulfonic acid (Hepes), 100 mM NaCl, 1 mM dithiothreitol
(DTT), and 20 uM ZnCl, at pH 8, concentrated to 1 mg/mL,
and then subjected to proteolysis by His-TEV (Sigma) at a
molar ratio of 1:50 (His-TEV/sensor) for 12—16 h at 4°C.
Cleaved sensors were purified using Ni—NTA chromatog-
raphy, treated with 1 mM ethylenediaminetetraacetic acid
(EDTA) for 30—60 min to remove any free or bound Zn**,
and then were buffer exchanged to a buffer containing 1 mM
DTT, 150 mM Hepes, and 100 mM NaCl at pH 7.4 in chelex-
treated water. Typical sensor yields were 5—10 mg from 800
mL of the culture. Purified sensors were used immediately or
were flash frozen in liquid nitrogen and stored at —80 °C.
Dynamic Light Scattering and Fluorescence Aniso-
tropy. For DLS measurements, purified sensor was concen-
trated to ~8 yuM and incubated for at least S min with a
buffered Zn>" solution, prepared as described previously,” to a
final Zn?* concentration of 20 uM to ensure complete
saturation of the sensor. DLS spectra were collected using a
Malvern Zetasizer, averaging 3 runs per sample, with at least 12
scans per run. Reported hydrodynamic diameters are averaged
from at least three technical replicates. After recording the data
for the saturated Zn** conditions, samples were incubated with
1 mM EDTA for at least S min before recording the data
exactly as before. A FluoTime 100 time-correlated single
photon counting spectrometer was used to record time-
resolved fluorescence decays with TimeHarp 260 timing
electronics. A 440 nm pulsed laser (PicoQuant; pulse width
< 200 ps) operating at a repetition frequency of 20 MHz was
used to excite the samples. Emission was collected using a
PMA 200 photomultiplier tube (PicoQuant) after passing
through either donor or acceptor bandpass filters (donor: 480
+ 30 nm; acceptor: 542 + 27 nm). Purified sensors were
concentrated to ~1 M and mixed with a 12 M buffered Zn**
solution prepared, as described previously.” Samples were
incubated for at least 5 min to ensure that the sensors were
fully saturated during measurements. Using vertically polarized
excitation, decays were recorded with both vertically and
horizontally polarized emission in both the donor and acceptor
channels, with at least three technical replicates of each decay
recorded per sensor. After recording decays in the saturating
Zn?* conditions, the sensors were incubated with 1 mM EDTA
for at least S min before recording all decays exactly as before.
Zn?* Sensor Titrations. Sensor titrations were performed
by diluting purified sensor to a final concentration of 1 gM in a
buffer containing 1 mM DTT, 150 mM Hepes, 100 mM NaCl,
and the desired concentration of buffered Zn>* (prepared as
described previously’) at pH 7.4 in chelex-treated water. After
incubation for at least 5 min, 100 uL of the sensor/Zn>*
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solution was added to the wells of a black round-bottom 96-
well plate. The fluorescence intensities at 485 and 531 nm
under 440 nm excitation were recorded using a Molecular
Devices ID3 plate reader. Plots of the ratio of 531 to 485 nm
fluorescence vs Zn>* concentration were fit in Matlab using the
model defined by eq 2 and described in detail by Pomorski and
co-workers>!

1531,B'[Zn2+]n + Iy, u [Kpl”
I4ss,B‘[Zn2+]n + Lgsy[Kpl

- )

where I3, and I are the fluorescence intensities at 531 and
485 nm, respectively, [Zn*"] is the concentration of buffered
Zn**, Kp is the apparent Zn? affinity, n is the Hill coefficient,
and the subscripts U and B represent the unbound and bound
states of the sensor, respectively.

