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ARTICLE INFO ABSTRACT

Keywords: The canonical set of amino acids leads to an exceptionally wide range of protein functionality, nevertheless, this
Hyc‘lroxylysine set still exhibits limitations. The incorporation of noncanonical amino acids into proteins can enlarge its func-
Lysine tional scope. Although proofreading will counteract the charging of tRNAs with other amino acids than the

Escherichia coli cell extract
Cell-free expression
Noncanonical amino acid

canonical ones, the translation machinery may still accept noncanonical amino acids as surrogates and incor-
porate them at the canonically prescribed locations within the protein sequence. Here, we use a cell-free

expression system to demonstrate the full replacement of i-lysine by r-hydroxylysine at all lysine sites of
recombinantly produced GFP. In vivo, as a main component of collagen, post-translational r-hydroxylysine
generation enables the formation of cross-links. Our work represents a first step towards in vitro production of
(modified) collagens, more generally of proteins that can easily be crosslinked.

1. Introduction

Production, optimization and modification of proteins and enzymes
through protein engineering' > often aim at novel, improved or
specialized protein functionalities.® Proteins can be obtained by isola-
tion from native organisms, and by chemical or recombinant production
(in vivo or in vitro).*” Proteins can be post-translationally modified by
enzymes, or more generally by chemical processes, to alter their amino
acids or motifs.>° A different strategy consist of producing the protein
directly with the envisioned alterations.'®!! During chemical protein
synthesis the involved substances, in particular the amino acids can be
varied, enabling the production of proteins with novel amino acid se-
quences or non-natural ingredients.®!? At the same time, chemical
synthesis can be difficult to control and perform, among others because
of the production of by-products.'® Recombinant protein production by
an organism or an in vitro system’ enables better control.'® An in vitro
system requires DNA carrying the gene to be expressed as well as all
regulatory units for expression that will act as a template for protein
production.'*'® The amino acid sequence of a protein can simply be
modified by changing the DNA-sequence of the related gene. Unnatural
(noncanonical) amino acids can be introduced in a site-specific or
residue-specific manner.'”~*°

* Corresponding author.

The site-specific incorporation of noncanonical amino acids into
proteins requires an orthogonal pair of tRNA and aminoacyl-tRNA
synthetase, and the selection of a desired recognition site for the tRNA
(codon).'7"1829-22 gych an approach can overcome the necessity of
amino-acid depletion for the incorporation of analogs into protein. In
vivo, orthogonal systems were used for instance for site-specific incor-
poration of lysine/pyrrolysine derivatives.*' However, such orthogonal
systems need to be optimized for each noncanonical amino acid and the
number of incorporated noncanonical amino acids in one protein is
limited to one or just a few.'%*

Residue-specific incorporation of noncanonical amino acids into
proteins is simpler.'® However, it is necessary that the noncanonical
amino acid is recognized by the endogenous translation machinery of
the expression system,'”'®?® making the technique suitable for analogs
of canonical amino acids.>*?°

Each noncanonical amino acid presents different affinities to its
corresponding aminoacyl-tRNA-synthetases.'”'®?° Due to proof-
reading®’?® performed by the translation machinery, even trace
amounts of the canonical amino acids originating from the expression
system will be preferred over the surrogate.'”'®?° The extent of
proofreading activity depends on the particular noncanonical amino
acid in question.'” While the successful substitution of tryptophan by a
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tryptophan analog had to be performed in an expression system devoid
of tryptophan, low quantities of arginine did not interfere with incor-
poration of the arginine analog canavanine.'®?° The affinity of the
arginyl-tRNA-synthetase for canavanine is similar or identical to argi-
nine.?® However, in the expression system the yield of modified protein
was lower than the yield of the wild type.”® As a general rule, gene
expression should be performed in the presence of the surrogate and the
absence of the canonical amino acid to be replaced,'®'° a condition
forcing the expression system to accept the noncanonical amino
acid.!”-%*

