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Quantitative Functionalization of the Tyrosine Residues in
Silk Fibroin through an Amino-Tyrosine Intermediate

Kian G. Hausken, Romane L. Frevol, Kimberly P. Dowdle, Aleena N. Young,
Jeremy M. Talusig, Carolynne C. Holbrook, Benjamin K. Rubin, and Amanda R. Murphy*

Here, a reaction sequence that can be used to quantitatively modify the
tyrosine residues in silk protein from B. mori silkworms is demonstrated. A
primary amine is installed ortho to the hydroxyl group on the tyrosine ring
using a diazonium coupling reaction followed by reduction of the azo bond.
The resulting amine is then acylated using carboxylic acid or NHS-ester
derivatives at room temperature and neutral pH conditions. The silk
derivatives are characterized using "H NMR, UV-vis spectroscopy, ATR-FTIR,
and a unique method to follow this reaction sequence using isotopically
labeled reagents and 2D NMR spectroscopy is also used. This study further
demonstrates that this sequence can be used to install alkyne or azide
functional groups which can undergo further bio-orthogonal cycloaddition
reactions under mild conditions. Finally, methods to carry out these
modifications on solid silk microparticles and electrospun mats are also

and aspartic/glutamic acid (1.1 mol%),
so these are the sites typically targeted
for chemical modification to customize
the protein for a desired application.”]
While serine residues are most abundant,
the poor reactivity of alcohol groups in
aqueous media require the use of or-
ganic or ionic liquid solvents,[1%12] highly
basic®® or strongly oxidizing conditions."]
Carbodiimide-mediated reactions targeting
the carboxylic acid residues have been more
widely used as they can be carried out in
mild, aqueous conditions.['%111-21] While
simple to execute, silk has a very low num-
ber of carboxylic acids (1.1 mol%) which
severely limits the density of functionaliza-

described.

1. Introduction

In the last decade, silk protein produced by Bombyx mori silk-
worms has emerged as one of the most versatile and highly stud-
ied biomedical materials. Raw silk fibers can be dissolved and re-
processed into a variety of architectures including films, sponge-
like scaffolds, hydrogels, microspheres, or re-spun into nanofi-
brous mats. The resulting materials have excellent biocompati-
bility, mechanical properties, and a slow degradation profile.[*?!
This versatility has allowed silk to be used extensively in biomed-
ical applications such as 3D scaffolds for engineered tissues,**]
vessels for controlled drug delivery,>°l and biocompatible elec-
tronic devices.”]

The heavy chain of native silk fibroin from B. Mori silk-
worms is a large protein containing 5263 amino acids, where
>75% of the protein is composed of the nonreactive amino acids
glycine and alanine.l®! The only reactive amino acids present in
greater than 1 mol% are serine (12 mol%), tyrosine (5.3 mol%),
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tion possible with carbodiimide coupling.

In addition, many biomolecules targeted

for attachment to silk contain multiple
carboxylic acid or amine groups so exposure to carbodiimide
reagents can result in crosslinking and inactivation.??]

Silk contains an unusually high level of tyrosine (~5.3
mol%, 277 per protein),® so this amino acid has been a
major target for modification. A few examples of cyanuric
chloride-activated coupling,!1*?3-25] as well as enzyme-catalyzed
oxidation,[?®! crosslinking,?’! and grafting(?#?9] to tyrosine have
been reported. However, the most highly used tyrosine modifi-
cation with silk to date has been diazonium coupling.[10-2230-42]
While this reaction has found broad utility, it is not without
limitations. While there are several commercially available ani-
line derivatives that can be attached to silk using a diazonium
coupling reaction, it is not always straightforward to attach ani-
lines to more complicated molecules for direct conjugation. Also,
generation of the diazonium salt from the aniline derivative oc-
curs under highly acidic conditions, which is not amenable to
molecules containing sensitive functional groups. Most commer-
cially available anilines containing alkyl amines are electron rich
and have poor reactivity in diazonium coupling reactions!>**]
and cross-reactivity of amines with sodium nitrite is a concern.
Therefore, the diazonium reaction has primarily been used to
add simple anilines with acidic functional groups that modify
the charge of the silk protein/3132343639 or allow for subsequent
functionalization.[1®?23] A final drawback is that the reaction
produces an azo chromophore that turns the silk dark orange-
red, which makes imaging through films difficult and has been
found to interfere with several optical bioassays.

Here, we developed an alternative strategy to functionalize the
tyrosine residues in silk that builds on the success of diazonium

© 2022 Wiley-VCH GmbH
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Scheme 1. General route to form an amide bond between activated esters and amino-tyrosine silk (isotopic label not required).

coupling but mitigates some of the drawbacks of the reaction.
The general synthetic method used is outlined in Scheme 1.
We demonstrate that under optimized conditions, 100% of the
tyrosine residues can be converted to azo derivatives, and the
azo groups can then be quantitatively reduced with sodium
dithionite to produce tyrosines bearing a primary amine or-
tho to the hydroxyl group on the benzene ring (o-aminophenol,
herein referred to as amino-tyrosine).[***] While the literature
is sparse, further functionalization of peptides and proteins con-
taining amino-tyrosine residues have been reported via reaction
with activated carboxylic acids,[**#¢] isothiocyanates,[*’] aniline
derivatives under oxidative conditions,[**#*] aldehydes via reduc-
tive amination,*! or further diazonium coupling.**] A related
version of this modification has also been reported where o-
aminophenol derivatives have been used to label the N-termini
of proteins under oxidative conditions.®! Here, we used acti-
vated carboxylic acids to modify the newly formed amine groups
as these reactions are rapid, occur under mild conditions (room
temp, pH 7.2), and there are a broad variety of commercially
available carboxylic acid derivatives. To further demonstrate the
utility of this reaction sequence, NHS-esters containing alkyne
and azide functional groups were installed on the amino-tyrosine
residues and bio-orthogonal copper-catalyzed azide-alkyne cy-
cloaddition (CuAAC) and copper-free strain-promoted azide-
alkyne cycloaddition (SPAAC) reactions were carried out with
the alkyne- and azide-silk, respectively. To summarize, this re-
action scheme provides improvements over the popular diazo-
nium coupling method used to modify tyrosine residues in silk
as it removes the highly colored azo group and can quantitatively
install a nucleophilic amine on tyrosine which cannot be accom-
plished effectively with diazonium coupling reactions alone. The
newly installed amine can be further elaborated with activated
carboxylic acid derivatives, allowing conjugation of biomolecules
or other molecules containing sensitive functional groups under
very mild reaction conditions.

