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A Bright, Nontoxic, and
Non-aggregating red Fluorescent
Protein for Long-Term Labeling of Fine
Structures in Neurons
Lin Ning1†, Yang Geng1,2†, Matthew Lovett-Barron3‡, Xiaoman Niu2, Mengying Deng4,
LiangWang4, Niloufar Ataie5, Alex Sens5, Ho-Leung Ng5, Shoudeng Chen6, Karl Deisseroth3,
Michael Z. Lin1,3* and Jun Chu4*

1Department of Neurobiology, Stanford University, Stanford, CA, United States, 2Interdisciplinary Research Center on Biology
and Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, China University of Chinese Academy of
Sciences, Beijing, China, 3Department of Bioengineering, Stanford University, Stanford, CA, United States, 4Guangdong
Provincial Key Laboratory of Biomedical Optical Imaging Technology and Center for Biomedical Optics and Molecular Imaging,
and CAS Key Laboratory of Health Informatics, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences,
Shenzhen, China, 5Department of Biochemistry and Molecular Biophysics, Kansas State University, Manhattan, KS, United States,
6Guangdong Provincial Key Laboratory of Biomedical Imaging, The Fifth Affiliated Hospital, Sun Yat-sen University, Zhuhai, China

Red fluorescent proteins are useful as morphological markers in neurons, often
complementing green fluorescent protein-based probes of neuronal activity. However,
commonly used red fluorescent proteins show aggregation and toxicity in neurons or are
dim. We report the engineering of a bright red fluorescent protein, Crimson, that enables
long-term morphological labeling of neurons without aggregation or toxicity. Crimson is
similar to mCherry and mKate2 in fluorescence spectra but is 100 and 28% greater in
molecular brightness, respectively. We used a membrane-localized Crimson-CAAX to
label thin neurites, dendritic spines and filopodia, enhancing detection of these small
structures compared to cytosolic markers.

Keywords: red fluorescent protein, RFP, crimson, non-aggregating, long-term, label, neuron

INTRODUCTION

Fluorescent proteins (FPs) are valuable tools for visualizing cellular processes in living cells. After the
cloning of Aequoria victoria green fluorescent protein (GFP), a variety of FPs with different
wavelengths have been discovered in marine organisms (Day and Davidson, 2009). Red
fluorescent proteins (RFPs) (emission peak in the 585–620 nm range) (Cranfill et al., 2016),
including commonly used mCherry (Shaner et al., 2004), are particularly useful for 2-color
imaging in conjunction with GFP or GFP-based indicators. Even for single-wavelength
experiments, RFPs have advantages over GFPs in that their longer excitation wavelengths
generate less phototoxicity and autofluorescence, and their longer emission wavelengths are
scattered less severely in vivo. A variety of RFPs have been developed to improve brightness,
maturation, and monomericity, while covering emission wavelengths from the red to the far-red
(Shen et al., 2015; Ng and Lin, 2016). Some of these RFPs are even brighter than GFP and perform
well when expressed alone or fused to subcellular tags in standard proliferating cell types (Cranfill
et al., 2016).

One surprisingly uncommon use of RFPs, however, is in membrane labeling of mammalian
neurons. In neurons, synapses are located on dendritic spines, mushroom-shaped membrane

Edited by:
Yingxiao Wang,

University of California, San Diego,
United States

Reviewed by:
Tae-Jin Kim,

Pusan National University, South
Korea

Benjamin S. Glick,
The University of Chicago,

United States

*Correspondence:
Michael Z. Lin

mzlin@stanford.edu
Jun Chu

jun.chu@siat.ac.cn

†These authors have contributed
equally to this work

‡Present Address:
Matthew Lovett-Barron,

University of California San Diego, La
Jolla, CA, United States

Specialty section:
This article was submitted to

Signaling,
a section of the journal

Frontiers in Cell and Developmental
Biology

Received: 10 March 2022
Accepted: 25 April 2022
Published: 29 June 2022

Citation:
Ning L, Geng Y, Lovett-Barron M,
Niu X, Deng M, Wang L, Ataie N,

Sens A, Ng H-L, Chen S, Deisseroth K,
Lin MZ and Chu J (2022) A Bright,
Nontoxic, and Non-aggregating red
Fluorescent Protein for Long-Term

Labeling of Fine Structures in Neurons.
Front. Cell Dev. Biol. 10:893468.
doi: 10.3389/fcell.2022.893468

Frontiers in Cell and Developmental Biology | www.frontiersin.org June 2022 | Volume 10 | Article 8934681

ORIGINAL RESEARCH
published: 29 June 2022

doi: 10.3389/fcell.2022.893468

http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.893468&domain=pdf&date_stamp=2022-06-29
https://www.frontiersin.org/articles/10.3389/fcell.2022.893468/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.893468/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.893468/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.893468/full
http://creativecommons.org/licenses/by/4.0/
mailto:mzlin@stanford.edu
mailto:jun.chu@siat.ac.cn
https://doi.org/10.3389/fcell.2022.893468
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.893468


protrusions less than 1 μm3 in volume on which synapses form.
Spines evolve from filopodia during neuronal differentiation,
undergo morphological changes in response to
neurotransmitter activation and during learning (Holtmaat
et al., 2009; Xu et al., 2009), and exhibit abnormalities in
number or morphology in several neurological diseases, such
as the retention of filopodia-like morphology in Fragile X
syndrome (Govek et al., 2004; Woolfrey et al., 2009; Sala and
Segal, 2014). Thus, accurate visualization of filopodia spine
number and morphology in living neurons over long
experimental time-courses would be highly beneficial to the
study of synaptic differentiation or pathogenesis. Membrane-
targeting of GFP has been shown to improve detection of small
neuronal structures (Craske et al., 2005; Han et al., 2011; Zhou
et al., 2012; De Rubeis et al., 2013; Michaelsen-Preusse et al.,
2016). However, due to the lower phototoxicity and
autofluorescence at their excitation wavelengths, membrane-
targeted RFPs would be useful as well. We and others have
used mCherry-CAAX to label the neuronal membrane in
transient transfection experiments (St-Pierre et al., 2014; Feng
et al., 2019), but whether alternative RFPs may be brighter or
exhibit less toxicity has not been explored.