B RESULTS AND DISCUSSION

We purified ZifCV1.173 from E. coli and characterized its
properties in the presence of Zn** and EDTA, a strong metal
chelator. Figure 2A shows emission spectra of ZifCV1.173 in
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Figure 2. Upon binding to Zn**, ZifCV1.173 displays a decrease in
FRET efficiency and an increase in size. (A) Representative emission
spectra of ZifCV1.173 under 440 nm excitation in the presence of
EDTA (dashed lines) and Zn** (solid lines). Spectra are scaled so that
the value of 531 nm fluorescence in the presence of EDTA is one. The
maximum and minimum FRET ratios, R, and R, are calculated as
the maximum and minimum ratios of the 531 nm fluorescence to 485
nm fluorescence intensities. (B) Representative DLS spectra of
ZifCV1.173 in the presence of EDTA (dashed lines) and Zn** (solid
lines).

the presence of Zn** (solid lines) and EDTA (dashed lines).
ZifCV1.173 had an R, 0 9.2 + 0.2 and an R, of 3.7 + 0.2,
giving it a DR of 2.5 + 0.1 based on eq 1, which closely
matches the DR reported in HeLa cells. In contrast to most
FRET sensors, which achieve R,;, in their unbound forms and
R, in their bound forms, ZifCV1.173 showed an inverted
response to Zn’* binding, which is the same behavior that was
reported in cells.'” The inverted response suggests that in the
presence of EDTA where the Zn** binding domain (ZBD) is
unstructured, the FP domains are either in close proximity or
are otherwise oriented for efficient FRET. Folding of the ZBD
upon Zn*" binding then creates separation between ECFP and
cpVenusl73 or alters their orientation resulting in reduced
FRET efhiciency.

To identify the molecular determinants of the large DR of
the inverted-responding ZifCV1.173, we interrogated it using
DLS and time-resolved fluorescence anisotropy. Figure 2B
shows representative DLS spectra for ZifCV1.173. The
hydrodynamic diameter in the presence of EDTA (dashed
lines) was 5.2 + 0.2 nm with a full width at half maximum
(FWHM) of 3.5 + 0.1 nm. In the presence of Zn>* (solid
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lines), ZifCV1.173 underwent a large increase in size to 13.2 +
0.4 nm with an increased FWHM of 7.5 + 0.3 nm, suggesting
more structural heterogeneity in this state. The change in
hydrodynamic diameter of 8 nm upon Zn** binding could
reflect a large increase in separation between ECFP and
cpVenus173, explaining the large DR of ZifCV1.173. However,
the DLS measurements result in observed diffusion coef-
ficients, which require knowledge of shape to be directly
related to size. Here, we assumed spherical shapes for our
diffusing samples.”> Although this is not necessarily a good
approximation for multidomain molecules like ZifCV1.173, it
is clear from Figure 2B that the Zn**-bound sensor diffused
much more slowly than the Zn**-free sensor. To complement
the translational diffusion changes of ZifCV1.173 in response
to Zn** binding, we recorded fluorescence anisotropy decays of
the donor fluorescence after donor excitation to capture
rotational diffusion changes in response to Zn** binding. We
measured a large increase in the rotational decay time for
ZifCV1.173 upon Zn>' binding (Figure S1), which is
consistent with the size increase determined by DLS.
Altogether, these data suggest that Zn®>' binding to
ZifCV1.173 induced a large change in size and/or shape that
resulted in a slowing of diffusion and a decrease in FRET
between ECFP and cpVenus173.

The small hydrodynamic diameter of the Zn**-free state of
ZifCV1.173 suggests that this state is compact, with the FP
domains in close proximity. This makes sense given the large
R, of the sensor, which indicates efficient FRET between
ECFP and cpVenus173. Additionally, ECFP and cpVenus173
are derived from Aequroea victoria GFP (hereafter, GFP),
which dimerizes in the solution.”>** Therefore, ECFP and
cpVenus173 may also associate when tethered by the relatively
small ZBD. Indeed, considering the Zn’**-free state of
ZifCV1.173 as a 5.2 nm diameter sphere results in an effective
FP concentration of >50 mM inside the sphere, which is nearly
3 orders of magnitude greater than the 0.1 mM Ky of GFP
dimerization.”” Moreover, a 5.2 nm sphere is hardly big
enough to contain two FP domains of a single sensor (Figure
S2), let alone the linkers and ZBD. Based on these geometric
and affinity considerations, as well as the large R, in the
presence of EDTA, ECFP and cpVenus173 likely associate in
the unbound form of ZifCV1.173.