Silk is known to undergo some degradation during isolation
and solubilization of the protein, so the resulting silk samples
have a fairly broad range of molecular weights.*!! Due to the poly-
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dispersity of the isolated silk, mass spectrometry and SDS-PAGE
do not provide useful information regarding the extent of modi-
fication. Therefore, 'TH NMR, UV-vis, and FTIR were used as the
primary methods of characterization. For further confirmation of
each step of our reaction sequence, sodium nitrite labeled with
15N (Na °NO,) was used to form the initial azo-silk, allowing the
subsequent conversions to be followed with 2D 'H-'>N heteronu-
clear multiple bond correlation (HMBC) NMR experiments.

2. Results and Discussion

2.1. Synthesis of Amino-Tyrosine Silk

Previous works from our group have shown the diazonium cou-
pling reaction to be an effective means for modifying the tyro-
sine residues in silk.3**] Theoretically any azo derivative could
be used in this reaction scheme since the azo bond gets reduced
in the second step. Here, we chose to use sulfanilic acid as the
electron-withdrawing nature of the sulfonic acid aids in reactiv-
ity of the resulting diazonium salt. In addition, sulfanilic acid is
water soluble, so the use of organic co-solvents can be avoided.
Lastly, silk modified with sulfonic acids is stable in solution for
long periods of time as the charged groups slow the natural gela-
tion of the protein.[3%3%]

Due to the high percentage of tyrosine residues in silk and
the solubility limits of the diazonium salt, it was difficult to add
enough diazonium salt in one aliquot to react with all of the ty-
rosine residues without effecting the pH or dramatically diluting
the silk protein. Here, we found that an effective method to quan-
titatively convert all the tyrosine residues to azo groups was to
perform the diazonium coupling reaction twice with a purifica-
tion step in between. The resulting silk solution could be purified
by dialysis or size-exchange chromatography, then concentrated
as needed using a centrifugal concentrator. Alternatively, the silk
protein could be diluted prior to reaction, and then reconcen-
trated for the subsequent steps. However, we found this method
to be less reproducible, as we would often still have less than
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Figure 1. A) Photographs of the silk samples after the modifications listed,
and B) the corresponding UV spectra (normalized to peak at 215 nm).

100% modification and would need to repeat the reaction twice
anyway to ensure all of the tyrosines were modified.

Silk samples treated with the diazonium salt one time (1x azo-
silk) had a dark red-orange color, while those reacted twice (2x
azo-silk) were dark burgundy (Figure 1A). These azo-silk deriva-
tives were then treated with excess sodium dithionite under basic
conditions to reduce the azo bond to an amine, thus forming our
major intermediate, amino-tyrosine silk (AmTyr-silk). An imme-
diate color change was observed upon reduction, indicating loss
of the azo bond (Figure 1A). The 1x AmTyr-silk samples were
nearly colorless, but for some of the 2x AmTyr-silk samples, the
solutions were pale yellow and did not lighten even with further
equivalents of dithionite or longer reaction times. As discussed
further below, evidence of bis-azo formation in the 2x azo-silk
samples was observed in some NMR spectra, which may have re-
sulted in darker solutions after reduction (structures of potential
by-products are shown in Figure S1, Supporting Information).
These reactions are also carried out at high pH, making it possi-
ble for the diazonium salt to form triazene linkages with the few
lysine side chains in silk or the N-termini (Figure S1, Supporting
Information).>?) Triazenes are typically yellow in color and have
been shown to be resistant to reduction, which could be the cause
of the residual color in the silk solutions. However, we have been
unable to find any other direct evidence of triazenes in the 2x
azo-silk samples and subsequent derivatives, so it is unlikely to
be forming in an appreciable amount. Attempts to perform the
reaction at lower pH to suppress any potential triazine formation
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were unsuccessful, as azo conversion was low and the silk tended
to solidify into a gel either during reaction or purification.

The formation and subsequent loss of the azo bond was further
confirmed with UV-vis spectroscopy (Figure 1B). The 2x azo-silk
had a higher relative absorbance at 330 nm for the azo group than
the 1x azo-silk sample, further supporting that the modification
was incomplete after the first round of reaction. After reduction
of the 1x azo-silk, the azo absorbance was completely gone. In
addition, the tyrosine absorbance was found to shift from the
278 nm observed for plain silk to 290 nm, consistent with the
effect of adding a new amino group to the aromatic ring. After
reduction of the 2x azo-silk, the azo peak diminished greatly, but
there was still some background absorbance from 300 to 450 nm,
which is consistent with the visible yellow coloring of the sample.

As expected, the AmTyr-silk derivatives were not very stable
over time as the electron-rich amino-tyrosine rings are suscep-
tible to oxidation. Solutions of the 2x AmTyr-silk were found to
turn brown over a few days (Figure S2A, Supporting Informa-
tion). While the color change was visible to the eye, no obvious
change was detected in the UV-vis spectra within the first few
days. By two weeks, however, the peak at 290 nm became less pro-
nounced and the background absorbance from 300 to 500 nm in-
creased slightly (Figure S2B, Supporting Information). The NMR
spectra were also unchanged for brown-colored samples stored
for a few days, but after a few weeks the aromatic regions became
blurred (data not shown). As the azo-silk is very stable and the re-
duction reaction is rapid (30 min) the recommended procedure is
to reduce the azo-silk and complete any subsequent reactions on
the same day. Alternatively, we found that the AmTyr-silk was sta-
ble for months if stored under refrigeration with sodium dithion-
ite in the solution to prevent oxidation. The reducing reagent
could then be removed using disposable size-exclusion columns
just prior to use.

