
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/2

1/
20

26
 1

2:
43

:2
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Employing non-c
Department of Chemistry, William & M

dyoung01@wm.edu

† Electronic supplementary informa
https://doi.org/10.1039/d3ra00392b

‡ Authors contributed equally to the work

Cite this: RSC Adv., 2023, 13, 8496

Received 18th January 2023
Accepted 12th February 2023

DOI: 10.1039/d3ra00392b

rsc.li/rsc-advances

8496 | RSC Adv., 2023, 13, 8496–85
anonical amino acids towards the
immobilization of a hyperthermophilic enzyme to
increase protein stability†

Hannah J. Switzer,‡ Christina A. Howard,‡ John F. Halonski, Emily M. Peairs,
Nolan Smith, Maddy P. Zamecnik, Sanjana Verma and Douglas D. Young *

A carboxylesterase derived from Sulfolobus solfataricus P1 was immobilized onto an epoxy-activated

Sepharose resin via non-canonical amino acids. The immobilized enzyme exhibited heightened

performance in organic solvents, recyclability, and stability at room temperature for over two years. The

incorporation of a non-canonical amino acid afforded a high degree of control over the bioorthogonal

immobilization reaction. These results indicate that the specificity conferred by genetic code expansion

produces advantages in protein immobilization and broadens the utility of such proteins to non-

biological settings.
Introduction

Proteins are versatile biomacromolecules that have diverse
functions within the cell and are also widely utilized in indus-
trial settings. However, the utility of proteins is limited by their
sensitivity to non-physiological environments outside of bio-
logical systems. Proteins are highly sensitive to pH, salt
concentration, temperature, and organic solvents when in
solution.1–6 One method of conferring a higher degree of
stability is via protein immobilization onto a solid-support.4,7–11

This affords a level of stabilization by lessening protein
unfolding and aggregation. Thus, protein immobilization offers
researchers a cost-effective avenue for generating proteins with
increased stability, functionality, and recyclability. Methods of
protein immobilization include adsorption, entrapment, and
covalent coupling, each possessing unique advantages and
disadvantages.11–15 However, the stability provided by covalent
immobilization can provide improved recyclability, particularly
when immobilized proteins are exposed to non-physiological
conditions.16–18 One drawback of this method is the inconsis-
tency of immobilization when utilizing only the 20 canonical
amino acids. Most proteins contain multiple reactive residues,
leading to a lack of control over the immobilization site and
orientation (Fig. 1).12 The resulting random positioning of
proteins on the solid support can lead to decreased function-
ality due to blockage of the active site. One remedy to this pitfall
is the employment of non-canonical amino acids (ncAAs), as
ary, Williamsburg, VA, USA. E-mail:

tion (ESI) available. See DOI:

.

01
they can be engineered to possess a unique functional handle
that facilitates a higher degree of control over the immobiliza-
tion reaction.18–22 Moreover, the site of ncAA incorporation can
be genetically controlled to minimize any perturbation to
protein function.

Genetic code expansion technologies to introduce ncAAs
have been well established and employed towards numerous
applications including protein immobilization.23–25 Conse-
quently, a number of ncAAs with unique chemical functionality
have been genetically encoded.26–28 Additionally, numerous
bioorthogonal reactions have been developed that can be
applied to the site-specic immobilization of proteins.29–35

