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Optimization of recombinant protein expression in bacteria is an important task in

order to increase protein yield while maintaining the structural fidelity of the product.

In this study, we employ Fourier transform infrared (FT-IR) spectroscopy as a high

throughput metabolic fingerprinting approach to optimize and monitor cytochrome b5

(CYT b5) production in Escherichia coli N4830-1, as the heterologous host. Cyt b5 was

introduced as a plasmid with between 0 and 6 copies under a strong promoter. The

FT-IR spectroscopy results combined with multivariate chemometric analysis illustrated

discriminations among culture conditions as well as revealing features that correlated to

the different cyt b5 gene copy numbers. The second derivative of the FT-IR spectral data

allowed for the quantitative detection of Cyt b5 directly inside the intact cells without the

need for extraction, and highlighted changes in protein secondary structure that was

directly correlated to the cyt b5 gene copy number and protein content, and was in

complete agreement with quantitative findings of standard traditional techniques such

as SDS–PAGE and western blot analysis.

Keywords: FT-IR spectroscopy, metabolic fingerprint, recombinant protein production, cytochrome b5,

chemometrics

INTRODUCTION

Recombinant protein production has played an important role for decades in a wide range of
industries, i.e., pharmaceuticals, diet, and cosmetics (Kirk et al., 2002; Singh et al., 2016). Various
hosts have been used for this purpose, ranging from prokaryotes such as E. coli and Streptomyces
spp. to eukaryotic cells, namely, the yeasts Saccharomyces cerevisiae and Komagataella phaffii
known as Pichia pastoris (Vieira Gomes et al., 2018). Despite its known limitations, E. coli is still
a popular host due to the fact that it is easy to handle, genetically tractable requires simple media,
grows rapidly, and has been developed over many years to be a versatile host that can be used in
a wide range of applications (Leis et al., 2013). However, the development of bacterial hosts for
the expression of recombinant proteins more efficiently is still investigated by various approaches
such as the optimization of culturing conditions and genetic engineeringmethods, which have been
discussed in detail in an excellent review by Tripathi and Shrivastava (2019). A good example of the
latter approach is the modification of mRNA stability and translational efficiency leading to the
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development of a BL21 derivative commercial vector known as
StarTM (Lopez et al., 1999; Makino et al., 2011).

In the past two decades, metabolomics has also been applied
as a useful approach for the optimization of recombinant
expression systems, as the study of the metabolome, the
building blocks of various biomolecules including proteins,
may provide a clearer picture on what biochemical changes
occur in the system compared with a genomic approach
(Fiehn, 2002). Metabolomics can be described as the study
of low molecular weight compounds that are usually primary
metabolites involved in necessary bioprocesses that are essential
for maintenance and growth of cells (Dunn and Ellis, 2005;
Hollywood et al., 2006; Mashego et al., 2007). To synthesize
secondary metabolites, energy such as ATP, precursors, cofactors,
and other relevant building blocks, which are biosynthesized
from simple primary metabolites, are required (Bailey, 1991).
Therefore, the link between secondary metabolites, recombinant
proteins, and low molecular weight compounds is worth
studying as the availability of these metabolites may directly
influence the biosynthetic rate of the desired recombinant
protein (Stephanopoulos and Vallino, 1991). Furthermore, since
both quality and quantity of the recombinant protein may be
affected by the presence and maintenance of a foreign DNA,
understanding the metabolic burdens of carrying such DNA
material using metabolomics approach is also useful for the
improvement of the recombinant protein production process
(Muhamadali et al., 2015, 2016).

While a range of analytical techniques have been applied
in metabolomics, mass spectrometry (MS) especially coupled
with chromatographic methods is the most frequently used as
it provides high sensitivity, selectivity, accuracy, and resolution
(Kaderbhai et al., 2003; Dunn and Ellis, 2005; Dunn et al.,
2011, 2013). However, MS-based metabolomics approaches are
costly and require laborious sample preparation and complicated
data interpretation which are time-consuming. Unlike MS,
infrared (IR) spectroscopy is a versatile, non-destructive, and
rapid method that can be used as a fingerprinting technique
and requires minimum sample preparation (Dunn and Ellis,
2005). A good example is its application for classification
and characterization of bacteria accurately and reproducibly
down to sub-species level (Naumann et al., 1991). Since it
is a high-throughput screening method, FT-IR spectroscopy
has been applied to study the overall phenotypic changes of
bacteria in different culture conditions (Dunn and Ellis, 2005;
Muhamadali et al., 2015, 2016). FT-IR has also been used
to study the secondary structure of proteins such as globular
proteins structures in various concentration of ionic liquids to
understand the protein stabilization (Arunkumar et al., 2019) and
for quantitative study of protein structure in solution (Arrondo
et al., 1993). Thus, in this work, FT-IR spectroscopy was applied
to appraise the reproducibility of the production process and to
optimize the protein production by varying the induction time
of the λPL promoter. The FT-IR fingerprint results combined
with chemometrics analysis, such as PCA and PC–DFA, was also
employed to investigate the metabolic changes that occur in the
expression system.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
In total, seven strains of E. coli N4830-1 (F−suo thi-1 thr-1 leuB6
lacY1 fhuA21 supE44 rfbD1 mcrA1 his ilv galK8 1(hemF-exp)
1(bio uvrB) [λ 1Bam N+cI857 1(CroattR)]) harboring pEX-
CYT plasmid were kindly provided by Dr. Naheed Kaderbhai.
The strains carry different copy numbers of cyt b5 gene ranging
from 0 to 6 which are labeled as N0 to N6 (E. coli pλ-0cyt to E.
coli pλ-6cyt). The vector pEX-CYT also contains an ampicillin-
resistant gene as a selectable marker (Supplementary Figure S1).
All the strains were streaked onto LB agar (Formedium, UK)
prior to growing overnight at 37◦C on 75µg/mL ampicillin-
supplemented LB agar for selection of the desired colonies.

