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Abstract: Chimeric protein-protein conjugates provide platforms for immunotherapy, targeted
drug delivery, and vaccine development. However, many desirable constructs cannot be
produced through direct expression, and the targeted coupling of two proteins is chemically
challenging. Here we present a new approach for the rapid and site-specific coupling of proteins
using native amino acids. Tyrosinase oxidizes exposed tyrosine residues on polypeptides,
generating ortho-quinones that react rapidly with strategically placed cysteine residues in other
proteins. This approach was used to modify CRISPR-Cas9 and other substrates with small
molecules, peptides and even intact proteins. The conjugation of cell penetrating peptides to
CRISPR-Cas9 was shown to increase cellular genome editing efficiency by 20-fold relative to
unmodified Cas9. This technology represents a new paradigm for biomolecular coupling, and

paves the way to an unprecedented range of multifunctional bioconjugates.

One Sentence Summary: Tyrosinase oxidation allows for the site-specific coupling of whole

proteins through native amino acids, yielding chimeric protein complexes.



Main Text: The covalent modification of proteins while preserving native function has long
been a goal of chemical biology research (1-3). Unfortunately, it can be difficult to identify
chemically distinct functional groups in protein sequences, typically leading to heterogeneous
product mixtures with most modification strategies. Cysteine residues present a well-recognized
exception, as their reduced forms are found infrequently on protein surfaces and they can be
targeted chemoselectively using 1,4-conjugate addition reactions. While very useful for the
installation of spectroscopic probes and polymer chains, this chemistry can be difficult to use for
the installation of highly functionalized coupling partners, such as drug molecules, peptides, and
additional proteins. Moreover, it is now also appreciated that cysteine-maleimide linkages are
unstable in the presence of exogenous thiols, such as glutathione, which can limit their use for in
vivo applications (4). As a result several recent advances in cysteine coupling chemistry have
appeared based on maleimide alternatives with less reversibility, and a number of
complementary approaches that target artificial amino acids and N-terminal sites have been
developed (4).

Protein-protein coupling is particularly challenging because uniquely reactive chemical
groups must be introduced at specific locations in both biomolecular substrates, and the chemical
reactions to join them must proceed at micromolar concentrations while tolerating the significant
steric interactions that develop. Currently, protein-protein coupling relies on native chemical
ligation methods, the insertion of recognition domains for enzymatic labeling, or the use of non-
canonical amino acids (1, 5-10).What has been lacking from the field is a technique that can
achieve the rapid coupling of peptide and protein substrates with high site-selectivities, but with
minimal levels of substrate engineering or functionalization. Here we describe an oxidative
coupling strategy involving the reaction of N- or C-terminal tyrosine residues with cysteines that
can be located at any desired position on a protein surface. The reaction features mild enzymatic
activation conditions, excellent levels of site-selectivity, and the ability to couple peptides and
full-size proteins together with high yields in under an hour. This new approach provides
unprecedented access to the building of highly complex but still well-defined bioconjugates that
can be used for a wide range of vaccine, therapeutic delivery, and biotechnology applications.

Tyrosinase from Agaricus bisporus (abTYR) is a copper-dependent enzyme that
functions to convert tyrosine into melanin via an o-quinone intermediate (Fig. 1A) (11). We and

others have shown that tyrosinase activation can occur selectively at tyrosine residues near the



N- or C-termini of proteins while leaving internal phenol groups untouched (12-16). We have
further shown that the o-quinone intermediates can be intercepted by anilines and N-terminal
proline residues with high efficiency (Fig. 1A)(16, 17), yielding complex bioconjugates at high
dilution in under 1 h (2, 18). Based on this success, we became interested in the participation of
cysteine thiolates in this chemistry. Although studies by other groups have examined o-quinone
reactions with small molecule thiols(19), these pathways have not been explored for the site-
selective coupling of large biomolecules(12-16).

We first tested the oxidative coupling between phenols and cysteine residues to modify
genome-free MS2 bacteriophage capsids bearing N87C mutations in each of the subunit proteins.
Each of these assemblies provides 180 cysteine residues facing the inside of a 27 nm sphere with
pores that are large enough for peptide entry (Fig. 1B)(20-24). Modification was achieved by
exposing 10 uM (based on monomer) MS2 N87C to 200 uM a-endorphin peptide (Fig. 1C) in
the presence of 167 nM abTYR for 30 min at room temperature in 20 mM phosphate buffer, pH
6.5. Clean conversion of each capsid monomer to a single peptide conjugate was observed (Fig.
1D). This represents the installation of 180 peptide groups inside each capsid despite the high
degree of steric crowding. Subsequent exposure to NEM showed no further addition (Fig. 1E,
supplemental fig. S1), supporting the cysteine selectivity of the reaction. Similarly, no -
endorphin modification was observed for MS2 N87C that had been previously coupled to NEM,
and there was no modification of wild type MS2 capsids lacking exposed cysteine residues
(supplemental fig S1). Together, these results demonstrate an efficient and operationally simple
approach to forming covalent bonds between native amino acid residues.

The structure of the bioconjugation product was determined using NMR for a small
molecule analog. The product results from thiol addition to the 5 position of the o-quinone ring
(supplemental fig. S2), and both NMR and mass spectral data indicated that the product exists
in the reduced catechol form (supplemental fig. S3). The mass of this catechol product
corresponds to those observed for protein addition products. We also note that cysteines on
proteins avoid the tyrosinase inactivation that occurs using small-molecule thiol substrates (12,
25-27).

