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ABSTRACT: Exchanging the native iron of heme for other metals yields artificial metalloproteins with new properties for 
spectroscopic studies and biocatalysis. Recently, we reported a method for biosynthesis and incorporation of a non-natural 
metallocofactor, cobalt protoporphyrin IX (CoPPIX), into hemoproteins using the common laboratory strain E. coli 
BL21(DE3). This discovery inspired us to explore the determinants of metal specificity for metallocofactor biosynthesis in E. 
coli. Herein we report detailed kinetic analysis of the ferrochelatase responsible for metal insertion, EcHemH. This enzyme 
exhibits a small, less than two-fold preference for Fe2+ over the non-native Co2+ substrate in vitro. To test how mutation im-
pacts EcHemH, we used a surrogate metal specificity screen to identify variants with altered metal insertion preferences. This 
engineering process led to a variant with a ~30-fold shift in specificity towards Co2+. When assayed in vivo, however, the 
impact of this mutation is small compared to the effects of altering the external metal concentrations. These data suggest that 
cobalt incorporation into protoporphyrin IX is enabled by the native promiscuity of EcHemH coupled with BL21’s impaired 
ability to maintain transition metal homeostasis. With this knowledge, we generated a method for CoPPIX production in rich 
media, which yields cobalt-substituted hemoproteins with >95% cofactor purity and yields comparable to standard expres-
sion protocols for the analogous native hemoproteins. 

Proteins bearing unnatural metallocofactors are useful 
tools to study metalloprotein function, expand the reactiv-
ity of natural proteins, and catalyze abiological reac-
tions.1,2 In particular, metal-substituted hemoproteins 
have been explored extensively because they have unique 
reactivity,3–8 may serve as spectroscopic probes,9–12and 
have unique imaging properties. While there are diverse 
methods to generate proteins loaded with unnatural met-
alloporphyrin cofactors both in vivo and in vitro, 3,13–15 
many of these strategies require exogenous synthesis of 
the unnatural metalloporphyrin and rely on low-efficiency 
methods for inserting the cofactor into the protein. We re-
cently reported a method for the de novo biosynthesis of 
the non-native heme analog, cobalt protoporphyrin IX 
(CoPPIX), in E. coli BL21(DE3) and its incorporation into 
hemoproteins.16 This fully biosynthetic method stream-
lined the production of CoPPIX-bearing artificial metallo-
proteins and spurred further inquiry into the determi-
nants of metal specificity in metalloporphyrin assembly in 
E. coli BL21(DE3).  

Nature typically assembles metalloproteins and metal-
locofactors with impressive fidelity. Nevertheless, there 

are reports of improperly metalated heme cofactors oc-
curring in living systems. In humans, zinc protoporphyrin 
IX (ZnPPIX) is a biomarker for altered iron homeostasis 
and is implicated in some thalassemias.17 Majtan et al. 
found that E. coli BL21-Rosetta2(DE3), when passaged for 
several days through iron-poor, cobalt-rich media, adven-
titiously biosynthesized and incorporated CoPPIX into 
both endogenous18 and heterologously expressed19 hemo-
proteins. We reported an expansion of this finding by 
showing that the standard laboratory strain E. coli 
BL21(DE3) innately possesses the ability to biosynthesize 
and incorporate CoPPIX, without passaging. Addition of an 
inexpensive cobalt salt to iron-deficient minimal media 
was sufficient to produce cobalt substituted hemoproteins 
from diverse fold families with >95% cobalt loadings. Oth-
ers similarly found that ZnPPIX can be over-produced by 
an engineered B-derived strain of E. coli under iron-poor, 
zinc-rich fermentation conditions.20 These reports indi-
cate that heme biosynthesis in E. coli may be manipulated 
toward production of non-natural metalloporphyrin co-
factors. However, these cases of alternative heme meta-
lation in E. coli depend on iron-deficient growth 



 

 

conditions to reduce production of the native heme cofac-
tor. Such conditions severely limit cell growth and, corre-
spondingly, the titers of expressed cobalt substituted 
hemoproteins are low when compared to standard ex-
pression of hemoproteins.16 We envisioned that by under-
standing determinants of cofactor metalation specificity, 
we might develop a more efficient process for synthesis 
and incorporation of the CoPPIX cofactor.  

