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a b s t r a c t

Glycopeptides are an important class of antibiotics used in the treatment of several infections, including
those caused by methicillin resistant Staphylococcus aureus. Glycopeptides are biosynthesized by a Non
Ribosomal Peptide Synthase (NRPS) and the resulting peptide precursors are decorated by several
tailoring enzymes, such as halogenases and glycosyltransferases. These enzymes are important targets of
protein engineering to produce new derivatives of known antibiotics. Herein we show the production of
two putative halogenases, denominated StaI and StaK, involved in the biosynthesis of the glycopeptide
A47,934 in Streptomyces toyocaensis NRRL 15,009. This antibiotic together with the compound UK-68,597
are the unique glycopeptides which have two putative halogenases identified in their gene clusters and
three chloride substituent atoms attached to their aglycones. StaI and StaK were successfully produced in
E. coli in the soluble fraction with high purity using the wild type gene for StaI and a synthetic codon
optimized gene for StaK. We have purified both enzymes by two chromatographic steps and a good yield
was obtained. These putative halogenases were co-purified with the co-factor FAD, which are differently
reduced by the enzyme SsuE in vitro. We have further confirmed that these putative halogenases are
monomeric using a calibrated gel filtration column and through circular dichroism, we confirmed that
both enzymes are folded with a predominance of a-helices. Molecular models for StaI and StaK were
generated and together with sequence and phylogenetic analysis, we could infer some structural insights
of StaI and StaK from the biosynthesis of compound A47,934.

© 2017 Elsevier Inc. All rights reserved.
Glycopeptide antibiotics, such as vancomycin, are front line
antibiotics for the treatment of severe infections caused by gram
positive bacteria, including the troublesome methicillin resistant
Staphylococcus aureus (MRSA) [1]. However resistance to vanco-
mycin has also been reported, including strains which exhibit high-
level of resistance (VRSA) [2]. Consequently the discovery of new
strategies to treat MRSA and VRSA strains are needed, including
those approaches to obtain new glycopeptide derivatives such as
the semi-synthetic antibiotic telavacin and dalbavancin, which
ituto de Ciências Biom�edicas,
000, Brazil.
demonstrated pharmacological improvements despite their low
effect against VRSA [3]. Most glycopeptides are large and rigid
molecules which have a central heptapeptide core with at least two
aromatic non-proteinogenic amino acids decorated by glycosyla-
tions, halogenations, methylations and cross-links of their side
chains [4]. The mechanism of action of glycopeptides generally
involves the formation of a non-covalent complex with the acyl-D-
ala-D-ala portion of the pentapeptide of the peptidoglycan and
consequently they are inhibitors of cell wall biosynthesis [4]. The
activity of vancomycin and teicoplanin (another clinically impor-
tant glycopeptide) is strongly dependent on the sugar and halogen
substituents attached to its central core [5]. The chlorine sub-
stituents at the ring of the amino acids 2 and 6 of the heptapeptide
core are found in most of the glycopeptides [4]. These halogens
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attached to the glycopeptide have been proved to increase the
stability of dimer formation and consequently contribute for the
effect and specificity of these antibiotics [5,6]. The enzymes
responsible for the halogenation of the heptapeptide core of gly-
copeptides have been identified to be flavin dependent halo-
genases, although the exact timing of this reaction during the
biosynthesis of these antibiotics has not yet been determined [7].
However there are several evidences that the chlorination step
occurs when the growing peptide chain substrate is bond to NRPS
(non ribosomal peptide synthase) through a linkage with the PCP
(peptidyl carrier protein) domain [8]. In vitro activity of a halo-
genase from glycopeptide antibiotic has only recently been proved
to use a hexapeptidyl-PCP conjugate and VhaA halogenase from the
vancomycin gene cluster [7]. Most of the glycopeptide biosynthetic
gene clusters have a single halogenase, which catalyzes the intro-
duction of both chlorine substituents to the heptapeptide aglicone
[9e12]. Some glycopeptide gene clusters, such as ristocetin, do not
have any putative halogenase [13] and consequently these glyco-
peptides are not halogenated. On the other hand, in the biosyn-
thetic gene clusters of the glycopeptide A47,934 and UK-68,597,
two putative halogenases were identified (StaI and StaK; and Auk21
and Auk23, respectively) and these compounds have three chlori-
nated aromatic amino acids at position 2, 5 and 6 [14,15]. StaI has
higher similarity with other halogenases from glycopeptide gene
clusters and should catalyze the chlorination at position 2 and 6 of
heptapeptide. However, there are neither studies showing the
requirement of StaK to perform the chlorination at position 5 of
A47,934 nor evidence whether both StaI and StaK are essential to
produce the glycopeptide A47,934.