2.2. "H NMR of Azo- and Amino-Tyrosine Silk

The reaction products at each step were characterized using
NMR. Disposable size-exclusion columns were used to exchange
silk into D, O prior to analysis. Figure 2 shows the aromatic re-
gion of the 'H NMR spectra of plain silk, azo-silk and AmTyr-silk
derivatives (full spectra are given in Figures S3-S5, Supporting
Information). Following the diazonium reaction, signals for the
new aromatic rings in the azo group appear downfield at ~7.8—
7.9 ppm, consistent with previous works.?®! The presence of na-
tive tyrosine resonances were difficult to clearly discern in the
azo-silk samples, but the peaks in the 6.8 and 7.1 region are much
broader in the 1x azo-silk sample as compared to the 2x azo-silk
sample, suggesting that there was still some unmodified tyro-
sine. After reduction, the aromatic signals for the azo group are
completely gone and three distinct peaks appear between 6.4 and
6.8 ppm that are consistent with the predicted C—H resonances
on the amino-tyrosine ring. Peaks corresponding to both the un-
modified tyrosine and the amino tyrosine rings can be readily
distinguished in the 1x AmTyr-silk sample, whereas no native
tyrosine signals remain in the 2x AmTyr-silk sample, signifying
complete modification of all the tyrosine rings. From the rela-
tive integration values of the aromatic peaks in the 1x AmTyr-
silk sample (Figure S5A, Supporting Information), ~65% of the
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Figure 2. Expansion ofthe aromatic region of the 'H NMR spectra of plain

silk and silk derivatives modified as noted (=1-3 wt% silk in D,O). Full
spectra are given in Figures S3—-S5 (Supporting Information).

tyrosine residues were modified (%180 per silk molecule) in the
first round of the diazonium reaction. In some 2x azo-silk sam-
ples, a peak at 7.65 ppm was observed (Figure S6, Supporting In-
formation) and was attributed to tyrosine residues with two azo
groups, a by-product formed due to the addition of excess diazo-
nium salt. Following reduction of these samples, a correspond-
ing peak at 6.19 ppm in the 2x AmTyr-silk spectra was observed
which is consistent with the expected resonance for a tyrosine
bearing two amine groups (Figure S6, Supporting Information).

2.3. Amidation of Amino Tyrosine

The new amine group on tyrosine could be further elaborated
using standard amidation reactions with commercially available
carboxylic acids or NHS-ester derivatives under very mild con-
ditions (Scheme 2). For these proof-of-concept experiments, an
amidation reaction was used to install bio-orthogonal alkyne and
azide groups that can selectively react with azides and alkynes,
respectively. These amidation reactions should also modify the
native lysine residues in silk, but the low abundance of lysine
(0.2 mol%, 12 per protein) relative to tyrosine (5.3 mol%, 277 per
protein)®l makes that product insignificant.

The 2x AmTyr-silk derivatives with no unmodified tyrosine
remaining were used for these experiments to simplify the 'H
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NMR analysis of the products. To produce alkyne-labeled silks, a
carbodiimide coupling reaction with 4-pentynoic acid (Scheme
S1, Supporting Information) was first compared to a reaction
utilizing an alkyne containing an NHS-ester (Scheme 2). Both
methods were successful at forming a new amide bond to the
amino-tyrosine ring (*H NMR of both products provided in Fig-
ures S7 and S8A, Supporting Information). However, the NHS-
ester became the method of choice for further experiments as it
introduced less by-products into the sample and avoids potential
crosslinking reactions with the native carboxylic acids in silk.

Using this very mild reaction (room temperature, pH 7.2),
the amino-tyrosine groups could be modified in nearly quan-
titative yield using ~4-5 equivalents of the NHS-ester relative
to the number of tyrosine residues to produce silk derivatives
with both alkyne and azide functionality. NHS-esters contain-
ing poly(ethylene glycol) (PEG) linkers were used so that the
reactions could be carried out in buffer without the need for
a co-solvent. Following reaction, dialysis was found to be the
most effective purification method to remove any unreacted
NHS-ester.

As shown in Figure 3, the three peaks corresponding to the
aromatic resonances on the amino-tyrosine ring at 6.5-6.8 ppm
were almost completely absent for alkyne-silk and azide-silk. On
occasion, the products had hints of the AmTyr peaks remaining,
but they were difficult to clearly discern. For both derivatives, a
new set of aromatic peaks between 6.8 and 7.5 ppm appeared
which were consistent with predicted values for a tyrosine bear-
ing an amide group ortho to the hydroxyl. Both derivatives had
peaks corresponding to the ethylene glycol repeats ~3.5 ppm (*)
and a new peak at 2.7 ppm (#) that was assigned to the methylene
protons adjacent to the amide carbonyl (full peak assignments in
Figures S8 and S9, Supporting Information; further discussion
in the HMBC section below). Unique peaks that corresponded to
the methylene protons adjacent to the alkyne at 4.2 ppm (1) and
the terminal alkyne proton at 2.8 ppm (2) were readily discern-
able in the alkyne-silk spectrum (full peak assignments in Figure
S8, Supporting Information). Likewise, the methylene protons
next to the —N; group had a distinct signal at 3.4 ppm (6) in the
azide-silk spectrum (full peak assignments in Figure S9, Support-
ing Information). While the assembly state of the silk protein in
solution could affect the results, the relative integration values
suggest that ~80%-100% of the tyrosine residues were converted
to the amide derivatives.

2.4. Bio-orthogonal Conjugation Reactions

To further demonstrate the potential of this reaction sequence,
bio-orthogonal CuAAC and SPAAC reactions were carried out
with the alkyne- and azide-silk, respectively. Both reactions were
conducted at room temperature in phosphate buffered saline
(PBS) buffer at pH 7.2.

