M Agricultural Biotechnology Journal :

Shahid Bahonar Iranian
University of Kerman Biotechnology Society
Print ISSN: 2228-6705 Online ISSN: 2228-6500

Expression of human alpha-lactalbumin using a chloroplast-based

construct in Escherichia coli

Maryam Ehsasatvatan
Post-Doctoral Researcher, Department of Plant Breeding and Biotechnology, Faculty of

Agriculture, University of Tabriz, Tabriz, Iran. E-mail: ehsasatvatan@tabrizu.ac.ir

Bahram Baghban Kohnehrouz
*Corresponding author. Professor, Department of Plant Breeding and Biotechnology, Faculty of

Agriculture, University of Tabriz, Tabriz, Iran. E-mail: bahrambaghban.kr@tabrizu.ac.ir

Abstract

Objective

With the increasing global demand for high-quality protein sources, the recombinant production
of human milk proteins has gained attention as a safe, nutritious, and sustainable alternative. This
study aimed to design and perform a preliminary evaluation of a chloroplast-compatible
expression cassette containing the human o-lactalbumin gene in Escherichia coli, as an initial step

toward plant-based production of this protein.

Materials and methods

The coding sequence of human a-lactalbumin was codon-optimized based on the preferred codon
usage of tobacco chloroplasts and assembled into an expression cassette consisting of the rrn
promoter, the 5’ untranslated region (UTR) of T7 phage gene 10, and the 7rnB terminator. The
cassette was cloned into the chloroplast vector pPRV111A and validated by polymerase chain
reaction and restriction enzyme analysis. Translational efficiency was assessed by transformation
of the recombinant plasmid into E. coli strain BL21 (DE3) and protein expression induction using
IPTG. The recombinant protein was purified via nickel-based affinity chromatography, followed
by His-tag removal using TEV protease. The HAMLET complex was formed by combining the
purified protein with oleic acid, and its biological activity was assessed using the MTT assay on

WiDr colorectal cancer cells.
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Results

Human a-lactalbumin was successfully expressed in in E. coli in soluble form, with an
approximate molecular weight of 16 kDa. Efficient purification from the soluble protein fraction
and successful removal of the His-tag yielded a final product of ~14 kDa. Western blotting and
SDS-PAGE verified successful expression and high protein purity. The HAMLET complex
formed by combining the purified protein with oleic acid significantly reduced the viability of
WiDr cells in the MTT assay. Specifically, treatment with 21 uM HAMLET resulted in a 96%
decrease in cell survival, whereas treatments with o-lactalbumin or oleic acid alone had no
significant effect. These findings demonstrate that the expressed protein retained both correct

structural integrity and expected biofunctional properties.

Conclusions

The designed expression cassette showed high efficiency in the bacterial system and enabled the
production of biologically active human a-lactalbumin. This study provides experimental
evidence supporting the feasibility of using the designed construct for chloroplast transformation
in plants, representing a promising step toward the industrial production of recombinant a-
lactalbumin and its bioactive derivatives such as HAMLET.
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Introduction

The rising global need for safe, high-quality protein sources has sparked significant interest
in developing alternative biotechnological methods for producing functional proteins. Human a-

lactalbumin (hLA), a key whey protein found in breast milk, has garnered attention due to its rich
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nutritional content, bioavailability, and strong biological activity. It is crucial for lactose
biosynthesis and plays a vital role in neonatal development by supplying essential amino acids.
Remarkably, a-lactalbumin can form a cytotoxic complex with oleic acid, known as HAMLET
(Human Alpha-Lactalbumin Made Lethal to Tumor cells), which selectively triggers apoptosis in
tumor cells while leaving normal cells unharmed. Despite its therapeutic and nutritional potential,
the large-scale production of recombinant hLA is hindered by the limitations of traditional
expression systems. Mammalian systems are expensive and present biosafety issues, whereas
microbial hosts, such as Escherichia coli, often produce misfolded proteins or inclusion bodies.
In this scenario, chloroplast genetic engineering in plants has emerged as a promising alternative.
Chloroplasts can express recombinant proteins at high levels, have prokaryotic-like transcription
and translation systems, and allow stable transgene integration without silencing. However, the
successful expression of eukaryotic proteins in chloroplasts necessitates the careful design of
specialized expression cassettes that are compatible with plastid-specific regulatory elements.

