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Chapter 4

Exploring azido-HRP as a tool in
immunocytochemistry



Abstract

Previously it was shown that horseradish peroxidase (HRP) could be modified with
azide residues without losing its enzymatic activity. It was postulated that this modified
protein could potentially be used as a new tool in immunocytochemistry. The
production of this HRP-N; and its use as an enzymatic detection reagent for
bioorthogonal groups was assessed, which proved to be useful for the detection of
recombinant bioorthogonal proteins by dot blot and SDS-PAGE/Western blot, but not
for the detection of bioorthogonal labels in an immunocytochemical setting.
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Introduction

Immunohistochemistry and immunocytochemistry staining are well-established
tools to visualize the presence of specific antigens in biological samples [1-3]. In these
approaches, antibodies raised against antigens of interest conjugated to reporter
proteins are used to detect their presence in tissue samples. Despite its long history, this
process is still of pivotal importance in the clinic for the identification of primary tumors
[4-6], pathogen infections [7-9], auto-immune disease [10-12] and other pathologies.

Paul Ehrlich is commonly regarded as the founding father of the fields of
histochemistry and histopathology. His pioneering work on the use of aniline dyes on
animal sections [13] allowed for the first time to directly visualize the presence of
pathogenic bacteria in tissue samples [14]. In 1890 Emil von Behring reported on the
harvesting and use of antibodies [15-17]. Marrack and co-workers subsequently and
inspired by the work of Ehrlich and Behring came up with the idea to combine a dye with
an antibody and in this manner color typhoid and cholera in tissue samples [18]. A
decade later, Coons et al. performed what may be considered as the first true
immunohistochemistry experiments by using antibody fluorophore conjugates to
visualize pneumococci in histopathological samples [19]. Chemical conjugation of an
antibody to reporter enzymes, technologies developed for the first time in the sixties of
last century [20, 21], gave another major impetus to the field. Signal amplification,
created through enzymatic processing of a reporter substrate, now allowed the detection
of rare antigens. The use of substrate/enzyme pairs that yielded osmiophilic products,
also allowed the combination of histochemistry with electron microscopy (EM)-based
imaging techniques [1, 22].

Immunostaining thus pertains the formation of antigen-antibody complexes, and
the subsequent detection of these complexes through visualizing the antibody that is
selected and/or engineered for these purposes. The antigen-recognizing antibody can
be directly conjugated to the reporter entity, for instance and as is depicted in Figure 1,
horseradish peroxidase (HRP). Alternatively, the antigen-specific antibody may be
designed such that it is recognized by a generic, secondary antibody that in turn is

conjugated to HRP. In both these examples, antigens are detected by adding an HRP
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Figure 1. Different immunostaining approaches. A) Direct visualization of the antigen: The primary antibody,
which recognizes a specific antigen, is conjugated to HRP. Hereafter HRP can precipitate for instance 3,3’-
diaminobenzidine (DAB). B) Indirect visualization of the antigen: The primary antibody recognizes a specific
antigen. The secondary will recognize this primary antibody and is conjugated to the visualization moiety, again

used for DAB precipitation.

substrate that upon HRP-mediated oxidation yields a luminescent signal, or as depicted
here, a colorimetric deposit.

Two of the used reporter enzymes are B-galactosidase (3-Gal) [23] and HRP [24].
When active, both can enzymatically convert so-called chromogens, compounds that
produce a colored product. HRP, for example, can oxidize different substrates, such as
3,3’-diaminobenzidine (DAB) (Scheme 1A) [25, 26], 3-amino-9-ethylcarbazole (AEC) [27,
28] and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) (Scheme 1B)
[29, 30], moreover it can oxidize chemiluminescent reagents such as luminol (Scheme
1C) [31]. The reactions as depicted in the forward direction in Scheme 1, are chemically
as follows: 1. DAB reacts with H,O, in the presence of the catalyst HRP. In the first step,
a quinone iminium cation radical is formed after the donation of an electron to HRP,
hereafter in the second step DAB polymerizes into a complex brown precipitate after the
donation of another electron [32]. 2. The simplified reaction of 2 molecules of ABTS with
H,0, under the catalyzation of HRP resulting 2 ABTS radicals [33, 34]. 3. Luminol reacts
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Scheme 1. Schematic overview of conversions by HRP. All of the here presented molecules react with H,O, using
HRP as a catalyst. A) DAB conversion into its insoluble brown precipitate. B) The formation of green ATBS radicals
from ABTS. C) Oxidation of luminol resulting in luminescence.

with hydroxyl groups to form a dianion intermediate. After tautomerization and the
reaction with hydrogen peroxide, an unstable peroxide is formed. The resulting
compound, 3-aminophthalate, will be in its excited state and with the return to its
ground state emit light [35, 36].

One caveat in immunohistochemistry is that certain antigens defy antibody
recognition. Immunization of an antibody-producing host with small molecular
antigens for instance and because of a limited number of chemical functionalities for
antibody-antigen interaction, often yield low-affinity antibodies at most. Moreover,
some antigens are simply not immunogenic, meaning no antibodies will be produced.
Another caveat is the possible lack of specificity of an antibody towards the antigen it
has been developed for, in which case cross-reactivity may yield false positives.
Complementary histological techniques not reliant on antibodies or random chemical
dye labelling could be an addition to further advance histological approaches.

