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Abstract

5-Aminolevulinic acid (ALA) is an important metabolic intermediate compound with
high value and has recently been used in agriculture and medicine. In this study, we have
constructed six recombinant Escherichia coli (E. coli) strains that are involved in pET
system under the regulation of the T7 promoter and Lacl to express codon-optimized
hemA gene from Rhodobacter capsulatus (RchemA) for ALA production via the C4
pathway. Due to codon optimization, hemA has a high transcriptional level; however,
most ReHemA proteins were formed as inclusion body. To improve expression in soluble
form, the vector with TrxA fusion tag was successfully used and co-expressed with
partner GroELS as chaperone in another vector. As a result, ALA production increased
significantly from 1.21 to 3.67 g/L. In addition, optimal ALA production was developed
through adjustment of induction time and isopropyl 3-D-1-thiogalactopyranoside (IPTG)
concentration, as well as substrate addition conditions. By adopting a two-stage induction
strategy, the highest ALA reached 5.66 g/L when 0.1 mM of IPTG was added at early
exponential phase (i.e., ODgyy was equal to 0.7 to 0.8), while 6 g/L of glycine, 2 g/L of
succinate, and 0.03 mM of pyridoxal 5'-phosphate (PLP) were provided in the mid-
exponential phase in fermentation.
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Introduction

5-Aminolevulinic acid (ALA) is an endogenous non-protein amino acid that is an important
intermediate in the biosynthesis pathway of tetrapyrrole compounds, such as purpurin, blood
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matrix, chlorophyll, and vitamin By,. Tetrapyrrole compounds provide the essential cofactors
for redox reaction, growth of photoautotrophic organisms, and several enzymatic reactions,
which makes ALA a key metabolic intermediate in microorganisms [1, 2]. ALA is a hydro-
philic molecule that does not easily penetrate into the cell membrane and periplasm, thus needs
to be derivatized to increase the lipophilicity of the application [3]. In recent years, a lot of
endeavors have paid on ALA-based photodynamic treatment, which are widely used in
diagnosis and therapy of cancer diseases, and also work as biodegradable and non-toxic
herbicides in agricultures [4]. The current production of ALA relies on chemical methods;
however, this method involves several complicated steps, resulting in low yields and high
costs. Therefore, biosynthesis by microbial production of ALA has been considered to be a
simple, cheaper, and more sustainable approach [1, 5, 6].

Two different natural pathways for ALA biosynthesis have been reported, namely, C4 and
C5 pathways. The C4 pathway is a one-step synthesis that relies on 5-aminolevulinic acid
synthase (ALAS) to condense succinyl-CoA and glycine in animals, fungi, and some -
proteobacteria (i.e., Rhodobacter species) [7, 8]. The active site of ALAS utilizes three key
amino acid side chains: Arg-85, Thr-430, and Lys-313, and also involved in pyridoxal 5'-
phosphate (PLP) as a cofactor. The PLP cofactor binds to the lysine side chain prior reaction to
form a Schiff base and then reacts with glycine. ALAS acts as a homodimer in the reaction and
converts glycine and succinyl-CoA into coenzyme A, carbon dioxide, and ALA [9, 10]. The
C5 pathway is an upstream metabolism of the heme synthesis pathway found in plants, algae
and bacteria. ALA in C5 pathway is catalyzed by three enzymes: glutamyl-tRNA synthetase,
glutamyl-tRNA reductase, and glutamate-1-semialdehyde aminotransferase. Glutamyl-tRNA
synthetase is encoded by g/fX and converts glutamate to glutamyl adenylate; then, glutamine-
tRNA is formed. The glutamine-tRNA is reduced by hemA encoding glutamyl-tRNA reduc-
tase to form the active intermediate glutamate-1-semialdehyde (GSA), which is unstable and
quickly converted. The final reaction is a rapid conversion of GSA to ALA by the key enzyme
glutamate- 1-semialdehyde aminotransferase which is encoded by semL [11, 12]. However,
both pathways contain a 5-aminolevulinic acid dehydratase (ALAD) encoded by hemB in the
downstream of ALA. Therefore, ALA will be converted to porphobilinogen (PBG) by ALAD,
which would be inhibited by glucose. Although inhibition of ALAD increases ALA produc-
tion, the resulting decrease in cell growth will result in a significant decrease in total yield.
Besides, previous studies have found that zemB is an essential gene for microorganisms that
cannot be knocked out, so it is more effective to reduce ALAD activity by adding glucose or
competitive inhibitors [13—15].