Bacterial Growth Profile
A single colony was inoculated into 5mL of LB broth
supplemented with 75µg/mL ampicillin in a 50mL sterile conical
tube and incubated overnight at 37◦C with 200 rpm shaking. The
inoculum was then diluted with the medium to a final OD600nm

of 0.1 prior to transferring as 200µL aliquots to a sterile 100 well-
plate (10 replicates). Bacterial growth was then monitored with a
Bioscreen C analyzer (Oy Growth Curves Ab Ltd, Finland) using
the following settings: 5min preheating, continuous medium
shaking, OD600nm measurement with 10min intervals, and
incubation at 37◦C for 24 h.

Cyt b5 Production
The cells were cultured for the Cyt b5 production following the
procedure described by Kaderbhai et al. (1992). Briefly, 1mL
overnight culture was inoculated into a 250mL Erlenmeyer flask
containing 25mL of LB medium plus 75µg/mL ampicillin. The
cells were incubated at 150 rpm and 30◦C until reaching the
mid-log phase (∼2.5 h), then the incubation temperature was
immediately increased to 38.5◦C to activate the heat-sensitive
promoter, λPL. The culture was induced and incubated for 8 h
to allow for the protein production, while a control set was
kept uninduced and continuously incubated at 30◦C. The final
biomass for each sample was determined by measuring the
OD600nm afterward. To optimize the production condition, the
bacteria were also cultured as 3mL aliquots in 15mL tubes for
various lengths of time ranging from 8 to 14 h.

FT-IR Fingerprint Analysis
Sample Preparation
Bacterial biomass was harvested by centrifugation of 1mL
samples at 5,000 g for 5min at room temperature, followed by a
washing step with 0.9% NaCl and normalization to the OD600nm

of 15 (Muhamadali et al., 2016). A 20 µL aliquot of each sample
was spotted onto an FT-IR silicon plate that had been cleaned
as described previously (Muhamadali et al., 2016); the locations
of these samples were randomized. The plate was then dried in
a 55◦C oven for about 30min. Samples were analyzed using an
Invenio infrared spectrophotometer equipped with an HTS-XT
high throughput plate reader (Bruker Optics Ltd., Coventry, UK)
in transmission mode, with a spectral resolution of 4 cm−1 and
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within the 4,000–400 cm−1 range. Each sample class contained
3 biological replicates, and from each of the dried spots 4
machine replicates were collected to capture any variation in the
bacterial population.

Data Analysis
The FT-IR data were collected with the OPUS spectroscopy
software supplied by the manufacturers (Bruker UK Ltd.,
UK) and further analyzed using MATLAB R© (version r2019b,
The MathWorks Inc., UK). All the spectra were primarily
preprocessed as described by Muhamadali (Muhamadali et al.,
2015). In brief, the extended multiplicative signal correction
(EMSC) method (Martens et al., 2003) was applied to scale the
spectra and remove any variations according to the sample size.
Subsequently, the CO2 vibrations were removed from all spectra
by replacing these regions with linear trends, prior to being
analyzed using principal component analysis (PCA) which is an
unsupervised method (Wold et al., 1987). These PCA data were
further analyzed using discriminant function analysis (DFA)
(Gromski et al., 2015). In this work, PCA combined with DFA
(PC–DFA) was employed as a semi-supervised approach as the
algorithm was only provided with information on the group of
each bacterial strain excluding any relation or order from one to
another group (i.e., the algorithm was not provided with the cyt
b5 gene copy number).

Detection and Identification of CYT b5
The normalized biomass (∼1mL) of each sample were collected
by centrifugation (5,000 g) for 10min at room temperature and
the supernatant was then kept separately to examine any protein
leakage. The pellets were then prepared for analysis using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE)
following the protocol described previously (Kaderbhai et al.,
1992). Subsequently, 15 µL of each sample was loaded into
sample wells of a 15% polyacrylamide gel and 5 µL of PageRuler
plus Prestained Protein Ladder (Thermo Fisher Scientific Inc.,
USA) was used as a protein marker. Electrophoresis was
performed at 180V for 50min. The protein bands were
subsequently subjected to western blot analysis, and transferred
to a polyvinylidene fluoride (PVDF) membrane by applying a
constant current at 400mA for 1 h. The antibodies for the Cyt
b5 target protein and the loading control, β-actin were purchased
from Invitrogen (Thermo Fisher Scientific Inc., USA) and the
detection reagents from Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientific Inc., USA). The target protein bands
were detected chemiluminescently using ImageQuant LS 4000
(GE Healthcare UK Ltd, UK).

