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Abstract
Background  Hypoxanthine, prevalent in animals and plants, is used in the production of food additives, nucleoside 
antiviral drugs, and disease diagnosis. Current biological fermentation methods synthesize quantities insufficient to 
meet industrial demands. Therefore, this study aimed to develop a strain capable of industrial-scale production of 
hypoxanthine.

Results  De novo synthesis of hypoxanthine was achieved by blocking the hypoxanthine decomposition pathway, 
thus alleviating transcriptional repression and multiple feedback inhibition, and introducing a purine operon from 
Bacillus subtilis to construct a chassis strain. The effects of knocking out the IMP(Inosine 5’-monophosphate) branch 
on the growth status and titer of the strain were then investigated, and the effectiveness of adenosine deaminase 
and adenine deaminase was verified. Overexpressing these enzymes created a dual pathway for hypoxanthine 
synthesis, enhancing the metabolic flow of hypoxanthine synthesis and preventing auxotrophic strain formation. 
Introducing IMP-specific 5’ -nucleotidase addressed the issue of adenylate accumulation. In addition, the metabolic 
flow of the guanine branch was dynamically regulated by the guaB gene. The supply of glutamine and aspartic acid 
precursors was enhanced by introducing an exogenous glnA mutant gene, overexpressing aspC, and replacing the 
weaker promoter to regulate the aspartic acid branching pathway. Ultimately, fermentation in a 5 L bioreactor for 
48 h produced 30.6 g/L hypoxanthine, with a maximum real-time productivity of 1.4 g/L/h, the highest value of 
hypoxanthine production by microbial fermentation reported so far.

Conclusions  The intracellular purine biosynthesis pathway is extensive and regulated at multiple levels in cells. 
The IMP branch in the hypoxanthine synthesis pathway has a higher metabolic flux. The current challenge lies in 
systematically allocating the metabolic flux within the branch pathway to achieve substantial product accumulation. 
In this study, E. coli was used as the chassis strain to construct a dual pathway for IMP and AMP(Adenosine 
5’-monophosphate) synergistic hypoxanthine synthesis and dynamically regulate the guanine branch pathway. 
Overall, our experimental efforts culminated in a high-yield, plasmid- and defect-free engineered hypoxanthine strain.
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Background
Hypoxanthine is a highly important biological substance, 
participating in the regulation of some important physi-
ological functions in the human body [1] and exhibiting 
pharmacological activities such as lowering blood pres-
sure, relieving asthma, and treating gout. In medicine, 
hypoxanthine and its derivatives are used to produce 
nucleoside antiviral drugs and immunosuppressants [2]. 
In industrial production, hypoxanthine is a precursor 
for various chemical products like mercaptopurine and 
azathioprine [3]. In agriculture, hypoxanthine acts as a 
bactericide and pesticide intermediate, highlighting its 
economic and social value.

Currently, hypoxanthine is primarily produced in 
industry through the hydrolysis of inosine. However, 
this process faces several challenges, including high pro-
duction costs, significant environmental impact, and 
complex extraction procedures. In contrast, microbial 
fermentation offers an efficient, cost-effective, and sus-
tainable alternative, which has already been successfully 
applied to large-scale production of various natural com-
pounds [4, 5]. Escherichia coli is considered a promising 
strain for purine nucleotide production due to its excel-
lent availability in molecular biology and genomic tools 
[6]. Previously, the biological synthesis of hypoxanthine 
in E. coli was achieved for the first time [7], providing a 
reference for constructing subsequent strains. However, 
this approach still results in hypoxanthine yields at the 
milligram level, indicating considerable potential for 
improvement.

Purine biosynthesis in E. coli is a tightly regulated 
process essential for maintaining cell homeostasis and 
energy supply [8–10]. To overcome limitations in this 
pathway, Min Liu et al. [7] addressed the branch involv-
ing the key precursor inosine 5’-monophosphate (IMP) 
and the pentose phosphate pathway. They achieved this 
by relieving purine feedback inhibition, removing tran-
scriptional repression, and knocking out the global regu-
latory factor arcA. Their approach led to the production 
of 1243  mg/L hypoxanthine through fed-batch fermen-
tation. Ting Shi et al. [4] enhanced riboflavin produc-
tion by improving purine nucleotide supply, disrupting 
the 5’-UTR of the PurR repressor protein and the gua-
nine-sensitive ribose switch in the purine operon. They 
also upregulated the transcription of purine genes by 
approximately 380 times. SHIMAOKA et al. [11] over-
expressed the mutant genes purFK326Q.P410W and prsD128A 
in Escherichia coli I-9  m, alleviating feedback inhibition 
of rate-limiting enzymes and increasing inosine produc-
tion by 3.6-fold. Previous studies [12] have demonstrated 
that the repressor protein PurR regulates target genes by 
binding to small molecules like hypoxanthine or guanine 
[13]. Therefore, knocking out PurR is necessary for over-
coming this regulation.

Initially, we engineered a chassis strain by blocking the 
decomposition pathway, alleviating feedback inhibition, 
and introducing exogenous purine operons. We then 
validated the effectiveness of adenosine deaminase and 
adenine deaminase, using them to create a dual pathway 
for the synergistic synthesis of hypoxanthine from IMP 
and adenosine 5’-monophosphate (AMP), resulting in 
a non-adenine auxotrophic strain. We also introduced 
exogenous IMP-specific nucleases to address adenos-
ine monophosphate accumulation and knocked out the 
hypoxanthine to inosine pathway to facilitate replenish-
ment. Additionally, we incorporated the Bacillus subtilis 
mutants glnAbsu

L159I, E304A, which overexpress the aspC 
gene encoding aspartate synthase. We optimized the 
main pathway by adjusting the promoters of the aspar-
tic kinase thrA gene to find the ideal intensity for maxi-
mizing both yield and conversion rate. After 48  h of 
fermentation in a 5  L fermenter, hypoxanthine produc-
tion reached 30.6  g/L, with a maximum real-time yield 
of 1.4 g/L/h, and minimal by-product accumulation. The 
metabolic pathway diagram of hypoxanthine is shown in 
Fig. 1.