The reaction between alkyne-silk and azide-PEG,-
acid (Scheme 2) was catalyzed by CuSO, reduced
in situ by sodium ascorbate. In addition, tris(3-

hydroxypropyltriazolylmethyl)amine (THPTA) was added to
serve as a ligand for the copper.>3] Following purification via
dialysis, the 'H NMR spectrum (Figure 3 and Figure S8b,
Supporting Information) revealed that the peaks corresponding

© 2022 Wiley-VCH GmbH
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Figure 3. Comparison of the "H NMR spectra of the silk derivatives (~1wt% silk in D,O). NHS amidation reactions were carried out using 2x AmTyr-
silk. An expansion of the aromatic regions is given for clarity. Peaks confirming the newly installed groups are highlighted, while full peak assignments

for all spectra are given in Figures S8 and S9 (Supporting Information).

to the methylene protons adjacent to the alkyne and the terminal
alkyne proton were gone (1 and 2 in Figure 3). In addition, new
peaks appeared that were consistent with predicted spectra of the
triazole product, including a peak at 8.0 ppm (3) for the proton
on the triazole ring, the methylene protons adjacent to the
triazole ring at 4.6 ppm (4, on the shoulder of the water peak), an
increase in the ethylene glycol resonances 3.5 ppm (*) and the
methylene adjacent to the terminal carboxylic acid at 2.5 ppm
(5)- While the broad NMR signals preclude exact quantification,
the extent of conversion was estimated to be between 70%
and 100%. The lack of remaining alkyne peaks imply that the
reaction reached full conversion, but some residual signals from
the alkyne could be masked by adjacent resonances. The relative
integrations of the new peaks suggest that ~70% of the alkyne
groups were modified (Figure S8b, Supporting Information).
The SPAAC reaction between azide-silk and DBCO-PEG,-
alcohol (Scheme 2) was also deemed successful. This reaction
could be monitored in real time using UV, as the DBCO group
has a characteristic absorbance at 309 nm which disappears fol-
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lowing cycloaddition with an azide.>*! In initial trials, the reac-
tion was run on a small scale with either a sub-stoichiometric
amount of the DBCO reagent (~0.04 eq. relative to tyr) or excess
DBCO (=2 eq. relative to tyr) in a 96-well plate and monitored pe-
riodically with a plate reader. In the sub-stoichiometric reaction,
the majority of the DBCO reacted in 2 h as evidenced by a sharp
decrease in absorbance at 309 nm, although the peak continued
to decrease slightly over a 24 h period (Figure S10A, Support-
ing Information). When excess DBCO-PEG,-alcohol was added,
the DBCO absorbance initially decreased, but leveled off after ~4
h indicating that all available azides in the silk were consumed
(Figure S10B, Supporting Information). For the larger scale re-
actions, an excess of the DBCO reagent was used to ensure high
conversions (~2 eq. relative to tyrosine). Following purification
using disposable size-exclusion columns, the products were an-
alyzed with UV and "H NMR. The UV spectrum of the product
was distinct from the azide-silk starting material, with a broad
featureless absorption between 270 and 320 nm (Figure S10, Sup-
porting Information). Notably, the purified DBCO-silk product

© 2022 Wiley-VCH GmbH
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Figure 4. Overlaid contour plot of the 2D "H- >N HBMC NMR spectra of *N-labeled azo-silk (magenta), AmTyr-silk (blue), alkyne-silk (orange), and
azide-silk (green). Individual spectra can be found in Figures S11-S14 (Supporting Information).

spectrum was nearly identical to the 24 h time point from the sub-
stoichiometric small-scale reaction, where the peak at 309 nm
was completely gone. This indicated that size exclusion was ef-
fective at removing the excess unreacted DBCO starting mate-
rial from the large-scale reaction. As highlighted in Figure 3, ev-
idence of reaction could also be seen using 'H NMR. New peaks
assigned to the alkyl linkers in the DBCO reagent appeared at
2.1 (10) and 3.3 ppm (9), an increase in the ethylene glycol res-
onances ~3.5 ppm (*) was noted, and peaks for the methylene
protons in the cyclic core of the DBCO reagent were found at
5.8 ppm (8) (see full peak assignments in Figure S9B, Support-
ing Information). Additional peaks corresponding to the new aro-
matic rings were also present but overlapped with the existing
tyrosine resonances (7).

2.5. 2D "H-> N HMBC Spectroscopy of Modified Silks

To allow for complementary 2D NMR characterization of the
modification sequence, isotopically labeled Na >NO, was used to
form the diazonium salt in the initial diazonium reaction. When
the labeled diazonium salt reacts with tyrosine, the isotopic ni-
trogen becomes directly attached to the phenol ring and this la-
beled nitrogen atom remains following reduction and any subse-
quent functionalization (Scheme 1). The fate of the N label can
then be followed using 2D 'H- >N HMBC spectroscopy, as the
chemical shift of the nitrogen and the corresponding proton cross
peaks are unique for each product in the reaction sequence. For
HMBC, cross peaks between a nitrogen and protons up to four
bonds away are commonly observed.

An overlaid plot of the HMBC data from representative azo-
silk, AmTyr-silk, alkyne-silk, and azide-silk samples is provided
in Figure 4. Full spectra with peak assignments of plain silk and
the individual silk derivatives can be found in Figures S11-S14
(Supporting Information).
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For plain silk prior to modification, cross peaks between the
naturally abundant >N in the native amide nitrogen atoms and
the alpha and beta protons in alanine, the alpha and beta pro-
tons in serine and the alpha protons in glycine were observed
(Figure S11, Supporting Information). While information on the
secondary structure of the silk protein was not the focus of these
experiments, the chemical shifts of the 1°N atoms matched re-
ported values for these amino acids in a random coil protein
structure.[>®! The cross peak with the alanine beta protons had
the strongest signal, and this peak was also observed in all of the
modified derivatives ('"H @ 1.4 ppm; °N @ 123.1 ppm).

As shown in Figure 4, a cross peak between the N in the azo
bond at 505 ppm and the ortho aromatic proton at 7.3 ppm was
observed in all azo-silk spectra (full spectrum given in Figure
S12, Supporting Information). Some, but not all, azo-silk sam-
ples had an additional cross peak between the azo N and the
meta aromatic proton at 6.7 ppm. The chemical shift of the ni-
trogen was consistent with an azo bond,l°®! further confirming
the modification. After reduction of the azo-silk to AmTyr-silk,
the peak corresponding to the azo 1°N was gone, and was replaced
by a signal with a chemical shift of 43—44 ppm, consistent with a
primary amine or aniline (Figure 4 and Figure S13, Supporting
Information).>®! The >N had a strong cross signal with the ortho
proton on the tyrosine peak at 6.67 ppm and a weaker cross sig-
nal with the meta proton at 6.74 ppm. In some of the 2x AmTyr-
silk samples, we also observed a proton resonance at 6.20 ppm
that had a cross peak with a ®N with a chemical shift of 45 ppm
(Figure S13B, Supporting Information). As discussed earlier, we
attribute this to bis-amino tyrosine that was generated from ty-
rosine residues with two azo groups attached before reduction
(Figure S1, Supporting Information).