One technique that has the potential to play a role in immunohistochemistry is
bioorthogonal chemistry. With the introduction of this technique, it became possible to
perform a chemical reaction in a biological setting without or with minimal interference
of the natural processes in experimental settings [38]. In order to use bioorthogonal

chemistry in an histochemistry approach, e.g. an azide group can be introduced into a
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Figure 2. Schematic overview of the use of HRP-N3. Different diazotransfer conditions to HRP were explored (1)
and analyzed via e.g. fluorescent labeling or DAB precipitation studies (2). Next, the possibility to ligate this
moiety to alkynylated proteins and bacteria were analyzed (3) and subsequently followed by testing its use in
probe targeting studies (4).

biomolecule and a Staudinger ligation [39] or a Cu(l)-catalyzed azide-alkyne
cycloaddition (CuAAC) [40] can be used to ligate a reporter molecule to the azide. In
terms of histology, click chemistry, a fast ligation reaction between i.e. an alkyne and an
azide [40], has been used to successfully image the bacterial peptidoglycan layer in
sputum samples [41], but its use in histology has been relatively unexplored. The work
in this Chapter describes research efforts to develop a click-histology workflow, which
would expand the histology toolbox.

In 2007, Davis and co-workers described the production of azide/alkyne-
containing p-galactosidase [42], which could serve as an enzyme in the click-histology

workflow, as this histology-compatible enzyme remained active even after chemical
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modification using ligation reactions. In 2009, Van Dongen et al. described the use of the
diazotransfer reagent developed by Stick and co-workers [43] to azidylate the six lysine
residues and the N-terminal amine of HRP without loss of peroxidase activity [44, 45]. It
was thus postulated that these reagents could serve as histological tools for visualizing
the presence of click handles. In this Chapter it was chosen to explore azido-HRP as a

reagent, due to the tetrameric nature and more complex purification of 3-Gal [42].

Results

The first steps in the exploration of azido-HRP as a histological click reagent was
the optimization of the diazotransfer conditions to maximize the number of azide
groups per protein without affecting its catalytic ability (Figure 2 - step 1). This was done
in two steps. The efficiency of the diazotransfer reaction was assessed by qualifying their
reactivity using a Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) also known as
Cu(I)-catalyzed Huisgen cycloaddition (ccHc) with a fluorescent (Alexa Fluor 647
(AF647)-conjugated) alkyne. The enzymatic activity of the HRP proteins that had
undergone diazotransfer under various conditions was assessed by their ability to
convert ABTS and DAB (Figure 2 - step 2). The azido-HRP constructs featuring optimal
enzymatic activity is evaluated as click reagent in the second part of the Chapter (Figure

2 - step 3 and 4).

4.1 Optimization of the diazotransfer reaction

In first instance, the diazotransfer conditions as described by van Dongen et al.
were evaluated [44]. In their original protocol, van Dongen et al. reacted 1 eq. of HRP
with 13 eq. of imidazole-1-sulfonyl azide hydrogen sulfate (Stick’s reagent) and 8.8 eq.
of copper in 4.3 mM K,CO; buffer. To see whether this reaction could be further
optimized, the pH, Stick-reagent and copper concentrations were varied (Table 1). After
purification over an Amicon Ultra spin column the efficiency of the reaction was
determined by conjugation of an AF647 alkyne using CuAAC conditions.

In terms of the reactivity of HRP, van Dongen et al. modified on average four amines

into azido residues [44]. In this study, the reaction could not be further
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Table 1. Overview of the different diazotransfer conditions. The most optimal conditions as derived from the
fluorescent ligation reaction and the initial ABTS analysis. The azidylated conditions used for further investigation
(condition E, I, J and van Dongen HRP) are noted with an asterisk.

Reaction HRP (eq.) K,CO; (conc. or eq.)Cu(I1)SO,.5H,0 (eq.) Stick (H,SO4; eq.) Fluorescent signal (%) Activity (eq.)

A 1.0 100 mM, pH 8 11 20 38+ 35 81

B 1.0 100 mM, pH 8 11 10 46 £ 4 103

C 1.0 100 mM, pH 8 11 5 281 107

D 1.0 100 mM, pH 8 11 1 8x1 109

E* 1.0 100 mM, pH 9 11 20 88+ 15 154

F 1.0 100 mM, pH 9 11 10 79+21 106

G 1.0 100 mM, pH 9 11 5 54+6 99

H 1.0 100 mM, pH 9 11 1 131 93

I* 1.0 100 mM, pH 10 11 20 129+ 11 142

J* 1.0 100 mM, pH 10 11 10 98 + 10 82

K 1.0 100 mM, pH 10 11 5 64 + 10 103

L 1.0 100 mM, pH 10 11 1 12+1 117
van Dongen HRP* 1.0 127.3 8.8 12.6 1000 100
HRP 1.0 - - - 0£0 100

optimized: lowering the pH to 8 reduced the diazotransfer yield (conditions A-D; Table
1), as did lowering of the amount of Stick’s reagent. The optimal ligation range was found
to be pH 9-10 with 10-20 equivalents Stick’s reagent (entries E, I, J; Table 1 and Figure 3A
and B). The residual catalytic activity did not vary significantly between the different
reaction conditions when assessed with an ABTS assay [44]. All of the azidylated proteins
remained catalytically active with an observed activity ranging from 81 - 154% of that of

the unmodified wild type counterpart (Table 1 and Figure 3C). Which means that the