Since the C4 pathway is much simpler than the C5 pathway, it is more promising to obtain
higher ALA production through the C4 pathway. The expression of a key enzyme, i.e., ALAS,
by recombinant E. coli has attracted many appeals due to its high accessibility for regulation
and operation. However, most of the recombinant proteins produced in E. coli are insoluble
aggregates (i.e., inclusion bodies), and are considered to be non-functional. Therefore, the
participation of chaperon or fusion proteins is essential for the production of soluble protein
[16]. Functional analysis of the cylindrical chaperone protein complex provides for the
development of cellular protein folding as a chaperone-assisted process, due to the mechanism
of cellular evolution and the prevention of undue interactions between non-natural polypep-
tides, thereby primarily aiding protein folding [17]. The function of GroEL and its cofactor
GroES provides a nanocage for the folding of individual protein that can occur independently
and prevent aggregation without damage. In general, co-expression of molecular chaperone
could minimize aggregation and increase proteins solubility.
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In a recent study, the highest ALA production was obtained by expressing ALAS from
Rhodobacter capsulatus under optimizing fermentation in the recombinant E. coli Rosetta
(DE3), which is including a pRARE vector for rare codon transcription [18]. It implies the
contribution of codon-optimized ALAS. However, higher transcriptional rate result in insol-
uble ALAS in E. coli. Thus, strategies to increase the expression of ALAS from R. capsulatus
by chaperones will be explored and enhanced in this study. Since the T7 system is commonly
for protein overexpression in E. coli, pET21a(+) and pET32a(+) are used to express ALAS,
while the partner GroELS is present in a compatible vector (i.e., pT7). Finally, the operating
condition of inducer and substrate are further optimized to achieve the highest yield of ALA.

Materials and Methods
Materials

The codon-optimized RchemA DNA fragment was designed by online software and synthesized by
Integrated DNA Technologies (IDT, USA). The Ex-tag DNA polymerase was purchased from the
Clontech Laboratories (Clontech USA) while plasmid DNA extraction and DNA clean up kits were
purchased from FAVORGEN Biotech Corp. The 7ag DNA polymerase was obtained from the
GeneDireX. All the restriction enzyme was purchased from New England Biolabs (NEB, UK). Rapid
T4 DNA ligase was ordered from the Leadgene Biomedical, Inc. Chemicals of ALA and acetylacetone
were purchased from the Sigma, while 4-dimethylaminobenaldehyde (DMAB) and perchloric acid
were ordered from ACROS Organics™ and SHOWA, respectively. Other chemicals are used at the

analytical grade.
Cloning and Transformation of RchemA to Different Vectors and Host

All of the strains, plasmids, and primers used in this study were shown in Table 1. RchemA fragment
was amplified with primers of EcoRI-RchemA-F and HindllI-RchemA-R. pET21a(+), pET32a(+),
and PCR product of RchemA fragment were digested with EcoRI and HindIIl. Ligation was
performed under 22 °C for an hour with fast T4 DNA ligase. After heat-shock transformation of
constructed plasmid to DH5«, the inserted fragment was confirmed by colony PCR and enzyme
digestion. The successful-constructed plasmids were extracted from DHS« and transformed to
BL21(DE3) to obtain strains 21-RC or 32-RC, while co-transform plasmid of pT7-groELS for strains
as 21-GRC and 32-GRC, respectively.

Culture Conditions

Luria Bertani (LB) medium and modified minimal medium (MM9) were used in preculture
and production of 5-ALA, respectively. The components of LB included 10 g/L tryptone, 5 g/
L yeast extract, and 10 g/L sodium chloride, while MM9 contained 16 g/L (NH4),SOy4, 16 g/L
Na,HPO4*12H,0, 3 g/L KH,PO,, 2 g/L yeast extract, 1 g/L MgSO47H,0, 0.01 g/L
MnSO47H,0, and 20 g/L glucose. All genetic strains were preculture in LB medium with
antibiotic of 100 pg/mL ampicillin (Amp) or 50 pg/mL ampicillin and 12.5 pg/mL chloram-
phenicol (Cm) for single- and duTo test substrate-fed effect, extraal-plasmid strain respectively
in 15 mL tubes at 37 °C and 200 rpm for 12 h. The culture was inoculated with 3% (v/v) seed
culture in 30 mL MM9 medium at 37 °C. After cultivating for 4, 6, 8, or 10 h, IPTG was added
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Table 1 Strains, plasmids, and primers used in this study

Strains Relevant genotype References
E. coli BL21(DE3) E. coli str. B ¥~ ompT gal dem lon hsdSB(rB- mB-) Lab stock
MDE3 [lacl lacUV5-T7p07 indl sam7 nin5)) [malB* g1 2(\5)

