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Here we present mGarnet2, a monomeric, far-red fluorescent marker
protein derived from mRuby, with absorption and emission bands
peaking at 598 and 671 nm, respectively. The protein shows excellent
performance as a live-cell fusion marker for STED nanoscopy with
640 nm excitation and 780 nm depletion wavelengths.

A comprehensive understanding of biological processes requires
detailed information about the distribution, interactions, modifications, and dynamics of the involved biomolecules inside the living
cell or organism. To study these processes, optical fluorescence
microscopy is arguably the most powerful method because it permits
practically non-invasive real-time 3D imaging with pronounced
selectivity and sensitivity.1 However, the spatial resolution of
far-field optical imaging, limited to B200 nm by diﬀraction, is
insuﬃcient to resolve many subcellular structures. In recent
years, super-resolution imaging (nanoscopy) techniques have
become available that circumvent the diﬀraction barrier.2–5 They
typically rely on fluorescent markers that can be switched on and
off by light.
In stimulated emission depletion (STED) nanoscopy, the
sample is raster-scanned by a tightly focused excitation beam,
followed by a red-shifted, donut-shaped depletion beam that
causes an eﬀective sharpening of the excitation spot.6 A fluorescent
marker suitable for STED must be exquisitely photostable because
it undergoes multiple excitation–depletion cycles while the sample
is being scanned in its vicinity. The label should be excitable in the
red and emit in the far-red region of the spectrum to meet the
requirements of commercial STED microscopes, which are typically
equipped with 633–640 nm excitation and 750–800 nm emission
depletion lasers. Beyond nanoscopy, red and far-red emitting
fluorophores are in general advantageous for live-cell imaging
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because absorption, scattering and autofluorescence are greatly
reduced in the red part of the visible spectrum, and red light is
less phototoxic. In addition, the use of far-red markers offers the
possibility of implementing an additional detection channel in
multi-color imaging.
Among the diﬀerent markers presently available, fluorescent
proteins (FPs) of the GFP family have the key advantage that
they can be genetically encoded, so they can be expressed by the
cells under study without requiring additional labeling steps.
The chromophore, forming autocatalytically from a tripeptide
in the presence of dioxygen, is anchored in the center of the
can-shaped protein. Typically, the anionic cis chromophore is
the fluorescent moiety; the tetrameric red fluorescent protein
(RFP) from the sea anemone Entacmaea quadricolor, eqFP611, is
a notable exception.7 This RFP features a highly fluorescent
trans chromophore with excitation and emission peaks at 559
and 611 nm, respectively. For many years, we have employed
this protein as a template for engineering advanced marker
proteins including the one reported here, mGarnet2.
FPs typically exist as oligomeric proteins in nature. For
studies involving FP fusions with other proteins, it is essential
to monomerize them because oligomerization may interfere with
the function of the fusion partner. Functional dimers of
eqFP611, d1eqFP611 (Val124Thr) and d2eqFP611 (Thr122Arg),
were readily created by single point mutations in the A/B
interface.8 However, only after multiple rounds of random and
site-directed mutagenesis, resulting in 28 amino acid replacements in total and a shortening of the sequence by four amino
acids, we obtained the bright red-fluorescent monomeric mRuby
(Fig. 1A and B), with excitation and emission maxima at 558 and
605 nm, respectively.9
Considering that eqFP611 could be transformed into the
red-shifted RFP639 by amino acid replacements Asn143Ser and
Ser158Cys causing trans–cis isomerization10 of the chromophore,11
it appeared straightforward to adopt the same strategy to shift the
emission of mRuby further to the red. However, introducing these
modifications in mRuby did not meet with success.12 Comparison
of the optical spectra of the monomeric and tetrameric variants
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Fig. 1 Molecular structure of mRuby and residues modified to create
mGarnet2. (A) Cartoon of the mRuby monomer (pdb code 3U0N). The
chromophore (cis isomer) is depicted in yellow. Amino acid residues modified
to create mGarnet (except for residue 158) are shown in blue van der Waals
representation; additional mutated residues to obtain mGarnet2 are
shown in magenta. (B) Top view into the b-barrel. (C) Residues 143 and
158 on b-strands 7 and 8, highlighted in yellow, interact with the hydroxyphenyl
ring of the cis and trans chromophore, respectively. Residue numbers are
color-coded as in panel (A).

