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Abstract
We show that mushroom tyrosinase catalyzes formation of reactive o-quinones on unstructured,
tyrosine-rich sequences such as hemagglutinin (HA)-tags (YPYDVPDYA). In the absence of
exogenous nucleophiles and at low protein concentrations, the o-quinone decomposes with
fragmentation of the HA-tag. At higher protein concentrations (>5 mg/ml), cross-linking is
observed. Besthorn’s reagent intercepts the o-quinone to give a characteristic pink complex, which
can be observed directly on a denaturing SDS-PAGE gel. Similar labeled species can be formed
using other nucleophiles such as Cy5-hydrazide. These reactions are selective for proteins bearing
HA- and other unstructured poly-tyrosine-containing tags and can be performed in lysates to
create specifically tagged proteins.
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Introduction
Many protocols have been established to introduce unnatural chemical motifs into proteins,
including genetic manipulation[1] and the hijacking of protein modification pathways.[2]

Some of the earliest protein derivatizations include oxidation/reduction of cysteines and
methionines, [3] alkylations/disulfide exchange of cysteines (especially those within
cysteine-proteases),[4] sulfonylation of active site serine in serine proteases followed by
nucleophilic displacement,[5] and reaction of lysines with acid anhydrides/NHS esters.[6] In
recent years more complex transformations have been explored, such as Mukaiyama-aldol
of protein aldehydes[7] and O-alkylation of tyrosines with palladium π-allyls. [8]

Most chemical protein derivatization methods suffer drawbacks including side reactions and
low conversion, which limits use in protein mixtures. Thus, modern methodologies focus on
specific derivatization of protein domains, such as avidin,[9] Halo,[10] or SNAP/CLIP[11] to
direct an unnatural chemical species to a protein of interest. These differ from chemical
modifiers in that the reaction is choreographed by a fusion protein.
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Enzymatic modification of proteins has also been exploited in derivatization reactions. Such
processes ideally benefit from the traditional pluses of enzyme-mediated reactions: they are
selective, efficient, require catalytic amounts of the derivatizing agent, and are
biocompatible. Furthermore, the recognition sequences are usually a few residues rather than
whole domains. One such process is oxidation of a protein’s N-terminus to generate
carbonyl-containing species.[12] Other recent examples include the Q-, PRIME and YbbR
tags, which attach dyes to specific peptide sequences [13, 14]

Relatively few reagents specifically derivatize tyrosines, and these are far from optimal.
Iodine is employed to form iodotyrosine. This technique is regularly used to radiolabel
enzymes with I131. However, this process targets other residues (methionine, cysteine,
histidine[15] and tryptophan).[16] Tetranitromethane usually affords nitrotyrosine, but
tyrosine dimers can form in a side reaction.[17] Tetranitromethane can also modify
glycine.[18] Newer methodologies to functionalize tyrosine involving diazonium ions and
Mannich reactions are now being developed, although the reaction conditions may not be
biocompatible.[19]

o-Quinones are chemically malleable species which undergo a range of chemical
transformations including conjugate addition,[20] Diels-Alder,[21] and Wittig reactions.[22]

However, oxidation of tyrosine to its o-quinone-congener is not commonly employed to
derivatize proteins, presumably because o-quinones are hard to control, and difficult to form
from tyrosine. The simplest chemical approach to o-quinones is derivatization of catechols,
such as L-dihydroxyphenylalanine (DOPA) using periodate,[23] but DOPA is not a naturally
encoded amino acid, and periodate is not biocompatible.[24]

o-Quinones are naturally occurring intermediates in the production of melanin, the
protective pigmentation in skin and damaged fruit, formed by the action of tyrosinase. This
enzyme catalyzes two related processes: the first and slower step, is oxidation of tyrosine to
DOPA (Scheme 1); the second is conversion of DOPA to the o-quinone, which
spontaneously cross-links to form melanin. This process is often referred to as the Raper-
Mason Scheme.[25] Cysteine can intercept o-quinone intermediates,[26] and 5-cysteinyl
DOPA[27] hails from this source.[28]

