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Progress and Potential

Proteins are the most abundant

biomolecule and play essential

roles in all living processes. To

better understand their role in

regulating biological fates, as well

as to promote specific cellular

responses for tissue engineering

and therapeutic applications,

interest in making materials that

incorporate functional proteins

continues to grow. Although there

has been significant progress to

date, challenges have arisen in

how best to interface proteins with

and attach them to materials in a

manner that preserves their
Chemists, biologists, and material scientists alike have long sought to control

protein presentation, orientation, and activity within biomaterials to dictate re-

action catalysis, biological signaling, and cell-fate specification. Such control is

most typically achieved through the installation of reactive chemical handles

onto proteins that govern static or dynamic biomacromolecule-material associ-

ations. Though convenient, stochastic functionalization strategies often yield ill-

defined protein samples with severely diminished activity. In contrast, site-se-

lective methodologies permit the controlled installation of material-interacting

handles onto fragile proteins while preserving native structure and function.

Here, we review methods that afford chemical, regioselective, and site-specific

modification of proteins, emphasizing those that have found utility in the crea-

tion of functional biomaterials. We discuss cutting-edge strategies involving

small-molecule-based labeling, genetic engineering, and chemoenzymatic reac-

tions that provide precise control over the extent and location of protein modi-

fication. We assess the progress and look to the future in exploiting these func-

tional proteins to create next-generational biomaterials for tissue engineering,

therapeutic, and fundamental biological applications.
activity. Spurred by recent

innovations in chemical biology

that enable precise introduction

of reactive handles at perfectly

defined protein surface locations,

it is now conceivable to control

how, when, and where bioactive

proteins bind to and are released

from materials. Properly

developed applications of these

emerging technologies will

further revolutionize modern

medicine, enabling new

directions in disease detection,

drug delivery, and tissue

engineering.
INTRODUCTION

Proteins are the main workhorses of biology with nearly infinite possibilities for

sequence, structure, chemical reactivity, and function. Given their unique potential

to regulate exquisitely virtually all biological functions, there is profound interest in

using these powerful biomacromolecules in many biomaterials contexts—for

example, as potent therapeutics, for three-dimensional (3D) cell culture, and in dis-

ease detection.1,2 Fully harnessing these complicated biomolecules for materials

applications has required constant effort to effectively regulate their orientation

and spatiotemporal presentation from and within such biomaterials. This control

has been gained, in part, through the installation of reactive functional groups

onto proteins that govern their static or dynamic interactions with materials.

However, modifying such chemically and structurally rich biopolymers without per-

turbing their function remains an open challenge.3 Although many strategies exist

to label proteins stochastically, these random modifications can adversely block

enzymatic active sites and binding pockets or alter the protein’s 3D structure, lead-

ing to a decrease in or complete obliteration of activity. Despite these challenges,

early pioneering work utilizing stochastic installation of functional groups onto anti-

bodies has revolutionized biology, enabling the foundational advances making up

immunohistochemistry and enzyme-linked immunosorbent assays (ELISAs).4,5

Inspired by these early successes and to expand applications to ever more fragile
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species, techniques to refine modification specificity remain a topic of active

development.

Regardless of the functionalization strategy, careful consideration must be paid to

the reaction conditions for protein modification. Due to the fragility and massive

size of most full-length proteins, the chemistries employed must occur under mild,

aqueous conditions and proceed relatively rapidly on substrates at very-low-molar

concentrations.6 Owing to the diversity and arrangement of amino acid residues

within each species, the protein targets display a diverse array of chemical function-

alities with varying nucleophilicity, pKa, and redox potential. Targeting a specific

functional group from the many that may be available on the protein’s surface,

let alone a single moiety on a specific residue among many near-identical copies,

is a tall order. To increase the specificity of these labeling reactions, three broad stra-

tegies have emerged: (1) those that utilize reactive small-molecule chemical re-

agents to modify endogenous proteins; (2) those that harness or hijack protein trans-

lational processes for direct labeling; and (3) those that utilize enzymes for co- or

post-translational modification of proteins.

Small-molecule-based labeling strategies exploit differences in nucleophilicity, pKa, and

redox potential of a given side chain to gain chemoselectivity. Lysine and cysteine

residues havehistorically been themostwidely targeted amino acids, owing to their rela-

tive abundance and highly nucleophilic side chains.7 Activated esters are commonly em-

ployed to label primary amines present on lysine side chains, while maleimides act as

electrophiles for conjugation to thiol-bearing cysteine residues (Figure 1). While such

labeling methods enable facile creation of functional bioconjugates on highly purified

protein samples, difficulties in controlling their extent and location of reactions yield

poorly defined samples, often with dramatically reduced activity. Controlling the micro-

environment of a particular amino acid through motif insertion can subtly change the

reactivity of a particular residue and increase reaction specificity.

Strategies that utilize protein translational processes for direct labeling have proved

quite successful in further refining the selectivity of bioconjugation. Here, proteins are

able to be modified during ribosomal elongation, allowing for functionalization prior

to purification. Genetic code expansion utilizing evolved tRNA/synthetase pairs allows

for the incorporation of non-natural amino acids containing functional side chains into

a specific location within the primary sequence of a protein.8 Although improvements

continue to be made, genetic code expansion has been traditionally associated with

non-trivial protein expression setups and reduced overall yields, limiting its application

in a materials context. Residue-specific incorporation, whereby a non-canonical amino

acid is substituted into the proteome in the place of a naturally occurring species using

native tRNA/synthetase pairs, can boost these yields, but comes at the price of poten-

tially incomplete incorporation and a somewhat limited scope of functional handles

that can be installed.9,10 Chimeric proteins where one of the fusion species preferentially

binds to a substrate or can undergo self-labeling are readily obtained in high yield and

with perfectly controlled modification, but can exhibit decreased activity or can be too

bulky for some applications.

Labeling strategies that utilize enzymes for co- or post-translational modification of

proteins have proved exceptionally successful in increasing selectivity and conver-

sion. Most typically, short peptide sequences that can be recognized and acted

upon by a variety of enzymes are appended to full-length proteins using conven-

tional protein engineering strategies. Combining the ease of installation of recogni-

tion peptide motifs with the exquisite selectivity of enzymes has allowed for
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Figure 1. Stochastic Labeling of Endogenous Amino Acids

(A) Taking advantage of reactive functionalities present on endogenous amino acids (red), residue-specific modification (blue stars) can be achieved.

Although these reactions are easily implemented and compatible with almost any protein, challenges exist in controlling where and to what extent each

species is modified, resulting in a heterogeneously labeled population.

(B) Lysine residues are most commonly modified with activated esters (such as that of N-hydroxysuccinimide), whereby lysine’s 3-amino group

nucleophilically attacks the ester to form a stable amide linkage.

(C) Cystine residues are readily decorated through thiol-maleimide chemistry.
unparalleled control over the site of modification while retaining high conversion

and yield. While these strategies are often limited to the termini as sites of potential

modification and can be comparatively challenging to implement, progress is being

made with newly evolved enzymes and peptide recognition sequences to address

both of these concerns.

Ultimately, proteins need to be modified mildly, selectively, and with high conver-

sion to retain their activity for use in biomaterials, especially if the technology is to

translate into a clinical setting. Some applications to date have involved controlling

the orientation of proteins on surfaces, creating crosslinks within biomaterials using

proteins with novel functions, and affording spatiotemporal control over biochem-

ical cue presentation within synthetic tissues. As each application features its own

set of constraints, careful consideration for the employed protein labeling strategies

must be given. While engineered proteins have gained traction in biocatalysis,

metabolic engineering, optogenetics, and as biosensors,11–14 here we review the

many methods that afford site-specific modification of proteins, placing special

emphasis on those that have found significant utility and/or hold exceptional prom-

ise toward creation of next-generation functional biomaterials.

