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Abstract: Bioconjugation techniques for biomolecule-polymer conjugation are numerous; however, slow kinetics and 
steric challenges generally necessitate excess reagents or long reactions times. Organometallic transformations are 
known to circumvent these issues; yet, harsh reaction conditions, incompatibility in aqueous media and substrate 
promiscuity often limit their use in a biological context. The work reported herein, demonstrates a facile and benign 
organometallic Au(III) S-arylation approach that enables the synthesis of poly(ethylene glycol) monomethyl ether 
(mPEG)-protein conjugates with high efficiency. Isolable and bench-stable 2, 5, and 10 kDa mPEG-Au(III) reagents 
were synthesized via oxidative addition into terminal aryl iodide substituents installed on mPEG substrates with a 
(Me-DalPhos)Au(I)Cl precursor. Reaction of the isolable mPEG-Au(III) oxidative addition complexes with a cysteine 
thiol on a biomolecule resulted in facile and selective cysteine arylation chemistry forging covalent S-aryl linkages 
and affording the mPEG-biomolecule conjugates. Notably, low polymer reagent loadings were used to achieve near 
quantitative conversion at room temperature in one minute due to the rapid kinetics and high chemoselectivity of this 
Au-based bioconjugation approach. Therefore, this work represents an important addition to the protein-polymer 
conjugation chemical tool box.  

Introduction 
 Protein and peptide therapeutics represent a large class of 
treatments for a plethora of diseases, with more than 100 
therapeutics garnering approval by the Food and Drug 
Administration (FDA) for clinical use.1–3 Conjugation of 
synthetic polymers to these biomacromolecule 
therapeutics significantly increases both the stability and 
in vivo lifetime of the drug, making the application of 
proteins and peptides as disease treatments more feasible 
and effective.4 Currently, polyethylene glycol (PEG) 
comprises the polymer component of all of the 27 protein-
polymer conjugates that are approved by the FDA. 
Therefore, the pharmacokinetics and immunogenicity of 
PEG conjugates are well established, and the  ability of 
the polymer to stabilize therapeutics has been shown 
extensively.5–7 
 
Bioconjugation techniques for the efficient synthesis of 
PEGylated-biomacromolecular conjugates generally 
necessitate a coupling strategy with extremely rapid 
kinetics and high chemoselectivity to overcome the steric 
hindrance and low target functional group concentration 
inherent to these systems. Examples of these types of 
bioconjugation strategies are numerous; however, most 
require large excess of polymer reagents, often 10 
equivalents or more.8–14 This large excess of reagent not 
only exhibits poor atom economy, but it also necessitates 
complicated purification strategies to separate multiple 
macromolecules from one another. Additionally, elevated 
reaction temperatures are occasionally employed to 

achieve near quantitative conversion, which can be 
detrimental to the structure and function of more delicate 
biomolecules.9,15,16 In an attempt to overcome some of 
these challenges, bioconjugation strategies have been 
developed utilizing non-canonical amino acids with more 
traditional “click” reactivity, notably alkynes with azides, 
to achieve faster rates.10,17 However, these non-natural 
modifications require challenging protein expression 
techniques, and can also perturb the natural structure and 
activity of the biomolecule.  
 
In contrast, classical canonical bioconjugation techniques 
often utilize nucleophilic amino acid residues, particularly 

Figure 1: Comparison of widely utilized cysteine 
bioconjugation strategies with this Au(III) mediated 
S-arylation approach for biomolecule PEGylation. 
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lysine and cysteine, to achieve efficient conjugation.18–24 
However, modification of lysine residues often provides  
poor residue selectvity and can affect the solubility, 
structure and stability of the resulting biomolecule 
conjugate. To circumvent these challenges, free cysteines 
are often employed as nucleophilic amino acid residues 
for bioconjugation, due to low abundance and ease of 
engineering into proteins. Further benefits of the thiol 
functionality of cysteine include its unique chemical 
characteristics, such as its ionizability and soft 
nucleophilicity. However, traditional cysteine 
conjugations, such as maleimide conjugations and 
disulfide exchanges, forge bonds that are generally 
considered reversible in biologically relevant media 
(Figure 1a).25–29  While this can be advantageous in some 
cases where release of the protein is desired, in others, 
more stable bonds are preferred. Certain pH or redox 
conditions found in the body can undesirably cleave labile 
bonds, causing decomposition, clearance, toxic effects or 
an otherwise negative impact on pharmacokinetic 
properties.26,30–33  
 