Many tyrosinases will oxidize N-acyl tyrosine [29] and tyrosine containing oligopeptides in
vitro.[30] However, folded proteins are typically not good substrates for tyrosinase,
presumably due to steric protection of the tyrosine.[31] Cross-linking is the typical result of
tyrosinase catalyzed protein oxidations.[32] This has been recorded for numerous tyrosinases
on numerous substrate proteins, although prolonged reaction times and addition of caffeic
acid is often required.[33]

The above observations suggested that the reactivity of o-quinones could be harnessed to
create a method of selectively derivatizing tyrosines under mild conditions. This could open
a range of possibilities for selective chemical functionalization, given the diverse chemistry
associated with o-quinones. Importantly, the rate of oxidation of tyrosines on proteins is
dependent upon structure, which implies that selectivity may be achievable.[34] We report
that mushroom tyrosinase (m-tyrosinase) selectively converts tyrosine residues in
hemagglutinin (HA) tags to o-quinones, which can be further derivatized.

Results and Discussion
m-Tyrosinase cleaved C-terminal HA-tags on E. coli DHFR

We chose to investigate the reaction of m-tyrosinase with HA-tagged proteins because: (1)
the HA-tag is tyrosine-rich (YPYDVPDYA); (2) HA-tags are usually solvent exposed; and
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(3) HA-tags are widely used in epitope tagging and pulldown experiments. Escherichia coli
dihydrofolate reductase (eDHFR) bearing a C-terminal HA-tag and an N-terminal His6-tag
(eDHFR-HA) was treated with m-tyrosinase (Figure 1A). A progressive decrease in the 21
kDa full length protein and corresponding appearance of both a 19 kDa protein and a 45 kDa
protein was observed. The latter approximates to twice the weight of the starting protein,
and is the expected product of cross-linking. Similar cross-linked products have been
observed in tyrosinase-mediated oxidation of unstructured proteins such as β-casein.
Structured, folded proteins, such as bovine serum albumin (BSA), do not undergo this
process as readily.[35]

Addition of eDHFR ligands [dihydrofolate or trimethoprim (TMP)] had no significant effect
on the cleavage rate (Figure 1B). In addition, eDHFR-HA did not lose activity when treated
with m-tyrosinase (Figure S1). These observations suggest that cleavage does not alter the
structure of eDHFR and instead occurs in the tags. Mass spectrometry sequencing of the full
length and 19 kDa proteins showed two cleavage sites, one at the N-terminus (GSSH_HHH)
and a second which could only be localized to after the second Y within the HA tag.
Consistent with these data, the 19 kDa protein bound TALON(R) resin, indicating that the
cleaved protein contained enough histidines to bind to a metal resin (Figure S2).
Furthermore, anti-HA antibodies did not recognize the 19 kDa protein (Figure 1A)
indicating that the HA-tag underwent a significant change. Importantly, m-tyrosinase (0.15
mg/ml) also cleaved His6-Halo-HA at the HA-tag (Figure S3). The C-terminus of Halo has
no homology to eDHFR’s C-terminus (sequences of both enzymes are shown in Figure S4).

No cleavage was observed when the HA-tag was moved to the N-terminus immediately
downstream of the N-terminal His6-tag (NT-HA) in eDHFR (Figures S4 and S9). Thus, this
process was position-selective in the eDHFR manifold.

Copper-generated reactive oxygen species (ROS) were not involved in the cleavage
process

To our knowledge, no other examples of tyrosinase-mediated protein cleavage have been
reported and we thus investigated this process further. Tyrosinases are dinuclear copper
enzymes, suggesting that the m-tyrosinase sample may contain free metal ions. Cu+1 can
catalyze hydroxyl radical (ROS) formation by a process similar to Fenton chemistry.[36]

ROS can oxidize amino acids to form protein radicals leading to fragmentation of the
primary structure, although this process is not specific. The involvement of unbound copper
was ruled out as follows. Desalted m-tyrosinase was still able to cause cleavage, implying
that only enzyme bound copper was required for cleavage. Addition of copper in either the
+1 or +2 oxidation state also did not induce cleavage (Figure S5). Finally, catalase had no
effect on the rate of cleavage (Figure S5).

