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Porphyrins and their derivatives find extensive applications in medicine,
food, energy and materials. In this study, we produced porphyrin
compounds by combining Rhodobacter sphaeroides as an efficient cell
factory with enzymatic catalysis. Genome-wide CRISPRi-based screening
inR. sphaeroides identifies hemN as a target for improved coproporphyrin
11 (CPIII) production, and exploiting phosphorylation of PrrA further
improves the production of bioactive CPIlI t0o16.5 g L™ by fed-batch
fermentation. Subsequent screening and engineering high-activity

metal chelatases and coproheme decarboxylase results in the synthesis
of various metalloporphyrins, including heme and the anti-tumor agent
zincphyrin. After pilot-scale fermentation (200 L) and setting up the
purification process for CPIII (purity >95%), we scaled up the production of
heme and zincphyrin through enzymatic catalysis in a 5-L bioreactor, with
CPIll achieving respective enzyme conversion rates of 63% and 98% and
yielding10.8 gL™"and 21.3 g L™, respectively. Our strategy offers a solution
for high-yield bioproduction of heme and other valuable porphyrins with

substantial industrial and medical applications.

Porphyrins are characterized by the interconnection of four pyrrole
subunits. Porphyrins constitute a class of heterocyclic compounds
showcasing diverse functionalities and wide-ranging applications’.
Bioactive porphyrins, such as protoporphyrin IX (PPIX) and copropor-
phyrin I (CPIII), can be used in photodynamic therapy of cancer?and
treatment of bacterial infections®*. Substituting pyrrole protons with
metal ions produces metalloporphyrins, such as naturally occurring
chlorophyll, cobalamin (VB,,) and heme. These have irreplaceable roles
invital activities and are widely used in the food, feed and medicine
industries, among others’”. Moreover, chelation with other transition

metals (forexample, Mn, Cuand Zn) and incorporating side chain mod-
ifications enhance photophysical and electrochemical properties,
enabling applications of porphyrin derivatives in energy®, diagnostics
and therapeutics’. However, there are major challenges in efficient
production of porphyrins. Chlorophyll and heme can be relatively
easily separated through chemical extraction from animal or plant
tissues'*"?, but the processesinvolved are environmentally unfriendly
and inefficient. Other porphyrins can be obtained only through chemi-
cal methods, such as total synthesis or functional derivatization of
heme or chlorophyll”?, resulting in low synthesis efficiency and high
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Fig.1|Identification and quantitatively analysis of CPIIl and Fe-CPIII
indifferentR. sphaeroides strains with fnrL gene deletion. a, Porphyrin
biosynthetic pathway in R. sphaeroides2.4.1. UPENIII, uroporphyrinogen III.
b, Supernatant fermentation broth of R. sphaeroides 2.4.1and R. sphaeroides
2.4.1-AfnrlL. c,d, Identification of CPIll and Fe-CPIll in fermentation broth of

2.4

HYO1 ZX-5 1.2569

fnrL gene deletion (or inhibition)

R.sphaeroides2.4.1-AfnrL by HRMS. e, HPLC profile of CPIll and Fe-CPIIl in
R.sphaeroides HYO1 and R. sphaeroides HYO1-AfnrL.f, Analysis of CPIll and
Fe-CPlll titer in different R. sphaeroides strains with fnrL gene deletion (or
inhibition) (n =3 biologically independent replicates for each strain). Bar graph
witherror barsrepresents mean +s.d.*P < 0.05.

costs. Therefore, efficient production or synthesis of these porphy-
rins demands innovative approaches. Bioproduction of these high
value-added porphyrins by microbial hosts is attracting increasing
attention.

In nature, the porphyrin biosynthesis pathway begins with the
synthesis of 5-aminolevulinate (5-ALA). After catalysis to form a tetrapy-
rrole precursor, it is then further synthesized into various porphy-
rin compounds (Fig. 1a). In this pathway, key intermediates, such as
precomin 2, PPIX and CPIII, can be synthesized into heme through
distinct routes' . Additionally, precorrin 2 and PPIX can respec-
tively serve as precursors for the synthesis of VB, and chlorophyll"%,
Early attempts have been made to engineer microorganisms for the
synthesis of these porphyrin intermediates. For example, metabolic
engineering of Escherichia coliand Shewanellahas been employed to
produce PPIX™*'""", It has also been reported that some microorgan-
isms can slightly accumulate CPIll or the anti-tumor agent zincphyrin
(namely, Zn-CPIIl)*%, E. coli was first engineered for secretory pro-
duction of free heme?. Subsequently, other microorganisms, such
as Corynebacterium glutamicum and Saccharomyces cerevisiae, have
undergone metabolic engineering to produce heme? %, However,
whether itis porphyrinintermediates or heme, the current microbial
synthesis efficiency remains remarkably low, with yields typically in

the range of milligrams per liter (Supplementary Table. 1). Recently,
heme production in E. coli was improved to 1g L™ through fermenta-
tion process optimization and supply of feeding solution’. Another
value-added porphyrin compound, Zn-PPIX, has also been produced
by engineered E. coli”.

However, challenges remain in further improving the efficiency
of microbial biosynthesis of heme or metalloporphyrins to meet
the unmet industrial demands, due to the cellular rigid regulation
of the porphyrin pathway and the availability of intracellular metal
elements®* ., Previous studies reported that certain microorganism
can accumulate large amounts of CPIIl extracellularly under specific
conditions. For instance, in Arthrobacter hyalinus, the production of
CPIll canreachanimpressive 440 mg L™ (ref. 33). Based on these stud-
ies, we hypothesized that amicrobial cell factory could be constructed
for the efficient production of porphyrin intermediates, such as CPIII
or PPIX, and subsequent coupling enzyme catalysis in vitro could allow
the efficient synthesis of heme, Zn-CPIIl or other metalloporphyrins
and even various porphyrin derivatives.

Inthe present study, we focused on the bacterial strain Rhodobacter
sphaeroides, a purple non-sulfur photosynthetic a-proteobacterium.
Thisbacterium serves asamodel organism for photosyntheticresearch
and has great potential as a microbial chassis for the highly efficient
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Fig.2|Engineering of R. sphaeroides HYO1 for enhanced CPIIl production
through CRISPR-dCas12a-derived genome-wide screening. a, Workflow for
identifying rate-limiting genes in CPIll biosynthesis through the application
ofagenome-wide crRNA library. All the crRNA-encoding oligonucleotides are
presented in Supplementary Note 2. b, Design of the pBBR-dCas12a plasmid for
theinsertion of crRNA-encoding oligonucleotides. ¢, CRISPRi-mediated gene

transcriptional repression in R. sphaeroides HYO1 (n = 3 biologically independent
replicates per condition). d, The phenotype of HYO1::pBBR-dCasl12a (control)
and HYO1::pBBR-dCas12a-crRNA (selected colony) on the agar plate. e, Analysis
of CPlllyield after deletion of the screened rate-limiting gene (n = 3 biologically
independent replicates for each strain). Bar graphs with error barsincand e
represent mean ts.d.*P<0.05.

production of coenzyme Q,, (refs. 34-38), terpenoids®*~*, hydro-
gen*”** and other compounds. Moreover, various transcriptional
regulators, such as the PrrBA two-component activation system and
the global anaerobic regulator FnrL, have been well studied to be
involvedinthe regulation of bacteriochlorophyll synthesis and pho-
tosynthetic apparatus assembly**¢, Previous studies demonstrated
that up to 3.6 g L™ of 5-ALA can be produced with high efficiency in
R. sphaeroides through a reinforced C4 pathway (which converts
L-glycine and succinyl-coenzyme A to 5-ALA via ALA synthase)®*"*5,
Compared to other microbial chassis (forexample, E. coli, S. cerevisiae
or C. glutamicum), photosynthetic bacteria are naturally more
attractive hosts to produce porphyrin intermediates due to their
ability to mandatorily synthesize high amounts of tetrapyrrole
precursors or bacteriochlorophyll (BChl) in hypoxic or anaerobic
conditions**’.

We developed an approach for the high-efficient production of
porphyrin compounds by combining R. sphaeroides-derived cell fac-
tory and enzymatic catalysis. R. sphaeroides was screened and engi-
neered as a highly efficient microbial cell factory capable of producing
extracellular free CPIIl. By using CPIIl obtained through fermenta-
tion, we synthesized various metalloporphyrins through enzymatic
catalysis. Throughout this process, we employed a high-throughput
(HTP) method to engineer and screen the key enzyme responsible for
heme biosynthesis through the CPIll-dependent pathway. Through
this approach, we achieved high heme and Zn-CPIll titers in the bio-
reactor system (Supplementary Table 1), indicating the possibil-
ity for cost-efficient, large-scale bioproduction of heme and other
value-added porphyrins.

Results

Engineering of R. sphaeroides for free CPIIl production

CPIllis akeyintermediate in the non-canonical CPIIl-dependent bac-
terial heme biosynthesis pathway (Fig. 1a and Extended Data Fig. 1a).
R.sphaeroides2.4.1as amodel photosynthetic organism was reported
for CPIIl production by deletion of the fnrl. homologous gene®*,

Here, abrown pigment was generated in culture broth supernatant of
mutant strain 2.4.1-AfnrL (Fig. 1b and Extended Data Fig. 2a). Subse-
quent high-resolution mass spectrometry (HRMS) and tandem mass
spectrometry (MS/MS) spectra (Extended Data Fig. 1b,c) analyses
confirmed the production of free CPIIl (m/z = 655.2763; A = 0.10 ppm)
(Fig. 1c). Another compound with m/z=708.1883 (A = 0.83 ppm) is
Fe-coproporphyrin Il (Fe-CPIIl), which was also detected by HRMS
(Fig. 1d). The production of free CPlll was 66.9 mg L™ in 2.4.1-AfnrL
(Fig. 1f). Fe-CPlllwas not quantitatively analyzed by high-performance
liquid chromatography (HPLC) due to the low production.

To increase the biosynthetic efficiency of CPIIl production, dif-
ferent R. sphaeroides subspecies or varieties (that is, R. sphaeroides
1.2569, ZX-5 and HYO1), which are proficient in producing different
products such as coenzyme Q,, terpenoids and hydrogen***** were
selected as candidate hosts. The fnrl homologous gene in these
strains was inactivated (or inhibited) for CPIIl production (Extended
Data Fig. 2b,c). Inactivation of fnrL resulted in highly efficient CPIII
production (Fig. 1e). The titer reached 480.2 mg L7, 242.8 mg L™ and
231.5 mg L' in HYO1-AfnrL, ZX-5-AfnrL and R. sphaeroides1.2569-fnrL,
(fnrL inhibition), respectively (Fig. 1f). Compared to 2.4.1-AfnrL, the
production of CPIIlin HYO1-AfnrL increased 6.2-fold (P < 0.05), and the
production of free Fe-CPlll reached 8.6 mg L™. These resultsimplicate
HYO1 as a promising host for CPIll production.