In this study, we develop a bright, non-toxic RFP named
Crimson with excitation and emission spectra similar to mCherry
(Shaner et al., 2004). Crimson shows comparable maturation
speed and higher molecular brightness compared to mCherry.
Comparing the brightness and toxicity of Crimson to two RFPs
[FusionRed (Shemiakina et al., 2012) and mCherry] and one far-
red FP [mKate2 (Pletnev et al., 2008)] with excitation peak
ranging from 580 to 590 nm, we found Crimson was both
brightest and least toxic in both cytosolic and membrane-
targeted forms. Moreover, Crimson did not exhibit lysosomal
accumulations, as was observed in mCherry (Laviv et al., 2016)
and mCherry-derived mScarlet (Fenno et al., 2020). Finally, we
found that Crimson-CAAX enhanced detection of filopodia and
spines compared to cytosolic fluorescent proteins.

MATERIALS AND METHODS

Mutagenesis and screening of libraries. Crimson is engineered
from mNeptune2 by rational mutagenesis. Mutations at specific
residues were introduced by overlap-extension PCR. All PCR
products were cut and ligated into a constitutive bacterial
expression vector pNCS (Allele Biotech). To easily screen
bright Crimson variants, Clover-Crimson tandem fusions with
high intramolecular FRET efficiency were constructed.
Chemically competent Escherichia coli strain XL-10 Gold
(Invitrogen) were transformed and grown overnight on LB/
agar at 34°C and maintained thereafter at room temperature
for ~6 h. For each round of mutagenesis, a number of colonies
approximately tenfold higher than the expected library diversity
were screened to ensure full coverage. Agar plates were screened
for transmitted color by eye and for fluorescence in a BlueView
Transilluminator (Vernier) with 400- to 500-nm excitation light
and a yellow acrylic long-pass filter. Bacterial colonies of interest
were patched on LB/agar plates and incubated overnight at 34°C.

Bacteria were resuspended in PBS or lysates were extracted with
B-PER II (Pierce), and FRET spectra were obtained on a Safire II
plate reader (Tecan). DNA sequences of all constructs are
available upon request.

Characterization of Crimson in vitro. Fluorescent proteins
with polyhistidine tags were expressed from pNCS vectors in XL-
10 gold bacterial cells, purified with cobalt-chelating affinity
chromatography (Pierce) and desalted into phosphate-buffered
saline (PBS) pH 7.2 using gel filtration columns (Bio-Rad).
Excitation spectra and emission spectra were measured with
an Infinite M1000 fluorometer (Tecan). Extinction coefficients
were calculated using the base-denaturation method (Shaner
et al., 2004). Quantum yields were determined using mKate2
as a standard (QY = 0.40). pH titrations were performed using a
series of pH buffers ranging from 2 to 10.5 (Citrate-Tris-Glycine
buffer, 50 mM each. The desired pH was achieved by adding 2 M
sodium hydroxide or 2 M hydrochloric acid). In vitro
photobleaching measurements were performed in PBS droplets
under mineral oil on an IX83 inverted microscope with a 40 ×
/1.25-numerical aperture (NA) oil-immersion objective, a 100-W
metal halide lamp (Olympus) at 100% neutral density, a 580/15-
nm excitation filter (Omega), and an optiMOS Scientific CMOS
camera (Qimaging) controlled by Micro-Manager software.
Images were acquired every 1 s under continuous illumination.
Times were scaled to produce photon output rates of 1,000 per
molecule per s as previously described (Shaner et al., 2004).
Maturation experiments were performed by measuring change
in fluorescence following exposure of Crimson-expressing E. coli
grown in deoxygenated media to normal atmosphere. Size
exclusion chromatography (SEC) was performed on a LC-20A
(SHIMADZU) high-pressure liquid chromatography (HPLC)
system with a Superdex 200 10/300 GL column (GE
Bioscience). 200 μL of each fluorescent protein at
concentration 10 μM or 333 μM (~10 mg/mL) were loaded.
The column was operated at the flow rate of 0.5 mL/min with
50 mM PBS (pH 7) as the mobile phase. In vitro photobleaching
measurements were performed in aqueous droplets of purified
proteins in mineral oil using an Olympus IX83 inverted
microscope with a 40 × /1.25-numerical aperture (NA)
silicone oil-immersion objective (Olympus), an X-cite 120-W
metal halide lamp (Lumen Dynamics) and a 568/20 nm
excitation filter (Omega). The illumination power at the
objective was 20 mW. Images were taken every 1 s under
continuous illumination. Times were adjusted to produce
photon output rates of 1,000 per molecule per second as
described previously.