Ideally, this approach will result in a more homogenous
orientation and allow higher retention of enzymatic activity.
Previous research involving the ncAA-based immobilization of
GFP demonstrated the feasibility of this approach; however,
this research aims to expand this methodology towards the
Fig. 1 (a) Protein immobilization utilizing the 20 canonical amino acids
results in random orientation, possibly blocking the active site of
a protein. (b) Protein immobilization using ncAAs allows for increased
control over surface attachment. (c) Crystal structure of SSo P1 EST
analog with key tyrosine residues highlighted (blue; PDB 3DOH).
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Fig. 2 Experimental approach to SSo-EST genetic code expansion
and immobilization. (a) Incorporation of pPrF in response to a TAG
codon facilitates site-specific incorporation of an immobilization
handle. (b) Glaser–Hay bioconjugation to utilize the covalent diyne to
immobilize enzymes. (c) SDS-PAGE of SSo-EST mutant expressions.
Amber suppression was observed for all mutants, but with variable
levels of success depending on mutation site. (d) SSo-EST1 enzymatic
assay to assess the activity of each mutant. Assays were conducted in
triplicate and normalized to protein concentrations.
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immobilization of enzymes, and their utilization in non-
biological conditions.18

Hyperthermophilic enzymes play a key role in industrial
processes.36–38 We selected the hyperthermophilic enzyme Sul-
folobus solfataricus carboxylesterase P1 (SSo EST1) as a model
enzyme due to its high stability and existence of a simple
enzymatic activity assay.39,40 SSo EST1 is a hyperthermophilic
enzyme involved in hydrolysis of ester into an alcohol and
a carboxylic acid. This enzymatic activity can be easily detected
with standard spectrophotometric assays, allowing for moni-
toring of any alterations in enzyme function. This assay can also
be employed to monitor enzyme stability across different time
points and investigate the ability of the enzyme to be recycled
through numerous assays. Additionally, the robustness of this
protein allows us to probe the extremes of immobilized enzy-
matic stability at high temperatures, in organic solvents, and
under microwave irradiation. Specically, our research explores
the covalent immobilization of SSo EST1 onto epoxy-activated
Sepharose resin using ncAAs. Ultimately this work aims to
develop a generalizable methodology for the improved immo-
bilization of enzymes that will facilitate their widespread utili-
zation in non-biological applications.

Results and discussion

First, we sought to select appropriate residues of SSo EST1 for
immobilization. Analysis of the crystal structure identied four
surface-exposed tyrosine residues that were candidates for
mutation to genetically encode a ncAA: Sso EST1 Y90TAG
Y116TAG, Y191TAG, and Y214TAG (Fig. 1b). The tyrosine resi-
dues were selected in order to make minimal perturbations to
the overall protein structure as the ncAAs are tyrosine deriva-
tives. Several sites were selected as ncAA incorporation site has
varying effects both on expression and function of the protein,
requiring screening of multiple locations. Mutants were then
generated using a Quik Change PCR Mutagenesis Kit (Qiagen)
and successful insertion of the TAG codon was conrmed by
sequencing (Genewiz). Wild-type SSo EST1 and the four mutant
proteins were expressed in E. coli to ascertain if the alteration of
the natural tyrosine with a ncAA affected enzymatic activity. As
a result of the SSo EST1 protein being encoded on a pQE-30
plasmid that employs a T5 RNA promoter, protein expressions
in BL-21(DE3) E. coli required the addition of a pREP4 plasmid
to introduce more lac repressor and allow the protein induction
to become inducible. Consequently, BL-21(DE3) E. coli were co-
transformed with a plasmid containing the SSo EST1 (pQE-30;
Amp), a plasmid containing the translational machinery for
ncAA incorporation (pEVOL-pPrF; Chlor), and the pREP4
plasmid (Kan) and grown on the triple antibiotic agar. Colonies
were selected and used to induce expression cultures of the SSo
EST1 protein containing p-propargyloxyphenylalanine (pPrF) at
the site of the TAG mutation (Fig. 2a). Expressions afforded
highest protein yields aer 16 hours at 37 °C, followed by
purication of SSo EST1 via heat denaturation as described in
the literature.39 Protein yield and purity were assessed by SDS-
PAGE, indicating that some mutation sites afforded lower
levels of expression, potentially due to destabilizing effects of
© 2023 The Author(s). Published by the Royal Society of Chemistry
ncAA incorporation at that site (Fig. 2c). Incorporation of pPrF
at sites 90 and 116 resulted in similar or slightly lower protein
yields than wild-type expressions; however, incorporation at
residues 191 and 214 resulted in signicantly decreased yields.
These results indicate the importance of residue selection for
ncAA incorporation into proteins and demonstrate the need to
produce multiple mutants to ensure genetic code expansion.
Incorporation of the ncAA was also conrmed by sequential
bioconjugation with an alkynyl uorophore under previously
described Glaser–Hay conditions.33,41,42 Conjugates were
analyzed by SDS-PAGE to conrm the generation of uorescent
SSo EST1, indicating the presence of an alkynyl ncAA needed for
successful reaction (see ESI†).