CHEMOSELECTIVE PROTEIN MODIFICATION

Most historically prevalent examples of protein modification have relied on inherent

differences in reactivity among the side chains to dictate conjugation. While these

techniques have traditionally had relatively high chemoselectivity, they have

typically struggled to maintain regioselectivity with high conversion. Careful engi-

neering and rational design of new protein modification reagents has led to

increased specificity, enabling endogenous ‘‘off-the-shelf’’ proteins to be labeled

with no need for genetic engineering. Modification of the local microenvironment

around desired sites of reaction can enhance specificity but comes at the price of

requiring protein engineering. Here, we discuss small-molecule-based labeling

strategies that target endogenous amines, thiols, aromatics, and the N and C termini
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Figure 2. Common Reactions Used to Elaborate Modified Proteins

Reactive handles previously installed through another method (e.g., endogenous labeling, genetic code expansion) can be elaborated through a

variety of specific reactions. Here, R1 and R2 can each refer to a protein, a biomaterial, or additional functional groups.
on proteins, as well as strategies to enhance labeling specificity using motif inser-

tion. Many of these modifications install reactive handles that can be used for addi-

tional elaboration and to directly attach to materials (Figure 2).
Lysine Modification

Lysinehas proved tobeapopular target formodificationdue to the nucleophilicity of the

3-amine located on its side chain and its overall ubiquity (�6% of residues in the human

proteome). However, this abundance and inherent reactivity also makes site-specific

labeling challenging. Building on a long history for amide linkage formation in peptide

synthesis,15 activated esters (including those based on N-hydroxysuccinimide [NHS])

are themostwidelyusedelectrophiles for conjugationwithprimaryamineson theprotein

surface. Despite the random and stochastic nature of this labeling strategy, the ease and

simplicity of NHS-mediated protein modification has led to wide adoption in the bioma-

terials community. In one study, the Shoichet lab used NHS chemistry to functionalize

epidermal growth factor (EGF) with biotin for immobilization in a streptavidin-patterned

hyaluronic acid hydrogel, and found that immobilized EGF could dictate invasion of

MDA-MB-231 and MDA-MB-468 breast cancer cells.16 In another example, DeForest

and Tirrell used NHS-based reactions to modify a variety of proteins with aldehydes

and photoreactive ortho-nitrobenzyl esters used for photopatterned functionalization

of poly(ethylene glycol) (PEG)-based hydrogels.17 By reversibly patterning human

mesenchymal stem cell-laden biomaterials with vitronectin, they demonstrated spatio-

temporal control over osteogenic differentiation. NHS chemistry offers a quick off-the-

shelf method for modifying proteins that has proved successful in many applications.

Despite these successes, stochastic labeling of primary amines often has a delete-

rious effect on protein function. As a good nucleophile with the ability to act as a

base in the proper pH, lysine is often part of the catalytic triad of enzymes and is

thus required for protein activity; b-lactamases in particular are known to utilize

lysine in their active pocket.18 Although the enhanced reactivity of lysines in the

catalytic domain of enzymes is typically viewed as a drawback, creative strategies

have taken advantage of this feature to create site-specifically defined antibody-

drug conjugates; the lysine in the catalytic domain of a b-lactamase fused to a mono-

clonal antibody has been utilized to site-specifically tether a b-lactam-containing

chemotherapeutic.19
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Taking advantage of minute differences in the pKa between lysine residues, compu-

tational approaches have also been exploited to identify electrophiles that would

favor site-specific modification. Sulfonyl acrylate reagents were designed to exploit

subtle differences in reactivity on native lysine residues to give site-specific incorpo-

ration on a variety of proteins, including installation of a fluorophore onto trastuzu-

mab, without destroying its activity.20 While an impressive demonstration of the

power of computational design of small-molecule reagents, there remains signifi-

cant room for improvement. Conversion occurred at the lysine with the lowest

pKa, which may be a critical or inaccessible residue on some proteins, and high

excesses of sulfonyl acrylate reagents (1,000- to 10,000-fold excess) were required

for quantitative conversion.

Multi-step reactions have also been used in an attempt to control the extent and

location of lysine modification. Using a multi-component reaction using an alde-

hyde, an acetylene, and a Cu-ligand complex, propargylamine was appended

site-specifically onto nine different proteins.21 While the modified proteins retained

their activity, this technique required long reaction times (up to 72 h) with relatively

low conversion (generally 40%–60%). Lysine modifications remain one of the most

common techniques for protein functionalization, but achieving high conversion

while maintaining specificity continues to be a challenge.

Cysteine Modification

Cysteine residues are also a popular target for protein modification due to the high

nucleophilicity of its side chain thiol, and the relative lack of free sulfhydryl groups on

native proteins (most are tied up in disulfide linkages). Since many proteins do not

contain native free thiols that can be targeted, and reduction of disulfide bonds

can have deleterious effects on activity by disrupting protein structure, incorpora-

tion of a single cysteine residue via genetic engineering is commonly employed to

give a functional handle for conjugation at a precise protein location. Traditionally,

maleimides have been used for thiol alkylation and protein conjugation. Maleimide

chemistry has long been exploited to immobilize antibody antigen-binding frag-

ment (Fab) and horseradish peroxidase onto surfaces for ELISAs.22 Though a power-

ful chemistry for in vitro applications, it was recently reported that the thioether bond

can undergo thiol exchange or ring opening and decompose in vivo.23 Despite this

limitation, several maleimide conjugates have been approved by the Food and Drug

Administration (e.g., brentuximab vedotin, trastuzumab emtansine, and certolizu-

mab pegol). Michael-type chemistry, often employing acrylates or vinyl sulfones,

has also proved useful in labeling free thiols. The Weber group used a thiolated

phytochrome-based protein (Cph1) to create protein-polymer hydrogels with cyclic

stiffening properties (Figure 3).24 Cph1 containing a free sulfhydryl was conjugated

to an eight-arm PEG through Michael addition to generate a protein-polymer

hydrogel. Cph1 would then dimerize under 740-nm light but revert to its monomeric

form with 660-nm exposure, leading to reversible material crosslinking.

Thiol-targeting reagents have also been developed that offer increased aqueous

and metabolic stability, as well as crosslinkers. Oxetanes have found use for thiol

modification, increasing overall protein stability in human plasma and in the pres-

ence of thiol-containing nucleophiles such as glutathione and b-mercaptoethanol.25

Amine-to-thiol crosslinking reagents, such as succinimidyl 4-(N-maleimidomethyl)

cyclohexane-1-carboxylate (SMCC), have also proved popular. SMCC contains

both maleimide and NHS-activated ester functionalities that permit conjugation to

lysines on a protein of interest that does not contain free thiols through amine reac-

tivity. The sulfhydryl groups of a second protein are then conjugated using the
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Figure 3. Reversible Gel Stiffness through Protein Photodimerization

(A) Cph1 protein dimerizes with 740-nm light, but reverts to its monomeric form in response to 660-nm light. Multi-arm polymers end-functionalized with

Cph1 undergo reversible crosslinking with multi-colored light exposure, yielding biomaterials with tunable stiffness. Cph1 is linked to an eight-arm PEG

through Michael addition involving its C-terminal cysteine residue.

(B) Absolute and dynamic changes to moduli can be controlled through cycled exposure to 660- and 740-nm light at different intensities (I). Here,

G’ corresponds to the storage moduli of the material, while G00 is the loss moduli.

(C) Intermediate moduli can be accessed through controlled exposure to different wavelengths between 660 and 740 nm.

Image modified with permission from Hörner et al.24 Copyright 2019, Wiley-VCH.
maleimide group to create protein-protein heterodimers. Sodium 4-((4-(cyanoe-

thynyl)benzoyl)oxy)-2,3,5,6-tetrafluorobenzenesulfonate is a recently developed

amine-to-thiol coupling reagent that was used to produce antibody-drug

conjugates with improved plasma stability as compared with maleimide

conjugation.26

Where free sulfhydryl groups are not present for reaction, disulfide bonds can be

targeted using disulfide rebridging; here, bisalkylation is employed to rebridge

native disulfide bonds to conserve native structure while including a linker contain-

ing exogenous functionality. Following this approach, the Brocchini group demon-

strated that interferon-a2a (IFN-a2a) and antibody fragments could be site-specif-

ically PEGylated while retaining the bridged structure required for sustained

activity. Interestingly, double alkylation of the protein could also be achieved by

increasing the ratio of PEG monosulfone:protein.27 Further development of alkyl-

ation reagents has enabled the creation of compounds capable of reducing and

rebridging disulfides with a single reagent,28 allyl sulfones with improved water

solubility for the functionalization of peptides and proteins,29 and those capable

of photomediated disulfide rebridging using UV light.30 Recently, disulfide
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rebridging has been used to conjugate toxic payloads to antibodies for targeted

therapeutic delivery.31 Disulfide rebridging is a powerful technique for modifying

proteins with accessible disulfide bonds, especially in cases where maintaining the

disulfide linkage is critical to function.