This study aimed to design a chloroplast-targeted expression cassette for human a-lactalbumin
and assess its translational efficiency in a bacterial model (E. coli). The successful validation of
this system in prokaryotic cells would support its subsequent use in chloroplast transformation

and plant-based biomanufacturing.

Materials and methods

The amino acid sequence of human o-lactalbumin was obtained from UniProt (Accession
No. P00709), and the corresponding nucleotide sequence was optimized for chloroplast
expression in tobacco (Nicotiana tabacum) using EMBOSS Backtranseq. A synthetic gene was
constructed by incorporating key regulatory elements: the Prrn promoter from the tobacco rrn
operon, the 5’ untranslated region (5" UTR) of T7 gene 10 (T7g10), which is known to enhance
translation efficiency, and the r7nB terminator from E. coli for transcriptional termination. A
6xHis tag and TEV protease cleavage site were added at the N-terminus of hLA protein to
facilitate purification and tag removal, respectively. The synthetic cassette was cloned into pUCS57
and then subcloned into the Hindlll and Pstl restriction sites of pPRV111A plastid vector.
Restriction digestion and PCR amplification using gene-specific primers was used to
confirmation of the recombinant plasmid (pPRV-hLA). The recombinant plasmid was introduced
into E. coli strain BL21 (DE3) using a heat shock method. When the culture reached an OD600
of 0.6-0.8 expression was induced with 1 mM IPTG, and the cells were incubated for 16 h at
25°C to promote soluble expression. Bacterial pellets were collected by centrifugation and lysed
using a sonicator in the presence of a protease inhibitor. Total soluble proteins were isolated by

centrifugation and stored at —20°C. Ni-NTA affinity chromatography was used purification of
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recombinant hLA from the soluble fraction. The His-tag was enzymatically removed by
incubation with TEV protease, and the Ni- Same Ni-NTA column was used to separate cleaved
product from the mixture. To assess the functional activity of the recombinant protein, the
HAMLET complex was prepared by incubating purified hLA with oleic acid under mild heat and
agitation. MTT assay was used to evaluate the cytotoxic activity of HAMLET on WiDr colorectal
cancer cells. The treatments included: (i) 21 uM HAMLET, (ii) 21 pM purified hLA, (iii) 2.5 mM
oleic acid, (iv) total soluble protein (TSP) from non-recombinant E. coli, and (v) culture medium

as the negative control.

Results

Successful integration of the synthetic gene into the pPRV111A vector was confirmed using
PCR analysis and restriction digestion. SDS-PAGE analysis revealed a prominent protein band at
~16 kDa in the soluble protein fraction of recombinant E. coli cultures, consistent with the
expected size of His-tagged hL A. This band was absent in the control cells containing the empty
vector. Specific expression of the recombinant protein was confirmed via western blot analysis
using an anti-His antibody. Ni-NTA purification produced high-purity hLA, as evidenced by a
single band on SDS-PAGE. TEV protease treatment resulted in protein's molecular weight shifted
to ~14 kDa, indicating the successful removal of the His-tag while retaining the core hLA
sequence. The HAMLET complex was successfully formed by incubating purified hLA with oleic
acid. MTT assay results demonstrated a strong cytotoxic effect of HAMLET on WiDr cells, with
a 96% reduction in cell viability after 6 hours of treatment. In contrast, treatment of cells with
hLA or oleic acid alone showed minimal cytotoxicity, confirming the necessity of both
components for their full activity. Cells treated with protein extracts from non-recombinant
bacteria showed no significant effects compared to the negative control. These findings
collectively validate the correct expression, purification, and functional activity of recombinant

hLA derived from the chloroplast expression cassette in a bacterial system.