Recently, cysteine S-arylation has emerged as a strategy 
toward more stable heteroatom-C(sp2) linkages that can 
help overcome the existing limitations in cysteine 
bioconjugation.34,35 Transition metal complexes for 
arylation of biomolecules have been shown to exhibit high 
functional group tolerance, chemoselectivity and rapid 
reaction kinetics to achieve efficient synthesis of 
bioconjugates.34,36,37 We previously showcased a Au(III) 
organometallic cysteine S-arylation approach in which 
small molecule Au(III) aryl reagents forge stable, S-
C(sp2) bonds rapidly and selectively with cysteine thiols 
via reductive elimination.36,38–42 The relative thiophilicity 
of Au(III), as well as the reluctance of the Au(I) byproduct 

to undergo oxidative addition provided the benefit of 
minimal background reactivity with the many reactive 
substrates present in a biological setting.  
 
While we previously showed the utility of this approach 
for the synthesis of small molecule S-aryl bioconjugates, 
we sought to explore this transformation to achieve fast 
and efficient synthesis of biomolecule-polymer 
conjugates. To this end, poly(ethylene glycol) 
monomethyl ether (mPEG)-Au(III)(Me-DalPhos) 
reagents were developed for the arylation of proteins and 
peptides containing cysteine (Figure 1b). Notably, the 
conservation of rapid reaction rates associated with our 
Au(III) mediated S-arylation approach when employing 
large coupling partners enables the use of near equimolar 
amounts of polymer reagent and extremely mild reaction 
conditions to achieve near quantitative conversion in a 
minute.  
 
Results and Discussion 
 Synthesis of mPEG-Au(III) Reagents Commercial 
mPEG reagents of 2, 5 and 10 kDa molecular weights 
were first subjected to tosylation conditions, followed by 
reaction with base and iodophenol to generate mPEG-aryl 
iodide reagents of each size in 74%, 82% and 78% 
isolated yield, respectively. Treatment of these mPEG-
aryl iodide reagents with (Me-DalPhos)Au(I)Cl in the 
presence of the halide scavenger silver 
hexafluoroantimonate(V) (AgSbF6) results in oxidative 
addition across the terminal mPEG aryl-iodide bonds 
thereby generating 2, 5 and 10 kDa mPEG-Au(III) 
reagents in quantitative conversions and high isolated 
yields (Figure 2a). In our previous small molecule work, 
excess aryl iodide was utilized to promote the traditionally 
slow oxidative addition step thereby allowing us to 

Figure 2: a) Synthesis of mPEG-Au(III) reagents. b) 31P{1H} NMR of 10 kDa mPEG-Au(III) reagent indicating 
quantitative conversion to mPEG-Au(III) product (blue) from Me-DalPhosAu(I)Cl starting material (red). c) 31P{1H} 
NMR of 5 kDa mPEG-Au(III) reagent after 3 days dissolved in water and stored at room temperature in air. d) 
31P{1H} NMR of 5 kDa mPEG-Au(III) reagent after 3 months dissolved in water and stored at -20 °C. e) MALDI-
TOF spectrum of 10 kDa mPEG-Au(III) reagent. 
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achieve quantitative conversion of the Au(III) complexes. 
However, because it is challenging to purify away the 
excess aryl iodide polymer from the Au(III) polymer 
product, further reaction optimization was needed. 
Extending the reaction time and applying heat enabled the 
quantitative conversion of mPEG-Au(III) reagents using 
sub-stoichiometric amounts of the aryl iodide polymer 
starting material.  
 
