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a b s t r a c t

Biosynthetic incorporation of non-canonic amino acids is an attractive strategy to introduce new
properties in recombinant proteins. Trp analogs can be incorporated in recombinant proteins replacing
regular Trp during protein translation into a Trp-auxotrophic cell host. This straightforward method
however, is limited to few analogs recognized and accepted by the cellular protein production machinery.
5-hydroxy-tryptophan (5OH-Trp) can be bio-incorporated using E. coli as expression host however; we
have experienced very low incorporation yields - amount of protein containing regular Trp/amount of
protein containing the Trp analog e during expressions of 5OH-Trp labeled proteins. Furthermore, this
low incorporation yield were verified especially when the widely-used vectors based on the T7 RNA
polymerase were used. Testing different 5OH-Trp incorporation protocols we verified that in these T7-
based systems, the production of the T7 RNA polymerase is driven by the same elements e lac pro-
moter/IPTG e as the target protein. Consequently, the bio-incorporation of the 5OH-Trp residues also
occurs in this crucial enzyme, but, the produced T7 RNA polymerase labeled with 5OH-Trp is inactive or
much less active. In the present work, we describe an efficient method to overcome this mentioned
problem and bio-incorporate 5OH-Trp in proteins expressed in E. coli., using vectors based on the T7 RNA
polymerase-T7 promoter. The two-step induction protocol here described showed incorporation effi-
ciencies of 5OH-Trp higher than 90%.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Tryptophan residues can be used as spectroscopic probes to
explore protein structure. Taking advantage of Trp fluorescence
properties, spectroscopic data can be used to study protein-protein
interactions, protein-ligand binding, protein folding and etc. [1e5].
Incorporation of tryptophan analogs into a protein may facilitate
and expand these possibilities: 5-hydroxy-L-tryptophan (5OH-Trp),
general abbreviation used for
gene expression, and, after

otein containing a Trp at po-
a 5OH-Trp at this position 39.
~ao Paulo (UNIFESP), Depart-
-032, Enzymology Laborator-

.F.M. Marcondes).
for instance, absorbs at 310e320 nm, allowing its specific excitation
in a Trp background [6e8]. 5OH-Trp as well as other Trp analogs
can be incorporated in recombinant proteins replacing regular Trp
during protein translation into a Trp-auxotrophic cell host. Usually,
the auxotrophic strain is grown inminimalmedia in the presence of
“regular” Trp till the culture reaches the exponential phase. Cells
are collected and washed to remove Trp and then resuspended in
minimal media containing the exogenous Trp analog, and protein
expression is induced [9,10]. Tryptophan isosteres analogs like
fluor-Trp can be incorporated in the place of regular Trp yielding
target protein efficiently labeled with fluor-Trp analog. However,
most studies inwhich another Trp analog than fluoro-trp was used,
including 5OH-Trp, lower labeling efficiencies were observed.
Furthermore, in E. coli expressions, for instance, replacement of Trp
by its bulkier analogs like Bromo-Trp and Nitro-Trp does not lead to
any measurable amount of Trp analog labeled protein [10]. Many
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reasons can be pointed out for these differences, including the
specificity of the tRNA-Trp synthase and the position of the Trp
residue(s) in the target protein to be replaced. But, the extend
protein labeled with the Trp analog is also dependent on the
expression system used [11e13]. Most proteins labeled with a Trp
analog have been produced using an E. coli Trp auxotrophic strain
and currently the use of T7 RNA polymerase based system is one of
the most popular E. coli expression methods. The T7 promoter can
also be tightly regulated and numerous T7 promoter based
expression vectors are commercially available [14]. This system
depends of the production of the T7 RNA polymerase upon intro-
ducing inducer and only the produced T7 RNA polymerase can
transcribe the gene of the target protein upstream the T7 promoter
[15]. E coli strains, including Trp auxotroph strains, transformed
with the lDE3 become T7 RNA producing strains [16].

In this work, the potential of T7 based expression systems for
efficient labeling of proteins with a Trp analog is explored via
modifications introduced in the expression protocol. As T7 RNA
polymerase has 19 Trp residues in its structure [17] we realized that
in a standard Trp analog bio-incorporation protocol, as resumed
above, such Trp residues would also be replaced by the analog,
therefore, we hypothesized that replacing these 19 residues with a
Trp analog, like 5OH-Trp, it can lead in a T7 RNA polymerase not
functional (T7 RNA polymerase inactive or less active at least). Our
work shows that relative simple modifications can significantly
enhance the labeling efficiency to ~90%, together with a high pro-
tein yield.