Relative Quantification of Cyt b5
SDS–PAGE: Quantification Using a Total Protein

Normalization
The total protein bands in the samples has been used for
normalization purposes to allow for more accurate quantification
of the target protein band (Gilda and Gomes, 2013). SDS–PAGE
was used to monitor the relative quantity of the Cyt b5 content
by loading samples in a random order and using the total protein

bands for normalization. The densitometric data were calculated
using ImageJ (Rueden et al., 2017).

Colorimetric Method: UV-Visible Spectroscopy
The Cyt b5 content in bacterial cells was monitored via
spectrophotometry and focused on a range of 400–450 nm where
a Soret absorption is detected (Kaderbhai et al., 1992). In
addition to the previous study, external hemin was added to
increase the reliability of the measurement as there are extra
cyt b5 genes in the system. Therefore, the amount of hemin
naturally produced by the E. coli may not be adequate to
incorporate into the protein. Since the red or pink color is from
the incorporation of heme into the protein providing a Soret
absorption in UV-vis region (Beck von Bodman et al., 1986;
Pyrih et al., 2014). A stock solution of 1mM hemin was prepared
in 0.1M NaOH (65.2 mg/mL), followed by a centrifugation
step to remove any residues, and measuring the absorbance at
385 nm and calculating the concentration with an extinction
coefficient of 58.4 mM−1. Hemin solution was then added into
an aliquot (200 µL) of cell lysates to a final concentration
of 0, 5, 10, 20, 40, 60, 80, and 100µM. The UV-vis spectra
were measured with the lysing solution (TE buffer with 0.1
mg/mL lysozyme) supplemented with hemin as a reference at
each concentration.

RESULTS

Bacterial Growth Profile
Overall, the growth behavior of all bacterial strains under 37◦C
were similar throughout the incubation period, with all strains
reaching the stationary phase at around 10 h (Figure 1). At the
end of the incubation period (24 h), a decrease in OD600nm has
been observed that may indicate the start of death phase. The
bacterial strain N1 showed the lowest OD600nm value when they
reached the stationary phase, while strain N6 displayed as the
highest OD600nm. However, these are insignificantly different
as illustrated by the error bars showing the SD of each strain
(calculated from 10 biological replicates, n= 10).

Cyt b5 Production
All the bacterial strains reached an average final OD600nm of 3.5.
The pH of the media for all samples were specifically monitored
to ensure that any changes detected in the FT-IR metabolic
fingerprint of the cells were because of Cyt b5 production and
not a result of any environmental changes. The pH values
displayed similar changes for all the examined strains and
changed from∼6.8 to around 8.2 (average values) after induction
(Supplementary Table S1). This alkalinization of the medium
is expected due to the cells being cultured in a rich medium
where amino acids are catabolized (deamination process), to
be used as a carbon source followed by the release of the
generated ammonium into the surrounding medium. However,
the harvested bacterial cells were visible as pale pink color in
some strains (N3–N6) as shown in Supplementary Figure S2.
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FIGURE 1 | Growth profiles of E. coli N4830-1 strain N0–N6 cultured at 37◦C in LB medium (75µg/mL ampicillin) with a blank, LB medium (75µg/mL ampicillin)

using a Bioscreen C analyzer. Values are means and error bars showing the SD (from 10 biological replicates).

TABLE 1 | Vibrational regions and possible band assignment.

Wavenumber (cm−1) Possible band assignment Vibration

3,000–2,800 Lipids C-H stretching

1,700–1,600

1,684

1,658

1,639

1,631

Amide I

β-sheet

α-helix

β-sheet

β-sheet

C=O and C-N

stretching

1,600–1,500

1,567

Amide II

β-sheet

N-H bending and

C-N stretching

1,500–1,200 Amide III, fatty acids, and

phosphate carrying compounds

N-H bending, C-N

stretching, and

C-H bending

1,200–900 Nucleic acids and

polysaccharides

P=O, C=O, and

C-O-C stretching

FT-IR Fingerprint Analysis and the
Optimization of Inducing Time for Cyt b5

Production
The FT-IR spectra of induced E. coli N4830-1 strain after pre-
processing displayed the commonly known vibrational regions
of bacterial cells (Table 1), i.e., the region between 1,200
and 900 cm−1 absorption bands of nucleic acids (PO−

2 ) and
bacterial cell wall component such as polysaccharides (C-O-
C) (Zarnowiec et al., 2015). The 1,700–1,500 cm−1 region is
particularly important as it is usually the most intense region
and provides information on the amide I (C=O stretching)
and II (C–N stretching, N–H bending) vibrational bands
that are the vital chemical characteristic of peptide bonds in
proteins (Zarnowiec et al., 2015). The second derivative of
the FT-IR spectral data illustrated the underlying peaks as
shown in Supplementary Figure S3 that can be assigned to the
secondary structure of proteins, i.e., the 1,631 cm−1 region
belongs to the β-sheet structure of amide I and 1,658 cm−1

represents the α-helix structure (Holloway and Mantsch, 1989;
Kong and Yu, 2007). The vibration in amide II region at
about 1,567 cm−1 also relates to the β-sheet structure of the
protein (Brian et al., 2014). Amide bands of proteins were also
observed in the uninduced set; however, its second derivative
spectra (Supplementary Figure S3A) showed similar intensities
among all strains, while there was variation in the induced
set (Supplementary Figure S3B). This band intensity variation
among the 7 strains in Cyt b5 production condition (38.5◦C),
especially at 1,658 cm−1 (Supplementary Figure S3C), indicates
a difference in the level of the protein content and their structure
under the examined condition.