Other than expression, the other potential issue in ncAA
incorporation is potentially reducing protein functionality. To
characterize each mutant, the SSo EST1 proteins were subjected
to a colorimetric assay based on their ability to hydrolyze esters.
Prior work with SSo EST1 has demonstrated that p-nitrophenyl
hexanoate (pNp-Hex) is a substrate for the enzyme, allowing for
monitoring of the ester hydrolysis at 405 nm via the production
of the yellow nitrophenolate anion.39 Proteins were incubated in
the presence of pNp-Hex for one hour at 80 °C followed by
reaction quenching with saturated sodium bicarbonate and
analysis on a spectrophotometer (Fig. 2d). Contol samples
without protein were used to correct for non-enzymatic hydro-
lysis. When corrected for protein concentration, differences
were observed in the various mutation sites. The SSo EST1-116
mutant maintained comparable activity to the wild-type protein
suggesting minimal perturbations caused by pPrF, whereas the
SSo EST1-214 mutant shows signicantly reduced activity. This
may be due to its proximity to the active site or due to other
structural alterations that may arise from its incorporation.

With functional SSo EST1-pPrF proteins in hand, the next
step involved their immobilization on a solid-support to deter-
mine if covalent immobilization via a ncAA enhances protein
stability in non-biological environments (Fig. 1b). While
RSC Adv., 2023, 13, 8496–8501 | 8497
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previous research has indicated that this immobilization
promotes enzyme stability, it has not been extensively studied
in the context of site-specic immobilization mediated by
ncAAs. Earlier work in our laboratory used this approach with
a 1,3-dipolar cycloaddition to immobilize GFP as a proof-of-
concept. Initial ndings indicated that uorescence was main-
tained in non-aqueous solvents; however, GFP is not enzymatic
so catalytic potential could not be assessed. Given the versatility
of pPrF for numerous bioorthogonal reactions, it is the ideal
candidate for immobilization investigations. Given the previous
experience in our laboratory with the development and opti-
mization of bioorthogonal Glaser–Hay alkynyl couplings, these
optimized conditions were initially identied as the starting
point for enzymatic immobilizations. To generate an alkynyl
coupling partner on the solid-support, epoxy-activated Sephar-
ose 6B resin was derivatized with alkynyl alcohols of various
lengths: propargyl alcohol, 5-hexyn-1-ol, and 10-undecyn-1-ol.
SSo EST-191 was then immobilized to the resin using
a Glaser–Hay coupling. As a control, SSo EST1-WT was also
subjected to Glaser–Hay conditions to examine non-specic
association of SSo EST1 and resin. Previous work with GFP
and the resins indicated that resin loading with protein using
this approach resulted in reproducible resin loadings based on
protein concentration. Loading of the resin was quantied
using the intrinsic uorescence of GFP. We assumed that SSo
EST1 was loaded at a similar rate due to the solvent-exposed
nature of the ncAAs in both GFP and SSo EST1. The resins
were then assayed using the previously described pNp-Hex
substrate and supernatant was monitored at 405 nm. While
all three resins displayed enzymatic activity relative to the
negative controls, the highest enzymatic activity was observed
with propargyl alcohol. This is in agreement with previous GFP
immobilization results, and thus propargyl alcohol derivatized
Sepharose 6B resin was employed in all subsequent immobili-
zations (see ESI†). To determine if protein immobilization
affected enzymatic activity, each mutant was immobilized via
Glaser–Hay coupling to propargyl alcohol derivatized Sepharose
resin. The individual resins harboring each SSo EST1-pPrF
mutant were then assayed as previously described (Fig. 3a).
Gratifyingly, all 4 resins exhibited enzymatic activity relative to
a control where the wild-type protein was subjected to a Glaser–
Hay reaction with the resin. All resin absorbances were
normalized to resin alone that had never been exposed to
Fig. 3 Immobilized SSo-EST1 assays. (a) Enzymatic assay of immobi-
lized SSo-EST1 mutants. All assays were performed in triplicate on
different resins. (b) Recyclability of the SSo EST1-116pPrF resin over
a three-year period stored at room temperature.