Characterization of RhoA FRET sensors with green/red FRET
pairs. To construct RhoA-GR, three PCR fragments encoding
truncated dClover2 (aa 1–217, Clover-N149Y/G160S), RhoA
sensing domains from Raichu-RhoA FRET sensors and full-
length RFP (mRuby3 or Crimson) were ligated into modified
pcDNA3.1 vector using In-Fusion kit. HeLa cells were
maintained in high glucose Dulbecco’s Modified Eagle
Medium (DMEMClone) supplemented with 10% FBS
(Invitrogen) and 1% penicillin-streptomycin (HyClone) at
37°C in air with 5% CO2. Cells were transfected at 80–90%
confluency with Lipofectamine 2000 (Invitrogen) in 35 mm
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dishes. Transfections were carried out according to
manufacturer’s instructions.

To determine the green/red emission ratio change of RhoA-
GR with dClover2-mRuby3 or dClover2-Crismon, transfected
cells expressing RhoA-GR were trypsinized and transferred to 96-
well glass-bottom microplate (Cellvis) after 48 h transfection.
Cells were allowed to settle down to the bottom of a
microplate for 10 min at room temperature. Fluorescence
spectra on transfected cells were obtained on an Infinite
M1000 PRO (TECAN) fluorometer using 450-nm excitation
light with 10-nm bandwidth. Emission was collected from 470
to 750 nm in 2-nm steps with 10-nm bandwidth. The red/green
emission ratio was calculated from integrated red emission
(mRuby3: 560–750 nm, Crimson: 580–750 nm) divided by
integrated green emission (500–550 nm).

Constructs for neuron imaging. For pcDNA3.1-RFP cyto
plasmids, each RFP expression cassette was amplified by PCR
from parent template, and then cloned into pcDNA3.1 empty
vector by infusion cloning method. For pcDNA3.1-RFP-CAAX
plasmids, CAAX sequence was synthesized as part of In-Fusion
cloning primer and subsequent cloning steps were performed as
described in In-Fusion kit (Takara Bio, # 639650). In order to
have the expression of two-color FPs in neurons at 1:1 ratio, we
utilized a bi-directional plasmid, which was created in the lab
earlier. In this special expression construct, A CMV enhancer
region is flanked bi-directionally by a miniCMV promoter and a
CAGGs promoter; either direction can drive the expression of
one target protein independently. Crimson-CAAX and
mTurquoise2 were then cloned into this plasmid by In-Fusion
cloning method with mTurquoise2 driven by the β-actin
promoter and RFP-CAAX driven by the mini-β-actin
promoter. For zebrafish expression, we fused mTurquoise2
with Crimson-CAAX with a P2A peptide in between, and
then subcloned the fused sequence into a Tol2 plasmid.

Neuron cell culture. All cell culture reagents were obtained
from Life Technologies unless otherwise specified. 24-well glass-
bottom cell culture plates were pre-coated with poly-D-lysine
(0.2 mg/ml, Sigma) for 2 h at 37°C and washed with PBS.
Hippocampal neurons were dissected from embryonic day 18
(E18) rats, dissociated with papain and DNaseI, and then plated
at a density of 30,000 per cm2 in Neurobasal medium
supplemented with B27, 2 mM GlutaMAX, 1% FBS. Cultures
were maintained at 37°C in 5% carbon dioxide (CO2) and 100%
humidity. Entire medium was replaced on 1DIV and refreshed
50% once on 8DIV. Neurons were transfected on 9DIV using
Lipofectamine 2000 transfection kit (Clontech) following the
manufacture’s instruction. 0.5 μg DNA was used for each well
of neurons in a 24-well plate. All animal procedures were
approved by the Institutional Animal Care and Use
Committee at Stanford University and Chinese Academy of
Sciences, Shanghai.

Characterization of Crimson in neurons. Live cell
photobleaching was performed on neurons using an inverted
wide-field microscope (Zeiss, Axiovert 200). Prior to the
experiment, culture medium was replaced with imaging
solution (HBSS + Hepes + L-glutamate). Cells were placed in
a temperature chamber heated up to 37 C with 5% CO2, and

continuously excited using Xenon Arc lamp filtered at 568/20 nm
with a 20 ×0.75 NA objective lens, and images were detected with
an emission filter at 620/60 nm. Time-series images were
acquired every 10 s for each variant until the initial intensity
was decreased by at least 40%.

Hippocampal neurons were transfected on 9 DIV and imaged
on 12 DIV for brightness and aggregation measurements, and 18
DIV (cytosolic RFP-transfected neurons) or 15 DIV (membrane-
bound RFP-transfected neurons) for viability measurements.

For brightness measurements, RFPs were imaged with a
confocal scanning microscope (Leica, SP8), with a 585-nm
laser whose power was set to a fixed level that captured all
signals without saturation. At multiple positions, stacks of 40
sections with 0.5-μm spacing were acquired and then z-projected
to create maximal intensity images. For cytosolic RFPs, 6 to 10
fields were imaged as technical replicates and a single mean
intensity per cell area was calculated, and the experiment was
repeated 3 times. For RFP-CAAX fusions, 5 to 8 fields were
imaged as technical replicates and a single mean intensity per cell
area was calculated, and the experiment was repeated 3 times. For
viability measurements, a 10 × 10 grid of images was captured
with a 10× lens to cover the inscribed square area of one well on a
24-well glass-bottom cell culture plate, and the experiment was
repeated 3 times.