Thiol-ene click chemistry is another class of thiol-based reactions that is amenable to

photomediated conjugation.32 This radical-mediated conjugation reaction leads to

anti-Markovnikov addition of a thiol to an alkene with high selectivity and yield,

enabling the creation of protein functionalized biomaterials. Photochemical thiol-

ene coupling most typically requires the addition of a photoinitiator to generate

radicals for radical-mediated addition. A recently developed allyl sulfide chain-

transfer agent enables the reversible immobilization of proteins into hydrogels using

UV light; thiolated transferrin and ovalbumin were photoimmobilized in the pres-

ence of lithium phenyl-2,4,6-trimethylbenzoylphosphinate photoinitiator and

released with 3D control using multi-photon lithography.33 While UV-mediated

thiol-ene conjugations proceed rapidly, concerns persist over the cytocompatibility

and selectivity of the photoinitiators and radical-mediated reactions if they are to be

performed in the presence of living cells.34

Aromatic Residue Modification

The relatively low abundance of aromatic residues on solvent-accessible regions of

protein surfaces has made surface tyrosine, tryptophan, and phenylalanine residues

an attractive target for site-specific modification where targeting nucleophilic side

chains is intractable. Despite this interest, maintaining selectivity for one particular

aromatic residue over another is made difficult by nearly identical reactivity and

chemical environments between the aromatic side chains.

Sodium trifluoromethanesulfinate has been used to selectively install CF3 groups

onto tryptophan residues in full-length proteins for use in 19F nuclear magnetic

resonance studies.35 This technique enables the curious ability to create ‘‘Teflon

proteins,’’ which are highly hydrophobic (CF3 is twice as hydrophobic as CH3),

potentially increasing the bioavailability while reducing metabolic detoxification of

pharmaceutically active proteins. A photocatalytic method for modification of the

b position of tryptophan has also been developed.36 An iridium photocatalyst, which

is active under blue light, was used to incorporate a methyl acrylate onto the trypto-

phan residue on model peptides with good selectivity over other aromatic amino

acids. While relatively unexplored, the unique physiochemical effects of modifying

aromatic residues enable novel functionalities that are otherwise inaccessible

when modifying nucleophilic residues.

N- and C-Terminal Modification

Much effort has been expended to find reagents suitable for modifying the termini of

protein substrates.37 As every linear polypeptide chain contains a unique N and C

terminus, and these ends are often solvent accessible, labeling at these locations af-

fords site-specific modification without the need for extensive protein engineering

(Figure 4A). Typically, slight differences in reactivity, pKa, and redox potential be-

tween the N-terminal amine and those on lysine side chains, as well as the C-terminal

carboxylic acid with those on aspartic and glutamic acid residues, can be used to

bias reaction to the termini. Historically, quantitative derivatization of the termini

has been difficult to achieve without leading to off-target modification of the side

chains. However, the allure of site-specific modification on native proteins is strong,

and many chemistries continue to be developed with great promise in achieving

chemo- and regioselectivity.
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Figure 4. Site-Specific Labeling of Proteins with Reactive Small Molecules

(A) Chemical-based strategies can be used to selectively modify the protein termini. In one example, the primary amine on the N terminus can be

derivatized through reductive amination involving an aldehyde-containing reagent (top). Alternatively, a pyridoxal 5’-phosphate (PLP)-mediated

transamination reaction oxidizes the N-terminal amine to a ketone or an aldehyde (bottom).

(B) Taking advantage of reactive motifs, small-molecule chemical-based labeling strategies can be confined to specific locations on the protein. A single

cysteine moiety can be selectively targeted using a p-clamp-mediated strategy (top) or a DBCO tag (bottom).
Several small-molecule approaches to selectively modify the N terminus have

emerged.O-Aminophenols react readily with the N terminus of proteins using a po-

tassium ferricyanide catalyst, favoring N-terminal proline residues as a substrate.38

However, the conversion is relatively low (20%–60%), and free cysteines are also

modified by the reaction. Aldehyde-containing reagents such as 2-pyridinecarbal-

dehyde (2-PCA) have proved popular for selective reductive alkylation of the N ter-

minus.39 One advantage of this approach is that reductive alkylation preserves the

amine on the N terminus, theoretically maintaining native charge distribution on

the protein. Antibodies have been site-selectively modified with an azide-function-

alized PCA for further click-chemistry conjugation.40 However, achieving complete

functionalization of both chains of the antibody proved difficult, even at a very

high excess of the coupling reagent. Applied to biomaterials, polyacrylamide

(PAAm) hydrogels were functionalized with 2-PCA and used to immobilize extracel-

lular matrix (ECM) proteins at their N termini.41 These ECM-functionalized substrates

promoted cell adhesion and spreading, and supported the creation of large

collagen fibers, a phenotype associated with native collagen that could not be

achieved using NHS chemistry for lysine modification.

Another common chemistry is for N-terminal transamination through the use of pyr-

idoxal 50-phosphate (PLP). Depending on the N-terminal amino acid composition,

reaction with PLP oxidizes the N terminus to a ketone or aldehyde that can be
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subsequently used for oxime/hydrazone ligation. Originally used to modify pep-

tides, PLP gave 65% conversion of the N terminus into a ketone in 2 h at 37�C.42

Where modification of native N termini on full-length proteins proves challenging,

as has been the case for monoclonal antibodies, site-directed mutagenesis can

be used to increase the reactivity of the terminus and achieve high levels of conver-

sion.43 Streptavidin was immobilized through an N-terminal oxime ligation onto

micropatterned aminooxy-containing surfaces.44 Particularly when working with

enzymes, selective control over the location of protein immobilization and their sur-

face orientation is important for many industry applications including biosensing and

reactor design.

N-terminal cysteine residues can also provide a unique handle for subsequent modi-

fication. Native chemical ligation utilizes the free thiol of the cysteine, which is re-

acted with a C-terminal thioester. The bond then undergoes an S-N acyl shift to

generate an amide linkage. Although a promising way to make protein conjugates

containing only native functionality, these approaches face some challenges in

implementation: engineering proteins to have an N-terminal cysteine residue is

non-trivial as the start-codon-associated methionine residue must be enzymatically

excised, and C-terminal thioesters for protein modification can be difficult to

synthesize using solid-phase methodologies.45 Expressed protein ligation, using

recombinantly expressed polypeptides that self-cleave to contain the required

functionalities, has also seen some development. In one example, expressed protein

ligation was used to create site-specifically SUMOylated or methylated histones to

investigate the impact of post-translational modifications on histone regulation.46

N-terminal cysteines can also react with aldehydes to produce thiazolidines,

although developed reactions tend to be inefficient. ortho-Boronic acid-substituted

benzaldehydes have been used to give site-specific conjugation of N-terminal cys-

teines with a unique thiazolidino boronate structure.47 However, this bond was

found to degrade under mildly acidic conditions and yielded only modest conver-

sions (�50%).

While not as thoroughly explored as the N-terminal modifications, selective C-termi-

nal modification has also been performed.Mild differences in the oxidation potential

of the C terminus versus side chains allowed for decarboxylative alkylation to be per-

formed exclusively at the C terminus.48 Using a visible-light photoredox catalyst, in-

sulin was modified to add a C-terminal alkyne with 40%–50% conversion. Investiga-

tion into post-translational modifications in the proteome reveal proteins with

C-terminal methylation and a-amidation, suggesting the possibility of future chem-

istries to be developed to target this functionality.49

Despite these advances, many proteins do not have a solvent-accessible N or C ter-

minus, have termini that are critical to their activity, or have flanking sequences with

chemical microenvironments that make modification challenging. In addition, care-

ful control over reaction conditions is necessary for termini labeling, making conju-

gation in complicated biological media or in the presence of cells a challenge.

Therefore, additional strategies for site-selective protein modification remain of

great interest.

Motif Insertion

Installation of short peptide domains that impart some specific structural or chemical

modality—often referred to as motifs—onto proteins can further enhance reaction

selectivity during protein modification (Figure 4B). By carefully controlling the
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microenvironment of specific residues, these domains increase the efficiency and

specificity of reactions.50 When used in combination with small-molecule chemis-

tries for protein modification, an impressive degree of control over protein function-

alization can be achieved. Although computational modeling of microenvironments

and further reagent development are likely to yield continued improvements, these

approaches still tend to be fairly limited in scope with non-quantitative conversions.