 

      

Figure 1. Reaction of EcHemH with ferrous iron and 
protoporphyrin IX (PPIX) to make heme b. Two distinct 
molecular pathways for metal insertion have been pro-
posed and the residues responsible for orienting the 
metal prior to insertion and deprotonation of the pyr-
role differ accordingly. The pink cartoon is an Al-
phaFold model of EcHemH.21 

 

Metalation of tetrapyrrole-derived cofactors (heme, siro-
heme, cobalamin, and others) is a physiologically irre-
versible process catalyzed by a diverse class of enzymes 
called chelatases.22 In E. coli, the final step in heme b bio-
synthesis is incorporation of ferrous iron into protopor-
phyrin IX (PPIX), catalyzed by PPIX ferrochelatase 
(EcHemH) (Figure 1A). Eukaryotic HemH homologs, de-
noted FECH, particularly those from S. cerevisiae and H. sa-
piens, are well-studied.23–25 EcHemH is a membrane-asso-
ciated enzyme and has been previously expressed and pu-
rified,26,27 but no kinetic characterization of EcHemH, or 
HemH from any other gram-negative bacteria, has been 
reported. The location of the productive metal binding site 
and the face of the porphyrin into which the metal is in-
serted have been debated in the literature.25,28 Neverthe-
less, in vitro incorporation of non-native metals by several 
ferrochelatases (HemH homologs) is well-known.25,29–32  
To date, it is unclear how chelatases tune their activity for 
different metals and many potential effects may contrib-
ute depending on the specific protein and metal in ques-
tion. Distortion of the porphyrin,33–35 specificity-determin-
ing active site residues,36,37 differential product inhibi-
tion,38 and exogenous metal delivery30 are suggested to 
contribute. 

Here, we explore E. coli BL21(DE3)’s unusual ability to 
produce CoPPIX in vivo. To better understand the native 
metal specificity of EcHemH, we used purified enzyme to 
measure catalytic activity with Fe2+, Co2+, Ni2+, Cu2+, and 
Zn2+. We next asked whether a more selective cobalt che-
latase might enable efficient production and 

incorporation of CoPPIX in iron-rich growth media. We 
used a substrate-multiplexed metal specificity to identify 
a single point mutant (L13R) that has a ~30-fold shift in 
selectivity for Co2+ over Fe2+ relative to the parent 
EcHemH. We analyzed the ability of EcHemH variants to 
discriminately produce CoPPIX over heme in rich growth 
media and found that, while variants may produce altered 
specificity profiles in vivo, metabolic factors play the pre-
dominant role in determining CoPPIX incorporation into 
co-expressed hemoproteins. Under sufficiently high co-
balt concentrations in rich media and in the absence of a 
specifically engineered chelatase, BL21(DE3) reproduci-
bly yields greater than 95% cobalt-loaded hemoprotein 
with titers comparable to typical hemoprotein expres-
sions. Our results provide insight into the mechanism and 
metal selectivity of EcHemH, inform future engineering ef-
forts for metalloporphryin biosynthesis, and demonstrate 
a straightforward and scalable route to cobalt-substituted 
hemoprotein production in rich media.  

Results 

In vitro assessment of E. coli ferrochelatase metal 
promiscuity 

We began our investigation by probing the kinetic mech-
anism and metal specificity of EcHemH (UniProt acces-
sion: A0A140NEM8). This protein contains a C-terminal 
His-tag and was over-expressed in E. coli BL21(DE3), fol-
lowed by purification with nickel affinity chromatography 
yielding approximately 10 mg EcHemH per L culture. 
While poly-His tags may interfere with the metal binding 
properties of some enzymes, such constructs for chelatase 
homologs have been used previously, without complica-
tion.23,39–41 Sodium cholate was added to the lysis, purifi-
cation, and storage buffers, as the enzyme has been shown 
to require detergents for solubility.27 EcHemH is predicted 
to be membrane associated due to the presence of a 12-
residue segment implicated in membrane association.42  

