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Abstract
Over the past couple decades, the explosion in the development of high-resolution and super-resolution
microscopy techniques has led to the need for the development of new protein labeling techniques. Click-
labeling via genetic code expansion (GCE) has received particular attention given its potential has the
ultimately small labelling probe for proteins. Click-labeling via GCE offers a reliable and sterically
minimally demanding capacity to label proteins, but its application in non dividing cells such as neurons
remains poorly exploited due to its low e�ciency. Here, we describe a simple, e�cient and reproducible
protocol that allows to �uorescently label transmembrane proteins in live neurons using click-labeling via
GCE, both in dissociated culture and organotypic brain slices.

Introduction
Classical labeling methods used for �uorescence imaging such as labeling the target protein with an
antibody-dye complex or genetic fusion with a reporter �uorescent protein are limited in their use,
particularly in live neurons. Antibodies are quite bulky, even when reduced to their monovalent forms, and
only have access to exposed epitopes. The incorporation of �uorescent proteins into a target protein can
impede its native function, accounting for biased interpretations and severely limiting its possible site of
insertion. There is thus a pressing need for the development of alternative labeling methods that do not
depend on epitope accessibility and with sizes compatible with the nanometer precision of super-
resolution imaging.

Click chemistry labeling via genetic code expansion (GCE) offers the possibility for site-speci�c
incorporation of unnatural amino acids (uAAs) containing bioorthogonal groups into a target protein 1,2.
By replacing a native codon at a selected position in the target protein with a rare codon, such as the
Amber stop codon, the modi�ed protein can then be expressed into the desired host cells along with an
engineered amino acyltransferase (aaRS) and tRNA pair orthogonal to the host translational machinery.
The engineered aaRS is modi�ed in a way to only recognize a speci�c uAA, which is then attached to a
tRNA that matches the rare codon. Among a collection of different possibilities, the trans-cyclooct-2-ene
(TCO*)-modi�ed amino acids, such as TCO*-L-lysine (TCO*A), is of interest when it comes to targeting
and labeling the desired target proteins in living organisms. TCO* can react with a 1,2,4,5-tetrazine in a
catalyst-free, fast, speci�c, and bioorthogonal strain-promoted inverse electron-demand Diels-Alder
cycloaddition reaction (SPIEDAC). Due to the high selectivity and fast kinetics of this click chemistry
reaction, a large number of �uorophore-tetrazine conjugates and TCO* functionalized molecules are now
commercially available making labeling of mammalian cells and whole organisms with organic dyes
accessible for live and �xed samples 3-5. While the use of click-labeling via GCE to �uorescently label
proteins in non-neuronal cells is well-established, the use of such strategy to �uorescently label proteins
in neurons is just now emerging 6,7.

The synaptic protein transmembrane AMPA receptor regulatory protein (TARP) γ2 is composed of four
transmembrane domains, an intracellular amino- and carboxyl-terminal domain, and two extracellular
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loops (Ex1 and Ex2)8. Due to the close association of the extracellular domains of γ2 to the AMPA
receptor ligand-binding domain9-12, the development of ligands recognizing the extracellular domains of
γ2 as well as genetic fusion tagging is a challenge13,14. Recently, we demonstrated that extracellular
domains of γ2 can be �uorescently labeled through the use of GCE combined with click-chemistry6. To
label γ2, Ser at position 44 in the γ2 Ex1 was replaced by an Amber codon, which during translation
allowed the incorporation of the uAA TCO*A. Given that γ2 overexpression induces neuronal toxicity, γ2
and the engineered PylRS were expressed under a bi-directional doxycycline-induced vector – pTRE3G-BI
PylRS/γ2 S44* 6. Here, we report a simple and reproducible protocol to �uorescently label uAA-tagged
transmembrane proteins at the plasma membrane of neurons in both dissociated hippocampal cultures
and organotypic hippocampal slice cultures.

Reagents
Trans-Cyclooct-2-en-L-Lysine (TCO*A; #SC-8008) was purchased from SiChem (Bremen, Germany); stock
solution: 100 mM in 0.2 M NaOH, 15% DMSO. Store @-20ºC. Freshly before adding to cells: 1:4 dilution in
1 M HEPES. Use this dilution immediately, and do not store!

Pyr-Tet-ATTO-643 (PyrTet-ATTO643; #CLK-101) and H-Tet-Cy5 (#CLK-015-05) were purchased from Jena
Bioscience (Jena, Germany); stock solution was prepared at 500 uM tetrazine-dye in DMSO. Store
@-20ºC.