Perhaps the best-known example of a peptide epitope leading to enhancedmaterial

binding is the ‘‘His tag.’’ Polyhistidine sequences (usually either 6xHis or 10xHis tags)

encoded within proteins allow for non-covalent binding with metal ions (e.g., Ni2+,

Co2+, Cu2+), a feature that is regularly exploited for protein purification in

immobilized metal-affinity chromatography.51 It has been found that His-tagged

proteins may undergo N-terminal acylation with D-gluconic acid d-lactone. The

GH6 tag (GHHHHHH) has been developed to enable N-terminal acylation of

proteins.52 Gluconolactone and 4-methoxyphenyl esters were used as acylating

agents to PEGylate the N terminus of multiple full-length proteins. This modifica-

tion was found to be reversible after extended incubation in phosphate-buffered

saline.

Phage display typically has been used to determine epitopes that bind specific sub-

strates. Fluorettes form one such short peptide sequence that has been found to

bind common fluorophores (e.g., rhodamine red, Oregon green 514, fluorescein).

Maleimide-functionalized Texas red dye was found to selectively conjugate to the

fluorette domain of an engineered protein, even when other free thiols existed in

the sequence.53

When combined with chemoselective modification techniques, motif insertion has

yielded impressive regioselectivity. One peptide sequence identified through

library screenings is the dibenzocyclooctyne (DBCO) tag (LCYPWVY) which, when

reacted via thiol-yne conjugation, forms a stable covalent bond between DBCO-

containing reagents and the free sulfhydryl group of the encoded cysteine.54 This

engineered microenvironment was found to lead to a 220-fold increase in reaction

rate as compared with a cysteine-containing peptide control lacking the tag. Trastu-

zumab and green fluorescent protein (GFP) with terminal DBCO tags were modified

site-selectively with 80%–90% conversion.

Increased reactivity of specific cysteine residues has also been engineered through

the addition of a p clamp (FCPF).55 Reactions with perfluoroaryl compounds and

cysteines are typically very slow, except in the presence of a catalytic enzyme.

Exploring sequences that provide altered microenvironments around specific

cysteine residues that could enhance this reaction, the FCPF p clamp was found

to enable site-specific conjugation in the presence of endogenous thiols. The strat-

egy was used to conjugate affinity tags, fluorophores, alkynes, and linear PEG onto

protein substrates at either the N or C terminus, or in an internal loop. This technique

was found to lead to >95% conversion of the target thiol in 30 min.

Creating sites for efficient disulfide rebridging and subsequent reaction has also

been explored through the addition of a Dis tag (CISTCC), which contains three

cysteines with engineered spacing to serve as potential sites of modification.56

The Dis tag allows for stepwise conjugation of maleimide-containing compounds

for conjugation of the free thiol followed by the addition of allyl sulfones for disulfide

rebridging. Yellow fluorescent protein was engineered to include the Dis tag

and subsequently dual functionalized with two different fluorophores. Interleukin-
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2 (IL-2), which contains a native disulfide, was also functionalized through rebridging

and shown to have no loss in bioactivity; this is particularly noteworthy as reduction

of the native disulfide bond of IL-2 leads to a 90% loss in activity.

Histidine bis-alkylation has been used to increase the selectivity of histidine modifi-

cation. Histidine is a relatively rare residue, and by constraining the conjugation

chemistry to require two nearby histidine residues the reaction specificity is

increased. The HGH tag was incorporated into IFN-a2a away from the active site

and used for site-specific PEGylation.57 Conversion was found to be modest

(�20%–40%), although the activity of modified IFN-a2a (74% compared with wild

type) was the highest reported for any PEGylated IFN.

IN-TRANSLATION PROTEIN MODIFICATION

Although small-molecule-based approaches are convenient for modifying endoge-

nous proteins, strategies that exploit protein translational processes for direct

labeling offer enhanced labeling specificity during protein synthesis. Here, we

highlight methods for residue-specific incorporation of non-canonical amino acids,

site-specific labeling with non-natural amino acids through genetic code expansion,

and fusion proteins including those that undergo self-labeling.

Metabolic Labeling

While small molecules have proved successful at site-specific protein modification

and biomaterial functionalization, they require the exogenous treatment of the pro-

tein of interest with small-molecule reagents. There is growing interest in employing

existing protein translational tools for incorporation of non-natural functionality dur-

ing polypeptide elongation to enable co-translational protein modification (Fig-

ure 5). An early example of this technique is the metabolic incorporation of azidoho-

moalanine (Aha), an azide-containing methionine analog that is recognized by the

native tRNA synthetase and substituted into the growing polypeptide chain stochas-

tically during protein expression.58 Similarly, an alkyne-containing methionine

analog, homopropargylglycine (Hpg), may also be incorporated in place of methio-

nine.59 Both of these tags proved useful for subsequent purification and fluorophore

conjugation onto newly synthesized proteins using click chemistry, as well as for visu-

alizing newly synthesized proteins intracellularly within cell-laden biomaterials.60,61

Although non-canonical amino acids containing azide, alkyne, and alkene function-

alities can be metabolically incorporated into proteins using the natural translational

machinery, directed evolution of endogenous aminoacyl tRNA synthetases has

further enabled incorporation of an expanded collection of non-canonical amino

acids.62

To increase the specificity of metabolic labeling, genetic engineering may be per-

formed to enrich a given domain with the residue to be incorporated. In one

example, GFP was engineered to have a C-terminal -HMHMHMHM tag.63 Protein

expression using a methionine-autotrophic bacterial strain in media lacking methio-

nine but supplemented with Aha resulted in proteins whose methionine residues

had been replaced with azide-containing Aha. These dually tagged proteins could

be purified via immobilized metal-affinity chromatography using the histidine resi-

dues and then covalently immobilized onto an alkyne-modified agarose resin

through copper-catalyzed azide-alkyne cycloaddition (CuAAC) chemistry.

Genetic Code Expansion

Genetic code expansion may be used to localize the site of modification to a single

residue anywhere within the polypeptide backbone (Figure 6). Typically, the amber
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Figure 5. Residue-Specific Modification of Proteins through Metabolic Incorporation

(A) Metabolic incorporation of non-canonical amino acids in the place of their natural analog afford residue-specific substitution. By varying the relative

concentrations of the canonical:non-canonical species present during expression, the extent of protein labeling is altered.

(B) Structures of previously reported non-canonical amino acids. Those shown in blue are substrates for the endogenous translational machinery

encoding the black canonical residue on its left; the analog shown in green requires overexpression of wild-type tRNA synthetase; those in orange

require expression of a mutant tRNA synthetase. Image inspired by Ngo and Tirrell.62
stop codon (UAG) is overridden to instead incorporate non-natural functionality us-

ing mutated tRNA/tRNA synthetase pairs. The Schultz group pioneered efforts in

developing orthogonal tRNA/tRNA synthetase pairs specific to the amber stop

codon that lacked cross-recognition by endogenous synthetases, typically utilizing

synthetases from archaea and other distantly related organisms.64 These strategies

have resulted in incorporation of a wide variety of functional amino acids, including

those that contain native post-translational modifications, clickable handles, and

photoreactive groups.

Post-translational modifications that govern protein-protein interactions are highly

sensitive to the incorporation site. To investigate this, several genetic code

expansion techniques have been targeted toward native amino acids featuring

known post-translational modifications. As an example, an 3-N-2-hydroxyisobu-

tyryl-lysine (HibK) was site-specifically incorporated into histones to probe the

function of 2-hydroxyisobutyryl-modified lysines.65 In addition, the effects of pro-

tein phosphorylation have been investigated through the site-specific incorpora-

tion of a genetically encoded phosphotyrosine residue.66 Protein methylation has

been investigated through the incorporation of a dimethylated lysine residue that

was site-specifically incorporated into histones and p53 in order to probe the

function of epigenetic regulators such as histone demethylase LSD1 and histone

acetyltransferase Tip60.67
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Figure 6. Site-Specific Protein Modification through Genetic Code Expansion

(A) Non-natural amino acids are charged by an orthogonal aminoacyl-tRNA synthetase (O-aaRS) onto an orthogonal tRNA (O-tRNA). The aminoacylated

tRNA decodes the UAG codon present within modified protein mRNA, resulting in the site-specific incorporation of the non-natural amino acid.