Image analysis. For brightness analysis, background was
subtracted from each image. To quantify the brightness of
RFPs in the whole cell, ImageJ was used to create a mask
representing the contour of neurons with a threshold showing
the majority of neurites, and the region of interest (ROI) was
generated from the mask. The same criteria were applied to all
images. The mean grey value within the ROI was then measured
and divided by the ROI area to calculate brightness per cell area.
For viability counting, neurons were assessed in a blinded
manner.

Toxicity counting. The percentage of healthy neurons versus
the total amount of transfected neurons was quantified to
evaluate toxicity. Healthy neurons were defined as those with
normal neuronal morphology lacking broken neurites or
blebbing. Unhealthy neurons were defined as those with round
cell bodies but broken neurites or blebbing. Dead neurons were
defined as those with irregular or fragmented cell bodies and
extensively fragmented neurites (Keskitalo et al., 2014; Zhang
et al., 2014). Only transfected neurons were quantified to
minimize the bias of transfection efficiency between different
constructs.

Statistical analysis. Each biological replicate produced one data
point per condition. The normality of data was confirmed using
the Wilk-Shapiro test, then a single-factor ANOVA test was
performed, with pairwise differences between Crimson and
each other RFP assessed using the Dunnett post-hoc test.

Comparison of Crimson-CAAX and cytosolic mTurquoise2.
For 1-photon imaging, cultured rat hippocampal neurons were
transfected with a bi-directional vector co-expressing Crimson-
CAAX andmTurquoise2 at 9DIV and imaged at 14–15DIV using
either an epifluorescence microscope (Zeiss, Axiovert 200) with
excitation at 440/10 nm and 568/20 nm and emission at 472/
30 nm and 620/60 nm or using a confocal microscope (Leica,
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SP8) with excitation at 440 and 585 nm and emission at
450–510 nm and 595–675 nm. For 2-photon imaging, a Tol2
vector co-expressing mTurquoise2 and Crimson-CAAX was
injected into the zebrafish embryos at 1-cell stage. Larval
zebrafish with identifiable fluorescence at 7 days post-
fertilization were paralyzed in 1 μm/μL α-bungarotoxin
(Tocris) and mounted on their side in 2% low-melting-point
agarose (Sigma). Two-photon fluorescence images (1024 × 1024
pixels) were obtained with an Olympus FVMPE multiphoton
laser scanning microscope (Olympus), and a 25× objective (1.05
NA; Olympus) at 3×-18× optical zoom, 8–12.5 μs/pixel dwell
times, and 3-5 frame averages. Fluorophores were excited at
1030 nm and emission was detected simultaneously with red
and green channels.

Crystallization and structure solution of Crimson0.9. Prior to
crystallization, hexahistidine-Crimson0.9 was purified using size-
exclusion chromatography to remove aggregation. Thereafter,
Crimson0.9 was buffer-exchanged with 50 mM Tris
(hydroxymethyl) aminomethane, 25 mM NaCl, 4.0 mM TCEP
at pH 7.4, and concentrated to 10 mg/ml for crystallization.
Crimson0.9 was crystallized at 12°C in a dark chamber by
sitting-drop vapor diffusion using 1 μL of 10 mg/ml
Crimson0.9 in 50 mM Tris Base, 25 mM NaCl, 4.0 mM TCEP
pH 7.4 mixed with 1 μL of 0.2 M MgCl2, 0.1 M Bis-Tris HCl pH
6.5, and 25% PEG 3350 and 1 μL of 1 M glycerol. Crimson0.9

crystals were cryoprotected in paratone oil and flash-frozen in
liquid nitrogen. X-ray diffraction data were collected at the
Stanford Synchrotron Radiation Laboratory on Beamline 12–2.
The crystal structure was solved by molecular replacement using
Phaser as part of the CCP4 suite55. Models of Crimson0.9 and the
fluorophore were built with the Coot program. Refinement to
2.04 Å was performed in the REFMAC5 program with model
rebuilding in Coot. Water molecules were manually added by
inspection throughout the refinement process. The final model is
composed of xx water molecules and all residues except residues
1–4 and 233–244 of chain A, 1–6 and 233–244 of chain B, 1–6 and
232–244 of chain C, 1–7 and 232–244 of chain D, as these did not
show interpretable electron density. The quality of the model was
then analyzed using the programs MolProbity and PROCHECK.
The coordinates and reflections are deposited in the PDB with
accession code 6MKP.

RESULTS

Development of a Bright red Fluorescent
Protein
To obtain a bright RFP with similar excitation and emission
spectra with mCherry, we performed structure-directed
mutagenesis of mNeptune2, a bright and fast-maturing far-red