21-RC E. coli BL21(DE3) harboring pET21a(+)-RchemA In this study
32-RC E. coli BL21(DE3) harboring pET32a(+)-RchemA In this study
21-GRC E. coli BL21(DE3) harboring pET21a(+)-RchemA and pT7-groELS In this study
32-GRC E. coli BL21(DE3) harboring pET32a(+)-RchemA and pT7-groELS In this study
Plasmids Relevant genotype References
pET21a(+) T7 promoter, AmpR, pBR322 ori, lacl Lab stock
pET32a(+) T7 promoter, AmpR, pBR322 ori, lacl, trxA Lab stock
pT7-groELS T7 promoter, CmR, p15A ori, groEL, groES Lab stock
pET21a(+)-RchemA T7 promoter, AmpR, pBR322 ori, lacl, RchemA In this study
pET32a(+)-RchemA T7 promoter, AmpR, pBR322 ori, lacl, trxA, RchemA In this study

Primers
EcoRI-RchemA-F
HindIll-RchemA-R

Sequence (5'-3")
GTCTGCAGTCAGGCCGAGGCTTCGGC
CTGAATTCATGGATTATAATTTGGCTT

Amp-sF CAGAATGACTTGGTTGAGTACTC
Amp-sR CAACGATCAAGGCGAGTTACATG
Cm-sF ATGATGAACCTGAATCGCCAG
Cm-sR CAAGATGTGGCGTGTTACGGTG
T7RNAP-sF GCATGAGTCTTACGAGA
T7RNAP-sR GATTTCTTGCAGGAACT

*The underlined sequences represent the restriction sites used for construction

with final concentration of 0.1 mM for induction. After induction, further cultivation was
progressed at 30 °C. Final concentration of 3 g/L glycine, 1 g/L succinate, and 30 uM
pyridoxal phosphate (PLP) were added as substrate and cofactor for 5-ALA production when
ODyg reached to 0.8, 1.0, or 1.7. Lastly, cells were harvested at 24 h. For substrate feeding
effect, an extra 3 g/L glycine and 1 g/L succinate were supplemented when OD600 reached to
1.7, and the cells were harvested at 24 h and 36 h, respectively.

SDS-PAGE Analysis of Protein Expression

The cells were harvested by centrifuging at 10,000xg for 10 min and then washed with
deionized water. The cell density was adjusted to an ODggy of 3 as whole cell (WC) and
further disrupted with a pressure of 30 kpsi for one cycle (Constant system, One-Shot, UK).
The soluble cytoplasmic protein (S) was then collected by centrifuged at 12,000xg for 10 min.
Finally, WC and S were analyzed by sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) with 10% separating gel and 4% stacking gel. Proteins were visualized by
staining with Coomassie blue R-250 and scanned with an image scanner.

Bio-Rad Bradford Protein Assay

Dye Reagent Concentrate (Bio-Rad) was diluted to one-fifth with deionized water and allowed
to stand at room temperature for no more than 2 weeks. Pipette 10 pL of each sample into the
wells of microplate, then add 200 pL diluted dye reagent to each well and mix well. Incubate
the microplate for 5 min at room temperature. Afterwards, absorbance at 595 nm was
measured with spectrophotometer (SpectraMax 340, Molecular Devices, USA).
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Analysis of ALA by Ehrlich’s Reagent Assay

A 0.5 mL sample or standard solution was well mixed with 0.5 mL of 1 M acetate buffer
(pH 4.6) and 0.1 mL of acetylacetone. Subsequently, the mixture was heated at 100 °C for
10 min. After cooling to room temperature, 0.1 mL of the reaction solution was mixed with
0.1 mL of freshly prepared modified Ehrlich’s reagent [7] in 96-well plates under minimal
light. Finally, absorbance at 553 nm was measured after 10-min reaction with a spectropho-
tometer (SpectraMax 340, Molecular Devices, USA).

Quantitative PCR Analysis for Evaluation of Plasmid Copy Number

Different strains were cultured in 15 mL tube as described above and harvested after 12 h. The
cells were collected by centrifugation at 10,000xg for 10 min and washed twice with deionized
water. Afterwards, the cell density was adjusted to an ODg of 3, followed by incubation at
100 °C for 10 mins. After centrifugation, the supernatant was used as template DNA.
Quantitative PCR analysis (QPCR) was performed using the EvaGreen qPCR System-ROX
I (GeneDireX) and StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City,
Calif). The Amp and Cm resistance genes were selected as the target genes for pET and pT7-
groELS to evaluate the plasmid copy number (PCN), and the T7 RNA polymerase gene was
selected as the reference gene for one copy number in BL21(DE3). Primers used to amplify
partial fragment were also listed in Table 1. The PCN was calculated by formula as 2-AACT,