8498 | RSC Adv., 2023, 13, 8496–8501
protein. Despite the differences in solution phase activities, the
resins exhibited comparable catalysis between all mutants over
the duration of the assay. This is likely due to the decreased
concentration of proteins on the resins, resulting in saturation
of the protein with relatively small amounts of substrate. Thus,
the catalysis became diffusion limited. All assays were per-
formed in triplicate on unique resin samples to demonstrate
reproducibility. Resin coupling reactions were also performed
with GFP-151-pPrF to ensure that Glaser–Hay conditions facili-
tated protein immobilization by observing protein uorescence
on the resin (see ESI†).

With immobilized and catalytically active SSo EST1
prepared, we next examined the advantages of the solid-
support. One major advantage conferred to immobilized
enzymes is a degree of recyclability. Consequently, the SSo
EST1-116-pPrF resin was subjected to multiple assays over the
course of three years and its activity was monitored. Moreover,
due to the pandemic, this resin was accidently le on the
benchtop for 6 months at room temperature from February
2020 to July 2020. Normally, the resins are stored in PBS buffer
at 4 °C when not being actively assayed. Interestingly, despite
these factors very little activity was lost. A sample of wild type
protein that was also on the benchtop for 6 months demon-
strated a 80% reduction in activity relative to freshly expressed
enzyme. Additionally, this resin was subjected to assay condi-
tions 18 times over the three years with little loss in activity
(Fig. 3b). These results demonstrate both the stability and
recyclability of the immobilized SSo EST1 over multiple years, as
resins were simply washed with buffers and stored between
each assay.

In an attempt to leverage the increased stability of the
immobilized protein, we next became interested in determining
its activity in non-aqueous solvents. This has distinct applica-
tions to expanding the utilization of enzymes to industrial
applications. Previous work demonstrated increased GFP
stability in a range of organic solvents, and ideally this stability
should extend to SSo EST1. Moreover, several other studies have
demonstrated solution-based enzymatic activity of thermo-
philic enzymes in organic solvents; however, the studies were
limited to low percentages of organic solvents in aqueous
solutions. To perform an adequate comparison, the wild-type
enzyme was rst examined in solution to assess activity. Due
to experimental conditions and miscibility considerations, we
limited this initial study to THF. The enzyme was assayed in 0%,
10%, 25% and 50% THF under identical assay conditions
(60 min, 60 °C) and demonstrated a gradually decreased activity
with increasing THF (Fig. 4a). As a consequence of the protein
being already in an aqueous solution, trials were limited to 50%
THF. Interestingly, when immobilized SSo EST1-191-pPrF was
subjected to 0%, 50% and 100% THF, activity of the enzyme was
shown to increase (Fig. 4b). Due to background hydrolysis of the
substrate in THF, all data points were normalized to controls
using mixtures containing the pNp-Hex without resin or Sso
EST1. We initially hypothesized that the surprising increase in
hydrolysis was due to non-specic acid–base catalysis occurring
with amino acid residues on the protein. To ensure that the
activity was SSo EST1 specic, the assay was also performed in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Assays of SSo EST1 in organic solvents. (a) Behavior of wild type
SSo EST1 in solutions of varying THF concentrations, as THF
percentage increases, enzymatic activity drops. All assays were con-
ducted in triplicate. (b) Behavior of SSo EST-191pPrF mutant immo-
bilized on a Sepharose resin. In this case with increased THF
concentrations the immobilized enzyme performs more efficiently
leading to higher activities. All assays were conducted in triplicate.