FIGURE 1 | Characterization of Crimson in vitro and neurons. (A) Fluorescence spectra of Crimson. Inset, purified Crimson in visible light. (B) Absorption (left) and
emission (right) of RFPs with excitation maxima at 580–590 nm. Absorbance spectra are scaled to peak extinction coefficient. Emission spectra are scaled so that areas
under the curves are proportional to peak brightness (product of peak extinction coefficient and quantum yield). (C) Photobleaching kinetics of purified RFPs under arc
lamp illumination with a 568/20-nm excitation filter. Time is scaled so that emission is normalized to 1000 photons per s. Imaging interval = 1 s. Each curve is the
mean of two independent experiments with the error bars denoting SD (standard deviation, n ≥ 6). (D) Photobleaching of RFPs in transfected neurons under 585-nm
laser illumination. Fluorescent intensity of each time frame is subtracted against the background and normalized to time point 0. Imaging interval = 10 s. Each curve is the
mean with the error bars denoting SD (n = 3).
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fluorescent protein (Chu et al., 2014). We first performed
mutagenesis on positions 11, 13, 28, and 41 to optimize the
hydrogen bond interaction with the chromophore acylimine
oxygen. After screening, a blue-shifted variant was obtained
with best performance which carried three-point mutations at
position 11, 28, and 41 (mNeptune2-M11S/S28H/G41N), while
position 13 remained the same as the parent. We then introduced
mutations into the outer barrel, the inner barrel and the loop
respectively, in order to further blue-shift fluorescence spectra
and optimize folding, maturation, photostability and brightness
(Supplementary Figure S1 and Supplementary Table S1). After
several rounds of screening, we obtained a bright RFP with peak
excitation/emission at 588/617 nm (Figure 1A). This protein,
named Crimson, differs from mNeptune2 by 33 mutations (13
inside the barrel) and 3 deletions (Supplementary Figure S1). Of
these, 9 mutations mainly account for the spectral characteristics
of Crimson (Supplementary Figure S2).

Crimson’s extinction coefficient (EC) of 77 mM−1cm−1 and
quantum yield (QY) of 0.42 makes it ~100% brighter than
mCherry and FusionRed and 28% brighter than mKate2 per
mature molecule (Table 1). Crimson’s absorption spectrum is
similar to that of mCherry and mKate2, while its emission peak
lies between those of mCherry and mKate2 (Figure 1B). Both
absorption and emission spectra are redder for Crimson than for
FusionRed (Figure 1B). Crimson exhibits reduced formation of a
green fluorescent side-product common to eqFP578-derived
RFPs (Supplementary Figure S3A), and is more pH-resistant
than mKate2 (Supplementary Figure S3B, Table 1). Crimson
exhibited bi-exponential fluorescence decay under one-photon
widefield microscopy in vitro, with a faster initial drop to 50%
brightness but slower subsequent photobleaching compared to
mCherry, mKate2, and FusionRed (Figure 1C). Under laser
illumination of cells expressing each RFP, Crimson again
exhibited a fast initial drop, followed by photobleaching at a

rate similar to mCherry and slower than mKate2 and FusionRed
(Figure 1D). Similar to mKate2, Crimson is dimeric at 10 μM
(Supplementary Figure S3C), consistent with minimal change to
the dimeric interface during the evolution of these proteins from
TagRFP. Crimson exhibited maturation speed and efficiency at
37°C comparable to mCherry and mKate2 and superior to
FusionRed (Table 1).

Crimson’s high EC, high QY, and large emission separation
from GFPs may make it a good Förster resonance energy transfer
(FRET) acceptor for GFPs, especially when detecting FRET using
sensitized emission (Bajar et al., 2016b). We thus assessed the
performance of Crimson as a FRET acceptor compared to other
RFPs including mRuby3 (Bajar et al., 2016a) and mScarlet-I
(Bindels et al., 2017), two bright and blue-shifted monomeric
RFPs. Indeed when fused to the bright GFP dClover2 (Bajar et al.,
2016a), Crimson produced more efficient FRET than all tested
RFPs and a higher RFP/GFP peak emission ratio than
mCherry, mKate2, or FusionRed (Supplementary Figure S4).
Incidentally, dClover2-mRuby3, dClover2-mScarlet-I, and
dClover2-FusionRed would be predicted to exhibit more
efficient FRET based on their longer Förster radii (r0)
calculated from spectral characteristics of mature proteins, so
the higher FRET efficiency of dClover2-Crimson also suggests
superior maturation of Crimson. In mammalian cells, a Raichu
RhoA reporter using dClover2-Crimson as the FRET pair
demonstrated a larger emission ratio change upon activation
than the one using dClover2-mRuby3 (Supplementary Figure
S4). These results indicate that Crimson functions well as a
FRET acceptor for GFPs. However, since Crimson is dimeric, it
is not suitable for FRET applications involving fusion of Crimson
to a cellular protein, such as protein-protein interaction and
protein conformational changes, because this forced dimer may
interfere with function or location of protein of interest.

Structural Basis of Spectral Tuning in
Crimson
To understand the mechanism of spectral tuning in Crimson,
we determined the atomic structure of a spectrally identical
evolutionary predecessor, Crimson0.9, at a resolution of
2.0 Å at pH 6.7–6.8 (Supplementary Table S2). The
crystallographic unit of Crimson0.9 contains four
monomers with two parallel and two cross-dimerization
interfaces. The positions of the chromophore and nearby
amino acid side chains were similar in the four monomers
(Supplementary Figure S5). As expected, each monomer has a
typical eleven-stranded β-barrel structure with a central α-
helix containing the covalently attached chromophore in the
cis conformation (Figure 2, Supplementary Figure S5).

The Crimson0.9 structure reveals both similarities to and
differences from the parental protein Neptune. Crimson0.9
retains the more planar chromophore conformation of
Neptune relative to mKate, which may contribute to its
higher extinction coefficient and quantum yield relative to
mKate (Figure 2A). The primary structural change from the
parental Neptune to Crimson0.9 is the loss of a hydrogen bond
to the chromophore acylimine oxygen. In Neptune, this

TABLE 1 | Key characteristics of red fluorescent proteins with excitation peak at
580–590 nm.

