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ABSTRACT: We report the synthesis of active polymers of
superfolder green fluorescent protein (sfGFP) in one step
using Click chemistry. Up to six copies of the non-natural
amino acids (nnAAs) p-azido-L-phenylalanine (pAzF) or p-
propargyloxy-L-phenylalanine (pPaF) were site-specifically
inserted into sfGFP by cell-free protein synthesis (CEPS).
sfGFP containing two or three copies of these nnAAs were
coupled by copper-catalyzed azide—alkyne cycloaddition to
synthesize linear or branched protein polymers, respectively.
The protein polymers retained >63% of their specific activity
(i.e., fluorescence) after coupling. Polymerization of a
concentrated solution of triply substituted sfGFP resulted in
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fluorescent macromolecular particles. Our method can be generalized to synthesize polymers of a protein or copolymers of any
two or more proteins, and the conjugation sites can be determined exactly by standard genetic manipulation. Polymers of
proteins and small molecules can also be created with this technology to make a new class of scaffolds or biomaterials.
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active biomaterials

urrent bioconjugation methods using natural amino acids
lack precision because most proteins contain multiple
surface-exposed copies of the modifiable amino acids such as
lysines and cysteines. Covalent coupling of proteins via these
residues would thus result in a heterogeneous mixture of
products. Furthermore, it is likely that such random covalent
coupling would reduce or eliminate the biological activity of the
conjugated protein. Site-specific incorporation of non-natural
amino acids (nnAAs) circumvents this problem by introducing
unique chemical handles at specific positions on the protein to
be conjugated.’ Many nnAAs have been site-specifically
incorporated for numerous applications ranging from improved
biosimilars® and antibody-drug conjugates® and synthesis of
fluorescent probes to studying cell biology in real time using
photoactivatable proteins.*>
Two different strategies exist for effective incorporation of
nnAAs into proteins in E. coli-based protein synthesis platforms.
In the first method, one of the aliphatic amino acids (i.e.,
isoleucines, leucines, or methionines) in all of the synthesized
proteins is replaced by its analogue using strains that cannot
produce the natural amino acid (i.e., auxotrophic strain). This
residue-specific nnAA incorporation is achieved either by
relying on the ability of the specific aminoacyl-tRNA synthetase
(aaRS) to activate the analogue of its substrate, altering the
amino acid binding site of the specific aaRS or by occluding the
editing domain of the aaRS (e.g, the LeuRS T252Y mutant®).
Different aliphatic nnAAs containing the alkyne”® and azido™'’
moieties, among others,""'? were effectively (>85% when
indicated) incorporated in proteins such as virus-like particles.'®
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This method was also successfully adapted to the E. coli-based
cell-free protein synthesis (CFPS) platform to produce
modified proteins'* and bioconjugates including surface-
modified virus-like particles.">™"” Despite the ability to
effectively introduce multiple bioconjugation sites in each
protein, this method suffers from the need to mutate most of
the existing methionines (or isoleucines or leucines) to other
amino acids and to introduce new ones on the surface of the
protein. Such extensive mutagenesis is likely to adversely affect
the folding and activity of the mutated protein.

In the second method, the nnAAs are introduced site-
specifically at amber stop codons or more recently at
quadruplet codons, using orthogonal tRNA (o-tRNA) and
aaRS$ pairs. The orthogonal components are either derived from
the tyrosyl tRNA/synthetase pair of the archaeon Methano-
caldococcus janmzschiilg’19 or, more recently, from the pyrrolysyl
tRINA/synthetase pair of the archaea Methanosarcina barkeri or
Methanosarcina mazei.”®*' More than 30 tyrosine analogues
have been incorporated site-specifically into proteins using the
M. jannaschii components, and lysine analogues containing
azido™” and alkyne functional groups,”~>° among others, have
been successfully inserted into proteins using the Methano-
sarcinaceae components. The incorporation of the lysine
analogue that contains a strained alkyne is particularly exciting,
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since it allows for facile bioconjugation using copper-free Click
chemistry.”® Orthogonal ribosomes that can effectively decode
quadruplet and amber stop codons were evolved and used to
incorporate two different nnAAs into the same protein.**?’
Since quadruplet codons are not used by the genetic code, this
powerful approach has the potential for incorporation of many
different nnAAs into the same protein or polymer without
interfering with the endogenous translational machinery.”®
However, despite optimization in orthogonal tRNA design®
and expression of orthogonal components,***' site-specific, in
vivo nnAA incorporation currently suffers from low yields (2—
100 mg/L) of singly substituted protein. When multiple copies
of the same nnAA are incorporated, the modified protein yields
are even lower (0.03—5 mg/L).>>*?

