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Abstract: Fluorescent proteins are transformative tools; thus,
any brightness increase is a welcome improvement. We
invented the “vGFP strategy” based on structural analysis of
GFP bound to a single-domain antibody, predicting tunable
dimerization, enhanced brightness (ca. 50 %), and improved
pH resistance. We verified all of these predictions using
biochemistry, crystallography, and single-molecule studies.
We applied the vsfGFP proteins in three diverse scenarios:
single-step immunofluorescence in vitro (3 x brighter due to
dimerization), expression in bacteria and human cells in vivo
(1.5 % brighter); and protein fusions showing better pH
resistance in human cells in vivo. The vGFP strategy thus
allows upgrading of existing applications, is applicable to other
fluorescent proteins, and suggests a method for tuning
dimerization of arbitrary proteins and optimizing protein
properties in general.

The key biochemical feature of GFP that enables most
applications is its ability to spontaneously fold as a single
domain, resulting in a nontoxic, stable fusion partner.“’s] In
particular, fusion to antibodies enables a large array of
additional in vivo and in vitro applications.**”] Recently,
single-domain antibodies, or nanobodies, that bind to GFP
(green fluorescent protein) and modulate its fluorescence
have resulted in additional tools.*"*! One of these nano-
bodies, the Enhancer (not to be confused with the “enhanced”
in EGFP), results in a 50% increase in EGFP fluorescence
upon binding, enabling new applications where the Enhancer
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and EGFP are fused to separate proteins.*'l We here
describe a twist on the use of the Enhancer nanobody,
termed the “vGFP strategy”, enabling increased brightness in
more common applications of GFP such as fusion proteins or
as a cell marker. The vGFP design further enables rational
control of dimerization, leading to improved signal in diverse
in vitro and in vivo applications. A similar strategy could
provide similar benefits to other fluorescent proteins.

The crystal structure of the Enhancer nanobody bound to
GFP!M! shows that the C-terminus of the GFP p-barrel
emerges at a radial location overlapping the Enhancer
binding site but from the opposite “lid”. The Enhancer N-
terminus lies on the most proximal surface of the Enhancer to
the GFP C-terminus, at a distance of 29.5 A (Figure 1a). We
predicted that joining these termini with 9 amino acids
(assuming a 3.5 A axial Co—Co distance for extended f-
strands)!"™! would allow formation of the native complex by
reflexive intramolecular binding. Coincidentally, GFP has 9
unstructured amino acids at its C-terminus, which can there-
fore connect the structured part of the GFP p-barrel to the
Enhancer (we refer to this as vGFP-9, Figure 1b, top). In
contrast, direct fusion of the Enhancer to the structured C-
terminus of the GFP (3-barrel (i.e. truncating the unstructured
9aa) would preclude reflexive binding and thereby form
a dimer (vGFP-0, Figure 1b, bottom). Based on entropic
considerations, we expected that vGFP-9, while capable of
forming a dimer, would favor monomerization, thus forming
a stably folding protein with the improved brightness of an
enhanced GFP, enabling use as a drop-in replacement for
GFP. vGFP-0, in contrast, would theoretically have a single
particle brightness of twice that of vGFP-9, providing an
advantage when dimerization can be tolerated.

vsfGFP constructs [using superfolder GFP (sfGFP)!"! as
the base GFP] were fluorescent in both the cytoplasm and
periplasm of E. coli (Figure 1c¢ and Figure Sla in the
Supporting Information). Purified proteins formed the
expected monomer (vsfGFP-9) and dimer (vsfGFP-0) by
chromatography and light scattering (Figure S1b and S1C),
with negligible aggregation. Finally, we saw the expected
monotonic increase in monomer:dimer ratio as linker length
increased from 0 to 9aa (Figure 1d). We therefore focused the
rest of our studies on vsfGFP-0 and vsfGFP-9.