Crimson mCherry mKate2 FusionRed

Ex peak (nm) 588 587 588 580
Em peak (nm) 617 610 633 608
EC (mM−1cm−1) 77 72 63 95
QY 0.42 0.22 0.4 0.19
Brightnessa 32 16 25 18
Photostability (s)b 49 68 58 131
Maturation half-time (min)c 14 15 < 20 130
Maturation efficiencyd 50% 44% 49% 24%
pKa 4.2 < 4.5 5.4 4.6
Oligomerization dimer monomer dimer monomer

aCalculated as the product of QY at peak excitation and EC in units of mM−1 cm−1.
bPredicted time for fluorescence to photobleach by 50% under arc-lamp illumination with
excitation intensity adjusted to produce 1,000 emission photons per molecule per
second.
cTime for fluorescence to obtain half-maximal value after exposure to oxygen.
dFunctional chromophore concentration divided by total protein concentration.
Functional chromophore is determined using the base-denaturation method as EC
measurement. This excludes unfolded and broken-chromophore (backbone cleavage
before the first residue of chromophore) components. Total protein is determined by
absorbance at 280 nm.
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hydrogen bond is responsible for the excitation and emission
red-shift relative to its predecessor mKate (Lin et al., 2009).
Gly-41 of Neptune, whose lack of a side chain allows room for
the water molecule, is mutated in Crimson0.9 to Asn-41. In
mCardinal (Chu et al., 2014), a redder Neptune variant, Gln-41
serves as a hydrogen bond donor for the acylimine oxygen, but
the side chain of Asn-41 of Crimson0.9 is too short to perform
a similar function (Figure 2B). In addition, Ser-28, which
assists in holding the water molecule in place in Neptune, is
replaced with the larger His-28 in Crimson0.9, occluding water
from the chromophore acylimine vicinity (Figure 2B). The
electron density of His-28 in the Crimson0.9 crystal is
consistent with two rotamers with different and mutually
exclusive hydrogen-bonding patterns: in one, the Nε atom
donates a hydrogen bond to the chromophore and the Nδ atom
lacks hydrogen bond partners, while in the other, the Nε is
hydrogen-bonded to Ser-11 and Nδ lacks hydrogen bond
partners (Figure 2B). However, the electron density of Ser-
11 indicates that its hydroxyl group is oriented toward His-28
despite not being hindered from adopting alternative
conformations; this suggests that His-28 indeed is engaged
in a hydrogen bond with only Ser-11.

Finally, His-28 is unlikely to exert any electrostatic
influence on chromophore electronic distributions, as it is

predicted to be uncharged at physiological pH by the
PROPKA3.0 program. Thus, the acylimine group of
Crimson both lacks hydrogen bonding and exists within a
neutral environment. These features are shared between
Crimson and mKate (Figure 2), and would be consistent
with the similarity of their spectra (Figure 1). Thus, the
M11S, S28H, and G41N mutations acquired in the
evolution of Crimson from Neptune essentially undo the
red-shifting effect of the M41G mutation acquired in the
evolution of Neptune from mKate, while allowing for higher
molecular brightness.

Comparison of Cytosolic Red Fluorescent
Proteins for Brightness, Aggregation, and
Toxicity in Neurons
As improved RFPs are especially needed in neuronal
applications, we compared the performance of Crimson
and other RFPs in cultured primary hippocampal neurons.
While measurements of extinction coefficient and quantum
yield on purified proteins in vitro allow an objective
measurement of per-molecule brightness of mature
fluorescent protein, apparent brightness of fluorescent
protein constructs in cells is also influenced by the

FIGURE 2 | Structural basis of blue-shifting for Asn41, His28, and Ser11 in Crimson. (A) Alignment of Crimson (magenta), Neptune (PDB entry 3IP2, light blue) and
mKate (PDB entry 3BXC, pink) chromophores. The chromophore rings are more coplanar in Crimson or Neptune than in mKate. The chromophore acylimine oxygen is
indicated by the dashed box. (B) Hydrogen-bond interactions between the chromophore acylimine oxygen and its surrounding residues in Crimson, mKate and
Neptune. In mKate, the acylimine oxygen does not engage in any hydrogen bond interactions. In Neptune, a water molecule donates a hydrogen bond to the
acylimine oxygen and accepts a hydrogen bond from Ser-28. In Crimson, a hydrogen bond between Ser-11 and His-28 precludes one between His-28 and the
acylimine oxygen. In addition, the side chain of Asn-41 is too short to hydrogen bond to the acylimine oxygen.
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efficiency of protein maturation and folding, the half-life of
the protein and even cell types may cause variations; thus such
characteristics should be empirically tested. We thus
expressed Crimson, FusionRed, mCherry, and mKate2 in
9 days in vitro (DIV) cultured rat hippocampal neurons.
After 3 days of expression (12 DIV), Crimson was
significantly brighter than the other RFPs when imaged
under the same conditions (Figure 3A), with a whole-cell-

brightness 4.3-, 1.6-, and 2-fold of that of FusionRed,
mCherry, and mKate2, respectively (Figure 3B).