2. Materials and methods

2.1. Plasmid constructions

The pT7-7 plasmid containing the coding sequence for wild a-
SN was acquired from Addgene (plasmid # 36046) (Addgene,
Cambridge, MA, USA) [18]. Using specific primers the a-SN codon
39, encoding a tyrosine residue was change by PCR to the trypto-
phan codon yielding a-SN Tyr39Trp. Synthetic oligonucleotides
(primers) were also used for a-SN wild type and a-SN Tyr39Trp,
subcloning into pET26b (Merck KgaA, Darmstadt, Germany) vector
between the NdeI and XhoI restriction sites.

2.2. E. coli tryptophan auxotrophic strains - CY15077 and
W3110 TrpA88

The lDE3 prophage was introduced in E. coli Trp auxotrophic
strains CY15077 and W3110 TrpA88 using a lDE3 lysogenation kit
(Merck KgaA, Darmstadt, Germany).

2.3. Expression of a-SN - pT7-7 or pET26b

LBmedium supplemented with ampicillin (100 mgmL�1) (pT7-7
vector) or with kanamycin (50 mg mL�1) (pET26b vector) was used
to make an initial overnight pre-culture of one transformed Trp
auxotroph E. coli colony in a shaker at 37 �C at 160 rpm.M9minimal
medium also supplemented with the appropriate antibiotic marker
and containing 1 mM Trp was innoculated (1:50) with the over-
night pre-culture and was grown till an O.D600 of 0.6e0.8. At this
point one of two different protocols was followed:

a-SN wild-type and a-SN39 expressions using a regular protocol
expression for Trp analog bio-incorporation. In this protocol the cells
were washed using centrifugation (20 min, 3200 g) as described
[10] and re-suspended in fresh M9 medium to which was added
5OH-Trp 1 mM or Trp 1 mM with or without IPTG 1 mM (or a
different concentration as indicated when required in the text). The
culturing was continued for 4 h.
a-SN wild-type and a-SN39 expressions using a modified two-step
induction protocol. In this protocol IPTG 1 mM (or a different con-
centration as indicated when required in the text) was added when
the bacterial growth reached OD600 ¼ 0.6 and after 30 min the cells
were washed as described [10] and re-suspended in M9 medium
containing 5OH-Trp or regular Trp (control experiments) with or
without IPTG 1 mM (or a different concentration as indicated when
required in the text). The culturing was continued for 4 h.

2.4. Purification of a-SN

Pelleted cells were suspended in 4 ml of binding buffer (10 mM
Tris, pH 7.4, 10 mM EDTA, 10 mM E-64 and 1 mM PMSF). Cell lysis
was performed in a French Press (Thermo scientific, Waltham, MA,
USA). After that the lysate was centrifuged 10 min at 27.000 g and
the supernatant was collected.

a-SN was purified by ion exchange chromatography using a
Resource Q resin (GE Healthcare, Chicago, IL, USA). Purification was
accomplished by binding the protein to the resin using binding
buffer (10 mM Tris, pH 7.4), followed by wash step using 5 ml
binding buffer. a-SN was eluted using a linear gradient of 0e1 M
NaCl in 10 mM Tris, pH 7.4.

Buffer salts were exchanged using a Desalting Prep column (GE
Healthcare, Chicago, IL, USA) equilibrated and eluted with
(NH4)2CO3 40 mM pH 7.4.

2.5. High performance liquid chromatography (HPLC)

The resultant purified a-SN39 mutant proteins were analyzed by
high performance liquid chromatography (HPLC). Analytical
reverse phase chromatography on a C4 column (300 Å, 5 mm,
4.6 mm � 150 mm) with a linear gradient elution was used: (A)
TFA/H2O (1: 1000) and (B) TFA/acetonitrile/H2O (1: 900: 100). Flow
rate 2 ml/min. Elution gradient of 10e80% (B) in 40 min. Equip-
ment: Shimadzu LC10Avp fitted with a fluorescence detector RF-
10AXL and a diodearray detector SPD-M10Avp (Shimadzu Co.,
Kyoto, Japan).