In contrast, non-natural amino acids have been effectively
incorporated into a variety of proteins in CFPS using the M.
jannaschii orthogonal components, and moderate modified
protein yields (200—660 pg/mL) were obtained by optimizing
the sup;)ly of orthogonal components in the cell-free
reaction.”**® A new method, where the o-tRNA is synthesized
in situ, enabled the accumulation of 1.7 mg/mL of full-length
and soluble, singly substituted superfolder green fluorescent
protein (sfGEP).

Here, we describe the synthesis of linear or branched protein
polymers using this new method and the copper-catalyzed
azido-alkyne cycloaddition reaction (CuAAC; ie., Click
chemistry). Multiple (up to six) copies of the nnAAs p-azido-
L-phenylalanine (pAzF, Figure 1) or p-propargyloxy-L-phenyl-
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Figure 1. Structures of the non-natural amino acids (nnAAs) used in
this work. (1) p-azido-L-phenylalanine (pAzF) and (2) p-propargyloxy-
L-phenylalanine (pPaF).

alanine (pPaF, Figure 1) were site-specifically incorporated into
sfGFP. Doubly and triply substituted stGFPs were then purified
and directly coupled via CuAAC to synthesize linear or
branched sfGFP polymers. Specific fluorescence measurements
showed that most (>63%) of the specific activity was retained
in the sfGFP polymers. Thanks to its versatility and the
absolute control over conjugation sites, we believe direct
polymerization of active proteins using nnAAs can complement
existing methods in biomaterial synthesis and cell-free
metabolic engineering (CEME).>**°

In our new platform, the o-tRNA required for nnAA
incorporation is produced simultaneously with the modified
protein in the CFPS reaction. 0.9 to 1.7 mg/mL of singly
substituted (i.e., modified with one pAzF or pPaF) sfGFP
accumulated in the CFPS solutions, and quantitative
incorporation of the nnAAs at desired positions was validated
by LC/MS.*” We next explored if this method could be used to
site-specifically incorporate multiple copies of these nnAAs.
Two to six amber stop codons were inserted into the sfGFP

sequence, and the full-length and soluble yields of modified
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radiolabeled sfGFP were measured using lic;uid scintillation
counting (LSC) and densitometry (Figure 2).>” 290 to 740 pug/
mL of full-length and soluble, doubly substituted sfGFP
accumulated in small-scale CFPS reactions. These yields were
reduced to 250—390 ug/mL when three pPaF’s were site-
specifically inserted into sfGFP; similar yields were obtained
with pAzF (data not shown). About 70 pug/mL of sfGFP
containing six pPaF’s still accumulated in small-scale CFPS
reactions. In general, the modified protein yields varied
inversely with the number of nnAAs, regardless of the location
of the incorporation sites along the polypeptide backbone (ie.,
the position effect). This is probably due to the presence of the
endogenous Release Factor 1 (RF1), which competes with the
amber suppressor orthogonal tRNA bearing the nnAA; the
more amber stop codons in the sfGFP mRNA, the more
chances RF1 has to prematurely terminate translation.

Several of these modified and radiolabeled sfGFP proteins
were then synthesized in milliliter-scale CFPS reactions,
purified using StrepTactin affinity chromatography, and
coupled by copper-catalyzed azide—alkyne cycloaddition
(CuAAC) in three sets of analytical reactions (25 or 50 uL).
The first set was conducted to test the accessibility of the nnAA
incorporation sites for post-translational modification. The
second and third sets were conducted to assess polymerization
of these modified sfGFP proteins.

In the first set of Click reactions, the modified sfGFP with
three pAzF’s at positions 23, 39, and 151
(sfGFP23,39,151pAzF) was coupled to sfGFP carrying one
pPaF at position 23 (sfGFP23pPaF) at two different molar
ratios (Supporting Information (SI) Figure S1A). The reactions
yielded only dimers, trimers, and tetramers of sfGFP as
expected. Dimers and trimers with different linkages migrated
differently resulting in multiple bands on the polyacrylamide gel
(SI Figure S1B). The complex banding pattern also
demonstrated that the CuAAC reaction was not complete,
despite up to a 10-fold molar excess of stGFP23pPaF. All of the
nnAA incorporation sites were nonetheless accessible for
covalent coupling with another macromolecule, and conjuga-
tion was restricted to the desired sites. If the coupling reaction
was not specific to the nnAAs, then sfGFP polymers larger than
the tetramer would have appeared on the polyacrylamide gel
and/or the autoradiogram.