Genome-wide CRISPR interference screening for CPIII
overproduction

The production of free CPIll canlead to areddish-brown colorin the fer-
mentation broth (Fig. 1b), whichis anintuitive phenotype for screening
strains. Therefore, to further enhance CPIll production, we developed
a CRISPR-dCasl12a-based HTP method to find or identify bottlenecksin
CPIlloverproduction (Fig. 2a). Before this, weinitially established and
characterized adCasl2a-based CRISPRinterference (CRISPRi) system
inHYOL The high-activity promoter P, 75, (ref. 35) was used to control
the transcription of both the dCas12a gene and CRISPR RNA (crRNA)
(Fig.2b). When crRNA targeted the 5’ untranslated region or when two
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Fig.3|Fine-tune timing of PrrA phosphorylation boosts CPIIl productionin
a5-Lbioreactor. a, Rewiring the phosphorylation pathway of prrA through the
histidine kinase mutant PrrB,,,5,. b,c, Timing of PrrA phosphorylation for CPIII
overproductionusing IPTG in R. sphaeroides HYO1-AhemN-prrAB,, ,. IPTG was
added to the final concentration of 0 mM, 0.1mM,1mMand 2 mM at OD of 1.5,
10 and 15. At 24 hand 48 h of fermentation, samples were taken for observing the

Time (h)

color of the fermentation broth and measuring the concentration of CPIII.

d, Fed-batch R. sphaeroides HYO1-AhemN culture in the 5-L bioreactor.

e,f, Enhanced CPIIl production in fed-batch culture of R. sphaeroides HYO1-
AhemN-prrAB,, 5, by IPTG induction. Based on the transcription timecourse
of PrrA target operons (Extended Data Fig. 2f), IPTG was introduced into the
bioreactor after 36 h of fermentation, reaching a final concentration of 1 mM.

crRNAswere used, theinhibition rate of the target gene exceeded 90%
(P<0.05) (Fig. 2c).

AsshowninFig.2a,agenome-wide crRNA library was designed and
synthesized (Supplementary Note 1). The oligonucleotides encoding
crRNA were then assembled with pBBR-dCas12a plasmids (Fig. 2b) to
obtaina corresponding plasmid library (Supplementary Table. 2). After
transformation of the plasmid libraryinto HYO1, colonies with notice-
able color phenotype changes were selected for next-step fermenta-
tion in 96-well plates. Then, a colony that produced a large amount
of pigment was selected (Fig. 2d). Subsequent sequencing indicated
that the crRNA targeted a gene encoding coproporphyrinogen IlI
(CPENIII) oxidase, which was designated hemN. This result indicated
thatinhibiting the transcription of hemN is favorable for CPIIl produc-
tion, as the oxygen-independent CPENIII oxidase encoded by hemN
consumes CPENIII, thereby hindering CPIIl formation. When hemN
wasinactivated, the free CPIll titer reached 1,250 mg L™, representing
a160% (P < 0.05) improvement compared to fnrl knockout (Fig. 2e and
Extended Data Fig. 2d).

Timing PrrAB regulation and fed-batch boost CPIII production
The PrrAB two-component system in R. sphaeroides was reported as
atoggle for the porphyrin metabolic pathway*. Previously, PrrA was
employed as aregulatory activator to enhance lycopene production
through overexpression®. It was also reported that specific muta-
tions of the histidine kinase PrrB (for example, PrrB,,3,) can hijack
the phosphorylation process of response regulator PrrA®. In this
study, the regulatory circuit was rewired using Lacl and PrrB,, to
achieve fine-tune timing of PrrA phosphorylation using isopropyl -D-
1-thiogalactopyranoside (IPTG) (Fig. 3a and Extended Data Fig. 2e).
After optimizing the induction time (OD) and inducer concentration,

the titer of free CPlll reached 1,640 mg L™ (Fig. 3b,c), which was more
than 31% higher than that of HYO1-AhemN. We subsequently tested
the fermentation performance of the strains in 5-L stirred bioreactors
(Fig. 3d). Using a glucose fed-batch strategy, the titer of free CPIIl in
HYO1-AhemN reached 10.1g L™ after 96 h of fermentation (Fig. 3e,f).
Following the same fed-batch strategy and considering the tran-
scription timecourse of prrA’s regulon within the bioreactor, which
includes genes such as hemA, hemC and hemE*° (Fig. 1a and Extended
Data Fig. 2f), this study added IPTG at 36 h of fermentation. It was
found that the production of free CPIII finally reached 16.5g L™ in
HYO1-AhemN-prrAB,, (Fig. 3¢,f). Thus far, through engineering and
optimization, the production of CPIIl has been gradually increased
(Extended DataFig. 2g), and R. sphaeroides has been transformed into
an efficient microbial cell factory to produce CPIII.

Convert CPIIl to metalloporphyrin compounds by biocatalysis
Fe-CPIIl, also known as coprohemelll, serves as the precursor of heme
biosynthesis®. Fe-CPIll can be converted to heme by removing two
carboxyl groups (Fig. 4a). To establish an efficient route for Fe-CPIIl pro-
duction, we compared and evaluated the ferrochelatase (HemH) activ-
ity from various sources. HemH from Staphylococcus aureus (HemHy,)
demonstrated remarkably superior activity compared to the other
enzymes (P < 0.05;Fig.4b).Inthe presence of Fe?*, HemHg, efficiently
converted CPIII to Fe-CPIII (Fig. 4d). CPlll and HemHg, were also used
to synthesize other kinds of metalloporphyrins by adding correspond-
ing metal ions, such as Co-CPIII, Mn-CPIII, Ni-CPIIl and Cu-CPIIl, with
substrate conversion rates reaching 100%. Co*’, Mn** and Cu? could
spontaneously react with CPIIl to produce metalloporphyrins specific
to each metalion (Fig. 4c,d and Extended Data Fig. 3a-d). In addition,
Zn-CPIll as a CPIlI-derived metalloporphyrin (Fig. 4c) has advantages
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Fig. 4 |Invitro biosynthesis of metalloporphyrins by enzymatic catalysis.

a, Invitro biosynthesis of heme through the CPIll-dependent pathway.

b, Analysis of the ferrochelatase (HemH) activity from various microorganisms
(n=3Dbiologically independent enzymatic activity detection experiments for
each HemH homolog). Various HemH derived from S. aureus, Bacillus subtilis,
Mycobacterium tuberculosis, C. glutamicum and Listeria monocytogenes were
used. ¢,d, Biosynthesis of Fe-CPIIl and other different metalloporphyrins using
CPIllland HemH derived from S. aureus (n = 3 biological replicates per condition).

All the resulting metalloporphyrins were verified by HRMS (Extended Data
Fig.3a-d). e, HPLC profile of the enzymatic catalysis of CPIll for the in vitro
synthesis of Zn-CPIIl using HemHg, and zinc chloride. The reaction is conducted
in Tris-HClI buffer (pH 7.0) at 37 °C under the following conditions. (1) In the
reaction system, only CPIllis present. (ii) In condition (1), ZnCl, is added. (3) In
condition (2), HemHg, is added. f, Verification of Zn-CPIll production by HRMS.
Bar graphs witherror barsinband d represent mean +s.d. *P < 0.05.

over other porphyrins as a practical photodynamic therapy reagent>*’.
Inthe present study, we found that, using HemHg, and zinc sulfate, CPIII
couldnotbe converted to Zn-CPIlI (Fig. 4d and Extended Data Fig. 3e).
After comparingdifferent zincsalts, including zinc acetate, zinc sulfate
and zinc chloride, we found that zinc chloride can spontaneously react
with CPIlIIbut with relatively low activity (Fig. 4e). However, after add-
ing HemHg,, within 10 min, CPIllis completely converted into Zn-CPIII
(Fig. 4e,f). These findings suggest that the subsequent use of in vitro
enzymatic catalysis can enable efficient production of Zn-CPIll and
other kinds of metalloporphyrin compounds.

Engineering coproheme decarboxylase for heme biosynthesis
Heme is another extensively studied metalloporphyrin, which is
also an essential component that imparts a meaty flavor and aroma
to plant-based meat products*®. We, therefore, aimed to establish an
efficient route for heme biosynthesis by applying CPIIl. However, the
coproheme decarboxylase (HemQ)* responsible for decarboxylat-
ing Fe-CPIIl to generate heme is limited by its low activity (Fig. 4a),
which hinders efficient heme production. To overcome this, a CRISPR-
Casl2a-based detection method was designed to screen high-activity

HemQ by detecting heme. As showninFig. 5a, the method employsan
allosteric transcription protein, HrtR, derived from Lactococcus lactis™.
This protein can bind to and sense heme and hasbeen used asanin vivo
biosensor for heme monitoring®. In this study, HrtR was immobilized
onamicroplate viabiotin-streptavidin affinity®’. Afterimmobilization,
the DNA-binding domain (DBD) of the HrtR can bind to double-stranded
DNA (dsDNA) containing HrtR’s binding motif, forming a DNA-protein
complex. Heme can bind to the effector-binding domain (EBD) of the
HrtR, causing the dissociation of the DNA-protein complex, thereby
releasing dsDNA. By designing crRNA targeting this dsDNA, the indis-
criminate single-stranded DNA (ssDNA) cleavage activity of CRISPR-
Casl2acanbeactivated, further cleaving an ssDNA probe labeled with
afluorophore quencher (FQ) and producing fluorescence®. Ultimately,
the detection of fluorescence enables the detection of heme.