Materials and methods
Chemical reagents
Glucose monohydrate was purchased from Pengyuan 
Starch Co., Ltd. in Qinhuangdao, China, and yeast pow-
der was purchased from Lesaff Management (Shanghai) 
Co., Ltd. DNA polymerase was purchased from Nanjing 
Novozan Biotechnology Co., Ltd. In addition, oligonucle-
otide primers (Supplementary Table 1) were synthesized 
by Tianjin Jinweizhi Biotechnology Co., Ltd. All other 
analytical grade reagents were purchased from Aladdin 
Biochemical Technology Co., Ltd. in Shanghai, China.

Plasmids, strains, and culture conditions
The plasmids and engineering strains used in this study 
are listed in Table 1. Escherichia coli DH5 α was used for 
the construction and cloning of plasmid vectors, whereas 
molecular modification was conducted based on Esch-
erichia coli W3110. Plasmids, namely, pREDCas9 and 
pGRB, were used as part of a CRISPR/Cas9 gene edit-
ing system [14]. If necessary, add 100 mg/L of ampicillin, 
50  mg/L of spectinomycin, 0.2 mM of isopropyl β - 
D-thiogalactoside (IPTG), and 0.2% (w/v) of L-arabinose.

Acquisition of target genes
The endogenous target genes used in this study were 
amplified using the genomic DNA of Escherichia coli 
W3110 as a template, whereas the heterologous genes 
were artificially synthesized (Jin Weizhi, Tianjin) and 
optimized via the application of codons. Specifically, 
the acquisition of the target gene add is based on the 
Escherichia coli W3110 genome as a template, and s/a 



Page 3 of 13Zhao et al. Microbial Cell Factories          (2024) 23:309 

amplification was performed using primers. The ISN1 
gene derived from brewing yeast is obtained by opti-
mizing codons, synthesizing plasmids as templates, and 
amplifying s/a with primers.

Genome editing
The strain was modified by CRISPR / Cas9 gene edit-
ing system [15]. Here, the deletion of the xdhABC gene 
is used as an example. Firstly, the pGRB-xdhABC plas-
mid was constructed, and the 20  bp spacer sequence 
was screened by CRISPR RGEN Tools ​(​​​h​t​t​p​:​/​/​w​w​w​.​r​g​e​
n​o​m​e​.​n​e​t​/​​​​​)​. Then the complementary primers (gRNA-
xdhABC-1 and gRNA-xdhABC-2) were synthesized 
and annealed to form dsDNA, which contained the 
spacer sequence and flanking sequence homologous 
to the pGRB skeleton. The dsDNA was ligated with the 
linearized pGRB plasmid. The two homologous arms 
of xdhABC were amplified by primers xdhABC-U1 / 
xdhABC-U2 and xdhABC-D1 / xdhABC-D2, and DNA-
xdhABC was obtained by overlapping polymerase chain 
reaction. DNA-xdhABC and pGRB-xdhABC were co-
transformed into pRED-Cas9. To integrate the target 
gene into the chromosome, two homologous arms are 

linked to the gene to form the donor DNA. The remain-
ing steps follow the previously described procedure.

Shake flask fermentation cultivation
Take 10ul of bacterial solution from a glycerol tube and 
transfer it to a shaking tube containing LB medium. 
Incubate at 37 ℃, 225 rpm, and activate for 15 h. Next, 
take 2mL of the activated bacterial solution and inocu-
late it into a 500mL shaking flask containing 30mL of 
fermentation medium. Cultivate the flask at 37 ℃ and 
225 rpm for 26 h. The fermentation medium contained: 
30 g/L glucose, 2.5 g/L citric acid monohydrate, 10 mg/L 
MnSO4•H2O, 4.5  g/L KH2PO4, 2  g/L (NH4)2SO4, 2  g/L 
MgSO4•7H2O, 40 mg/L FeSO4•7H2O, 5 g/L yeast extract, 
2 g/L peptone, 2 mg/L VH, 2 mg/L VB1,3,5,12, 8 mg/L phe-
nol red (pH 7.0–7.2). During fermentation, adjust the 
pH of the broth to approximately 6.7 by adding 25% 
(v/v) ammonium hydroxide, based on the observed color 
change in the broth.

Fed-batch fermentation in a 5-L bioreactor
Begin by preparing 2 L of seed culture medium in a 5 L 
bioreactor. Use an LB shaker to wash the bacterial cells 
from the inclined surface of the medium and transfer 

Fig. 1  Metabolic pathway diagram of hypoxanthine. The blue arrow represents the introduction of heterologous genes, the yellow arrow represents the 
weakening gene, the green arrow represents the overexpressed gene, and the red arrow represents the deletion of related genes. purF, glnA, and pur 
(FDNTSQLMKECB) were from Bacillus subtilis, and isn1 were from Saccharomyces cerevisiae
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them to a fermentation tank for seed cultivation. The 
same medium used for shake flask cultures is employed 
here, except phenol red is omitted. Once the culture 
reaches an OD600 of 20, retain 400mL of bacterial liq-
uid and use a peristaltic pump to add fresh fermentation 
medium, bringing the volume back to 2  L. The system 
automatically adds ammonium hydroxide to maintain the 
pH at approximately 6.7, while temperature is controlled 
at 37  °C. Stirring speed and aeration rate are adjusted 
to keep the dissolved oxygen above 50%. Samples are 

collected every two hours to monitor the remaining glu-
cose levels, and the sugar replenishment rate is adjusted 
as needed to maintain glucose in a suboptimal range.