A B C
In-gel fluorescence
[N
@
I
=
[
i=2]
2
o
a o
KDa S Fluorescent signal HRP activity
w - » > T
%38 _ 150 *
100 — € E
70 £ —
55 _ urp 100 8 J
[ - -« o _._ van Dongen
35 _ B & HRP
25 _ 50 K — HRP
o
2
Qo
<
0 T
. . < N B S R
Coomassie stain é@ R Time (min)
55 _ SR
&

;3 eweseswsew <« RP

Figure 3. Analysis of the different azidylated HRP proteins compared to native HRP. A) Representative in-gel
fluorescence after AF647 alkyne ligation to the differently derived azidylated HRP proteins (conditions E, I, ] and
van Dongen HRP). B) Intensity in % of the fluorescent signal compared to azido-HRP. C) Colorimetric conversion
of ABTS by HRP and its azidylated versions with in Table 1 the corresponding activity as compared to unmodified
HRP. Data is expressed as mean + SD (N = 3, n = 1). Statistical analysis was performed using Tukey’s multiple
comparisons test. * P < 0.05.
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Figure 4. Dot blot analysis of various amounts of modified HRP and native HRP. The dots were dotted onto a
PVDF membrane and visualized with commercially available DAB and imaged after 3-4 minutes of enzymatic
reaction. A) Representative dot blot of the differently derived HRP proteins. This shows in B) the relative intensity
of the dots, normalized to HRP 0.500 units. The activity of the azidylated proteins was in some cases significantly
reduced, with condition I seen as most comparable to native HRP. Data represent means + SD (N =3, n = 1).
Statistical analysis was performed using Tukey’s multiple comparisons test. **** P < 0.0001; *** P < 0.001; * P <
0.05.

conditions as described by van Dongen et al. were near optimal for our purposes [44].
Azido-HRP produced by using conditions E, [ and J, and the van Dongen conditions
were next compared with wild type HRP, using a concentration range of the modified
enzymes in a dot blot analysis. After blocking and washing, the membrane containing
HRP-N; was incubated with DAB substrate and the amount of brown precipitate formed
was assessed. Despite an absence in activity differences in the ABTS assay, here
significant variance between the differentially produced HRP was observed (Figure 4A
and B). The limit of detection of van Dongen, condition E, condition I and wild type was
>0.010 units, whereas the limit of detection for condition J was >0.025 units. For all
subsequent experiments, condition I (pH 10, 20 eq. Stick’s Reagent) was used to produce

HRP-N;.

4.2 Ligation reactions

It was next tested whether HRP-N; could be used for the visualization of
alkynylated proteins on membrane. For this, either alkynyl-TTCF (TTCF-Hpg; produced
as described in more detail in Chapter 2 and 3 [46, 47]), containing eight

homopropargylglycine (Hpg) residues per protein (including the start codon), or wild
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Figure 5. HRP-N; ligation to folded and unfolded TTCF-Hpg. A) The TTCF-Hpg and TTCF-Met proteins were
dotted in a non-denatured state on a PVDF membrane, and after CUAAC reaction with HRP-N; as reporter
molecule, HRP was visualized with DAB precipitation. This resulted in visualization of only TTCF-Hpg as low as
62.5 ng of protein. B) TTCF-Hpg and TTCF-Met were combined with B834 cell lysate in different concentrations
and run over a 10% TGX Stain-Free gel. After visualization of the proteins in a Stain-Free gel (upper panel), the gel
was transferred to a PVDF membrane and a CuAAC reaction was performed on blot with HRP-Nj3 as ligating
molecule. HRP was visualized with DAB precipitation (lower panel). The resulting precipitate was only visible at
positions where TTCF-Hpg was present (2000, 500 and 125 ng of protein).

type TTCF was serially diluted and dotted onto a polyvinylidene difluoride (PVDF)
membrane followed by a blocking step with 5% nonfat dry milk. The membrane was
then subjected to a CuAAC ligation mixture, containing 13 pM azido-HRP in presence of
3 mM copper sulfate, 30 mM sodium ascorbate, 3 mM THPTA ligand, 30 mM
aminoguanidine-HCI in 88 mM HEPES pH 7.2. The copper ions of the ligation reaction
were removed to prevent interference with the DAB oxidation, by washing with 100 mM
EDTA [20, 48]. Next, the blots were subjected to DAB-staining, which resulted in visible
DAB precipitation for the serially-diluted TTCF-Hpg (limit of detection 62.5 ng/1.2 pmol
protein; Figure 5A). No signal was observed at any concentration in the negative control
(use of native TTCF). This experiment showed the possibility to ligate HRP-N; to a non-
denatured protein and to visualize this via DAB precipitation.

Next, the specificity of the CuAAC ligation reaction was assessed by serially diluting

the TTCF-Hpg and TTCF-Met in Escherichia coli (E. coli) lysate. The resulting mixtures
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Figure 6. HRP-N; ligation to alkynylated bacteria, enzymatically reacted with DAB. A) Representative blot of a
serial dilution of alkynylated bacteria, ligated to HRP-N3s. Which showed an increase in DAB precipitation with an
increased concentration of alkynylated bacteria. The dot blot was representative for the performed triplicate. B)
Visualization of the DAB precipitation performed in solution phase after ligation to HRP and HRP-N; and C) the
microscopic analysis of the ligation reaction. The DAB signal of the alkynylated bacteria reacted with HRP-N; was
higher than background.

were separated in a TGX Stain-Free gel and transferred to a PVDF-membrane.
The resulting blot was reacted with 40 eq. of HRP-Nj, followed by washing with buffer
containing imidazole [49], citric acid [50] and EDTA [51], again to remove residual
copper ions. Reaction with DAB yielded a detectable signal at the expected protein size

of 53 kDa, with a detection limit of 125 ng (2.3 pmol, corresponding to 18.7 pmol of
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alkyne moieties; Figure 5B, lower panel). Furthermore, the blot and the accompanying

gel confirmed the selectivity of the ligation reaction (Figure 5B).