In the second set of CuAAC reactions, doubly substituted
sfGFP proteins were coupled to form linear sfGFP polymers
(Figure 3A). Since each protein harbored two conjugation sites,
there was no intrinsic limit to product size. The doubly
substituted proteins sfGFP23,39pAzF and sfGFP23,39pPaF
were covalently coupled in equimolar mixtures catalyzed by
either 0.25 mM or 0.5 mM each of the tetrakis Cu(I) catalyst
and the TTMA enhancer (SI Figure S2). A protein ladder was
obtained, containing a mixture of unreacted monomers, dimers,
and polymers ranging to more than 15 conjugated sfGFP
molecules (Figure 3B).

We then explored if larger stGFP polymers could be obtained
by increasing the number of conjugation sites per sfGFP
monomer. In the third set of analytical CuAAC reactions, triply
substituted sfGFP polymers were coupled to form branched
protein polymers (Figure 4A). Larger polymers were obtained
and less unreacted monomeric sfGFP remained in these
reactions, despite lower initial protein concentrations than
those in the second set. In fact, some of the protein polymers
were so large that they did not enter the 10% polyacrylamide
gel (Figure 4B). Two dimeric sfGFP bands were observed,
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Figure 2. Full-length and soluble modified sfGFP yields containing one to six copies of the tyrosine analogue pPaF. The numbers indicate the site of
nnAA substitution along the primary sequence. Suppression efficiency is defined as the ratio of modified protein yields to the natural sfGFP yield.
Error bars indicate +1 standard deviation for 3 reactions. The singly substituted modified sfGEP yields were reported previously®” and are included
here for comparison. Reprinted with permission from reference 37. Copyright 2013 Oxford University Press.
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Figure 3. Synthesis of linear sfGFP polymers. (A) Cartoon showing the generation of a linear sfGFP polymer from directly coupling doubly
substituted sfGFPs by CuAAC. (B) Generation of a sfGFP ladder by direct polymerization of doubly substituted sfGFP. Equimolar amounts of
sfGFP containing two copies of pAzF or two copies of pPaF were reacted in an anaerobic glovebox for 9 h at room temperature. The numbers
indicate the nnAA incorporation sites. The first reaction contained 6.5 uM sfGFP23,39pAzF, 6.5 uM sfGFP23,39pPaF, 0.25 mM Cu(I) catalyst, and
0.25 mM TTMA (Lanes 1 and 3). The second reaction contained 6.0 uM sfGFP23,39pAzF, 6.0 uM sfGFP23,39pPaF, 0.5 mM Cu(I) catalyst, and
0.5 mM TTMA (Lanes 2 and 4). The left panel (Lanes 1 and 2) shows the Coomassie-stained protein bands, and the right panel (Lanes 3 and 4)

shows the autoradiogram of the SDS-PAGE gel.

presumably because dimers with different connectivities
migrated differently across the polyacrylamide gel, a feature
not possible with dimers synthesized from doubly substituted
sfGFP (Figures 3B and 4B). More of the larger polymers were
obtained when the Cu(I) catalyst and TTMA enhancer
concentrations were increased from 0.25 to 0.5 mM (left vs
right lanes in Figure 4B). We were thus able to produce linear
and branched sfGFP polymers in one step by directly coupling
proteins containing nnAAs at multiple sites using Click
chemistry.

We next assessed activity retention after polymerization. The
modified sfGFP proteins were concentrated using centrifugal
filter devices prior to CuAAC. Research from our laboratory
showed that sfGFP fluorescence can be recovered after CuAAC
by removing the small molecules (i.e, Cu(I) catalyst and
TTMA) from the reaction mixture.>> Therefore, the reaction
products from separate conjugations of doubly and triply
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substituted sfGFP proteins were fractionated by size exclusion
chromatography (SEC) to separate the newly created polymers
from the unreacted monomer as well as the catalysts. Finally,
the fluorescence and protein concentration of each SEC
fraction was measured to determine the specific activity of
sfGFP polymers.