HA-tag cleavage is catalyzed by m-tyrosinase
We performed several experiments to determine if cleavage was caused by adventitious
proteases. Importantly, boiling m-tyrosinase prior to addition to eDHFR-HA stopped both
cleavage events (Figure 1B), which suggests that a protein in the m-tyrosinase sample is
responsible for cleavage. SDS-PAGE analysis of the reaction as a function of time showed
that there was an initiation phase prior to formation of the 19 kDa product (Figure 2C). Such
initial slow phases are a general feature of tyrosinase-mediated oxidation of monophenol
substrates,[37] which has been ascribed to redox activation of the dicopper center.[38]

Importantly, the lag period is similar to lag times previously reported (5–10 minutes).[39]

Addition of either MG132 or the Sigma Aldrich protease inhibitor cocktails P-8340 or P-214
did not affect formation of the 19 kDa band (Figures 1B and S5 C). These observations
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suggest cleavage is not due to contaminating proteases. Addition of a tyrosinase inhibitor,
kojic acid (1 mM), stopped formation of the 19 kDa fragment (Figure 2A), though a new
band appears just below eDHFR (Figure S6 A). This new band contained the HA tag (Figure
S6 B). Thus the N-terminal cleavage can be ascribed to an adventitous protease, whereas the
HA cleavage is mediated by m-tyrosinase.

HA-tag cleavage proceeds via an o-quinone
We next sought to trap the putative o-quinone. Besthorn’s reagent is a monofunctionalized
hydrazine species that reacts with o-quinones to give a stable pink complex.[40] The pink
complex is considered to be diagnostic for o-quinones. Treatment of eDHFR-HA with
Besthorn’s reagent in the presence of m-tyrosinase produced a pink complex resolvable as a
single 25 kDa band on a denaturing SDS-PAGE gel (Figure 3A). Both HA-cleavage and
protein cross-linking were inhibited by this reagent (Figure 3B), consistent with the o-
quinone being required for both reactions. Numerous dyes/chemical tags are available as
hydrazine derivatives, so this experiment also validates the o-quinone as a route to
functionalized proteins. Importantly, this process is catalytic in m-tyrosinase and proceeds
under mild conditions.

m-Tyrosinase specifically oxidizes the first and third tyrosines within the HA-tag
Six mutants were made in which tyrosines within the HA-tag (YPYDVPDYA) were
mutagenized to phenylalanine (Figure 4A). The nomenclature for these mutants is defined
relative to tyrosines within the HA-tag: eDHFR-HA is denoted YYY; whereas eDHFR-
FPFDVPDFA is called FFF. As expected FFF did not form the 19 kDa fragment, react with
Besthorn’s reagent or cross-link in the presence of m-tyrosinase (Figure S9). Surprisingly,
only YFY underwent all three reactions (Figure 4B and C). FYY was the only other variant
to react with m-tyrosinase, as evidenced by the formation of the pink complex with
Besthorn’s reagent. However, this variant did not form the 19 kDa band. Thus, the first and
third tyrosines within the HA-tag are required for the cleavage reaction, but only the third is
required to form an o-quinone.

HA-tag cleavage occurs in fusion proteins
Attention turned to assessing the chemical nature of the products of the cleavage reaction.
Passing the reaction mixture of eDHFR-HA and m-tyrosinase through a YM-10 membrane
and analyzing the flow through by LCMS showed no peaks (see suplementary methods).
This is probably because the small fragmentation product undergoes further reactions with
m-tyrosinase. We accordingly investigated a system in which the HA-tag was used as a
linker, GFP-TEV-HA-GST-α1 (an enhanced green fluorescent protein human glutathione-S-
transferase-α1 fusion). Cleavage of the fusion protein with TEV protease yielded fragments
of ~25 kDa, one of which was recognized by anti-HA. m-Tyrosinase also cleaved the fusion
protein to yield 25 kDa products (Figure 5A). However, these cleavage bands were not
recognized by anti-HA antibodies.