Using a simple spectroscopic assay, we investigated the 
ability of EcHemH to catalyze insertion of Fe2+, Co2+, Ni2+, 
Zn2+, Cu2+, Mn2+, and Mg2+ into PPIX. The catalytic activity 
of ferrochelatase is well-suited to kinetic analysis by elec-
tronic-absorption spectroscopy, as the metalation of PPIX 
imparts unique spectral shifts to the Soret (~400 nm) and 
Q bands (~500-600 nm). We detected product formation 
for all metals tested except for Mn2+ and Mg2+ (Figure 2A 
and C, S1). The reactivity profile of EcHemH was in good 
agreement with reported activity of previously character-
ized ferrochelatase enzymes.25 To quantify the native iron 
chelatase activity of EcHemH, we measured initial rates of  



 

 

 heme formation spectrophotometrically with variable 
PPIX and Fe2+ concentrations at room temperature (Fig-
ure 1B and S2). We fit these data to an ordered sequential 
mechanism where PPIX binds first, followed by Fe2+ bind-
ing, as described by Scheme S1. An equilibrium random-
ordered mechanism can also describe these data, which 
results in identical macroscopic constants as the ordered 
sequential kinetic model.43 The resulting fit yielded a kcat 
of 30 min-1, KMFe of 0.48 μM Fe2+, and KMPPIX of 1.1 μM PPIX 
(Table S7). These values compare favorably with previ-
ously characterized ferrocheletase enzymes (Table S3).32 

 

We next sought to test the kinetics of CoPPIX formation by 
EcHemH. We first measured initial rates of CoPPIX pro-
duction at 5 μM PPIX while varying the Co2+ concentration. 
In contrast to the behavior observed with Fe2+, we ob-
served a decrease in the rate of CoPPIX production with 
high concentrations of Co2+ (Figure 2D). This substrate in-
hibition has been observed previously with yeast36 and 
mouse35 FECH enzymes, as well as with coproporphyrin 

(III) ferrochelatase (CpfC) of other species.40,41 To charac-
terize this inhibition further, we measured initial rates of 
CoPPIX production while varying the concentrations of 
both Co2+ and PPIX (Figure 2D, 3 of 6 PPIX concentrations 
shown for clarity). The resulting data show that increasing 
concentrations of PPIX exacerbate the inhibitory effect of 
Co2+. These data mirror observations by Davidson, et al. in 
studies of human HemH with a PPIX analog, mesoporphy-
rin IX, and Zn2+.30 

To better understand the nature of Co2+ inhibition, we 
turned to global analysis of the Co2+ initial rate data to 
identify the simplest kinetic mechanism that recapitulates 
this complex kinetic behavior. A complete accounting of 
each kinetic model that we tested is provided in the sup-
porting information (Figures S3-S10). Notably, none of the 
existing kinetic models for chelatases in the literature fit 
the data. 30,32  On the basis of this analysis, we propose an 
EcHemH kinetic mechanism that includes two kinetically 
distinct metal binding modes, only one of which is kinet-
ically productive (Figure 2E). The productive pathway is 
initiated by PPIX binding. Co2+ can then bind in either a 