(B) Structures of several reported non-natural amino acids with reactive side chains that have been incorporated into proteins using genetic code

expansion.

Image in (A) inspired by Chin.8 Copyright (2017), Springer Nature.
Beyond natural post-translational modifications, there is also significant interest in

introducing novel functionalities into proteins using genetic engineering. Efforts in

genetic code expansion led by the Chin group have been used to introduce amino

acids containing azides for CuAAC click chemistry,68 strained alkynes for SPAAC/

SPANC,69 and norbornenes and trans-cyclooctenes for inverse Diels-Alder reactions

with tetrazines.70,71 Recent efforts from the Kloxin lab have immobilized azide-

tagged proteins through enzyme-degradable peptide linkages into materials

(Figure 7).72

Consistent with interest in controlling material properties with light, photosensitive

amino acids have proved popular to provide spatiotemporal control over protein

function. By protecting a side chain critical for protein activity with a removable pho-

tocage, protein activity can be turned on upon exposure to light. In one example, a

photocaged lysine was incorporated into live zebrafish embryos to enable spatio-

temporal control over the activity of luciferase and various kinases.73 In another, a

photocaged cysteine was used to control tobacco etch virus protease activity in

mammalian cells.74 Moreover, several non-natural amino acids that are able to

undergo photomediated ligation have been developed. Genetically encoded pho-

tolysines containing a diazirine moiety for UV-mediated crosslinking have been re-

ported.75 Furthermore, a dual-functional phenylazide/phenylamine side chain

(AmAzZLys) was reported with a photoreactive azide for UV-induced crosslinking

and a phenylamine for bioconjugation, which was used to site-selectively modify

an antibody with a fluorophore and subsequently crosslink it to an antigen.76 Such

techniques are currently underutilized but hold great promise in the biomaterials

space.
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Figure 7. Enzyme-Mediated Release of Site-Specifically Modified Proteins from Gel Biomaterials

(A) Hydrogels formed through SPAAC between multifunctional PEG precursors are uniformly decorated with site-specifically modified full-length

proteins. Inclusion of a thrombin-cleavable motif (TMB) between the gel and the protein permits enzyme-triggered release. Here, Az refers to a reactive

azide installed onto the N terminus of mCherry (mCh) fluorescent protein using genetic code expansion.

(B) mCh is enzymatically released from gels functionalized with AzTMBmCh, but not from those lacking the thrombin cut-site.

Image modified with permission from Guo et al.72 Copyright (2017), Elsevier.
While genetic code expansion has enabledmany novel functionalities to be incorpo-

rated site-specifically into proteins, it remains limited in the substrates that can real-

istically be incorporated into the tRNA synthetase while maintaining orthogonality,

and in maintaining high protein expression yields through multiple non-canonical

amino acid insertions. However, the advantage of co-translational protein modifica-

tion should not be overlooked, enabling protein labeling intracellularly during pro-

tein synthesis.
Fusion Proteins and Direct Ligand Immobilization (Self-Labeling)

Proteins have evolved to have high binding affinity selectively for their binding part-

ners in the extremely crowded and complex biological environment within living

cells. The ability of proteins to form strong non-covalent interactions or even cova-

lent bonds with their substrates allows for protein modification at the active site of

the enzyme. When expressed as a fusion protein with another species, the site of

substrate conjugation is localized away from the protein of interest. Protein fusions

with antibodies against particular antigens77 and maltose-binding protein78 repre-

sent full-length protein species that have been exploited by the materials commu-

nity, primarily in chromatographic protein purification, while short peptide tags

(e.g., 6xHis,79 solid-binding peptides,80 coiled coils81) have also been utilized to

control protein/biomaterial formation and interactions. Although such strategies

are relatively straightforward to implement, bonding is non-covalent and reversible,

which can place some limits on application. As such, fusion partners that form stable

covalent adducts represent an area of considerable interest.

Protein fusions have also been created, whereby one species undergoes a self-label-

ing reaction to install a functional handle for subsequent reaction with materials (Fig-

ure 8). Of these direct ligand immobilization tools, the SNAP tag and HaloTag are

the most common. The SNAP tag is a modified form of O6-alkylguanine DNA alkyl-

transferase that enables conjugation of O6-benzylguanine analogs to the SNAP

domain.82 This technique has been used to functionalize proteins with ferrocene

for immobilization onto cyclodextrin-micropatterned surfaces and vesicles.83 The

HaloTag is an engineered haloalkane dehalogenase that irreversibly binds to chlor-

oalkane substrates. Fusions with the HaloTag have been used for conjugating

full-length proteins to small-molecule fluorophores and agarose resins.84 Cutinase

is another self-labeling species, which forms a covalent adduct with phosphonate
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Figure 8. Site-Specific Protein Modification though Enzymatic Self-Labeling

(A) Self-labeling proteins used as fusion partners can afford site-specific protein labeling with functionalized small molecules.

(B) The HaloTag (a modified haloalkane dehalogenase) covalently attaches to haloalkane substrates; the SNAP tag (an engineeredO-6-methylguanine-

DNA methyltransferase) couples benzylguanine derivatives; the CLIP tag (an evolved DNA methyltransferase) ligates benzylcytosine-containing

species.
ligands. Antibody-cutinase fusions have been used to create immobilized antibody

arrays with controlled orientation.85

Owing to its full genetic encodability and rapid reaction, the SpyTag-SpyCatcher

system is another self-ligating system that has significant traction in the biomaterials

space. Here, the Howarth group has split fibronectin-binding protein FbaB into two

fragments capable of forming a covalent isopeptide bond between critical lysine

and aspartic acid residues unique to each fragment. Dubbing these fragments as

SpyTag and SpyCatcher, isopeptide bond formation was found to form rapidly

and near quantitatively in diverse reaction conditions.86 Protein hydrogels have

been formed by creating protein fusions with multiple SpyTag or SpyCatcher do-

mains. In one example, Elastin-like proteins (ELPs) are fused to either three SpyTag

domains or two SpyCatcher domains, which form covalent gels within 5 min of mix-

ing.87 Due to the rapid kinetics, specificity, and mild conditions of the reaction, live

cells can be encapsulated within the network with high viability, and proteins such as

SpyTag-functionalized mCherry and leukemia inhibitory factor were immobilized

into the network during gelation. Similar protein hydrogels based on globular do-

mains (GB1 and FNIII) as fusions with SpyTag and SpyCatcher were also formed

and shown to be able to encapsulate viable cells.88 The Clark group created PEG hy-

drogels with SpyTag crosslinks to tether SpyCatcher-labeled species, ultimately

enabling proteins to be immobilized within gels at very high densities.89 Although

the SpyCatcher/Tag system permits site-specific conjugation, fusions with the bulky

enzymatic groups may have deleterious effects on protein function.90 The FbaB do-

mains have been further split to create a SpyLigase, which acts as an enzyme that

covalently conjugates SpyTag (AHIVMVDAYKPTK) with the KTag (ATHIKFSKRD).91

This technique harnesses the benefits of protein specificity without necessitating

the addition of the bulky SpyCatcher group, an advantage that other groups have

sought to exploit through engineering other enzymes for protein modification.

The SpyCatcher/Tag chemistry has been further modified to permit purification of

modified proteins.92

CHEMOENZYMATIC PROTEIN MODIFICATION

Enzymes are biocatalysts that are able to perform reactions with unparalleled spec-

ificity by utilizing the sterics and unique microenvironment present in large
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Figure 9. Chemoenzymatic Modification of Reactive Motifs within Proteins Affords Site-Specific

Modification

(A) Subtiligase and NMT act upon N-terminal sequences appended onto the protein.

(B) SrtA, FTase, TTL, and butelase 1 are commonly used to derivatize proteins near their C terminus.