Because we suspected an intramolecular association between
the FP domains of the Zn>'-free state of ZifCV1.173, we
wondered if these domains interacted with a similar geometry
to that of GFP dimers. We investigated this possibility by
measuring the time-resolved fluorescence anisotropy of the
FRET signal after donor excitation to determine the relative
orientation between the transition dipole moments of ECFP
and cpVenus173. Fluorescence anisotropy reflects the relative
orientation of the excitation and emission transition dipole
moments, and is described by eq 3, where r, is the initial
anisotropy of the detected photons and @7 is the transfer angle
betvggen transition dipole moments (illustrated in Figure
S3).

1
5 (3)

In the case of FRET, exciting the donor and recording the
anisotropy of the acceptor leads to an initial anisotropy that
reflects the orientation between donor and acceptor transition
dipole moments. This technique has been used to investigate
FRET in several FP systems, including yellow fluorescent

3
VO(QT) = g COSZ(HT) -
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protein (YFP) dimers,”’ a Ca?* FRET sensor,” and a
molecular crowding FRET sensor.”

Figure 3A shows representative FRET anisotropy decays of
ZifCV1.173 after donor excitation. In the presence of Zn*"
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Figure 3. ECFP and cpVenus173 domains in the unbound form of
ZifCV1.173 are oriented similarly to GFP molecules in the GFP
dimer crystal structure. (A) Representative anisotropy decays of the
FRET signal (515—569 nm) of ZifCV1.173 upon 440 nm excitation
in the presence of EDTA (black) and Zn** (blue). (B) The crystal
structure of GFP, (pdb: 1gfl) with two molecules in the unit cell
oriented so that the angle between adjacent chromophores (rendered
as sticks) can easily be seen. 8y, calculated from the crystal structure,
is 61.1° (dashed red arc). Lines are drawn through both
chromophores to guide the eye.

(blue), ry was 0.24 + 0.01 and decayed to zero at long times.
However, in the presence of EDTA (black), r, was —0.01 +
0.01 and remained negative even at long times, similar to
observations of YFP dimers.”” From eq 3, these r, values result
in O values between ECFP and cpVenusl173 of 25.4 + 0.9° in
Zn** and $56.3 + 0.4° in EDTA. One factor that would
normally limit the straightforward estimation of 81 from r, is
the presence of donor fluorescence in the FRET emission
window. However, because of the high R, values of the
sensor, the amount of donor fluorescence in the FRET
emission window was negligible. The change in 61 of 30.9°
coupled with the large increase in hydrodynamic diameter
from DLS suggests that ZifCV1.173 changed drastically in
molecular configuration upon Zn** binding. Interestingly, 6 of
56.3° in the unbound form of ZifCV1.173 closely matches 07
between adjacent chromophores in the GFP dimer crystal
structure (Figure 3B), which we calculated to be 61.1° (see
Supporting Note).

Our observations that the unbound form of ZifCV1.173 had
(1) a large R, suggestive of efficient FRET in its unbound
form, (2) a small hydrodynamic diameter, and (3) a O
between the chromophores in ECFP and cpVenusl173 that
closely matches 0 between GFP dimer chromophores, all
point to a molecular configuration where ECFP and
cpVenusl73 are in close association in the unbound form of
the sensor, in an orientation resembling the GFP dimer
complex. To examine this possibility, we made mutations to
the sensor that would alter the interaction between ECFP and
cpVenusl73 if they were indeed oriented similarly to the GFP
crystal structure. We would then expect to see changes in the
FRET efficiency between ECFP and cpVenus173, and thus the
overall DR of the sensor.

To disrupt the hypothesized donor—acceptor interaction, we
made the A206K mutation to the ECFP domain of
ZifCV1.173. A206K disrupts the homodimerization of
GFP,” so if ECFP and cpVenus173 associate at the same
interface in ZifCV1.173, their interaction should be disrupted.
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Representative emission spectra of this mutant sensor in the
presence and absence of Zn>" are shown in Figure 4A (red).
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Figure 4. The dynamic range of ZifCV1.173 can be modulated by
mutating the surface of ECFP. (A) Representative emission spectra of
the three variants of ZifCV1.173 in the presence of EDTA (dashed
lines) and Zn** (solid lines), colored according to the labels in panel
(B). Spectra are scaled so that the 485 nm fluorescence intensity is
one in all cases, which makes the 531 nm peak equal to either R, or
Ruine (B) Dynamic range measurements for all three variants of
ZifCV1.173. The bars indicate the average of three measurements,
whereas the individual measurements are shown as dots. (C) A
cartoon model of the unbound forms of the ZifCV1.173 variants.
ECFP and cpVenusl73 are shown as blue and yellow cylinders,
respectively, linked by the zinc binding domain in green. Red and
green dots represent the A206K and I146N mutations, respectively.