In the first CuAAC reaction with concentrated reactants, 22.6
UM each of sfGFP23,39pAzF and sfGFP23,39pPaF were
coupled in an anerobic glovebox (to retain the copper catalyst
in its active, +1 oxidation state***') in a 110 uL solution
containing 1 mM Cu(I) catalyst and 0.5 mM TTMA to form
linear polymers (Figure S). The proteins had been labeled with
C-leucine to facilitate quantification. After desalting the
reaction solution in the anaerobic glovebox (to remove the
TTMA and the Cu(I) catalyst in its reduced state), the
products were separated by analytical SEC (Figure SA). The
SEC fractions were first analyzed by SDS-PAGE (Figure SB)
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Figure 4. Synthesis of branched sfGFP polymers. (A) Cartoon showing the generation of a branched sfGFP polymer from directly coupling triply
substituted sfGFPs using Click chemistry. (B) Larger branched sfGFP polymers were obtained when triply substituted sfGFP proteins were
covalently coupled. As seen more clearly on the right panel, some of the branched polymers were so large that they did not enter the gel. Equimolar
amounts of sSfGFP containing three copies of pAzF or three copies of pPaF were reacted in an anaerobic glovebox for 9 h at room temperature. The
numbers indicate the nnAA incorporation sites. The first reaction contained 2.9 uM sfGFP23,39,151pAzF, 2.9 uM sfGFP23,39,151pPaF, 0.25 mM
Cu(I), and 0.25 mM TTMA (Lanes 1 and 3). The second reaction contained 2.7 uM sfGFP23,39,151pAzF, 2.7 uM sfGFP23,39,151pPaF, 0.5 mM
Cu(I), and 0.5 mM TTMA (Lanes 2 and 4). The left panel (Lanes 1 and 2) shows the Coomassie-stained protein bands, and the right panel (Lanes

3 and 4) shows the autoradiogram of the SDS-PAGE gel.

and autoradiography (Figure SC). The concentration and the
fluorescence of the resulting fractions were then measured by
LSC and fluorimetry, respectively (Figure SD). The doubly
substituted sfGFP (ie., sfGFP23,39pPaF) has 83% of the
specific activity of natural sfGFP. The polymerized sfGFP
proteins in fractions 1—13 retained most (>78%) of their
specific activity after the Click reaction; this corresponds to
>65% of the specific activity of natural sfGFP (Figure SD). A
single SEC step was not sufficient to isolate individual sfGFP
polymers, but did separate the polymers from unreacted stGFP
monomer. Fractions 1—9 contained the different sfGFP
polymers, fractions 10—13 contained a mixture of polymer
and unreacted monomer, while fractions 14—17 contained only
the unreacted monomer (Figure SA—C). The amount of each
polymer in each fraction was estimated by SDS polyacrylamide
gel densitometry, and these estimates were used to calculate the
distribution of polymerization products: ~40% of the
monomeric sfGFP was polymerized (N > 3), 40% assembled
into dimers, 15% did not react, and the remaining 5% was
degraded. 9% of the monomeric sfGFP assembled into
homopolymers with S or more monomers (SI Table 1).

The same protocol was repeated for a second CuAAC
reaction with concentrated triply substituted sfGFP proteins. In
this reaction, 105 uM each of sfGFP23,39,151pAzF and
sfGFP23,39,151pPaF were coupled in a 150 uL solution
containing 1 mM Cu(I) catalyst and 0.5 mM TTMA (Figure
6). (An additional CuAAC reaction was incubated with all
components except the Cu(I) catalyst to serve as negative
control.) Fluorescent macromolecular particles were formed by
this Click reaction (Figure 6A). After centrifugation at 14000 g
for 10 min, the supernatant was recovered, desalted, and
fractionated by SEC, as explained previously (Figure 6B). The
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fluorescent particles were washed five times with deoxygenated
buffer, and the supernatants from each wash were also analyzed
by SDS-PAGE (Figure 6C) and autoradiography (Figure 6D).
The specific activity of the sfGFP polymers in each wash
fraction was then determined using LSC and fluorescence
measurements (Figure 6E). Most of the sfGFP polymers (0.59
mg, ~70% of total protein) precipitated to form the fluorescent
pellet at the bottom of the reaction tube, thereby demonstrat-
ing that a biomaterial composed entirely of covalently coupled
active proteins can be formed in one step using nnAAs and
Click chemistry (Figure 6A). The largest of the pelleted
particles was approximately 2 mm in diameter; the weight of
the pelleted particles was 12 mg, hence the particles consist of
~5% w/v coupled sfGFP. For a significant fraction (14%, 4% of
total protein) of the supernatant sfGFP, the polymers were so
large that they did not run into the SDS-PAGE gel (Figures 6C
and 6D). SEC fractions 1—28 contained the different soluble
sfGFP polymers in the supernatant, while fractions 29—33
contained the unreacted sfGFP monomer, which comprised
only a tiny fraction (0.7%) of the proteins after the CuAAC
reaction. The triply substituted sfGFP proteins had higher
specific activities (22% and 32% higher for the azide- and
alkyne-containing sfGFPs, respectively) than the natural sfGFP.
As for the doubly substituted sfGFP, the polymerized triply
substituted sfGFP proteins retained most (>63%) of the
specific activity, which corresponds to >83% of the specific
activity of natural sfGFP (Figure 6E).