 Figure 2. E. coli ferrochelatase (EcHemH)-catalyzed insertion of native Fe2+ and non-native metals into protoporphyrin IX (PPIX). 
A) Progress spectra of Fe2+ insertion into PPIX by EcHemH. The black trace represents the UV-visible spectrum of 7.5 µM proto-
porphyrin IX in reaction buffer (100 mM MOPS, 400 mM NaCl, 0.2% w/v Tween 80 at pH 7.0) with 100 nM EcHemH. The meta-
lation reaction was initiated at 25 °C by the addition of 10 µM of Fe2+. To limit competing oxidation to Fe3+, samples were prepared 
fresh and initial velocities were taken from the first 30 s of data acquisition. Grey lines indicate absorption spectra taken during 
the reaction progress, and the pink line represents the absorption spectrum of heme b (FePPIX) at the end of the reaction. B) 
Initial rates of EcHemH-catalyzed heme production plotted as a function of the Fe2+ concentration. The concentration of PPIX was 
5 µM. These reactions were conducted at 25 °C. The solid line represents the best fit of the data using an ordered sequential 
binding kinetic model, shown in Figure S2. C) Progress spectra of Co2+ insertion into PPIX by EcHemH. The experimental setup is 
identical to panel A, except that 30 nM EcHemH and 10 μM Co2+ were used in the reaction. The purple line represents the absorp-
tion spectrum of CoPPIX at the end of the reaction. D) Initial rates of EcHemH-catalyzed CoPPIX production plotted as a function 
of Co2+. Rates were measured with PPIX concentrations ranging from 0.1-10 µM PPIX, only three concentrations of which are 
shown here for clarity. The data were fit globally using DynaFit 4. Solid lines represent the best fit of the data using a noncompet-
itive substrate model (See panel E) and correspond to the kinetic parameters shown in Table 1. Additional data and information 
about the kinetic model used can be found in Figures S3-S10 of the supplemental information. E) Cartoon representation of pro-
posed noncompetitive substrate inhibition kinetic scheme (See also: Scheme S2). F) Progress curves tracking CuPPIX production 
over time. Reactions were conducted at 25 °C with approximately 5 µM (grey) or 10 µM (black) PPIX and 100 nM EcHemH and 
were initiated by the addition of approximately 3.8 µM Cu2+. Solid lines represent the best global fit of the data by DynaFit 4 to 
the noncompetitive substrate inhibition model (Scheme S2) and correspond the kinetic parameters shown in Table 1. 



 

 

productive mode, leading to metal insertion, or a non-pro-
ductive mode corresponding to noncompetitive inhibi-
tion. In this model, metal can also bind prior to PPIX, but 
leads to an inhibitory ternary complex. Together, these 
model features accurately recapitulate key kinetic obser-
vations. At low Co2+ concentrations, metal binding in the 
catalytically productive mode (i.e. after PPIX binding) 
dominates, and the initial velocities increase as the con-
centration of PPIX increases. However, at high PPIX con-
centrations, increasing Co2+ concentrations slow the met-
alation because noncompetitive binding is occurs, leading 
to pronounced substrate inhibition (Figure 2E). We note 
that Fe2+ insertion does not show substrate inhibition 
within the range of concentrations tested here, nor has 
substrate inhibition with Fe2+ been observed with other 
ferrochelatases. However, substrate inhibition was previ-
ously observed for the Cu2+ insertion into PPIX by the 
yeast homolog. 32 These studies showed a distinctive ‘S’ 
shaped progress curves wherein reactions accelerate dur-
ing a time course due to relief of substrate inhibition. We 
tracked CuPPIX formation by EcHemH spectroscopically 
with three different PPIX and Cu2+ concentrations and ob-
served the same S-shape in the progress curves (Figure 
2F). We fit these progress curve data to the noncompeti-
tive binding model (Figure 2E), and found that the data 
were well recapitulated, including the characteristic S- 
feature. We compared the macroscopic kinetic parame-
ters for insertion of Fe2+, Co2+, and Cu2+, which affirm the 
remarkable promiscuity of the enzyme (Table 1). 

 

Table 1. Kinetic profile for EcHemH activity with vari-
ous metals. 

 

Apparent macroscopic kinetic parameters for Fe2+, 
Co2+, and Cu2+ are derived from fitting the data to the 
appropriate kinetic model. Parameters were not well 
determined for Zn2+ or Ni2+. Instead, the highest ob-
served initial rate is given for these metals, along with 
the corresponding metal and protoporphyrin IX (PPIX) 
concentrations. 