To test protein conjugation product stability, we subjected a-endorphin modified MS2 to
buffers ranging from pH 5 to pH 8, potassium ferricyanide, 5 mM solutions of TCEP, and n-

mercaptobutanol for up to 6 days at room temperature. None of the conditions led to greater than



5% loss of the attached peptides, illustrating the high stability of these conjugates (supplemental
table S1 and supplemental fig. S4). Additional small molecule thiols were shown to add into
the ortho-quinone ring in small amounts (supplemental fig. S5), presumably after aerobic
oxidation to the o-quinone; however, these adducts also retained the stability of the linkage
formed in the reaction.

Substrate compatibility tests using the tyrosinase activation/thiol addition protocol
showed that small molecule phenols, including biotin, rhodamine, and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), all resulted in quantitative conversion
of the starting protein to the expected products. Both super-folder GFP bearing the Y182C
mutation (GFP Y182C, Fig. 2A) and the N87C MS2 coat protein (supplemental fig. S6) were
used in these experiments. Some secondary adducts were observed with these small molecule
substrates for sfGFP, which are believed to be the products of competing N-terminal
modification (12). Peptides derived from IL-13 and the SV40 large T-antigen, which can assist
with cellular uptake and localization (28, 29), were also coupled successfully, as were HIV Tat
and polyarginine sequences bearing tyrosine groups (Fig. 2B). It is important to note that N-
terminal acylation or an additional glycine was needed in these cases to prevent cyclization of
the oxidized N-terminal tyrosine residues. The diversity of small molecules and peptides
compatible with this coupling strategy demonstrates the utility of the reaction as a general tool
for protein modification.

The potential of this chemistry to modify large proteins and enzymes was explored using
CRISPR-Cas9 ribonucleoprotein (RNP) complexes. Cas9, an RNA-guided DNA endonuclease
used widely for genome editing, contains two surface cysteines at positions 80 and 574, thus
providing two native bioconjugation handles for peptide attachment. To generate a modified
form of Cas9 bearing cell-penetrating peptides, coupling reactions were conducted using Cas9
bearing two copies of the SV40 large T-antigen nuclear localization sequence (NLS) peptide.
Quantitative conversion was observed to the doubly modified protein in both the apo and RNA
bound forms (Fig. 3A). Importantly, tyrosinase-modified Cas9 RNPs fully retained their target
cleavage activity when compared to unmodified Cas9 RNPs (Fig. 3B). We also found that
tyrosinase could be used to ligate Cas9 to green fluorescent protein (MYGGS-GFP, Fig. 3C, D)
or supercharged cationic GFP (supplemental fig. S7).



The reaction was similarly successful for the coupling of Y182C sfGFP (5 uM) to a
HER2-binding scFv-GGSY construct (5 uM) in pH 6.5 phosphate buffer at room temperature for
30 min (Fig. 3E, F). The scFv-GFP construct bound specifically to HER2 expressing cells, but
not HER2 negative cells (Fig. 4A). No cellular fluorescence was observed with either GFP alone
or in controls where GFP was not coupled to the scFv (supplemental fig. S8, S9). These and
corresponding control experiments showed that only highly exposed tyrosines near the N- or C-
terminus are capable of participating in the reaction (30). Furthermore, these results
demonstrating the utility of tyrosinase mediated conjugation for site-specific protein-protein
coupling while preserving native protein activity.

Genetic fusion of four consecutive SV40 NLSs to the N-terminus of Cas9 bearing two
additional C-terminal NLSs has been shown to enable delivery of Cas9 RNPs to human neural
progenitor cells (NPCs) in culture and in vivo (28). However, the production of such complexes
is lengthy, requires dedicated cloning and protein purification, and conjugation of delivery
molecules is limited to the native N- and C-terminus and peptides amenable to genetic fusion.
Moreover, most commercially produced Cas9 RNPs demonstrate little-to-no cell penetrating
capabilities. Thus, we examined whether standard Cas9 RNP complexes could be chemically
modified with peptides or proteins for editing in human NPCs(28). Three different cell-
penetrating peptides were coupled to the native cysteine residues of a Cas9RNP bearing two C-
terminal NLSs. This version of Cas9 does not appreciably edit cells in the NPC assay on its own
(Fig. 4B). After the reaction, ESI-TOF MS analysis confirmed that two copies of each tested
peptide coupled quantitatively to Cas9 (supplemental fig. S10). These constructs, plus CasO9RNP
with sfGFP, were then assayed for their editing efficiencies (31-34). Cas9 conjugates bearing
+36 GFP proteins precipitated upon guide RNA addition, and thus could not be evaluated in this
experiment. The Cas9RNP construct bearing two 2SV40 peptides (each peptide is composed of
two consecutive SV40 NLSs) showed a 20-fold increase in editing efficiency (Fig. 4B) relative
to the unmodified 2NLS-Cas9RNP. This indicates that the delivery of Cas9 RNP can be
mediated by direct peptide coupling to the protein surface of readily available standard Cas9
protein. The addition of other peptides and sfGFP did not improve editing efficiency. In addition,
experiments involving the original 4NLS Cas9 construct showed successful modification, but the

added protein domains did not increase editing activity further (supplemental fig. S11).