We noticed large aggregates in the cell bodies of mCherry-
transfected neurons (Figure 3A, Figure 3C). As protein
aggregates could lead to neuronal death after long-term
expression, we next measured the ability of neurons to
survive over time when expressing various fluorescent
proteins. In addition to the above RFPs, we also tested the

FIGURE 3 |Cytosolic Crimson is brighter and less cytotoxic than other RFPs in neurons. (A)Comparison of RFPs in rat hippocampal neurons imaged with confocal
microscopy 3 days post-transfection at 12 DIV. Top, representative images of transfected neurons acquired and displayed with identical settings are shown. Scale bar =
20 µm. Bottom, representative images with brightness adjusted to similar levels for display. Cell bodies are enlarged in the insets within the upper panels. Dendritic
segments indicated by the dashed rectangle are enlarged in the lower panels. Scale bar = 5 µm. (B)Quantification of RFP brightness 3 days post-transfection at 12
DIV. Error bars = SEM (Standard Error of the Mean). Overall p < 0.0001 by one-factor ANOVA. (C) Quantification of the percentage of neurons with aggregates among
total transfected neurons 3 days post-transfection at 12 DIV. (D) Quantification of the percentage of healthy neurons among total transfected neurons 9 days post-
transfection at 18 DIV. Error bars = SEM. Overall p < 0.0001 by one-factor ANOVA.
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effects of chronic expression of mRuby3, dTomato, and the
YFP Venus. We added mRuby3 to test a monomeric RFP with
higher brightness than mCherry, dTomato to determine if
expression of a strongly dimeric RFP might actually be the least
toxic by reducing the concentration of free monomers with an
unbound dimerization interface, and Venus as a widely used
derivative of Aequoria victoria GFP. After 9 days of expression
(at 18 DIV), Crimson-expressing neurons demonstrated
significantly higher survival rates than neurons expressing

the other RFPs, and similar survival rates as neurons
expressing low-toxicity Venus (Figure 3D). Interestingly,
dTomato was as toxic as mKate2 and more toxic than
Crimson, suggesting that strong dimer affinity is not the
main mechanism for the reduced toxicity of Crimson. On
the other hand, the strong monomers mCherry and FusionRed
also were more toxic than Crimson, suggesting that
monomerization alone is also not correlated with survival.
Regardless, Crimson performs better than the spectrally

FIGURE 4 |Crimson-CAAX labels the cytoplasmic membrane well in neurons. (A)Brightness comparison of RFP-CAAX fusions in rat hippocampal neurons 3 days
post-transfection at 12 DIV. Representative confocal images of transfected neurons acquired and displayed with identical settings are shown. Scale bar = 20 µm. (B)
RFP-CAAX fusions visualized with confocal microscopy 3 days post-transfection at 12 DIV, with image brightness adjusted to similar levels for display. Cell bodies are
enlarged in the insets within the upper panels. Dendritic segments indicated by the dashed rectangle are enlarged in the lower panels. Scale bar = 20 µm (upper
panels) or 5 µm (lower panels). (C)Quantification of brightness of RFP-CAAX constructs 3 days post-transfection at 12 DIV. Error bars = SEM. Overall p < 0.001 by one-
factor ANOVA. (D) Quantification of the percentage of healthy neurons among total transfected neurons 6 days post-transfection at 15 DIV. Crimson-CAAX-expressing
neurons demonstrated the highest viability. Error bars = SEM. Overall p < 0.0001 by one-factor ANOVA.
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similar mCherry, mKate2, and FusionRed fully visualizing the
dendritic processes of neurons with improved brightness and
reduced toxicity.

Comparison of Membrane-Tethered Red
Fluorescent Proteins in Neurons
To determine the utility of RFPs for labeling the neuronal
plasma membrane, we transfected neurons with a series of RFP
fusions to the CAAX farnesylation motif and quantified the

brightness of each RFP-CAAX reporter. We observed that
Crimson-CAAX was significantly brighter than mKate2-
CAAX, mCherry-CAAX, or FusionRed-CAAX (Figures
4A,C). We then adjusted excitation power to equalize
brightness across RFPs to visualize fluorescence
distributions within neurons. While mKate2-CAAX,
FusionRed-CAAX and Crimson-CAAX distributed along the
plasma membrane and evenly labelled neurites and dendritic
spines, mCherry-CAAX accumulated in aggregates within
dendritic shafts (Figure 4B).

FIGURE 5 |Membrane-bound Crimson improves the detection of small processes. (A,B) Visualization of cultured rat hippocampal neurons with an epifluorescent
microscope (A) and a confocal microscope (B). Neurons were co-transfected with cytosolic mTurquoise2 and Crimson-CAAX at 9 DIV and imaged at 14 DIV. Lower
panels show dendrites from the same culture at higher magnification. Arrows indicate thin spines and filopodia visible with Crimson-CAAX but not with cytosolic
mTurquoise2. Scale bars = 10 µm (upper panels) and 5 µm (lower panels). (C) Visualization of zebrafish trigeminal ganglion by two-photon microscopy in vivo.
Zebrafish was injected with DNA at one-cell stage and imaged at 7-day post-fertilization. Scale bar = 20 µm.
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We then assessed the viability of neurons expressing the same
set of RFPs previously tested for toxicity, but now fused to the
CAAX motif. Crimson-CAAX exhibited significantly higher
survival rates than neurons expressing the other RFP-CAAX
fusions, and similar survival rates as neurons expressing a
Venus-CAAX fusion (Figure 4D). Neurons expressing
dTomato-CAAX and mCherry-CAAX showed the least
viability. Strikingly, dTomato-CAAX created dramatic rod-like
structures in neurons (Supplementary Figure S6). This suggests
that dTomato may contain an interface capable of polymerization
once dTomato is concentrated and oriented at the membrane by
farnesylation.