As expected, the HMBC spectra for alkyne-silk and azide-silk
were nearly identical given the similarity in structure (Figure
S14, Supporting Information). For both derivatives, the amino-
tyrosine -NH, peaks at ~44 ppm were gone after reaction with

© 2022 Wiley-VCH GmbH
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Figure 5. ATR-FTIR spectra of the silk derivatives noted. Films were cast, dried, and crystallized by exposure to methanol prior to analysis.

~4-5 equivalents of the NHS-esters. In some cases where less
equivalents were used, small peaks for residual AmTyr-silk could
be discerned (Figure S14B, Supporting Information). In addition,
new 1N signals at ~127-129 ppm appeared, consistent with the
chemical shift of an amide nitrogen (Figure 4).°°) These amide
15N signals had a strong cross peak with the ortho protons on
the tyrosine at 7.3 ppm and a weaker cross peak with the meta
protons at 6.8 ppm (Figure 4 and Figure S14, Supporting Infor-
mation). Both derivatives also showed a strong cross peak with
the resonance assigned to the methylene protons adjacent to the
newly installed amide carbonyl (‘H @ 2.6 ppm; °N @ 127 ppm),
further confirming that the amide bond formation was success-
ful. The CuAAC-alkyne-silk or the DBCO-azide-silk was not eval-
uated with this technique as no further changes to the isotopically
labeled nitrogen occur during these reactions.

2.6. FTIR Analysis of Modified Silks

Silk is known for its robust mechanical properties, which have
been attributed to the fact that the protein self-assembles into
a highly crystalline beta-sheet structure.®) One method that has
been used extensively to track the assembly of silk has been FTIR,
as the amide carbonyl stretch (“amide I” stretch) is sensitive to
the extent of hydrogen bonding and thus the vibration can be
correlated to different silk conformations (random coil vs beta
sheet).’”] While silk can spontaneously crystallize, exposure to
organic solvents, stress or heat have been shown to rapidly induce
the transition from a soluble, random coil structure to a water-
insoluble beta sheet structure. This transition has been character-
ized previously with FTIR, where the random coil conformation
of silk typically shows a broad amide I stretch centered ~1650
cm™~!, whereas silk in a primarily beta sheet conformation shows
a sharper amide I stretch at ~1620 cm™.1>7]

The ATR-FTIR spectra of all silk derivatives synthesized here
are provided in the overlaid plot in Figure 5. For reference, a spec-
trum of plain silk before modification is also provided. Solutions
of each silk derivative were cast in weigh boats, dried in an oven
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and then treated briefly with methanol to induce crystallization.
All derivatives exhibit a prominent amide I stretch at 1620 cm™,
indicating that a significant fraction of all of the modified silk
proteins is able to crystallize into a beta sheet structure. How-
ever, for the CuAAC-silk, azide-silk, and DBCO-silk derivatives,
a shoulder at 1650 cm™! was clearly visible. Likewise, the “amide
I1” peak at 1510 cm™! corresponding to the N-H bend and C-N
stretch also shifted to slightly higher wavenumbers (1525 cm™!)
as the modifications increase in size. These two observations in-
dicate that the derivatives containing the largest substituents are
unable to achieve the same extent of beta-sheet conformation as
the unmodified protein. However, each of these derivatives also
contain new amide bonds that are part of the linker groups, so itis
possible that the shoulder observed is partly due to those overlap-
ping bond vibrations. While mechanical testing was outside the
scope of the experiments presented here, for applications where
the mechanical properties of silk must be fully preserved, an al-
ternative would be to carry out the modifications on the surface
of solid silk structures as described in the section below.

As expected with the derivatives containing PEG linkers, new
C-O stretches at #1150 cm™' and an increase in the C-H inten-
sity ~#2900 cm™~! were observed in the alkyne-silk, CuAAC-silk,
azide-silk, and DBCO-silk derivatives. The azide-silk spectra also
contained a small broad peak at 2100 cm™! corresponding to the
-N; group, but we did not observe distinct vibrations correspond-
ing to the carbon—carbon triple bond or sp C-H groups in the
alkyne-silk derivatives.

2.7. Modification of Solid Silk Structures

All of the reactions described above were carried out on solubi-
lized silk proteins to maximize the extent of tyrosine modifica-
tion. However, these methods can be readily adapted to chemi-
cally modify solid forms of silk if desired. Here, only the portion
of the protein exposed to the reaction solution will be modified,
but the architecture and mechanical integrity of the silk struc-
ture can be preserved throughout the mild reaction sequence. To

© 2022 Wiley-VCH GmbH
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Figure 6. SEM images of A) representative silk microparticles and an B) electrospun silk mat with aligned fibers used in this study. Photographs of
C) silk microparticles during reaction and D) silk electrospun mats after modification (3 x 3 cm) showing the color changes observed with surface
modification. UV spectra of E) silk particles and F) electrospun mats before and after modification. The mats were thin enough to collect the UV spectra
directly through the mats using a plate reader but the particles were dissolved in 9.3 m LiBr prior to analysis.

demonstrate the method with representative forms of silk, mi-
croparticles and electrospun mats were subjected to the entire
reaction sequence and reaction progress of the first two steps was
followed visually and with UV (Figure 6). Silk microparticles and
aligned electrospun silk mats were produced using established
protocols,®®] and SEM was used to verify the initial structures
(Figure 6AB). The modification reactions were carried out in an
analogous manner to the solution reactions where the only dif-
ference was that the solid particles and mats were suspended in
buffer for each step, rather than being dissolved. The solid nature
of the samples also facilitated purification as they could simply be
rinsed to wash out excess reagents and byproducts.