Gibco Minimum Essential Media 1X (MEM; #21090-022), B-27 Plus Neuronal Media, Horse serum,
OptiMEM, L-glutamine, GlutaMAX, 1X B-27™ Plus Supplement, 1 M HEPES buffer, sodium pyrovate (100
mM), Lipofectamine 2000 Transfection Reagent (#11668019), penicillin/streptomycin, 0.05%Trypsin-
EDTA 1X, and Fluoromount-G Mounting Medium (#00-4958-02) were purchased from Thermo Fisher.
MEM (#M4642-10L), β-D-arabinofuranoside, MgCl2, CaCl2, NaHCO3, D-glucose, Glucose 45% (#G8769),
NH4Cl, HEPES, sodium ascorbate, MgSO4, insulin, phenol red, and poly-L-lysine (PLL; #P2636-1G) were
purchased from Sigma. Millicell® culture inserts were purchased from Millipore. ⌀ 18 mm coverslips
(Marienfeld Superior, #0117580).

Plasmids: bidirectional doxycycline-inducible expression vector pTRE3G-BI PylRS/γ2 S44*, and
Tet3G/tRNA. For plasmids description please refer to 6.

 

Tyrode’s solution (in mM): 100 NaCl, 5 KCl, 5 MgCl2, 2 CaCl2, 15 D-glucose, and 10 HEPES, pH 7.4,
osmolarity adjusted to 243-247 mOsm.

K-gluconate based intracellular solution (in mM): 135 K-gluconate, 4 NaCl, 2 MgCl2, 2 HEPES, 2 Na2ATP,
0.3 NaGTP, 0.06 EGTA, 0.01 CaCl2 (pH 7.2-7.3 with KOH, osmolarity adjusted to 290 mOsm).
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OHSC dissection buffer (in mM): 230 sucrose, 4 KCl, 5 MgCl2, 1 CaCl2, 26 NaHCO3, 10 D-glucose, and
phenol red.

OHSC media –  MEM (Sigma) containing (in mM): 30 HEPES, 5 NaHCO3, 0.511 sodium L-ascorbate, 13
D-glucose, 1 CaCl2, 2 MgSO4, 5 L-glutamine, and 0.033% (v/v) insulin, pH 7.3, osmolarity adjusted to 317-
320 mOsm, plus 20% (v/v) heat-inactivated horse serum.

Arti�cial cerebrospinal �uid (ACSF) (in mM): 130 NaCl, 2.5 KCl, 2.2 CaCl2, 1.5 MgCl2, 10 D-glucose, and
10 HEPES, pH 7.35, osmolarity adjusted to 300 mOsm.

Equipment
Tissue chopper (McIlwain), pipette puller (Narishige, #PC-100), upright Nikon eclipse FN1 microscope,
isolated stimulator (NPI Electronic Instruments, #ISO-01D-100V), micromanipulator (Scienti�ca
PatchStar), 2-channel stimulus generator (Multi Channel Systems, #STG4002), DC Linear Fixed Voltage
(VOLTCRAFT FPS-1132), spinning disk microscope Leica DMI6000 B (Leica Microsystem), and Leica TCS
SP8 confocal microscope (Leica Microsystem).

Procedure
Tetrazine-labeling of uAA-tagged proteins in dissociated hippocampal neurons

Day 0: Dissociation of rat hippocampal neurons

 Dissociated hippocampal neurons from embryonic day 18 (E18) Sprague-Dawley rats embryos of both
sexes were prepared in Banker-like cultures as previously described 15 with modi�cations. For a detailed
protocol please refer to 15.

Dissociated neurons were plated at a density of 250,000 cells per 60 mm culture dish on 0.1 mg.mL-1 PLL
pre-coated 1.5H, ⌀ 18 mm coverslips – 4 coverslips per 60 mm culture dish. Neuron cultures were
maintained in Neurobasal Plus Medium supplemented with 0.5 mM GlutaMAX and 1X B-27™ Plus
Supplement.

Hippocampal astrocytes feeder layers were prepared two weeks in advance from E18 embryos, plated
between 20,000 to 40,000 cells per 60 mm culture dish and cultured in Minimum Essential Medium
containing 4.5 g.L-1 glucose, 2 mM GlutaMAX and 10% heat-inactivated horse serum for 14 days.

 

Day 3:

-      Add 2 uM of Cytosine β-D-arabinofuranoside to the 60 mm culture dish containing the hippocampal
neurons.
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Day 3-4: Lipofectamine 2000 transfection

-      In a 12-MW plate, add 500 uL of Neurobasal media pre-equilibrated at 37ºC per well;

-      Transfer the coverslips containing the neurons to be transfected from the 60 mm culture dish to the
12-MW plate and store it in the incubator;

-      Lipofectamine 2000 transfection (for 4 coverslips, i.e., 1x 60 mm culture dish):

o   Prepare and label two 1.5 mL eppendors, A and B

§ epp. A: Mix 0.417 ug of pTRE3G-BI PylRS/γ2 S44*, 0.417 μg uL of Tet3G/tRNAPyl, and 0.166 μg of
eGFP in 100 μL of OptiMEM at RT.