Conclusions

The chloroplast-compatible expression cassette designed in this study demonstrated high
translational efficiency and enabled the production of soluble, biologically active human -
lactalbumin in E. coli. The use of chloroplast-specific regulatory elements such as the Prrn
promoter, T7g10 5’ UTR, and rrnB terminator proved effective in directing strong expression in
a prokaryotic host, supporting their anticipated performance in plastid environments. The
successful formation of the HAMLET complex and its pronounced cytotoxic effect on WiDr

cancer cells confirmed the functional integrity of the recombinant protein. These results serve as
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a robust proof-of-concept for future implementation of this cassette in plastid transformation of
tobacco and potentially other plant species for the production of functional milk-derived proteins.
Given the scalability, safety, and cost-effectiveness of plant-based expression systems, this study
establishes a foundational step toward the industrial-scale biosynthesis of therapeutic and
nutritional proteins such as hLA. Moreover, the plant-based production of HAMLET may offer a

novel and sustainable approach to cancer therapy and nutritional supplementation in the future.
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Figure 1. Physical map of the recombinant region in the chloroplast genome: A) Backbone
plasmid pPRV111A and B) Recombinant plasmid pPRV-hLA. rps7/12: ribosomal protein
S12/7 coding sequence; Nt-Prrn: promoter of tobacco rrn gene; S'UTR T7gl10: §'
untranslated region of T7 phage gene 10; 6xHis: His-tag sequence; TEV site: TEV protease
cleavage site; hLA: coding sequence of human co-lactalbumin gene; rrnB: terminator
sequences from E. coli rrnB gene; PpsbA: promoter of psbA gene; aadA: coding sequence
for spectinomycin/streptomycin resistance; TpsbA: terminator of psbA gene; rrnl6:
chloroplast 16S ribosomal RNA coding sequence; P1 to P5: binding sites of primers specific
to the human a-lactalbumin gene
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Figure 2. A) PCR analysis to confirm the presence of the human a-lactalbumin gene in the
recombinant plasmid pPRV-hLA. M: Molecular weight marker (1 kb DNA Ladder,
Fermentas); 1: pUCS57-hLA plasmid as positive control; 2: pPRV111A plasmid as negative
control; 3: recombinant plasmid pPRV-hLA; 4: no-template control (negative control). The
arrow indicates the expected amplified fragment of 148 bp. B) Restriction enzyme digestion
analysis to verify the structure of the recombinant plasmid pPRV-hLA. M: Molecular
weight marker (1 kb DNA Ladder, Fermentas); 1: undigested pPRV111A plasmid; 2:
undigested recombinant pPRV-hLA plasmid; 3: digestion of pPRV111A with Xhol; 4:
digestion of recombinant pPRV-hLA with Xhol; 5: digestion of pPRV111A with Hindlll

and Pstl; 6: digestion of pUCS57-hLA with HindlIIl and Pstl; 7: digestion of recombinant
pPRV-hLA with Hindlll and Pstl
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Figure 3. A) Expression analysis of human a-lactalbumin in E. coli using Western blot under
reducing conditions. M: Prestained Protein Ladder (PR911654, Sinaclon); 1: total soluble
protein from recombinant E. coli; 2: total soluble protein from non-recombinant E. coli.
The band around 16 kDa corresponds to the expressed human a-lactalbumin. B)
Purification of human e-lactalbumin expressed in E. coli. M: Protein marker; 1: total
soluble protein from E. coli; 2: total soluble protein from recombinant E. coli; 3: purified

His-tagged human a-lactalbumin (~16 kDa); 4: purified human a-lactalbumin after His-tag
removal (~14 kDa)
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Figure 4. Assessment of WiDr cell viability after 6 hours of treatment with 21 pM HAMLET
complex, 21 pM purified human a-lactalbumin (hLA) from E. coli, 2.5 mM oleic acid, total
soluble protein (TSP) from non-recombinant E. coli, and culture medium (control).
Experiments were performed in triplicate, and results are presented as mean % standard
deviation
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