4.3 Bacterial cell labelling

After establishing that HRP-Nj3 can be used to visualize alkynylated proteins, it was
next explored whether this approach could also be used to detect alkynes in a model
immunocytochemical setting. This setting was simulated on dot blot and in a solution
phase experiment, using E. coli bacteria of which one population was labeled with L-Hpg
and the other one was unlabeled. For this, the E. coli methionine auxotroph B834 was
used and either grown to exponential phase in LB medium or in the presence of L-Hpg
for metabolic labelling [46]. After growth, the mixtures of alkynylated and unmodified
bacteria were washed, fixed with 4% PFA, permeabilized with either 0.1% IGEPAL or
0.15% Triton X-100, washed and subsequently incubated with 1% H,O, to block
endogenous peroxidases [52, 53]. After an additional washing step, the mixtures were
dotted onto PVDF membrane, blocked with 5% milk and subjected to a CuAAC ligation
mixture. Subsequently, the membrane was washed as before and stained with DAB.
Imaging the blots showed the DAB precipitation to be dependent on the percentage
Hpg-labeled E. coli present in each sample. (Figure 6A). Similar results were obtained
when the reaction was performed in liquid phase (Figure 6B and C). These experiments

showed that the approach is compatible with a histological workflow.

4.4 In-cell labelling of an enzyme activity

One of the main areas where bioorthogonal reactions are truly additive to antibody
stainings is in the in-cell detection of enzyme activities [54, 55]. By introducing ligation
handles into covalent enzyme inhibitors, active populations of a particular enzyme can
be visualized (Figure 2 - step 4); something that is not possible using antibody
techniques. In this manner, cathepsins [56], post-proline proteases [57], cysteine
proteases [58, 59] and serine proteases [60, 61] have been visualized, to name but a few.
The approach is also moving to the clinic for e.g. the identification of tumor boundaries

[62]. As conventional tumor histology is done using immunohistochemical approaches,
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Figure 7. Schematic overview of HRP-N; ligation to probe DH376 which can inhibit i.e. DAGLB. This overview
shows the inhibition of DAGLR by DH376 (left) and the ligation of HRP-N; with a CUAAC reaction. When reacting
with DAB, precipitation should occur only at the site of the protein inhibited by the alkyne containing probe.

it was attempted to combine activity-based protein profiling (ABPP) and CuAAC ligation
with HRP-Nj staining.

Two stable U-2 OS cell lines expressing the serine hydrolases DAGLB (unpublished)
and ABHD6 [63] combined with a FLAG-tag, for immunoblotting, and a GFP reporter
gene, for fluorescent colocalization, were used to demonstrate this concept. The two
serine hydrolases were labeled with an alkyne-containing inhibitor of the enzymes,
DH376 (Figure 7) [64].

At first, it was tested what the limit of detection was for detecting an ABP-labeled
enzyme with HRP-N; by Western blot using luminol as substrate for the DAGLR-FLAG-
GFP cell construct. The protein was reacted with 100 nM of the alkyne-containing ABP
DH376 in situ and the cell lysate resolved in a TGX Stain-Free gel, prior to being

transferred to a PVDF membrane. Western blot analysis was performed using antibodies
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Figure 8. Western blot analysis of the construct and HRP-N; ligation to probe DH376. Cell lysate and Western
blot analysis of a DAGLB-FLAG-GFP cell line treated with DH376. Western blot was performed against DAGLB,
FLAG and GFP. The PVDF membrane containing the cell lysate was furthermore reacted with HRP and HRP-N;
in the presence of a CuAAC ligation mixture. HRP-N3; could not be visualized using a chemiluminescent readout.

against DAGLR, FLAG and GFP. Alternatively, the blots were exposed to a CuAAC ligation
mixture containing either HRP or HRP-N;. These experiments show that the protein
could readily be visualized by Western blot (using a chemiluminescent readout) against
DAGLB (~100 kDa protein (DAGLR is a 74 kDa and GFP a 27 kDa protein) and GFP (Figure
8, panel “DAGLB” and “GFP”), but not the FLAG-tag (Figure 8, panel “internal FLAG”).
Moreover, the ligation reaction with HRP(-N3), failed to yield a detectable signal (Figure
8, panel “native HRP” and “HRP-N3”).

The detection was also attempted in whole cells using microscopy and DAB-
precipitation. For this, cells containing either the DAGLR or ABHD6 construct were
treated with 100 nM DH376 and fixed with 4% paraformaldehyde (PFA). These cells were
permeabilized with 0.15% Triton-X100 and a CuAAC ligation reaction was performed in
the presence of HRP-N; or HRP (as negative control). After washing the cells with a 100
mM EDTA wash buffer and PBS, the cells were subjected to DAB precipitation and
subsequently washed with PBS. Microscopic analysis of the cells showed that no DAB
precipitation could be observed that correlated with enzyme presence for DAGLB and
only marginally for ABHD6 (Figure 9). The presence of DAB precipitate led to a decrease
in GFP signal [65, 66].