suggests that the protein scaffold of the monomer is less capable of
stabilizing the hydroxyphenyl group of the excited cis chromophore,
which is likely related to the perturbed b-sheet structure in this
region of the b-barrel (Fig. 1C).12
As residues 143 and 158 are involved in hydrogen bonding
interactions with the phenolate moiety and, thus, exert control on
the isomeric state of the chromophore, we performed saturation
mutagenesis of amino acid residue 143, combined with extensive
mutagenesis of residue 158. This approach finally yielded a monomeric red-shifted variant, mRuby625, with asparagine residues at
positions 143 and 158, which are also found in other far-red FPs,
including eqFP67013 and TagRFP675.14 Two additional mutations,
Ile102Phe and Phe174Leu, contribute to the red shift and enhance
chromophore maturation, respectively.12 To create a far-red FP
suitable for live-cell STED imaging, we took inspiration from
engineering eﬀorts on other far-red FPs13–16 and introduced a
positively charged arginine at position 197 next to the chromophore, and we also replaced Arg67 by the smaller lysine (Fig. 1A–C).17
This variant, mGarnet (mRuby Arg67Lys-Thr158Asn-Phe174LeuHis197Arg), can be efficiently excited with 640 nm light on the red
edge of its 598 nm excitation band and depleted with 780 nm
light. The large Stokes shift of 73 nm allows essentially the entire
fluorescence emission to be collected, counterbalancing its low
fluorescence quantum yield of 9.1%, which is typical of far-red
FPs.18 Fortunately, the monomeric nature of mRuby is preserved
in mGarnet.
For further improvement, we introduced mutations Val121Leu and Ser171His (Fig. 1A–C) known to increase the brightness of mNeptune1 by B25%.19 The optical properties of this
variant, mGarnet2, are only slightly modified from those of
mGarnet, with excitation and emission bands peaking at
598 and 671 nm, respectively (Fig. 2). The extinction coefficient
(e598 = 105 000 M 1 cm 1) is significantly greater than the one of
mGarnet (e598 = 95 000 M 1 cm 1); the quantum yield is a bit
lower, 8.7%, which is also reflected in the slightly shorter
fluorescence lifetime (0.76 ns). Consequently, the brightness,
i.e., the product of extinction coefficient and quantum yield, is
only greater by B5%. Importantly, however, the pKa is shifted
from 7.4 to 6.8 so that the fraction of fluorescent anionic
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Fig. 2 Optical spectra of red-emitting FPs. (A) UV-visible absorption
spectra of mRuby, mRuby625, mGarnet, and mGarnet2 in 40 mM sodium
phosphate buﬀer, 300 mM NaCl, pH 7.4, normalized to the same maximal
absorption of the anionic chromophore. (B) Fluorescence excitation
(dotted lines) and emission spectra (solid lines) of mRuby (excitation and
detection wavelengths set to lexc = 540 nm and ldet = 610 nm), mRuby625
(lexc = 580 nm, ldet = 630 nm), mGarnet and mGarnet2 (lexc = 598 nm,
ldet = 670 nm); color coding as in panel (A). Note that the spectra of
mGarnet and mGarnet2 largely overlap because of their similarity.