Results and Discussion
Gene Screening and Codon Optimization

As shown in Fig. 1a, the phylogenetic tree indicates that R. capsulatus is located in a different
branch from R. sphaeroides. ALAS from R. capsulatus is more closely related to Rhodobacter
viridis (95% of identity), Thioclava sp., and Paracoccus sp. than to R. sphaeroides (74.6% of
identity), but far from the Ochrobacterium sp., Serratia plymuthica, Saccharomyces
cerevisiae, and Rattus norvegicus which the similarity and identity are below 50% (Fig. 1a).
The ranking of ALAS activity in the BRENDA database shows that purified R. sphaeroides
accounts 2.2 U/min/mg > Rattus norvegicus (i.e., 1.22 U/min/mg) > Saccharomyces cerevisiae
(0.65 U/min/mg) > crude R. sphaeroides (i.e., 0.375~0.558 U/min/mg) > Serratia plymuthica
(i.e.,, 0.35 U/min/mg) [19-23]. From this point of view, ALAS activity is not related to
phylogenetic tree. Most of the previous studies focused on ALAS encoded by hemA genes
from R. sphaeroides (RS-ALAS) [19-21]. However, higher specific activity of ALAS was
found in R. capsulatus, and the current ALA production in recombinant E. coli has reached
8.8 g/L [18]. Over two decades, it has been reported that R. capsulatus ALAS is the first step in
the biosynthesis of heme [24], and has recently completed its crystal structure [25]. Therefore,
we selected R. capsulatus ALAS encoded by RchemA and synthesized with codon optimiza-
tion for E. coli for the first time. As shown in Fig. 1b, the identity between the native sequence
and codon-optimized sequence was 76.6%. In fact, an effective DNA synthesis method
provided by IDT company is the gBlocks® gene fragments coupled with codon optimization
tools. Following the design principle, the GC content of the entire sequence should be less than
60%, and the content of repeat sequence less than 40% of the entire sequence. GC content of
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99| Thioclava (WP 078549915.1)
63| | Thioclavasp. (MAQ36850.1)
29|— Sinirhodobacter hungdaonensis (WP 128155017.1)
Rhodobacter aestuarii (WP 076483594.1)
99]gg|  Rhodobacter viridis (WP 110805699)
99 Rhodobacter capsulatus (WP 013067171.1)
Paracoccus denitrificans (WP 041529892.1)
95 L Rhodobacter sphaeroides (ATN64742.1)
— Ochrobactrum sp. 27A/999/2015 (PJT36645.1)
99 e — Serratia plymuthica (ANJ98076.1)
Saccharomyces cerevisiae (AAA34668.1)
Rattus norvegicus (AAA40790.1)

99

0.2
Section 1
1 10 20 30 40 50 80 70 80 9
RchemA-OPT (1) ATGGATTATAATTTGGCTTTAGACAAAGCTATCCAGAAATTACATGATGAGGGCCGCTACCGTACGTTTATCGACATCGAACGCGAAAAAGGC
RchemA-5B1003 (1) ATGGACTACAATCTCGCGCTCGACAAAGCGATCCAGAAACTCCACGACGAGGGACGTTACCGCACGTTCATCGACATCGAACGCGAGAAGGGE
Consensus (1) ATGGA TA AAT T GC T GACAAAGC ATCCAGAAA T CA GA GAGGG CG TACCG ACGTT ATCGACATCGAACGCGA AA GGC
Section 2
(94) 94 100 110 120 130 140 150 160 170 186

RchemA-OPT  (94) GCGTTCCCCARAGCCCAGTGGAATCGTCCTGACGGTGGGAAACAAGACATCACCGTGTGGTGCGGGAACGATTACTTAGGTATGGGGCAACAT

RchemA-SB1003 (94) GCCTTCCCCAAGGCGCAGTGGAACCGCCCCGATGGCGGCAAGCAGGACATCACCGTCTGGTGCGGCAACGACTATCTGGGCATGGGCCAGCAC

Consensus  (94) GC TTCCCCAA GC CAGTGGAA CG CC GA GG GG AA CA GACATCACCGT TGGTGCGG AACGA TA T GG ATGGG CA CA

Section 3

(187) 187 200 210 220 230 240 250 260 279

RchemA-OPT (187) CCAGTAGTCTTGGCCGCCATGCACGAAGCCTTGGAAGCAGTAGGGGCCGGCAGTGGTGGCACCCGCAACATCTCAGGCACTACCGCGTACCAT

RchemA-SB1003 (187) CCGGTCGTTCTGGCCGEGATGCATGAGGCGCTGGAAGCGETCGGEGCCGGTTCGEGCGGCACCCGCAACATCTCGGGCACCACGGCCTATCAC
Consensu:

s (187) CC GT GT TGGCCGC ATGCA GA GC TGGAAGC GT GGGGCCGG GG GGCACCCGCAACATCTC GGCAC AC GC TA CA

Section 4

(280) 280 290 300 310 320 330 340 350 260 an2

RchemA-OPT (280) CGTCGTCTTGARGCAGAAATCGCCGACTTGCATGGARAGGAGGCCGCTCTGGTATTTICGTCCGCATACATTGCGAATGATGCCACGTTGAGC

RchemA-S81003 (280) CGCCGTCTGGARGCCGAGATCGCCGATCTGCACGGCARGGAA CGCTTGTCTTCTCCTCGGCCTATATCGCCAATGACGEGACGCTCTCG
Consensus (280) CG CGTCT GAAGC GA ATCGCCGA TGCA GG AAGGA GC GC CT GT TT TC TC GC TA AT GC AATGA GC ACG T

Section 5

(373) 373 380 390 400 410 420 430 440 450 465

RchemA-OPT (373) ACTCTTCGCGTATTATTCCCAGGTCTGATTATTTATTCAGACAGTTTARATCATGCGAGTATGATTGAAGGCATTAAACGTAACGCTGGCECT

RchemA-SB1003 (373) ACGCTGCGCGTGCTTITCCCCGGCCTGATCATCTATTCCGACAGCCTGAACCACGCCTCGATGATCGAGGGGATCAAGCGCAATGCCGGGECG

Consensus (373) AC CT CGCGT T TTCCC GG CTGAT AT TATTC GACAG T AA CA GC ATGAT GA GG AT AA CG AA GC GG CC

Section 6

(466) 466 480 490 500 510 520 530 540 558

RchemA-OPT (466) AAACGCATCTTCCGTCACAACGACGTTGCCCATCTTCGTGAGCTGATTGCGGCAGATGATCCTGCGGCGCCCAAGTTGATTGCTITTGAGAGT

RechemA-SB1003 (466) AAGCGGATCTTCCGTCACAATGACGTCGCCCATCTGEGCGAGCTGATCGCCGCTGATGATCCGGCCGEGCCGAAGCTGATCGCCTTCGARTCG
Consensus (466) AA CG ATCTTCCGTCACAA GACGT GCCCATCT CG GAGCTGAT GC GC GATGATCC GC GCGCC AAG TGAT GC TT GA

Section 7

(559) 55¢ 570 580 590 800 610 620 630 840 651

RchemA-OPT (559) GTCTACTCGATGGATGGGGATTTCGGGCCARTTARGGARRTCTGCGATATTGCTGACGAGT TCGGAGCACTGACCTATATCGACGAAGTCCAT

RehemA-SB1003 (559) GTCTATTCGATGGATGGCGACTTCGGCCCGATCARGGARATCTGCGACATCGCCGATGAATTTGGCGCGCTGACCTATATCGACGAAGTCCAT

Consensus (559) GTCTA TCGATGGATGG GA TTCGG CC AT AAGGAAATCTGCGA AT GC GA GA TT GG GC CTGACCTATATCGACGAAGTCCAT

Section §

(652) 852 660 870 680 690 700 710 720 730 744

RchemA-OPT (652) GCTGTCGGGATGTACGGGCCGCGTGEAGCGGGAGTCGCTEARCGCGACGGCTTAATGCACCGTATTGACATCTTCAACGGAACTCTGGCTARA

RchemA-SB1003 (652) GCCGTCGGCATGTATGGCCCCCGCGGCGCGGGCGTGGCCGAGCGTGACGGTCTGATGCACCGCATCGACATCTTCAACGGCACGCTGGCGAAA

Consensus (652) GC GTCGG ATGTA GG CC CG GG GCGGG GT GC GA CG GACGG T ATGCACCG AT GACATCTTCAACGG AC CTGGC ARA

Section 9

(745) 745 750 760 770 780 790 800 810 820 837

RchemA-OPT (745) GCCTATGGCGTTTTTGGCGGGTATATTGCCGCGTCAGCAAAGATGGTAGATGCTGTGCGTAGTTACGCTCCTGGATTCATCTTCTCTACGTCG

RchemA-SB1003 (745) GCCTATGGCGTCTTCGGCGGCTACATCGCCGCTTCGGCGAAGATGGT CGATGCCGTGCGCTCCTATGCGECGGGCTTCATCTTCTCGACCTCG
Consensu:

s (745) GCCTATGGCGT TT GGCGG TA AT GCCGC TC GC AAGATGGT GATGC GTGCG TA GC CC GG TTCATCTTCTC AC TCG
Section 10
(838) 838 850 860 870 880 80 900 9210 920 930