HA-tag cleavage produces a product that is detected by oxyblot
α-Keto amides are known fragmentation products of peptides under oxidative conditions.[41]

Ketones can be detected by an OxyblotR. Analysis of the reaction of GFP-TEV-HA-GST-
α1 and m-tyrosinase revealed that cleavage bands had a high level of ketone content (Figure
5B). No ketones were detected in untagged eDHFR even after 2 hours exposure to m-
tyrosinase. o-Quinones have a short half life thus the cleaved band recognized by the
Oxyblot must contain a more stable ketone containing chemotype, such as an α-keto amide.
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Although more complex mechanisms of hydrolysis cannot be ruled out, these results are
consistent with the following mechanism (Scheme 2): m-tyrosinase converts tyrosine to
DOPA, which is converted to the o-quinone. This species rearranges to give an acylenamine
species with concomitant rearomatization of the arene ring. Similar intermediates have been
observed in model systems by Rzepecki et al.[42] Importantly, Rzepecki’s findings indicate
that dehydroDOPA formation is favored under conditions similar to ours (phosphate buffer
pH 6–6.5). The acyl enamine is labile and is hydrolyzed [either via an acyl imminium ion
(1), or by attack at the acyl group itself] to give an α-keto amide and a primary amide.

The o-quinone intermediate can be functionalized using nucleophilic reagents
To demonstrate selectivity of tyrosine modification, a lysate of E. coli expressing eDHFR-
HA was treated with m-tyrosinase and Besthorn’s reagent (Figure 6). A control lysate of E.
coli expressing human glutathione-S-transferase-μ (GST; a protein of similar size to
eDHFR, bearing 12 tyrosines, none of which are in unstructured regions) was treated
similarly. A time-dependent increase in pink color was observed only in the eDHFR-HA
containing lysate. No pink color was observed in the control lysate even after 3 hours
(Figure S12). Analysis of the lysate expressing eDHFR-HA showed a single 25 kDa pink
band which increased in intensity as a function of time. Similar results were obtained with
His6-Halo-HA (Figure S13).

The m-tyrosinase reaction was also used to introduced Cy5 labels into proteins. A single red
band was produced when an E. coli lysate expressing Halo-HA was treated with m-
tyrosinase and Cy5-hydrazide (Figure S13). Similarly, eDHFR-HA was selectively labeled
with Cy5-hydrazide in lysates of HEK 293T cells (Figure S12 D). We also used this method
to produce Cy5-labeled YFY and GST-α1-HA (Figure S13). These examples demonstrate
the utility of m-tyrosinase-mediated protein modification.

Protein cross-linking catalyzed by m-tyrosinase can be favored by increasing the number
of tyrosines within the tag

Recently, enzyme cross-linking has become of interest to identify protein-protein
interactions.[43] Many methodologies involve metal-based oxidants which are not
optimal.[44] As noted in the Introduction, m-tyrosinase catalyzes the polymerization of
tyrosine via the o-quinone. We hypothesized that eDHFR-HA might be incorporated into
tyrosine polymers. Adding 1 mM L-tyrosine to eDHFR-HA in the presence of m-tyrosinase
led to rapid loss of the 21 kDa eDHFR-HA band (Figure S15 A). No cleavage was detected,
indicating that the o-quinone is trapped prior to fragmentation.