chromophores increases by a factor of 1.6 at pH 7.4, a typical
physiological pH value, and even more below this pH (Fig. 3A
and B). Consequently, at the same labeling density, cellular
structures labeled with mGarnet2 should appear significantly
brighter, so less excitation power is required for imaging at the
same signal level above background.
In our eﬀorts to lower the pKa of the chromophore in far redshifted mRuby (mRuby Arg67Lys-Thr158Asn-His197Arg), we
identified a number of residues that, interestingly, were not
directly engaged in hydrogen bonding with the hydroxyphenyl
group of the chromophore. These residues may modulate
solvent accessibility to the protein interior and, thus, proton
availability. For example, the Ile102Phe mutation increased the
pKa from 8.3 to 8.7 and was thus discarded; the Phe174Leu
replacement lowered it to 7.4; this is the mGarnet variant. The
Val121Leu and Ser171His mutations of mGarnet yielded pKa
values of 7.3 and 6.9, respectively; their combination finally
resulted in the pKa of 6.8 in mGarnet2 (Fig. 3B).
To examine the properties of mGarnet2 as a marker in
fusion proteins, we have collected confocal microscopy images
of various fusion constructs expressed in live COS-7 cells (Fig. 4).
Apparently, actin and microtubular cytoskeletal structures as

Fig. 3 Chromophore protonation in mGarnet and mGarnet2. (A) Absorption
spectra of mGarnet2 (thin lines) in the pH range 3–9.6, in the order indicated by
the arrow. The spectra of mGarnet and mGarnet2 at pH 7.4 are depicted in
black and magenta, respectively. The mGarnet spectrum was scaled to the
mGarnet2 spectrum at 598 nm. (B) Fraction of deprotonated chromophores,
calculated from the normalized amplitudes of the absorption bands of the
anionic mGarnet (black symbols) and mGarnet2 (violet) chromophores at
598 nm, plotted as a function of pH. Lines: fit of the Henderson–Hasselbalch
equation, (1 + 10(pKa pH)) 1, to the data. The grey bar marks pH 7.4.
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Fig. 4 Confocal microscopy images of mGarnet2 fusion proteins expressed in
live COS-7 cells. Cells were transfected with plasmids encoding (A) mGarnet2RITA, (B) LifeAct-mGarnet2, (C) mito-mGarnet2, (D) a-actinin-mGarnet2,
(E) H2B-mGarnet2 and (F) mGarnet2-a-tubulin. Fluorescence was excited
with 640 nm laser light. Scale bars, 5 mm.

well as mitochondria and cell nuclei are brightly stained and well
resolved under 640 nm excitation. Although we have used
640 nm irradiation in the red wing of the 598 nm absorption
band, mGarnet2’s large extinction coeﬃcient ensures eﬃcient
excitation. The confocal images thus attest to the excellent
properties of mGarnet2 as a far-red fusion marker.
To compare mGarnet and mGarnet2 in fluorescence imaging
applications, we quantitatively examined these marker proteins
in fusion with RITA, a microtubule binding protein.20 First, we
imaged 60 live cells in Dulbecco’s modified Eagle’s medium, pH
7.4, for each construct on a confocal microscope, using identical
excitation and detection settings (Fig. 5A). Then, we compiled
the emission intensity above background for each pixel in
histograms (Fig. 5A). The area-normalized intensity distribution
of mGarnet2-RITA is shifted markedly upward from the one of
mGarnet-RITA. Their averages, 23.90  0.02 and 15.62  0.01
counts per pixel, respectively, agree very well with our expectations based on the pKa shift (Fig. 3B).
To test the photostability of mGarnet2, we collected 1000
successive confocal and STED images of the mGarnet1-RITA and
mGarnet2-RITA fusions expressed in a live COS-7 cell, using
identical excitation intensity for imaging both constructs. In
Fig. 5B, selected images are displayed, and integrated emission
intensities, normalized to 1 at the first data point, are plotted as
a function of frame number. Independent of the imaging mode,
mGarnet2 bleaches a bit faster than mGarnet.
This behavior likely reflects the higher fraction of anionic
fluorescent chromophores in mGarnet2 because only those
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Fig. 5 Performance of mGarnet and mGarnet2 in live-cell fluorescence
imaging. (A) Top: Example images of live COS-7 cells transfected with a
plasmid for expression of mGarnet2-RITA labeling microtubules (DIC/
confocal: 136.5  136.5 mm2; confocal: 80  80 mm2). Bottom: Distributions
of pixel intensities (counts per pixel), calculated from 120 confocal images
(80  80 mm2; excitation 640 nm, 12.5 mW) of cells transfected with mGarnetRITA (grey) or mGarnet2-RITA (violet). (B) Fluorescence emission upon
repetitive confocal and STED imaging. Top: Selected frames (2.5  2.5 mm2,
pixel dwell time 40 ms, pixel size 40  40 nm2, excitation 640 nm, laser power
12.5 mW, STED depletion 780 nm, laser power 36 mW). Bottom: Integrated
emission intensities calculated from a sequence of confocal (black, violet) and
STED (grey, light violet) images of live COS-7 cells labelled with mGarnetRITA (black, grey) and mGarnet2-RITA (violet, light violet), normalized to 1 at
the first data point, plotted against the frame number.