3. Results and discussions

The development of a protocol for the efficient biosynthetic
incorporation of 5OH-Trp in recombinant proteins using a T7 based
expression system, started with choosing a suitable target protein.
The intrinsically disordered protein a-synuclein (a-SN) was
selected because this protein as well as the a-SN Tyr39Trp single
Trp mutant can be easily produced using a T7 promoter based
expression vector [19e21]. Furthermore, the intrinsically disor-
dered nature of a-SN [22] makes this protein a reasonable target
model-test protein, since it is very likely that position 39 is
permissive when labeled with Trp analogs as the 5OH-Trp.

A first assay was made in order to verify our hypothesis that the
replacement of Trp residues in the T7 RNA polymerase could be a
“bottle of neck”. Briefly, the culture was grown in the presence of
regular Trp till the OD ¼ 0,6e0,8, at this point the culture was
centrifuged and the bacterial pellet washed twice using the M9
medium without any Trp, after the wash step the pellet was re-
suspended in the M9 medium and divided in 2 cultures: 1 - reg-
ular Trp was re-introduced and 2 - 5OH-Trp was added. An in-
duction period using 1 mM of IPTG during 4 h at 37 �C was then
followed and the final cell cultures were analyzed by SDS PAGE
(Fig. 1). By using this “regular protocol” a good a-SN39 expression
yield was observed in the culture 1 which Trp was re-introduced
(Fig. 1 lane 07), but no a-SN39 expression was observed in the
culture 2 with the 5OH-Trp addition (Fig. 1 lane 08) prior to the
induction step.



Fig. 1. a-SN39 expression in CY15077 lDE3 lisogenic. Lanes 07 and 08eregular Trp analog bio-incorporation protocol. Lane 07ere-introduction of regular Trp. Lane 08echange
for 5OH-Trp. Lanes 01 to 06etwo step induction protocol. Lane 01ealiquot took after the initial 30 min induction with 1 mM of IPTG, but before the change for the medium with
5OH-Trp or regular Trp (1� step control). Lane 04echange for the 5OH-Trp and re-addition of 1 mM of IPTG. Lane 05echange for the 5OH-Trp without IPTG. Lane 02ere-introduction
of regular Trp and 1 mM of IPTG. Lane 03ere-introduction of regular Trp without IPTG. Lane 06eSecond induction period, no addition of Trp or 5OH-Trp and without IPTG (2� step
control). Arrow indicates the a-SN bands in the Figure.
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As mentioned in the introductory section, many reasons can
be pointed out for this no a-SN39 expression following the IPTG
induction þ 5OH-Trp. Among those possibilities is that the pro-
duced T7 RNA polymerase in this methodmaybe be inactive or, less
active at least. Therefore, some modifications in the protocol were
planned in order to avoid the T7 RNA labeling by the 5OH-Trp. A
two-step induction protocol was then applied. In this approach the
culture grown in the presence of Trp till the OD ¼ 0.6e0.8, at this
point 1 mM of IPTG was added and the culture followed by an in-
cubation period of 30 min that allow the expression of the T7 tRNA
polymerase (Fig. 1 Lane 01), and, after this first short induction
period the cultures were treated as the regular protocol, a washing
step to remove all Trp from the medium followed by the second
induction period using 1 mM of IPTG during 4 h but with different
conditions: Trp (Lane 02), 5OH-Trp (Lane 04) and a control without
inducer and no addition of Trp or 5OH-Trp (Lane 06). This protocol
change lead to a good expression level of a-SN39, even when 5OH-
Trp was added and with a comparable yield as the achieved with
Trp. The amount of a-SN39 in the controls (lanes 01 and 06) in-
dicates a low expression in the first induction period that only
increased when Trp were re-introduced (lane 02) or 5OH-Trp were
added (lane 04).

Fig. 1 also shows the results of another set of samples that were
made to verify the “life time” of the T7 polymerase produced in the
first induction period, and further check if the T7 RNA polymerase
produced in the first 30 min induction was enough to sustain the
expression process. For that no IPTG was added in the second in-
duction period: Fig. 1 lane 03 shows the analysis of the sample
containing Trp and Fig. 1 Lane 05 the sample containing 5OH-Trp. It
is interesting that both testes show similar results.

Taken together these results corroborate the importance of Trp
residues on the activity of the T7 polymerase, and shows that the
enzyme expressed in the first step of induction are sufficient to
produce high levels of a-SN39 labeled with Trp (a-SN39Trp) but
especially also with the 5OH-Trp (a-SN395OH-Trp). However, the
expression yield of this methodology depends of the T7 polymerase
expression for a short time in the regular Trp containing medium,
and, it occurs together with the expression of the target protein
produced concomitantly (Fig. 1 lane 1) what can lead to an unde-
sirable large amount of a-SN39Trp. But, a good expression protocol
for protein labeling with Trp analogs should provide also a high
incorporation yield (IY), that can be defined as the ratio between
the fraction of produced protein containing 5OH-Trp and the
fraction of produced protein containing Trp (equation (1)).