Relative to wild type (WT) ZifCV1.173 (blue), the A206K
variant had reduced R,;, (1.9 + 0.1) and R, (3.2 + 0.1)
values, suggesting that the FRET efliciency between ECFP and
cpVenus173 was reduced in both the bound and unbound
forms of the A206K variant. However, the reduction in R,
was more pronounced (281%, relative to WT) than the
reduction in R, (200%).

To promote the hypothesized donor—acceptor interaction,
we made the I146N mutation to the ECFP domain of
ZifCV1.173. 1146N increases the homodimerization tendency
of ECFP from a Ky, of 3 to 0.51 mM (see Figure S4 for a
detailed explanation).”’ The emission spectra of the 1146N
mutant are shown in Figure 4A (green). In the presence of
Zn>*, R, was 2.9 + 0.1 (a 152% decrease relative to WT), and
in the presence of EDTA, R, was 158 + 03 (a 176%
increase relative to WT). From Figure 44, it is clear that both
these mutations caused greater changes in the FRET
efficiencies of the unbound states (R,,) than the bound
states (R,,;,). Interestingly, the A206K mutation, which we
thought might disrupt the ECFP—cpVenusl73 interaction,
decreased the FRET efliciency of the unbound state.
Conversely, the 1146N mutation, which we thought might
enhance the ECFP—cpVenusl73 interaction, increased the
FRET efficiency of the unbound state. Moreover, the
observation that these GFP dimer-influencing mutations
altered the FRET efficiency between ECFP and cpVenus173
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suggests that the ECFP—cpVenus173 interface in the unbound
form of ZifCV1.173 indeed resembles the GFP—GFP interface.

To understand how the intramolecular association between
ECFP and cpVenus173 influenced the overall performance of
ZifCV1.173, we measured the effect of the surface mutations
on sensor DR (Figure 4B). Compared to the WT DR of 2.5,
the A206K and I146N variants had DRs of 1.7 + 0.1 and 5.7 +
0.2, respectively. Interestingly, the dimer-disrupting mutation,
A206K, decreased the DR, whereas the dimer-promoting
mutation, [146N, increased the DR. This influence of
intramolecular FP association on DR is similar to observations
of other genetically encoded ion sensors.”*” From Figure 44, it
is clear that the DR changes were largely a result of the changes
in R,,, which reflects the FRET efficiency of the Zn>'-free
sensor. Specifically, the 5.7 DR of the I146N mutant of
ZifCV1.173 is one of the highest-reported DRs for an FP-based
FRET sensor and is largely due to its high R, of 15.8.

These observations led us to conclude that the intra-
molecular ECFP—cpVenus173 interaction in the unbound
form of ZifCV1.173 is the dominant parameter in determining
its DR. Figure 4C summarizes this idea and shows the
hypothesized effect of the surface mutations. The A206K
mutant of ZifCV1.173 had a reduced DR relative to WT, likely
because A206K disrupted the ECFP—cpVenus173 interaction.
This is supported by the decreased R,,,, of the A206K mutant
sensor (Figure 4A) and the change in 6 of the mutant sensor
in the presence of EDTA (Figure SS). In contrast, the [146N
mutant had an increased DR of 5.7, likely due to the
promotion of the ECFP—cpVenusl173 interaction by I146N.
This is supported by the increase in R, of the [146N mutant
sensor (Figure 4A) and little change to 01 (Figure SS).

