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Synthetically modified proteins are increasingly finding applications as well-defined scaffolds for materials. In practice it remains

difficult to construct bioconjugates with precise levels of modification because of the limited number of repeated functional

groups on proteins. This article describes a method to control the level of protein modification in cases where there exist multiple

potential modification sites. A protein is first tagged with a handle using any of a variety of modification chemistries. This

handle is used to isolate proteins with a particular number of modifications via affinity chromatography, and then the handle

is elaborated with a desired moiety using an oxidative coupling reaction. This method results in a sample of protein with a

well-defined number of modifications, and we find it particularly applicable to systems like protein homomultimers in which

there is no way to discern between chemically identical subunits. We demonstrate the use of this method in the construction

of a protein-templated light-harvesting mimic, a type of system which has historically been difficult to make in a well-defined

manner.

Introduction

Protein bioconjugates continue to grow in prevalence and im-

portance, and recently they have found use as therapeutics,1

chemical sensors,2 scaffolds for new materials,3 and tools for

basic research.4 The increasing complexity of these materi-

als and their applications is predicated on the development of

selective and quantitative methods for protein modification.

For example, it is known that the drug loading of antibody-

drug conjugates affects their efficacy.5,6 However, because

antibodies are large proteins with multiple chains, common

methods such as NHS-ester chemistry or maleimide chemistry

cannot be used modify these proteins in a controlled manner.

Chemists have addressed this problem by developing chemi-

cal methods that target a limited number of potential modifica-

tion sites. Such methods select for sites that are either rare,7,8

unique,9–13 introduced,14–18 or in close proximity to a direct-

ing site.19 These techniques have allowed the construction of

many well-defined bioconjugates because they have excellent

functional group tolerance, can reach high conversion, and are

highly selective.

In practice, cases remain in which it is difficult to control

protein modification because a single reactive site cannot be
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identified: a particularly salient example is the modification of

protein homomultimers, where chemically identical subunits

cannot be differentiated. In these situations one might con-

sider an alternative approach in which a desired bioconjugate

is purified from a statistical product mixture. Such a modify-

and-purify scheme eases the requirements for high selectivity

on the modification chemistry, and therefore allows access to

well-defined protein bioconjugates in cases where no selec-

tive chemical methods exist. Moreover, this approach com-

plements existing strategies by enabling the removal of minor

side products that arise using even the most selective biocon-

jugation reactions. This approach is seldom used20–24 because

most existing methods for protein purification—including gel

filtration, ion-exchange chromatography, and hydrophobic in-

teraction chromatography—poorly discern the small differ-

ences in polarity, charge, and size brought about by modifi-

cation with an arbitrary small molecule. Only hydrophobic

interaction chromatography has been shown in some cases to

separate proteins based on their degree of modification,22–24

but this technique usually does not result in sufficient separa-

tion and is dependent on the properties of the added functional

group.25

This difficulty can be overcome by tagging a protein with

an affinity handle that also serves as a site for further mod-

ification. In this handle-assisted approach, proteins tagged

with a desired number of chemical handles are first isolated

from a crude reaction mixture using affinity chromatography.

After purification, the chemical handles are selectively elab-

orated to access a sample of well-defined bioconjugate mod-
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efficiencies of 73 and 84%, respectively. Assuming random

orientations of the dyes, we computed their For̈ster radius to

be 4.9±0.05 nm. These values for efficiency correspond to

distances of 4.1 and 3.7 nm between the dyes. Such lengths

are consistent with the fact that the dyes are templated by

Mth1491, which has a distance between its cysteines at po-

sition 92 of 4.1 nm.

For the purpose of comparison, we constructed systems

whose dye content was the same as for the 2:1 and 1:2 AF:OG

samples, but without the purification step shown in Figure 4a.

Obtaining protein initially modified with the correct amount

of azo maleimide 3 proved challenging, and we eventually re-

sorted to preparing a number of samples with different modifi-

cation levels and selecting the correct one. This exercise alone

illustrates the difficulties associated with obtaining protein

bioconjugates with precise levels of modification, for ∼80%

of the protein modified during this process was not used. Con-

struction of the two-dye systems in this way resulted in sta-

tistical mixtures of trimers with the four possible combina-

tions of AF and OG that result from traditional strategies for

protein modification (Figure 4d, dashed lines). The emission

spectra of these samples indicate reduction in efficiency of en-

ergy transfer by 14 and 8%, respectively (Figure 4d-e, dashed

lines). Reduction of FRET efficiency is consistent with the

increased separation between the AF donor and the OG ac-

ceptor that would result from larger population of the 3:0 and

2:1 AF:OG systems. These results illustrate the difficulties as-

sociated with the controlled modification of homomultimeric

proteins and underscore the utility of handle-assisted protein

modification in producing well-defined nano-scale materials.

Conclusions

This article reports a method for the construction of well-

defined protein bioconjugates through handle-assisted protein

modification. This method relies on the tagging of a protein

with a specific affinity handle that allows purification and sub-

sequent modification of the protein. Through this procedure

it is possible to control the degree of modification of both

monomeric and multimeric proteins, even when the proteins

are modified with nonspecific reagents such as NHS-esters.

In the case of homomultimeric proteins, this method is to

our knowledge the only way to control the number of mod-

ifications. We are actively pursuing the development of this

method to enable the site-selective modification of proteins,

and we anticipate that this method will be of substantial syn-

thetic utility in making protein-based materials of increasing

complexity.
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