Here, we have shown that the abTYR activation of exposed phenols on proteins, peptides,
and small molecules leads to efficient coupling with solvent exposed cysteines on target proteins.
This simple but versatile approach allows for the targeted modification of proteins with a diverse
array of molecules in potentially any desired location. It does not require additional modification
steps or exposure to aggressive reaction conditions, and is thereby likely to conserve protein
folding and function in most applications. In particular, the success of Cas9 delivery via peptide
conjugation highlights a potential application for tyrosinase mediated coupling to facilitate the
screening of candidate peptides for the cellular entry of large biomolecules without the need to
clone, express, and purify individual genetic fusions for each combination. One of the most
important aspects of this new bioconjugation approach is its ability to couple full-sized proteins
together with high yields and minimal stoichiometric excesses as in the case of the scFv-GFP
conjugate. It also offers the advantage of moving the attachment sites by changing the location of
the introduced thiol component, which has been a longstanding feature of cysteine-based
modification chemistry. The ability demonstrated herein to couple proteins together in such a
straightforward way has significant implications for vaccine development, immunotherapy, and

many additional biopharmaceutical and biomaterial applications.
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Fig. 1. Tyrosinase-mediated oxidative coupling reactions. (a) Phenols are oxidized by tyrosinase
to yield o-quinone intermediates that couple with a variety of nucleophiles on biomolecules. In
this work, the addition of cysteine thiolates is explored. (b) An MS2 viral capsid is shown, with
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allow entry to peptides and small molecules. (¢) The structure of a-endorphin is shown, with the
targeted tyrosine residue in blue. (d-f) Coupling reactions were screened using ESI-TOF MS.
Reaction conditions: pH 6.5 phosphate buffer, RT, 30 min. Expected mass values: MS2 N87C
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Fig. 3. Modification of CRISPR-Cas9 with two C-terminal and four N-terminal nuclear
localization sequences (Cas9-4NLS), which has two surface thiols (cys 80 and cys 574) in the
native sequence. (a) ESI-TOF MS data indicated complete coupling at both sites with the a-
endorphin peptide. In contrast, cas9 that was pretreated with NEM showed no peptide coupling
(see Supporting Information). (b) The site-specific DNA cleaving ability of the conjugate was
unchanged relative to an untreated control. This was true when the pre-assembled
ribonucleoprotein (RNP) was modified directly, or when the RNA-free protein (apo-cas9) was
used for the modification reaction. In the latter case, the single guide RNA strand was added



before the DNA cleavage experiment. (c) The coupling reaction was successful even when the
coupling partner was superfolder GFP bearing an exposed tyrosine residue near the N-terminus
(MYGGS-GFP). (d) This conjugate retained site-specific DNA cleaving ability despite the high
degree of added steric bulk. (e) The coupling reaction was similarly successful for the coupling
of GFP Y182C to a HER2-binding scFv-GGY construct. The observed product mass is
consistent with the linkage depicted in (f).
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Fig. 4. Cell culture activity assays. a) Flow cytometry analysis of SK-BR-3 (HER2+) and MDA-
MB-468 (HER2-) breast cancer cells treated with the Trastuzumab scFv-sfGFP construct or
negative control showing cell specific binding. Gating and statistics shown in Supplemental
Figure S9. b) Evaluation of modified CRISPR-Cas9 ribonucleoproteins (RNP) for gene editing
in neural progenitor cells. The assay measured the increase in fluorescent protein expression
following successful editing at a tdTomato locus in the cell genome. Cas9 modified with two
copies of the SV40 nuclear localization sequence (Cas9-2SV40) showed a 20-fold increase in
editing efficiency compared to unmodified Cas9. Data were collected at 72 h post-treatment.
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Materials and Methods
General Methods and Instrumentation

All reagents were obtained from commercial sources and used without any further purification.
Tyrosinase isolated from Agaricus bisporus (abTYR, both 25 kU [SKU = T3824-25KU] and 50
kU [SKU = T3824-50KU] were used in these studies). DOTA-NHS was purchased from
Macrocyclics (Plano, Tx). Tyrosine containing peptides were purchased from GeneScript
(Piscataway, NJ) and used without further purification. Spin concentrators with 10 and 100 kDa
molecular weight cutoffs (MWCOQ) and sterile spin filters with 0.22 um pores were purchased from
Millipore (Billerica, MA). Milli-Q was obtained from a Millipore purification system. Small
molecule phenol substrates were synthesized as previously reported(12).

Liquid chromatography mass spectrometry (LC-MS) analysis. Acetonitrile (Optima grade,
99.9%, Fisher,Waltham, MA), formic acid (1 mL ampules, 99+%, Pierce, Rockford, IL), and water
purified to a resistivity of 18.2 MQ-cm (at 25 °C) using a Milli-Q Gradient ultrapure water
purification system (Millipore, Billerica, MA) were used to prepare mobile phase solvents for LC-
MS. Electrospray ionization mass spectrometry (ESI-MS) of protein bioconjugates was performed
using an Agilent 1260 series liquid chromatograph outfitted with an Agilent 6224 time-of-flight
(TOF) LC-MS system (Santa Clara, CA). The LC was equipped with a Proswift RP-4H
(monolithic phenyl, 1.0 mm x 50 mm, Dionex) analytical column. Solvent A was 99.9%
water/0.1% formic acid and solvent B was 99.9% acetonitrile/0.1% formic acid (v/v). For each
sample, approximately 15 to 30 picomoles of analyte were injected onto the column. Following
sample injection, a 5-100% B elution gradient was run at a flow rate of 0.30 mL/min over 8 min.
Data was collected and analyzed by deconvolution of the entire elution profile in order to provide
reconstructed mass spectra that are representative of the entire sample using Agilent MassHunter
Qualitative Analysis B.05.00. Percent modification was determined through integration of MS
peaks using opensource Chartograph software (www.chartograph.com). The integration of the
completely unmodified protein peak served as an internal standard in determining the percent
modification.