IY ð%Þ ¼
� �

aSN395OHTrp
�

�
aSN395OHTrp

�þ �
aSN39Trp

�
�
� 100 (1)

Therefore, the a-SN39 samples were subsequently analyzed and
the incorporation yields determined. Trp labeled and 5OH-Trp
labeled a-SN39 could be base-line separated by reverse phase HPLC
chromatography. The elution was followed by monitoring the
absorbance at 220 nm and 310 nm. At 220 nm both a-SN39 con-
taining Trp or 5OH-Trp have the same molar extinction coefficient
but, as only the 5OH-Trp absorbs at 310 nm this feature was used as
control. Fig. 2 represents a typical comparison between chro-
matograms of a HPLC run.

The integrated area of the chromatograms reveals a low 5OH-
Trp incorporation yield of 27% (Table 1), what may result due to the
a-SN39Trp production in the first induction step that occurs in the
Trp containing medium. Therefore, we initially tested this possi-
bility by interfering in the transcription during the induction step.
The ionic strength can influence the T7 RNA polymerase binding to
its promoter [23], this characteristic was then used to avoid the
target gene transcription during the induction step, in order to,
consequently, decrease the “basal” a-SN39Trp. For that ammonium



Fig. 2. HPLC analysis of a purified a-SN39 sample. Chromatogram showing the separation of the expressed and purified a-SN39 containing regular Trp (a-SN39Trp) from the a-SN39

containing 5OH-Trp (a-SN395OH-Trp). mA e milli absorbance unit.
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sulfate 400 mM was added together with the inducer in the first
induction period and after 30 min the mediumwas exchanged to a
regular (no ammonium sulfate) M9 medium þ ore5OH-Trp and
expression continued for 4 h. Analysis of the resultant a-SN39 pu-
rified samples showed that this approach really increased the
incorporation yield, from 27 to 89%.
3.1. Transcription regulation effects on incorporation yield

It has been described that a host system with a leaky promoter
can result in expression of target protein while the cells are in
regular Trp containing medium, lowering the overall percentage of
Trp analog labeled protein. Tightly regulated lac, tac or heat
inducible lPL promoters have been used successfully to yield pro-
tein efficiently labeled with the chosen Trp analog [11e13].
Consequently, a in the T7 based system another way to increase the
incorporation yield can be made by controlling the transcription of
the T7 polymerase and/or the target protein since, it is known that
vectors carrying the T7 promoter, when used in richmedium shows
an expression even in the absence of inducer, it occurs because the
gene of T7 polymerase is downstream of the lacUV5 promoter and
Table 1
Percentage of 5OH-Trp incorporation in the purified a-SN39 samples. The effect of
ammonium sulfate 400 mM in the first induction step was evaluated in the 5OH-Trp
incorporation yield. After wash, no salt (ammonium sulfate) was added in the in-
duction second step. Vector pT7-7 (T7plain promoter).

Expression
1� step

IPTG
1mM/

IPTG
1 mM þ
(NH4)2SO4
400mM/

2� step þ5OH-Trp
IPTG 0 mM

þ5OH-Trp
IPTG 0 mM

% of a-SN395OH-Trp

27 ± 3 89 ± 4
in richmedium any trace of lactose can induce the expression of the
T7 polymerase, however, a lac operator positioned downstream of
the lDE3 lysogens promoter allow for example, a regulation of the
T7 polymerase expression by adding glucose into medium [24].

Glucose is the most used carbon source in the expression pro-
tocols using minimal medium, and can provide a tightly regulation
of the T7 polymerase level by using different concentrations of
inducer (IPTG). T7 based vector can be classified in two categories
according with the promotor regulation, T7plain or T7lac promoter.
Fig. 3 shows a comparative scheme of the vectors carrying the
“plain” T7 promoter and the vectors carrying the T7 lac promoter
[24]. It occurs because the T7lac promoter vector shows a powerful
combination; these vectors contain a lac operator sequence
downstream of T7 promoter, and also carry the natural cassette that
allows the expression of the lac repressor (lac I). When this type of
vector is used the lac repressor can acts in both ways, regulating the
expression of the T7 polymerase by acting in the lacUV5 promoter
and in the transcription of the target protein via T7 promoter
regulation.