In this paper, we investigate the incorporation of the noncanonical
amino acid hydroxylysine as a surrogate for lysine in GFP protein. Our
work is a first step for the incorporation of hydroxylysine in more
complex proteins. Hydroxylysine (L-5-Hydroxylysine) is an important
component of collagen fibers.’*>? Its absence can cause several dis-
orders.”>° In the organism hydroxylysine is not directly incorporated
in the nascent polypeptide chains of collagen,*"*° rather hydroxylysine
results from posttranslational hydroxylation of specific lysine residues
by the enzyme lysyl hydroxylase.>'***’ Since collagen can only be ob-
tained by isolation from animal sources or cell-cultures originating from
animal sources, direct incorporation leads the way to produce collagen
and its derivative gelatin without harming animals.>® Moreover, in vitro
replacement enables simple, controlled modifications in collagen
because the amino acid sequence can easily be changed in the expression
system, opening possibilities to adjust the properties of collagen.
Modified collagens are important for medical purposes like skin or bone
tissue engineering.>>*’ Another purpose of a direct hydroxylysine
incorporation is the engineering of proteins with cross-linking
activity.>%%°

We showed earlier'” that even trace quantities of lysine in the
expression system will prevent the efficient incorporation of hydrox-
ylysine as a surrogate. Lysine in the system originates from its prepa-
ration. The release of free lysine due to proteolysis is negligible.”” We
call ‘residual lysine’ the trace quantities of lysine in the virgin extract
that can be incorporated into proteins.

Here, as a first step, we investigated the kinetics of green fluorescent
protein production as a function of the amount of freshly added lysine.
The comparison of the kinetics in a virgin and in a lysine depleted system
helped us to see that freshly added and residual lysine are incorporated
at different time intervals. In a second step we produced lysine depleted
cell-free expression systems that minimize the inhibitory effect of re-
sidual lysine on the incorporation of hydroxylysine. For this purpose, we
used ssDNA coated beads in order to remove residual lysine from the
cell-free expression system.?” With such a lysine depleted system we
were able to produce proteins containing hydroxylysine at all lysine
sites.

2. Material and methods
2.1. Expression system
The E. coli based cell-free expression system was prepared according

7,14

We used pBest-pl15a-Or2-Orl-Pr-UTR1-deGFP-6xHis-T500 as a re-
porter plasmid to visualize gene expression. This plasmid is derived from
the plasmid pBest-Or2-Orl-Pr-UTR1-deGFP-T500 (Addgene Cat#
40019).'41¢

to

2.2. Lysine depletion

For removing residual lysine from the expression system we used a
previously described method with minor modifications.”” We did not
perform the step of producing a dummy protein with high lysine content
because the non-specific lysine removal by treatment with ssDNA coated
beads was sufficient for our purposes. For treatment, biotinylated ssDNA
(5'-Biotin-TEG-CGG CGG GCT TTG CTC GAG TTA GTG GTG ATG GTG
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ATG-3', Metabion) was attached to streptavidin-coated magnetic beads
T1 (Dynabeads® MyOne™ Streptavidin T1, Invitrogen).**> Additionally,
poly-T-coated beads (Dynabeads™ Oligo(dT)25, Invitrogen) were used.
400 pl of each ssDNA coated bead stock solution (cgeaqg = 5 mg/ml) were
mixed and prepared according to instructions.** 3 pl of Gam$S (Short-
ened lambda phage Gam protein, prevents linear DNA degrada-
tion'®*>%%) (at 99 puM) were added to 30 pl of crude E. coli cell-free
extract. This mixture was then added to the dried beads and incubated
for 20 min at 23 °C and 230 rpm. As a reference, 30 pl of crude E. coli
cell-free extract with 3 pl of GamS were incubated with the same pa-
rameters but without ssDNA coated beads.

2.3. Gene expression

During incubation, the following master mix (for 30 pl of crude E. coli
cell-free extract with 3 pul of GamS) was prepared: to 15 pl amino acids
(mixture containing all canonical amino acids at 6 mM, except Leu at 5
mM, but no lysine) we added 3.6 pl magnesium glutamate (at 100 mM),
2.7 pl potassium glutamate (at 3 M), 6.43 pl PGA-buffer (3-Phospho-
Glyceric Acid) (14x) and 4.5 pl 40% (v/v) PEG8000. Further we added
pBest-p15a-Or2-Orl-Pr-UTR1-deGFP-6xHis-T500 to get a final concen-
tration of 10 nM and filled up with ultrapure water to get a total volume
of 39 pl. The final concentration of amino acids, magnesium glutamate
and potassium glutamate had to be adjusted for each batch of crude
extract to obtain optimal gene expression.