Halogenases have recently become a target of several programs
of biotechnological engineering and combinatorial biosynthesis
due to the biological effect and importance of the incorporation of
halogens into natural products [16,17]. Various research groups
have had success with the incorporation of halogens through the
manipulation of natural products biosynthetic pathways [18e22].
Halogenases are grouped in several classes based on its mechanism
of catalysis and structures [23]. In this context, flavin dependent
halogenases are one of the best characterized class and can be
further grouped into two different subclasses, one that acts on free
substrates and another that catalyzes the halogenation of sub-
strates linked to the NRPS, such as halogenases or the putative
halogenases found in the gene clusters of glycopeptides. However,
although these halogenases may be interesting tools for the
application of synthetic biology, there is a lack of studies about
them, including structural and biophysical analysis. In this work,
we show the cloning, expression, purification, preliminary bio-
physical analysis and molecular modeling of the two putative hal-
ogenases identified in the biosynthetic gene cluster of the
glycopeptide A47,934 from Streptomyces toyocaensis NRLL 15,009.
We have performed the expression of these enzymes in E. coli and
analyzed the integrity of their structures by circular dichroism. To
provide insights into the different functions of these two putative
halogenases, we have made a sequence and phylogenetic analysis
as well as molecular modelling to predict their tridimensional
structure. The results indicate interesting differences that might be
attributed to the divergent functions of StaI and StaK in the
biosynthesis of compound A47,934.

1. Materials and methods

1.1. Cloning, expression and purification of StaI and StaK

Streptomyces toyocaensis NRRL 15,009 was obtained from Agri-
cultural Research Service (ARS) culture collection from USA and the
freeze-drying cells were inoculated in 50 mL of TSB medium (BD™)
(17 g tryptone, 3 g soytone, 2.5 g glucose, 5 g NaCl, and 2.5 HK2PO4)
and grown for 4 days at a temperature of 30 �C with a rotation of
200 rpm. The cells were harvested by centrifugation at 4000 rpm
(1860 � g) and the genomic DNA was extracted using the Promega
extraction kit following the manufacturer instructions.

To amplify staI and staK we used the Streptomyces toyocaensis
NRRL 15,009 genomic DNA and two set of primers for
each gene: staI_Forward (ATCGATCGCA-
TATGGACGGCTTGAGCGGCGATCCGTTGC) and staI_Reverse
(ATCGCTCGAGTCATCCACGGTAGGGAAGCCACTTCATCCC) and
staK_Forward (ATCGATCGCATATGTCGGCAGA-
GACGTTCGACGTGGTCG) and staK_Reverse (TCGCTCGAGT-
CATCGGGCGTCCTCTCGTTCCTTCGACGC), respectively for staI and
staK (the endonuclease restriction sites for NdeI and XhoI are
shown in bold for the forward and reverse primers, respectively).
The corresponding amplified DNA fragments with the size of staI
(1536 bp) and staK (1305 bp) were cloned into the cloning vector
pGEM-T (Promega) and sub-cloned into the expression vector pET-
28a(þ) (Novagen). In addition, we also purchased a synthetic gene
(GenScript Company) which produces StaK and had a codon opti-
mization for expression in E. coli. This gene was cloned in pUC57
vector with the endonuclease restriction sites for NdeI and XhoI for
50 and 30 positions respectively. After the amplification of this
plasmid using DH5a competent cells, it was digested using the set
of restriction endonucleases mentioned above and the corre-
sponding fragment with the size of staK was subcloned into pET-
28a(þ) to create a fusion protein with a 6-His-tag at the N-termi-
nal followed by a thrombin cleavage site.