UV-VIS measurements. A NanoDrop 1000 (Thermo Fisher Scientific) was used to quantify the
samples in this work based on absorbance values at 280 nm (or 488 nm for sfGFP).

Experimental Procedures

Preparation and storage of abTYR stock solutions. Tyrosinase isolated from common button
mushroom (Agaricus bisporus) was purchased as a lyophilized dark-red powder from Sigma-
Aldrich (either 25 kU or 50 kU). Upon receipt, the powder was portioned as preweighed dry
samples in Eppendorf tubes. These were stored at -20 °C until use. Stock solutions were prepared
by dissolving a dry portion of enzyme to yield a concentration of 2 mg/mL in 50 mM phosphate
buffer at pH 6.5 (corresponding to ~16.7 UM enzyme). Portions of this solution (10 pL each) were
transferred to 250 pL Eppendorf tubes, which were then capped and stored at -80 °C until use.
These storage conditions were shown to be the optimal for abTYR in a previous study (2). Stock
solutions were used as single-use aliquots and diluted to desired working concentrations in 50 mM
phosphate buffer at pH 6.5 prior to use.




Preparation and structural characterization of tyrosine-thiol conjugates. Stocks of 100 mM
N-acetyltyrosine and acylcysteamine as well as 2 uM abTYR were prepared in 100 mM citrate pH
6.5. The base of a 15 mL 3k MWCO spin concentrator was pre-loaded with 5 mL of 100 mM
citrate and 10 mM acylcysteamine prepared by dilution of stock solutions. In the top section of the
filter 1 mL of 10 mM N-acetyltyrosine was combined with 1 mL of 2 uM Tyrosinase in 100 mM
citrate at pH 6.5. The solution was incubated at RT for 30 min before centrifugation at 3000 rpm
for 25 min. After this step, an additional 1 mL of 10 mM N-acetyl-L-tyrosine in 100 mM citrate at
pH 6.5 was added and allowed to sit for a further 20 min on ice before centrifugation as above.
This process was repeated an additional three times for a total added volume of 10 mM n-
acyltyrosine of 4 mL. After the final centrifugation the system was spun an additional 25 min at
4000 rpm, yielding a total of 11 mL of purple-red liquid.
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A secondary protocol was also used which generated lower yields of product. Here, to a 10.286 mL aliquot of Milli-
Q H20 in a falcon tube was added stock solutions of sodium citrate buffer (pH 6.5), N-acetyl-L-tyrosine, and N-
acetylcysteamine with initial (stock solution) concentrations (i) and final (reaction mixture) concentrations (f) given
in the table above. The abTYR stock solution was added last. After gentle mixing, the resulting reaction solution
was allowed to stand at room temperature for 2 hours and then was stored at 4 °C for one week while awaiting
purification. After passing the rxn solution through a 0.22 um Millipore polyethersulfone (PES) syringe filter, the
crude reaction mixture was subject to analytical and preparatory HPLC.

Analysis and purification of the crude small molecule oxidative coupling product were
performed on a Waters UPLC-MS system with the following modules: Waters 2545 Binary
Gradient Module pumps, a Waters 2767 Sample Manager for sample injection and fraction
collection, a Waters System Fluidics Organizer, a Waters 2489 UV/Visible Detector, and a Waters
Acquity Ultra Performance LC mass spectrometer with SQ detector. Waters Mass Lynx software
V4.1 (SCN919) was used to operate the instrument. For gradient separations, solvent A was: Milli-
Q H20 with 0.1% TFA, and solvent B was: HPLC-grade acetonitrile with 0.1% TFA. This
instrument is owned and maintained by the LBNL/UCB Catalysis Group Instrumentation Facility
and is supported by DOE Basic Energy Sciences program KC0302010.

For analytical HPLC, a Waters X-Bridge C18, 3.5 um, 4.6 x 100 mm column was used. 20 pL
injections of the filtered reaction mixture were subject to a linear gradient of 5 to 20% solvent B
in solvent A over 15 minutes at a flow rate of 1.00 mL/min.

For preparatory HPLC, a Waters X-Bridge C18, 10 um OBD, 4.6 x 250 mm column was used.
1000 pL injections of the filtered reaction mixture were subject to a linear gradient of 5 to 20%
solvent B in solvent A over 15 minutes at a flow rate of 30.0 mL/min.



The product isolate then underwent evaporative removal of solvent. This yielded several flakes
of red-brown powder in quantities too low to be effectively weighed. The dried product was
resuspended in D0 and submitted to NMR analysis on a Bruker 900 MHz system.

abTYR-mediated oxidative coupling of phenols to Y182C sfGFP. To a 10 uM protein solution
in 20 mM phosphate buffer (pH = 6.5) was added the phenol coupling partner to a final
concentration of 100 uM. A 2 uM solution of abTYR in 50 mM phosphate buffer (pH=6.5) was
added to reach a final enzyme concentration of 200 nM. The reaction was left unstirred for 30 min
at RT. The reactions were subsequently quenched through the addition of tropolone (final
concentrations of 1.9 mM), and allowed to stand at RT for 1 min before spin concentration against
10 kDa MWCO filters with 10 mM bisTris at pH 7.2 (three cycles at 13,000 rpm for 3 min) for
small molecule removal. The resulting samples were analyzed using ESI-TOF MS.