PCA scores plot of FT-IR data from various incubation
time (8–14 h) still showed the separation between the control
and induced samples, which agreed with the previous results
(Figure 2A). The PC–DFA scores plot, using 25 principal
components (PCs) accounting for 99.79% of the TEV, in
Figure 2B further illustrated the discrimination of 3main groups,
i.e., control samples, induced samples with low (N0–2) and high
(N3–6) cyt b5 copy numbers. The control and induced sample
groups were also analyzed separately by PC–DFA, using 25 PCs
accounting for 99.82 and 99.79% of TEV, respectively. The PC–
DFA scores plot of the control set (Figure 2C), only displayed the
separation of the samples according to the incubation time, which
is because of the biochemical changes that are generally linked
to the cells going through the various growth phases. Unlike
the control samples, the PC–DFA scores plot (Figure 2D) of the
induced samples displayed a gradient of discrimination among all
7 strains fromN0 to N6 according to DF1 axis. Moreover, the 8-h
incubation set also discriminated from the other incubation times
according to DF2 axis, indicating the similarity within the groups
of 9–14 h induction. Therefore, 9 h was selected as the optimum-
inducing time for all the following experiments to study the
metabolic changes resulting from the protein production, as it
requires less incubation time and will also be more cost-effective
for potentially future large-scale studies.
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FIGURE 2 | Chemometric analysis of the FT-IR spectral data: (A) PCA scores plot of all samples, (B) PC–DFA scores plots of all samples, (C) control samples, and

(D) induced samples. Red arrows show the trend detected for the induced bacterial strains from N0 to N6, while the blue arrows indicate the effect of incubation time

on a control set which shows no pattern linked to the protein production or the different examined strains.

FIGURE 3 | Detection of Cyt b5 production via SDS–PAGE analysis: (A) control and (B) thermally induced E. coli N4830-1 strains, N0–N6 carrying 0–6 copies of Cyt

b5 gene, respectively. The protein marker is labeled as m.

Detection and Identification of CYT b5
The production of Cyt b5 was confirmed in the relevant
strains using SDS–PAGE technique. The results showed that
there were strong visible bands (13 kDa) in the thermally
induced cultures, as expected (Figure 3B), while these were

not detected in the control samples (Figure 3A). The detected
protein bands were further identified by the western blot analysis
(Supplementary Figure S4), which illustrated the western blot
result of bacterial samples (N0–N6) with a protein ladder (m)
showing bands of Cyt b5 at the expected position in all 6

Frontiers in Microbiology | www.frontiersin.org 5 June 2022 | Volume 13 | Article 874247

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Tengsuttiwat et al. Metabolic Fingerprinting of Cyt b5-Producing E. coli

FIGURE 4 | (A) SDS–PAGE gel of induced bacterial strains N0–N6 in a random order and (B) the plot of an average Cyt b5 bands’ density from 7 biological replicates

against numbers of cyt b5 genes. SDs are shown as red bars.

FIGURE 5 | (A) UV-vis spectra of bacterial lysates of a strain N6 with 0–100µM hemin supplementation showing an increase in the Soret absorption peak as

indicated by a black arrow. (B) A plot of the Soret absorption of TE buffer (blank) and bacterial strains N0–N6 with hemin supplementation. (C) A plot of an average

absorbance at a Soret peak representing Cyt b5 content from 7 biological replicates against numbers of cyt b5 genes. SDs are shown as red bars.

producing strains (N1–N6). A non- Cyt b5 producing strain such
as N0 showed no band in that region.

Relative Quantification of Cyt b5
SDS–PAGE Method
The total protein bands from the SDS–PAGE gel were used for
normalization purposes. The amount of Cyt b5 detected was
presented as the average of the 7 biological replicates and plotted
against its copy numbers (0–6) (Figure 4) showing an increasing
amount of Cyt b5 being produced and directly linked with the
gene copy number from 0 to 6 copies, as expected.

Colorimetric Method
In order to improve the accuracy of the Cyt b5 quantification
based on its absorption at the Soret peak (423 nm), various
concentrations of hemin (0–100µM) were supplemented to
determine the optimal level required. The results in Figure 5A

show a higher level of the Soret absorption in the N6 strain
with external hemin supplementation. Moreover, the plot in

Figure 5B identifies the saturation point of hemin to be at 60µM
as any further increase in hemin concentration did not change
the absorption value at 423 nm. Using the established optimum
concentration of hemin (60µM), an increasing trend of Cyt b5
content was detected and correlated directly with increasing gene
copy numbers, as shown in Figure 5C.