To further test the accuracy of our cartoon model for the
unbound form of the ZifCV1.173, we measured the apparent
affinity of each sensor variant for Zn**. If the effect of the
surface mutations is to alter the strength of the ECFP—
cpVenus173 interaction, then one might expect the mutations
to influence the apparent Ky, for Zn**. Figure S6 shows Zn**
titrations for all three ZifCV1.173 variants fit to eq 2. The
apparent Ky, values were 39.4 + 3.8, 52.8 + 4.7, and 64.2 + 2.3
nM for the WT, A206K, and I146N variants, respectively.
Relative to WT, both mutant sensors had a weaker apparent
affinity for Zn*", although the effect was more pronounced for
the I146N variant. Because we expected the I146N mutation to
promote the ECFP—cpVenus173 interaction, it makes sense
that the I146N variant had a weakened affinity: a higher Zn*"
concentration is required to disrupt the strengthened intra-
molecular FP association. However, the A206K variant did not
show an increased affinity for Zn**, which might have been
expected based on the hypothesized effect of the A206K
mutation: reduced intramolecular FP association should make
folding of the ZBD easier and thus give the sensor a greater
apparent affinity for Zn**. That the apparent Kp, values do not
trend straightforwardly with sensor DR is likely a reflection of
the fact that knowledge of the identity of the Zn**-bound state,
in addition to that of the Zn**-free state, is necessary to fully
rationalize these apparent affinities. However, the overall effect
of these mutations on sensor affinity is relatively small
compared to their effect on DR.

Although our experimental approach has proven valuable in
identifying intramolecular FP association as a key determinant
of the DR of these sensors, the effectiveness of surface
mutations in promoting the formation of a compact, high
FRET state and a higher DR has also been discussed in the
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. 7,18-20,33
context of other Zn>" sensors and in protease sensors.” ’

For example, Nguyen and Daugherty developed a cyan-yellow
FRET pair, called CyPet-YPet, which is optimized for efficient
FRET due to mutations to the FP domain surfaces that
promote their intramolecular association.””*> However, even
without any optimization of ECFP and cpVenus173 surface
residues, the WT ZifCV1.173 adopts a compact intramolecular
dimer-like conformation in the absence of Zn?* with high
FRET, similar to the CyPet-YPet pair. The formation of this
compact state is likely due to the combination of two factors:
(1) the relative orientation of ECFP and cpVenusl173
compared to a differently permuted acceptor and (2) the
relatively small size of the ZBD and linkers. These two factors
allow the donor and acceptor domains of ZifCV1.173 to be in
a favorable orientation for association with a high effective FP
concentration due to the fact that the FP domains are tethered
by only 38 amino acids (ZBD and linkers).

With this model of the Zn>*-free state of ZifCV1.173, and a
rationale for increasing DR, we made the same mutations to a
related sensor, ZifCV1.157, to test the generalizability of our
model. In ZifCV1.157, cpVenusl73 is replaced by cpVe-
nus157, causing the donor and acceptor FPs to have a different
relative orientation (see Figure 1 and caption for details). The
DR values of the ZifCV1.157 variants are shown in Figure 5A,
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Figure S. A206K and 1146N mutations influence the dynamic range
of ZifCV1.157 in a similar fashion to the mutations in ZifCV1.173.
(A) Dynamic range measurements for all three variants of
ZifCV1.157. The bars indicate the average of three measurements,
whereas the individual measurements are shown as dots. (B)
Representative FRET anisotropy decays (515—569 nm) after 440
nm excitation for the three ZifCV1.157 variants in the presence of
EDTA, colored according to the bars in panel (A). Transfer angles,
calculated from eq 3, are shown for each mutant.

where the A206K mutant had the lowest DR (1.3 + 0.1), WT
had a slightly higher DR (1.5 + 0.1), and the 146N variant
had a DR of 3.8 + 0.1, nearly triple that of WT. Similar to the
ZifCV1.173 variants, the DR changes in ZifCV1.157 were due
to the greater variability in R, compared to R, (Figure S7).
The R, values of the ZifCV1.157 variants trended in the
same order as those of the ZifCV1.173 variants (A206K < WT
< I146N), suggesting that the same intramolecular donor—
acceptor interaction was at play in the ZifCV1.157 variants.
Additionally, FRET anisotropy decays in the presence of
EDTA (Figure SB) resulted in 6; of 28.2 + 0.3 and 28.6 +
0.1° for the WT ZifCV1.157 and A206K mutant, respectively.
However, the 1146N mutant had a 6 of 57.0 + 0.3°, which
closely matches that of the GFP dimer crystal structure (Figure
3B). Conversely, in the presence of Zn?", all three variants had
similar O values between 28.8° and 31.2° (Figure S8). The 67
values for the unbound ZifCV1.157 variants suggest that unlike
ZifCV1.173, which adopts the GFP dimer-like conformation in
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its unbound form, cpVenuslS7 prevents ZifCV1.157 from
adopting this same orientation. The unbound WT ZifCV1.157
may then resemble the configuration for the A206K mutant of
ZifCV1.173 in Figure 4C, which explains why A206K had little
effect on Op and R, of ZifCV1.157 (Figures SB and S7).
However, I146N had a pronounced effect on the DR, 6, and
Ri.x of ZifCV1.157, forcing the unbound sensor to adopt a
configuration that resembled the GFP dimer complex and
leading to highly efficient FRET (R, = 15). Thus, the high
FRET efficiency resulting from the intramolecular ECFP—
cpVenus association provides the basis for this class of sensors
to achieve a high DR.