Analytical methods
Spectrophotometer (SR-2800PC, Shanghai Sheyan 
Instrument Co., Ltd.) to detect the cell growth status. 
Glucose concentration was measured by glucose analyzer 
(HG06-SBA-50, Beijing Beixin Chuangzhan Automation 
Technology Co., Ltd.). High performance liquid chroma-
tography (LC-100, Shanghai Wufeng Scientific, Shanghai, 
China) was used to quantify the standard of hypoxan-
thine, and the sample was quantified at the wavelength of 
260 nm; a 250 mm×4.6 mm, 5 μm column was used with 
a column temperature of 30 ℃; and 5% acetonitrile phos-
phate solution was used as the mobile phase with a flow 
rate of 1 mL/min. Prepare standard curves using diluted 
hypoxanthine solutions at concentrations of 0.01  g/L, 
0.05 g/L, and 0.1 g/L. Collect samples every two hours to 
monitor changes in hypoxanthine production.

Statistical analysis
Data represent the mean and standard deviation of three 
independent experiments. One-way analysis of vari-
ance and Dunnett’s multiple comparison tests deter-
mined significant differences between data. A P-value 
(0.01 < P < 0.05) indicated significant differences, while 
P < 0.01 indicated very significant differences.

Results
Constructing the hypoxanthine chassis strain
Conventional metabolic engineering methods were 
employed. Initially, the hypoxanthine decomposition 
pathway was disrupted by knocking out the xdhABC 
gene in wild-type E. coli W3110, preventing the decom-
position of hypoxanthine to xanthine. This yielded strain 
HY1, which produced 50 mg/L hypoxanthine after 24 h 
shake-flask fermentation. The lacI gene was deleted in 
strain HY1 to ensure the constitutive expression of genes 
controlled by the Ptrc promoter. The purine repressor 
(PurR) has been shown to bind to the operon sequence, 
subsequently having a negative impact on pur operon 
gene expression [12]. The binding of PurR to hypoxan-
thine, adenine, or guanine [16] changes its conformation 
[17], thereby hindering purine nucleotide biosynthe-
sis. Therefore, the purR gene was knocked out, creating 
strain HY2 (Fig. 2). This process culminated in the accu-
mulation of 0.1 g/L of hypoxanthine after 24 h fermenta-
tion, consistent with previous studies.

In E. coli, amidophosphoribosyltransferase (encoded 
by the purF gene) is a key rate-limiting enzyme in the 
de novo synthesis of purine nucleosides. purF catalyzes 
the production of 5-phosphate ribosamine and glutamic 
acid from PRPP and glutamine, but its catalytic activity 

Table 1  Strains and plasmids used in this study
Strains Characteristics Source
E. coli DH5α Host for cloning Lab stock
E. coli W3110 Wild type, starting strain Lab stock
HX1 E. coli W3110, ∆xdhABC This study
HX2 HX1, ∆purR This study
HX3-1 HX2, ygay::Ptrc-purFeco

K326Q.P410W This study
HX3-2 HX2, ygay:: Ptrc-purFbsu

D293V.K316Q.S400W This study
HX4-1 HX3-2, yeep::Ptrc- prsbaz

N120S.L135I This study
HX4-2 HX3-2, yeep::Ptrc- prseco

D128A This study
HX5 HX4-2, ilvg::Ptrc- pur (FDNTSQLMKECB) This study
HX1-1 HX5, ∆purA This study
Y1-2 HX5, purAbsu

P242N This study
Y2-1 HX5, ∆add This study
Y2-2 HX5, ycgh:: add(eco) This study
Y2-3 HX5, ycgh:: add(sce) This study
Y2-4 HX5, ycgh:: add(stm) This study
Y3-1 HX5, ∆ade This study
Y3-2 HX5, yjiT::Ptrc-ade(eco) This study
Y3-3 HX5, yjiT::Ptrc-ade(sce) This study
Y3-4 HX5, ycgh:: Ptrc- add(eco), yjiT::Ptrc-ade(eco) This study
Y4-1 Y3-4, mbhA::Ptrc-ushA, gapC::Ptrc-nagD, 

arpB::Ptrc-surE
This study

Y4-2 Y3-4, ylbe::Ptrc-isn1(sce) This study
Y4-3 Y4-2, ∆hpt This study
Y5-1 Y4-3, ∆guaB This study
Y5-2 Y4-3, rph::PapFAB104-EsaR This study
Y5-3 Y5-2, yghe::PesaS-guaB This study
A Y5-3, ycdn:: PBBa_j 23114esaI This study
B Y5-3, ycdn:: PBBa_j 23110esaI This study
C Y5-3, ycdn:: PBBa_j 23101esaI This study
D Y5-3, ycdn:: PBBa_j 23100esaI This study
Y6 HX5-3, yjip::Ptrc-pur(FDNTSQLMKECB) This study
Y6-1 Y6, yeel::Ptrc- glnAbsu

L159I, E304A This study
Y6-2 Y6-1, yjgx::Plac-aspC This study
Y6-3 Y6-2, ∆thrA This study
Y6-4 Y6-2, ynci:: PBBa_j 23109-thrA This study
Y6-5 Y6-2, ynci:: PBBa_j 23114-thrA This study
Y6-6 Y6-2, ynci:: PBBa_j 23105-thrA This study
Y6-7 Y6-2, ynci:: PBBa_j 23110-thrA This study
pRed-cas9 Cas9 expression vector Lab 

stock[14]
pGRB gRNA expression vector Lab 

stock[14]
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is inhibited by the synergistic feedback of AMP and Gua-
nosine 5’ -phosphate (GMP) [11]. The purF genes in E. 
coli and B. subtilis can relieve feedback inhibition via 
site-directed mutagenesis [4]. In this study, mutant genes 
purFeco

K326Q, P410W and purFbsu
D293V, K316Q, S400W were inte-

grated into the ygay pseudogene locus of HY2 and con-
trolled by the Ptrc promoter to construct strains HY3-1 
and HY3-2 respectively. As shown in Fig. 2, the hypoxan-
thine titer of HY3-1 was 0.2 g/L, while the hypoxanthine 
titer of HY3-2 was higher (0.32 g/L), indicating that the 
purFbsu

D293V, K316Q, S400W mutation was more effective.
PRPP is catalyzed by phosphoribosylpyrophosphate 

synthase (encoded by the prs gene), but its catalytic activ-
ity is inhibited by feedback from Adenosine-5’ -diphos-
phate and Guanosine-5’ -diphosphate. The introduction 
of D128A mutation in prs of E. coli [11] and N120S and 
L135I mutations in prs of B. amyloliquefaciens [18] can 
relieve this inhibition of PRPP synthase, thereby enhanc-
ing the reaction. We constructed prsbaz

N120S, L135I, and 
prseco

D128A on the yeep pseudogene locus of HY3-2, creat-
ing two PRPP synthase mutant gene strains, HY4-1 and 
HY4-2 (Fig. 2). Shake-flask fermentation results showed 
hypoxanthine titers of 0.41  g/L and 0.53  g/L for HY4-1 
and HY4-2, respectively, demonstrating that prse co

D128A 
was more effective in enhancing hypoxanthine yields.