DISCUSSION

Bacterial Culture
All the bacterial strains illustrated comparable growth profiles
at 37◦C incubation temperature (Figure 1) and did not show
any adverse effects from carrying various copies of the cyt
b5 gene. It was noteworthy that the different number of cyt
b5 genes seems not to affect their overall growth behavior,
and the same was also observed under Cyt b5 producing
condition (Supplementary Table S1). However, the harvested
cells illustrated different shades of color where strains N3–N6
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showed a visible pale pink color while the other strains did
not (Supplementary Figure S2). This is perhaps not only due
to the level of Cyt b5, as was also reported in a previous study
(Kaderbhai et al., 1992), but also to do with the limited hemin
availability and its incorporation into the protein structure.
Therefore, the shades of color from the pellets were not
directly indicative of the level of Cyt b5 produced. Subsequently,
a confirmation by alternative methods for relative protein
quantification was required. Hence, densitometric data from
SDS–PAGE and colorimetric method using the Soret peak was
employed, which are discussed in the following sections.

Reproducibility and the Chemometrics
Analysis
To test the reproducibility of the process, these bacteria were
cultured three times in different batches and on three different
days. For all batches, the PCA scores plots showed two main
clusters according to the conditions, control, and induced
groups (Supplementary Figure S5). The PC–DFA scores plots
also displayed a clear trend for the induced samples according
to the gene copy number from N0–N6, which was confirmed
and illustrated in the findings of all the three separate batch
cultures, highlighting the reproducibility of the whole process
(Supplementary Figure S6). These multivariate analyses also
indicated a clear change in the metabolic fingerprints of the
control vs. induced cells.

To interpret the chemometrics data further, the loadings
plots (Supplementary Figure S7) were investigated. The PC–
DFA loadings plot of all samples (Supplementary Figure S7A)
including the control and induced sets showed important
vibrations that discriminated the samples, these included
vibrations in the amide I and II regions (i.e., 1,569 and 1,626
cm−1), lipids (1,744 cm−1), and nucleic acids (1,082 cm−1),
which highlighted significant metabolic changes due to the
protein production process. While the PC–DFA scores plot of
control samples (Figure 2C) displayed a separation based on
the incubation time (8–14 h) according to DF1 axis, its loadings
plot (Supplementary Figure S7B) highlighted the vibration in
amide region, i.e., 1,628 cm−1 and lipids vibration at 1,749
cm−1 (C=O stretching) to be significantly changing. The latter
vibration was only detected as significant in the control set
(Supplementary Figure S7B) compared with that of the induced
group (Supplementary Figure S7C), suggesting these differences
to be mainly as a result of the biochemical changes in the cells
because of the various incubation lengths and growth phases on
bacterial membrane. In addition, the λPL promoter that is used
for induction of this recombinant protein uses a temperature
shift from 37 to 38.5◦C and it is known that temperature shifts
alter membrane fluidity in bacterial cell walls (Mejía et al., 1995)
and this is likely to be the cause as to why there are changes
in these lipid vibrations. This, we shall explore further when we
analyze these bacteria using lipidomics. By contrast, the PC–DFA
loadings plot of induced samples (Supplementary Figure S7C)
demonstrated that the most significant changes in DF1 axis
is accounted for by the variation in amide vibrations relating
to the protein secondary structures, such as the vibrational

bands at 1,626 and 1,569 cm−1 (β-sheet) and 1,658 cm−1 (α-
helix) (Holloway and Mantsch, 1989; Kong and Yu, 2007; Brian
et al., 2014). These findings suggested that the 7 bacterial strains
examined in this study are mainly discriminated based on their
Cyt b5 content, which is directly correlated to the their cyt b5 gene
copy number. To test these findings further, the peak height ratios
of the significant amide vibrations, 1,631 cm−1 (β-sheet) and
1,658 cm−1 (α-helix) were calculated and found to be showing
an increasing trend from bacterial strains N0–N6, as expected
(Supplementary Figure S8). Since the majority structures of the
Cyt b5 are β-sheets (Holloway and Mantsch, 1989), this result
also indicated the different level of Cyt b5 production among the
7 strains.

Relative Protein Quantification
The first approach was to quantify the Cyt b5 via western blot
analysis, using the β-actin band for normalization. However,
the Cyt b5 was expressed at very high levels, and resulted in
saturation of the bands. Several attempts were made to correct
this issue, including dilution of the protein extracts and reducing
the volume of samples loaded into the gel; however, this also
reduced the control bands and compromised the reproducibility
of this approach (Supplementary Figure S4). Therefore, to
quantify the Cyt b5 more reliably, the total protein bands in SDS–
PAGE was used along with the random ordering of samples to
avoid any bias resulting from samples’ positions on the gel. With
7 biological replicates, this technique provided an increasing
trend of Cyt b5 content similarly to that from the colorimetric
method. As expected, the absorbance at Soret band increased
with the concentration of supplemented hemin (0–100µM) in
Cyt b5-producing strains before reaching the saturation level.
This indicated the lack of heme incorporation into the produced
protein providing the Soret absorption, especially, in strains with
higher copy numbers of the gene. The findings of densitometric
analysis from SDS–PAGE and of the Soret absorption using
spectroscopy for the relative Cyt b5 quantification are consistent
as suggested in a combination plot (Figure 6A) with R2 value of
0.978. Furthermore, a plot of DF1 scores (Figure 6B) from FT-IR
fingerprinting data of induced samples also provided a consistent
result to those from the wet-lab protein quantitative techniques.