To confirm the correct cloning site and the integrity of staI and
staK, we have performed a sequencing of the plasmids containing
the genes of interest using the Sanger method in the facility of
Laborat�orio Nacional de Biociências e CNPEM, Campinas, Brazil.

To analyse the expression of both StaI and StaK, expression
vectors containing staI and staK were introduced into BL21(DE3)
competent cells by heat shock transformation. A single colony of
BL21(DE3) containing the plasmid of interest was randomly chosen
and inoculated into 10 mL of Luria-Bertani (LB) medium with
further addition of 50 mg/mL kanamycin. The culture was initially
incubated at 37 �C overnight under a shaking of 200 rpm. For
protein expression, 1 mL of this culture was inoculated into 250 mL
of LB medium at the same conditions of the pre-inoculum. When
the optical density at 600 nm (OD600) of the culture reached 0.6 to
0.8, isopropyl b-D-1-thiogalactopyranoside (IPTG; Sigma) was
added to a final concentration of 0.2e1.0 mM and the culture was
further grown for 4e20 h at 37-18 �C under shaking of 200 rpm. A
negative control was prepared using the same protocol of expres-
sion with the exception that IPTG was not added to the culture. To
check the level of expression, each culture sample was centrifuged
at 4000 rpm (1860 � g) and the corresponding cell pellet was lysed
by an ultrasonic sonicator or using BugBuster lyse solution (Milli-
pore) following the manufacturer instructions. The soluble and
insoluble fractions were separated by centrifugation at 10,000 rpm
(11,627 � g) for 10 min and 5 mL of each fraction was separated and
checked on a SDS-PAGE 10e15% (w/v) which was stained using
Coomassie Brilliant Blue (Sigma). For larger scale protein produc-
tion, we chose the best expression condition identified in the
expression test and in order to produce a satisfactory yield of
protein for biophysical experiments, we usually inoculated 200 mL
of pre-inoculum into 4 L culture. After the expression protocol as
defined above, the cells was pelleted by centrifugation at 4000 rpm
(1860 � g) for 10 min at 4 �C and the resulting pellet was stored
at �20 �C until purification.

For the purification, cell pellets (approximately 10 g of cells)
were re-suspended in 50e75 mL of buffer (generally 50 mM Po-
tassium Phosphate and 10% glycerol pH 7.0 or 50 mM Tris-HCl,



Fig. 1. SDS PAGE analysis of the superexpression experiment and for the first step
purification using a Ni-NTA column chromatography for both putative halogenases.
Lane 1: LMW-SDS; lane 2: insoluble fraction of StaK. Lane 3: soluble fraction of StaK,
lane 4: elution of StaK of the nickel column using 130 mM of imidazole; lane 5:
insoluble fraction of StaI; lane 6: soluble fraction of StaI; lane 7: elution of StaI of the
nickel column using 60 mM of imidazole. To prepare the gel, it was used 5 mL of sample
and 5 mL of loading buffer which was boiled for 5 min. The gels were stained using
Coomassie Brilliant Blue. The halogenases are indicated using arrows, which are in
agreement with the expected molecular weight (53 kDa and 63 kDa for StaK and StaI,
respectively).
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100 mM NaCl, pH 7.8). In this cell suspension, 100 mL of Phenyl-
methylsulphonyl fluoride (PMSF) (Sigma-Aldrich) 10 mM, 100uL
lysozyme (Sigma-Aldrich) 10 mg/mL and 100 mL deoxyribonuclease
I (Sigma-Aldrich) 1 mg/mL were further added. The cells were
homogenized using an ultrasonic sonicator (Branson) continuously
for 15 min with pulses of 5 se5 s intervals at a frequency of 50%
under ice bath. The cell debris were pelleted by centrifugation at
10,000 rpm (11,627�g) for 30 min at 4 �C and the supernatant was
used for protein purification.