To the best of our knowledge, this is the first report both of a
biomaterial composed entirely of folded and active proteins and
of the synthesis of active protein polymers in one step using
Click chemistry. The nnAA incorporation (ie., the conjuga-
tion) sites can be precisely determined using standard genetic

dx.doi.org/10.1021/sb400116x | ACS Synth. Biol. 2014, 3, 353—-362



ACS Synthetic Biology
A 100 -

90

80
70 |
60
50
a0 |
30
20

10

Absorbance at 280 nm (AU)

234567 89101112131415161 Fractions

,

25 26 27 28 29 30 31 32 33 34

Residence time (min)

fGFP toad
pures
seeBlue Plus2 11 1234567 8 910111213 14 k Fractions
ladder |
(kDa)
98
62
49
38
28
Load
C pure sfGFP l
Fractions l 6 7 1213 141516 17
pentamer —)
tetramer —»
trimer —»
dimer —»
monomer —b,‘
100
<
2 80
I
[=%
=14]
£ 60
=)
<
=
S 40
=
Q
©
[S]
£ 20
(%]
Q
Q
w
0 - .
sfGFP 23,39pPaF load 1 2 3 4 5 6 7 8 9 10 11 12 13
T
Fractions

Figure 5. Separation of linear sfGFP polymers by size exclusion chromatography (SEC). (A) Absorbance at 280 nm shows the presence of different
polymers. After 7.5 mL, each fraction was manually collected for 0.5 min and contained 150 L of protein solution. (B) Coomassie-stained SDS-
PAGE gel showing the contents of the collected fractions. Purified natural (monomeric) sfGFP (“pure sfGFP”) and the protein solution that was
loaded onto the SEC column (“Load”) were included for comparison. The protein ladder was also included to determine the polymerization state of
each protein observed on the gel. (C) Autoradiogram of the SDS-PAGE gels containing the different SEC fractions. The polymerization state of each
band is indicated on the left. (D) Specific activity of fractions 1—14 that contained either sfGFP polymers or a mixture of polymers and unreacted
monomer. The first three bars indicate the specific activities of the purified natural sfGFP, the doubly substituted sfGFP that contains pPaF at
positions 23 and 39, and the protein mixture that was loaded onto the SEC column. Error bars indicate +1 standard deviation for 6 specific activity
values that were calculated from 2 independent LSC measurements and 3 independent fluorescence measurements.

manipulation, and our methods can be applied to virtually any enable copper-free Click chemistry. Furthermore, the azido and
protein. Proteins that are sensitive to the Cu(I) catalyst™ can the alkyne moieties on each of the nnAAs react specifically with
be coupled using nnAAs with strained alkyne moieties,” which each other, thereby minimizing the possibility of unwanted side
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Figure 6. Separation of branched sfGFP polymers by size exclusion chromatography (SEC). (A) Photograph of the fluorescent sfGFP pellet that
formed after the Click reaction in the microcentrifuge tube. The pellet was illuminated using a 302 nm UV transilluminator. (B) Absorbance at 280
nm shows the presence of different polymers. After 5.1 mL, each fraction was manually collected for 0.5 min and contained 150 uL of protein
solution. (C) SDS-PAGE gels showing the contents of the collected fractions. Purified monomeric sfGFP (“pure sfGFP”), the reaction solution with
no Cu(I) catalyst (negative control, “No Cu*”) and the protein solution that was loaded onto the SEC column (“Load”) were included for
comparison. The solutions obtained by washing the sfGFP pellet (“Washes 1—5”) were also included. The Markl12 MW ladder was included to
indicate the polymerization state of the observed bands. (D) Autoradiogram of the SDS-PAGE gels. The polymerization state of each band is
indicated on the left. (E) Specific activity of fractions S—33 that contained either sfGFP polymers or the unreacted sfGFP monomer. >63% of the
specific sfGFP activity (i.e., fluorescence) was retained after polymerization. The first four bars indicate the specific activities of the purified natural
sfGFP (“sfGFP”), the triply substituted sfGFP that contains pAzF at positions 23,39 and 151 (“3 pAzF”), the triply substituted sfGFP that contains
pPaF at the same positions (“3 pPaF”), and the protein mixture that was loaded onto the SEC column (“Load”). Error bars indicate #1 standard
deviation for 9 specific activity values that were calculated from 3 independent LSC measurements and three independent fluorescence
measurements.