CONCLUSION

Detection, quantification, and optimization of recombinant
production is important that normally requires laborious and
time-consuming techniques such as a traditional SDS–PAGE
together with a western blot. The samples are usually prepared
by lysing the host cells to further investigate the protein of
interest. The application of FT-IR spectroscopy as a holistic
metabolic fingerprinting approach has proven to be a useful
and reliable approach for studying such metabolic changes
in bacterial cells. The sample could be readily studied by
centrifugation of the bacterial culture without the need for
a cell lysis step. In this study, by combining FT-IR with
chemometric methods, we could separate the control from
the temperature-induced samples. Furthermore, the PC–DFA
scores plots of induced samples allowed for clear separation
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FIGURE 6 | (A) A combination plot of cyt b5 content relatively quantified by the 2 techniques, the ratio of densitometric data from an SDS–PAGE (no unit) and

colorimetric data from UV-vis absorption of a Soret peak (absorbance unit, AU). (B) A plot of DF1 score from the PC–DFA scores plot against numbers of cyt b5 gene.

of the strains, from N0 to N6, based on their Cyt b5
protein content. Such trend was not observed in the control
set; nevertheless, the metabolic effects from temperature and
incubation time on bacterial membrane was apparent by
detected changes in other biomolecules such as the lipids
vibration at 1,749 cm−1. Besides, an increase in Cyt b5
content along with its copy numbers was confirmed by two
traditional methods, the use of densitometric data from SDS–
PAGE together with the total protein normalization and the
colorimetric method by measuring the Soret absorption. The
latter approach required a supplementation of hemin into the
lysates for the actual representation of the hemoprotein by its
Soret absorption. However, to achieve a clearer understanding
of the metabolic burden of recombinant Cyt b5 production in
the examined strains, such as the effect on the lipid profile
in the case of exported recombinant protein through bacterial
membrane, future studies should perhaps focus on using MS-
based metabolomics approaches such as metabolic profiling
(extracted intracellular metabolites), footprinting (extracellular
metabolites), and lipidomics (of membrane lipids) to investigate
further the possible bottleneck(s) of the recombinant protein
production. The findings of such approaches may provide a
clearer picture of what goes on inside the host cell and may
potentially support the design and optimization of the media,
and guide future genetic engineering strategies leading to a more
efficient production system.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

TT: experimental design, sample collection and preparation,
protein quantification, FT-IR data analysis, and data
interpretation. NK and JG: genetic engineering of the strains
and growth condition optimisation. RG: experimental design,
data interpretation, and manuscript preparation. HM: principal
investigator, experimental design, data interpretation, and
manuscript preparation. All authors read and approved the
final manuscript.

ACKNOWLEDGMENTS

We thank the University of Liverpool and the Royal Thai
Government for the financial support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.874247/full#supplementary-material

REFERENCES

Arrondo, J. L., Muga, A., Castresana, J., and Goñi, F. M. (1993).

Quantitative studies of the structure of proteins in solution by Fourier-

transform infrared spectroscopy. Prog. Biophys. Mol. Biol. 59, 23–56.

doi: 10.1016/0079-6107(93)90006-6

Arunkumar, R., Drummond, C. J., and Greaves, T. L. (2019). FTIR

spectroscopic study of the secondary structure of globular proteins in

aqueous protic ionic liquids. Front. Chem. 7, 74. doi: 10.3389/fchem.2019.

00074

Bailey, J. E. (1991). Toward a science of metabolic engineering. Science 252,

1668–1675. doi: 10.1126/science.2047876

Frontiers in Microbiology | www.frontiersin.org 8 June 2022 | Volume 13 | Article 874247

https://www.frontiersin.org/articles/10.3389/fmicb.2022.874247/full#supplementary-material
https://doi.org/10.1016/0079-6107(93)90006-6
https://doi.org/10.3389/fchem.2019.00074
https://doi.org/10.1126/science.2047876
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Tengsuttiwat et al. Metabolic Fingerprinting of Cyt b5-Producing E. coli

Beck von Bodman, S., Schuler, M. A., Jollie, D. R., and Sligar, S. G. (1986).

Synthesis, bacterial expression, and mutagenesis of the gene coding for

mammalian cytochrome b5. Proc. Natl. Acad. Sci. U.S.A. 83, 9443–9447.

doi: 10.1073/pnas.83.24.9443

Brian, M. M., Jennifer, D., Antonio, M.ark, C. M., and Wasfi, A.-A. (2014). Use of

the amide II infrared band of proteins for secondary structure determination

and comparability of higher order structure. Curr. Pharm. Biotechnol. 15,

880–889. doi: 10.2174/1389201015666141012181609

Dunn, W. B., Broadhurst, D. I., Atherton, H. J., Goodacre, R., and Griffin, J. L.

(2011). Systems level studies of mammalian metabolomes: the roles of mass

spectrometry and nuclear magnetic resonance spectroscopy. Chem. Soc. Rev.