§ epp. B: Add 4 μL of Lipofectamine 2000 into 100 μL of OptiMEM. Mix by gently tapping the Eppendorf
with the �ngers.

o   Add DNA mix solution from epp. A dropwise to the epp. B. Mix by gently tapping the Eppendorf with
the �ngers;

o   Incubate for 5 min at RT;

o   Take the 12-MW plate containing the coverslips from the incubator and add 50 uL of the DNA-
lipofectamine mix solution dropwise per coverslip. Homogenate the solution by gently tilting the plate;

o   Incubate for 45 min at 37ºC;

o   Remove the transfection media from 12-MW plate, and rinse the coverslips with 250 μL of Neurobasal
media pre-equilibrated at 37ºC;

o   Transfer the coverslips back to the respective 60 mm culture dishes.

 

Day 10-11:

-      Add 2 mL of fresh Neurobasal media pre-equilibrated at 37ºC per 60 mm culture dish.

 

Day 15-17: uAA supplementation

-      Prepare a 25 mM TCO*A working solution (for 4 coverslips): Add 30 μL of 1M HEPES to 10 μL of
TCO*A stock solution (see reagents);
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-      Prepare a 50 mg/mL doxycycline working solution: Dilute 2 uL of doxycycline stock solution in 78 μL
of cell media;

-      In a 12-MW plate, add 1 mL per well of cell media from the transfected neurons-containing 60 mm
culture;

-      Add 10 uL of TCO*A working solution and 2 μL of doxycycline working solution per well of 12-MW
plate containing 1 mL of cell media. Final concentration: 250 μM of TCO*A and 100 ng/mL of
doxycycline solution;

-      Transfer the converslips containing the transfected neurons to the 12-MW plate and return it to the
incubator.

 

Day 16-18: Tetrazine-labeling (~18-22 h after TCO*A and doxycycline treatment)

-      Prepare 10 mL of Tyrode’s solution containing 1% BSA. Equilibrate at 37ºC.

-      Remove TCO*A- and doxycycline-containing cell media;

o   Avoid doing more than 4 coverslips at a time.

-      Rinse coverslips 3 times with ~1 mL of Tyrode’s solultion pre-warmed at 37ºC;

-      Wash for 3 min with ~1 mL of 1%BSA-Tyrode’s sol pre-warmed at 37ºC;

-      Prepare 0.5 μM of Pyr-Tet-ATTO643 solution (for 4 coverslips): Dilute 2 μL of 500 μM Pyr-Tet-
ATTO643 (diluted in DMSO) in 2 mL of warm 1% BSA-Tyrode’s solution. Mix vigorously by pipetting;

-      Add 250 uL of 0.5 μM of H-Tet-Cy5 solution per well and incubate for 10 min @37ºC;

-      Rinse cells 4 times with ~1 mL of Tyrode’s sol pre-warmed @37ºC;

-      Transfer the coverslips to a metal Ludin chamber and add 1 mL of ward Tyrode’s solution.

Image live neurons using a spinning disk confocal microscope or equivalent (Figure 1).

 

Tetrazine-labeling of uAA-tagged proteins in organotypic hippocampal slice cultures (OHSC)

Day 0: Culture of mouse hippocampal slices

 Organotypic hippocampal slice cultures from postnatal day 5-7 from C57Bl6/J mice of both sexes were
prepared as previously described 16 with modi�cations. For a detailed protocol please refer to 16.
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Animals were anesthetized on ice and sacri�ced by decapitation. Hippocampi were dissected out and
placed in ice-cold carbonated dissection buffer (see reagents). Coronal slices (300 µm) were cut using a
tissue chopper, collected and positioned on interface-style Millicell culture inserts in 6 well culture plates
containing 1 mL of sterile OHSC media (see reagents) pre-equilibrated @35ºC. Brain slices were
incubated @35 °C under 5% CO2 and the culture medium was changed from the bottom of each well
every 2-3 days.

 

Day 11-13: single-cell electroporation

 Single-cell electroporation of CA1 pyramidal neurons in OHSC was performed as previously described 17

with modi�cations. For a detailed protocol please refer to 17.

-      Prepare glass micropipettes with resistance ~4-6 MΩ using a pipette puller;

-      Prepare about 70 uL of DNA solution: Dilute 26 ng/uL of pTRE3G-BI PylRS/γ2 S44*, 26 ng/μL of
Tet3G/tRNAPyl, and 13 ng/uL of eGFP in ~70 μL of K-gluconate based intracellular solution.