RechemA-OPT (838) TTGCCACCCGCTATTGCAGCTGGGGCACAGGCCAGCATTGCATTCTTAAAAACAGCGGAGGGGCAARAATTACGCGATGCACAACARATGCAC
RechemA-SB1003 (838) CTGCCGECGGEGATCGECGCTGECGEGCAGGCCTCGATCECGTTTITGAAAACCGCCGAAGGGCAGAAGCTGCGCGACGCGCAACAGATGCAC
Consensus (838) TGCC CC GC AT GC GCTGG GC CAGGCC AT GC TT TT AAAAC GC GA GGGCA AA T CGCGA GC CAACA ATGCAC
Section 11
(931) 931 840 950 960 970 980 990 1000 1010 1023
RchemA-OPT (931) GECAAAGTGTTARAGATGCGCTIGARAGCGCTTGGAATGCCTATTATCGACCACGGCTCCCATATCGTCCCAGTAGTTATTGGTGACCCCGTG
RechemA-SB1003 (931) GEGAAGGTGCTGAAAATGCGGCTCAAGGCGCTGGGGATGCCGATCATCGACCATGGCAGCCACATCGTTCCGGTGGTCATCGGTGACCCCGTE
s (931) GC AR GTG T AR ATGCG T AA GCGCT GG ATGCC AT ATCGACCA GGC CCA ATCGT CC GT GT AT GGTGACCCCGTG
Section 12
(1024) 1024 1030 1040 1050 1060 1070 1080 1090 1100 1116
RchemA-OPT (1024) CATACGAAAGCGGTGAGCGATATGTIGCT TTICGGACTATGGGGTTTACGTGCAACCAATCAATITTCCTACAGTCCCTCGTGGAACTGAACGT
RehemA-SB1003 (1024) CACACCAAGGCGGTGTCGGACATGCTCCTGTCGGATTACGGCGTTTACGTGCAGCCGATCAACTTCCCGACGGTGECGCGCEGCACCGARLGG
Consensus (1024) CA AC AA GCGGTG  GA ATG T CT TCGGA TA GG GTTTACGTGCA CC ATCAA TT CC AC GT CC CG GG AC GAACG
Section 13
(1117) 117 1130 1140 1150 1160 1170 1180 1190 1209
RchemA-OPT (1117) TTGCGTTTCACGCCGTCGCCTGTGCACGATCT TAAGCAARTCGACGGCTIGGTCCACGC TATGGATCT TTTATGGGETCGTAGCGCTTIGAAT
RchemA-5B1003 (1117) CTGCGCTTCACCECCTCGCCGETGCATGACCTGARACAGATCGACGGGCTGETTCATGCCATGGATCTGCTCTGEGCGCGCTGTGCGCTGAAT
Consensus (1117) TGCG TTCAC CC TCGCC GTGCA GA CT AA CA ATCGACGG TGGT CA GC ATGGATCT T TGGGC CG TG GC TGAAT
Section 14

(1210) 1210 1220 1230
RchemA-OPT (1210) CGCGCCGAAGCCTCGEECTGA
RechemA-SB1003 (1210) CGCGCCGAGGCCTETGCCTGA
Consensus (1210) CGCGCCGA GCCTC GCCTGA

Fig.1
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<« Fig. 1 a Phylogenetic tree analysis of S-aminolevellunic acid synthase (ALAS) from different species with the
neighbor-joining methods constructed with the MEGA 6.0 software. GenBank accession numbers for all species
are given in parenthesis. The numbers at the branch nodes are bootstrap values based on 1000 resamplings. Scale
bar indicates amino acid divergence as 20%. b DNA sequence of ALAS between Rhodobacter capsulatus
SB1003 and codon optimized for Escherichia coli. The identity of both sequences is 76.6%

the 40 base pair domain region should be less than 90%. Afterwards, RchemA was cloned into
different pET vectors and tested for expression of ALA.