Cysteine modification of N87C MS2. To a 10 uM solution of protein was added the phenol- or
tyrosine-containing coupling partner (100 pM) in 20 mM phosphate buffer (pH = 6.5). To this was
then added abTYR to a final concentration of 200 nM. After 30 min the reaction was quenched
with tropolone to a final concentration of 2 mM and the product was analyzed by ESI-MS (see
Figure 1).

Stability study of cysteine modification products. To assess the stability of the oxidative
coupling products, a solution of endorphin modified MS2 N87C (Pdt) was incubated in a variety
of conditions. To assess the impact of pH on the linkage stability, a 10 uM solution of Pdt with 1
mM tropolone (to prevent further oxidation via tyrosinase) was incubated in 50 mM phosphate
buffer at pH 5.0, 7.0 and 8.0 at RT for 0, 3, or 6 days. At each time point a 10 pL sample of the
protein was diluted 1:1 with 50 mM pH 7.0 bisTris buffer and spin concentrated against a 10 kDa
MWCO filter. The resulting samples were analyzed using ESI-TOF MS and the percent labeling
was determined by peak integration using the opensource Chartograph software
(www.chartograph.com). To assess the impact of nucleophiles on the linkage stability, a 10 pM
solution of Pdt with 1 mM tropolone was incubated in 50 mM phosphate buffer at pH 7.4 at RT
for 0, 3, and 6 days in the presence of 10 mM concentrations of various nucleophiles. At each time
point, the proteins were spin concentrated against 10 kDa MWCO filters with 10 mM bistTris at
pH 7.2 for three cycles at 13,000 rpm for 3 min each. The resulting samples were analyzed using
ESI-TOF MS and the percent labeling was determined via peak integration using the opensource
Chartograph software. Note that starting modifications differ as each condition was treated as a
biological replicate.

Quantitative tyrosinase (abTYR) activity assay. The following procedure was previously
reported in Maza et. al (12). In brief, a 1.0 mg/mL aliquot of abTYR was removed from storage at
either -20 °C or -80 °C and thawed on ice. To a clean cuvette was added 200 pL of 100 mM
phosphate buffer (pH 6.5), 93 uL of 2.7 mM L-tyrosine, and 695 pL of Milli-Q water. A 12 pL
portion of the abTYR aliquot was added with thorough mixing to start the reaction (final
concentrations: 20 mM phosphate, 250 uM L-tyrosine, and 0.012 mg/mL abTYR). The reaction
was immediately transferred to a UV-Vis spectrometer and readings of the absorption at 475 nm



were recorded at 1 s intervals for at least 10 min. For data processing, the absorbance at 475 nm
was plotted against time in minutes using Microsoft Excel. The instantaneous rate (Abs/min) at a
given time was approximated by calculating the linear slope over 30 s intervals around each
timepoint between 0:16 and 9:45. The maximum slope typically occurred between 5 and 7 min,
and was converted to activity units (U or pumol substrate / min) using the molar extinction
coefficient for dopachrome of 3600 M-tcm™ (35). Dividing the U by the volume of the tyrosinase
stock added to the reaction gave the U/mL of the stock. Freshly prepared 1 mg/mL tyrosinase
typically displayed an activity of 1200 U/mL.

Expression of sSfGFP. Expression was carried out as previously reported (2). Purified protein
was spin concentrated into 20 mM phosphate buffer at pH 7 using 10k MWCO spin filters prior to
reaction.

Expression of spCas9. Expression was carried out as previously reported (36). Purified protein
was spin concentrated into 20 mM phosphate buffer with 200 mM trehalose and 300 mM NaCl at
pH 7 using 100k MWCO spin filters prior to reaction. Cas9 sequences for 2NLS and 4NLS were
identical to those used previously (28).

Expression of N87C MS2. Expression and purification was carried out as previously reported
(37). Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7 using 10k
MWCO spin filters prior to reaction.

N87C MS2 amino acid sequence:

MASNFTQFVLVDNGGTGDVTVAPSNFANGVAEWISSNSRSQAYKVTCSVRQSSAQN
RKYTIKVEVPKVATQTVGGVELPVAAWRSYLCMELTIPIFATNSDCELIVKAMQGLL
KDGNPIPSAIAANSGIY*

Expression of Trastuzumab scFv. Expression was carried out according to established
protocols (36). Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7 using
10k MWCO spin filters prior to reaction.

Expression of Y182C sfGFP and N-Terminal MYGGSHs-sfGFP. Following sequence
verification by sequencing, mutants were transformed into Rosetta DE3 E. coli cells for
expression. Expression cultures at 1000 mL in TB broth were prepared using 10 mL of confluent
culture. These were grown at 37 °C until cultures reached an OD600 value between 0.6-0.8, upon
which protein expression was induced with a final concentration of 0.1 g/L IPTG.