Quantitative conversion was determined via 31P NMR 
wherein the resonance corresponding to the phosphine 
ligand underwent a shift from 55 ppm to 75 ppm 
indicating consumption of the (Me-DalPhos)Au(I)Cl and 
formation of the mPEG-Au(III)(Me-DalPhos)Cl complex  
(Figure 2b). These 2, 5 and 10 kDa mPEG Au(III) 
reagents were isolated and characterized as yellow 
powders in 76%, 80% and 86% isolated yield, 
respectively. Notably, these reagents  proved to be bench 
stable for several months, including at least 3 days 
dissolved in water at room temperature on the bench in 
open air, as well as 3 months when dissolved in water and 
stored at -20 °C as observed by a lone resonance at 75 
ppm in the 31P NMR spectra. (Figure 2c-d). Additionally, 
MALDI-TOF was used to confirm the appropriate molar 
masses of each reagent, observed as a broad mass 
envelope, characteristic of a polymer, including the mass 
corresponding to the addition of gold and its ligands 
(Figure 2e). 
 
 Biomolecule PEGylation with mPEG-Au(III) 
Reagents We next sought to challenge the kinetics of the 

rapid organometallic bioconjugation by PEGylation of a 
cysteine-containing model protein. For this purpose, we 
chose a designed ankyrin repeat protein (DARPin) which 
belongs to a class of genetically engineered proteins that 
bind tightly to a target protein and are often implicated as 
antibody mimics with moderate molecular weight and 
high levels of stability due to their repeating alpha helical 
motifs.  Biomolecules are often insoluble and unstable, at 
room temperature in high µM concentrations, generally 
necessitating relatively dilute concentrations of coupling 
partners in these types of conjugations. We hypothesized 
that the inherent thiophilicity of Au(III) and the observed 
rapid kinetics would yield quantitative conversion to the 
desired conjugate at low µM concentrations and at room 
temperature.  
 
When conjugating polymers to proteins using the grafting 
to approach, it is helpful to avoid employing large excess 
of polymer reagent, as the purification of excess polymer 
from the conjugate is challenging due to the large size of 
each component. Additionally, the instability of proteins 
at room temperature is a common problem when 
considering reaction times and temperatures for these 
transformations. Our previous report utilized 20 
equivalents of Au(III) small molecule oligoethylene 
glycol reagent to achieve complete conversion in 30 
minutes We sought to optimize this bioconjugation 
strategy to achieve full conjugate conversion at or below 
room temperature while minimizing the amount of 
polymer reagent loading and reaction time.   
 

Figure 3: a) Synthetic scheme demonstrating reaction between DARPin protein and mPEG-Au(III) reagent leading 
to the formation of a cysteine-functionalized conjugate within one minute. b) SDS-PAGE gel displaying conversion 
to the 2, 5 and 10 kDa mPEG-DARPin conjugates (left to right). c) Deconvoluted mass spectra of the 2, 5 and 10 
kDa (top to bottom) conjugates obtained by QTOF-LCMS. 
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First, DARPin was pre-treated with 4 equivalents of 
TCEP•HCl to reduce any disulfide bonds that result in 
protein dimer formation during storage. Then, the sample 
was subjected to treatment with a range of equivalents of 
5 kDa mPEG Au(III) reagents in Tris buffer, pH 7.5 for 1 
minute at 25 °C (Figure S20). It was found that 
incubation with between 1.2 and 1.5 equivalents of the 
Au(III) reagent resulted in high yields of product.  
Concentration screening with SDS-PAGE analysis 
performed at 15 min, 4 h, and 14 h demonstrated similar 
results, indicating that the reaction was complete within 1 
minute (data not shown) and that longer reaction times do 
not increase yields when employing 1.0 equivalent of the 
Au(III) reagent.  We proceeded using near equimolar 
amounts of mPEG-Au(III) reagents (1.3 equivalents) in 
one minute at a 70 µM reaction concentration (Figure 
3a). High conversion was observed in reactions of 2, 5 and 
10 kDa mPEG-Au(III) reagents with DARPin in Tris 
buffer at pH 7.5 and 25 ºC (Figure 3b) demonstrating that 
within this polymer molecular weight range, no 
differences in conversion were observed.  Notably, this 
reaction operates in the presence of tris(2-
carboxyethyl)phosphine hydrochloride TCEP•HCl, a 
phosphine reducing agent commonly employed to prevent 
disulfide formation. TCEP does not negatively affect the 
reaction, and therefore does not necessitate removal from 
the reaction mixture. Additionally, a His6 tag was 
incorporated into DARPin during expression to enable 
Ni-NTA purification. The cysteine arylation process 
proceeds without necessitating the removal of the 
TCEP•HCl or the His6 tag, both of which are considered 
generally coordinating to traditional transition metal 
complexes. This is advantageous because the His6 tag 
could potentially be used as a handle for purification from 
remaining excess mPEG Au(III) reagent or Au(I) 
byproducts.  
 