 

We additionally tested EcHemH activity with Ni2+ and 
Zn2+. We measured initial rates of NiPPIX production at 
multiple concentrations of PPIX and Ni2+. Like Co2+, these 
data showed substrate inhibition by the metal that be-
came more pronounced as a function of PPIX (Figure S9). 
While the proposed mechanism fit these data well, the 
model was underdetermined, and macroscopic rate con-
stants could not be confidently assigned. Analysis of 

ZnPPIX formation also showed distinctive kinetic behav-
iors. These data showed the fastest initial velocity of metal 
insertion among the various metals tested, but also the 
strongest substrate inhibition. These features were reca-
pitulated by the noncompetitive substrate inhibition 
model, but the model was again underdetermined (Figure 
S8). We cannot rule out other kinetic possibilities for Ni2+ 
or Zn2+ based on these data alone and it is possible that 
different metals engage in distinct kinetic mechanisms. 
Nevertheless, a heuristic comparison of activity on the 
various metals highlights the prevalence of substrate inhi-
bition with non-native metals and the relative efficiency of 
EcHemH with diversity of transition metals.  

 

Bioinformatic analysis of EcHemH sequence and 
structure 

We hypothesized that the promiscuous EcHemH activity 
with Co2+ was the dominant factor in enabling CoPPIX pro-
duction in BL21(DE3). If true, selective CoPPIX production 
in iron-rich media might be enabled by altering the speci-
ficity of the chelatase via protein engineering to favor Co2+ 
over Fe2+. The structural underpinnings of metal specific-
ity in ferrochelatase homologs are not well understood, 
although examples of variants with altered specificity 
have been found.31  

We used a model generated with AlphaFold to compare 
structural features of EcHemH to other, structurally char-
acterized homologs (Figure 3A).21,42 Alignment of EcHemH 
with the PPIX-bound HsFECH structure (PDB ID: 2HRE, 
27% sequence identity) suggested how EcHemH might in-
teract with the porphyrin substrate. The main structural 
difference between HsFECH and EcHemH is the presence 
of an iron-sulfur cluster at the C-terminus of HsFECH. De-
spite the low overall sequence identity, many active site 
residues appear highly conserved. Distinctive residues in 
EcHemH are Leu13, Phe31, and Cys273, which correspond 
to Met76, Leu92, and His341 in HsFECH, respectively (Fig-
ure 3B). The differences at Leu13 (E. coli) and Met76 (hu-
man) are noteworthy because these residues lie directly 
below the porphyrin substrate and Met76 has been impli-
cated in metal specificity for HsFECH.36,42  

To gain further insight into sequence conservation across 
the enzyme family, we generated a sequence alignment of 
5,026 HemH homologs and visualized active site conser-
vation with logo plots, shown in Figures S11-S20.44  Sev-
eral striking patterns were observed. For example, 
His194, Trp242, Phe269, and Glu275 (E. coli numbering) 
are >99% conserved, suggesting that these residues are 
especially important for ferrochelatase function. Addi-
tionally, the positions corresponding to Leu13 and Phe31 
are almost exclusively occupied by hydrophobic residues. 
This analysis provides evolutionary context for choosing 
which residues might be most amendable to mutation. We 
screened site saturation mutagenesis (SSM) libraries at 10 
active site residues (Figure 3A, labelled residues). Based 
on our structural model, we hypothesized these residues 
might impart changes in metal specificity either by alter-
ing metal chelation or by altering the extent and nature of 
the porphyrin distortion.  



 

 

Altering metal specificity of EcHemH through site-sat-
uration mutagenesis 

Substrate specificity can be a challenging feature to opti-
mize through engineering because traditional approaches 
typically monitor activity on a single, model substrate as a 
proxy for overall enzyme performance.31,45–47  

 

Figure 3. Structural model of E. coli ferrochelatase 
(EcHemH) and selection of residues for site saturation 
mutagenesis. A) AlphaFold active site model of 
EcHemH (pink) superimposed with PPIX (grey sticks) 
from PDB 2HRE. B) Results from re-screen of “hits” 
from site-saturation mutagenesis of EcHemH in cell ly-
sates. Each variant was screened in biological quadru-
plicate with 10 µM PPIX and a total of 1 mM divalent 
metal substrate. The resulting porphyrin distribution 
was analyzed by UPLC. Bars represent the average rel-
ative product peak areas corresponding to CoPPIX 
(purple), NiPPIX (green), and CuPPIX (grey). Black dots 
represent the relative amount of PPIX substrate re-
maining, a measure of each variant’s total activity. Par-
ent EcHemH is indicated by black borders. 