Cells were then shaken overnight at 37 °C and pelleted. After freezing at -80 °C, cell pellets
were resuspended in 15 mL of an equilibration buffer (20 mM sodium phosphate, 2 M NaCl, 20
mM imidazole at pH = 7.4) and then lysed via sonication for 30 min at 60% amplitude. Cell lysate
was spun down at 14,000 rpm for 30 min, then the supernatant decanted before loading on to a
HisTrap FF Crude column. After binding, the bound protein was washed with 4 portions of two
resin bed volumes of wash buffer (20 mM sodium phosphate, 300 mM NaCl, 25 mM imidazole at
pH = 7.4) and subsequently eluted with four resin bed volumes of elution buffer (20 mM sodium
phosphate, 300 mM NaCl, 250 mM imidazole at pH = 7.4). The purified sfGFP variant was then



spun concentrated into 20 mM phosphate buffer at pH 7.2 using 10k MWCO filters. Purified sfGFP
samples were flash frozen and stored at -20 °C until use.

Purified protein was spin concentrated into 20 mM phosphate buffer at pH 7 using 10k MWCO
spin filters prior to reaction.

MY GGSHe-sfGFP amino acid sequence:

MYGGSHHHHHHRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLK

FICTTGKLPVPWPTLVTTLTYGVQCFARYPDHMKQHDFFKSAMPEGYVQERTISFKD
DGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKN
GIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRD
HMVLLEFVTAAGITHGMDELYK*

Y182C sfGFP amino acid sequence:

MRKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVP
WPTLVTTLTYGVQCFARYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAE
VKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIRH
NVEDGSVQLADHCQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEFVT
AAGITHGMDELYKHHHHHH*

Expression of +36 MYGGS sfGFP. The +36 GFP gene(37) with addition of MYGGS-Hgs at the
N-terminus was purchased as a gene block from Integrated DNA Technologies (IDT) as follows:

MYGGS-H6 +36 GFP:
TGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGA
AGGAGATATACCATGTACGGAGGCTCACACCATCACCATCACCATGGT
GGAGCTTCAAAGGGTGAGCGTCTTTTTCGCGGCAAAGTCCCTATCCTGG
TTGAGTTGAAGGGGGATGTCAACGGACATAAATTCTCAGTGCGCGGTA
AAGGGAAAGGCGATGCAACCCGTGGCAAACTGACTTTGAAATTTATTT

GCACAACTGGCAAATTACCTGTTCCTTGGCCCACCTTAGTAACGACACT
GACTTATGGAGTACAGTGTTTCAGTCGTTACCCCAAACACATGAAACGT
CATGACTTCTTTAAAAGCGCAATGCCCAAGGGGTACGTGCAAGAACGT
ACCATCTCTTTTAAGAAAGACGGGAAGTACAAAACTCGTGCGGAAGTT
AAGTTTGAAGGCCGTACGCTTGTCAACCGCATTAAGCTTAAAGGTCGC

GACTTTAAAGAAAAGGGGAACATTCTGGGGCACAAGTTGCGCTACAAT
TTCAACAGCCACAAAGTGTATATCACAGCGGATAAGCGCAAGAATGGA
ATTAAAGCTAAGTTCAAGATTCGTCATAACGTAAAGGACGGCAGCGTG
CAGCTGGCGGATCATTACCAACAGAATACACCTATCGGACGTGGGCCT
GTATTATTGCCTCGCAACCATTACCTGTCAACACGCTCAAAACTTTCCA
AAGATCCGAAGGAGAAACGTGATCACATGGTACTTTTGGAGTTTGTTA

CCGCAGCTGGTATTAAGCACGGGCGCGATGAACGTTACAAATAACTCG
AGCACCACCACCACCACCACTG

Which corresponds to the following amino acid sequence after insertion into vector:

MYGGSHHHHHHGGASKGERLFRGKVPILVELKGDVNGHKFSVRGKGKG
DATRGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPKHMKRHDFFK
SAMPKGYVQERTISFKKDGKYKTRAEVKFEGRTLVNRIKLKGRDFKEKGN
ILGHKLRYNFNSHKVYITADKRKNGIKAKFKIRHNVKDGSVQLADHYQQN




TPIGRGPVLLPRNHYLSTRSKLSKDPKEKRDHMVLLEFVTAAGIKHGRDER
YK*

A pET28b vector that was cleaved by Xbal and Xhol and column purified was then combined
with the +36GFP gene block and cloned using Gibson 2x Master Mix from New England BioLabs
(NEB) using standard procedure (38).

Following sequence verification, plasmids were transformed into Rosetta DE3 E. coli cells via
heat shock and streaked onto LB-agar plates with 1 mM kanamycin. Expression and purification
were carried out according to previous literature (38).

Cas9-tyrosinase coupling conditions. Cas9 coupling occurred under the following conditions:
20 mM Tris HCI, 300 mM KCI, 200 mM trehalose pH 7.0 (Buffer A), 4 °C, 1 h, 10 pM Cas9. All
samples were quenched with the tropolone solution as above, then solvent exchanged into Buffer
A three times using a 100,000 kDa MWCO spin concentrator. For peptide coupling, peptides were
added in five-fold excess, yielding 50 UM peptide concentrations. In protein-protein coupling we
found that a 1:1 ratio of Cas9:target protein yielded near-quantitative conversion to the singly
modified Cas9 after filtration, as characterized using ESI-TOF MS. A 1:5 ratio of Cas9:target
yielded full conversion to the doubly modified product. It is of particular interest that the trehalose
buffer is tolerated as previous oxidative strategies were incompatible with saccharides in solution
(35). Additionally, we have found that the internal tyrosine residues within both of these proteins
are not affected by this reaction, as revealed by a lack of detectable oxidation for either Cas9 or a
sfGFP that lacks the N-terminal tyrosine residue by ESI-TOF MS. Further supporting this is the
lack of dimer formation between Cas9 molecules or peptide substrates in these reactions. Thus, it
appears that only highly exposed tyrosines, ideally near the N- or C-termini are capable of
participating in reactions (30).