Reaction compatibility with various pH and buffer 
conditions was studied next. Near quantitative  conversion 
to conjugate was observed in citrate buffer at pH 4, also 

Figure 4: a) Circular dichroism (CD) spectra of native 
DARPin and DARPin conjugate showing no 
significant difference in helicity. b) CD thermal 
denaturation curves of native DARPin and DARPin 
conjugate showing no significant difference in melting 
temperature between 22 – 98°C. This data indicates 
that the Au(III) cysteine arylation does not alter 
DARPin’s secondary structure.  

Table 1. Screening of reaction conditions for the PEGylation of DARPin with mPEG-Au(III) reagents  

* % conversion calculated by optical densitometry of SDS-PAGE gels (SI) 
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within one minute at 25 ºC. This compatibility allows for 
PEGylation of biomolecules that are only stable and/or 
soluble in acidic conditions. Further experiments 
demonstrated similarly high levels of conversion at 
concentrations as low as 7 µM in one minute, at both 25 
ºC and at 4 °C (Table 1). These results collectively 
demonstrate that the fast kinetics of the Au(III) mediated 
bioconjugation process can efficiently couple large, 
potentially thermally unstable partners quickly under mild 
reaction conditions.    
 
 Competition with Maleimide mPEG Reagents 
Maleimide conjugation remains the most widely utilized 
strategy for cysteine bioconjugation to date. While 
maleimide-based polymer reagents react at room 
temperature, excess polymer loadings are required and the 
reaction solution often needs to incubate for several hours 
to achieve high conjugation conversion11,43,44. To compare 
the strategies, a solution of DARPin in Tris buffer was 
treated with 1.3 equivalents of 5 kDa mPEG-maleimide 
and the reaction mixture was allowed to sit at room 
temperature for one minute at which point approximately 
5% conversion to the conjugate was observed via SDS-
PAGE. In contrast, treatment of DARPin with 2 kDa 
mPEG-Au(III) under the same conjugation conditions 
resulted in nearly complete conversion to the conjugate. 
Additionally, when incubating the 5 kDa mPEG-
maleimide and 2kDa mPEG-Au(III) reagents in the same 
reaction, the mPEG-Au(III) exclusively converted to 
product, as observed by formation of only the 2 kDa 
conjugate by SDS-PAGE (Figure S23).  
 
  Characterization of mPEG-DARPin Conjugate 
Mild reaction conditions for the synthesis of protein-
polymer conjugates are crucial for the preservation of the 
structure and function of the biomolecule. To investigate 
this, circular dichroism (CD) was performed on the 5 kDa 
mPEG-DARPin conjugate to ensure that the presence of 
any remaining Au(I) byproduct or the reaction itself, did 
not affect the secondary structure. The CD spectra for the 
DARPin and mPEG-DARPin conjugates were nearly 
identical, showing a set of peaks with intensities between 
-15 to -20 mdeg at 200-230 nm, indicating highly alpha 
helical character consistent with that of DARPin. 
Additionally, CD spectra collected throughout a 
temperature ramp from 22 °C to 100 °C provided thermal 
denaturation curves which show similar melting 
temperatures (Tm) for both DARPin and the conjugate, 
suggesting no significant change in secondary structure 
(Figure 4). 
 