Silk microparticles showed the same color progression as that
observed in solution (Figure 6C) where the particles went from
white to dark red during the azo coupling, then lightened to yel-
low during reduction. No further changes in color were noted
following the NHS reactions. Electrospun mats also had visual
changes, but the colors are more muted as the mats are very thin
(Figure 6D). UV was used to further characterize the progression
from azo-silk to AmTyr-silk (Figure 6E,F). While the electrospun
mats were thin enough for direct UV measurements using a plate
reader, the absorption peaks for the solid particles were broad and
ill-defined to the opacity of the particles. Therefore, to obtain bet-
ter spectra, the modified microparticles were dissolved in LiBr,
diluted into PBS and the UV spectra were recorded using a plate
reader. Regardless of the sample preparation method, all samples
exhibited the characteristic azo absorption at 330 nm, which dis-
appeared following reduction. No further visible color changes or
changes to the UV spectra were observed when the AmTyr-silk
particles or mats were reacted with the NHS-esters. Likewise, no
discernable differences in the solid silk samples were observed
in SEM after the reaction sequence was completed.

3. Conclusion

Here, a reaction sequence was developed that can be used to
quantitatively modify the tyrosine residues in silk. Conversion of
the native tyrosine rings to azobenzene, followed by reduction
of the azo bond results in an electron-rich amino-tyrosine group

that can be acylated under mild conditions that are suited for a
wide variety of carboxylic acid or NHS-ester derivatives. The in-
termediate reduction step provides advantages over using the di-
azonium coupling reaction alone, as it generates a nucleophilic
amine which cannot be directly installed via diazonium chem-
istry and the highly colored azo group is removed. A unique
method to follow this reaction sequence using isotopically labeled
reagents and 2D NMR spectroscopy was also employed. These re-
actions can be carried out on silk samples dissolved in buffer, or
on solid silk substrates such as films, 3D scaffolds, fibers, etc.
Further work is underway to use this chemistry to attach sensi-
tive biomolecules to silk for drug delivery, tissue adhesives and
tissue engineering applications, as well as explore other reactive
pathways for the amino-tyrosine intermediate.

4. Experimental Section

Materials:  All chemicals, unless otherwise stated, were purchased
from Sigma-Aldrich, BroadPharm, Acros, J.T. Baker, Alfa Aesar, Mallinck-
rodt Chemicals or Fisher Scientific and were used without further purifi-
cation. B. mori silk cocoons were purchased from Oregon Silkworms in
Bend, OR. Nanopure (NP) water used in buffers or reactions was purified
using a Millipore Milli-Q Advantage A10 purification system.

Instrumentation:  All NMR spectra were obtained using a Bruker
Avance Il 500 MHz instrument, using deuterium oxide as the solvent.
Data analysis and TH NMR predictions were carried out using MestReN-
ova software (v14). UV-vis data were collected with a Jasco V-670 UV-vis
spectrophotometer or a BioTek Synergy H1MF model plate reader in PBS
buffer or water. Electrospinning was performed using a Spraybase elec-
trospinning instrument with a rotating drum collector by Profector Life
Sciences Ltd. The entire instrument was contained in a custom-built poly-
carbonate chamber to control the humidity.

Preparation of Aqueous Silk Solution:  B. mori cocoons (10) were cut up
into small pieces and scattered in a rapidly boiling aqueous solution of
0.02 M Na,CO; (1.5 L). The beaker was covered with aluminum foil and
the solution was boiled for 1 h while stirring. The fibers were removed,
pulled apart and placed in 1L of rapidly boiling nanopure water for 10 min.
The rinsing procedure was repeated three more times using rt water and
then the fibers were spread out and dried overnight in a fume hood. The
dry fibers were weighed, placed into a 200 mL beaker, and covered with
an aqueous solution of 9.3 M LiBr (5 mL of LiBr per 1 g silk). The beaker
was covered with aluminum foil and put into a 60 °C oven until dissolved
(45 min to 1 h). The resulting solution was transferred to dialysis tubing
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(Fisher Brand, 3500 MWCO) and dialyzed against 3 L of DI water for 1 h.
The water was changed and dialyzed for another 3 h. After 3 h, the water
was changed again and left to dialyze overnight. The resulting solution was
filtered through a syringe containing a polypropylene frit (Torvig #SF-5000)
to remove any remaining dust and debris from the cocoon.

For further reactions on the silk protein in solution, following the dial-
ysis against water described above, the dialysis tube was placed in borate
buffered saline (BBS, 100 x 1073 m borate, 137 x 1073 m NaCl, pH 9-9.4)
and left overnight. The dialysis tube was then transferred to a fresh buffer
solution and dialyzed for another 8 h. Silk solutions were stored under
refrigeration until further use.

Silk Molarity Calculations: ~ Silk is known to degrade during the purifica-
tion and solubilization process leading to a dispersity in molecular weight
that makes the reagent calculations imprecise. To estimate the amounts of
reagents needed for each reaction, the molar ratios reported below were
calculated assuming the full molecular weight of silk (391 kDa) and the
fact that silk contains 5.3 mol% tyrosine (277 tyr residues per protein).
The concentration (mg mL™") of silk solutions was determined by drying
aliquots of the solution in an oven at 60 °C for at least 1 h and weighing
the residual protein.

Diazonium Coupling Reaction:  Silk solution (16 mL, 3-4% w/v, 1.4 X
1073 mmol silk; ~4 x 10~" mmol tyr) in BBS was placed in a 50 mL Falcon
tube and cooled on ice. The diazonium salt was prepared by combining
sulfanilicacid (69 mg, 0.4 mmol) and p-toluene sulfonic acid monohydrate
(p-TSA, 304 mg, 1.6 mmol) in 4 mL DI water. The solution was placed in
a water bath sonicator until dissolved and then cooled on ice. NaNO, (4
M solution in water, 100 xL, 0.40 mmol) was added to the sulfanilic acid
solution, inverted to mix, and returned to ice for 15 min. The resulting dia-
zonium salt solution was combined with the chilled silk solution, inverted
to mix, and left to react for 40 min on ice. The resulting dark red solution
was pipetted into a hydrated dialysis tube and dialyzed against 1L DI wa-
ter, then against 1L BBS, changing the buffer twice over a period of 24 h.
To obtain quantitative labeling of the tyrosine groups, this reaction was re-
peated a second time using the same reaction and purification conditions.
The resulting solution was concentrated to ~4% w/v using a centrifugal
concentrator (Cytiva Vivaspin 6, 20k MWCO), or by laying the dialysis bag
on a bed of dry polyethylene glycol powder (12k) for several hours. These
azo-silk solutions were stored under refrigeration until further use.