IMP is an important precursor to the synthesis purines 
such as hypoxanthine. Specifically, PRPP undergoes a 
ten-step enzymatic reaction to generate IMP, involv-
ing 12 genes (purFDNTSQLMKECB) that control the de 
novo synthesis pathway of purine nucleosides, which are 
scattered across different locations on the E. coli chromo-
some. However, in B. subtilis, the purine operon consists 
of three overlapping gene clusters [purEKB-purCSQLF-
purMNH (J)] and a 3’ -terminal purD gene [19, 20]. B. 

subtilis has often been used for producing nucleoside 
compounds. To strengthen the purine synthesis pathway, 
the purine operon (purEKBCSQLGMNHD) from B. sub-
tilis was integrated into the ilvG pseudogene site of strain 
HY4-2, and strain HY5 was obtained by controlling the 
Ptrc promoter. Shake-flask fermentation results showed a 
hypoxanthine titer of 0.94 g/L for HY5, with trace titers 
of adenine, xanthine, and guanine at 0.34  g/L, 0.23  g/L, 
and 0.15  g/L, respectively. The heterologous operon 
introduced in this study was efficiently expressed in E. 
coli W3110 without affecting bacterial growth.

Constructing a dual pathway for the synergistic synthesis 
of hypoxanthine by IMP and AMP
IMP is the first compound in the purine synthesis path-
way with a complete purine ring. IMP has two branched 
pathways catalyzed by adenylosuccinate synthetase 
(encoded by purA) and IMP dehydrogenase (encoded 
by guaB) to produce adenine and guanine, respectively. 
Researchers have analyzed the metabolic flux of the IMP 
branch and found that the carbon metabolic flux towards 
the adenine branch greatly exceeds that towards the 
hypoxanthine and guanine branches [21], limiting hypo-
xanthine synthesis.

Dealing with the metabolic flux of the adenine syn-
thesis pathway is crucial for improving hypoxanthine 
yield. First, we knocked out the adenosine succinate syn-
thase-encoding gene purA to block the adenine branch, 
creating strain Y1-1 from strain HY5. The shake-flask fer-
mentation results shown in Fig. 3B indicated a decrease 
in the OD600 value of strain Y1-1 to 31 and a hypoxan-
thine titer reduction to 0.49 g/L, with no accumulation of 
AMP, xanthine, or guanine. This indicates that the block-
age of the adenine branch limits the synthesis of energy, 

Fig. 2  (A) Shake-flask fermentation data of chassis strain process bacteria. (B) Effect of Bacillus subtilis purine operon on strain HY5. Shake-flask data are 
expressed as means, and the error bars represent the standard deviation (n = 3 independent experiments)
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or nutrients required by the cell, which in turn adversely 
affects the growth and production of the cell, and this is 
not the result we want to see.

Recognizing the detrimental effects of directly blocking 
the adenine branch, we opted to weaken it instead. Stud-
ies have shown that substituting proline at position 242 

of purA with asparagine in B. subtilis can reduce enzyme 
activity by 53.7% [22]. Using this approach, we replaced 
the purA gene of HY5 with the purAbsu

P242N mutant gene 
to construct strain Y1-2. As shown in Fig. 3B, the hypo-
xanthine titer of Y1-2 was 0.82 g/L, with an OD600 value 
of 40 and an AMP accumulation of 0.19  g/L. Although 

Fig. 3  (A) Schematic diagram of dual pathways for hypoxanthine synthesis. (B) Data on the effect of knockout and weakening of the purA gene on strains. 
(C) Effects of knockout or overexpression of adenosine deaminase on strains. (D) Effects of knockout or overexpression of adenine deaminase on strains. 
(E) Comparison of single and double overexpression of adenosine deaminase and adenine deaminase. (F) Overexpression of 5’- nucleotidase and IMP 
specificity of 5’– nucleotidase, and the impact of deleting hypoxanthine photosphoribosyltransfer (hpt) on bacterial strains. Data are expressed as means, 
and the error bars represent the standard deviation (n = 3 independent experiments)
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strain growth improved compared to the direct knock-
out, it did not fully recover. Adding 0.4  g/L adenosine 
increased the hypoxanthine titer of Y1-2 to 1.38 g/L, and 
the OD600 value normalized to 47. This demonstrated 
that the introduction of weaker adenosine succinate syn-
thase restored strain growth and enhanced hypoxanthine 
titer more effectively than a direct knockout; however, 
the biomass and titer were further improved under these 
conditions. The results showed that even after using the 
strategy of weakening the adenine branch, the adenosine 
succinate synthase of this intensity has an effect; however, 
it still cannot produce high-yield hypoxanthine under the 
condition of satisfying the normal growth of the bacte-
ria, prompting the search for a new solution to produce a 
high-yield strain that can be industrialized.

Adenosine deaminase, known for its high biocatalytic 
ability, completes its catalytic activity through a single 
polypeptide chain, in the absence of cofactors [23, 24]. 
Zengyi Chang et al. identified adenosine deaminase 
activity in cell extracts of E.coli via zymography [25]. 
This enzyme has been shown to catalyze the conver-
sion of adenosine to inosine in E.coli and Salmonella 
typhimurium [26–28], pointing to induction of a higher 
metabolic flux into the hypoxanthine synthesis pathway, 
without weakening the adenine synthesis pathway. Over-
all, this outcome results in a dual pathway for hypoxan-
thine synthesis.