Experiments investigating the incorporation of freshly added and
residual lysine into proteins were performed as followed. After 20 min of
incubation with (or without) ssDNA coated beads the crude extract
including GamS was aliquoted to volumes of 4.4 ul (seven aliquots in one
batch). We added 5.2 pl of the master mix to each aliquot. Different
quantities of lysine were added to the obtained volume of 9.6 ul. The
total reaction volume was adjusted to 12 ul by adding ultrapure water.
For investigation of the incorporation of L-5-hydroxylysine (Hyl) (DL-5-
Hydroxylysine hydrochloride, Sigma-Aldrich) into proteins, we per-
formed analogous experiments but without aliquoting. The concentra-
tions as given in this paper represent the concentration of the r-
enantiomer, that is, half of the concentration of the racemate obtained
from the manufacturer.

The incorporation of the freshly added and/or residual amino acid
into deGFP was visualized by transferring 10 pl of samples to a micro-
well plate (Nunc™ 384-Well Optical Bottom Plates # 242764, Thermo
Scientific), recording the time course of fluorescence-intensity with a
microplate reader (POLARstar OPTIMA, BMG LABTECH) over 16 h at
29 °C.

2.4. Protein purification and mass spectrometry

Mass spectrometry was performed to confirm the incorporation of
hydroxylysine into deGFP. For this purpose, we used immobilized metal
ion affinity chromatography (His-Spin Protein Miniprep, Zymo
Research) to purify the recombinantly produced protein. Protein con-
centrators (Pierce™ Protein Concentrators PES, 10 K MWCO, 0.5 mL,
Thermo Scientific) were used to desalt and concentrate the purified
protein solutions. For the latter we washed the purified protein two
times with 500 pl ultrapure water followed by two wash steps with 500
ul 20% acetonitrile + 0.5% formic acid. The supernatant containing
concentrated purified protein in 20% acetonitrile + 0.5% formic acid
was injected into the mass spectrometer (SolariX FTICR-ESI, Bruker) for
measurement. The obtained raw mass spectrums were deconvoluted
using the Maximum Entropy algorithm of the Compass DataAnalysis
software (Bruker Compass DataAnalysis Version 5.0, Bruker). Origin
(Origin 2020b, OriginLab) was used for data evaluation.

GamS is a necessary ingredient for our method of lysine removal. It
was extracted by His-Tag purification as well, producing strong peaks in
the mass spectrum that interfered with deconvolution (c(GamS) > c
(deGFP18Hyl)). Consequently, the spectrum of GamS had to be
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subtracted before deconvolution.

2.5. Sds-PAGE

We performed SDS-PAGE to strengthen the results obtained by mass
spectrometry. For this purpose, we produced deGFP and purified,
desalted and concentrated as described in section 2.4 except that
washing exclusively consisted of four steps using 500 pl ultrapure water.
The concentrated and purified protein was denatured in sample buffer
(TruPAGE™ LDS Sample Buffer, Sigma-Aldrich). For SDS-PAGE we used
precast gels (TruPAGE™ Precast Gels 10%, 10 x 10 cm, 12-well, Sigma-
Aldrich) and MOPS buffer (TruPAGE™ Tris-MOPS SDS Express Running
Buffer, Sigma-Aldrich).

3. Results and discussion

3.1. Kinetics of green fluorescent protein production as a function of
supplemented lysine

We looked at the kinetics of protein production as a function of the
amount of freshly added lysine in a virgin expression system and a lysine
depleted one (Fig. 1). We were able to monitor real time protein pro-
duction by choosing green fluorescent protein (deGFP) as a model pro-
tein and measuring the fluorescence-intensity of deGFP produced in our
cell-free expression system.