Fig. 5 Enzymatic activity of immobilized SSo EST protein under
microwave conditions. All assays were conducted in triplicate.
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the different solvents with a GFP immobilized resin. No addi-
tional substrate hydrolysis was observed beyond background,
indicating that the observed activity is due specically to the SSo
EST1 enzyme. It is possible that the more organic environment
could assist with the catalysis of this specic reaction due to the
altered polarity of the solvent. Additionally, the high concen-
trations of organics could cause perturbation of non-covalent
interactions within the hyperthermophilic protein that
increase its ability to bind and hydrolyze the substrate.

Finally, given the ability of immobilized SSo EST1 to retain
catalytic properties in 100% THF, we investigated other condi-
tions where immobilization conferred increased stability of SSo
EST1. Previous research has employed this enzyme in the
investigation of enzymatic microwave catalysis.43 This enzyme
was able to catalyze ester hydrolysis under microwave condi-
tions at very low temperatures (−20 °C). This study was limited
to aqueous solutions which were not microwave transparent,
and thus required the low temperatures to prevent rapid heat-
ing of the solution. This necessitated specialized microwave
reactors and made it difficult to deconvolute thermal versus
microwave effects on the reaction. With the immobilized
variant of the enzyme, it becomes feasible to conduct the
microwave irradiation in pure THF, a microwave-transparent
solvent. This allows for microwave input without solvent heat-
ing and can be used to accelerate reactions. Using a conven-
tional CEM Discover microwave in power mode (xing the
microwave input power and allowing temperature to uctuate),
various conditions were examined, and some activity was
detected even at low microwave inputs. Due to the microwave
transparency of THF, reaction temperatures were limited to 53 °
C. Highest enzymatic activity was observed at the maximum
microwave power setting of 300 W for 30 min (Fig. 5). While
continuing investigations into microwave irradiation are
ongoing, these proof-of-concept experiments demonstrate the
ability to conduct enzymatic catalysis under microwave condi-
tions in organic solvents. Control reactions were performed in
the absence of resin, and in the presence of immobilized GFP to
ensure that the catalytic effects were due to SSo EST1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Experimental
Expression and purication of SSo EST1

A pQE-30 plasmid harboring a variable SSo EST1 TAG mutant
(0.33 mL) was co-transformed with a M15 pREP4 plasmid (0.33
mL) and a pEVOL-pPrF plasmid (0.33 mL) into BL21 (DE3) cells
using an Eppendorf eporator electroporator. The cells were then
plated and grown on LB agar in the presence of chloramphen-
icol (0.034mgmL−1), ampicillin (0.05mgmL−1) and kanamycin
(0.01 mg mL−1) at 37 °C overnight. One colony was then used to
inoculate LB media (4 mL) containing ampicillin, chloram-
phenicol and kanamycin. The culture was incubated at 37 °C
overnight and used to inoculate an expression culture (10 mL
LB media, 0.05 mg mL−1 Amp, 0.034 mg mL−1 Chlor, 0.01 mg
mL−1 Kan) at an OD600 0.1. The cultures were incubated at 37 °
C to an OD600 between 0.6 and 0.8 at 600 nm, and protein
expression was induced by addition of pPrF (100 mL, 100 mM)
and 20% arabinose (10 mL) and 0.8 mM isopropyl b-D-1-thio-
galactopyranoside (IPTG; 10 mL). The cultures were allowed to
shake at 30 °C for 16–20 h then centrifuged at 5000 rpm for 10
minutes and stored at −80 °C for 3 hours. The cell pellet was re-
suspended using 500 mL of Bugbuster (Novagen) containing
lysozyme and 200 mL Lysis buffer. The mixture was incubated at
37 °C for 20 minutes. The solution was transferred to an
Eppendorf tube and centrifuged at 15 000 rpm for 10 minutes.
The supernatant was then incubated at 80 °C for 10 minutes
and centrifuged at 15 000 rpm for 10 minutes. Puried SSo EST1
was analyzed by SDS-PAGE (10%) and employed without further
purication. Protein concentrations were determined by UV-vis
absorbance at 280 nm and via a BCA assay (VWR).
Aqueous esterase activity assay