(C) BirA, LplA, and FGE can act upon internal motifs within the protein.
biomacromolecules to change the energy landscape of a reaction. Taking advan-

tage of these enzymes for their selectivity, in combination with engineered efforts

to expand their functionality, has enabled unprecedented site-selective modifica-

tion of full-length proteins.93 Many enzymes have been discovered that uniquely

permit creation and modification of biomaterials with bioactive proteins (Figure 9).
Sortase A

Sortase A (SrtA) is a transpeptidase that canonically recognizes the sorting signal

(LPXTG) on proteins and conjugates an aminoglycine nucleophile in the presence

of calcium. Originally found in Staphylococcus aureus as the enzyme responsible

for tethering proteins to the cell wall,94 SrtA’s unique functionality has gained signif-

icant popularity for the ‘‘sortagging’’ reaction, which is commonly exploited to

modify either protein termini.95 In brief, the cysteine residue in the active pocket

of SrtA forms a thioester intermediate by cleaving between the threonine and

glycine in the LPXTG motif. The thioester is then displaced by an aminoglycine

nucleophile, typically an N-terminal polyglycine sequence on a peptide or a protein,

forming a stable amide bond. This reaction reforms the LPXTG sorting signal, mak-

ing the process reversible. Much work has been performed in evolving the SrtA
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enzyme, including variants that have a higher catalytic activity, are calcium indepen-

dent, and recognize different substrates.96 A reaction cascade involving sortase

modification and split inteins was recently reported to modify proteins without un-

wanted amino acid ‘‘scars.’’97

SrtA has been used not only for PEGylation and in the creation of protein-protein

conjugates but also for immobilizing proteins onto and within materials. By tethering

a pentaglycine peptide onto surfaces, LPETG-containing proteins could be revers-

ibly conjugated.98 The Griffith group created synthetic PEG hydrogels that con-

tained an LPRTG-containing sortaggable substrate, which was used to immobilize

a polyglycine-EGF species to promote DNA synthesis in primary human hepatocytes

and endometrial epithelial cells.99 In another example, GFP with a C-terminal LPETG

tag was immobilized onto polystyrene beads containing a triglycine motif.100

Protein engineering to create protein-sortase fusions for intramolecular sortagging

has also been performed to create single-step purification/conjugation strate-

gies.101 Proteins of interest are expressed as an N-terminal fusion to a 6xHis-contain-

ing SrtA enzymewith an LPETG spacer. Upon addition of calcium and aGGG-tagged

probe, intramolecular transpeptidation by the SrtA enzyme conjugates the GGG-

tagged probe to the C terminus of the protein of interest while displacing the

6xHis SrtA domain during immobilized metal affinity chromatography. This tech-

nique has been used to conjugate photoactive and clickable moieties onto various

proteins for the four-dimensional photoreversible protein patterning of hydrogels

(Figure 10).102 Sortagged and tethered proteins were found to be bioactive and

able to spatiotemporally govern cell proliferation, intracellular mitogen-activated

protein kinase signaling, and subcellularly resolved receptor endocytosis. In another

example, this strategy was used to install stimuli-labile functionalities onto proteins

that would dictate how they were released from environmentally responsive bioma-

terials following Boolean YES/OR/AND logic.103

While traditionally SrtA has been used to modify the N and C termini of proteins,

recent work has enabled sortagging of internal lysine residues through isopeptide

bond formation. Isopeptide bond formation is achieved by encoding the pilin

domain (WXXXVXVYPK) to make the 3-amino group of lysine a more reactive nucle-

ophile. This reaction was found to be selective and achieved high conversion (>95%)

on peptide substrates and on antibodies.104 This technique enables the facile incor-

poration of multiple sortag modifications per protein, and could be used in cases

where the protein termini are inaccessible or would have deleterious effects on pro-

tein activity.
Subtiligase

Subtiligase is an engineered ligase that conjugates C-terminal activated esters, such

as a thioester or a glycolate phenylalanyl amide activated ester, with the N terminus

of peptides and proteins.105 Subtiligase has been used in the synthesis of full-length

ribonuclease A from six peptide fragments, as well as in the conjugation of phospho-

peptides to phosphatase and tensin homolog PTEN in the investigation of post-

translational phosphorylation on protein activity.106 Conversion is relatively good

(�70%) after a 60-min reaction. Subtiligase has found utility in the proteomics

community, where labeling free N termini is useful in identifying proteolytic cleavage

sites.107,108 Given its promiscuity in modifying N-terminal substrates, labeling a

specific target protein using Subtiligase in a complicated biological mixture or

cell-laden environment remains a challenge.
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Figure 10. Photoreversible Patterning of Gel Biomaterials with Site-Specifically Modified Proteins

(A) A photomediated oxime ligation/ortho-nitrobenzyl cleavage sequence is used to reversibly immobilize site-specifically modified proteins within

gels using masked light. Photoreactive functional groups were installed onto proteins C-terminally using SrtA.

(B) Photorelease of a GFP-epidermal growth factor fusion protein (GFP-EGF, green) is confined to gel subvolumes that bisect a single A431 cell in 3D

culture. The endosome formation is visible in <5 min and is concentrated in the regions of light exposure. Fluorescent images correspond to time points

immediately preceding and 5 min after the protein photorelease within a single gel. Difference calculations between images pre-release and post-

release highlight the local GFP-EGF internalization. Scale bars, 10 mm.

Image modified with permission from Shadish et al.102 Copyright (2019), Springer Nature.
Biotin Ligase

Biotin ligase (BirA) is an Escherichia coli-derived enzyme that appends a biotin group

to the 3-amine of lysine in an ATP-dependent reaction. Biotin ligase’s natural sub-

strate is the biotin carboxyl carrier protein (BCCP), a relatively large domain of 75

amino acids. Although the binding of BirA to BCCP has been used to successfully

immobilize immunoglobulin G to gold surfaces, the long length of BCCP may be

problematic for some proteins.109 A more promiscuous biotin ligase has also been

developed, BioD2, which when fused to a bait protein allows for biotinylation of

proximate proteins for investigation into protein-protein interactions.110 However,

for site-specific labeling, phage display has revealed a short peptide substrate for

localized biotinylation.111 Biotin labeling of full-length proteins has been achieved

by adding the AviTag (GLNDIFEAQKIEWHE) to a terminus or internal loop.112 The
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biotin-streptavidin bond is one of the most stable non-covalent bonds, making it a

promising strategy for immobilization within streptavidin-containing materials.

In one example exploiting the specificity and orthogonality of this non-covalent

interaction, the Shoichet lab labeled ciliary neutrophic factor with the AviTag for bio-

tinylation, and Sonic Hedgehog with Barnstar, which strongly interacts with its bind-

ing partner Barnase.113 Streptavidin and Barnase were subsequently immobilized

into agarose gels using two-photon lithography. Upon swelling of biotin- and Barn-

star-labeled proteins, exquisite 3D control over protein immobilization was

achieved. These immobilized proteins were used to guide migration of adult neural

precursor cells within the hydrogels. In another example, the Leipzig lab added an

N-terminal AviTag to IFN-g, platelet-derived growth factor AA, and bone morpho-

genic protein 2 for site-specific biotinylation of growth factors and subsequent

immobilization into streptavidin-functionalized methacrylamide chitosan gels.114

They found that the site-specifically tethered growth factors led to enhanced line-

age-specific differentiation in comparison with adsorbed growth factor treatments.

Microbial Transglutaminase

Microbial transglutaminase facilitates the transamidation of glutamine side chains to

lysine residues to create an 3-(g-glutamyl)lysine isopeptide bond.115 Although it has

found tremendous value for improving texture in foods, the original incarnation

lacked specificity. Recent developments in using transglutaminase for protein modi-

fication have improved specificity and enabled site-specific protein modification and

biomaterial formation.116 Most typically, increased specificity has been achieved

through the engineering of glutamyl- or amine-donor peptides with transglutami-

nase substrates (e.g., Q-tag, YAHQAHY; K-tag, KKKKKK) for Bacillus subtilis.117

These substrates increase the reactivity of the specific residue, allowing for site-spe-

cific transglutaminase conjugation. In one example, biotin ligase with an N-terminal

Q-tag was immobilized onto magnetic microspheres and was shown to retain >95%

activity.118 Newly discovered microbial transglutaminases, such as that from Kutzne-

ria albida, show high specificity for their substrates (YRYRQ and RYESK) and have

been used for the site-specific labeling of antibodies with biotin.119

Hydrogel biomaterials have also been formed through transglutaminase-mediated

crosslinking. Hyaluronic acid was functionalized with glutamine, and an eight-arm

PEG was end functionalized with lysine residues for transglutaminase-assisted cross-

linking.120 Hydrogels formed in this manner showed increased adhesion and

spreading of MCF7 and C2C12 cells. To facilitate spatial control over the microbial

transglutaminase ligation, the active lysine in the K domain of the substrate of an

engineered transglutaminase (FXIIIa) was photocaged.121,122 This photocaged sub-

strate has been stochastically immobilized into PEG hydrogels and spatiotemporally

activated upon exposure to UV light. Q peptides were engineered into proteins

(e.g., vascular endothelial growth factor, platelet-derived growth factor), and

upon treatment with FXIIIa would be covalently tethered into the photoactivated re-

gions of the hydrogel. Immobilized growth factors were found to drive human

mesenchymal stem cell migration. This combination of photocaging a specific resi-

due in a substrate domain with enzymatic labeling is a promising avenue toward

spatiotemporal biomaterials generation, one that could potentially be extended

to other substrate/enzyme pairs.