-      Fill the glass micropipettes with ~6 μL of DNA solution (electroporation pipette). Mount the
electroporation pipette in the micromanipulator;

-      Fill the microscope recording chamber with ~2 mL warmed ACSF (see reagents). Transfer one slice
from the 6-MW plate to the microscope recording chamber;

-      Approach the selected cells with the electroporation pipette while applying positive pressure;

-      After a loose seal formation apply 4 x 25 ms pulses at 1 Hz, -2.5V;

-      Slowly retract the electroporation pipette and begin applying very light pressure when 2-5 μm away
from the soma. Increase pressure at larger distances;

-      Repeat the process.  Avoid keeping the slice for longer than 20 min;

-      Return the slice to the 6-MW plate. Return the plate to the incubator.

 

 

Day 14-16: uAA supplementation

-      Prepare a 25 mM TCO*A working solution (for 4 wells of a 6-MW plate): Add 30 μL of 1M HEPES to
10 μL of TCO*A stock solution;
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-      Prepare a 50 mg/mL doxycycline working solution: Dilute 2 μL of doxycycline stock solution in 78 μL
of cell media;

-      Add 10 μL of TCO*A working solution and 2 μL of doxycycline working solution per well of 6-MW
plate containing 1 mL of OHSC media. Final concentration: 250 uM of TCO*A and 100 ng/mL of
doxycycline solution.

 

Day 15-17: Tetrazine-labeling (~20-22 h after TCO*A and doxycycline treatment)

-      Prepare 10 mL of ACSF containing 1% BSA. Equilibrate at 35ºC.

-      Remove TCO*A- and doxycycline-containing OHSC media;

-      Wash slices 3 times for 5 min with ~2 mL (1 mL outside and 1 mL within the culture inserts) of ACSF
pre-warmed at 35ºC. Make sure the slices are submerged;

-      Wash for 5 min with ~2 mL (1 mL outside and 1 mL within the culture inserts) of 1%BSA-ACSF pre-
warmed at 35ºC. Make sure the slices are submerged;

-      Prepare 1 μM of H-Tet-Cy5 solution (for 4 wells): Dilute 8 uL of 500 uM H-Tet-Cy5 (diluted in DMSO) in
4 mL of warm 1% BSA-ACSF. Mix vigorously by pipetting;

-      Add 1 mL of 1 uM of H-Tet-Cy5 solution to the culture insert. Make sure the slices are submerged.
Incubate for 10 min @35ºC;

-      Wash slices 4 times for 5 min with ~2 mL (1 mL outside and 1 mL within the culture inserts) of ACSF
pre-warmed at 35ºC. Make sure the slices are submerged;

-      Remove ACSF and �x slices with 4% PFA (1 mL outside and 1 mL within the culture inserts) for 2 h
@RT. Make sure the slices are submerged;

-      Wash slices 3 times for 5 min with ~2 mL (1 mL outside and 1 mL within the culture inserts) of PBS;

-      Block reactive aldehyde groups for 20 min with ~2 mL (1 mL outside and 1 mL within the culture
inserts) of 200 mM NH4Cl @RT;

-      Rinse slices with ~2 mL (1 mL outside and 1 mL within the culture inserts) of PBS;

-      Transfer the slices to a glass microscope slide. Mount slices in Fluoromount-G Mounting medium.
Cover slices with a slide coverslip. Let slices cure for 48 h at RT protected from light.

 



Page 9/11

Image slices using a point scanning confocal microscopy or equivalent (Figure 2).

Troubleshooting

Time Taken
1)    Dissociated hippocampal neurons: primary neuronal culture ~2-3 h; transfection ~1 h; cell culture
growth ~16-18 days; cell live staining ~ 20-30 min.

2)    Organotypic hippocampal slice cultures: slice culture ~1-2 h; single-cell electroporation maximum of
20 min per slice (3-4 h); slice culture growth ~16-18 days; slice live staining 45-55 min.

Anticipated Results
Figure 1 and Figure 2 are representative images of how neurons appear under a confocal microscope.
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Figure 1

Representative spinning disk confocal image of live dissociated hippocampal neurons co-expressing
eGFP and γ2 S44* at DIV18. Cells were stained for 10 min with 0.5 μM of Pyr-Tet-ATTO643, and imaged
in Tyrode’s solution @37ºC.

Figure 2

Representative confocal image of �xed CA1 neurons co-expressing eGFP and γ2 S44* in OHSC at DIV 15.
Slices were live stained for 10 min with 1 μM of H-Tet-Cy5.