The model that we have drawn for the unbound form of
these Zif268-based sensors is reminiscent of the eCALWY class
of Zn** FRET sensors, which also have inverted FRET
responses due to surface modifications that stabilize the
intramolecular association of donor and acceptor FP domains
in the unbound state.” However, in the case of eCALWY and
other inverted-responding FRET sensors, steady-state fluo-
rescence anisotropy and size exclusion chromatography have
often been used to infer the formation of intramolecular FP
domain interactions, but the studies did not seek to measure
the geometric parameters describing the structures of the
compact ligand-free states.”'®>*** Here, the combination of
DLS and time-resolved fluorescence anisotropy allowed us to
determine not only that the intramolecular FP domain
interactions exist in the Zif268-based sensors, but that they
cause the donor and acceptor FPs to associate with a similar
orientation to the GFP dimer crystal structure. Moreover, our
observation that the I146N mutation can force the unbound
state of the sensors to adopt a compact, high FRET state even
in the case of ZifCV1.157 where the FP domains are not
optimally oriented for close association, suggests that 1146N
might be able to further enhance the DR of other FRET
sensors that operate with a similar mechanism.

In all of the sensor variants analyzed here, the DR was
dominated by the FRET ratio in the unbound state, R ..
However, the slight variations in R, that can be seen in
Figures 4A and S7 suggest that the mutations to the surface of
the ECFP domain may have influenced the intra- or
intermolecular dimerization tendency of the Zn>*-bound
form of the sensors as well. As a preliminary test of this
hypothesis, we measured the DLS spectra of the ZifCV1.173
mutant sensors in the presence of Zn** to compare to the WT
hydrodynamic properties reported in Figure 2B. Interestingly,
the A206K mutation induced a decrease in hydrodynamic
diameter of 3.8 nm relative to WT in the bound form of the
sensor (Figure S9). Conversely, the I146N variant of
ZifCV1.173 aggregated in the presence of Zn®* at the relatively
high sensor concentrations required for DLS measurements.
This reduction in size of the A206K variant and aggregation of
the I146N variant suggests that the bound form of these
sensors might consist of intermolecular dimers (or higher
order oligomers) that can be destabilized or stabilized by
A206K or 1146N, respectively, in much the same way that
these mutations influence the intramolecular FP association in
the Zn**-free state. The formation of intermolecular dimers in
the presence of Zn** might also allow us to rationalize the
effects of the surface mutations on apparent binding affinity.
Ongoing work in our laboratory is focused on developing a
molecular picture of the Zn**-bound form of these sensors so
that we can fine tune the delicate balance between promoting
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intramolecular association of the FP domains while also
reducing the tendency to form intermolecular dimers.

Bl CONCLUSIONS

We have shown compelling evidence from DLS and time-
resolved fluorescence anisotropy that the Zn?*-free state of
ZifCV1.173 is compact, with ECFP and cpVenus173 oriented
similarly to GFP dimers. This results in a large R, which
when coupled with the low R,;, of the Zn**-bound state, leads
to a large DR. Similar to what has been observed for other
FRET sensors, the ECFP—cpVenus173 association could be
rationally perturbed to manipulate the value of R, allowing
us to control the sensor DR. We developed a model describing
the influence of this intramolecular association on the overall
sensor DR and used it to improve the DR of the closely related,
poor performing ZifCV1.157 by nearly a factor of three. Our
success in tuning sensor DR on the basis of our model
highlights the value of careful biophysical characterization of
FRET sensors and suggests that our experimental approach
could provide similar insight into the mechanisms of other
Sensors.
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