These assays cannot distinguish between enzymes that 
have higher expression or higher catalytic activity. For the 
study here, we were more interested in the relative activ-
ity of variants on different metals in competition than in 
the overall catalytic prowess. Therefore, we developed a 
substrate-multiplexed screen (SUMS) with a mixture of 
metal ions, which provided direct information on enzyme 
specificity in a single experiment. The SUMS approach, as 
applied to protein engineering, has been shown to facili-
tate discovery of enzyme variants with altered specificity 
and identification of distal residues that impact cataly-
sis.48–50  

While relative activity of Fe2+ versus Co2+ was our princi-
pal interest, we found that the specificity between these 
two metals was exceedingly difficult to monitor in cell 

lysates. At least two factors confounded analysis. First, 
Fe2+ quickly oxidizes in lysate to Fe3+, which is not a sub-
strate for EcHemH.32 Second, heme b is catabolized in cell 
lysate, leading to inconsistent ratios relative to CoPPIX. To 
work around these challenges, we hypothesized that 
screening on a mixture of non-native metals would reveal 
residues that provide the most significant changes to 
metal specificity relative to the parent. These mutations 
could subsequently be analyzed to gain insight into their 
Fe2+ specificity using an alternative screening method. 

Cell lysates containing EcHemH variants were added to a 
mixture of Co2+, Ni2+, and Cu2+ at relatively high concentra-
tion (1 mM total M2+) in the presence of 10 µM PPIX. The 
relative distribution of the porphyrin products was di-
rectly measured using ultra-pressure liquid chromatog-
raphy (UPLC) and the concentration of each metal was ad-
justed such that the parent EcHemH produced approxi-
mately equal signal for CoPPIX, NiPPIX, and CuPPIX (See 
supporting information). The resulting data from screen-
ing 10 site-saturation mutagenesis libraries are compiled 
in the supplemental information (Figures S11-S20). We 
note that the uncertainties associated with screening pre-
clude quantitative analysis on the absolute abundance of 
each product. 

While site-saturation studies of HemH homologs have not 
been previously reported, the data here were in good gen-
eral agreement with the detailed analysis performed on 
point mutants of homologous enzymes. For example, the 
EcHemH H194X library yielded no active variants (Figure 
S10). Studies of corresponding variants of FECH (H263C 
and H263A HsFECH and H235L ScFECH) indicated these 
variants were inactive or had only trace activity.24,51,52  In-
deed, H194 is nearly 100% conserved among 
HemH/FECH homologs, consistent with an essential cata-
lytic role.  

To directly compare specificity shifts among variants from 
different libraries, we re-screened in parallel a subset of 
variants that showed the largest shifts in specificity in the 
initial screen. While the trends in activity were generally 
reproducible, several variants had different specificities in 
this follow-up assessment when compared to the initial 
screens (e.g. L13R, compare Figure 3 to Figure S11). From 
the re-screen data, we identified several variants with al-
tered metal specificity compared to the parent EcHemH 
that we chose for further validation in comparison against 
Fe2+ (Figure 3B).  

Assessing EcHemH variant specificity for Fe2+ versus 
Co2+ 

We next sought to investigate how variants with in vitro 
changes in metal specificity altered metalloporphyrin in-
corporation into hemoproteins in vivo. Cells harboring 
over-expressed EcHemH variants were grown in rich me-
dia supplemented with a 4:1 ratio of exogenous Co2+ to 
Fe2+, such that the bioavailable metal pool was consistent 
and well-defined. To directly assess the effect of chelatase 
identity on hemoprotein loading, we co-expressed 
EcHemH with the hemoprotein, dye-decolorizing peroxi-
dase (DyP, UniProt Accession E3G9I4). DyP binds free 
PPIX, CoPPIX, and heme b promiscuously.53 Following 



 