Crimson-CAAX in Imaging Dendritic Spines
Ex Vivo and in vivo
We hypothesized that Crimson-CAAX would allow more
sensitive detection of small membrane structures such as
filopodia and spines than a cytosolic fluorescent protein,
due to the low amount of cytosol in these small structures.
To compare Crimson-CAAX with a cytosolic fill FP, we co-
expressed Crimson-CAAX with cytosolic mTurquoise2 in
primary hippocampal neurons. In standard wide-field
epifluorescence microscopy, Crimson-CAAX distributed
evenly in soma and the neuronal processes, and clearly
labeled thin dendritic processes (Figure 5A). In contrast,
cytosolic mTurquoise2 was mostly detected in the soma and
the proximal portions of the dendrites and did not label the
thinner dendritic processes as clearly (Figure 5A, upper
panels). At high magnification, Crimson-CAAX could be
seen along the membrane of spines and filopodia, with
similar brightness per membrane length compared to
nearby dendritic membranes. In contrast, cytosolic
mTurqouise2 produced signals that were orders of
magnitude dimmer in spines than in adjacent dendritic
shafts, causing scatter from dendritic shafts to reduce the
signal-to-background ratio for detection of spines and
filopodia (Figure 5A, lower panels).

Crimson-CAAX also performed better than mTurquoise2 in
labeling thin structures in optical-sectioning microscopy. In
confocal microscopy, filopodia and spines became visible in
the cytosolic mTurquoise2 channel only when the brightness
was boosted and part of the dendrite shafts became overexposed,
whereas filopodia, spines, and dendritic shafts could be visualized
with similar intensities in the Crimson-CAAX channel
(Figure 5B). We also tested Crimson-CAAX versus cytosolic
mTurquoise2 in the neurons of living zebrafish under two-
photon illumination. Zebrafish dendrites are small in diameter,
measuring <3 μm at their widest point, compared to 5–10 μm of
mammalian neurons. In the trigeminal ganglion and developing
spinal cord, cytosolic mTurquoise2 was only visible in a small
fraction of Crimson-positive neurites, even when using laser and
detector settings that produced more mTurquoise2 than
Crimson-CAAX signal intensity in cell bodies (Figure 5C).
Thus, in one-photon widefield, one-photon confocal, and two-
photon microscopy, Crimson-CAAX improved the detection of
filopodia and spines.

DISCUSSION

In this study, we developed a new bright RFP, Crimson, with
similar excitation and emission spectra as the widely used
mCherry and mKate2. In neurons, Crimson is brighter and less
toxic than mKate2, mCherry, or FusionRed, either when
expressed in the cytosol or targeted to the membrane. A
membrane-targeted form of Crimson improves the
visualization of spines and filopodia, which contain
minuscule amounts of cytoplasm, compared to a cytosolic
fluorescent protein. In one-photon microscopy, Crimson-
CAAX reliably visualizes filopodia and thin spine necks,
which are only clearly visible with cytosolic FPs when the
dendritic shafts are overexposed. In two-photon microscopy,
Crimson-CAAX outperforms the cytosolic FP in labeling thin
neurites. Thus, Crimson-CAAX may be useful for studying
synaptic morphology in development (Yoshihara et al., 2009)
or for sparse labeling and circuit tracing in vivo (Xu and
Sudhof, 2013). It may be especially useful for testing
interventions in models of neurodevelopmental disorders
characterized by abnormal filopodia or spines (De Rubeis
et al., 2013; Michaelsen-Preusse et al., 2016).

The fact that the weakly dimeric Crimson is less toxic to
neurons than the more monomeric mCherry or FusionRed in
both cytosolic and membrane-bound forms is surprising. This
observation suggests that the presence of a dimeric interface is not
necessarily deleterious to the cell. Crimson is also less toxic than
the similarly dimeric mKate2 and the more dimeric dTomato,
which suggests that dimerization is not necessarily protective
either. Indeed, dTomato when targeted to the membrane creates
dramatic rod-like structures in neurons and is highly toxic. Thus
factors other than homodimerization affinity alone influence
toxicity. One explanation could be that mutation of Crimson
at 23 exterior-facing locations (Supplementary Figure S1) alters
its interactions with endogenous neuronal proteins in a manner
that reduces toxicity.

Certain tetrameric RFPs have previously been shown to be
suitable for whole cell labeling (Strack et al., 2008; Strack et al.,
2009). For example, DsRed-Express2 is reportedly bright, nontoxic
and reasonably photostable (Strack et al., 2008).While it is possible
for DsRed-Express2 to work with a CAAX signal to the extent that
it can be targeted to the membrane, it may form aggregates at the
cell membrane, as was observed inDsRed.T3-CAAX, the precursor
of DsRed-Express2 (Schwirz et al., 2020). We have also observed
that tdTomato-CAAX forms large rod-like structures
(Supplementary Figure S6), presumably due to interaction
between tdTomato-CAAX chains at the parallel dimerization
interface (the two Tomato domains in tdTomato form a cross-
dimer, leaving the parallel dimerization interface unoccupied).
Therefore, tetrameric RFP-CAAX fusions would not be a
preferred choice for membrane labelling.

In summary, Crimson is a bright RFPs that is uniquely
useful for long-term imaging in neurons, either as a cytosolic
protein or as a membrane-targeted fusion. It is brighter than
mCherry, mKate2, and FusionRed, commonly used RFPs or
far-red FPs in its spectral class, and it is also uniquely non-
toxic to neurons after long-term expression. With these
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favorable characteristics, Crimson may be a favorable starting
point for further engineering to create a fully monomeric
version that is compatible with fusion to a variety of
neuronal proteins.
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