To establish fiESEreeningsystem, we tested the effect of bioti-
nylation on the DNA binding activity of HrtR and its allosteric activity
inducedinanelectrophoretic mobility shift assay (EMSA). Biotinylated
HrtR (Biot-HrtR) had strong binding activity with dsDNA, and there was
adose-response relationship between the formation of HrtR-dsDNA
complex and the concentration of Biot-HrtR (Fig. 5b). Heme could
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Fig.5|Screening and engineering HemQ for efficient conversion of CPIIIl to
heme. a, Schematic diagram of CRISPR-Casl2a-derived biosensing strategy
ferHTPdetectionorieme. b, EMSA with Biot-HrtR and dsDNA containing the
HrtR-binding motif. c, EMSA evaluation of Biot-HrtR allosteric activities in the
presence of heme. The EMSA assaysin b and c were respectively performed
three times (n = 3; replicates are shown in Source Data files). d, Workflow for
screening and engineering HemQ by high-throughput heme detection.

e, Michaelis-Menten plot for different HemQ conversions of Fe-CPIIl to heme.
Measured K., and k., values are reported as mean + s.d., with three replicates. V,,
rate of catalysis. f, Comparative analysis of crude enzyme activity for HemQ,,
HemeQ,sand HemeQ,,. (n = 3 biologically independent replicates for each
HemQ homolog or mutant). g, HPLC profile of the enzymatic catalysis of CPIII
for the synthesis of heme in vitro. Bar graph with error bars represent mean + s.d.
*P<0.05.

cause the dissociation of HrtR-dsDNA complex, and, with increasing
heme concentration, more dsDNA was released (Fig. 5c). This method
specifically responded to heme, with no response to other porphyrin

compounds (for example, CPI, CPIII, Fe-CPIIl and PPIX) (Extended
Data Fig. 4a). Using this method, heme at the nanomolar level (linear
detection range: 10-200 nM, R? > 0.99; Extended Data Fig. 4b) can
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Fig. 6 | Bioproduction of heme and Zn-CPIll in a 5-L bioreactor. a, Schematic
diagram of the manufacture of various porphyrins by combining enzymatic
catalysis and R. sphaeroides-derived cell factory. b,c, Fed-batch fermentation

of CPIllin a200-L bioreactor. The timecourse of CPIll titer, cell growth, total
glucose consumption (TGC) and dissolved oxygen (DO) was monitored ina200-L
bioreactor. d, Purification and preparation of CPIll from cultivated R. sphaeroides
by recrystallization. e, SDS-PAGE analysis of lysate supernatant from recombinant
E. colicells, withinduction (namely, crude enzyme) or before induction. The
HemHg, and HemQ, . fusion protein (86.4 kDa) isindicated by astar (*). BSA

(0.5 mg mI™) was used as reference (66.5 kDa). The SDA-PAGE assay in e was
performed three times (n = 3; replicates are shown in Source Datafiles).

f, Batch-wise addition of crude enzyme catalyzed the conversion CPIll to hemein
a5-Lbioreactor. At the beginning of the reaction, 2 L of CPIll with a concentration

Time (h)

of18 g L' was added all at once. As shown by the arrow in the diagram, the crude
enzyme supernatant obtained by crushing 180 g of wet recombinant £. coli cells
was added to the reaction system at five different timepoints:0 h,1h,3h,5h

and 7 h. The reaction was performed at 37 °C and pH 7.0 with agitation at 100 r.p.m.
Errorbarsinfrepresents.d. of threeindependent replicates. g, Biosynthesis

of Zn-CPIll through in vitro transformation of CPIII. One liter of CPIll with a
concentration of 20 g L™ was used for catalytic reaction illustration. Zinc chloride
and crude enzyme (obtained by crushing 30 g of wet recombinant £. coli cells)
were added to the bioreactor at the beginning of the reaction. The reaction was
conducted at room temperature and pH 7.0 with agitation at 100 r.p.m. The blue
bars at 10 min and 15 min correspond to CPIll concentrations of 0.23 + 0.11g L™ and
0.20+0.11g L™, respectively. n =3 biologically independent replicates for each
data pointinfand g. Bar graphs with error bars represent mean + s.d.
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be rapidly detected, with a coefficient of variation not exceeding 6%
and adetection recovery rate exceeding 98% (Extended Data Fig. 4c).
Theseresultsindicate the good stability and robustness of the method
indetecting heme.

AARTPMethodforscreeningRigTactivity e was developed
(Fig. 5d). Using this method, a highly active protein, designated as
HemQ,gand originating from Alicyclobacillus sacchari, was successfully
screened from 31selected HemQ homologous proteins (Extended Data
Fig.5aand Supplementary Table. 3). HemQ,s exhibited a2.2-60.9-fold
increase in enzyme catalytic activity (U/mg prot) compared to pre-
viously reported HemQ homologs (Extended Data Fig. 5b). Subse-
quently, arandom mutant library based on hemQ,s was constructed
using error-prone polymerase chainreaction (PCR). After screening the
library from approximately 11,000 clones using the method illustrated
in Extended Data Fig. 6, a variant named HemQ,5.,, (Supplementary
Note 3) was obtained, which exhibited over a two-fold increase in
catalyticactivity. Compared tothe previously reported highest-activity
HemQg,, HemQ,q.y exhibited a4.9-fold increase ink,/K,, and a10-fold
increase inenzyme activity (P < 0.05; Fig. 5e,f). Next, the catalytic effi-
ciency of HemHg, and HemQ,., proteins to convert CPIllinto heme was
examined. AsshowninFig. 5g, when CPlllwas incubated with HemHy,,
HemQ,., and Fe?*, most of the Fe-CPIll was converted to heme. Quan-
titative analysis revealed that the conversion of CPIll to heme reached
75%, withasmallamount of the intermediate harderohemel Il (ref. 63)
remaining unconverted apart from CPIII (Extended Data Fig. 7a,b).
These results suggest that, by combining anin vitro enzymatic catalysis
with high-yield CPIll fermentation, aroute for efficient heme produc-
tion could be established.

Pilot-scale fermentation and purification of CPIII

To demonstrate the scale-up potential of the synthesis of heme, Zn-CPIII
and other metalloporphyrins by combining R. sphaeroides-derived
cell factory and in vitro enzymatic catalysis, this study proposes the
workflow as shown in Fig. 6a. To achieve a sufficient amount of CPIII
for subsequent enzymatic synthesis of heme and Zn-CPIll, this study
further scaled up the fermentation of CPIllin a200-L pilot bioreactor
(Fig. 6b). Owing to the improvements in dissolved oxygen supply, the
productionof CPlllreached 19.6 g L™ (Fig. 6¢). Given the high extracel-
lular CPIIl concentration in the fermentation broth and its solubility,
we investigated direct crystallization for CPIll preparation and purifi-
cation, and a purification and preparation process was developed, as
illustrated in Extended Data Fig. 8a. We found that employing alkali
precipitation and isopropanol precipitation, followed by extraction
with acidic acetone, improved the recovery rate and purity of CPIII,
reaching 90% and 86%, respectively (Extended Data Fig. 8b,c). To fur-
ther enhanced purity, this study fine-tuned crystallization conditions
and performedrecrystallization, resulting in CPIll purity exceeding 95%
and a recovery rate of approximately 88% (Extended Data Fig. 8d-k).
These results indicate that CPIll can be produced in large amounts at
alow cost. These results further indicate that CPIIl can be readily pro-
duced inlarge amounts, suggesting its great potential for large-scale
production.

Scale-up bioproduction of heme and Zn-CPIII

Subsequently, this study demonstrated the use of CPIll prepared
through fermentation and recrystallization for the scale-up biopro-
ductionof heme and Zn-CPIllin a 5-L stirred tank bioreactor. Arecom-
binant protein comprising a fusion of HemHg, and HemQ,g.,, (Fig. 6€)
was constructed and expressed for catalyzing the synthesis of heme.
By using a 5-L bioreactor, we initially tested a one-time batch feed of
CPIII, Fe*" and the crude enzyme solution (CES). After 16 h of enzymatic
catalysis, we observed that CPlll was completely converted to Fe-CPIII.
However, the hemeyield was only 3.0 g L™, with a CPIll conversionrate
of17.8%, accompanied by alarge amount of Fe-CPIll accumulation. Con-
sequently, we used a one-time addition of CPllland Fe*', followed by a

fed-batch addition of the CES every 2 hafter the reaction commenced,
tomaintainthe coproheme decarboxylase catalytic activity inthereac-
tion system (Extended Data Fig. 7e). After 7 h of enzymatic catalysis,
hemeyield reached 10.8 g L™, and the conversionrate of CPlll reached
64% (Fig. 6f).Inaddition, the Zn-CPlllwas also be readily biosynthesized
onalargerscale. A catalytic yield of 21.3 g L Zn-CPlll could be achieved
with 98% conversion of CPIll in al-L reaction volume (Fig. 6g).

Lastly, atechno-economic analysis was conducted to simulate the
financial feasibility of scaling up CPIIl and heme production. Based
on the data obtained from our pilot-scale and purification process,
as well as relevant cost data (Supplementary Table. 4), an industrial
model for producing heme (or CPIII) at an annual scale exceeding
10 tons was simulated using SuperPro Designer version10.7 software
(Extended Data Fig. 9 and Supplementary Table. 5). The comprehen-
sive cost-effectiveness analyses provided insights into the large-scale
production costs, including annual operating expenses encompassing
fermentation costs, CPIll isolation and purification, preparation and
addition of CES as well as heme preparation (Extended Data Fig. 10a).
The minimum product selling price (MPSP, in 2024 dollars with an
internal rate of return of 10.1%) for heme and CPIllis $205 per kilogram
and $67.5 per kilogram, respectively (Supplementary Table. 5). These
results demonstrate the economic viability of bioproducing highly
valued porphyrin compounds, such as heme and CPIII, highlighting
the substantial potential of our developed route for biomanufacturing
various other metalloporphyrin compounds.

Discussion
In this study, we chose photosynthetic purple bacteria, which are
distinctly advantageous in porphyrin metabolism compared to
non-photosynthetic bacteria. The synthesis of BChl in these bacteria
is directly associated with cell survival or growth under specific condi-
tions®*, presenting an opportunity for further engineeringaimed at the
production of value-added porphyrins. Notably, the non-canonical
CPIllI-dependent heme biosynthesis pathway is absentin HYO1 (Fig. 1a).
However, upon fnrL deletion, there was an accumulation of CPIlIl and
Fe-CPIll in the different strains (Fig. 1b-f). The deletion of fnrL leads
toinhibition of PPIX and BChl biosynthesis, resulting in the accumula-
tion of CPENIII (ref. 22). The accumulation of CPIllis thought to be the
result of the spontaneous oxidation of CPENIII (ref. 65). Concerning
the accumulation of Fe-CPIIl, we speculate thatit is due to the catalytic
activity of protoporphyrin ferrochelatase in the canonical heme bio-
synthesis pathway®. Furthermore, HYO1 exhibits a higher capacity for
CPIll production compared to other bacteria (Fig. 1f). The main reason
may be attributed to HYO1 being a high-yield producer of coenzyme
Q,0- During the screening of coenzyme Q,, high-yield producers, the
biosynthesis pathway of BChlis simultaneously reinforced®, resulting
inanincreased metabolic flux across the entire porphyrin pathway. The
mechanism underlying this phenomenonis still being investigated.
When we used the CRISPRi strategy to screen for the bottleneck
gene thatlimits CPIll production, the hemN gene was identified (Fig. 2).
Two types of CPENIII oxidase, HemF and HemN, were identified in
R.sphaeroides®™*®. HemN functions as an oxygen-independent CPENIII
oxidase and is expressed only under low oxygen conditions. HemN is
responsible for converting CPENIIlinto protoporphyrinogen IX, which
is subsequently decarboxylated to PPIX for BChl biosynthesis”. In
this study, deletion (or inhibition) of hemNimpeded and hijacked the
precursors originally meant for BChl biosynthesis, leading to a consid-
erable accumulation of CPIII. Previous studies indicated that, under
oxygen-limited conditions, hemN transcription is positively regulated
by fnrL%.In other words, the observed accumulation of CPIll after the
fnrlL deletion is most likely due to the inhibition of hemN transcrip-
tion. Furthermore, the inactivation of fnrL. hampers the expression of
genesrelated to the respiratory chain and the synthesis of tetrapyrrole
precursor 5-ALA*. This explains why there is a higher accumulation of
CPIIlin the hemN mutant compared to the fnrl mutant.
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The rapid efflux of CPIII (also possibly CPENIII) can relieve feed-
back inhibition within the cell. Therefore, in fed-batch fermentation
(Fig. 3d-f), ayield of CPIlIl of up to 10 g L™ becomes feasible. Further-
more, the timing of porphyrin pathway expressionisrelated to theyield
of CPIII (Fig.3a-c). Notably, PrrAB, as atwo-component global regula-
tory systeminvolved in oxygen and photosynthesis gene regulation’,
cansense the cellular redox state and activate the porphyrin pathway
by controlling the expression of hemA, hemC and hemE*¢. However,
under aerobic conditions, overexpressing prrA or untimely transcrip-
tional upregulation may detrimentally affect cell growth. In this study,
manipulating PrrA phosphorylation using PrrB, 5, (ref. 71) and timely
inducing PrrA phosphorylation with IPTG can significantly increase
extracellular free CPIll production, which canreach16.5 g L' (Fig. 3f).