To verify adenosine deaminase activity in E. coli, we 
knocked out the adenosine deaminase-coding gene add 
in strain HY5, resulting in strain Y2-1, which is similar 
to strain HY5. Shake-flask fermentation for 24 h revealed 
a hypoxanthine titer decrease to 0.6  g/L, with adenyl-
ate, xanthine, guanine, and adenine having increased 
to 0.53  g/L, 0.21  g/L, 0.16  g/L, and 0.24  g/L (Fig.  3C), 
respectively. This confirmed that adenosine deaminase 
activity in E. coli redirected more metabolic flux toward 
the hypoxanthine synthesis pathway. To determine if the 
introduction of exogenous adenosine deaminase could 
further enhance hypoxanthine accumulation, we inte-
grated the adenosine deaminase-encoding gene add from 
E. coli, S. cerevisiae, and S. typhimurium into the ycgh 
pseudogene site of HY5, optimized the codon to obtain 
strains Y2-2, Y2-3, and Y2-4, and compared them with 
strain HY5. Shake-flask fermentation results showed 
(Fig. 3C) that strain Y2-2 accumulated 1.32 g/L hypoxan-
thine, 0.16 g/L adenine, 0.23 g/L xanthine, and 0.15 g/L 
guanine. Strain Y2-3 accumulated 1.11 g/L hypoxanthine, 
0.28 g/L adenine, 0.23 g/L xanthine and 0.15 g/L guanine, 
respectively. Strain Y2-4 accumulated 1.18 g/L hypoxan-
thine, 0.25 g/L adenylate, 0.23 g/L xanthine and 0.15 g/L 
guanine.

Compared with the strain HY5, the results showed that 
the adenosine deaminase from E coli, S. cerevisiae, and S. 
typhimurium had varying degrees of positive effects on 

hypoxanthine accumulation, with adenosine deaminase 
from E coli having the most significant effect in promot-
ing hypoxanthine synthesis. Overall, by overexpressing 
the adenosine deaminase add gene from E. coli, we suc-
cessfully constructed an adenosine-inosine-hypoxanthine 
synthesis pathway (Fig. 3A).

In S. cerevisiae, adenine can be deaminated to hypo-
xanthine by adenine deaminase [29, 30]. Therefore, 
we hypothesized that in E. coli, adenine could simi-
larly be converted to hypoxanthine via adenine deami-
nase. To test this, we conducted experiments on E. coli. 
We knocked out the adenine deaminase gene ade in 
strain HY5, creating strain Y3-1. Shake-flask fermen-
tation results(Fig.  3D) showed that hypoxanthine titer 
decreased to 0.71  g/L, and adenylate accumulation 
increased from 0.34 g/L to 0.45 g/L, while xanthine and 
guanine levels remained unchanged. These results indi-
cate that knocking out adenine deaminase increased 
adenine accumulation to 0.17  g/L while reducing hypo-
xanthine production, confirming that adenine deaminase 
in E. coli effectively catalyzes the conversion of adenine to 
hypoxanthine. To explore whether exogenous adenosine 
deaminase plays a better role in E. coli, we overexpressed 
the adenine deaminase-encoding gene ade of E. coli and 
the codon-optimized adenine deaminase-encoding gene 
aah1 of S. cerevisiae on the yjit pseudogene site of strain 
HY5, resulting in strains Y3-2 and Y3-3, respectively. 
Shake-flask fermentation (Fig.  3D) showed that hypo-
xanthine accumulation of strain Y3-2 was 1.25 g/L, and 
the adenylate, xanthine, and guanine accumulations were 
0.21, 0.23, and 0.15 g/L, respectively. The accumulation of 
hypoxanthine in strain Y3-3 was 1.1 g/L, with adenylate, 
xanthine, and guanine at 0.27, 0.21, and 0.15 g/L, respec-
tively. These findings show that both sources of adenosine 
deaminase promote hypoxanthine synthesis, although 
the exogenously introduced adenine deaminase was not 
as effective as the adenine deaminase from E. coli.

We then verified whether the simultaneous overex-
pression of adenosine deaminase and adenine deaminase 
has a synergistic effect. Overexpressing both the ade-
nosine deaminase-encoding gene add, and the adenine 
deaminase-encoding gene ade from E. coli in strain HY5 
resulted in strain Y3-4. Shake-flask fermentation (Fig. 3E) 
showed that the hypoxanthine titer increased to 1.67 g/L, 
a 77.66% increase compared to strain HY5, while adenyl-
ate accumulation decreased to 0.11  g/L. No significant 
changes were observed in the accumulation of xanthine 
and guanine. These findings confirm that the simultane-
ous overexpression of adenosine deaminase and adenine 
deaminase synergistically enhanced hypoxanthine syn-
thesis. At this point, we constructed a dual pathway for 
the synergistic synthesis of hypoxanthine by IMP and 
AMP, which effectively improved hypoxanthine titer; 
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however, the accumulation of adenylate, a by-product of 
the adenine branch, remains unclear.

The adenine synthesis pathway is strictly regulated by 
feedback inhibition [31]. After a thorough analysis of the 
adenine feedback inhibition mechanism, we replaced 
the purine operon gene cluster. However, the current 
accumulation of adenylate still causes feedback inhibi-
tion, which hinders the entire purine metabolic synthe-
sis pathway. 5’-nucleotidase is an enzyme that catalyzes 
the production of nucleosides and phosphates from 
nucleoside monophosphates. To reduce the accumula-
tion of intermediate adenylates, we overexpressed the 
ushA, nagD, and surE genes encoding 5’-nucleotidase on 
strain Y3-4, creating strain Y4-1. Shake-flask fermenta-
tion results (Fig. 3F) showed that hypoxanthine titer was 
1.95 g/L, with no adenylate accumulation, and the accu-
mulation of xanthine and guanine increased to 0.37 g/L 
and 0.26 g/L, respectively. The glycoside conversion rate 
decreased from 0.035 to 0.03 g / g. Generally, 5’-nucleo-
tidase acts on AMP to produce adenosine, IMP to syn-
thesize inosine, XMP (xanthosine 5-monophosphate) to 
synthesize flavin, and GMP to synthesize guanosine. It 
contributes to hypoxanthine accumulation and promotes 
by-product formation, resulting in a decrease in conver-
sion rate. The gene isn1 from S. cerevisiae encodes IMP-
specific 5’-nucleotidase, which can specifically catalyze 
the decomposition of IMP into inosine [32]. Therefore, 
we introduced the IMP-specific 5’-nucleotidase to com-
pete for more metabolic flux to the hypoxanthine synthe-
sis pathway, reduce adenylate accumulation, and improve 
the conversion rate of product synthesis. A codon-opti-
mized isn1 gene controlled by the Ptrc promoter was 
integrated into the ylbe pseudogene site of strain Y3-4 to 
generate strain Y4-2.