For the protein purification, an Akta Purifier (General Electric)
system (FPLC- Fast Protein Liquid Chromatography) was used. The
soluble lysate was loaded to a HisTrap IMAC HP 5 mL column
charged with nickel and pre-equilibrated with buffer A (50 mM
Tris-HCl, 100 mM NaCl, pH 7.8) and for the elution of binding
proteins, buffer B (buffer A plus 500 mM imidazole) was used.
Before protein elution, the column was washed with 100 mL of
buffer A plus 25 mM of imidazole. The binding protein was eluted
using a linear gradient of buffer B to 100%with a flow of 2mLmin�1

during 30 min. The fraction containing the eluted protein was
collected and concentrated to a final volume of 2 mL, which was
loaded to a Superdex 200 (16/60) column (GE Healthcare) previ-
ously equilibratedwith buffer A. The fractions containing the eluted
protein were collected and concentrated to 10 mg/mL, flash frozen
in liquid nitrogen, and stored at �80 �C until further biophysical
experiments.

To check the purity of the eluted proteins of both affinity and
molecular size exclusion purifications, the fractions corresponding
to the peaks were analyzed on SDS-PAGE 15%. For the analysis of
the affinity purification step, we also added as controls on the SDS-
PAGE, samples of dissolved pellets in loading buffer, supernatants,
non-binding protein solution and the wash solution with 25 mM of
imidazole. All gels were stained with Coomassie Brilliant Blue.

1.2. Estimative of hydrodynamic mass

The hydrodynamic masses of StaI and StaK were calculated by a
calibration of the Superdex 200 (16/60) column. For the calibration
of the column, we used the HMW and LMW kits (GE Healthcare)
containing carbonic anhydrase (29,000,000 Mr), ovalbumin
(43,000,000 Mr), conalbumin (75,000,000 Mr), aldolase
(158,000,000 Mr), ferritin (440,000,000 Mr) and blue dextran
(>2,000,000 Mr). Blue dextran was separately used to estimate the
void volume of the Superdex 200 (16/60). The calibration was
effected in the same buffer used for the purification of StaI and StaK.
The samples were injected using a loop of 200 mL at concentration
of 3e10mgml�1 and with a flow rate of onemL.min�1. The analysis
of StaI, StaK and the calibration curves, along with the linear
regression, were performed using the program Origin 2016.

1.3. Circular dichroism

Circular dichroism measurements were performed on a JASCO
J810 spectropolarimeter (Tokyo, Japan) equipped with a tempera-
ture controller (Peltier Type Control System PFD 4255, JASCO). A
circular quartz cuvette of 0.05 cm optical path or a rectangular
quartz cuvette with 1 cm optical path was used, and samples of
both StaI and StaK were at a concentration of 10 mmol L�1 in a
buffer constituted of 50 mM Tris-HCl, 100 mM of NaCl, pH 7.8.
Spectra were obtained over a wavelength between 190 and 260 nm
with a scanning speed of 50 nm min�1. The curves were plotted
using the software Excel or Origin 2016. The deconvolution of the
data were carried out using the online server K2D3 [24].

Thermal denaturation was monitored at 222 nm as function of
temperature. The protein concentration and the used buffer are the
same as described above, and the temperature was increased in a
rate of 1.0 �C.min�1 from 10 to 100 �C. The melting temperature (Tm)
was measured using the Boltzman fitting equation on Origin 2016
and identifying the point atwhich 50% of the sampleswere unfolded.
1.4. Molecular modelling

Molecular models for both StaI and StaK were constructed using
the program Modeller [25]. The best templates were obtained by a
search using the online server BlastP [26] using the sequences of
StaI and StaK against the Protein Data Bank. The best structural
template for both enzymes were CndH (3E1T PDB code), a halo-
genase from the chondrochloren biosynthesis inMyxobacteria [27].
The identity of CndH to StaI and StaK were 56 and 53%, respectively.
A total of ten models were generated for both StaI and StaK and the
best models were selected based on the stereochemistry quality,
which was obtained by the program SFchek [28]. Visual inspection
of the models was performed using the program COOT [29] and
PyMOL (The PyMOL Molecular Graphics System, Version 1.8
Schr€odinger, LLC.), which was also used to calculate the electro-
static surfaces.
1.5. Alignment analysis and phylogeny

The protein sequences of halogenases or putative halogenases
identified in biosynthetic gene clusters of different glycopeptides
were obtained in the database Uniprot (http://www.uniprot.org/)
and the alignments were done using the online programs Clustal
Omega [30], MultAlin [31] or Muscle [32].