The efficient production of free CPIll serves as the central hub for
the relay synthesis of downstream metalloporphyrins. HemHg,, acting
as high-activity Fe*" chelating enzyme for CPIIl (Fig. 4a,b), is capable of
indiscriminately chelating certain metal ions onto the porphyrinring,
including Ni**, Mn*, Co?", Cu*" and Zn* and others (Fig. 4c—f). Todem-
onstrate the scale-up potential of metalloporphyrins bioproduction,
value-added heme and Zn-CPIll were selected as examples. However, for
heme production, the activity of the reported HemQis too low to meet
therequirements of in vitro enzyme catalysis'. Therefore, we employed
aself-developed screening method to obtain a highly active HemQ,g.
protein through enzyme mining and mutagenesis screening (Fig. 5a).
Compared to HemQs,, HemQ,g., exhibited over a 10-fold increase in
activity as well as enhanced the thermal and acid stability (Extended
DataFig.7c,d). By combining HemHs, and HemQ,g.,,, the yield of heme
from CPIII could exceed 75%. We subsequently engineered a fusion
protein of HemH, and HemQ,s.,, which simplified the operations and
significantly enhanced the expression level of HemQ,.,,. Combined with
feed addition of crude enzyme, a heme yield of 10.8 g L™ was achieved
in a 5-L bioreactor (Fig. 6). To our knowledge, this is the highest yield
achieved to date using biological methods. Notably, a portion of Fe-CPIII
remains unconverted, and asmallamount of catalyticintermediates are
present®”. Further modifications to HemQ,g, can be implemented to
enhanceits catalytic efficiency. Our findings indicate that CPIII can effi-
ciently chelate Zn* to achieve the synthesis of Zn-CPlllunder enzymatic
conditions. With enzymatic catalysis, a yield of 21.3 g L™ Zn-CPIIl was
achievedina5-Lreactor (Fig. 6). This efficient and cost-effective method
of Zn-CPlll production paves the way for future industrial applications.

The pilot-scale CPIll fermentationin a200-L bioreactor (Fig. 6b,c)
and the development of a CPIll separation and purification process
(Fig. 6d and Extended Data Fig. 8) have laid a solid foundation for
future large-scale heme production. Based on all these data, the
large-scale production processes for CPIll and heme were simulated
for techno-economic analysis (Extended Data Fig. 9) to assess their
industrialization potential and financial feasibility. The economic
evaluation report shows that the MPSP of heme in this model is $205
per kilogram (Supplementary Table. 5). This presents a considerable
cost advantage compared to the market price of heme over the last
6 years, which has ranged from $482 to $548 per kilogram (Extended
DataFig.10b). However, the annual operating cost analysis reveals that
enzymatic catalysis, including CES preparationand £. coli cell culture,
accountsfor 47% of the total heme production cost, whereas the CPIII
production cost is only 34% (Extended Data Fig. 10a). This suggests
that the enzymatic catalysis section accounts for most of the cost in
heme production, despite the HemQ,g., used in this study having the
highest activity ever reported. Furthermore, the results in Extended
Data Fig. 7f suggest the critical need to enhance enzyme stability,
alongsideits activity (forexample, k). The use of HemQ enzyme with
higher activity and stability can decrease enzyme dosage, eliminate
the need for multiple additions of CES, streamline the process and
lower heme production costs. It is noted that the MPSP of CPIII has
been reduced to $67.5 per kilogram (Supplementary Table. 5). The
low cost of CPIlIl opens up new opportunities for future scaling up the

production of various other metal porphyrin compounds based on
CPIIII, such as Zn-CPIIL.

Itis worth mentioning that this study developed two HTP screen-
ing methods for strains or enzymes. First, a genome-scale guide RNA
(gRNA) library and CRISPR-dCas12a were used to develop a high-yield
strain for CPIII production (Fig. 2). Additionally, this screening plat-
form also lays a technical foundation for the further development of
R.sphaeroidesas a chassis**.Second, anHTP enzyme catalytic screening
platformwas developed using the allosteric transcription factor HrtR
and CRISPR-Casl2a, along with biotin-streptavidin immobilization
technology, with an operating procedure similar to the ELISA (Fig. 5a)"%.
Compared to previous methods”, this approachis characterized by its
simplicity of operation, reliable data reproducibility and robustness,
whichis crucial in screening highly active HemQ, ., for efficient pro-
duction of heme by enzymatic catalysis. We think that this strategy can
be expanded to facilitate HTP screening of other enzymes.

In summary, this study explores a route that combines a cell fac-
tory derived from R. sphaeroides with enzymatic catalysis. This strat-
egy bypasses biological restrictions on cellular metalloporphyrin
compound biosynthesis, enabling the efficient production of heme
and Zn-CPIll with yields suitable for future large-scale production.
Moreover, the successful pilot-scale fermentation and efficient prep-
aration of the purified porphyrin intermediate CPIII, as well as the
techno-economicanalysis, suggest potential to elevate the porphyrin
product manufacturing industry.
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Methods

Strains, plasmids and culture conditions

The plasmids and strains used in this study are listed in Supplementary
Tables 6 and 7.E. coliDH10Db, E. coli BL21(DE3), E. coli S17-1and their deriva-
tives were cultivated on Luria-Bertani (LB) agar plates (tryptone10 g L™,
yeast extract 5g L™ and NaCl10 gL, pH 7.0) at 37 °C. R. sphaeroides
and its derivatives were cultivated on agar plates (0.3% glucose, 0.8%
yeast extract, 0.13% monobasic potassium phosphate, 0.2% sodium
chloride, 0.0125% magnesium sulfate and 1.5% agar, supplemented with
15 mg L™ biotin, 1 mg L™ thiamine hydrochloride and 1 mg L™ nicotinic
acid). For CPIll fermentation in a 250-ml shake flask or a 5-L bioreactor,
R.sphaeroidesandits derivatives were cultivated inseed medium (per liter
of mediumincludes:1.5% glucose, 0.2% yeast extract, 0.1% sodiumgluta-
mate, 0.1% cornsteep liquor, 0.4% (NH,),SO,, 0.1% KH,PO,, 0.1% K,HPO,,
0.02%FeS0,,0.36%MgS0,,0.2% NaCl,2 ml of 10 g L' manganese sulfate
solution and 1.5 ml of 10 g L™ cobalt chloride solution, pH 7.1-7.2.) and
fermentation medium (4% glucose, 0.4% cornsteep liquor, 0.3% sodium
glutamate, 0.3% (NH,),SO,, 0.28%NaCl, 0.3% KH,PO,, 0.63% MgSO, and
0.2% CaCO, supplemented with1 mg L™ thiamine hydrochloride,1 mg L™
nicotinic acid and 15 pg L™ biotin). All the reagents and chemicals used
for culture media were provided by Titan Scientific Co., Ltd.

Genetic manipulationinR. sphaeroides

The primers used for plasmids construction are listed in Supplementary
Table. 8. For fnrl and hemN gene deletion or prrAB,, ;,gene replacement
in R. sphaeroides, plasmid pK18mobsacB (pK18mob) was digested by
HindIll (New England Biolabs (NEB), R3104) and EcoRI (NEB, R3101) to
obtain alinear vector, and a high-fidelity GXL polymerase (TaKaRa Bio,
RO50A) was used to amplify two 500-1,000-bp homology arms by using
R.sphaeroides genomic DNA astemplate. The linear vector DNAand PCR
products were assembled with aNovoRec plus One step PCR Cloning Kit
(Novoprotein, NR0OOS). The plasmid was introduced into R. sphaeroides
withthehelp of E. coliS17-1by intergeneric conjugation, and exconjugants
with single crossover were selected for kanamycin resistance (kan®).
Then, the mutant was selected from theinitial exconjugants after several
rounds of non-selective growth and confirmed by PCR amplification
using the primerslisted in Supplementary Table 10. The DNA gelimages
were captured with a Tanon 1600 Gel Image System (Tanon Biotech).

CRISPRi and genome-wide transformant screening

A codon-optimized dCasl12a coding gene (based on R. sphaeroides)
was synthesized and cloned into the pBBR-Prsp_7571-gusA plasmid*
by replacing gusA gene, resulting pBBR-Prsp_7571-dcas12a plasmid.
Another cassette containing the P, ;5; promoter®, Sapl restriction
siteand a pufoperon-specific transcription terminator was synthesized
andthen cloned into pBBR-Prsp_7571-dcas12a, resulting pBBR-dCas12a
plasmid. For CRISPRi, the oligonucleotides encoding crRNA (Supple-
mentary Table 9) were cloned into pBBR-dCas12a plasmid by using
Sapl (NEB, R0569S). Based on the previously reported protocol™, the
crRNAs used for detecting CRISPRi efficiency were synthesized in vitro
usingaHiScribe T7 Quick High Yield RNA Synthesis Kit (NEB, E2040S).
For CRISPRi-based transformants screening, a genome-wide crRNA
library of R. sphaeroides containing 12,820 crRNAs was designed by
Python programming (software version 3.8; Supplementary Note 1)
and synthesized. The corresponding plasmid library was obtained
by introducing the crRNA library into pBBR-dCas12a plasmid. After
introducing the plasmid (or plasmid library) into R. sphaeroides via
the optimized conjugation method (Supplementary Note 4), the cor-
responding transformants can be screened based on their resistance
or color phenotype. The oligonucleotides, genes, crRNA library and
plasmid library were synthesized and assembled by GenScript.