Interestingly, the heterologous introduction of 
5’-nucleotidase isn1 significantly enhanced hypoxan-
thine production. Compared to Y4-1, the hypoxanthine 
titer (2.27 g/L) of Y4-2 increased by 16.5% (Fig. 3F), and 
the glycoside conversion rate also significantly increased 
from 0.03  g/g to 0.046  g/g. The fermentation broth test 
results showed no adenylate accumulation, and strain 
growth remained normal. The above results showed 
that the expression of specific 5’ -nucleotidase isn1 gene 
improved IMP to inosine conversion, enhancing the reac-
tion of IMP decomposition into inosine. The direction of 
hypoxanthine synthesis competed for more IMP meta-
bolic flow without affecting the growth of the strain itself 
while resolving intermediate product adenylate accumu-
lation issues and improving the glycoside conversion rate. 
Therefore, we successfully established a dual pathway for 
the synergistic synthesis of hypoxanthine using AMP and 
IMP without adenylate accumulation.

In conjunction with de novo nucleotide synthesis from 
simple precursors, organisms use a complementary 

purine base pathway regulated by purine salvage genes 
[33]. The corresponding nucleotides were synthesized 
from PRPP and various purines [2, 34]. Hypoxanthine 
phosphoribosyltransferase (i.e., encoded by the hpt gene) 
converts hypoxanthine in the purine nucleoside pool into 
IMP [35]. As the path of least resistance in the context 
of expended metabolic energy, since the remedial path-
way consumes less energy than the ‘de novo synthesis’ 
pathway, this makes it the optimal pathway for nucleo-
tide synthesis (i.e., when bases or nucleosides are read-
ily available in the surrounding environment). Therefore, 
we hypothesized that knocking out hypoxanthine phos-
phoribosyltransferase (encoded by the hpt gene) could 
increase the accumulation of hypoxanthine. To test this 
hypothesis we created strain Y4-3 by knocking out hpt 
in the Y4-2 strain. After 24 h of shake-flask fermentation 
(Fig.  3F), hypoxanthine titer in Y4-3 reached 2.89  g/L, 
with a conversion rate of 0.06  g / g, 23.4% (i.e., higher 
than that of the control strain Y4-2). However, the resul-
tant biomass did not change significantly, an outcome 
congruent with outcomes of previous studies.

Dynamic regulation of guaB to weaken the xanthine and 
guanine branch pathways
IMP is a key metabolic node in purine synthesis. Previ-
ous studies showed guanine and xanthine accumulation, 
highlighting the need to study the branch of IMP in the 
direction of these compounds. In this study, the guaB 
gene was knocked out in the Y4-3 strain, creating strain 
Y5-1. Shake-flask fermentation results, as shown in Fig. 4, 
revealed that the OD600 value of Y5-1 decreased to 34, 
and the hypoxanthine titer decreased to 2.11  g/L, with 
no accumulation of guanine and xanthine. This indicates 
that blocking the guanine and xanthine branches severely 
affects bacterial growth and production. When 0.3  g/L 
guanosine was added to the medium, hypoxanthine pro-
duction in the Y5-1 strain increased to 3.43 g/L, and the 
OD600 value rose to 47, indicating a significant recovery 
in OD600 and hypoxanthine production.

Static knockout of the guaB gene, though beneficial for 
hypoxanthine production, results in undesirable auxotro-
phic strains. Therefore, to balance growth and product 
synthesis, we dynamically regulated the expression of the 
guaB gene, providing endogenous guanine and xanthine 
to construct non-nutritive strains. During the transition 
of E. coli from the exponential growth phase to the sta-
tionary phase, guaB expression decreased, indicating a 
shift from growth to production mode.

CRISPR interference (CRISPRi) and inducible promot-
ers are effective tools for dynamic metabolic flux regula-
tion in bacteria [36]. However, CRISPRi systems require 
thermal or chemical inducers that complicate the pro-
duction process and are costly, which is unsuitable for 
large-scale industrial production. The Quorum-Sensing 
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circuit (Esa QS system) dynamic dial switch from Pan-
toea stewartii [37] is advantageous for strain modifica-
tion. QS systems respond to cell density and control gene 
expression and have been applied in E. coli, S. cerevisiae, 
and other biosynthetic products [38–40]. Therefore, we 
introduced a QS system to regulate guaB expression. 
As shown in Fig. 4, guaB expression is controlled by the 
PesaS promoter, activated by the transcriptional regulator 
EsaR in the absence of acyl homoserine lactone (AHL) 
signaling molecules. When AHL accumulates, the PesaS 
promoter is inactivated, halting guaB transcription. The 
Esal gene, which controls AHL production, is essential 
for triggering system switching. The EsaR gene, con-
trolled by the PapFAB104 promoter, was introduced into 
Y5-1 to create strain Y5-2, and the natural guaB pro-
moter was replaced with PesaS to obtain strain Y5-3. The 
EsaI gene, under the control of different intensity pro-
moters, was introduced into the ygaY locus of the Y5-4 
strain. PBBa_j23114 < PBBa_j23110 < PBBa_j23101 < PBBa_j23100 
(The specific sequence is shown in Supplementary Table 
2) formed A, B, C, and D strains. Compared to control 
strain Y5-1, the cell growth in strains A, B, C, and D 

increased significantly. The hypoxanthine titer of strain A 
reached 2.67 g/L, and OD600 was 43, producing 0.1 g/L 
of xanthine. The hypoxanthine titer of strain B reached 
3.25  g/L, with an OD600 of 46. The hypoxanthine titer 
of strain C reached 3.19 g/L, with an OD600 of 45. The 
hypoxanthine titer of strain D reached 3.23 g/L, with an 
OD600 of 47. Strain A still accumulated a small amount 
of xanthine, indicating that the EsaI gene under the con-
trol of this strong promoter was weak and insufficient to 
regulate the guaB gene. After adding the strain B pro-
moter, the hypoxanthine titer and biomass decreased 
slightly, indicating excessive promoter strength, which 
hindered bacterial growth. We concluded that strain 
Y5-4B exhibited the highest hypoxanthine titer.