The reaction mixture was prepared in triplicate by adding 2 mL
of SSo EST1 TAG variant protein to a mixture of 76 mL of 100mM
Acetate buffer, 4 mL of 4-nitrophenol-hexanoate (0.14 g mL−1),
and 18 mL of 1× PBS (pH 7.2). A control mixture was also made
in triplicate, which did not contain protein. The control and
reaction mixtures were incubated at 80 °C for 60 min. Aer
incubation, 100 mL of saturated sodium bicarbonate was added
to each Eppendorf tube. The absorbance of each assay was
measured by UV-vis spectroscopy on either a Thermo Scientic
Nanodrop 2000 spectrophotometer or a BioTek Synergy HT
microplate reader equipped with a BioTek take3 plate.
RSC Adv., 2023, 13, 8496–8501 | 8499
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General Glaser–Hay immobilization conditions

CuI (500 mM in H2O, 5 mL) and tetramethylethylenediamine
(500 mM, TMEDA, 5 mL) were added to a sterile 1.5 mL
Eppendorf tube and allowed to equilibrate for 10 minutes. Next,
30 mg derivatized Sepharose 6B resin (GE Healthcare) was
added and allowed to equilibrate for an additional 10 minutes
followed by the addition of 20 mL SSo EST1/pPrF or GFP/pPrF.
The reactions were then diluted in phosphate buffered saline
solution at pH 7.4 (PBS, 10 mL). A control reaction was prepared
using 20 mL SSo EST1 WT in place of SSo EST/pPrF. A second
control reaction was prepared using 20 mL SSo EST1/pAzF,
30 mg derivatized Sepharose 6B resin (GE Healthcare), and 10
mL of PBS buffer in place of the catalyst system. The reaction was
shaken at 200 rpm for 6 hours at 37 °C. The reactions were then
transferred to an empty spin column and washed with 1× PBS
buffer (10 × 200 mL) and centrifuged at 3600 rpm for 1 minute.
Resins were then diluted in PBS buffer (200 mL) and analyzed for
protein activity via the previously described assay. Immobilized
protein assays were performed previously described but
replacing the 30 mL SSo EST1 protein with 30mg SSo EST1 resin.
Conclusions

This research demonstrates the application of genetic code
expansion toward protein immobilization. The site-specic
nature of ncAA incorporation allows for engineering of
a unique handle into proteins that facilitates highly controlled
immobilization reactions. Moreover, this covalent linkage has
been demonstrated to dramatically increase the recyclability
and stability of the immobilized protein. The hyper-
thermophilic SSo EST1 protein not only retained its activity over
the course of 18 assays across 3 years, but also remained stable
when stored at room temperature for 6 months. Additionally,
immobilization facilitated the transition to enzymatic catalysis
in organic solvents and under microwave conditions. The ability
to utilize a biological macromolecule under these abiotic
conditions has far-reaching applications to exploit enzymes in
numerous settings that were previously precluded due to
aqueous requirements. Moreover, much of this work is trans-
ferable to other enzymes that catalyze more industrially useful
transformations. Future work is ongoing to further examine the
increased stability of the enzyme, investigate the mechanisms
associated with non-aqueous catalysis, and probe the advan-
tages of the site-specic immobilization with respect to protein
orientation.
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