The phylogenetic tree of 9 different sequences of halogenases or
putative ones from glycopeptide gene clusters was constructed by
the program MEGA6 [33]. The evolutionary histories of these en-
zymes were inferred by using the Maximum Likelihood method
based on the Whelan and Goldman [34] with a bootstrap of 1000
replicates. The tree with the highest log likelihood was chosen and

http://www.uniprot.org/
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it was drawn to scale, with branch lengths measured in the number
of substitutions per site.
2. Results

staI and staK from Streptomyces toyocaensis NRRL15,009 were
Fig. 2. Elution profile of (A) StaI and (B) StaK. Gray and green lines show the peaks of the pr
(carbonic anhydrase, ovalbumin, conalbumin, aldolase and ferritin). The blue line represen
enzymes we have used a linear regression by Origin or Excel software (left inset). The right i
sample used for biophysical analysis. (For interpretation of the references to colour in this
cloned into pET28a(þ) vector and the expression resulted in a re-
combinant protein fused with a 6� His-tag on the N-terminal (His-
StaI and His-StaK). The best expression condition for His-StaI was
obtainedwith the induction of 0.2 mMof IPTG for 16 h at 18� C using
BL21(DE3) cells. Using this condition, we have obtained about 10 g
of cells containing both plasmid constructs carrying staI and StaK.
oteins with known molecular weight used to calibrate a Superdex 200 (16/60) column
ts the retention time for (A) StaI and (B) StaK. To obtain the molecular weight of both
nset, shows the result of the molecular exclusion purification step and the purity of the
figure legend, the reader is referred to the web version of this article.)
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Following this condition, approximately 80% of His-StaI was found
in the soluble fraction by analysis of SDS-PAGE stained using Coo-
massie Brilliant Blue (Fig. 1). On the other hand, various attempts to
obtain StaK were performed, including using different IPTG con-
centrations, temperatures, mediums and different expression sys-
tems, as BL21(DE3), Rosetta(DE3), BL21-pLys(DE3) and co-
expression with the chaperone system pGRO7 (GroEL/GroES)
(Takara). However, overexpression of the protein was not observed
when the soluble and insoluble fractions were analyzed by SDS-
PAGE. Nevertheless, in an analysis of Western blot using an anti-
His antibody, it was possible to observe a very low expression of
this enzyme in both soluble and insoluble fraction (Figure not
shown). This encouraged us to obtain a synthetic gene with codon
optimization for expression in E. coli to produce StaK. The gene was
cloned in pET28a(þ) vector, which also resulted in a 6 � His-Tag
product and the expression was carried out under the same con-
ditions of His-StaI. About 25% of the protein was found in the sol-
uble fraction when an aliquot of the result of superexpression was
analyzed in SDS-PAGE (Fig. 1).