Precursor strengthening
During the construction of the chassis strains, we over-
expressed the purine operon from B. subtilis. It has been 
reported that the metabolic flow of PRPP to the purine 
pathway is 30–40% of the total flow [41]. However, there 
is still potential for further optimization. Therefore, we 
integrated the operon again and obtained strain Y6 based 

Fig. 4  Effects of deleting the guaB gene and replacing the esaI promoter with different intensities in the Quorum-Sensing circuit system on the strain. 
Data are expressed as means, and the error bars represent the standard deviation (n = 3 independent experiments)
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on strain Y5-4B. After 24  h of shake-flask fermenta-
tion, strain Y6 showed (Fig.  5A) no significant increase 
in hypoxanthine titer, with biomass remaining unaf-
fected. The purine operon requires glutamine, glycine, 
and aspartic acid as precursors in the synthesis of IMP, 
with PRPP as a precursor. We hypothesized that the lack 
of precursors limits the reaction; therefore, we set up 
eight control groups and performed shake-flask fermen-
tation for 24  h. As shown in Fig.  5.B, the hypoxanthine 
titers of the control groups with glutamine, aspartic acid, 
and a combination of both increased to varying degrees. 
However, glycine addition did not significantly change 
the titers, indicating that the glycine synthesized by the 
bacteria was sufficient for the reaction. These results 
verified our hypothesis that insufficient glutamine and 
aspartic acid synthesis limited the purine operon reac-
tion. Therefore, we further explored how to enhance the 
synthesis of the precursors, namely, glutamine and aspar-
tic acid. L-glutamic acid and ammonia are combined 

with glutamine synthetase (encoded by glnA) to produce 
glutamine(L-gln). In E. coli, glutamine synthetase activ-
ity is inhibited by various metabolites [42] and is sensitive 
to the concentration of ammonium ions (NH4

+). High 
NH4

+ levels in E.coli lead to glnA adenylation, resulting 
in loss of activity [43]. However, because the homolo-
gous enzyme from Gram-positive bacteria is not sensi-
tive to NH4

+, we introduced the glnAbsu
L159I.E304A mutant 

from B. subtilis [44, 45], creating strain Y6-1. After 24 h 
of shake-flask fermentation, the hypoxanthine titer 
reached 3.61  g/L, an 11% increase. The introduction of 
glnAbsu

L159I, E304A mutant, promoted the conversion of 
L-glutamic acid to L-gln in the cells, improved glutamine 
availability in the bacteria, and contributed to the synthe-
sis of hypoxanthine.

Oxaloacetic acid and glutamic acid are catalyzed by 
aspartate aminotransferase (encoded by aspC) to gener-
ate aspartic acid. To enhance aspartic acid synthesis, we 
overexpressed the aspartic acid transaminase Ptrc-aspC 

Fig. 5  (A) Molecular structure diagram of hypoxanthine. (B) Effects of adding glycine, aspartic acid, and glutamine on the strain. (C) Effects of overex-
pressing glutamine synthetase, aspartate aminotransferase, and knocking out bifunctional aspartokinase on bacterial strains. (D) Effect of deleting or 
integrating bifunctional aspartokinase with different strength promoters on the strain. Data are expressed as means, and the error bars represent the 
standard deviation (n = 3 independent experiments)
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at the genomic level, resulting in strain Y6-2 from Y6-1. 
After verification, the titer of strain Y6-2 was 3.84  g/L. 
Although the titer improved, the glycoside conversion 
rate decreased from 0.071  g/g to 0.06  g/g. This may be 
because excessive aspartic acid flows into the synthe-
sis pathway of branched amino acids. To address this, 
we knocked out bifunctional aspartokinase (encoded by 
thrA), which encodes the main branch of aspartic acid, to 
reduce its conversion to other amino acids. Strain Y6-3 
was obtained, and after 24 h of shake-flask fermentation, 
the hypoxanthine titer was 3.21  g/L, with an OD600 of 
39. These results indicated that the growth and titer of 
the strain were affected, indicating that directly block-
ing the branch was not feasible. Therefore, we used pro-
moter engineering to weaken the pathway. We replaced 
the thrA gene promoter with promoters of varying 
strength (from weak to strong: j23109 < J23114 < j23105 
< J23110). The specific sequence is shown in Supplemen-
tary Table 2. The outcomes of t shake-flask fermentation 
confirmed the normalization for the growth of the strain 
integrated with the J23114 promoter. The hypoxanthine 
titer reached 4.11 g/L, with a conversion rate of 0.074 g/g. 
These were the highest titer and conversion rates, indi-
cating that proper regulation of promoter strength in the 
aspartic branch pathway improves product synthesis and 
conversion rate. We named this high-yielding hypoxan-
thine strain YZ.

Fed-batch fermentation in a 5-L bioreactor
Fed-batch fermentation was carried out in a 5 L bioreac-
tor to evaluate the potential production performance of 
the engineered strain YZ. The fermentation tank tem-
perature is maintained at 37 °C, with the pH kept around 
6.7 throughout the process. By increasing the rotational 
speed, the dissolved oxygen concentration is sustained, 
creating optimal conditions for strain growth and pro-
duction. As shown in Fig.  6, an initial glucose concen-
tration of 20 g/L is provided at the start of fermentation. 