Fig. 1 shows the time course of the fluorescence-intensity of the cell-
free expression system resulting from deGFP production. We take the
fluorescence-intensity as proportional to the amount of produced
deGFP. Only for the highest concentrations of freshly added lysine we
observed a single regime only. In all other cases we distinguished two
different regimes: a first plateau of deGFP production was reached after
a few hours. Then a conversion point emerged where deGFP production
restarted to saturate again only later. The restart in production was more
prominent in Fig. 1A than in Fig. 1B where an important fraction of the
residual lysine was removed from the cell-free expression reaction (cre-
sidual Lys, 1A = 0.009 ug/ul; Cresidual Lys, 18 = 0.002 pg/ul, concentrations
deduced from deGFP fluorescence-intensity as previously described”).
Compared to Fig. 1A, in Fig. 1B the conversion point appeared much
later, and the second increase was substantially weaker. Moreover, in
both cases the addition of fresh lysine had an immediate effect on the
increase in fluorescence-intensity during the first hours of the experi-
ment. The position of the first plateau differed, while the difference
between the first and the second saturation level remained almost
constant (Asmz, 1A = 5445.33 £ 347.36; Asis2, 18 = 1715.7 £ 409.86,
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Cadded Lys = 0 mM, ..., 0.2 mM).

Note that the first saturation levels of fluorescence-intensity of the
virgin cell-free expression system (Fig. 1A) and the final saturation levels
of lysine depleted system (Fig. 1B) were comparable for different con-
centrations of lysine added (Fig. 2).

We interpret the observations above by the first plateau of the
fluorescence-intensity representing the incorporation of the freshly
added lysine into deGFP while the second plateau corresponds to the
incorporation of residual lysine. The collapse from two plateaus to only
one at high concentrations of freshly added lysine may well correspond
to a suppression of the incorporation of residual lysine due to the high
ratio of freshly added to residual lysine.

To verify our interpretation, we performed the same experiments
using the stable lysine isotope 13Cg 1°Nj 1-lysine (LysIso) (1-Lysine-2HCI,
13C6, 15 N2 for SILAC, Thermo Scientific). This isotope has the same
chemical properties as the non-isotopic isomer but differs in mass.*’
The label enabled us to detect the incorporation of isotopic lysine within
the deGFP (18 lysine sites) since Myysiso — MLys = 8 Da. For our purpose,

Virgin system @ 2 h (first saturation)
30000 Lysine depleted system @ 16 h 7
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Fig. 2. Comparison of the first saturation level of deGFP production in a virgin
system (Cresidual Lys = 0.009 pg/ul) and the final saturation level of deGFP
production in a lysine depleted system (Cresidual Lys = 0.002 ug/ul). The graph
shows the ratios of the values from Fig. 1A @ t =2h and Fig. 1B @ t =16 h for
different concentrations of freshly added lysine.
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Fig. 1. Time course of the fluorescence-intensity of green fluorescent protein (deGFP) in our cell-free expression system for different concentrations of freshly added
lysine (insert). The experiment was performed using a virgin system (A, residual lysine present) as well as a lysine depleted system (B, amount of residual lysine

reduced by treatment with ssDNA coated beads).
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we recorded a mass spectrum of deGFP from a virgin cell-free expression
reaction with freshly added isotopic lysine (c = 0.1 mM) after 2 h of
incubation (first plateau) and after 16 h (second plateau) at 29 °C. We
also determined the mass spectrum after 16 h if no isotopic lysine (c = 0
mM) or a high amount of isotopic lysine (c = 0.6 mM) was added. The
four mass spectra are shown in Fig. 3.

The results shown in Fig. 3 are in excellent agreement with our
assumption regarding the kinetics of freshly added vs. residual lysine.

From the different kinetics discussed above, we conclude that there is
a threshold in the concentration of freshly added lysine at which the
incorporation of residual lysine is suppressed. In the following we show
how to use this observation to achieve efficient hydroxylysine incor-
poration in green fluorescent protein.

3.2. Hydroxylysine incorporation

We investigated the incorporation of hydroxylysine into deGFP.
Fig. 4 shows the chemical structure of r-hydroxylysine compared to L-
lysine.