Fed-batch fermentationin a 5-L bioreactor and sampling
Fed-batch fermentation of CPIIl was performed in a 5-L stirred bio-
reactor (Shanghai Bailun Biotechnology Co., Ltd., BLBIO-5GJ-3) with

an initial working volume of 2.5 L. Dissolved oxygen (DO) and pH
were measured by a DO probe (Hamilton, VisiFerm DO Arc 225 H2)
and a pH electrode (Hamilton, EasyFerm Plus PHI Arc 225), respec-
tively. Foam formation was prevented by the addition of antifoam
204 (Sigma-Aldrich). The temperature was maintained at a constant
32°C, aeration at 1.0 air volume/culture volume/min (VVM), agita-
tion at 600 r.p.m. and pH at 6.5 by automatic injection of ammonia.
The fed-batch process was initiated after 18 h of cultivation, using a
concentrated glucose stock solution of 500 g L™ to maintain a glu-
cose concentration of 15 g L™ in the bioreactor. After 48 h, the glucose
concentration was maintained at 5 g L', witha25-ml supplementation
of feeding medium (glucose-free fermentation medium) every 24 h.
Fermentation broth was collected every 6 h during the fermentation
process for monitoring cell growth (OD,,,) and the titer of CPIII.

HPLC detection of porphyrin compounds

CPIII, heme and other metalloporphyrins involved in this study were
analyzed using HPLC. Then, 200 pl of the sample (for example, fer-
mentation brothsupernatant or enzyme-catalyzed reaction solution)
was mixed with an equal volume of 0.05% acidic acetone, shaken vigor-
ously and centrifuged at 13,800g for 1 min (Thermo Fisher Scientific,
37520). Theresulting supernatant was then filtered through a 0.22-pm
membrane into a brown sample vial for subsequent HPLC detection.
Standard stock solutions of CPIII (Macklin, C882263), Fe-CPIIl (Frontier
Scientific, C40019) and heme (Sigma-Aldrich, 51280) were respectively
prepared at a concentration of 1 mg ml™ for quantitative analysis. An
Agilent1100 series HPLC system equipped with an InfinityLab Poroshell
120 EC-C18 column (4 pm, 4.6 x 150 mm, Agilent) and a multiple wave-
length detector (DAD) was used for detection. The mobile phase con-
sisted of a gradient elution with 0.1% formic acid in water (phase A)
and methanol (phase B), flowing at a rate of 1 ml min™. The detection
wavelengthwas set at 390 nm. HPLC data were collected using Agilent
OpenLAB CDS ChemStation Edition for LC and LC-MS systems (version
C.01.07SR2(255)). Agilent OpenLAB CDS ChemStation Editor (version
C.01.10 (201)) was used for data analysis.

Mass spectrometry detection of porphyrin compounds
Theenzymereaction solution (or fermentation broth supernatant) con-
taining target porphyrin compounds was mixed with an equal volume
of 0.05%acidic acetone, shaken vigorously and centrifuged at13,800g
for10 min. The supernatant was collected, and an appropriate amount
ofthe sample was mixed with methanol to achieve asample concentra-
tionbelow 0.5 mg ml™. After filtering through a 0.22-um membrane, the
sample was analyzed using a Thermal UltiMate 3000 UHPLC coupled
with a Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scien-
tific) equipped with a positive ESIsource. A Waters ACQUITY BEH C18
chromatographic column (150 mm x 4.6 mm, 1.7 pm particle size) was
used with a mobile phase of 0.1% formic acid in water and methanol,
at a flow rate of 0.35 ml min™. Full-scan mass spectrometry was per-
formed in the range of 100-1,200 Da (resolution: 70,000, scan time:
50 ms). The mass spectrometry data were analyzed using Xcalibur Qual
Browser (software version 3.1, Thermo Fisher Scientific).

Pilot-scale fermentation of CPIIlin a200-L bioreactor

Single colonies of R. sphaeroides HY01-AhemN-prrAB,, 5, were selected
from agar plates and inoculated into a 500-ml shake flask containing
50 mlof seed culture medium. The cultures wereincubated at 32 °C with
agitationat220 r.p.m.inthedark for 25-28 h. Subsequently, al%inocu-
lum of the primary seed culture was transferred into 2-L shake flasks
containing 250 ml of seed culture medium. The resulting secondary
cultureswereincubated at 32 °Cwith agitationat 220 r.p.m.for23-26 h.
Afterthis,a10%inoculum of the secondary seed culture was transferred
into a 20-L bioreactor containing 15 L of seed culture. The fermenta-
tion conditions included pressure of 0.03 MPa, temperature at 32 °C,
agitation at 420 r.p.m. and aeration at 1 vvm (volumes of air per liquid

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-024-02267-3

volume per minute) for 16-20 h. Finally,a20% inoculum of the resulting
tertiary seed culture wasintroduced into a200-L bioreactor (Baoxing
Co., Ltd., BIOTECH-3000) containing 75 L of fermentation medium.
The fermentation conditions maintained pressure of 0.03-0.04 MPa,
agitation at 300-350 r.p.m. and aeration at 1-2 vvm. Throughout the
fermentation process, pH was stabilized around 6.5 using ammonia
solution. Simultaneously, the glucose concentration was kept between
5gL’and8 g L. IPTGwasadded into the bioreactor atapproximately
30 h of fermentation (with final concentration of 1 mM). Feeding was
performed every 24 h,and samples were taken every 4-6 hto measure
cell density, residual sugar and CPIll production.

Purification and preparation of CPIII by crystallization

The fermentation broth was centrifuged at 6,869g for 5 min (Thermo
Fisher Scientific, Sorvall RC-5B Plus Superspeed Centrifuge) to col-
lect the supernatant. The pH of the supernatant was adjusted to 8.5
using NaOH and left to stand in the dark at room temperature for
30 min. Subsequently, the supernatant was collected by centrifugation
(6,869gfor 5 min). Later, 20% isopropanol was added and thoroughly
mixed, followed by incubationin the dark at room temperature for 2 h.
The solution was then centrifuged at 6,869g for 5 min to collect the
supernatant. Subsequently, 30% volume of acidic acetone was added,
stirred thoroughly and centrifuged to remove precipitates, obtaining
theremainingsolution. Inthe resulting remaining solution, 1% sodium
acetate was added, and the mixture was left to stand in the dark at low
temperature for 16 h. The supernatant was discarded after centrifuga-
tion, and the collected CPIll crystals were dried. For recrystallization,
dried CPIll crystals were completely dissolved in 0.1 M NaOH and cen-
trifuged at 6,869g for 5 min, and the supernatant was collected. Then,
the pH of the resulting supernatant was adjusted to 4.5 using acetic
acid, and the crystals were collected by centrifugation, washed with
deionized water and dried to obtain crystals. To determine the purity
of CPIII crystal samples, the samples were weighed and dissolved in
DMSO to prepare al0 mg L™ solution. The peak area (f1) of the sample
was measured by HPLC. Subsequently, a solution with the same con-
centration of CPIIl standard was prepared, and its peak area (f2) was
measured by HPLC. This experiment was repeated three times, and the
purity was calculated based on the comparison of the peak areas of the
sample, using equation 1, where p represents the purity of the standard
sample (%). The weight of dried CPIII crystals (m) was measured, and
therecovery rate was calculated using equation 2, where mis the total
weight of the obtained CPIII crystals (g), and purity (%) is calculated
using equation 1. The concentration of CPIll in the fermentation broth
(gL is represented by C, and the volume of the fermentation broth
isrepresented by V (L).

Purity(%) = x 100% o)

f1
f2xp

Purity(%) - m

cv @

Recovery rate(%) =

Biosynthesis of metalloporphyrins using CPIII

FeSO,*7H,0, FeCl;+6H,0, CoCl,*6H,0, NiSO,*6H,0, CuCl,-2H,0,
MgS0,°7H,0 and ZnCl, were dissolved in deionized water to prepare
stock solutions of different metal ions at a concentration of 5 mM
each. All of these metal salts were purchased from Sangon Biotech
Co. Ltd. Subsequently, in a Tris-HCI buffer (50 mM, pH 7.0), 50 pM of
CPIll and 50 pM of each metal ion salt solution was added and mixed
thoroughly. Finally, 1 uM of HemH enzyme was added to initiate the
reaction. Unless otherwise specified, this experiment was typically
conducted at 37 °C for 30 min. Under the same reaction conditions, a
control experiment was also conducted without the addition of HemH
enzymeto investigate the spontaneous reaction of CPIlIl with different
metalions. After the reaction was completed, an equal volume of acidic

acetone (containing 2% HCI) was added and mixed by vortex oscillation.
The solution was then centrifuged at 16,200g for 3 min. The superna-
tant was filtered through a 0.22-um filter, and the formation of metal
porphyrin compounds was analyzed using HPLC and high-resolution
mass spectrometry.

Proteins overexpression and preparation of CES

The proteins used for in vitro enzymatic catalysis were overexpressed
in pET28a in E. coli BL21 (DE3). Single clones were selected from LB
agar plates and inoculated into 10 ml of LB medium containing 0.1%
kanamycin. The cultures were incubated overnight at 37 °C with shak-
ing at 200 r.p.m. Subsequently, a 1% volume transfer was performed
to scale up the culture. When the OD,, reached 0.6-0.8, the culture
wasinduced with IPTG (Sigma-Aldrich, 16758) at a final concentration
of 0.1 mmol L and incubated at alow temperature (16 °C) for 1618 h.
The cells were then harvested by centrifugation at 3,864g for 5 min
and weighed. The cell pellet was resuspended in an appropriate buffer
(50 mM Tris-HCI) and mixed thoroughly. Sonication in an ice bath
(40 cycles of 3-s sonication with a10-sinterval) was used to achieve cell
disruption on a small scale (Ningbo Scientz Biotechnology Co., Ltd.).
For large-scale cell disruption, a high-pressure treatment using a cell
disruptor (JNBIO) was employed. The resulting cell lysate was centri-
fuged at 13,300g for 45 min at 4 °C. The supernatant was collected,
and protein expression was confirmed by SDS-PAGE. For prepara-
tion of CES, once the enzyme activity meets the required criteria, the
lysate supernatant can be used as CES for subsequent enzyme catalysis
experiments. For protein purification, the supernatant of the cell lysate
wasloaded onto aHisTrap FF column (GE Healthcare) and washed with
agradient of imidazole concentrations. The fractions containing the
desired protein peak were collected and subjected to desalting through
dialysis. The fractions were further analyzed using SDS-PAGE, and their
concentrations were determined using the Bradford method.

Enzyme activity, K, and k. determination

In this study, enzyme activity unit (U) was defined as the amount of
enzymerequired to catalyze the conversion of 1 uM substrate or gener-
ate1uM product within1 min under optimal temperature (37 °C) and
pH conditions. In the range of substrate concentrations from O puM to
100 pM, the enzymatic reaction kinetics parameters of HemQ on the
substrate Fe-CPlll are determined. First, in the reaction system (50 mM
Tris HCI, pH 7.0), 0.5 uM hydrogen peroxide and different concentra-
tions of Fe-CPIll were added. Then, a final concentration of 24 pM
purified HemQ enzyme was added, and the reaction was carried out
at 37 °C for various timepoints. After the reaction was complete, an
equal volume of 4% hydrochloric acid and acetone solution (prepared
fresh) was added, followed by vortexing and centrifugationat13,300g
for 10 min to collect the supernatant. The concentration of substrate
and product was determined by filtering through a 0.22-pm mem-
brane and analyzing peak areas using HPLC. The Michaelis-Menten
equation was fitted to the data using GraphPad Prism (version 9.5.1,
GraphPad Software), and the K, and k_,, values were obtained through
the curve fitting process.