After 8 h, when glucose levels near depletion, a controlled 
supplementation rate is applied to keep the residual glu-
cose concentration below 2 g/L. The results showed that 
the logarithmic growth of the cells continued until 12 h of 
fermentation and then gradually entered a stable period, 
with biomass peaking at 12 h (Fig. 6). The hypoxanthine 
titer increased exponentially after 12  h of fermentation, 
with the growth rate declining after 32 h and reaching a 
maximum concentration of 30.6 g/L at 48 h. Acid produc-
tion intensity peaked at 1.4 g/L/h in the 12–32 h interval. 
To the best of our knowledge, these values represent the 
highest reported titers and efficiencies for hypoxanthine 
production from glucose. Additionally, liquid-phase test 
results indicated minimal by-product generation, facili-
tating the implementation of downstream processing.

Discussion
First, based on previous studies, we knocked out the 
decomposition pathway of hypoxanthine and the 
repressor protein PurR and explored the effects of 
various purF and prs point mutations to relieve feed-
back inhibition. The optimal mutants identified were 
purFbsu

D293V, K316Q, S400W and prseco
D128A. To enhance 

the metabolic flow of the key precursor, PRPP, pur 
(FDNTSQLMKECB), a purine operon from B. subtilis, 
was introduced to obtain the chassis strain HY5. In previ-
ous studies, the method of directly blocking the branch 
pathway was often adopted to increase metabolic flow to 
the target product. Therefore, we attempted to knock out 
the adenine branches. Although this method improved 
the titer slightly, it also caused strain defects.

Strain defects affect bacterial growth and limit titer 
increase. However, adding defects to the fermentation 
process is necessary, as it significantly increases produc-
tion costs and may complicate downstream extraction. 
Therefore, to avoid the production of auxotrophic strains, 
we introduced the purAbsu

P242N mutant gene with weaker 
enzyme activity. Experimental results showed that, 
although this approach was better than direct knockout, 
biomass and titer increased only with the addition of ade-
nosine. Although this method was effective, its outputs 
were sufficient through the lens of the primary objec-
tives of this study. By knocking out adenosine deami-
nase and adenine deaminase, we observed a reduction in 
hypoxanthine titer, confirming that part of the metabolic 
flow in the previous hypoxanthine synthesis was derived 
from the adenine synthesis pathway. Therefore, we con-
structed a dual pathway for the synergistic synthesis of 
hypoxanthine using AMP and IMP. After experimental 
comparisons, it was found that E. coli ‘s adenosine deami-
nase gene add and adenine deaminase gene ade had a 
synergistic effect, significantly promoting hypoxanthine 
synthesis and improving the conversion rate. In addi-
tion, due to feedback inhibition of adenylate in the purine Fig. 6  A. Fermentation data of the YZ strain in a 5L fermentor
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synthesis pathway, the accumulation of adenylate cannot 
be ignored. We introduced IMP-specific 5’- nucleotid-
ase from S. cerevisiae, diverting more metabolic flux to 
the hypoxanthine synthesis pathway to address adenyl-
ate accumulation. Then, we blocked the backup reaction 
of hypoxanthine to generate inosinic acid, which signifi-
cantly improved the titer and conversion rate. We then 
dynamically regulated the guaB gene, using the Esa QS 
system from Pantoea stewartii, achieving endogenous 
guanine and xanthine supply. Since the metabolic flux of 
the purine synthesis pathway accounts for approximately 
30–40% of the total PRPP, which is only a small part, we 
used three copies of the pur (FDNTSQLMKECB) operon 
to further increase the titer. The results showed that the 
increase in titer was not significant.

Further experiments verified that insufficient syn-
thesis of glutamine and aspartic acid limited the titer 
increase; therefore, a glutamine synthetase mutant was 
introduced to enhance glutamine synthesis. In addition, 
overexpression of the aspartate aminotransferase aspC 
gene increased the titer but decreased the glycoside con-
version rate, likely due to aspartic acid synthesis flowing 
to its branched amino acid pathway. To address this, we 
weakened the promoter of the thrA gene encoding the 
main aspartate kinase, ultimately increasing the hypo-
xanthine titer and glycoside conversion rate. After 48 h of 
fed-batch fermentation, the final titer reached 30.6  g/L, 
with the highest rate at 1.4 g/L/h. Thus, we successfully 
constructed a hypoxanthine-engineered strain with the 
highest reported titer.

While we have developed a high-yield strain for hypo-
xanthine production, the glycoside conversion rate 
remains relatively low, leaving considerable room for 
improvement. The current strain modification did not 
target the central carbon metabolism pathway. Opti-
mizing this pathway could significantly enhance precur-
sor utilization efficiency [46–48]. This approach would 
enhance the conversion rate and overall strain perfor-
mance. Our subsequent experiments will focus on redi-
recting more carbon metabolism towards the pentose 
phosphate pathway (PPP).

Conclusions
A plasmid-free, non-induced, non-defective, high-yield 
hypoxanthine strain was engineered using E. coli as the 
chassis strain. The modifications included (1) blocking 
the hypoxanthine degradation pathway and removing 
transcriptional repression and feedback inhibition in the 
purine synthesis pathway; (2) introducing exogenous ade-
nosine deaminase and adenine deaminase to create a dual 
pathway for hypoxanthine synthesis from AMP and IMP. 
We also introduced an IMP-specific 5’-nucleotidase to 
address the issue of adenylate accumulation; (3) dynami-
cally regulating the guaB gene; and (4) regulating the 

supply of precursor molecules glutamine and L-aspartic 
acid. After 48  h of fed-batch fermentation, the engi-
neered strain achieved a hypoxanthine titer of 30.6 g/L, 
with a yield of 0.071 g/g glucose and a maximum produc-
tion rate of 1.4 g/L/h. These metrics represent the highest 
titer, yield, and production rate of hypoxanthine reported 
in the context of microbial fermentation, laying a foun-
dation for the application of this method in an industrial 
scale.
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