Effect of TrxA and Chaperone GroELS for ALA Production

As shown in Table 1, four strains of E. coli BL21(DE3) harboring pET21a(+)-RchemA or
pET32a(+)-RchemA and with or without pT7-GroELS plasmid were labeled as 21-RC, 21-
GRC, 32-RC, and 32-GRC, and were used to compare the plasmid copy number (PCN), protein
expression by SDS-PAGE analysis, Bio-rad assay, biomass, and ALA. The results were illustrated
in Fig. 2. Actually, the pBR322 replication origin of pET21a(+) and pET32a(+) should be within
20 to 40 of PCN (Fig. 2a). On the other hand, the replication origin of pT7-GroELS was pl15A
which PCN were reported to be 5 to 10. Interestingly, PCNs of both vectors were up-regulating in
32-GRC strain. Thus, the PCN of pET32a(+)-RchemA and pT7-GroELS increased to 49 and 38,
respectively. Due to the gene was codon optimized, the protein expressions observed by SDS-
PAGE were greatly improved. However, most ReHemA (indicated by WC) was inclusion body in
21-RC and 32-RC (Fig. 2b). Therefore, the key point was translation, not transcription. Thereby,
how to express the soluble protein would be very important. By co-expressing GroELS in 21-
GRC and 32-GRC, the soluble form of RcHemA or TrxA-RcHemA (represented by S) was
increased (Fig. 2b). Additionally, when TrxA was fused on the upstream of RcHemA, the partner
GroELS was very helpful in protein folding, suggesting that 32-GRC is the best strain for
obtaining more functional proteins. The total protein amount is shown in Fig. 2¢ and biomass
and ALA production are presented in Fig. 2d. With co-expression of GroELS, the total amount of
soluble proteins was up to 800 mg/L for 21-GRC and 600 mg/L for 32-GRC, respectively. The
biomass was affected by ALA accumulation which triggered an acidic environment caused by the
reactive oxygen in cell [26]; therefore, the higher ALA production in 32-GRC and lower biomass
was observed (i.e., ODgy was 2.2). The highest ALA production in 32-GRC reached to 3.67 g/L,
owing to GroEL and GroES assisting folding and obtaining more soluble proteins. The group I
chaperone, GroEL of E. coli is a cylindrical complex of two heptameric loops. GroES is a dome-
shaped heptameric loop that binds to the ends of the GroEL cylinder, and then forms cages for
protein folding [27]. The GroEL-GroES cage has enough space to accommodate up to 60 kDa in
size. The hydrophobic binding site of the protein is buried in the GroEL-GroES complex, and the
inner wall of the cage is hydrophilic in nature, providing a free environment for folding [28].
pET32a contains #xA gene, which may form disulfide bond and can be regarded as a redox switch
[29], thus avoiding the formation of inclusion body and increase of soluble protein expression.
Similarly, the groEL and groES genes help to isolate the substrate and protein into a native state in
the cage compartment [30]. We also attempted to co-express DnaKJ in different strains and
determine the effect on RcHemA expression and ALA production. As shown in Fig. S1, the
soluble form of RcHemA or TrxA-RcHemA is similar as to the strain without DnaKJ. The
recombinant proteins remained at the same level (Fig. S1b) and final ALA production was 1.85 g/
L in 21-DRC and 0.18 g/L in 32-DRC (Fig. Slc). When DnaKJ is involved in the pET32a(+)
vector, the critical low yield of ALA illustrates the different mechanism of GroELS and DnaKJ.
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Fig. 2 a Examine plasmid copy number of different strains. Amp stands for the ampicillin in pET21a and
pET32a and Cm stands for the chloramphenicol in pT-groELS. b SDS-PAGE of BL21(DE3) harboring of
different plasmids which including pET21a-RchemA, pET21a-RchemA+groELS, pET32a-RchemA or pET32a-
RchemA and pT-groELS. Comparison of different strains which with or without chaperone TrxA and GroELS to
produce. ¢ Soluble ALAS and d cell growth (), extracellular 5-ALA (m) and intracellular 5-ALA (M)

The supposed mechanism of DnaKJ that accelerates ATP hydrolysis, and will not be beneficial for
the enhancement of the amount of soluble ALAS, while GroELS coupled with TrxA is directly
affecting the protein folding and increased the soluble ALAS.
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Fig. 3 Effect of IPTG concentration on (a) RchemA expression determined by SDS-PAGE, and (b) cell growth
(®), extracellular 5-ALA (m), and intracellular 5-ALA (M) of pET32a-RchemA and pT-groELS in BL21(DE3)
after 24 h of cultivation

Optimal Concentration of IPTG and Induction Time

Since recombinant protein levels are affected by IPTG induction, expression levels are determined
by SDS-PAGE as showed in Fig. 3a. Higher concentrations of IPTG induced more TrxA-
RcHemA protein, but the optimal conditions for producing soluble forms of GroELS and
TrxA-RcHemA occurred at 0.1 mM IPTG (Fig. 3a). As seen in Fig. 3a, both GroEL and TrxA-
RcHemA are at lower expression levels due to the fact that the Lacl repressor in the pET system
dominates the transcriptional level of T7RNA polymerase. On the other hand, 1 mM IPTG was
toxic to cell growth consistent with previous results [31], so lower biomass was observed (Fig.
3b). Intracellular ALA is much less than extracellular ALA. Among different concentrations of
IPTG, the highest ALA production and biomass at 0.1 mM IPTG were 3.32 g/L and ODyq of
3.25, respectively. In addition to the IPTG concentration, the addition time is also critical in the
pET system. The effect of induction time on RecHemA expression was determined by SDS-PAGE
in 32-GRC is shown in Fig. 4a and b. Whether 24 h (Fig. 4a) or 36 h (Fig. 4b), subsequent
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Fig. 4 Effect of induction time on RchemA expression determined by SDS-PAGE in pET32a-RchemA and pT-
groELS in BL21(DE3) after a 24 h and b 36 h of cultivation. ¢ Effect of induction time on cell growth (@),
extracellular 5-ALA (m), and intracellular 5-ALA (o) of pET32a-RchemA and pT-groELS in BL21(DE3) at
cultivation at 24 h and 36 h, where 24-4 or 36-4, 24-6 or 36-6, 24-8 or 36-8 and 24-10 or 36-10 representing
results of 24 h or 36 h by induction at 4 h, 6 h, 8 h, and 10 h