In contrast, cleavage was still observed when 1 mM alanine was added to eDHFR-HA and
m-tyrosinase. A similar lag period was also observed for this HA-tag cleavage reaction
(Figure S15 B). This shows that the amine within α-amino acids is not reactive enough to
trap the o-quinone. Thus, polymerization of eDHFR-HA in the presence of tyrosine
probably involves o-quinone polymerization, as has previously been recorded.[45]

We decided to investigate whether increasing the number of tyrosines at the C-terminus of
eDHFR would favor cross-linking. Thus, the HA-tag was replaced with a (GY)5-tag on
eDHFR-HA m-Tyrosinase treatment produced cross-linked species which were of higher
effective molecular weight than those observed with eDHFR-HA (Figure 7B). Importantly,
enzyme activity was stable over the first 20 minutes of m-tyrosinase exposure, even though
significant amounts of protein cross linking were observed (Figure 8 and S16). Enzyme
activity was lost after prolonged exposure to m-tyrosinase (>1 hour). Finally, as above,
treatment of eDHFR-(GY)5 with Besthorn’s reagent stopped the cross-linking reaction and
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produced a pink complex band (Figure 8C). Thus, this methodology represents a way to
selectively functionalize or polymerize proteins by a simple change in conditions.

Conclusion
This work demonstrates that the HA-tag and other unstructured tyrosine-rich protein tags are
amenable to selective oxidation by m-tyrosinase. This mild process, which occurs at a pH of
6.6 at 37°C with catalytic m-tyrosinase, proceeds via an o-quinone intermediate. This o-
quinone species can be used either as a cross-linking reagent, or as an alternative means to
specifically functionalize proteins. Encouragingly, HA-tag functionalization by m-tyrosinase
is selective in E. coli lysates overexpressing the HA-tagged protein and even in lysates of
transfected mammalian cells. Since a wide array of proteins have been cloned with HA-tags,
this methodology constitutes a general strategy to selectively functionalize proteins, for
cross linking studies, immobilization or to investigate transient protein interactions.
Importantly, the HA-tag is smaller than the equivalent FlAsH and PRIME tags.[46]

We have also discovered that m-tyrosinase treatment cleaves HA-tags. This process is most
efficient in the absence of exogenous nucleophiles at low protein concentrations (< ~ 10
μM). This cleavage reaction is a novel function of m-tyrosinase. We propose that cleavage
proceeds via an unusual mechanism involving oxidative fragmentation of the amino acid
backbone. The proteolytic function is particularly interesting because phenoloxidases, such
as tyrosinase, are implicated in the innate immune system of insects. [47] Whether the
proteolysis function we have uncovered has any biological relevance, clearly, remains to be
tested, but we hope this new finding will stimulate research in this area.

Experimental Section
Reagents were purchased from Sigma-Aldrich Chemical Company (St Louis, MO) and were
of the highest grade. Water was purified on a Milli-Q apparatus (Millipore, Billerica, MA).
Kinetic measurements were made on a Carey Bio 100. Protein concentrations were
measured using Bradford Assay (Bio-RadR, Hercules, CA) using IgG as a standard.
Quantitation of gel bands was made using Image-J (NIH). The following protease inhibitors
were used: Sigma Aldrich protease inhibitor cocktails P-8340 and P-214 (both administered
at 2x concentration) the former containing: 4-(2-aminoethyl)benzenesulfonyl fluoride
(AEBSF), pepstatin A, E-64, bestatin hydrochloride, leupeptin hemisulfate, and aprotinin;
the latter AEBSF, aprotinin, bestatin hydrochloride, E-64, EDTA and Leupeptin
hemisulfate). MG132 was from Aldrich and was shown to be active in a proteasome assay.

Cloning
eDHFR-HA was PCR amplified from pHis6-eDHFR-HA using primers that introduced the
required mutations at the HA-tag: forward primer was consistent: reverse primer variable.
pHis6-eDHFR-HA was linearized using EcoR1. The first PCR product was used to PCR
clone the desired HA mutation into the linearized plasmid. All clones were verified by
sequencing (Genewiz, Boston, MA).