absorb the excitation and depletion light and are, therefore,
prone to photobleaching. The time dependence of the emission
decay is clearly non-exponential for mGarnet, which suggests
that the loss is not solely due to photodestruction of the
chromophore but may partially result from light-induced transitions to dark (or less emissive) states.21 In fact, light-driven
intramolecular dynamics between bright and dark states, called
flickering or blinking, that were initially reported for GFP,22 have
also been noticed for eqFP611.23 The presence of dark states is
not noticeable in the bleaching curves of mGarnet2, however.
We have further examined the usability of mGarnet2 in livecell STED imaging. Fig. 6A shows a combined confocal (lower
left) and STED (upper right) image of microtubules labelled
with mGarnet2-RITA in a live COS-7 cell, clearly revealing a
substantial improvement in resolution by using STED microscopy. We examined cross-sections of microtubules at several
locations (indicated by the lines in Fig. 6A) to quantify the
sharpness of these features. By fitting Gaussian distributions to
the lines, we calculated average full width at half maximum
(FWHM) values of 290  20 nm for the confocal image and 69 
10 nm in the STED image. As an example, we display the crosssection marked by the white line in Fig. 6A (not drawn to scale)
in Fig. 6B for confocal and STED imaging. Considering that a
microtubule is a well-defined filamentous structure with a
diameter of B25 nm,24 we can achieve a B6-fold resolution
enhancement, as with mGarnet.
In conclusion, we have engineered mGarnet2, an advanced
far-red emitting FP that is suitable for normal fluorescence
microscopy and, particularly, also for STED nanoscopy with
commercially available STED microscopes. This marker protein
is significantly brighter than its predecessor, mGarnet, in the
physiological pH range. However, its optical properties still
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Fig. 6 Live-cell STED imaging using mGarnet2. (A) Combined confocal (lower
left)/STED (upper right) image (2.5  2.5 mm2) of a live COS-7 cell transiently
transfected with a plasmid for expression of mGarnet2-RITA, a fusion protein
labeling microtubules (pixel dwell time 40 ms, pixel size 40  40 nm2, excitation
at 640 nm, laser power 12.5 mW, STED depletion at 780 nm, laser power
36 mW). Color bars, counts per pixel. (B) Representative cross sections of the
microtubule in the confocal (black symbols) and the STED (violet symbols)
image marked by the white line in (A). Solid lines represent Gaussian fits to
determine the full width at half maximum (FWHM) values.

leave room for improvement, in particular in regard to the
quantum yield.
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7 J. Wiedenmann, A. Schenk, C. Röcker, A. Girod, K. D. Spindler and
G. U. Nienhaus, Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 11646–11651.
8 J. Wiedenmann, B. Vallone, F. Renzi, K. Nienhaus, S. Ivanchenko,
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