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Abstract: A novel chemoenzymatic approach for simple and
fast site-specific protein labeling is reported. Recombinant
tubulin tyrosine ligase (TTL) was repurposed to attach various
unnatural tyrosine derivatives as small bioorthogonal handles
to proteins containing a short tubulin-derived recognition
sequence (Tub-tag). This novel strategy enables a broad range
of high-yielding and fast chemoselective C-terminal protein
modifications on isolated proteins or in cell lysates for
applications in biochemistry, cell biology, and beyond, as
demonstrated by the site-specific labeling of nanobodies, GFP,
and ubiquitin.

Site-specific functionalization of proteins is crucial for
a plethora of applications throughout the life sciences.
Fluorescent proteins and self-labeling strategies like SNAP-
[1] and HALO-[2] tagging have become indispensable tools for
cell biologists to analyze intracellular activity and localize
proteins of interest. Genetic fusion with GFP or self-labeling
protein tags is straightforward; however, the size and
biochemical nature of the attachment may affect the proper-
ties and application of the chimeric protein.[3] Protein trans-
splicing, expressed protein ligation (EPL), and amber sup-
pression and auxotrophic expression in combination with
bioorthogonal labeling are prominent tools that allow the
placement of small tags and modifications within the protein
sequence.[4] However, low expression yields of genetic
encoding systems[5] and challenges associated with impaired
protein folding with trans-splicing and EPL[6] can be limiting
factors when applying these techniques. As an alternative,
chemoenzymatic approaches have attracted increasing atten-

tion for the site-specific modification of proteins by using
short and specific recognition tags. A variety of enzymes, such
as trypsin,[7] Sortase A,[8] phosphopantetheinyl transferase
(PPTase),[9] biotin ligase,[10] lipoic acid ligase,[11] AnkX,[12] and
formylglycine generating enzyme,[13] open up broad possibil-
ities for subsequent chemoselective and site-specific labeling.
However, several chemoenzymatic approaches still need to
overcome some limitations, including large and hydrophobic
substrates for the enzymatic reaction that may affect the
protein of interest.[14] Moreover, the reversibility of some
enzymatic reactions and product hydrolysis necessitates
extensive enzyme engineering and a high excess of catalyst
and substrate.[7, 14, 15]

Herein, we present a novel and fast method for the site-
specific labeling of functional proteins that combines the use
of small unnatural amino acids as bioorthogonal handles and
the technical advantages of chemoenzymatic labeling. The
technique, termed Tub-tag labeling, is based on the enzymatic
ligation of easy-to-synthesize small tyrosine derivatives to the
C terminus of a fourteen amino acid hydrophilic recognition
tag (termed Tub-tag) by tubulin tyrosine ligase (TTL, Fig-
ure 1a). In nature, TTL catalyzes the post-translational
attachment of tyrosine to the C terminus of a-tubulin, which
is involved in the regulation of microtubule homeostasis.[16]

Interestingly, it has been shown that TTL also utilizes tyrosine
derivatives for the C-terminal modification of tubulin.[17]

We started our investigation by probing whether recombi-
nant TTL can conjugate unnatural tyrosine derivatives to the
isolated Tub-tag peptide, which mimics the C terminus of
tubulin. For initial Tub-tag labeling experiments, we used 3-
N3-l-tyrosine (1) and 3-formyl-l-tyrosine (2) as substrates
and synthesized a 5,6-carboxyfluorescein-labeled Tub-tag
peptide (CF-Tub-tag) by standard solid-phase peptide syn-
thesis (SPPS). The reaction process was analyzed by isocratic
HPLC (Figure 1b for 1, Figure 1 c for 2, and Figure S1 in the
Supporting Information). After 120 min of incubation (TTL/
peptide 1:200) at 37 88C, we observed a conversion of 90 % and
63% with 1 and 2, respectively. The initial reaction rate of
azide 1 surpasses that of aldehyde 2, resulting in an
approximately 2.6 times faster formation of the ligation
product. However, extending the reaction in the case of
aldehyde 2 delivers equal amounts of labeled peptide, thus
demonstrating the broad substrate acceptance of tubulin
tyrosine ligase.