Farnesyltransferase

Farnesyltransferase recognizes the CA1A2X motif (where A1 and A2 are any aliphatic

amino acid, and X is any amino acid) on the C terminus of proteins and installs a
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farnesyl pyrophosphate group at the cysteine residue to form a thioether bond in a

process called prenylation. Farnesyl analogs have been synthesized with a variety of

functional handles, including aldehydes, azides, and alkynes.123,124 Azide- and

alkyne-containing analogs showed the best incorporation using farnesyltransferase,

with kinetic constants comparable with incorporation of the native substrate.125

Azide-functionalized GFP was immobilized onto alkyne-modified agarose beads

and shown to retain its fluorescence. Further investigation revealed a benzalde-

hyde-containing substrate that could be efficiently incorporated onto GFP.126 This

benzaldehyde was to create a fluorescence resonance energy transfer pair between

GFP/Texas red or GFP/TAMRA, respectively, through hydrazone or oxime ligation.

Aldehyde-functionalized proteins could also be immobilized onto hydrazide beads

and released through the addition of aminooxy-PEG, leading to a single-step puri-

fication/PEGylation strategy.

Other prenyltransferases, such as geranylgeranyltransferase (GGTase), have also

been used to enable orthogonal labeling strategies for dual site-specific protein la-

beling. The Distefano group found that farnesyltransferase best recognized the

CVIA peptide sequence, while GGTase recognized CVLL. GGTase was also found

to incorporate bulkier and longer isoprenoids, enabling one-pot labeling of GFP-

CVLL and RFP-CVIA with an azide-containing farnesyltransferase substrate and an

alkyne-containing GGTase substrate.127 The two functionalized proteins could

then be conjugated together through CuAAC click chemistry.
N-Myristoyltransferase

N-Myristoyltransferase (NMT) is a eukaryotic enzyme that installs a fatty acid group

to the N terminus of proteins for anchoring to the cell membrane. NMT has been

shown to be promiscuous in substrate affinity, and myristic acid analogs containing

azides, alkynes, carbonyls, and halogens can be incorporated site-specifically when

an N-terminal NMT recognition motif is appended to the protein of interest.128–130

Expression systems in E. coli that co-express the protein of interest, NMT, and a

methionine aminopeptidase for excision of the N-terminal methionine permit

near-quantitative protein functionalization.130,131 As E. coli does not naturally utilize

theNMT enzyme,myristoylation was found to be orthogonal to the E. coli proteome.

Myristic acid has been installed onto an elastin-like polypeptide to generate temper-

ature-responsive liposomes for doxorubicin and paclitaxel encapsulation,132 as well

as in the synthesis of genetically encoded hybrid self-assembled materials

(Figure 11).133

NMT has also been used to create modified proteins for direct incorporation into

biomaterials. One example used NMT and SrtA to functionalize both the N and C

termini of the light-responsive protein LOV2-Ja with reactive azides.134 The dual-

functionalized LOV2-Ja was then used to crosslink a PEG hydrogel, such that the

light-driven conformational change of the protein crosslinker would drive changes

the bulk gel mechanics. In another example, NMT was used to install a reactive azide

onto the N terminus of fusion proteins containing PhoCl and a C-terminal protein of

interest.135 PhoCl is an engineered fluorescent protein from Clavularia sp. that un-

dergoes intramolecular bond cleavage upon exposure to violet light.136 After cova-

lent immobilization in PEG hydrogels through an NMT-installed azide, exposure to

violet light causes cleavage in the PhoCl domain and liberation of the protein of in-

terest. This allowed for the facile creation of protein-patterned biomaterials. Among

the enzymes that have been utilized for protein modification, NMT is one of few op-

tions that can act co-translationally for intracellular protein labeling.
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Figure 11. Genetically Encoded Lipid-Polypeptide Temperature-Responsive Biomaterials

(A) Fatty-acid-modified elastin-like polypeptides (FAMEs) consist of a myristoyl group (zigzag chain, M), a b-sheet-forming peptide (green arrow, B), and

an ELP domain (red).

(B) A dual expression strategy is employed to create the myristolylated FAME through co-translational modification involving NMT.

(C) Chemical structure of the FAME subunit.

(D) FAMEs undergo a three-staged mechanism of self-assembly. Below the first transition temperature (Tt), FAMEs self-assemble into nanostructures

whereby the hydrophobic myristoyl group is buried within the hydrophilic ELP protein corona. Between Tt and a second transition temperature (Tc), the

dehydrated ELP domain undergoes a lower critical solution temperature-based phase transition into spherical droplets of a liquid-like coacervate.

Above Tc, macroscale self-assembly occurs.

(E) Scanning electron micrograph of macroscopic aggregate formed from FAMEs heated above Tc.

Image modified with permission from Mozhdehi et al.133 Copyright (2018), Springer Nature.
Phosphopantetheinyl Transferase

Coenzyme A (CoA) analogs can be efficiently labeled onto a serine residue of the

DSLEFIASKLA (ybbR) tag via phosphopantetheinyl transferase (Sfp). This tag can

be inserted into internal loops of the protein, as well as the N or C terminus, and al-

lows for efficient incorporation of diverse CoA analogs containing biotin, fluores-

cein, TAMRA, Texas red, and other compounds.137 Attaching CoA to a PEG-acryl-

amide resin, luciferase, and glutathione-S-transferase have been covalently

immobilized directly from cell lysate while retaining high activity.138 Sfb has also

been used to quantitatively biotinylate proteins that could be immobilized on strep-

tavidin surfaces for phage display binding experiments.139 Despite these successes,

Sfb may be less efficient than other strategies in some contexts; in contrast to SrtA,

which could functionalize polyglycine-modified surfaces, the Gaub group found that

Sfb was not able to immobilize GFP onto a CoA-modified biolayer interferometer

surface.140 These findings further highlight the importance of considering reaction

sterics when choosing a chemoenzymatic strategy for protein modification.
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Tubulin Tyrosine Ligase

Tubulin tyrosine ligase (TTL) is an enzyme naturally involved in microtubule mainte-

nance.141,142 It recognizes the ‘‘Tub-Tag’’ (VDSVEGEGEEEGEE) and appends tyro-

sine analogs including those containing azide- and aldehyde-functional handles to

the C terminus.143 Nanobodies, GFP, and ubiquitin were all modified with high con-

version (>99%). Azide-modified proteins were demonstrated susceptible to further

derivatization using click chemistry for super-resolution microscopy and immuno-

precipitation experiments. Additional investigation of the substrate tolerance of

TTL has revealed further promiscuity in substrates, including biotin and fluoro-

phore-containing tyrosine analogs.144 This allowed for single-step protein function-

alization with the fluorescent dye coumarin; TTL coumarin-labeled Annexin V was

found to be as active as a commercial Alexa 350-conjugated Annexin V probe.

Lipoic Acid Ligase

Lipoic acid ligase (LplA) recognizes the lipoic acceptor peptide (LAP) sequence

(GFEIDKVWYDLDA) and conjugates a lipoic acid group to the side chain of the lysine

residue. Pioneered by the Ting group for fluorophore conjugation, LplA has been

shown to accept many other substrates.145 The LAP tag can be added to an internal

loop or the N or C terminus of the protein of interest, and treatment with LplA pro-

ceeds rapidly and near quantitatively. Further investigation into substrate specificity

revealed substrates with clickable handles for subsequent conjugation.