It was therefore hypothesized that either the alkyne handle of DH376 was buried in

the active site of the enzyme, or the fixation and/or permeabilization of the cells was
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Figure 9. Microscopic analysis of DAB precipitation after probe treatment of DAGLR-FLAG-GFP containing
cells. Both the GFP signal, the brightfield signal and an overlay of these two signals were displayed. DAB
precipitation is visible on cells treated with HRP-Ns, but not in cells reacted with HRP. None of the treated cells
showed a GFP signal.
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Figure 10. The use of different blocking agents. Different wash steps were combined with and without blocking
the free amines with NMM. Wash step 1, with either PBS or 1% BSA/PBS, was performed before the addition of
HRP and wash step 2, with either PBS or 1% BSA/100 mM EDTA/100 mM NaCl/PBS was performed after the
addition of HRP.
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unsuccessful. The fixation and permeabilization steps were varied in order to obtain

increased DAB precipitation. Cells were treated with the following different
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fixative/permeabilizer agents: acetone, methanol, methanol:acetone 1:1 and
methanol:ethanol 1:1. Moreover, PFA fixation was combined with permeabilization by
digitonin and saponin. These conditions resulted in the formation of brown precipitate
for both the HRP-N; ligation and the negative control (HRP).

The formation of brown precipitate in the negative control was hypothesized to
stem from aspecific binding and therewith an issue with incomplete blocking. Different
blocking agents were therefore also assessed. First, immediately after methanol fixation
the cells were washed with a mix of glycine/PBS (blocks free aldehydes) [67] and after
blocking potential internal peroxidases with H,O,, free amines were blocked with N-
methylmorpholine (NMM) buffered in PBS [68]. Furthermore, a combination of wash
steps with BSA/PBS and BSA/EDTA/NaCl/PBS was introduced, the first before and the
latter after the addition of HRP. The only blocking method that prevented cells to be
stained brown was blocking with both 1% BSA/PBS and 1% BSA/100 mM EDTA/100 mM
NaCl/PBS (Figure 10).

Some of the alternative wash steps showed samples free of background. This
combination, 1% BSA/PBS and 1% BSA/100 mM EDTA/100 mM NaCl/PBS, was
therefore used in a follow up experiment, using either HRP or HRP-Nj in the ligation mix.
Unfortunately, the DAB precipitation was higher in the negative control samples as
compared to the samples (Figure 11), leading to the conclusion that this method is not

sensitive enough for detecting the ABP.

Discussion and conclusion

This Chapter describes a new method for the visualization of alkynylated proteins
and bacteria in immunohistological settings. In the first part of this Chapter the
optimization of HRP-azidylation was attempted. The best condition — after analysis in a
fluorescent and DAB precipitation assay — was found to be condition I (pH 10, 20 eq.
Stick’s Reagent). This means at higher pH and higher equivalents of Stick’s Reagent, the
diazotransfer to HRP resulted in the best azidylation with respect to its ligation and

residual DAB activity.
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Brightfield Overlay
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Figure 11. The use of NMM with blocking agents 1% BSA/PBS and 1% BSA/100 mM EDTA/100 mM NaCl/PBS.
Upper panels: Background signal using HRP in the ligation mixture. Lower panels: The ligation reaction
performed using HRP-N;s in the ligation mixture.

This reagent was next used to detect the presence of alkyne groups in a variety of
samples. For instance, the approach could be used to selectively detect an alkynylated
protein in cell lysate, and the presence of labelled bacteria in a mixed population. It
could not, however, be used to identify an alkyne-modified activity based probe in
mammalian cell samples.

When working on the ligation of the bacterial cell lysates, it was shown that each of
the experiments showed background staining with DAB. In each of them, 1% H,0, was
used to block endogenous peroxidases. However, literature data is available that this
might not be the optimal condition for peroxidase blockade [49]. In future, it is suggested
to repeat the ABTS reactivity experiment as described for alkynylated bacteria,
using a concentration range of H,O, with the aim to increase the signal-to-noise in the
microscopic analysis which was described in the in cell labeling section of this Chapter.

The experiments in mammalian cells were less successful. The reaction of azido-
HRP with an alkyne containing active site probe did not yield a detectable signal, either

in a blot-experiment or in cell-based imaging assays. For now, it can be concluded that
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azido-HRP is a useful tool for the detection of abundant loci of alkynes in samples, but

not for approaches where few and/or diffuse labels are present.
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Materials and methods
General

All chemicals and reagents were purchased at Sigma-Aldrich, Alfa Aesar, Acros,
Merck or VWR, unless stated otherwise. Reagents were used without further purification.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), Stain-Free gel
and Western blot materials were purchased at Bio-Rad. DH376 was previously
synthesized in-house and characterized by NMR and LC-MS [64]. Cell culture

disposables were from Sarstedt.

Solutions

PBS contained 5 mM KH,PO,, 15 mM Na,HPO,, 150 mM NacCl, pH 7.4 and PBST
was PBS supplemented with 0.05% Tween-20. TBS contained 50 mM Tris-HCI, 150 mM
NaCl and TBST was TBS supplemented with 0.05% Tween-20. Laemmli sample buffer 4*
contained 60 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) B-

mercaptoethanol, 0.01% (v/v) bromophenol blue.