This double regulation present in the T7lac vector could be
explored in our two-step induction protocol; for example, using
different concentration of IPTG in the first induction period could
be a way to find a good ratio between the expression of the T7
polymerase and the target protein. Ideally searching a good
expression of the T7 polymerase, necessary in the second induction
step, associated whit a low expression of the a-SN39Trp that
contribute for increasing the ration between 5OH-Trp labeled/Trp
labeled a-SN39. In the second induction step the amount of IPTG
should enhance the incorporation yield by increasing the concen-
tration of 5OH-Trp labeled a-SN39.

In order to investigate the impact of the different promotors on
5OH-Trp incorporation efficiency, the a-SN Tyr39Trp was cloned
into pET26b plasmid behind a T7lac promotor and the expression
was made varying the IPTG concentration in both induction stages.

The results presented in Table 2 clearly show that the change
from the T7plain promoter to the T7lac increased the incorporation
yield of 5OH-Trp into a-SN39. The percentage of a-SN395OH-Trp



Fig. 3. Scheme representing a T7 RNA polymerase based expression system of a target gene in E. coli as the expression host. The results presented in Fig. 1 indicate that when 5OH-
Trp (5HW) residues are incorporated in the T7 structure there is no expression of the target gene, probably because this T7 with 5OH-Trp (5HW) residues is inactive. There are 19
codons for Trp (W) residues in the T7 gene. Expression systemwith a vector containing the T7plain (right-upper panel) in comparison with the control of an expression systemwith
a vector containing the T7lac (right-lower panel).

Table 2
T7plain x T7lac and the influence of IPTG concentrations on the 5OH-Trp incorporation yield in the purified a-SN39. Percentage of 5OH-Trp incorporation in the purified a-
SN samples obtained by the 2 step induction protocol.

Promoter T7plain T7lac T7lac T7lac T7lac T7lac T7lac T7lac

IPTG
1� step/ 1mM/ 1mM/ 1mM/ 1mM/ 0.5mM/ 0.5mM/ 0.5mM/ 0.5mM/
2� step 0 mM 0 mM 0.5 mM 1 mM 1 mM 0.5 mM 0.25 mM 0.125 mM

% of a-SN395OH-Trp 27 ± 3 59 ± 3 73 ± 2 72 ± 1 86 ± 2 84 ± 1 89 ± 4 85 ± 5
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detected in the samples increased from 27% to 59%. Increasing the
IPTG concentration in the second induction step further improved
the a-SN395OH-Trp/a-SN39Trp ratio due to higher amounts of 5OH-
Trp labeled a-SN39, in contrast when compared with the T7plain
promoter results (Table 2). Lowering the IPTG added in the first step
to 0.5 mM and changing the IPTG at the second step reliable
incorporation efficiencies of almost 90% were obtained (Table 2).
But, reducing even more the IPTG concentration up to 0.25 mM at
the first step the expression yield was so low that we were not able
to get reliable peak area from the chromatograms.

Few reports describe a high incorporation rate of 5OH-Trp in
proteins using T7based vectors [25e27]. Interestingly, the
BL21(DE3)pLysS E. coli Trp auxotroph strain used produces lyso-
zyme, which inhibits the T7 RNA polymerase [28]. As these re-
searchers used a protocol similar the simple protocol we initially
tried to use, we can conclude that, in this system, probably the basal
production of T7 RNA polymerase during bacterial growth was
inhibited by the presence of the lysozyme. It consequently helped
to decrease the basal production of the target protein till the wash
and change of the medium containing the 5OH-Trp.

Probably the best expression parameters - IPTG concentration/
induction time/temperature - will vary for each target protein.
Therefore, it may be necessary some small scale expression tests
as the presented here to search for the best incorporation
efficiency.
Acknowledgements

This work was supported by Fundaç~ao de Amparo a Pesquisa do
Estado de S~ao Paulo (FAPESP) (grants 2014/20847-0, 2011/20941-9
and 2014/00661-0) and Conselho nacional de pesquisa, ciência e
tecnologia (CNPq) (grants 458010/2014-6 and 308111/2014-1).

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2017.08.111.

References

[1] J.A. Gally, G.M. Edelman, The effect of temperature on the fluorescence of
some aromatic amino acids and proteins, in eng, Biochim. Biophys. Acta 60 (Jul
1962) 499e509.