 

expression, DyP was purified by nickel-affinity chroma-
tography and the relative Co2+ and Fe2+ content of the pro-
tein samples was measured using inductively coupled 
plasma mass spectrometry (ICP-MS). This analysis 
showed several variants incorporated more CoPPIX rela-
tive to the parent EcHemH, including L13R, L13H, R57Q, 
and E275D (Figure 4A, S21). Many factors, such as enzyme 
expression level, may impact metalation outcomes. In-
deed, these in  

vivo experiments relied on overexpression of EcHemH 
and its variants to circumvent the native EcHemH regula-
tion54–56 and deliver high concentrations of enzyme. How-
ever, there remained the possibility that high titers of 
EcHemH may influence metalloporphyrin production rel-
ative to the native BL21(DE3) system that motivated this 
study. We therefore expressed and purified DyP without 
overexpressing EcHemH and assessed its metal content. 
This experiment was intended as a negative control, but 
instead showed that the CoPPIX content of DyP without 
overexpression of EcHemH was the same or higher than 
any other conditions tested (Figure S21). This result was 
the first clue that, to our surprise, ferrochelatase specific-
ity may be a minor contributor to in vivo metalation out-
comes. To rigorously test this new hypothesis, we 

validated a single variant with altered specificity and ex-
plored its impact (or lack thereof) on in vivo PPIX meta-
lation. 

Testing the effects of altered chelatase specificity 

We selected EcHemH L13R to assess the change in metal 
specificity relative to parent. Rather than determine com-
plex kinetic parameters with this enzyme, we opted for a 
direct measurement of the change in selectivity by assay-
ing the metalation outcome when Co2+ and Fe2+ are in di-
rect competition. Excess ascorbate was added to maintain 
the ferrous oxidation state and product formation was an-
alyzed by UPLC. This analysis revealed that the L13R mu-
tation imparts a ~30-fold shift in selectivity for Co2+ rela-
tive to parent under these conditions (Figure 4B). 

We next asked whether co-expression of the cobalt selec-
tive EcHemH variant L13R had any significant impact on 
CoPPIX versus heme incorporation in rich media. We com-
pared the effect of co-expression of parent EcHemH versus 
the L13R variant with DyP at substantially higher concen-
trations of cobalt (500 µM) in rich media without added 
iron. We further compared these conditions to DyP ex-
pressed in ‘regular’ BL21(DE3), that only contains na-
tively expressed EcHemH. To our surprise, the resulting 
DyP hemoprotein samples contained greater than 95% 
CoPPIX in all cases, even the intended negative control 
with no co-expression of a ferrochelatase (Figure 5A). 
These results refuted our initial hypothesis that altera-
tions to chelatase specificity would lead to more efficient 
CoPPIX incorporation into hemoproteins in vivo. Instead, 
we re-investigated metabolic factors that may contribute 
to CoPPIX accumulation. 

Effect of cobalt concentration, E. coli strain, and metal 
identity on metalloporphyrin production 

We studied the influence of cobalt concentration in rich 
media (Terrific Broth) on the metalloporphyrin content of 
expressed hemoprotein. We were delighted to see that ad-
dition of 1 mM of Co2+ yielded >90% cobalt incorporation 
in rich media (Figure 5B). Although the wet cell mass de-
rived from these expressions decreased as more cobalt 
was added, the holoprotein titers per liter cell culture 
were only slightly diminished (Table S4). Based on our 
earlier observations in minimal media,16 we hypothesized 
that the cytotoxic effect of high intracellular cobalt con-
centrations may be mitigated by the expression of a hem-
oprotein, which serves as a sink for excess, toxic Co2+ and 
CoPPIX.  

 