Liquid chromatography–mass spectrometry (LC-MS) 
experiments were also performed to confirm the absence 
of degradation or aggregation of the conjugate. The UV 
and total ion count  (TIC) traces showed a peak 
corresponding to the mPEG-DARPin conjugate with 

deconvoluted masses corresponding to the mass of 
mPEG-DARPin for the 2, 5 and 10 kDa conjugates. 
(Figure 3c, S24). A peak at a later retention time was also 
observed corresponding to the Au(I) byproducts produced 
by this reaction. 
 
 Purification of mPEG-DARPin Conjugates Utilizing 
near equimolar amounts of coupling reagent is beneficial 
when considering purification of these conjugates from 
excess polymer coupling partners that are similar in size. 
To remove the Au(I) byproduct and the limited excess of 
mPEG Au(III) reagent remaining, the conjugates were 
purified by size exclusion—fast protein liquid 
chromatography (SEC-FPLC). The conjugates were again 
analyzed by LC-MS after purification, and complete 
disappearance of the peak corresponding to the Au(I) 
byproducts was observed, providing evidence that this 
purification method is sufficient to obtain pure conjugate. 
Importantly, it was further confirmed by ICP-OES that 
98.77 + 0.17% of gold was removed (14.9 ppb remaining) 
from this material (SI).  
 
 Conclusions 
Herein is reported an organometallic Au(III) cysteine S-
arylation bioconjugation strategy for the efficient 
coupling of large reaction partners, specifically mPEG 
with a cysteine-containing model protein, DARPin. This 
strategy utilizes readily accessible mPEG-aryl iodide 
reagents, which are synthesized in two steps from 
commercial mPEGs of varying molecular weights. These 
mPEG-aryl iodide reagents readily undergo oxidative 
addition when treated with (Me-DalPhos)Au(I)Cl in the 
presence of AgSbF6 to generate the Au(III)-mPEG 
reagents in quantitative yield. Notably, this process 
proceeds efficiently in air without the exclusion of water 
or oxygen, and these complexes are bench stable and can 
be stored at room temperature for up to three months 
permitting the long-term storage of these reagents. 
Quantitative conversion to the mPEG Au(III) product is 
observed, precluding the need for laborious purification 
techniques, and 31P NMR serves as a useful 
characterization tool to determine reagent purity.  
 
Moreover, this strategy utilizes near equimolar amounts 
of these 2, 5 and 10 kDa mPEG-Au(III) reagents to 
achieve high levels of conversion to the mPEG-DARPin 
conjugates at various pHs and temperatures in one minute. 
The reaction proceeds efficiently at low micro-molar 
reaction concentrations (7 µM), without large excess of 
remaining polymer reagents or undesired byproducts. The 
preformation and isolation of these mPEG-Au(III) 
oxidative addition complexes decouples the traditionally 
slow oxidative addition step, common in organometallic 
cross coupling reactions, from the fast transmetalation and 
reductive elimination steps. This allows for extremely 
rapid kinetics under mild reaction conditions amenable to 
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delicate biomolecules. The resulting conjugates are 
purified efficiently using size exclusion chromatography 
with protein secondary structure remaining intact.  
 
This strategy could allow for conjugation of polymers to 
proteins with limited stability at room temperature, or 
which are only stable or soluble at non-neutral pH, for the 
exploration of new biologics for therapeutic applications. 
Overall, this work represents an expansion for the 
growing organometallic reagent toolkit available for 
bioconjugation chemistry.16,21,45–56  
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