We determined the crystal structure of vsfGFP-0 to
a resolution of 2.60 A (statistics in Table S1). The asymmetric
unit contained two vsfGFP-O proteins with non-crystallo-
graphic 2-fold symmetry. The junction between domains was
clearly visible, verifying that a dimer between two vsfGFP-0
molecules was formed (Figure 2a, arrowheads). The Enhan-
cer:sfGFP complex in vsfGFP-0 (each domain from a differ-
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Figure 1. The vGFP strategy for tunable dimerization. a) Crystal struc-
ture from PDB 3K1K (left) and schematic (right) of GFP (green) bound
to Enhancer (red). The GFP C-terminus and the Enhancer N-terminus
are indicated by arrowheads on the left and colored dots on the right.
The distance between these termini is indicated. (bottom) As above
but rotated by 90° about the horizontal axis. The angle between the
termini is indicated. b) Schematic of dimerization control in the vGFP
fusion. Top: A 9aa linker in vGFP-9 enables reflexive binding of the
Enhancer domain to the fused GFP domain. Bottom: A Oaa linker in
vGFP-0 precludes reflexive binding, forcing formation of a dimer.

c) Fluorescence micrographs (scale bar, 2 pm) of E. coli expressing
cytoplasmic (left) and periplasmic (right) sfGFP, vsfGFP-0, and
vsfGFP-9. d) Percentage of monomer (green), dimer (blue), and
oligomers (cyan) for vsfGFP with linkers of varying length (indicated
on X-axis).

ent protein) was similar to that of the reported the Enhan-
cer:GFP complex!"!! overall (Figure 2b) and based on side
chain conformations at the Enhancer:sfGFP interface (Fig-
ure 2c¢ and Figure S2a, RMSD =0.86 A over all atoms
displayed) and surrounding the chromophore (Figure S2b,
RMSD =0.40 A). Notably, His-148 of stGFP was closer to the
acidic proton of Tyr-66 in vsfGFP-0 than in the unbound GFP
structure, suggesting that stabilization of the phenolate anion
state of the chromophore (as previously noted) would
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occur in the vsfGFP constructs as well, increasing fluores-
cence. We further predicted that vsfGFP constructs would
have better robustness to acidic pH.

To test for increased brightness, we first verified that
vsfGFP-0 and vsfGFP-9 had similar excitation and emission
spectra to the parental sfGFP (Figure S3). Bulk fluorescence
of purified proteins yielded relative molar brightnesses of
1.51 x (vstGFP-0) and 1.58 x (vsfGFP-9) relative to sfGFP.
Bulk purified protein, however, may contain misfolded or
otherwise non-fluorescent proteins. We therefore measured
single particle brightness using fluorescence correlation
spectroscopy (FCS). vsfGFP-9 demonstrated 1.57 x bright-
ness compared with sfGFP, with a similar diffusion coefficient
(Table 1, Table S2), verifying that fluorescent molecules of

Table 1: Fluorescence parameters for fluorescent proteins studied.

Protein  Calcd pK, Quantum &, Brightness
MW [Da] yield (QY) (relative (relative to
to sfGFP)  sfGFP)P!
EGFP 273800 5.67+0.07 0.63+0.06 0.67%! 0.794+0.02
sfGFP 27604 5.74+0.05 0.68+0.06 1 1
vsfGFP-0 39210.9 4.84+0.13 0.76+0.07 2.524+0.40 2.934+0.85
vsfGFP-9 40286.1 4.7540.12 0.704+0.06 1.264+0.19 1.574+0.39

[a] €455 (extinction coefficient at 488 nm) relative to sfGFP was taken from
published values (for EGFP) or calculated by Ward’s method? in three
separate experiments (for vsfGFP-0 and vsfGFP-9; average (+SD) is
shown). [b] Relative brightness values are the average (+SD) from 3
separate FCS experiments for EGFP and 4 experiments for vsfGFP-0 and
vsfGFP-9

vsfGFP-9 are indeed monomeric and arguing that vsftGFP-9,
despite its extra nanobody domain, has no size disadvantage
compared with sfGFP. vsfGFP-0 showed 2.93 x brightness
compared to sSfGFP, with a diffusion coefficient ~30 % lower,
consistent with a dimer having twice the single-particle
brightness of vstGFP-9. Furthermore, the vstGFP constructs
were comparable to sfGFP in quantum yield, higher in
extinction coefficient (Table 1), similar in fluorescence life-
time (Table S3), and slightly improved in photostability
(Table S4); therefore, the vsfGFP proteins compare favorably
with other green FPs (Table S5). Finally, using FCS, we
validated the prediction that the vsfGFP constructs would
retain fluorescence better than sfGFP at low pH (3 % residual
fluorescence at pH 3.5 for sfGFP, 21% for vsfGFP-9, and
23% for vsftGFP-0 at 20 uW; Figure 3a). This pH robustness
was supported by modeling demonstrating a pH-dependent
dark statel' affecting a larger fraction of sfGFP than vsfGFP-
9 and vstGFP-0 particles at low pH (Figure 3b, Table S6),
while a photon-induced dark state!™™ was similar among all
proteins (Figure 3b and S4, Table S2). Bulk pK, measure-
ments also showed that vsfGFP-9 and vsfGFP-0 had pK,
values ca. 1 pH unit lower than sfGFP (Figure S5, Table 1).
We thus validated all of the structure-based predictions
regarding dimerization, brightness, and pH stability for the
vsfGFP proteins.