Both enzymeswere purified in two chromatographic steps, a Ni-
NTA His-tag affinity (Fig. 1) followed by molecular size exclusion
using a Superdex 200 (16/60) gel filtration column (Fig. 2). His-StaI
binds weakly to the affinity column and elutes in a low concen-
tration of imidazole and, consequently the sample had a high
concentration of impurity. Both enzymes were yellowish indicating
the co-purification with FAD, as expected. A scanning using the
wavelength between 300 and 800 nm confirmed the co-
purification with FAD in both proteins (Fig. 3). However, after the
Fig. 3. Analysis of the UV-Vis spectra of StaI and StaK. A) Spectra of StaI and B) StaK indicatin
SSuE. D) Analysis of the reduction of the FAD bound to StaK by SsuE.
molecular exclusion step, the protein was satisfactorily pure for
further biophysical analysis. His-StaK eluted using a higher con-
centration of imidazole and the sample was practically pure after
the affinity column step. However, to increase the purity of this
enzyme, a second step using size exclusion chromatography was
performed. Analysis of the molecular weight of both proteins using
a calibrated Superdex 200 (16/60) indicated that StaI and StaK
eluted as a monomer with a hydrodynamic mass of 56 kDa and
46 kDa, respectively (Fig. 2), which is in agreement with the theoric
molecular weight values obtained in the Uniprot Database. About
40% and 15% of StaI and StaK, respectively, eluted in the void vol-
ume of the gel filtration column, indicating that there was the
formation of large oligomers or aggregation, and these fractions
were not used for further experiments. Approximately 10 and 5 mg
of pure protein was obtained per liter of culture for StaI and StaK,
respectively. To check the ability of a flavin reductase to reduce the
bond flavin at StaI and StaK, we have cloned, expressed and purified
the enzyme SsuE from E. coli and performed an assay as described
in Schartz et al., 2014 [8]. Briefly, StaI and StaK at 20 mM were
incubated in the presence of the of SsuE 10 mMand 1mM of NADPH
for 2 min. The yellowish color of the FAD could be rapidly lost
because of its reduction to FADH2 and the oxidation of NADPH to
NADP. However, the FADH2 is again rapidly re-oxidized to FAD
because of the aerobic condition used in the assay. Interestingly this
experiment indicates that the FAD bound to StaI and StaK have
different availability to SsuE (Fig. 3). While the FAD bound to StaI is
partially reduced by SsuE, the FAD bound to StaK is not completely
available to SsuE, since there is no significant decreasing of
g the co-purification with FAD. C) Analysis of the reduction of the FAD bound to StaI by
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absorbance at 452 nm indicating that it is more buried within the
active site of the protein. Thus, this assay demonstrated that alike
VhaA [7], StaI could also be reduced by a flavin reductase as ex-
pected considering these two enzymes are more similar (84% of
identity), while StaK is more divergent (61% of identity) and might
have a less accessible active site.

Circular dichroism (CD) analysis showed that both halogenases
are folded and have similar spectra with negative bands around
208 nm and 220 nm and positive bands around 190 nm, which is an
indication of a high content of a-helices (Fig. 4). We performed the
deconvulation of the data using the web server K2D3 [24] to esti-
mate the percentage of secondary elements of both samples. StaI
has an estimated secondary structure content of about 27% of a-
helices and 17% of b-sheets, while StaK has approximately 32% of a-
helices and 20% of b-sheets. The CD thermal denaturation of both
proteins showed that StaI and StaK have a melting temperature
about of 64 �C and 70 �C, respectively, indicating that these proteins
are quite stable (Fig. 4).
Fig. 4. Circular dichroism denaturation curves for (A) StaI and (B) StaK. Fraction of
unfolded protein was monitored as a function of temperature by CD signal at 222 nm
(▪). 10 mM mL�1 of protein was heated at a rate of 1 �C.min�1 starting from 0 or 10 �C
to 90-100 �C. The Tm was considerated when half of the protein samples were de-
natured. A Boltzmann fitting using the Origin Software is also shown and it was used to
calculate the Tm. Inset: CD spectra of (A) StaI and (B) StaK. To calculate the percentage
of secondary elements content, we used the program K2D3 [24].
2.1. Molecular modeling

To gain insights into the possible structures of StaI and StaK, we
used molecular modeling to construct models for both putative
halogenases. We have used the amino acid residues sequence of
StaI and StaK to perform a search on the program BlastP against the
Protein Data Bank (PDB). The proteinwhich matched the best score
and the highest similarity was CndH, a halogenase from Chon-
dromyces crocatus involved in the chondrochloren biosynthesis
[27]. StaI and StaK have a sequential identity of 56% and 53% with
CndH, respectively (Fig. 5a). CndH is a halogenase that belongs to
the glutathione reductase superfamily and has a characteristic
folding of the FAD binding proteins. The halogenases of this su-
perfamily or the FADH2 dependent halogenases are described to
have a folding constituted of a single domain with two modules or
subdomains: a box subdomain in the N Terminal region and a
triangular pyramid subdomain in the C terminal region [35]. The
box subdomain is the flavin-biding module, which is highly
conserved in this family and characterized to have two large b-
sheets, which correspond to the “ceiling” and “floor” of the box and
four a-helices which are said to be the lateral walls of the box. The
triangular pyramid subdomain is the substrate recognition module,
which generally has three a-helices forming a pyramidal shape and
is not conserved in different halogenases (Figure not shown) [35].
However, the C Terminal portion of CndH is lacking its tridimen-
sional structure and it was attributed to this region being disor-
dered or denatured during the crystal packing formation [27]. Thus,
due to the absence of the C Terminal subdomain in CndH and the
low similarity of this region with any other proteins with tridi-
mensional structures, we have not modeled the substrate recog-
nition domain for StaI and StaK. Based on our molecular models,
both StaI and StaK have the flavin binding subdomain very similar
to CndH.