Compound synthesis
Imidazole-1-sulfonyl azide hydrogen sulfate

As described by Potter et al. [45]. A 250 ml round-bottomed flask with a stirring bar
was brought under nitrogen atmosphere and cooled to 0°C. Sodium azide (5.2 g, 80
mmol, 1.0 eq.) was added before the addition of dry EtOAc (80 mL). After adding SO,Cl,
(6.5 ml, 80 mmol, 1.0 eq.) over 10 min the reaction was slowly warmed to rt and left
stirring under an inert atmosphere overnight. The reaction mixture was then recooled
to 0°C, before the addition of imidazole (10.9 g, 160 mmol, 2.0 eq.) and the resulting
suspension was stirred for 3.5 h at 0°C. The reaction mixture was basified with saturated
aqueous NaHCOs; (150 mL). The organic layer was separated from the aqueous layer,
washed with H,O and dried with MgSO,. The suspension was filtered and cooled to 0°C.
Concentrated H,SO, (4.4 ml, 80 mmol, 1.0 eq.) was added over 5 min. The mixture was
warmed to rt and stirred until a precipitate had formed, which was filtered and washed
with EtOAc. The remaining white crystals were dried under vacuum to afford the title

compound pure (12.8 g, 47 mmol, 59%).

~ 129 ~



Chapter 4

Synthesis of tris-hydroxypropyltriazolylmethylamine (THPTA)
A two-step synthesis as described before by Hong et al. [70].

Synthesis of (S)-2-Aminohex-5-ynoic acid (L-Hpg)
Synthesis as described before by Li ef al. [71], followed by a procedure based on

Biagini et al. [71], Dong et al. [72] Chenault et al. [73] to obtain the chirally pure variant.

HRP modification and analysis
Diazo-transfer to HRP

Adjusted from van Dongen et al. (2009) [44]. To a solution of HRP (263-325
units/mg; P8375 10kU) in MQ (2.5 mg/mL) an aqueous solution of K,CO; (either 2
mg/mL or 100 mM, pH 8-10) was added. Subsequently followed by the addition of
CuS0..5H,0 (1 mg/mL) and Stick’s reagent (2 mg/mL) and the reaction was left shaking
at 20°C 500 rpm overnight. The mixture was transferred to an Amicon Ultra spin filter
with either a 3 or 10 kDa cutoff and centrifuged to dryness. The protein was redissolved
in MQ water and centrifuged for another 5-8 washings. The end product was redissolved
in MQ water and the presence of click handles was visualized via fluorescence analysis.

Bradford analysis, with BSA as standard, was used to measure protein concentrations.

Fluorescent analysis of HRP-N;

HRP-N3 was characterized by ligating Alexa Fluor 647 (AF647) alkyne to the azide
click handle. This was done via CuAAC reaction, protein was combined 2:1 (v/v) with
click mix (containing 3 mM copper sulfate, 30 mM sodium ascorbate, 3 mM THPTA
ligand, 30 mM aminoguanidine-HCI and 14 uM AF647-alkyne in 88 mM HEPES pH 7.2,
final concentration in click mix) reaction for 1 hour at rt in the dark. The reaction was
quenched by the addition of 4* Laemmli buffer. Samples were resolved in a 10% SDS-
PAGE gel (180 V, 75 min) along with PageRuler™ Plus Protein Marker (Thermo
Scientific), before scanning Cy3 and Cy5 multichannel settings (605/50 and 695/55
filters, respectively; ChemiDoc™ MP System, Bio-Rad). Coomassie staining (Coomassie
Brilliant Blue R-250) was used for correcting protein loading and quantification was

done using Image Lab (Bio-Rad).
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Activity assay

Adjusted from Van Dongen et al. [44]. All solutions were kept on ice until
measurement. A solution of ABTS/H,0, (8 mM ABTS in 20 mM sodium phosphate buffer,
pH 7.4 containing 0.2% H,0,) was prepared fresh before each measurement. HRP or
HRP-N; was diluted to 2.5 units/mL in 20 mM sodium phosphate buffer, pH 7.4 and
fractionate 100 pL per well of a 96 well plate. As a control 100 pL of phosphate buffer was
used. To each well, 5 pL of ABTS/H,0, solution was added immediately before

measuring the absorption at 405 nm on a TECAN Infinite M1000 Pro plate reader.

Bacterial growth and protein expression
B834 growth

B834 was inoculated in triplicate with 1:100 diluted ON culture grown in LB
medium. The cells were grown until an ODgy 0f ~0.8 and sedimented in aliquots to a

final ODgg of 0.2 and stored until use at -20°C.

Expression and purification of recombinant TTCF

Adjusted from Antoniou et al. (2000) [75]. An overnight culture of B834 containing
pET16b_TTCF (earlier cloned from the pEH101 plasmid, kindly provided by prof. C.
Watts) was diluted 1:100 in LB medium containing 50 pg/mL ampicillin and 1% glucose.
Cells were grown at 37°C, 180 rpm to an ODgy of ~0.8 and sedimented (3428 rcf, 15 min,
4°C) before being washed twice with SelenoMet medium (Molecular Dimensions). Cells
were resuspended in SelenoMet medium containing 50 pg/mL ampicillin and depleted
for 30 min at 37°C, 180 rpm before 30 min depletion at 30°C, 130 rpm. After this either L-
Methionine (L-Met; 40 mg/L; Ajinomoto) or L-Homopropargylglycine (L-Hpg; 40 mg/L)
was added to the culture and 15 min later the culture was induced with isopropyl--D-
thiogalactopyranoside (IPTG; 1 mM final concentration) and expression took place ON.
After overnight expression, cells were pelleted and washed once with PBS. Pellets were
stored at -80°C until protein purification. A 1 L culture pellet was resuspended in 15 mL
lysis buffer containing 100 mM Tris-HCI pH 8.0, 500 mM NaCl, 10 mM imidazole, 10%
glycerol, 1 mg/mL lysozyme, 250 U benzonase. Lysis took place for 20 min at rt, before
separating the soluble from the insoluble protein (10000 rcf, 15 min, 4°C). The