induction at 8 h and 10 h resulted in a decrease in recombinant protein expression, and further
caused lower ALA production. As a result, the most appropriate induction time was after 4 h of
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culture (i.e., ODgg at 0.7 to 0.9), which was at the early logarithmic growth phase. For biomass
and ALA production in extracellular and intracellular, the sampling times at 24 h and 36 h are
shown in Fig. 4c, where they are labeled 24-4 or 36-4, 24-6 or 36-6, 24-8 or 36-8, and 24-10 or 36-
10 indicate the results of 24 h or 36 h with induction at 4 h, 6 h, 8 h, and 10 h, respectively. The
highest ALA achieved 2.8 g/L at 24 h of cultivation and induction at 4 h, while obtained 3.0 g/L at
36 h of cultivation and induction at 4 h, respectively. Interestingly, biomass and ALA production
are produced in the opposite direction, and the ALA production index is representing the toxicity
to cell growth. Actually, the excess reactive oxygen species (ROS) will cause oxidative damage to
proteins and DNA in the cell, and further impede high-level of ALA production. Therefore, the
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Fig. 5 Fig. 5 Effect of substrates additional time on 5-aminolevulinic acid and cell growth of pET32a-RchemA
and pT-groELS in BL21(DE3) after 12 h of cultivation with 3 g/L glycine, 1 g/L succinate, 30 pM PLP. a Time
course, and b Biomass (@), S5-aminolevulinic acid in extracellular (m) and intracellular (0), respectively
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strategy by engineering the antioxidant defense system as a higher tolerance of ROS and
enhancing the ALA production in E. coli has been reported recently [26].

Optimal Concentration and Additional Time of Substrates

Because ALA may cause toxicity to the cell and glycine and succinate are the two substrates in
the C4 pathway, effects of the substrates additional time on cell growth and ALA production
were critical. As shown in Fig. 5, cell growth (a) and ALA production (b) were enhanced when
substrates were added between ODgqy of 1.0 and 1.7 rather than at ODgy, of 0.7 to 0.9.
According to this result, it was proposed that the rate of the ALA synthesis was fast when
transformed succinyl-CoA to ALA with glycine and PLP. The theoretical yield of ALA from
3 g/L glycine and 1 g/L succinate should be 5.24 g/L, so it was over 80% conversion under the
strategy of postponed substrates additional time. Therefore, in order to increase the driving
force, more glycine and succinate substrates were designed and tested via using batch or fed-
mode supply. As shown in Fig. 6, the substrates provided with 3 g/L succinate and 1 g/L
glycine were insufficient, and increasing the substrates concentration to 6 g/L of glycine and
2 g/L of succinate enhanced the ALA production up to 5.66 g/L. However, the fed-mode of
glycine and succinate had no effect on cell growth and ALA accumulation. Previous studies
used a strategy of continuously replenishing substrates during fermentation to maintain a
substrate concentration within a certain range, and the ALA production eventually reached
11.5 g/L [26]. However, feeding in flask is still a problem because cell growth is restricted
without controlling dissolved oxygen and pH. In summary, increasing the biomass by reducing
the pressure on cells from the ALA production does not increase the ALA production. Under
flask condition, ALA production increased to 5.66 g/L with delayed addition of more
substrates, which is an effective strategy.
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Conclusion

In this study, harboring a codon-optimized semA from R. capsulatus has explored higher
yields of ALA. The key factors are the plasmids of pET32a-RchemA and pT7-groELS whose
trxA and groELS genes will promote the expression of soluble proteins. The critical mecha-
nism of soluble RcHemA expression is translation, not transcription. We also found that the
results were different from the combination of chaperones by TrxA with GroELS or TrxA with
DnaKJ. Finally, the optimal strategy for producing ALA was established and reached a
maximum of 5.66 g/L in flask culture. Further enhancement of ALA will be obtained by
scaling up in a bioreactor.
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