Taking the C Terminal domain as disordered, and calculating the
percentage of secondary elements, we have an theoric estimative
for our models of: 18.7% of b-sheet and 27.2% of a-helices for StaI,
and 31,3% of b-sheet and 21.8% a-helices for StaK. These percent-
ages are near of the experimental estimative obtained by circular
dichroism (17% of b-sheet and 27% of a-helices for StaI and 32% of b-
sheet and 20.% a-helices for StaK). The agreement between these
values indicates that our models have a high probability to be
correct and corroborates the possibility of the C terminal domain of
the putative halogenases StaI and StaK to be disordered.

In addition, according to the mechanism of other halogenases,
we have further evidence that C Terminal subdomains are disor-
dered in our structures in the absence of heptaptidyl-PCP substrate.
The structure of PrnA, one of the best characterized halogenase
from flavin halogenase family, the substrate binds between the FAD
binding subdomain and the substrate recognition subdomain [35]
and this event seems to trigger a movement engaging the sub-
strate binding subdomain closer to the flavin binding subdomain
for the activated chloride transfer [35].

Using an electrostatic surface analysis for both StaI and StaK, we
could infer the hypothetic region which forms a large tunnel in the
opposite side of the FAD binding site as described in the structure of
PrnA [35]. In addition, as described in the structure of CndH [27], it
is possible to observe in both structures a large cleft where the
peptidyl-PCP substrate should be accommodated for the catalysis
(Fig. 6aeb).

A detailed analysis of the non-conserved aromatic residues of
StaK observed in the alignment (Fig. 5b) shows that several of these
residues are not involved in the formation of the halogen transfer
tunnel, which has the conserved amino acid residue Lys76, an
essential residue for the active halogen transference to the sub-
strate. However, most of these residues are clustered in a region,



Fig. 5. Alignments of halogenases and putative halogenases. A) Alignment of StaI and StaK with CndH, the halogenase with highest sequential identity to StaI and StaK with a solved
structure deposited in the Protein Data Bank. It is possible to observe that the flavin binding domain (N-terminal) is highly conversed with CndH, while the substrate recognition
domain is not conserved (C-terminal). B) Alignment of halogenases identified in different gene clusters for glycopeptide biosynthesis (orf8 e teicoplanin; dbv10 ecompound 40,926;
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Fig. 6. Electrostatic surfaces for (A) StaI and (B) StaK models. The arrows indicate the region that the heptapeptidyl-PCP substrate should anchor to the putative halogenases. In (C)
and (D) it is possible to observe the characteristic halogen transfer tunnel, as indicated by the arrows of flavin dependent halogenases.
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which probably interacts with the flavin-biding subdomain near of
the cleft where the peptidyl-PCP should bind (Fig. 7). The position
of these residues in this interface might influence the bindingmode
of the substrate, which allows the correct positioning for catalysis
and regiospecficity of both halogenases.
2.2. Phylogenetic analysis and sequence analysis

To gain insights concerning the divergence and evolution of
halogenases involved in the biosynthesis of glycopeptide antibi-
otics, we have also performed an alignment of all putative halo-
genases sequences identified in different known glycopeptide
biosynthetic gene clusters and also constructed a phylogenetic
three. The alignment of these enzymes reveals that they have, in
general, high sequential identity to the N terminal subdomain
(Fig. 5b). However, the putative halogenases StaK and Auk23 have a
deletion of about 40 amino acid residues in the C Terminal sub-
domain while all the other sequences have this segment very
conserved. In addition, StaK and AuK23 have other similarities in
the sequence that are divergent from the other glycopeptide
biosynthesis halogenases (Fig. 5b). Thus, the phylogenetic analysis
van e vancomycin; bhaa-balhymicin, comH- complestatin). The alignment was performed
ESPript 3.0 [36]. In red boxes are the highly conserved residues in all sequences. The residue
represented the residues which are only not conserved in StaK and Auk23. (For interpretat
version of this article.)
reveals, as expected, that StaK and Auk23 are separated in a
different branch (Fig. 8b) supporting that enzymes has evolved
independently from the other halogenases and eventually could
have gained a slightly different function. However to confirm this
hypothesis, experiment of gene disruption and complementation in
Streptomyces toyocaensis and further analysis of the produced me-
tabolites are needed.
3. Discussion