[2] R.W. Cowgill, Fluorescence and the structure of proteins. II. Fluorescence of
peptides containing tryptophan or tyrosine, in eng, Biochim. Biophys. Acta 75
(Sep 1963) 272e273.

[3] D.S. Dijkstra, J. Broos, J.S. Lolkema, H. Enequist, W. Minke, G.T. Robillard,
A fluorescence study of single tryptophan-containing mutants of enzyme IImtl
of the Escherichia coli phosphoenolpyruvate-dependent mannitol transport
system, in eng, Biochemistry 35 (21) (May 1996) 6628e6634.

[4] S. Deshayes, G. Divita, Fluorescence technologies for monitoring interactions
between biological molecules in vitro, in eng, Prog. Mol. Biol. Transl. Sci. 113
(2013) 109e143.

[5] A.G. Kozlov, R. Galletto, T.M. Lohman, SSB-DNA binding monitored by

http://dx.doi.org/10.1016/j.bbrc.2017.08.111
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref1
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref1
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref1
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref1
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref2
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref2
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref2
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref2
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref3
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref3
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref3
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref3
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref3
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref4
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref4
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref4
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref4
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref5


W.P. Oliveira-Souza et al. / Biochemical and Biophysical Research Communications 492 (2017) 343e348348
fluorescence intensity and anisotropy, in eng, Meth. Mol. Biol. 922 (2012)
55e83.

[6] D.M. Petrovi�c, B.H. Hesp, J. Broos, Emitting state of 5-hydroxyindole, 5-
hydroxytryptophan, and 5-hydroxytryptophan incorporated in proteins, in
eng, J. Phys. Chem. B 117 (37) (Sep 2013) 10792e10797.

[7] D. Robinson, N.A. Besley, P. O'Shea, J.D. Hirst, Calculating the fluorescence of 5-
hydroxytryptophan in proteins, in eng, J. Phys. Chem. B 113 (43) (Oct 2009)
14521e14528.

[8] D.M. Petrovi�c, K. Leenhouts, M.L. van Roosmalen, F. Kleinjan, J. Broos, Moni-
toring lysin motif-ligand interactions via tryptophan analog fluorescence
spectroscopy, in eng, Anal. Biochem. 428 (2) (Sep 2012) 111e118.

[9] J.M. Bacher, A.D. Ellington, Global incorporation of unnatural amino acids in
Escherichia coli, in eng, Meth. Mol. Biol. 352 (2007) 23e34.

[10] J. Broos, Biosynthetic incorporation of tryptophan analogs in proteins, in eng,
Meth. Mol. Biol. 1076 (2014) 359e370.

[11] D.M. Petrovi�c, K. Leenhouts, M.L. van Roosmalen, J. Broos, An expression
system for the efficient incorporation of an expanded set of tryptophan an-
alogues, in eng, Amino Acids 44 (5) (May 2013) 1329e1336.

[12] J. Shao, I.V. Korendovych, J. Broos, Biosynthetic incorporation of the azulene
moiety in proteins with high efficiency, in eng, Amino Acids 47 (1) (Jan 2015)
213e216.

[13] M. El Khattabi, et al., Lactococcus lactis as expression host for the biosynthetic
incorporation of tryptophan analogues into recombinant proteins, in eng,
Biochem. J. 409 (1) (Jan 2008) 193e198.

[14] F.J. Fern�andez, M.C. Vega, Choose a suitable expression host: a survey of
available protein production platforms, in eng, Adv. Exp. Med. Biol. 896 (2016)
15e24.

[15] F.W. Studier, B.A. Moffatt, Use of bacteriophage T7 RNA polymerase to direct
selective high-level expression of cloned genes, in eng, J. Mol. Biol. 189 (1)
(May 1986) 113e130.

[16] B.A. Moffatt, F.W. Studier, Entry of bacteriophage T7 DNA into the cell and
escape from host restriction, in eng, J. Bacteriol. 170 (5) (May 1988)
2095e2105.
[17] B.A. Moffatt, J.J. Dunn, F.W. Studier, Nucleotide sequence of the gene for
bacteriophage T7 RNA polymerase, in eng, J. Mol. Biol. 173 (2) (Feb 1984)
265e269.

[18] K.E. Paleologou, et al., Phosphorylation at Ser-129 but not the phosphomimics
S129E/D inhibits the fibrillation of alpha-synuclein, in eng, J. Biol. Chem. 283
(24) (Jun 2008) 16895e16905.