40, 387–426. doi: 10.1039/B906712B

Dunn, W. B., and Ellis, D. I. (2005). Metabolomics: current analytical

platforms and methodologies. TrAC Trends Analytic. Chem. 24, 285–294.

doi: 10.1016/j.trac.2004.11.021

Dunn, W. B., Erban, A., Weber, R. J. M., Creek, D. J., Brown, M.,

Breitling, R., et al. (2013). Mass appeal: metabolite identification in mass

spectrometry-focused untargeted metabolomics. Metabolomics 9, 44–66.

doi: 10.1007/s11306-012-0434-4

Fiehn, O. (2002). Metabolomics — the link between genotypes and phenotypes.

Plant Mol. Biol. 48, 155–177. doi: 10.1023/A:1013713905833

Gilda, J. E., and Gomes, A. V. (2013). Stain-Free total protein staining is a superior

loading control to β-actin for Western blots. Anal. Biochem. 440, 186–188.

doi: 10.1016/j.ab.2013.05.027

Gromski, P. S., Muhamadali, H., Ellis, D. I., Xu, Y., Correa, E., Turner, M. L., et al.

(2015). A tutorial review: Metabolomics and partial least squares-discriminant

analysis–a marriage of convenience or a shotgun wedding. Anal. Chim. Acta

879, 10–23. doi: 10.1016/j.aca.2015.02.012

Holloway, P. W., and Mantsch, H. H. (1989). Structure of cytochrome b5 in

solution by Fourier-transform infrared spectroscopy. Biochemistry 28, 931–935.

doi: 10.1021/bi00429a002

Hollywood, K., Brison, D. R., and Goodacre, R. (2006). Metabolomics:

current technologies and future trends. Proteomics 6, 4716–4723.

doi: 10.1002/pmic.200600106

Kaderbhai, N. N., Broadhurst, D. I., Ellis, D. I., Goodacre, R., and Kell, D. B.

(2003). Functional genomics via metabolic footprinting: monitoring metabolite

secretion by Escherichia coli tryptophan metabolism mutants using FT-IR and

direct injection electrospray mass spectrometry. Comp. Funct. Genomics 4,

376–391. doi: 10.1002/cfg.302

Kaderbhai, N. N., Gallagher, J., He, M., and Kaderbhai, M. A. (1992). A pink

bacterium as a reporter system signaling expression of a recombinant protein.

DNA Cell Biol. 11, 567–577. doi: 10.1089/dna.1992.11.567

Kirk, O., Borchert, T. V., and Fuglsang, C. C. (2002). Industrial

enzyme applications. Curr. Opin. Biotechnol. 13, 345–351.

doi: 10.1016/S0958-1669(02)00328-2

Kong, J., and Yu, S. (2007). Fourier transform infrared spectroscopic analysis

of protein secondary structures. Acta Biochim. Biophys. Sin. 39, 549–559.

doi: 10.1111/j.1745-7270.2007.00320.x

Leis, B., Angelov, A., and Liebl, W. (2013). “Chapter one - screening

and expression of genes from metagenomes,” in Advances in Applied

Microbiology, eds S. Sariaslani and G. M. Gadd (Academic Press), 1–68.

doi: 10.1016/B978-0-12-407678-5.00001-5

Lopez, P. J., Marchand, I., Joyce, S. A., and Dreyfus, M. (1999). The C-terminal

half of RNase E, which organizes the Escherichia coli degradosome, participates

in mRNA degradation but not rRNA processing in vivo. Mol. Microbiol. 33,

188–199. doi: 10.1046/j.1365-2958.1999.01465.x

Makino, T., Skretas, G., and Georgiou, G. (2011). Strain engineering for improved

expression of recombinant proteins in bacteria. Microb. Cell Fact. 10, 32.

doi: 10.1186/1475-2859-10-32

Martens, H., Nielsen, J. P., and Engelsen, S. B. (2003). Light scattering and light

absorbance separated by extended multiplicative signal correction. application

to near-infrared transmission analysis of powder mixtures. Analytic. Chem. 75,

394–404. doi: 10.1021/ac020194w

Mashego, M. R., Rumbold, K., De Mey, M., Vandamme, E., Soetaert, W.,

and Heijnen, J. J. (2007). Microbial metabolomics: past, present and future

methodologies. Biotechnol. Lett. 29, 1–16. doi: 10.1007/s10529-006-9218-0

Mejía, R., Gómez-Eichelmann, M. C., and Fernández, M. S. (1995). Membrane

fluidity of Escherichia coli during heat-shock. Biochim. Biophys. Acta 1239,

195–200. doi: 10.1016/0005-2736(95)00152-S

Muhamadali, H., Xu, Y., Ellis, D., Trivedi, D., Rattray, N., Bernaerts,

K., et al. (2015). Metabolomics investigation of recombinant mTNFα

production in Streptomyces lividans. Microb. Cell Fact. 14, 157.

doi: 10.1186/s12934-015-0350-1

Muhamadali, H., Xu, Y., Morra, R., Trivedi, D. K., Rattray, N. J., Dixon, N., et al.