The FADH halogenases or the putative ones from the biosyn-
thesis of glycopeptides have a biotechnological potential for the use
of combinatorial biosynthesis. However, these enzymes are not
sufficiently studied and there is no tridimensional structure for
them. In these studies, we have performed a preliminary charac-
terization of the two putative halogenases from the biosynthesis of
the A47,934, one of the two known glycopeptides which have two
putative halogenases identified in their biosynthetic gene clusters.
The function of the StaI and StaK in the biosynthesis of this glyco-
peptide is not well defined since this glycopeptide has a third
halogenation at residue 5 of heptapeptide which differs from the
by the program Clustal Omega [30] and the figure was prepared using the program
s in red are the substantially conserved in most sequences and in the yellow boxes are
ion of the references to colour in this figure legend, the reader is referred to the web



Fig. 7. Superposition of StaI and StaK molecular models. The superposition shows the
region of the flavin binding domain near to the substrate recognition domain with a
predominance of substitutions of aromatic or other large side chain residues (StaI) for
shorter side chain residues (StaK).

T.P. Cardoso et al. / Protein Expression and Purification 132 (2017) 9e18 17
other glycopeptides, with exception of UK-68,597 [15]. In the
biosynthesis of A47,934, StaI and StaK share high identity (65%),
even though StaK has a smaller substrate-binding domain and does
not have several conserved aromatic amino acids. Although both
enzymes are similar, the wild type gene showed very little
expression in E. coli and to obtain a satisfactory yield of protein, a
synthetic gene for StaK with codon optimization for this host was
necessary. Both proteins shown soluble and are yellowish in color,
Fig. 8. Molecular Phylogenetic analysis by Maximum Likelihood method of the
different halogenases and putative ones identified in glycopeptide gene clusters. The
percentage of trees in which the associated taxa clustered together is shown next to
the branches. The tree is drawn to scale, with branch lengths measured in the number
of substitutions per site (next to the branches). The name of proteins are from
following glycopeptide gene cluster: VhaA (vancomycin); BhaA (balhymicin); ComH
(Complestatin); StaI and StaK (Compound A47,934); Dbv10 (compound A40,926);
Tcp21 (Teicoplanin); Auk21 and Auk23 (compound UK68,597).
which is an indication of the tiny binding of FAD, which is differ-
ently accessible to the reduction by flavin reductases, such as SsuE.
StaI has a massive predominance of expression in the soluble
fraction while StaK had a small portion of the expression in the
insoluble fraction. On the other hand, StaI has a higher tendency to
aggregate as it had a large amount of protein in the void volume of
the size exclusion chromatography. Analysis of CD indicate the
integrity of both proteins, its folding and a high predominance of a-
helices in agreement with our molecular models. Results of
analytical gel filtration suggest that both StaI and StaK are mono-
meric enzymes. Using a phylogenetic analysis, we could observe
that StaK and Auk23 are more divergent from the other halo-
genases and are grouped in a different branch of a phylogenetic
tree. We have also constructed molecular models for StaI and StaK
and we could observe that both models are similar between them
and very similar to CndH, a halogenase involved in the chondro-
chloren biosynthesis [27]. However, StaK has several substitutions
and a gap of 40 residues in the C Terminal subdomain which are
divergent to the other putative halogenases, with exception of
Auk23. These differences might be involved in a slightly different
function of StaK as the halogenation at the position 5 of the
heptapeptidyl-PCP. An in vivo experiment with the staK deletion
and analysis of the produced metabolites might confirm this
hypothesis.
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