Azide moieties were installed to the N terminus and two internal sites of GFP using a

lipoic acid analog (10-azidodecanoic acid).146 Near-complete conversion of LAP-

GFP was achieved after 1 h of incubation with LplA and 60-fold molar excess of sub-

strate. These sites were then PEGylated with an alkyne PEG via CuAAC/SPAAC to

give a multiple site-specifically PEGylated protein. Use of a mutant LplA allowed

for the incorporation of a stable norbornene derivative for subsequent reaction

with tetrazine-containing compounds.147 The technique has been used for cell-sur-

face labeling of an LAP-containing transmembrane protein.148

Formylglycine-Generating Enzyme

Unlike many chemical and enzymatic modifications that append bulky substituents

to a protein, formylglycine-generating enzyme (FGE) enables the direct oxidation

of a critical cysteine residue to the aldehyde-containing formylglycine.149 Aldehydes

are convenient tags for bioconjugation via oxime ligation or hydrazone forma-

tion.150,151 FGE selectively modifies the cysteine in the LCTPSR motif; as this short

peptide tag can be genetically installed anywhere on a protein, FGE can uniquely

install an aldehyde on virtually any accessible region of the protein.152 FGE has

been used to modify a haloacid dehalogenase enzyme ST2570 for immobilization

into amine-functionalized flow reactors for conversion of L-2-haloalkanoic acid;153

the immobilized enzyme was found to have a higher catalytic activity and thermal

stability than the free enzyme. FGE is a promising, though relatively unexplored,

enzyme for materials applications. This may be in part explained by the limited func-

tionality of the enzyme; while other conversion techniques have broad substrate

specificity and are able to append many functional groups, FGE is limited to rela-

tively simple aldehyde modification (but powerfully at any location).

Butelase 1 Ligase

Butelase 1 is a recently discovered Asx peptide ligase that is able to append C-ter-

minal NHV or DHV sequences to nucleophilic N-terminal domains.154 Butelase has

very high activity, roughly 20,000 times faster than SrtA, and has been used for pep-

tide ligation and protein cyclization.155 One potential downside of this technique is
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that the enzyme can also act as a peptidase, although careful control of the reaction

conditions can limit the hydrolyzed product to <5%. While a rapid and efficient

enzyme, its high reactivity means that the N terminus of the NHV- or DHV-containing

domain must be blocked or otherwise hindered to prevent cyclization when per-

forming peptide ligation. One possible solution is to engineer an N-terminal proline

residue, which is unable to act as a nucleophile for ligation. While butelase 1 has not

been used in a materials setting as of authoring this publication, this strategy is likely

to find great utility in creating cyclic peptides and proteins, which often have unique

therapeutic effects.156

CONCLUSION AND FUTURE OUTLOOK

While this review has highlighted many newly developed chemistries that offer

unparalleled control over protein functionalization, there is no one-size-fits-all solu-

tion for every application. Wild-type proteins may be modified if they are amenable

to specific reaction conditions and can be obtained at reasonable purity through the

use of small-molecule reagents to label endogenous residues or a terminus, though

often with relatively low conversion and selectivity. Otherwise, genetic engineering

approaches, either by genetic code expansion or chemoenzymatic strategies,

enable exquisite selectivity on otherwise intractable protein domains in complicated

biological reaction mixtures such as the inside of a cell. However, use of these tech-

niques typically requires protein engineering and expression expertise. Additional

consideration concerning reaction orthogonality must be paid when attempting

multiple modifications per protein, whether it be to create protein-based material

crosslinks or to add additional functionalities to an enzyme. Ultimately, combina-

tions of several modification strategies may be necessary for engineering advanced

materials.

Although peptide screening and phage display can often prove useful in identifying

new site-selective modification chemistries, prediction of the effects of the complex

tertiary structure of full-length proteins remains challenging. Increasing computa-

tional abilities will accelerate the development of new techniques and allow for

more accurate predictions of their efficacy in modifying a given protein.157,158 As

even relatively short peptides have an enormous set of potential sequences (e.g.,

there are more 20-mer peptides based only on canonical amino acids than the

number of stars in the observable universe), machine learning methodologies will

be critical for focusing synthetic and screening efforts. Artificial intelligence has

seen recent adoption by the oncology community, by whom it has been used to

screen peptides for treating tumors.159 Similar techniques applied to a materials

context could generate novel peptides and proteins with new and/or enhanced

functionality.

Despite the large range of functional proteins and a variety of strategies that exist for

their controlled modification, relatively few protein species have been incorporated

into the biomaterials space. Opportunities exist to create ‘‘smart’’ biomaterials that

respond to their environment by incorporating proteins that undergo physicochem-

ical changes upon exposure to specific stimuli.160 While there exist thousands of

stimuli-responsive proteins, only a few have been used in materials. Calmodulin, a

protein that undergoes a conformational change to bind calcium ions, has been

used to create hydrogels whose mechanical properties are a function of calcium

concentration.134,161 Moreover, the field of optogenetics has diligently been

identifying, engineering, and utilizing a host of light-responsive proteins to

spatiotemporally control cell fate;162–164 these proteins could be co-opted to create

phototunable materials.
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As highlighted, there is now an expansive toolbox readily available to modify

functional proteins for biomaterials applications. There is a trade-off between ‘‘off-

the-shelf’’ labeling of endogenous proteins and the specificity of reaction. Although

chemoselective methods for amine/thiol modification have been used with great

success, they have typically only been applied to robust proteins or in applications

where retaining even a fraction of activity is tolerable. Complementary techniques

that employ protein engineering and chemoenzymatic chemistries have proved

more amenable to modifying fragile proteins, but have required in-house protein

expression using techniques that may not be readily available to all biomaterial

scientists. Such drawbacks are often overshadowed by the precise control over

the site of modification, enabling the creation of protein-based materials with novel

functionalities that would be impossible to replicate with small molecules. The pro-

tein modification field has seen exponential growth in the number of techniques

available, and the time is ripe for applying these methodologies to create the next

generation of functional biomaterials.
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Guerreiro, A., Cal, P.M.S.D., Bertoldo, J.,
Maneiro, M., Perkins, E., Howard, J., Deery,
M.J., et al. (2018). Chemo- and regioselective
lysine modification on native proteins. J. Am.
Chem. Soc. 140, 4004–4017.

21. Chilamari, M., Purushottam, L., and Rai, V.
(2017). Site-selective labeling of native
Matter 2, 50–77, January 8, 2020 73

http://refhub.elsevier.com/S2590-2385(19)30347-9/sref1
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref1
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref1
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref1
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref1
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref2
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref2
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref2
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref2
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref3
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref3
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref3
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref3
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref3
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref4
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref4
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref4
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref4
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref4
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref5
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref5
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref5
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref5
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref6
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref6
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref6
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref6
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref6
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref7
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref7
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref7
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref8
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref8
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref8
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref9
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref9
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref9
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref9
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref9
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref10
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref10
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref10
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref10
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref10
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref10
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref11
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref11
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref11
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref12
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref12
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref12
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref12
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref12
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref13
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref13
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref13
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref13
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref14
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref14
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref14
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref14
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref14
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref15
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref15
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref15
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref15
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref16
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref16
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref16
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref16
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref16
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref16
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref17
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref17
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref17
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref17
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref18
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref18
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref18
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref19
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref19
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref19
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref19
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref19
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref19
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref20
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref20
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref20
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref20
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref20
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref20
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref21
http://refhub.elsevier.com/S2590-2385(19)30347-9/sref21


proteins by a multicomponent approach.
Chemistry 23, 3819–3823.

22. Yoshitake, S., Imagawa, M., Ishikawa, E.,
Niitsu, Y., Urushizaki, I., Nishiura, M.,
Kanazawa, R., Kurosaki, H., Tachibana, S.,
Nakazawa, N., and Ogawa, H. (1982). Mild
and efficient conjugation of rabbit fab0 and
horseradish peroxidase using a maleimide
compound and its use for enzyme
immunoassay. J. Biochem. 92, 1413–1424.

23. Fontaine, S.D., Reid, R., Robinson, L., Ashley,
G.W., and Santi, D.V. (2015). Long-term
stabilization of maleimide-thiol conjugates.
Bioconjug. Chem. 26, 145–152.

24. Hörner, M., Raute, K., Hummel, B., Madl, J.,
Creusen, G., Thomas, O.S., Christen, E.H.,
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