Cas9 in vitro cleavage assay. Two gene fragments were produced via PCR for use as target
sequences (Cas9 recognition sites shown underlined in red):

Cas9 cleavage sequence 1: 5°-
TAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTA
CGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCC
TGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTA
CCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGC
TACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCC
GCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGA
AGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGT
ACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACG
GCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCA
GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCLCCGTGCTG
CTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCA
ACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGAT
CACTCTCGGCATGGACGA-3’

Cas9 Cleavage sequence 2: 5°-
TGTATGGGATCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTC




GAGGTTAAAAAAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTT
TGAAAAACACGATGATAATATGGCCACAACCATGGTGAGCAAGGGCGAGGA
GCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAAC
GGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGC
AAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGC
CCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCC
GACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACG
TCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGC
CGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGG
CATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAA
CTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATC
AAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCG
CCGACCACTACCAGCAGAACACCCCCATCGGCGACGGLCCLCGTGLTGLETGCC
CGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAG
AAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTC
TCGGCATGGACGA-3’

This was done using a plasmid containing EGFP and the following PCR primers:
PCR forward primer 1: 5-TAAACGGCCACAAGTTCAGC-3’
PCR forward primer 2: 5-TGTATGGGATCTGATCTGGGG-3’
PCR reverse primer: 5’ -TCGTCCATGCCGAGAGTGATCC- 3’

Cas9 was combined with sgRNA (targeting sequence 5 -CAGGGTCAGCTTGCCGTAGG-3)
produced by in vitro transcription as previously published to produce the active RNP(30). A 0.4
pmol sample of cleavage sequence 1 or 2 was then exposed to varying concentrations of Cas9
RNP in 20 mM mM Tris-HCI, pH 7.5, 75 mM KCI, 5 mM MgCl;, 1 mM dithiothreitol (DTT),
5% glycerol buffered solution and incubated at 37 °C for 30 min, followed by denaturation at 95
°C for 2 min. Samples were then loaded onto a 1% agarose TAE gel with SYBR-safe and
visualized on a BioRad EZDoc Gel imager.

Cell Culture Procedures

Cell staining with Trastuzumab scFv-sfGFP conjugate. SK-BR-3 and MDA-MB-468 cells
were obtained in separate T-25 flasks from the Berkeley Cell Culture Facility, transferred to a 37
°C, 5% CO2 incubator and grown to 90% confluency. Growth medium was removed, and cells
were detached by incubation with 6 mL of 0.13% Trypsin in DPBS at 37 °C for 10 min. After
visually confirming detachment, each cell sample was diluted to 15 mL with Binding Buffer
(DPBS with 10% FBS and 1% NaN3). Cells were added to 15 mL Falcon tubes and subject to two
cycles of centrifugation (300 g, 5 min, room temperature), removing the supernatant after each
cycle and diluting with 14 mL of Binding Buffer before the second cycle. Cells were re-suspended
in 0.8 mL of Cell Binding Buffer and counted with a BioRad TC20 automated cell counter. Live
cell counts were 99 to 100% as indicated by trypan blue staining. Cell suspension density was
adjusted to 1.9 x106 cells/mL with additional Binding Buffer. 100 uL aliquots were distributed to
Eppendorf tubes and incubated on ice. 40 pL of the 0.05 pg/uL scFv-sfGFP construct or
appropriate negative control in PBS was added to each aliquot, and these samples were allowed to
sit on ice, in the dark for 1 hour. Samples were then subject to 3 cycles of centrifugation (300 g, 3




min), re-suspending cells in 1000 puL of Binding Buffer before each cycle and discarding
supernatant after each cycle. After centrifugation, cell pellets were re-suspended in 500 pL of
DPBS with 0.5% paraformaldehyde and kept on ice in the dark for 1-3 hours until flow cytometry
analysis.

Flow Cytometry Analysis for cell staining. Cell samples were diluted 2-3x in PBS and
analyzed on to a BD LSR Il flow cytometer (BD Biosciences). Fluorescence excitation at the 488
nm laser line and FITC filter set were used. Data was acquired using BD FACSDiva software
(version 6.2, 2000) 10,000 events were recorded for each sample. Data was processed using
FlowJo software (version 10.0).

Preparation of Cas9 for cell culture trials. Cas9 RNP was prepared based on previously
described methods (28). To prepare the Cas9 RNP complexes, modified Cas9 protein was
incubated with sgRNA at a 1:1.2 molar ration. Briefly, we added sgRNA to Buffer#1 (25mM
NaPi, 150mM NaCl, 200mM trehalose, 1ImM MgCI2), then added the Cas9 to the sgRNA,
slowly with swirling, and incubated at 37°C for 10 min to form RNP complexes. RNP complexes
were filtered prior to use through a 0.22um Costar 8160 Filter pre-wet with 200ul Buffer#1. If
needed, the RNP sample was concentrated with a 0.5ml Millipore Ultra 100 kDa cutoff filter,
part # UFC510096, until the desired volume was obtained.