Biotinylation of HrtR and gel shift assay

The ArtR gene, derived from L. lactis*’, was codon optimized and
expressed in E. coli to produce the protein. Then, 500 pl of 80 uM
HrtR protein was incubated on ice for 2 h with the addition of 50 pl
of a10 mM sulfosuccinimidobiotin solution (Sangon Biotech Co.,
Ltd.), resulting in Biot-HrtR protein. The resulting 550 pl of reac-
tion mixture was adjusted to a final volume of 2.5 ml with PBS buffer
and thoroughly mixed. Subsequently, the mixture was loaded onto
a pre-equilibrated desalting column (Cytiva, 17085101) with PBS
buffer, and the eluted fractions were collected. The concentration
of Biot-HrtR protein was determined using a BCA protein quantifi-
cation assay (Beyotime Biotechnology). The concentration was
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adjusted to 8 uM with PBS and stored at =80 °C in 10% glycerol for
future use. The conformational activity of Biot-HrtR was validated
using EMSA. Initially, a 33-bp dsDNA probe was generated by anneal-
ingtwo oligos (5-TAGAATTTAATAAATGACACAGTGTCATAAATT-3’ and
5-AATTTATGACACTGTGTCATTTATTA-AATTCTA-3’) and employed
as the probe for the EMSA experiment. The probe was incubated at
room temperature for 30 min with different concentrations (0 nM,
31nM, 62 nM, 125 nM and 250 nM) of Biot-HrtR proteinin 20 pl of bind-
ing buffer (10 mM Tris-HCI (pH 7.5), 100 mM KCI, 1 mM EDTA, 0.1 mM
DTT, 5% v/v glycerol, 0.01 mg ml™ BSA)”. For the dissociation assays,
different concentrations of heme or other structural analogs, such as
coproporphyrin I (Sigma-Aldrich, 258784), CPIII, Fe-CPIIl and proto-
porphyrin (Sigma-Aldrich, P8293), were added to the binding reaction
mixtures. Afterincubation, the mixtures were separated in 1.5% agarose
gelwith Tris-borate-EDTA buffer at4 °C. The band shifts were detected
and analyzed with a ChemiDoc XRS+ Imaging System (Bio-Rad).

Heme sensing and HTP enzyme screening

Theplasmid library of HemQ variants was introduced into CaCl,-treated
E.coliBL21(DE3) through the heat shock method. The transformed cells
were spread on LB agar plates containing kanamycin and incubated
overnight to obtain single colonies. Individual colonies were picked
and cultured in 96-well plates containing LB medium until the OD¢q,
reached between 0.4 and 0.8. After preserving backup cultures, the
cultivation temperature was lowered from 37 °C to 16 °C. After 48 h
ofinduction and protein expression, the cells were then harvested by
centrifugation, and the culture medium was discarded. Next, 200 pl of
lysozyme solution (containing 2 g L™ lysozyme and 0.1% Triton X-100
in PBS, pH 7.0) was added to each well to lyse the cells. Subsequently,
10 pl of reaction mixture (containing 5 uM Fe-CPIIl) was added to each
well, followed by incubation at 37 °C for 40 min. After that, 200 pl of
2% acid-acetone solution was added and mixed, and then 400 pl of PBS
buffer was added and mixed. Next, 50 pl of the reaction mixture was
taken and added toa96-well plate coated with streptavidin-linked HrtR
(where Biot-HrtR was already saturated with dsDNA), and the reaction
was allowed to proceed for 10 min. Then, 10 pl of the reaction mixture
was added to afluorescence colorimetric system containing CRISPR-
Casl2a and FQ-labeled probe”. Finally, the signals were read using a
fluorescence microplate reader (software version 5.20 R5, BMG CLARI-
Ostar, BMG LABTECH) at an excitation wavelength of 480 nm and an
emission wavelength of 520 nm. Analyzing the fluorescence intensity
by MARS Data Analysis Software (version 3.20.R2, BMG LABTECH) can
help screen for highly active HemQ mutants (Extended Data Fig. 6).

Scale-up enzymatic synthesis of heme and Zn-CPIII

For the enzymatic synthesis of hemein a5-Lbioreactor, initially,180 g
of E. coli cells expressing the HemHg, and HemQ, ., fusion protein was
used. These cells were then suspended in 500 ml of Tris-HCI buffer
(pH 7.0) to ensure complete resuspension. Subsequently, the cells
were subjected to two rounds of cell disruption using a high-pressure
homogenizer (JNBIO), followed by centrifugation at 4 °C and 15,455g
for 25 min to collect the CES. A total of 38 g of CPIIl sample prepared
through fermentation and recrystallization (purity 95.2%) was dis-
solved in 100 ml of DMSO. Simultaneously, 153 g of FeSO,+7H,0 was
dissolvedin 100 ml of 50 mM Tris-HCI (pH 7) to prepare the FeSO,*7H,0
stock solution. Inthe 5-L bioreactor, 1,100 ml of 50 mM Tris-HCI (pH 7)
solution was added, along with 100 ml of the prepared CPIlI solution
andtherequired amount of FeSO,*7H,0 solution. The temperature was
maintained at 37 °C with agitation at 50 r.p.m. The reaction was initi-
ated after the firstaddition of the CES, and subsequent additions were
made at different timepoints based on optimized conditions. Samples
were taken every 2 h to measure the concentrations of the substrate
CPIII, the intermediate product Fe-CPIIl and the final product Heme.
The reaction was concluded when heme production ceased. For the
enzymatic synthesis of Zn-CPIIl, 30 g of E. coli cells expressing HemHg,

was prepared. After being resuspended in 150 ml of Tris-HCI (pH 7.0),
HemHg, enzyme solution was collected by centrifugation (4 °C,15,455g,
25 min) following cell disruption using a high-pressure homogenizer
(JNBIO). Another 21 g of CPlllsample, prepared through fermentation
andrecrystallization (purity 95.2%), was dissolved in DMSO and added
to a 5-L bioreactor containing 0.9 L of 50 mM Tris-HCI (pH 7.0). Then,
4.5 g of ZnCl,, dissolved in 50 mM Tris-HCI (pH 7.0), was added to the
bioreactor, and the temperature was maintained at 37 °Cwith agitation
at 50 r.p.m. The reaction was initiated with a one-time addition of the
crude HemHg, enzyme solution, and subsequent samples were taken
to monitor the conversion of CPlll and the generation of Zn-CPIII.

Techno-economic analysis of CPIIl and heme production
SuperPro Designer version 10.7 simulation software (Intelligen) was
used to construct techno-economic analysis. Amodel for anindustrial
installation aimed at the commercial production of CPIlland heme was
developed based on data from 200-L pilot-scale fed-batch CPIII fer-
mentation (Fig. 6¢) and subsequent CPIIl preparation (Extended Data
Fig.8) aswellasdataon heme production through enzymatic catalysis
ina5-L bioreactor (Fig. 6e,f), using software simulation. The feasibil-
ity of the process is demonstrated by analyzing the annual operating
costs, which mainly include raw materials, [abor costs, consumables,
utilities, equipment costs (maintenance, depreciation and miscellane-
ous costs) and waste disposal costs. Raw material prices are shown in
Supplementary Table. 4. The MPSP was estimated in 2024 dollars. The
costsand prices of water, steam, electricity, wastewater treatment and
waste solids disposal benefit from policies provided by Tuoketuo Power
Industrial Park in Hohhot, China. Detailed information was provided
by the local investment promotion department.

Data analysis

Dataanalysis and process were carried out using Microsoft Excel 2016.
If not specified otherwise, the datain the figures are presented as the
mean +s.d. Where relevant, two-tailed Student’s ¢-tests were used to
demonstrate differences in values. P < 0.05 was used as a standard
criterion of statistical significance. Chemical compounds displayed
in this paper were produced by CambridgeSoft ChemBioDraw Ultra
(version12.00). Bar charts (overlapped with their corresponding data
points) were plotted using GraphPad Prism 9 software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Extended Data Fig. 1| Porphyrin pathway-derived products or intermediates
and the verification of CPIIl production in fermentation broth. a, The
chemical structures of key products or intermediates in porphyrin biosynthetic
pathway. 5-ALA, 5-Aminolevulinate; UPENIII, Uroporphyrinogen I11; CPENIII,
Coproporphyrinogen III; CPIIl, Coproporphyrin IlI; Fe-CPIll, Fe-coproporphyrin

1I; VB,,, Vitamin B,; PPIX, Protoporphyrin IX; Bchl, Bacteriochlorophyll.

b, Structure verification of CPIIl in fermentation broth sample. i) HPLC profile
of sample and standard CPIII; ii) MS/MS spectra with 50-eV collision energy for
purified and standard CPIII.
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Extended Data Fig. 2| Construction and PCR verification of various
mutants and stepwise enhancement of CPIll production in R. sphaeroides.
a, Constructionand PCR verification 2.4.1-AfnrL.b, Construction and PCR
verification of ZX-5-AfnrL.Fland F2 are the PCR products that were amplified
using ZX-5-AfnrL-up-ck-F/R and ZX-5-AfnrL-dn-ck-F/R, respectively.

c. Construction and PCR verification of HYO1-AfnrL. d. Construction and PCR
verification of HYO1-AhemN. F3 and F4 are the PCR products that were amplified
using HY01-AhemN-up-ck-F/R and HYO1-AhemN-dn-ck-F/R. e. Construction and
PCRverification of HYO1-AhemN-prrAB,, . F5 and F6 are the PCR products that
were amplified using AhemN-prrAB-up-ck-F/R and AhemN-prrAB-dn-ck-F/R.
The PCR verifications in b-c were performed three times each (n = 3; replicates
areshownin Source Data files; in each replicate, at least two double crossover

conjugants were selected). f. Heat map depicts the differentially expressed
PrrA target operons (selected) during fermentation in bioreactor at 16, 24, 40
and 60 h. This resultindicated that three genes associated with the porphyrin
metabolism pathway, namely hemA, hemC, and hemE, which are regulated by
prrA, exhibited a substantial upregulation in transcription levels at the 40 h of
fermentation compared to the 24 h. FPKM (fragments per kilobase of transcript
per million fragments mapped) values were taken as generation of the heat
map by origin 2022 software. g. Stepwise enhancement of CPIIl production
inR.sphaeroides (n=biologically independent replicates). *: Fed-batch
fermentationin 5-L bioreactor; *: IPTG addition. Bar graph with error bars
represents mean £s.d.
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Extended Data Fig. 3 | Verification of metalloporphyrin production by HRMS invitro synthesis of Zincphyrin using HemHg, and zinc sulfate. The reaction is

and biocatalytic synthesis of Zincphyrin. a-d, Identification of Co-CPIII, conducted in Tris-HCI buffer (pH 8.0) at 37 °C under the following conditions:
Ni-CPIIl, Cu-CPIII, and Mn-CPIll by high-resolution mass spectrometry (HRMS). i) Inthe reaction system, only 50 puM CPIIl is present. ii) In condition i, 50 pM
Allthe accurate mass measurements for impurities were within <5 ppm ofthe ZnSO,and1pM HemHSa were added.