Isotopically labeled azo-silk was prepared in the same manner, but with
labeled Na "NO, (>98%, Cambridge Isotope Laboratories, Inc.). The
solid Na > NO, reagent was dissolved in NP water to make a 4 m solu-
tion and then used in an identical fashion to that described above.

Reduction of Azo to Amino-Tyrosine: ~ Caution: Sodium hydrosulfite may
decompose upon exposure to air and moisture and may liberate toxic gas
if exposed to acid. Sodium hydrosulfite (Na,S,0,, 127 mg, 0.73 mmol)
was added in three portions to 1x or 2Xx azosilk solution in BBS (1.0 mL,
~4% w/v, 1.0 X 107 mmol silk; ~2.8 x 1072 mmol tyr), vortexing after
each addition (clumps if added all at once). The solution was left to re-
act for 30 min. The mixture was then purified by passing through a size
exclusion column (NAP-10, Cytiva) equilibrated with PBS (100 x 1073 m
phosphate, 150 x 1073 m NaCl, pH 7.2) or D,O for NMR analysis. The
resulting AmTyr-silk solutions were used immediately whenever possible
or stored under refrigeration until further use (turns brown over time).

Carbodiimide Coupling: To attach alkyne groups to the silk, T mL
of 2x AmTyrssilk in PBS (2% w/v, ~5 X 107° mmol silk; 1.4 x
102 mmol tyr) was combined with 4-pentynoic acid (7.1 mg, 72 umol),
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) (15.6 mg, 72 umol),
and T-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 13.8 mg, 89
umol). The solutions were vortexed to mix and left to react for 2 h at rt. The
solutions were then purified by passing through size exclusion columns
(NAP-10, Cytiva) equilibrated with either PBS for further reaction or D,O
for NMR.

Reaction with NHS-Esters:  Propargyl-PEG,-NHS ester (BroadPharm
#BP-21612) (23 mg, 64 umol) or azido-dPEG 8-NHS ester (Sigma-Aldrich
#QBD10503, 35 mg, 62 umol) was added to a microcentrifuge tube con-
taining 1 mL of freshly prepared 2x AmTyr-silk in PBS (x2% w/v, &5 X
107> mmol silk; 1.4 x 1072 mmol tyr). The mixture was left to react at rt
for 3 h, vortexing periodically. The solutions were then purified by dialyzing
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against 1L PBS for ~24 h (ThermoFisher Scientific Slide-A-Lyzer G2 dialy-
sis cassette, 20 kDa MWCO). The solution was centrifuged at 4000 rpm for
15 min in a pre-rinsed spin concentrator (Cytiva Vivaspin, 10 kDa) to con-
centrate the solution as needed. For NMR, 0.5 mL of the purified solutions
was passed through a NAP-5 column equilibrated with D, 0.

CuAAC Reaction with Alkyne-Silk: In an Eppendorf tube, alkyne-silk
(1 mL, 1% w/v, ~2.5 X 107> mmol silk; ~7.0 x 107> mmol tyr) in PBS
was combined with azido-PEG,-acid (BroadPharm #BP-20517) (13 mg,
45 umol) and vortexed to mix. In a separate Eppendorf tube, tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA, 39 mg, 90 pmol) and copper
sulfate (CuSOy, 6.0 mg, 38 umol) were dissolved in 100 pL DMSO, and
vortexed to mix. The two mixtures were combined, and the orange solu-
tion turned dark green. Sodium-L-ascorbate (14.6 mg, 74 umol) was then
added to the combined mixture and vortexed to mix. The green solution
immediately became orange once again. The solution was left to react for
3 h at rt. The solution was dialyzed (ThermoFisher Scientific Slide-A-Lyzer
G2 dialysis cassette, 10 kDa) against PBS for 24 h. An aliquot (0.5 mL) was
then passed through a NAP-5 size exclusion column equilibrated with D,O
for NMR.

SPAAC Reaction with Azide-Silk: A stock solution was first prepared
by dissolving DBCO-PEG,-alcohol (BroadPharm #BP-22800) (25 mg,
50 pumol) in 100 uL DMSO to make a 0.5 m solution. Small scale reactions
containing sub-stoichiometric or excess DBCO were monitored over time
with UV to follow the reaction progress. For this, a 0.1 uL aliquot of the
DBCO stock solution (5 X 107> mmol; ~0.04 eq relative to tyr) was com-
bined with 99.9 ulL azide-silk in PBS (~2% w/v; ~5.1 X 1076 mmol silk; 1.4
x 1073 mmol tyr), and a 5 pL aliquot of the DBCO stock solution (2.5 x
1073 mmol; ~1.7 eq relative to tyrosine) was combined with 95 pL azide-
silkin PBS (~2% w/v; est. 5.1 x 10=® mmol silk and 1.4 x 107 mmol tyr).
After mixing, 5 uL of the reaction solutions were diluted with 95 pL of PBS
and placed in a 96-well plate. The UV absorbance spectra (230-500 nm)
of the reaction mixtures at room temperature were acquired over a 24 h
period with a plate reader. For larger scale reactions, 50 uL of the DBCO
stock solution in DMSO (2.5 x 1072 mmol DBCO, ~1.7 eq relative to tyr)
was added to 950 L azide-silk in PBS (x2% w/v; est. 4.9 x 107> mmol
silk, 1.3 x 1072 mmol tyrosine). The mixture was allowed to react between
90 min and 4 h at rt, vortexing periodically. The product was purified using
a NAP-10 column (Cytiva) equilibrated with PBS. An aliquot (0.5 mL) was
passed through a NAP-5 size exclusion column equilibrated with D,O for
NMR.