Neural progenitor cell (NPCs) line assay. NPCs were treated based on a previously described
protocol (32). Briefly, NPCs were isolated from cortices from embryonic day 13.5 Ai9-tdTomato
homozygous mouse embryos. Cells were cultured as neurospheres in NPC medium: DMEM/F12
with glutamine, Na-Pyruvate, 10 mM HEPES, non-essential amino acid, penicillin and
streptomycin, 2-mercaptoethanol, B-27 without vitamin A, N2 supplement, bFGF and EGF, both
20 ng/ml as final concentration. NPCs were passaged using MACS Neural Dissociation Kit
(Papain) cat# 130-092-628 following manufacturer’s protocol. bFGF and EGF were refreshed
every other day and passaged every 6 days. The NPC line was authenticated by
immunocytochemistry marker protein staining. They were tested for mycoplasma using Hoechst
stain with visual analysis and were negative.

Cas9 RNP direct delivery. Direct delivery RNP in NPC experiments was added to media and
incubated with cells for 24 h, then cells were washed twice with 200 U/ml heparin in DMEM
media and allowed to grow for 24 additional hours before analysis by flow cytometry. Total
quantity of Cas9 per well of a 96-well plate was titrated from 100 pmol to 10 pmol.
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Flowchart representing Maleimide capping experiments. In a) we see that MS2 modified with endorphin does not
react with additional maleimide coupling partner when exposed to coupling conditions in subsequent steps.
Similarly, in b) we see that the maleimide modified MS2 is untouched by the tyrosinase reaction. Mass spectral data
support these hypotheses, as ¢) shows NEM capped MS2, and d) shows NEM capped MS2 exposed to tyrosinase
coupling conditions is not further modified by endorphin. Finally, e) shows WT MS2 is unmodified by tyrosinase
conditions.
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Fig. S2.

ROESY and HMBC data for N-acetyltyrosine coupled to N-acetylcysteamine. ROESY data
shows clear correlation between only one proton (2) and the corresponding signal from the alkyl
chain in cysteamine (20) while also coupling to the tyrosine alkyl chain (9). HMBC corroborates
proton assignments.
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Analytical HPLC chromatogram of the small molecule thiol addition reaction sample. Red boxes
indicate single adduct peak.
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Addition of small molecule thiols to tyrosinase modified substrates. a) unmodified MS2 N87C b) N87C exposed to
tyrosinase and n-mercaptobutanol yields no addition product ¢c) MS2 N87C combined with endorphin and tyrosinase
yields the +1 peptide modification d) MS2 N87C with endorphin exposed to n-mercaptobutanol yields some +1
peptide +1 n-mercaptobutanol product.
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Addition of small molecule thiols to tyrosinase modified substrates. a) unmodified MS2 N87C b) N87C exposed to
tyrosinase and n-mercaptobutanol yields no addition product c) MS2 N87C combined with endorphin and tyrosinase
yields the +1 peptide modification d) MS2 N87C with endorphin exposed to n-mercaptobutanol yields some +1
peptide +1 n-mercaptobutanol product.
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Addition of small molecule phenols and tyrosine containing peptides to MS2 N87C. 10 uM of protein was combined
with 100 uM of phenol coupling partner and 167 nM abTyr in pH 6.5 phosphate buffer for 30 min at RT then
quenched with 2 mM final concentration of tropolone and analyzed via ESI-TOF
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Fig. S7
Coupling of MYGGS +36 GFP to Cas9. In a) we show structural representations of the coupled proteins using
PDBID 5F9R and 6B9C for Cas9 and GFP respectively. b) presents ESI-MS data indicating the quantitative

conversion to singly or doubly modified Cas9 when 1 to 5 equivalents of GFP are added to tyrosinase reaction
conditions.
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Coupling of Trastuzumab-derived scFV (Tras) and GFP Y182C. Mass spectrum from ESI-TOF
showing coupling between the scFV and GFP Y182C. A 5 uM solution of scFv was combined
with 5 uM of GFP-Y182C to yield near quantitative conversion to the GFP-scFV dimer.
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Fig. S9.

Labeling of HER2+ cells using Trastuzumab scFv-sfGFP conjugate. Representative plots showing gating scheme on
a mixture of 1:1 untreated MDA-MB-468 (HER2-) cells and SK-BR-3 (HER2+) cells treated with Trastuzumab
scFv-sfGFP conjugate (as in Sample 6). The gating scheme was applied uniformly to all samples and statistics are
tabulated. The fluorescence intensity of single cells was measured using the 488 laser line and FITC filter set.
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Cas9-2NLS coupled to R8 peptide e) Cas9 exposed to tyrosinase conditions exhibits no oxidation.
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Cas9-4NLS editing in neural progenitor cells. All treatment conditions showed similar editing
despite the addition of diverse peptides.



Table S1.

Cysteine-Tyrosine coupling stability
Reaction Condition Day 1 Day 3 Day 6
pH5 86% 93% 85%
pH7 86% 88% 85%
pH 8 88% 89% 83%
TCEP + Tropolone 80% 79% 83%
N-mercapto-butanol 82% 82% 79%

Modification rates for MS2-N87C coupled to a-endorphin over 6-day time course.