theoretical m/z value. e, HPLC profile of the enzymatic catalysis of CPIlI for the
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Extended Data Fig. 4 | Methodological characterization and analysis

of CRISPR-Cas12a-based heme detection. a. Fluorescence intensity of
detection systemin the presence of heme and its structural analogues (n =3
biological independent detection of fluorescence intensity per condition).
Fluorescence intensity was measured in the presence of heme, coproporphyrin|,
coproporphyrinlll, Fe-coproheme ll, and protoporphyrin, with a concentration
0f200 nM for heme and 2000 nM for each of the remaining porphyrin
compounds. b. The linear relationship between the concentration of heme

O%o (c.v. =5.11%; Rec. > 96%)
(c.v. = 5.81%); Rec. > 95%

1
1500

and the cleavage rate. The concentration range in which the calibration curve
was linear was 10-200 nM (n = 3 biological independent replicates; R* > 0.993).
Bar graphs witherror barsinaandbrepresent mean +s. d. c. Analysis of the
reproducibility and accuracy of heme detection method. Three different
concentrations of heme samples (sample 1, 2, 3) were independently tested in six
times (n = 6) using a 96-well plate. The coefficient of variation (c.v.) and sample
recovery (Rec.) rate were calculated for the detection results.
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Extended DataFig. 5| Mining HemQ homologs and comparing crude
enzyme activities. a. Mining of hemQ homologous (NCBI blast 2.11.0+) by using
maximum likelihood method. The evolutionary history was inferred by using
the Maximum Likelihood method and JTT matrix-based model. The tree with
the highest log likelihood (-1234833.12) is shown. Initial tree(s) for the heuristic
search were obtained automatically by applying Neighbor-Join and BioN]
algorithms to a matrix of pairwise distances estimated using the JTT model, and
thenselecting the topology with superior log likelihood value. The tree is drawn
toscale, withbranch lengths measured in the number of substitutions per site.
This analysis involved 1000 amino acid sequences. There were a total of 1761
positionsin the final dataset. Evolutionary analyses were conducted in MEGA

X (version:10.2.6). Utilizing hemQ from Bacillus subtilis (P39645) as a probe
sequence, a total of 30 candidate genes were selected. The codon optimization
and complete gene synthesis for the selected candidates were conducted by
GenScript Inc (Nanjing, China). E. coli was employed for recombinant protein

A: Putative heme peroxidase and
chlorite dismutase of Planktonic

B: Putative chlorite dismutase of
Archaea, Chloroflexi, individual Firmicutes,
Proteobacteria, Actinobacteria, Acidobacteria
Alpine bacteria, and Fe-coproporphyrin
decarboxylase of Actinobacteria

C: Putative chlorite dismutase of Bacillus,

Acidobacteria, and Archaea

AOA1G9XP89 . .
o E6SGY0 [ D: Putative Fe-coproporphyrin
3 ~ AOAOA2XAG8 decarboxylase of Trisporaceae,
N AOA1D2LJE6
N - AOA1I7F9X0 Cladosporaceae, and Thiobacillus
S
: - AOA151YWB2 . . .
ATV AOA4RSLL70 [ E: Putative Fe-coproporphyrin
OA4S4CERO ~ AOA419SEP4 decarboxylase of Paenibacillus

F: Putative Fe-coproporphyrin
decarboxylase of Listeria, Kinococcus and

Bacillus

HemQyg

expression and subsequent activity assessment. b. The crude enzyme activity of
HemQ,s compared to different previously reported HemQ homologous proteins.
HemQg,, HemQ,, HemQs,, and HemQy, are derived from Bacillus subtilis,
Corynebacterium glutamicum, Staphylococcus aureus, and Mycobacterium
tuberculosis, respectively. All these proteins were recombinantly expressedin

E. coliand prepared as corresponding crude enzyme solutions. The enzyme
activity unit (U) was defined as the amount of enzyme required to catalyze the
conversion of 1 UM substrate or generate 1 pM product within one minute under
optimal temperature (37 °C) and pH conditions. This study used bovine serum
albumin (BSA) at aknown concentration as a reference and obtained bands of

the target protein through SDS-PAGE. Subsequently, the concentration of the
target protein was estimated by comparing its band intensities with those of BSA
using BioRad Image Lab software (version: 6.0.0 build 25). Three biologically
independent replicates (n = 3) were conducted for enzymatic activity detection of
each HemQ homologue. Bar graph with error bars represent mean +s. d. *P < 0.05.
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-

HemQ28 i) Random mutagenesis of hemQy; by error-prone PCR
S1: Using Takara's Diversify™ PCR Random Mutagenesis Kit (# 630703), perform error-prone PCR with the DNA sequence of
Error-prone l hemQ28 as the template and Q28EP-F/R primers (F: 5'-gaaggagatatacatatgtcggcg-3'; R: 5'- tggtggtggtgctcgaggttge-3').
PCR S2: According to the kit's instructions, adjust the PCR conditions to achieve a mutation rate of 4.6 mutations per 1000 bp.

-
(Error-prone PCR) =)
—

ii) Plasmid (or library) assembly
HemQ28 mutant  S3: Purify and recover the error-prone PCR product, and perform enzymatic digestion with restriction enzymes (Xhol and Ncol)
on the PCR product and pET28a vector DNA.

DNA S4: Using NovoRec® Plus PCR one-step assembly KIT (# NR005) to complete the DNA assembly and obtain a mutant plasmid
assembly library.

iii) Transformation of plasmid library into E. coli
QQQ S5: Thaw Escherichia coli BL21 (DE3) competent cells on ice. Add 20 pL of ligation product resulting from S4, 40 pL of
Q Q 5xKCM?*, and sterile water to make up the volume to 200 pL.
Q S6: Incubate the cells on ice for 30 minutes, heat shock at 42°C for 90 seconds, incubate on ice for an additional 2 minutes.
Then, add 700 pL of LB medium and incubate at 37°C with 220 r.p.m. for 1 hour.
Plasmid library  S7: Centrifuge at 5,000xg for 1 minute, discard the supernatant, and leave approximately 50 uL of LB medium in the Eppendorf

tube.
Plasmid S8: Resuspend the cells by pipetting, spread on a plate (Kan*), and incubate overnight at 37°C.
transformation (*5xKCM: Sodium chloride 3.73 g, calcium chloride 1.65 g, magnesium chloride 3.375 g, distilled water to make up to 100 mL,

filter through a 0.22 um sterile membrane, and store at -20°C.)

A new round of screening (n 2 2)

iv-i) Culture, protein expression, and then cell collection (Preserve seeds before induction)
Cell culture & l S9: Pick single clones into a 96-well plate, with 150 pL of LB containing kanamycin (0.1%) per well, and incubate overnight at 37°C.

preserve seeds S10: Take an appropriate amount of culture and add glycerol (final concentration 10-15%) for seed preservation.

iv-ii) Culture, protein expression, and then cell collection (Preserve seeds before induction)
S11: Transfer 30 pL of the culture resulting from S9 to a deep well plate for protein expression.
S12: In each well of the deep-well plate, there is 1 mL of culture medium* for protein expression (0.1% kanamycin). After

.o inoculation, cultivate at 37°C until reaching an OD of 0.4~0.8.
S13: Then, reduce the cultivation temperature to 16°C, after 48 hours of induction, centrifuge at 2190 g (Titan Scientific
. Lab, LDC-5) for 20 minutes to collect the cells.
Protein . (*100 ml culture medium includes: 95 ml of base medium (5 g/L yeast extract, 10 g/L peptone, 7.098 g/L Na,HPO,,
expression 6.8045 g/L KH,PO,4, 0.7102 g/L Na,SO,, 2.6745 g/L NH,CI, pH 7.5-8.0.), 5 ml of 20x carbon source solution (20 g/L

glucose, 100 g/L glycerol, 200 g/L a-lactose.), 200 pl of 500x magnesium sulfate solution (120.37 g/L MgSQ,), and 100 pl
of 50 mg/mL kanamycin.)

\\ v) Add Fe-CPIIl and buffer, incubation and then heme extraction

) S14: Add 200 pl of cell lysis solution per well (containing 2 g/L lysozyme, 0.1% Triton X-100, pH 7.0 PBS) and lyse the cells at
Enzymatic 37°C for 3 hours.
reactions & S15: Add 10 pl of substrate solution per well (5 uM Fe-CPIll) and incubate at 37°C for 40 minutes.
Heme S$16: Extract heme with 200 pl of 2% hydrochloric acid in acetone per well. After thorough mixing, add an additional 400 pl of
extraction PBS buffer (pH7.0) per well.

\ vi) Add heme extraction sample from v and incubation

\ S17*: Biotinylation of HrtR (refer to the Methods section) and immobilization of HrtR onto BeaverNano™ Streptavidin
Matrix Coated 96-Well Plate (#22351; BEAVER, Suzhou, China).

S18*: Add 10 pL of 220 nM dsDNA solution to each well, incubate at room temperature for 30 minutes. Afterward,
remove the liquid and wash each well three times with 200 pL of PBS (pH 7.0).

S19: Add 50 pL of the sample from S16 to each well, and incubate at 37°C for 10 minutes

(*These two steps can be prepared or prefabricated in advance. Refer to the Methods section.)

Biosensing of l
heme

£ HrtR
‘:%Biotin
—-L-Streptavidin - vijj) Add reaction sample from vi (contains free activator dsDNA), Detection of fluorescence intensity(Fl),
Mutant screening and selection based on FI

l S20*: Add 50 L of detection buffer to each well in a 96-well plate, containing 5 uL of NEB 3.1 Buffer, 0.5 pL of 10 uM

Obtain clones containing highly active HemQ mutants

e T I T e e

Cas12a, 0.5 pL of 10 uM crRNA, 1 uL of FQ-probe, and 33 uL of RNA-free water.

S21: Add 10 pL of the sample from S19, incubate at 37°C for 15-20 minutes.

S22: Detect the fluorescence signal using a microplate reader (excitation: 480 nm; emission: 520 nm; CLARIOstar,
}’ BMG LABTECH)

S23: Analyze the fluorescence intensity to screen for highly active HemQ mutants.
(*This step can be prepared or prefabricated in advance.)