supernatant was filtered over a 0.2 ym filter and loaded on a 5 mL His-column (Ni-NTA
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Superflow Cartridge; Qiagen). After loading, the column was washed with 5 CV of
IMAC25 buffer (100 mM Tris-HCI pH 8.0, 500 mM NacCl, 25 mM imidazole), before
eluting with a 15 CV gradient 25 - 500 mM imidazole. The protein fractions were
monitored by SDS-PAGE as described before and Coomassie staining revealed the purity
of the protein. The fractions containing the most pure protein were combined and
extensively dialysed (6 - 8 kDa MWCO, 3.3 mL/cm, FisherBrand or 12 - 14 kDa MWCO, 2
mL/cm, Spectra/Por) against PBS. The protein was concentrated over an Amicon spin
filter 10 kDa MWCO, before being aliquoted, flash frozen and stored at -80°C until

further use.

Dot blot and Western blot analysis
HRP and HRP-N3

A serial dilution of HRP and HRP-N; was made and 2 pL was pipetted onto a PVDF
membrane to form a dot. The protein was spotted on three separate membranes, dried
for 1 h and blocked in 5% nonfat dry milk (Elk; Campina) in TBST at room temperature
for 1.5 h or at4°C ON. Subsequently washed 3x with TBST and 1x with TBS before adding
DAB substrate (BD Biosciences). After 3-4 minutes the membranes were imaged on a

ChemiDoc™ MP System, Bio-Rad and quantified by Image].

Recombinant protein

A serial dilution of TTCF-Hpg was made and 2 pL was pipetted onto PVDF
membrane to form a dot. The protein was spotted on three separate membranes, dried
for 1 h and blocked in 5% nonfat dry milk (Elk; Campina) in TBST for 1.5 h at room
temperature. HRP-N; was ligated to the proteins as described for fluorescence analysis,
using 12.8 pM (349 eq. N3 - alkyne) HRP-N; instead of a fluorophore. The blot was
washed 3x with 100 mM EDTA in TBST, 3x with TBST and 1x with TBS. Subsequently
DAB was added and after 3-5 minutes the membranes were imaged on a ChemiDoc™

MP System, Bio-Rad and quantified by ImageJ.

Western blot analysis
Samples were resolved in a 10% Stain-Free gel (proteins at indicated

concentrations or 20 pg cell lysate) along with PageRuler™ Plus Protein Marker (Thermo
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Scientific) and transferred onto a PVDF membrane by Trans-Blot Turbo™ Transfer
system directly after scanning. Membranes were washed with TBS and TBST and
blocked with 5% nonfat dry milk (Elk; Campina) in TBST at rt for 1.5 h or at 4°C ON.

Membranes containing cell lysates were then incubated with primary antibody in
5% nonfat dry milk (Elk; Campina) in TBST (GFP; FLAG; 1 h at rt) or washed 3x times
with TBST and incubated with DAGLR in 5% BSA in TBST (4°C, ON). Membranes were
washed 3x with TBST and incubated with matching secondary antibody in 5% nonfat dry
milk (Elk; Campina) (1 h at rt). Subsequently washed three times with TBST and once
with TBS. Membranes were developed with luminol (10 mL of 1.4 mM luminol in 100
mM Tris, pH 8.8 + 100 pL of 6.7 mM p-coumaric acid in DMSO + 3 pL of 30% (v/v) H,0,)
[76] and chemiluminescence was detected on the ChemiDoc™ MP System in the
chemiluminescence channel and protein marker was visualized with Cy3 and Cy5
settings (605/50 and 695/55 filters, respectively).

Membranes used for HRP-Nj; ligation were washed 3x times with TBST and a
ligation mixture containing HRP or HRP-Nj (42 eq. or 0.86 nmol) was added (1 h at rt).
Subsequently washed 3x with 10% (w/v) citric acid, 100 mM EDTA, pH 8.0, 500 mM
imidazole, 3x with TBST and 1x with TBS. Before detecting with DAB substrate or
chemiluminescence as described before.

Primary antibodies: monoclonal mouse anti-FLAG M2 (1:5000, Sigma Aldrich,
F3156), monoclonal anti-GFP (1:2500, Thermo-Fisher, GF28R), Monoclonal anti-DAG
Lipase g (1:1000, Cell Signaling, D4P7C)

Secondary antibodies: mouse IgGx BP-HRP (1:5000, Santa Cruz, sc-516102), mouse
anti-rabbit IgG-HRP (1:5000, Santa Cruz, sc-2357).