We performed several practical applications to highlight
the utility of the vsfGFP proteins. Effective fluorescence can
depend on the environment in which it is measured; there-
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Figure 2. Crystal structure of vsfGFP-0. a) Cartoon representation of the unit cell of the vsfGFP-0
crystal structure. The GFP and Enhancer domains of one monomer (chain a) are green and of the
other monomer (chain b) are red. Arrowheads indicate linkers between sfGFP and Enhancer
domains. b) Superposition of the Enhancer:GFP complex in vsfGFP-0 (green, sfGFP; red, Enhancer)
(this study) and PDB 3K1K (cyan for both proteins). c) Positions of amino acids at the interface of
the GFP:Enhancer complex of PDB 3K1K (cyan) and of the vsfGFP-0 complex (red, Enhancer; green,
sfGFP; domains are from different proteins). A cartoon representation of the GFP:Enhancer complex
is shown in transparent cyan and of the vsfGFP-0 complex in transparent red (Enhancer domain)
and green (sfGFP domain). For amino acid labels, see Figure S2.
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Figure 3. FCS measurements of vsfGFP variants. a) Single particle

brightness as a function of pH at 20 uW laser power. b) Fraction of
dark states from a model using one (F,, pH>5.5) or two (F, and
Foow PH < =5.5) dark states. Error bars denote standard deviation.

sfGFP (o), vsfGFP-0 (2), and vsfGFP-9 (D).

www.angewandte.de

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

fore, we assayed brightness in living
cells to ensure they still outper-
formed sfGFP. E. coli expressing
vsfGFP-0 and vsfGFP-9 were 1.3 x
and 1.2 x as bright, respectively, as
those expressing sfGFP after cor-
recting for expression levels, with no
visible degradation, verifying that
fluorescence was due to full-length
proteins (Figure 4 and S6a,b).
Given the uncertainty in quantifying
protein levels in vivo, this increased
brightness agrees well with our bulk
and single molecule data. In human
293T cells, vsfGFP-0 seemed to
form foci, but sftGFP and vsfGFP-9
were evenly distributed throughout
the cytoplasm (Figure S6¢). Both
vsfGFP-0 and vsfGFP-9 were again
inherently brighter than sfGFP
(1.7 x and 1.5 x, respectively) after
normalizing for protein levels (Fig-
ure S6d-g). vsfGFP-9 also bleached
slightly more slowly than sfGFP in
human cells under high- and low-
intensity illumination (Figure S7),
consistent with the better photo-
stability measured by FCS. Finally,
use of vsfGFP-9 in combination
with optimized expression enabled
more sensitive detection of a patho-
genic strain of E. coli in in vivo
assays without altering the course of
infection.!"!

In a second application, we used vsfGFP constructs as
labels for immunofluorescence. We fused an anti-cytokeratin-
8 (CK8) nanobody™ to the N-terminus of sftGFP, vstGFP-0,
and vsfGFP-9 and used these to staining of fixed HeLa cells.
Co-staining with a conventional anti-CK8 monoclonal anti-
body confirmed proper staining of cytokeratin filaments
(Figure 5a). vsfGFP-9 provided 2.0 x the signal of the sSfGFP
fusion, while the vsfGFP-0 fusion resulted in a 3.4 x increase
(Figure 5b and Figure S8), demonstrating the advantage of
dimerization.