Detection and
analysis

|

L=

Extended DataFig. 6 | Error-prone mutagenesis and screening of HemQ, variant. The process of mutation and screening includes: error-prone PCR, DNA assembly,
plasmid transformation, cell culture and preservation, protein expression, enzymatic reaction and heme extraction, biosensing of heme, and detection and analysis.
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Extended Data Fig. 7 | Biocatalysis of heme by CPIIl and the stability
assessment of HemQ, . a, b, Quantitative analysis of heme and other chemicals
after enzymatic catalysis (n = 3 biologically independent replicates). ¢, d, Effects
oftemperature and pH on the enzymatic activity of HemQg, and HemQ, .. Three
biologically independent replicates (n = 3) were conducted for each condition
incandd. e, One-time addition of crude enzyme catalyzed the conversion CPIII
to hemein 5-L bioreactor. At the beginning of the reaction, 2 L of CPlll witha
concentration of 18 g/L was added all at once. The crude enzyme supernatant
obtained by crushing 180 g of wet recombinant £. coli cells was added to the
reaction system at the beginning of the reaction (thatis, O h). The reaction was
performed at 37 °C and pH 7.0 with agitation at 100 rpm. f, Heme production
rate after fed-batch addition of crude enzyme solution (CES) in 5-L bioreactor.
After the enzymatic reaction commenced, the CES obtained by crushing wet

recombinant E. coli cells was fed-batch added to the 5-L bioreactorat1,3, 5,

and 7 h. This study measured the heme production rate within two hours after
the addition of CES at1, 3, and 5 h. The concentration of the target fusion protein
inthe CES was determined by comparing its band’s grayscale intensity with that
of aBSA standard following SDS-PAGE electrophoresis, using a concentration
of 0.5 g/L BSA as areference for quantification. Each addition of CES contains
722 +140 mg of target fusion protein (derived from approximately 36 g of

wet E. colicells). After each addition of CES, heme concentration increases

were measured at five intervals (specifically, 0-5 min, 5-10 min, 25-30 min,
55-60 min, and 115-120 min) within the subsequent two hours to calculate the
heme production rate for each corresponding time interval. Bar graphs with
error bars represent meants.d.*P<0.05.

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-024-02267-3

a
Fermentation and cell removal Precipitation impurities
NaOH Isopropanol
L o
o W o
o°
o

lﬁ,‘ | agg

€Y e e

Fermentation Fermentation broth Alkali precipitation IPA precipitation
Extraction Crystallization Recrystallization Drying
Acidic acetone Sodium acetate NaOH  Acetic acid
¥; v v v
® | o o .
| &)

b oo = Purity ¢ 100
30,
80 Recovery rate
— ~ 75
R 60 020 &2 S
> o
= % 50
S 40 £
a 3
20 @ 25
0 3 s o 3
~ 38 ¥ N o
s & ®§ OQ(\ S @c\@
N @ 5
& = &
$ <&
\90(2
e
100 100
o —~
? 75 /_b/./‘\\H § 75
= Q
& 50 50
k] =
> 25 Q25
£ 8
o}
a o Y

0 2 4 6 8 10
CPIII Concentration (g/L)

f
: v | — T s — 100 <100
Residue proteins Crystallization Redissolution and = B
precipitation recrystallization =75 o 75
(0] @
. L ) © 50 > 50
4 Biomacromolecule @ Organic impurity @ Organic impurity with hydration shell > 5
g 25 é 25
O CPIll A Isopropanol [ Acetone §# CPlll-bonded protein 3% CPIll crystal 8 0 g .
Q
x 5 10 15 20 25 0 8 16 24 32 40
Temperature (°C) Time (h)
h i j k
i 20000000 J—

100 o Purity Recovery . 100 y = 139093x - 68190 450000 - CPIll St?ndard (0.0625 mg/L)
S 19350, i ? 1008 = o0 o0 R? = 0.9997 . Crystallized CPIII (0.0625 mg/L)
> Pr—1— < 8o 15000000 2 350000 1
£ 90 2 Vs ze o £
2 80 2 7 £ 10000000 2 250000 1
=380 [ g 40 S . @ ]
= . 0 8 = 8 2 150000
] * o o 20 o

3 O 5000000 . £ 50000 1
70 - 0 o I\
0 30 60 90 120 J ) ole? 50000 .
Time (min) Crtstallization times 0 20 40 60 80 100 120 o 5 10 15 20 25 30
CPIIl (mg/L) Time (min)

Extended Data Fig. 8 | Purification and preparation of CPIIl from
fermentation broth through crystallization. a, Proposed workflow for the
purification and preparation of CPIll through crystallization. b, Effects of
precipitation pretreatment on crystallization efficiency (three independent
replicates were conducted under each condition). Control: direct crystallization
using fermentation broth supernatant; NaOH: crystallization after alkaline
precipitation (pH 8.5) using NaOH; IPA: addition of 20% isopropanol to

the fermentation broth supernatant for alcohol precipitation followed

by crystallization; NaOH-IPA: crystallization after combined alkaline and
isopropanol precipitation. ¢, Effects of precipitation pretreatment and acidic
acetone extraction on crystallization efficiency (three independent replicates
were conducted under each condition). After combined alkaline precipitation
andisopropanol precipitation (NaOH-IPA), the obtained supernatant undergoes
crystallization following treatment with 30% acidic acetone. CPIll purity and
recovery rates were calculated separately according to the Method section.

d-g, Effect of pH, CPIIl concentration, temperature, and crystallization time on
the purity or recovery rate of CPIII. The CPIll fermentation broth supernatant
was applied to optimized crystallization conditions. Purity and recovery rates

were calculated separately following the procedures outlined in the Method
section. h, Effects of recrystallisation time on the purity or recovery rate of
CPIIL i, Effect of primary crystallization and recrystallization on the purity and
recovery rate of CPIIl (three independent replicates were conducted under

each condition). CPIll purity and recovery rates were calculated separately
accordingto the Method section. j, The HPLC quantitative standard curve for
CPIIL CPIlI standard (#C882263; Macklin3 Inc, Shanghai, China) of 1 mg was
dissolved in1 mL of DMSO to prepare a stock solution with a concentration of
1000 mg/L. Under subdued light conditions, the CPIlI stock solution was further
diluted in a series of concentrations using DMSO, resulting in solutions with
concentrations of 125 mg/L, 62.5 mg/L, 31.25 mg/L,15.625 mg/L, and 7.8125 mg/L.
Each concentration was prepared in triplicate. The peak areas of CPIll at 390 nm
were determined using HPLC. The peak area values were obtained for each
concentration, and the datarepresent mean +s. d. of three replication. k, The
HPLC profiles of purified CPlll sample and the CPIll standard. Based on the

CPIll standard curve calculation, the purity of CPlll samples was determined to
be 95.2%.
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Extended Data Fig. 9 | Simulation of large-scale CPIIIland heme
bioproduction processes for techno-economic analysis. This model is
designed to simulate the large-scale production of CPIlI crystals (with a CPIII
content of at least 95%, w/w) and heme crystals (with aheme content of at least
93%, w/W). The process for CPIIl production consists of two sections: CPIII
fermentation for obtaining CPIIl fermentation broth, and CPIII preparation for
obtaining CPIIl crystal product via purification and crystallization. The annual
production rate is 20 tons of CPIII. According to the model, the installation is
planned to operate 24 hours a day, for a total of 329 days per year (the remaining
days were allocated for maintenance and conservation tasks). The annual batch
throughput for producing heme s 69 batches, with each batch time and cycle
timeis 127 and 114 h, respectively. The process for heme production comprises
five sections: CPIll fermentation to obtain CPIll fermentation broth (shared with
CPIlI production), CPIll preparation to obtain CPIll crystal products through
purification and crystallization (shared with CPIll production), E. coli culture to

54/Ultrafit2 4
Ultrafiltration \n/aste solid-5

57 | Freeze Drying
Freeze Drying

56 / P&F Filt @
P&F Filtration \yagte solution-5

cultivate E. coli cells expressing recombinant fusion proteins in fermenters, CES
preparation involves cell storage and disruption to obtain cell lysate supernatant
containing recombinant fusion proteins, and the Heme preparation section to
catalyze the conversion of CPIll into heme using CES and subsequently purify
and crystallize to obtain the final heme product (crystallization and purification
equipment and lines are shared with CPIIl production). The annual production
rateis 16 tons of heme. According to the model, the installation is planned to
operate 24 hours aday, for atotal of 330 days per year (the remaining days were
allocated for maintenance and conservation tasks). The annual batch throughput
for producing heme is 69 batches, with each batch time and cycle time is 148

and 114 h, respectively. The modeling process utilizes parameters or data from
both the built-in database of SuperPro® Designer simulation software and
project-specific data from both the experimental results of this study and the
Supplementary Table. 4.

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-024-02267-3

a
CPIIl purification (45%)

Consumables (4%)
Laboratory/QC/QA
(1%)
CPIIl
fermentation
(55%)
Facility-Dependent
(66%)

CPIIl fermentation
(20%)

Heme preparation
(19%) Waste
Treatment/Disposal
CES i (0.11%)
preparation
(10%) Consumables.

(13%)

CPIIl purification
(14%)

E.coli culture

Laboratory/QC/QA
(37%) ©:

47%)
iii

Extended Data Fig. 10 | Techno-economic analysis of large-scale CPIll and

heme bioproduction. a, Breakdown of annual operating cost for CPIlIl and

heme production. i, Annual cost breakdown by section (%) for CPIIl production.

ii, Annual operating cost breakdown (%) for CPIIl production. iii, Annual

cost breakdown by section (%) for heme production. iv, Annual operating

cost breakdown (%) for heme production. In this model, the total annual

operating costs for CPIll and heme are $935,000 and $2,512,000, respectively

(Supplementary Table.5). The datain panelsiandiii are derived from Itemized

Cost analyses conducted within this model, while the datain panels i and

ivstem from the Economic Evaluation analysis. The facility-dependent cost

encompasses expenses for maintenance, depreciation, and miscellaneous costs.

Labor-Dependent Cost: comprises all labor-dependent operating expenses

excluding those for laboratory analyses, quality control, and quality analyses.

Laboratory/QC/QA Cost: covers laboratory analyses, quality control, and
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quality analyses. Consumables Cost: certain equipment necessitates the use of
consumables; this cost category includes expenses for periodically replaced
materials. Utilities: Heating Agents, Cooling Agents, and Power Types. The
modeling process utilizes parameters or data from both the built-in database of
SuperPro® Designer simulation software and project-specific data from both the
experimental results of this study and the Supplementary Table. 4.b. The annual
average price and gross margin of heme in the international trading market
over the last six years (2018-2023). The information related to the price and
gross margin of heme in the international trading market is based on the 2023
Heme Market Research Report, acommercially available market research report
provided by MARKET MONITOR Co., Ltd, Changsha, China. The Market Research
Report was published on July 15,2023, with the report code GMM2292280. For
more details, please visit the webpage: https://www.globalmarketmonitor.com.
cn/reports/2292280-hemoglobin-market-report.html.
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