Analysis of alkynylated bacteria
B834 growth and storage

B834 was inoculated in triplicate with 1:100 diluted ON culture grown in LB
medium. The cells were grown until an ODgg of ~0.7-0.8 and sedimented before being
resuspend in SelenoMet medium containing either L-Met or L-Hpg. Cells were grown for
another 2 hours, before an OD of 0.5 was sedimented. Cells were resuspended in 1 mL
of 4% PFA and fixed for 20 min at rt. Fixed cells were washed once with PBS and stored

at an ODggo 0f 0.4 in PBS at 4°C.
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DAB visualization

Bacterial cells were combined to reach the wanted OD of alkynylated bacteria and
solubilized with either 0.1% IGEPAL or 0.15% Triton X-100 for 20-25 min at rt, before
being washed once with PBS. Afterwards cells were incubated with 1% H,0, to block
endogenous peroxidases. Washed once more with PBS and resuspended in a CuAAC
ligation mixture (containing 3 mM copper sulfate, 30 mM sodium ascorbate, 3 mM
THPTA ligand, 30 mM aminoguanidine-HCI and 1 nmol HRP(-N;) in 88 mM HEPES pH
7.2, final concentration in click mix) for 1 h at rt in the dark. After ligation, cells were
washed 3x with 100 mM EDTA and 1x with PBS. Pellet was resuspended in DAB substrate
and visualized by visible imaging and microscopic analysis (EVOS FL Auto 2).

Or as described for recombinant protein, with minor adjustments.

Cell culture

General cell culture

Cell lines were purchased at ATCC and tested on regular basis for mycoplasma
contamination. Cultures were discarded after 2-3 months of use. U-2 OS cell lines
expressing either ABHD6 or DAGLB were kindly provided by A.C.M. van Esbroeck and
cultured at 37°C under 7% CO, in DMEM containing phenol red, stable glutamine,
newborn bovine serum (10% v/v; Seradigm), G418 (400 pg/mL; supplier) penicillin (200
IU/mL; Duchefa) and streptomycin (200 pg/mL; Duchefa). Medium was refreshed every

2-3 days and cells were passaged two times a week at 80-90% confluence.

ABHDG6/DAGLB inhibition by DH376

U-2 OS cells were seeded at appropriate density one day before treatment (1:250 -
1:400 for 8-well chamber slides (Ibitreat; Ibidi) and 1:10 - 1:15 in culture dishes for the
preparation of cell lysates). Culture medium was removed and treatment medium,
containing 100 nM DH376, was added.

Cells were trypsinized after incubation for 1 h at 37°C and 7% CO,, washed 1x with
PBS and spun down (3000 rcf, 5 min, rt). Cell pellets were flash frozen and stored at -80°C
until further use.

For microscopic analysis, medium was aspirated and cells were washed 2x with

PBS following the experimental procedure as described below.
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Microscopic analysis of treated U-2 OS cells

Cells used for different permeabilization methods were either fixed with 4% PFA in
PBS (15 min, rt), washed 1x with PBS and permeabilized with 0.15% Triton X-100, 100
1M Digitonin or 0.5% Saponin in PBS or in one step fixed and permeabilized with
solvents acetone, methanol, 1:1 (v/v) methanol:acetone or 1:1 (v/v) methanol:ethanol
for 10 min at -20°C and washed 2x with PBS. Subsequently washed 2 or 3x with PBS(T)
and 1% H0, in PBS (10 min, rt). A 2x wash with PBS(T) was performed before adding 10
UM (1.4 - 2 nmol) HRP(-N3) 10 min prior to the click mix (containing 3 mM copper
sulfate, 30 mM sodium ascorbate, 3 mM THPTA ligand and 30 mM aminoguanidine-HCl
in 88 mM HEPES pH 7.2, final concentration in the mix) or in the click mix itself. After 1
hour, cells were washed 3x with 100 mM EDTA in PBS and 3x with PBS(T), before the
addition of DAB substrate (15 min, rt) and cells were subsequently washed 2x with PBS
and stored at 4°C until microscopic analysis (EVOS FL Auto 2).

Cells used for wash optimization methods were fixed and permeabilized with ice-
cold methanol for 10 min at rt. Before washing 3x with 100 mM glycine in PBS and 1x
with 1% H,0; in PBS (10 min, rt). Cells were washed 2x with PBS and blocked with 0 or
100 pM NMM in PBS (10 min, rt) and washed 1x with PBS. Followed by incubation with
1% BSA in PBS or PBS (20 min, rt) and washed 1x with PBS. HRP(-N3;) (1 nmol; 10 pM)
was added and after 10 min, when necessary, a click mix (containing 3 mM copper
sulfate, 30 mM sodium ascorbate, 3 mM THPTA ligand and 30 mM aminoguanidine-HCI
in 88 mM HEPES pH 7.2, final concentration in the mix) was added and left for 1 h at rt.
And added after ligation, or after 10 min HRP incubation, followed by 3x washing with
1% BSA/100 mM EDTA/100 mM NaCl in PBS or PBS and 3x PBS. DAB substrate was
added to the chambers for 5 min, rt and cells were subsequently washed 2x with PBS and

stored in PBS at 4°C until microscopic analysis.

Preparation of cell lysates

Cell pellets were thawed on ice and resuspended in lysis buffer (250 mM sucrose,
20 mM HEPES pH 7.2, 1 mM MgCl,, 2 mM DTT, 50 U/mL benzonase). Protein
concentrations were determined using Quick Start™ Bradford Protein Assay (Bio-Rad)

and diluted to convenient concentration in lysis buffer.
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Statistical analysis

Replicates shown represent biological replicates and data represent means + SD. All
statistical analysis was determined using GraphPad Prism® 7/8 or Microsoft Excel 2016.

% P<0.0001; *** P<0.001; ** P<0.01; * P<0.05; NS if P> 0.05. All statistical analyses

were conducted using GraphPad Prism® 7 or Microsoft Excel 2016.
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