Enzyme preparation and activity assessment
Bacteria were grown in Luria Broth at 37 °C. Induction was initiated at an OD600 of 1, with
500 μM IPTG at 30 °C (18 h). Bacteria were pelleted (10000 RPM; J-10 rotor) and then
resuspended in lysis buffer (100 mM phosphate buffer, pH 7.6, 200 mM KCl, 5 mM
imidazole, 1 mM BME) and sonnicated on ice (10 seconds of sonnication followed by 10 s
for 3 minutes total). Lysate was clarified by centrifugation (15000 RPM; J-20 rotor).
Enzymes were purified in a batch process at 4 °C using Ni-NTA (His-TrapR, Qiagen,
Valencia, CA). Final elution: 150 mM imidazole in lysis buffer. Purified enzyme was
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dialyzed against 100 mM Tris, pH 7.8, 150 mM NaCl, 1 mM BME, 10 % glycerol three
times at 4 °C. Tyrosinase activity was assessed using the method of Park et al.[48]

o-Quinone formation
Enzyme was dissolved at 1.5 mg/ml (unless otherwise stated) in 50 mM phosphate buffer
pH 6.6 (assay buffer) and incubated at 37 °C for 20 minutes. Enzyme was desalted on
Sephadex G10 resin (Amersham, Piscataway, NJ) (approx 1.2 ml resin volume on a bio-spin
6 column, Bio-RadR) that had been washed with 150 μL 0.1 % bovine serum albumin
(BSA) in assay buffer and then washed 3 times (150, 100, 100 μL) with assay buffer prior to
loading enzyme. Centrifugation was carried out at 800g for 1 minute. Typically no BSA was
observed in the eluted sample. Trace BSA could be observed in some runs but it had no
effect on cleavage or cross linking. After desalting, mushroom tyrosinase (Aldrich) was
added to a final concentration of 0.15 mg/ml (based upon weight measurement of starting
lyophilized sample). Aliquots were extracted at different time points and immediately added
to SDS-PAGE loading buffer to make a final concentration of 2x. Samples were kept on ice
or frozen until required. For o-quinone trapping experiments, the nucleophile (e.g.
Besthorn’s) was added after all other ingredients were added.