In a first step we tried to force our virgin cell-free expression system
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Fig. 3. Mass spectra of deGFP from different cell-free expression reactions,
taken after 16 h of gene expression at 29 °C with 0 mM, 0.1 mM, or 0.6 mM of
isotopic lysine added. Additionally, for 0.1 mM of isotopic lysine, a mass
spectrum was recorded after 2 h of expression. Comparing the cases of no
isotopic lysine added (c = 0 mM) and isotopic lysine at 0.6 mM, we understand
that the incorporation of residual lysine (Mgegrp = 26.193 kDa) was suppressed
by the presence of the isotope (Mgegrp18Lysiso = 26.337 kDa). In the case of 0.1
mM of isotopic lysine and 2 h of incubation we detected solely the isotopic
peak, M = 26.333 kDa (the difference between measured and literature value of
4 Da is due to non-isotopic impurities resulting in broadened peaks). After 16 h,
however, both peaks (isotopic and non-isotopic) were present.
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L-hydroxylysine

MW: 146.19 Da MW: 162.187 Da

Fig. 4. Chemical structure of 1-lysine (left) and 1-hydroxylysine (right).

to accept hydroxylysine by increasing the amount of hydroxylysine.
Fig. 5 shows the mass spectra for different, initial concentrations of
hydroxylysine after 16 h of incubation. (Measurements after 2 h did not
lead to any spectrum because of low protein content (data not shown).)
We just observed peaks of correctly produced deGFP with different ra-
tios of lysine to hydroxylysine. Peaks of ill-produced deGFP were not
observed.

By increasing the concentration from 1 mM of hydroxylysine to 16.8
mM (CHyl/ Cresidual Lys ~ 154) we achieved comparable peak intensities for
what we attribute to all possible combinations of lysine/hydroxylysine
(deGFP, deGFP1Hyl, deGFP2Hy], ..., deGFP18Hyl) (Fig. 5). Even if the
ratio of incorporated lysine to hydroxylysine can be controlled statisti-
cally, there is a huge spread in the distribution, and we were not able to
achieve the production of proteins with a defined ratio. The peak cor-
responding to full replacement of lysine exhibited very low intensity.
Further increase of the concentration of hydroxylysine to 50 mM (cyy1/
Cresidual Lys ~ 458) led to a spectrum showing different lysine/hydrox-
ylysine combinations but with lower signal-to-noise ratio (figure S 2).
We understand that high concentrations of hydroxylysine diminish the
probability of protein production. This was confirmed by SDS-PAGE
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Fig. 5. Mass spectra from deGFP as obtained at two different concentrations of
hydroxylysine (insert) supplemented to a virgin cell-free expression system. The
spectra were recorded after 16 h of incubation at 29 °C. The numbers above the
peaks indicate the number n of incorporated hydroxylysines. The number of
incorporated lysines is 18-n. The mass spectrum for a concentration of 1 mM of
hydroxylysine (top) exhibits a most intense peak from deGFP containing 18
lysines (Mgegrp = 26.193 kDa). This lysine corresponds to residual lysine from
the virgin extract. Lysine was present at much lower concentrations than
hydroxylysine (Chy1/Cresidual Lys = 9, Where cyy; corresponds to the amount of
added hydroxylysine, Cesidual 1ys determined as previously described™). All
peaks corresponding to 1, 2, 3, ...., 17, (18) lysines replaced by hydroxylysine
(Mpy1 — Miys = 16 Da; Megrpniyl = Maegrp + n:16 Da, n = 1, ..., 18) were also
present, albeit with clearly lower intensity. For higher concentrations of
hydroxylysine (16.8 mM), the probability of hydroxylysine incorporation into
deGFP is seen to increase.
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Fig. 6. Mass spectrum of deGFP produced from a cell-free expression system
depleted in lysine, containing 16.8 mM of hydroxylysine. The spectrum was
recorded after 16 h of incubation at 29 °C. We observed a peak at M = 26.476
kDa that corresponds to deGFP with 18 hydroxylysines instead of lysines
(Mecrp1gnyl = 26.481 kDa, the difference between the measured and the
literature value of 5 Da for Mgegrp1sny1 Was likely due to deconvolution errors
caused by the background noise).