As a final application, we tested the vsfGFP proteins as
fusion partners. We fused mCherry to the N-terminus and
LC3 (microtubule-associated protein 1 light chain 3)!! to the
C-terminus of sfGFP and vsfGFP-9. LC3 targets to autopha-
gosomes that fuse with lysosomes, thus lowering pH and
resulting in protein degradation; the mCherry (not pH
sensitive) allows quantification of non-degraded protein,*!
enabling us to test the pH robustness of vsfGFP-9 in vivo.
sftGFP and vsfGFP-9 fusions were of comparable stability,
validating vsfGFP-9 as a drop-in replacement for sfGFP
(Figure S9). As expected, the vsfGFP-9 fusion had brighter
green fluorescence than sfGFP throughout the experiment
(Figure 6a,b). At 6 h, lysosomal pH is approximately 5.5
based on FCS, vsfGFP-9 should therefore provide a further
1.5 x brightness increase over stGFP when pH drops from 7.5

sfGFP (vsfGFP-0 chain a)
[ GFP (3K1K)
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Figure 4. In vivo brightness of vsfGFP variants. a) Median fluorescence

intensity of E. coli expressing sfGFP, vsfGFP-0, and vsfGFP-9 proteins

measured by flow cytometry analysis. Error bars show standard
deviations of three independent repeats. Normalized to sfGFP,
vsfGFP-0, and vsfGFP-9 are 1.6 x and 1.8 x as bright, respectively.

b) Quantification of GFP protein levels in E. coli. Immunoblot of
samples from panel (a) using a-GFP antibody. By densitometry
analysis, protein levels for vsfGFP-0 and vsfGFP-9 are 1.2x and 1.5x
that of sfGFP, resulting in normalized inherent brightnesses of 1.3 x
and 1.2x, respectively.
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Figure 5. vsfGFP variants outperform sfGFP as fluorophores for an antibody-based
molecular probe. a) Fluorescence micrographs (40x) of Hela cells co-stained with
rabbita-CK8 antibody (red) and an a-CK8 nanobody fused to sfGFP, vsfGFP-0,

sfGFP

o

(0h) to 5.5 (6 h), which we did observe in FACS data in vivo
(Figure 6¢). We also fused sfGFP and vsfGFP-9 to a perox-
isomal localization signal; vsfGFP-9 gave similar localization
and higher brightness and stability compared to sfGFP
(Figure S10). Thus, vsfGFP-9 performs similarly to sfGFP as
a protein fusion partner in vivo with the advantage of
improved pH robustness.

In summary, we have invented the “vGFP strategy”,
incorporating GFP-binding nanobodies and rational struc-
tural design. Using vsfGFP, we demonstrated control of
dimerization, 7- to 8-fold increased pH resistance, and higher
brightness in in vitro and in vivo applications. Furthermore,
brightness is concordant across all assays from single mole-
cule to in vivo applications. The structural basis for improved
brightness and acid resistance relies on stabilization of
otherwise unfavorable protein conformations (i.e. movement
of His-148 of sftGFP) by the bound nanobody, suggesting that
binding proteins in general may be used to alter other protein
properties. Such complexes can then be further improved by
directed evolution. We term this strategy “Landscape Expan-
sion”, leveraging the stability of nanobody binding for
improvements, which is conceptually related to stability-
mediated epistasis observed in other directed evolution
experiments.['®]
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Figure 6. vsfGFP-9 is an effective fusion partner with improved pH
robustness in vivo. a) Flow cytometry analysis of transfected 293T cells
with mCherry_sfGFP_LC3 (blue) and mCherry_vsfGFP-9_LC3 (red),
before (0 h) and after exposure to minimal medium (MM) supple-
mented with 5 um PP242 for 6 h. Scatter plots indicate the mCherry
(Y-axis) and GFP (X-axis) fluorescence for individual cells. b) Ratio of
median GFP fluorescence (normalized to median mCherry fluores-
cence) of vsfGFP-9 to sfGFP. For each protein fusion, median GFP
signal was divided by median mCherry signal in panel (a) to obtain
normalized GFP fluorescence; the ratio of the normalized GFP
fluorescence for vsfGFP-9 to sfGFP is plotted here. c) Additional
increase in brightness of vsfGFP-9 compared with sfGFP as pH
changes from 7.5 to 5.5. Left bar is calculated based on the in vitro
FCS data from Figure 3. Right bar is calculated as the ratio of the in
vivo values plotted in panel (b). Error bars shows standard deviations
between three independent experiments.
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