Western Blotting
SDS-PAGE gel was run as per Laemelli. This was transferred onto a PVDF membrane
(Millipore, immobilon) in Towbin buffer at 100 V (1 h), followed by 70 V (3 h). Membrane
was blocked in 5 % milk in TBS-T (100 mM Tris pH 7.6, 150 mM NaCl-0.05% Tween-20).
Membrane was immediately added to primary antibody in 1 % milk in TBS-T (2 h).
Membrane was washed 3 times (10 min) in TBS-T, then exposed to the secondary antibody
(40 min). Membrane was washed 2 times in TBS-T (10 min) then washed (15 min) in TBS.
Membrane was treated with ECL-plus reagent (GE Healthcare, Piscataway, NJ) and
visualized using film (Hy-Blot-CL, Denville Scientific, Metuchen, NJ). Oxy blot R kit was
from Millipore and was used as per the manufacturer’s instructions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cleavage is unaffected by eDHFR ligands and occurs at the HA-tag
A Cleavage of eDHFR-HA (1.5 mg/ml) as function of time, measured by anti-HA blot
(upper) and B Coomassie. [m-tyrosinase] = 0.15 mg/ml (based upon mass of lyophilized
product). M = molecular weight marker. C Quantitation eDHFR-HA cleavage under various
conditions (200 μM dihydrofolate; 200 μM trimethoprim (TMP); 2x Sigma protease
inhibitor cocktail P8340 [containing: 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF),
pepstatin A, E-64, bestatin hydrochloride, leupeptin hemisulfate, EDTA and aprotinin)]. For
the untreated m-tyrosinase sample ~ 7 x the final amount loaded for each time point is
shown.
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Figure 2. 19 kDa formation is stopped by an m-tyrosinase inhibitor
A) eDHFR-HA (1.5 mg/ml) was treated with m-tyrosinase (0.15 mg/ml) (left) and (right)
experiment was repeated in presence of 1 mM kojic acid. B) Quantitation of Coomassie-
stained SDS-PAGE gels showing inhibition of cleavage by kojic acid (1 mM) N=5
(conditions as in A) errors are standard deviations. C) Formation of 19 kDa and loss of 21
kDa band with time, showing lag (conditions as in A). Gel shown in Figure S7.
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Figure 3. The o-quinone can be intercepted using Besthorn’s reagent
A) eDHFR-HA (1.5 mg/ml) was treated with m-tyrosinase (0.15 mg/ml) and Besthorn’s
reagent (30μM) (left). In the control eDHFR-HA (1.5 mg/ml) was treated with m-tyrosinase
(0.15 mg/ml) only (right). Aliquots were analyzed by SDS-PAGE without staining. B) The
same gel was stained with Comassie. Apparent gain of mass in lanes 2–3 is probably due to
Besthorn’s addition (2 x Besthorn’s ~ 400 Da; 3 x Besthorn’s ~ 600 Da). Note the change in
mass is small relative to 0 time point in lane 4. A) is shown in color in Figure S14 G).
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Figure 4. Mutagenesis experiments show that cleavage requires 1st and 3rd tyrosine in HA-tag
A) eDHFR proteins bearing C-terminal mutant HA-tags used in this study (ND = not
determined). B) Representative Coomassie stained SDS-PAGE gel for action of m-
tyrosinase (0.15 mg/ml) on mutants (1.5 mg/ml). C) Quantitation of cleavage of all mutants
(from Coomassie stained SDS-PAGE gel).
NOTE only YYY and YFY show cleavage: all other mutants lie on X-axis (no cleavage).
Conditions as per B). NOTE: In these samples trace BSA (residual from desalting column)
was present.
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Figure 5. Fusion proteins in which the HA-tag acts as a linker are substrates for m-tyrosinase
and the product is oxidized
A) GFP-TEV-HA-GST-α1 (1.5 mg/ml) was treated with m-tyrosinase (0.15 mg/ml) and
aliquots were extracted at the stated time points. These time points were analyzed using
antibodies for HA, GFP and GST-α1 and also stained using Coomassie. B) As in A) but the
progress was analyzed by Oxyblot(R), where sample is treated with dinitrophenylhydrazine
to produce the hydrazone derivative that is subsesquently recognized by anti-dintrophenyl
antibody.
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Figure 6.
Functionalization of HA-tag using m-tyrosinase and Besthorn’s reagent is selective in E. coli
lysates overexpressing a HA-tagged enzyme.
A) BL21 (DE3) E. coli lysate over expressing eDHFR-HA forms a single pink band when
treated with m-tyrosinase (0.15 mg/ml) and Besthorn’s reagent (30 μM) and analyzed by
SDS PAGE without staining. This gel is shown in color in Figure S13 A. B) Gel in A)
stained with Coomassie.
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Figure 7. Cross-linking can be favored by using high substrate concentrations or by increasing
the number of tyrosines within the tag
A) eDHFR-HA was added to m-tyrosinase (0.15 mg/ml) and analyzed by SDS-PAGE as a
function of time (left); B) eDHFR-(GY)5 (1.5 mg/ml) was added to m-tyrosinase (0.15 mg/
ml). C) eDHFR-(GY)5 (1.5 mg/ml) was added to m-tyrosinase (0.15 mg/ml) and after 20
seconds Besthorn’s reagent (30 μM) was added (left) or DMSO was added (right). Time
points were extracted and analyzed by SDS-PAGE without staining. D) gel from C) stained
using Coomassie.
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Figure 8. Initially activity of eDHFR-(GY)5 is not affected by action of m-tyrosinase, but
prolonged exposure inhibits the enzyme
eDHFR-(GY)5 (5.0 mg/ml) was incubated with m-tyrosinase (0.15 mg/ml). At the
designated time points aliquots were extracted and (1) assayed for residual activity and (2)
added to loading buffer and analyzed by SDS-PAGE. Control represents a sample treated
similarly, but without added m-tyrosinase.
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Scheme 1.
Reactions of tyrosinase.
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Scheme 2.
Proposed mechanism of HA-tag cleavage.
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Scheme 3.
Possible fates of m-tyrosinase treated tyrosine-tagged proteins.
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