(2016). Metabolomic analysis of riboswitch containing E. coli recombinant

expression system. Mol. Biosyst. 12, 350–361. doi: 10.1039/C5MB00624D

Naumann, D., Helm, D., and Labischinski, H. (1991). Microbiological

characterizations by FT-IR spectroscopy. Nature 351, 81–82.

doi: 10.1038/351081a0

Pyrih, J., Harant, K., Martincov,á, E., Sutak, R., Lesuisse, E., Hrd,ý, I., et al. (2014).

Giardia intestinalis incorporates heme into cytosolic cytochrome b5. Eukaryotic

Cell 13, 231–239. doi: 10.1128/EC.00200-13

Rueden, C. T., Schindelin, J., Hiner, M. C., DeZonia, B. E., Walter, A. E., Arena,

E. T., et al. (2017). ImageJ2: ImageJ for the next generation of scientific image

data. BMC Bioinformatics 18, 529. doi: 10.1186/s12859-017-1934-z

Singh, R., Kumar, M., Mittal, A., and Mehta, P. K. (2016). Microbial

enzymes: industrial progress in 21st century. 3 Biotech 6, 174.

doi: 10.1007/s13205-016-0485-8

Stephanopoulos, G. N., and Vallino, J. (1991). Network rigidity and metabolic

engineering in metabolite overproduction. Science 252, 1675–1681.

doi: 10.1126/science.1904627

Tripathi, N. K., and Shrivastava, A. (2019). Recent developments in bioprocessing

of recombinant proteins: expression hosts and process development. Front.

Bioeng. Biotechnol. 7, 420–420. doi: 10.3389/fbioe.2019.00420

Vieira Gomes, A.M., Souza Carmo, T., Silva Carvalho, L., Mendonça Bahia, F., and

Parachin, N. S. (2018). Comparison of yeasts as hosts for recombinant protein

production.Microorganisms 6, 38. doi: 10.3390/microorganisms6020038

Wold, S., Esbensen, K., and Geladi, P. (1987). Principal component analysis.

Chemometr. Intell. Lab. Syst. 2, 37–52. doi: 10.1016/0169-7439(87)80084-9

Zarnowiec, P., Lechowicz, Ł., Czerwonka, G., and Kaca, W. (2015). Fourier

transform infrared spectroscopy (ftir) as a tool for the identification

and differentiation of pathogenic bacteria. Curr. Med. Chem. 22.

doi: 10.2174/0929867322666150311152800

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Tengsuttiwat, Kaderbhai, Gallagher, Goodacre and Muhamadali.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 9 June 2022 | Volume 13 | Article 874247

https://doi.org/10.1073/pnas.83.24.9443
https://doi.org/10.2174/1389201015666141012181609
https://doi.org/10.1039/B906712B
https://doi.org/10.1016/j.trac.2004.11.021
https://doi.org/10.1007/s11306-012-0434-4
https://doi.org/10.1023/A:1013713905833
https://doi.org/10.1016/j.ab.2013.05.027
https://doi.org/10.1016/j.aca.2015.02.012
https://doi.org/10.1021/bi00429a002
https://doi.org/10.1002/pmic.200600106
https://doi.org/10.1002/cfg.302
https://doi.org/10.1089/dna.1992.11.567
https://doi.org/10.1016/S0958-1669(02)00328-2
https://doi.org/10.1111/j.1745-7270.2007.00320.x
https://doi.org/10.1016/B978-0-12-407678-5.00001-5
https://doi.org/10.1046/j.1365-2958.1999.01465.x
https://doi.org/10.1186/1475-2859-10-32
https://doi.org/10.1021/ac020194w
https://doi.org/10.1007/s10529-006-9218-0
https://doi.org/10.1016/0005-2736(95)00152-S
https://doi.org/10.1186/s12934-015-0350-1
https://doi.org/10.1039/C5MB00624D
https://doi.org/10.1038/351081a0
https://doi.org/10.1128/EC.00200-13
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1007/s13205-016-0485-8
https://doi.org/10.1126/science.1904627
https://doi.org/10.3389/fbioe.2019.00420
https://doi.org/10.3390/microorganisms6020038
https://doi.org/10.1016/0169-7439(87)80084-9
https://doi.org/10.2174/0929867322666150311152800
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

	Metabolic Fingerprint Analysis of Cytochrome b5-producing E. coli N4830-1 Using FT-IR Spectroscopy
	Introduction
	Materials and Methods
	Bacterial Strains and Culture Conditions
	Bacterial Growth Profile
	Cyt b5 Production
	FT-IR Fingerprint Analysis
	Sample Preparation
	Data Analysis

	Detection and Identification of CYT b5
	Relative Quantification of Cyt b5
	SDS–PAGE: Quantification Using a Total Protein Normalization
	Colorimetric Method: UV-Visible Spectroscopy


	Results
	Bacterial Growth Profile
	Cyt b5 Production
	FT-IR Fingerprint Analysis and the Optimization of Inducing Time for Cyt b5 Production
	Detection and Identification of CYT b5
	Relative Quantification of Cyt b5
	SDS–PAGE Method
	Colorimetric Method


	Discussion
	Bacterial Culture
	Reproducibility and the Chemometrics Analysis
	Relative Protein Quantification

	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