reactions and the formation of polymers with undesired Our protein cross-linking experiments included modified
configurations. Despite its demonstration with only one proteins in equimolar amounts and resulted in heterogeneous
protein, this method can also be generalized to form protein mixtures containing unreacted monomers and different
copolymers of two or more proteins or hybrid polymers multimers. However, multistep polymerization of proteins
composed of active proteins and small molecules. would be desirable so that specific multimeric species can be
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enriched in the assembly reaction. Monomer concentration,
distribution (stoichiometric vs nonstoichiometric), reaction
time, time and order of additions, and addition of quenchers
(e.g, singly substituted modified protein) can be adjusted to
alter the extent of reaction and cross-linked protein
distribution. Our data indicate that larger polymers are obtained
and the polymer distribution is shifted toward higher molecular
weight species at higher reactant concentrations (Figures 4 and
6). When synthesizing copolymers, one of the monomers can
be added at limiting amounts so that polymerization would be
terminated when the limiting monomer is depleted in the
reaction mixture. Finally, a quencher can be added to terminate
polymerization after a certain amount of time, and the
quencher concentration and timing of quencher addition can
be adjusted to achieve the desired polymer distribution. Our
results demonstrate the feasibility of this polymerization
strategy; additional process development research will be
needed to develop methods for producing polymerized protein
biomaterials with uniform and consistent functionality.
Improved conjugation reagents and methods will also help to
reduce production costs in the future.

Specific activity data show no correlation with polymer size
or the nature of nnAA substitutions, but a fraction (up to 37%
for certain oligomers) of the specific activity is lost after the
CuAAC reaction. The nnAA incorporation sites are located on
the surface of the protein, while the chromophore is at the
center of the sfGFP barrel and hence relatively far from the
conjugation sites. As a result, we did not expect nnAA
substitution or conjugation to significantly alter specific
fluorescence. Some of the protein may be degrading during
CuAAC incubation, thereby reducing the specific activity of the
protein polymers.

The versatility and the precision of this coupling strategy can
complement existing technologies in biomaterials synthesis or
metabolic engineering. For example, a recent report described
the manufacture of a patterned hydrogel using photoinduced
Click chemistry.** Proteins containing the azide or alkyne
moieties can be integrated into these biomaterials, and such
biomaterials containing covalently coupled active proteins (e.g,
growth factors) can be used to engineer tissues.*’ Alternatively,
enzymes comprising a pathway can be linked using this method
to increase the substrate flux by increasing local enzyme
concentrations, thereby reducing diffusion distances between
enzymes. If the enzymes catalyze the maturation or
regeneration of a cofactor, for example, then they may be
coupled to the enzyme requiring the cofactor for maximal
holoenzyme activity. In this manner, “clicking” different
enzymes of a pathway post-translationally would complement
the protein scaffolding approach, which was shown to increase
metabolic flux and product titers.*

Finally, further improvements in modified protein yields
(especially of proteins with multiple nnAAs) and conjugation
efficiency would enhance the usefulness of our methods; our
protein yields dropped from ~1000 to ~70 pg/mL when the
number of nnAAs in sfGFP was increased from one to six
(Figure 2). Our methods currently enable the synthesis of
biopolymers and biomaterials composed of active proteins
using a single conjugation reaction, but we are limited to single
conjugation chemistry. With the advent of more bio-orthogonal
moieties (in addition to the azido—alkyne pair) that can be
directly incorporated into proteins, better methods to site-
specifically incorporate many different nnAAs into the same
protein, and improved bioconjugation methods, we anticipate

that scientists and engineers will be able to synthesize complex
biomaterials and other macromolecular structures with precise
configurations for a broad variety of applications.

B METHODS

Detailed protocols on plasmid construction, CFPS, sfGFP
purification and quantification, CuAAC reactions, size exclusion
chromatography, and specific activity measurements are
available in the Supporting Information.
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