Encouraged by these results, we tested whether Tub-tag
labeling can be applied to the site-specific modification of
proteins and whether the required C-terminal recognition
motif influences the protein function. At the outset of our
studies, we focused on camel-derived single-domain nano-
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bodies,[18] which are used as analytical tools in biochemistry as
well as for the intracellular recognition and manipulation of
antigens in cell biology.[19] In this context, it was our particular
goal to access a site-specifically fluorescently-labeled nano-
body, since these approximately 15 kDa antigen-recognizing
proteins display superior properties in superresolution mi-
croscopy owing to their exceptionally small size.[20]

We fused the Tub-tag sequence to the C terminus of
a GFP-specific nanobody (GBP4[21]) and performed TTL-
mediated labeling with a TTL/GBP4 ratio of 1:5 at 37 88C for
24 h. Tryptic digest followed by HPLC–MS/MS experiments
showed the successful C-terminal addition of tyrosine, 3-N3-l-
tyrosine (1), 3-formyl-l-tyrosine (2), 3-NH2-l-tyrosine (3),
and 3-NO2-l-tyrosine (4 ; Figure S3 in the Supporting Infor-
mation). Next, we combined the incorporation of 1 with
subsequent strain-promoted azide–alkyne cycloaddition
(SPAAC)[22] for the conjugation of a dibenzocyclooctyne
(DBCO)-biotin derivative (Figure 2a). For this, ligations
were performed using different ratios of TTL/GBP4 and the
reactions stopped by cooling down fast to 4 88C after one or
three hours. A subsequent dialysis step was used to remove
excess tyrosine derivative 1, followed by SPAAC to DBCO-
biotin. The yields were determined by SDS-PAGE analysis.
Using a TTL/GBP4 ratio of 1:5 at 37 88C, we found that 82% of
the GBP4 was converted after one hour, whereas a TTL/
GBP4 ratio of 1:10 delivered 71% C-terminally modified
GBP4. Extending the ligation time to three hours resulted in
99% and 88% conversions at TTL/GBP4 ratios of 1:5 and
1:10, respectively. The incorporation of 3-formyl-l-tyrosine
(2) could be achieved with similar efficiency. To further
validate the modularity of the Tub-tag labeling concept, we
performed fluorescence labeling by SPAAC (Figure S7 in the

Supporting Information) and employed a variety of well-
established bioorthogonal reactions, including Staudinger
ligation[23] (Figure S8 in the Supporting Information) and
the Staudinger-phosphite reaction[24] (Figure S9 in the Sup-
porting Information), to 3-N3-l-tyrosine. In addition, hydra-
zone- (Figure S10 in the Supporting Information) and oxime-
(Figure S11 in the Supporting Information) forming reac-
tions[3c] were applied on site-specifically incorporated 3-
formyl-l-tyrosine (2). This allowed us to incorporate different
functional modules like biotin and fluorophores, and even
enabled the branched PEGylation of GBP4 (Figure S9 in the
Supporting Information). To demonstrate the broad applic-
ability of this chemoenzymatic modification, we additionally
applied it to the site-specific functionalization of GFP,
ubiquitin, and another GFP-specific nanobody (GBP1[21]).
SDS-PAGE analysis showed similar yields to the modification
of GBP4 (Figure S12 and S13 in the Supporting Information).
Moreover, the presence of the Tub-tag sequence did not affect
the fluorescence and fluorescence-modifying properties[21] of
GFP or GFP-specific nanobodies (Figures S4, S5 in the
Supporting Information).

Having established the modular and high-yielding TTL-
based modification method, we investigated the selectivity of
the tyrosine transfer reaction within complex protein mix-
tures. E. coli cell lysate containing overexpressed GFP-Tub-
tag was incubated with 3-N3-l-tyrosine (1) and TTL for four
hours. A subsequent dialysis was used to remove excess azide,
and SPAAC to DBCO-biotin showed selective C-terminal
functionalization of GFP (Figure 3a, b and Figure S14 in the
Supporting Information). Next, we probed the specificity and
applicability of the site-specifically modified nanobody GBP1
for the enrichment and isolation of overexpressed GFP from

Figure 1. Tub-tag labeling of proteins. a) Chemoenzymatic labeling of proteins by tubulin tyrosine ligase (TTL). Unnatural tyrosine derivatives are
ligated to the C terminus of a short recognition tag (Tub-tag) to serve as bioorthogonal handles for the site-specific chemical modification of
a protein of interest (POI). b, c) C-terminal addition of b) 3-N3-l-tyrosine (1) and c) 3-formyl-l-tyrosine (2) to carboxyfluorescein-labeled peptide
(CF-Tub-tag). HPLC fluorescence traces were taken at different time points of the TTL reaction and quantitation of substrate and product was
performed through peak integration (Figure S1 in the Supporting Information). The red lines represents the consumption of the CF-Tub-tag, the
blue and green lines the formation of C-terminally functionalized CF-Tub-tag-YN3/CHO. The mean values and standard deviation (SD) of three
replicate reactions are shown.
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cell lysate. Following 3-N3-l-tyrosine (1) incorporation via
TTL, GBP1 was biotinylated with DBCO-biotin as described
above and immobilized on Streptavidin-coated magnetic

beads (Figure 3c). These beads were then used for the
immunoprecipitation of GFP from HEK cell lysates. Subse-
quent western blot analysis demonstrated specific GFP