(Fig. 7). Our observation agrees well with the fact that for each batch of
the expression system, the concentrations of amino acids need to be
adjusted to optimize protein production rates. Moreover, at higher
concentrations of hydroxylysine (cuy; > 50 mM), deGFP related peaks
vanished from the mass spectrum (data not shown). We conclude that
elevated concentrations of hydroxylysine are inhibitory to gene
expression. To achieve full incorporation, it is essential to decrease the
amount of residual lysine within the cell-free expression system.

For this reason, we added hydroxylysine to a lysine depleted
expression system. At a concentration of 16.8 mM (CHyl/Cresidual Lys ~
665), after 16 h of gene expression, we observed the presence of
hydroxylysine only (Fig. 6).

Peaks representing deGFP species with different amounts of
hydroxylysine and lysine were hardly visible, indicating the efficient
incorporation of hydroxylysine into deGFP. Further increase of the
hydroxylysine concentration entailed the absence of any related peaks
(data not shown). We understand that high levels of hydroxylysine are,
again, inhibitory.

The noise in the mass spectra was caused by GamS, present in the
sample, interfering with deconvolution. Therefore, we performed SDS-
PAGE to strengthen our results (Fig. 7).

Although the mass difference of 288 Da between native deGFP and
deGFP18Hyl is difficult to detect by SDS-PAGE, we see that the deGFP
indicating band in lane 2 (Dep Hyl) is positioned slightly higher than the
band in lane 3 (Lys) strengthening the results presented in Fig. 6.
Comparing the intensities of the corresponding bands, we observe that
the amount of deGFP produced per cell-free expression reaction was
much higher than the amount of deGFP18Hyl, produced under other-
wise identical conditions.

Our method for lysine removal also depletes residual arginine. In the
case of arginine, we observed similar kinetics as for lysine (see figures S
1A and S 1B). Our work represents a first step towards the incorporation
of arginine surrogates as well.

4. Conclusion

In this paper we presented a method to fully replace lysine by
hydroxylysine in green fluorescent protein. The expression system was
designed to produce proteins just by adding DNA. It seems reasonable to
assume that if our method works for GFP, it will also work for many
other proteins. However, verification will be mandatory if one plans to
realize a dedicated construct. To the best of our knowledge, the full
replacement of lysine by hydroxylysine in proteins had not been ach-
ieved previously. Our method is based on the observation that freshly
added lysine is incorporated earlier than residual lysine, which is
incorporated only after a lag of a few hours (Fig. 1). Consequently,

Bioorganic & Medicinal Chemistry 41 (2021) 116207

Fig. 7. SDS-PAGE of deGFP extracted from different preparations of the cell-
free expression system after 16 h of incubation at 29 °C. The first lane (Lad)
shows the ladder (PageRuler™ Unstained Low Range Protein Ladder, Thermo
Scientific). The numbers left to this lane indicate the weight of the bands in
kDa. The second lane (Dep Hyl) results from a lysine depleted cell-free
expression system containing 16.8 mM of hydroxylysine. The third lane (Lys)
is from a cell-free expression system containing 1 mM lysine and the fourth lane
(Hyl) results from a cell-free expression system containing 50 mM hydrox-
ylysine. In lane 2 (Dep Hyl) two bands indicate deGFP18Hyl (Macgrpisuyl =
26.481 kDa) and GamS (Mgams = 12.634 kDa), while lane 3 (Lys) contains a
band indicating deGFP (Mgegrp = 26.193 kDa). Lane 4 (Hyl) shows no bands
indicating deGFP production (high molecular weight bands are residues from
the cell-free expression system). This confirms our assumption that high con-
centrations of hydroxylysine diminish the probability of protein production.

protein synthesis can be stopped sufficiently early (after 2 h) to prevent
the incorporation of residual lysine. We showed that further depletion of
residual lysine avoids its incorporation even at a later stage of protein
synthesis (16 h), increasing the yield. We believe that the here proposed
method represents a powerful tool that can be useful for the incorpo-
ration of other lysine and arginine surrogates as well.
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