[19] C.M. Pfefferkorn, J.C. Lee, Tryptophan probes at the alpha-synuclein and
membrane interface, in eng, J. Phys. Chem. B 114 (13) (Apr 2010) 4615e4622.

[20] T.L. Yap, C.M. Pfefferkorn, J.C. Lee, Residue-specific fluorescent probes of a-
synuclein: detection of early events at the N- and C-termini during fibril as-
sembly, in eng, Biochemistry 50 (12) (Mar 2011) 1963e1965.

[21] J.C. Lee, H.B. Gray, J.R. Winkler, Copper(II) binding to alpha-synuclein, the
Parkinson's protein, in eng, J. Am. Chem. Soc. 130 (22) (Jun 2008) 6898e6899.

[22] F.X. Theillet, et al., Structural disorder of monomeric a-synuclein persists in
mammalian cells, in eng, Nature 530 (7588) (Feb 2016) 45e50.

[23] S. Sastry, B.M. Ross, Probing the interaction of T7 RNA polymerase with
promoter, in eng, Biochemistry 38 (16) (Apr 1999) 4972e4981.

[24] J.W. Dubendorff, F.W. Studier, Controlling basal expression in an inducible T7
expression system by blocking the target T7 promoter with lac repressor, in
eng, J. Mol. Biol. 219 (1) (May 1991) 45e59.

[25] K. Das, K.D. Ashby, A.V. Smirnov, F.C. Reinach, J.W. Petrich, C.S. Farah, Fluo-
rescence properties of recombinant tropomyosin containing tryptophan, 5-
hydroxytryptophan and 7-azatryptophan, in eng, Photochem Photobiol. 70
(5) (Nov 1999) 719e730.

[26] C.S. Farah, F.C. Reinach, Regulatory properties of recombinant tropomyosins
containing 5-hydroxytryptophan: Ca2þ-binding to troponin results in a
conformational change in a region of tropomyosin outside the troponin
binding site, in eng, Biochemistry 38 (32) (Aug 1999) 10543e10551.

[27] D.C. Oliveira, F.C. Reinach, The calcium-induced switch in the troponin com-
plex probed by fluorescent mutants of troponin I, in eng, Eur. J. Biochem. 270
(14) (Jul 2003) 2937e2944.

[28] B.A. Moffatt, F.W. Studier, T7 lysozyme inhibits transcription by T7 RNA po-
lymerase, in eng, Cell 49 (2) (Apr 1987) 221e227.

http://refhub.elsevier.com/S0006-291X(17)31694-7/sref5
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref5
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref5
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref6
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref6
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref6
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref6
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref6
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref7
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref7
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref7
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref7
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref8
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref8
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref8
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref8
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref8
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref9
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref9
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref9
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref10
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref10
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref10
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref11
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref11
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref11
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref11
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref11
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref12
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref12
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref12
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref12
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref13
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref13
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref13
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref13
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref14
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref14
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref14
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref14
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref14
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref15
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref15
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref15
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref15
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref16
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref16
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref16
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref16
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref17
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref17
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref17
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref17
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref18
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref18
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref18
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref18
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref19
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref19
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref19
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref20
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref20
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref20
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref20
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref21
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref21
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref21
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref22
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref22
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref22
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref23
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref23
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref23
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref24
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref24
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref24
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref24
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref25
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref25
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref25
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref25
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref25
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref26
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref26
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref26
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref26
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref26
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref26
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref27
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref27
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref27
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref27
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref28
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref28
http://refhub.elsevier.com/S0006-291X(17)31694-7/sref28

	On the efficient bio-incorporation of 5-hydroxy-tryptophan in recombinant proteins expressed in Escherichia coli with T7 RN ...
	1. Introduction
	2. Materials and methods
	2.1. Plasmid constructions
	2.2. E. coli tryptophan auxotrophic strains - CY15077 and W3110 TrpA88
	2.3. Expression of α-SN - pT7-7 or pET26b
	2.4. Purification of α-SN
	2.5. High performance liquid chromatography (HPLC)

	3. Results and discussions
	3.1. Transcription regulation effects on incorporation yield

	Acknowledgements
	Transparency document
	References