Figure 2. Principle and efficiency of TTL-mediated functionalization a) Illustration of TTL-mediated incorporation of azide 1 followed by strain-
promoted azide–alkyne cycloaddition (SPAAC) with DBCO-biotin. Dark gray circle = biotin. b) Incorporation of azide 1 into the C terminus of
GBP4 by using different ratios of GBP4/TTL and reaction times (one and three hours), followed by SPAAC to a DBCO-biotin derivative. SDS-PAGE
and western blot (Strep Ab-HRP) show efficient biotin labeling of GBP4 within one hour.

Figure 3. Lysate labeling and the application of chemoenzymatically functionalized nanobodies to protein enrichment and superresolution
microscopy. a) Schematic outline of Tub-tag labeling of GFP in complex protein mixtures (E. coli lysate). b) Coomassie staining and western blot
analysis showing the high selectivity of the tyrosine ligation and subsequent biotinylation. (+ : lysate treated with TTL, 3-N3-l-tyrosine (1) and
DBCO-biotin; C1: no 3-N3-l-tyrosine (1) added; C2: lysate treated with DBCO-biotin; C3: lysate; C4: purified GFP). c) Outline of the site-specific
biotinylation of the GFP-binding nanobody GBP1 and subsequent immunoprecipitation of GFP. d) Coomassie staining and western blot analysis
showing efficient and specific GFP pulldown (Mock GBP1-biotin: lysate lacking overexpressed GFP; GFP GBP1-biotin: beads loaded with GBP1
and lysate containing GFP; GFP control beads: beads without immobilized GBP1, I: input to streptavidin beads; FT: flowthrough; B: beads).
e) Outline of the site-specific labeling of GBP1 with Alexa594 f) Immunofluorescence with GBP1-Alexa594. Shown is a fixed HeLa cell nucleus
with the lamina colabeled with LaminB1-GFP and GBP1-Alexa594. Scale bar:10 mm. g) expansion of the region highlighted in (d). h) Fluorescence
intensity profile along the dotted line shown in (g) demonstrates high colocalization accuracy at subdiffraction resolution.
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pulldown compared to controls with mock-transfected cell
lysate and non-functionalized beads (Figure 3d).

We subsequently studied whether site-specifically TTL-
labeled GBP1 can be used to immunostain cellular structures
for superresolution microscopy. The higher resolution of
superresolution microscopy imposes new requirements on
detection reagents, and using the smallest possible immuno-
fluorescent binding reagents is thus important for unleashing
the full potential of superresolution microscopy.[20b]

Following 3-formyl-l-tyrosine (2) incorporation via TTL,
GBP1 was labeled with the Alexa594 dye by using oxime
formation (Figure 3e). In addition to the microscopy appli-
cation, it was shown that both the azide and the aldehyde
tyrosine derivatives could be used to obtain functional protein
conjugates. HeLa cells expressing GFP-LaminB1, which
localizes at the interior of the nuclear envelope and forms
the nuclear lamina, were fixed and stained with GBP1-
Alexa594 (ca. 1 mg per object slide). 3D-SIM superresolution
microscopy revealed laminar colocalization of the GBP1
staining reagent and the GFP-LaminB1 at high resolution,
thereby indicating functional binding to GFP in this cellular
context (Figure 3 f–h). Similar results were obtained with
GFP-PCNA and the detection of subnuclear DNA replication
sites (Figure S15 in the Supporting Information).

These studies demonstrate the applicability of Tub-tag-
labeled nanobodies for functional studies in biochemistry and
cell biology.

In summary, we introduce Tub-tag labeling for the simple,
site-specific modification of functional and antigen-recogniz-
ing proteins. The TTL-mediated chemoenzymatic ligation of
unnatural tyrosine derivatives like 3-N3-l-tyrosine (1) and 3-
formyl-l-tyrosine (2) enabled bioorthogonal functionaliza-
tion in a total yield of up to 99 % when using moderate
enzyme concentrations and short reaction times. These
modified tyrosine residues then serve as bioorthogonal
handles for a variety of well-established chemoselective
labeling reactions. The overall labeling efficiency under mild
reaction conditions yields homogeneously modified and
functional proteins, as demonstrated by the site-specific
labeling of nanobodies for immunoprecipitation and super-
resolution microscopy. In summary, Tub-tag labeling endows
recombinant antibodies—and proteins in general—with novel
properties for exploring and manipulating cellular functions,
with possible applications in biotechnology and medicine.
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