Preparation and Modification of Electrospun Silk Mats:  Over a 20 min
period with stirring, 1 mL of 5% w/v poly (ethylene) oxide (PEO, MW 900k)
solution in water was slowly dissolved in 4 mL of a 8%-9% w/v silk solu-
tion. The solution was then transferred to a syringe and spun into aligned
fiber mats using a Spraybase electrospinning instrument with an 18 gauge
stainless steel emitter needle located 20 cm from the barrel, a flow rate of
12 uL min~", applied voltage of 18.0 kV, and spinning the collection bar-
rel at 3000 rpm. The humidity in the chamber during spinning was main-
tained at 30% using dry nitrogen gas. Once electrospinning was finished,
the thin aligned silk mat was carefully peeled from the barrel and stored
in a large Petri dish. Small squares (=3 x 3 cm) were cut from the mat,
soaked in 90% methanol for 10 min to crystallize the silk and render the
fibers insoluble in water, and then rinsed with DI water 3x. The mats were
then soaked in DI water inside of a 37 °C thermal rocker for 2 d with light
rocking to extract the PEO used during the spinning process. The water
inside of the Petri dish was changed after the first day.

To carry out the diazonium coupling reaction on the fiber surfaces, the
mats were rinsed with DI water 3x and placed in a separate Petri dish
containing 8 mL of 100 x 1073 wm borate buffer (pH 9.5). The reaction
vessel was placed on ice. The diazonium salt solution was prepared as
described in the Diazonium Coupling Reaction section above, but with
all amounts of reagents and buffer divided by two. The diazonium salt
solution (2 mL total volume) was poured into the Petri dish containing the
silk mat submerged in borate buffer and the solution was swirled gently for
mixing. The silk mat was left to react for 40 min. Afterward, the reaction
solution was decanted, and the silk mat was rinsed thoroughly with DI
water 3X. For short-term storage, the acid-modified silk mat was kept in
DI water. For long-term storage, the mat was dried.
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The newly formed azo bonds on the silk were then reduced to amine
functional groups. The azo-silk mat was first soaked in BBS (pH 9) for
15 min. In a separate centrifuge tube, 254 mg (1.46 mmol) of sodium hy-
drosulfite was dissolved in 6 mL BBS. The borate buffer was removed from
the Petri dish containing the azo-silk mat and was replaced by the buffered
sodium dithionite solution. The silk mat was left to react for 30 min. The
reaction solution was then pipetted out of the dish and the silk mat was
rinsed 3x with borate buffer.

Further amidation reactions could be carried out using any desired
NHS-ester reagent. A 3 X 3 cm mat was first soaked in 2 mL PBS for 30 min
at rt. The buffer was decanted and the desired NHS-ester [ex. 20 mg (35
pumol) azido-dPEG 8-NHS ester] was pre-dissolved in 2 mL PBS, and the
solution was added to the mat, and left to react for 3 h. The reaction so-
lution was removed and the modified mat was gently rinsed with water
3x.

Preparation and Modification of Silk Microparticles: A 1:1 volume ratio
of a 8%—9% w/v aqueous silk solution and a 50% w/v aqueous solution
of PEG (MW 12k) were combined in a 15 mL centrifuge tube (2 mL of
each), vortexed for 30 s, and then sonicated in a water bath for 1 min.
The turbid solution was allowed to sit overnight at rt, resuspending peri-
odically. The next day, the solution was centrifuged (10 min at 4000 rpm)
and the PEG/water supernatant was removed with pipette. The particles
were resuspended in 5 mL water, centrifuged, and the supernatant was
removed. This washing procedure was repeated 5x or until the washes
were no longer hazy. The resulting particles were then suspended in wa-
ter, lyophilized and imaged with SEM.

To modify the particles with the diazonium salt, 10 mg of dry micropar-
ticles were suspended in 800 uL of BBS (pH 9), and then placed on ice.
The diazonium salt was prepared as described in the Diazonium Coupling
Reaction section, but the amount of all reagents was divided by 20 giving a
total volume of 200 pL. This diazonium salt solution was added to the silk
microparticles in BBS and left to react for 40 min on ice. To purify the par-
ticles, the reaction mixture was centrifuged for 1 min in a mini centrifuge,
and the supernatant was removed. Particles were washed by resuspending
vigorously in T mL water, followed by another round of centrifugation and
removal of the supernatant. This wash was repeated at least 3x.

The washed azo-silk particles were then suspended in 1000 uL BBS (pH
9) to prepare for the next reduction reaction. To the 210 mg of azo-silk mi-
croparticles suspended in BBS, 20 mg (115 pmol) of sodium hydrosulfite
was added and the mixture was vortexed. The reaction was left for 1h at rt,
vortexing periodically. The reaction mixture was then centrifuged for 1 min
in a mini centrifuge, the supernatant was removed. The particles were re-
suspended in water, centrifuged, and the supernatant was removed. This
washing procedure was repeated at least 3x.

The washed Am-Tyr silk particles were then suspended in 1000 uL PBS
(pH 7.2) to carry out the final amidation reaction. To the 10 mg of AmTyr-
modified silk microparticles in PBS was added 11 mg (19.5 umol) azido-
dPEG8-NHS ester. This particular reagent is used as an example but could
be swapped for any other NHS-ester desired. The mixture was vortexed to
dissolve, and then left to react for 3 h at rt, vortexing periodically. The final
particles were washed with water as described previously and lyophilized
for storage.

To characterize each modification step, direct UV measurements were
carried out on the solid particles suspended in PBS in a 96-well plate using
a plate reader, but the peaks were broad and ill-defined due to the opacity
of the particles. To obtain better spectra, the microparticles were dissolved
by adding 0.5 mL of 9.3 m LiBr to dry particles (0.5 mg) followed by vor-
texing. If not dissolved after ~20 min, samples were heated at 60 °C for
~1 h. The resulting solution of the modified silk dissolved in LiBr (50 uL)
was combined with 50 uL PBS in a well plate, and the UV spectrum was
recorded using a plate reader.
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the author.
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