Figure 4. Competition experiments for Co2+ and Fe2+ in-
corporation into protoporphyrin IX (PPIX) by parent 
EcHemH and L13R EcHemH variant. A) Distribution of 
MPPIX products obtained from co-expression of parent 
and L13R EcHemH with dye-decolorizing peroxidase 
(DyP) with a defined mixture of 50 μM Fe2+ and 100 μM 
Co2+ added to the growth media. DyP was purified by 
Ni-affinity chromatography and digested in nitric acid 
prior to analysis by ICP-MS. Data are average of tripli-
cate ICP-MS measurements. B) In vitro measurement of 
Co2+ versus Fe2+ incorporation into PPIX by purified 
parent and L13R EcHemH enzymes. Reactions were 
conducted in 100 mM Tris-HCl buffer with 400 mM 
NaCl and 0.2% Tween 80. The concentration of enzyme 
added was 250 nM and the concentration of PPIX was 
5.0 µM. Reactions were initiated with the addition of 50 
µM each of Fe2+ and Co2+ in 0.5 mM ascorbate. After 20 
minutes, reactions were quenched with acid and ex-
tracted into organic solvent. The relative concentra-
tions of porphyrin products were analyzed by UPLC us-
ing the absorbance at 400 nm (FePPIX and PPIX) and 
423 nm (CoPPIX). Error bars represent the standard 
deviation of quadruplicate UPLC measurements.   



 

 

           

Figure 5: Effect of HemH expression, cobalt concentration, and E. coli expression strain on the distribution of CoPPIX- and 
heme-loaded DyP A) Metal content analysis of DyP by ICP-MS. Proteins were expressed in BL21(DE3) in the absence of a co-
expression vector, with parent EcHemH, and with EcHemH L13R. CoCl2 (1 mM) and 250 µM δ-aminolaevulinic acid were 
added at the time of induction. Dots represent biological replicates.  B) ICP-MS measurements of DyP expressed in BL21(DE3) 
with various amounts of cobalt. Cobalt was added when OD600 reached 0.2–0.3, prior to induction with d-arabinose. Measure-
ments were made in triplicates and error bars represent standard deviation. C) ICP-MS measurements of DyP expressed in 
JM109(DE3) with parent and L13R EcHemH co-expression, and in the absence of chelatase co-expression. Expression condi-
tions were identical to that of Figure 6A. Measurements were made in triplicate and error bars represent standard deviations. 

 

We next tested whether CoPPIX production ability was 
unique to BL21(DE3). We carried out expression experi-
ments with JM109(DE3), a K12-derived strain whose 
metal homeostasis is well-studied.57 Overall, CoPPIX pro-
duction was markedly less efficient in this strain, yielding 
less than 40% Co incorporation under the same expres-
sion conditions (Figure 5C). Overexpression of EcHemH 
decreased CoPPIX production, suggesting that the dynam-
ics of porphyrin metabolism may be affected by HemH 
overexpression. Satisfyingly, L13R HemH co-expression 
did yield improved CoPPIX relative to the parent EcHemH, 
although the effect was modest in this strain and heme b 
was still the major cofactor bound. 

The surprisingly efficient incorporation of cobalt into 
PPIX by BL21(DE3) described here inspired us to test the 
same method for the incorporation of other metals: cop-
per, nickel, and zinc. Analogous to expression with cobalt, 
1 mM of CuCl2, NiCl2, and ZnCl2 were added to 1 L of culture 
expressing DyP in TB media at the time of induction. DyP 
was purified and the metalloporphyrin content interro-
gated by UPLC (Figure S22). Zinc and copper supple-
mented cultures appeared to contain exclusively the na-
tive heme cofactor and unmetallated PPIX. The DyP result-
ing from expression with added nickel contained mostly 
heme and unmetallated PPIX, but also a small amount of 
NiPPIX. As the proportion of NiPPIX bound is relatively 
low, we did not pursue this potential cofactor further and 
instead returned to CoPPIX, which was the principal focus 
of the present study.  

Validation of a method for cobalt-substituted hemo-
proteins in rich media 

With this new perspective on the determinants of CoPPIX 
production, we set out to generate a robust method for 
production of cobalt substituted hemoprotein in rich me-
dia. We found that the timing of addition of 1 mM Co2+ to 

the media had no significant effect on the metalloporphy-
rin content and yield of holoprotein (Table S5). Conse-
quently, we converged on a protocol where metal is added 
at the time of induction, along with δALA, which was con-
venient and effective. With this method we were able to 
obtain CoDyP at titer of 43 mg protein per L cell culture, 
and the resulting proteins were >95% cobalt loaded rela-
tive to iron. This yield represents a nearly 10-fold im-
provement in protein titer over our previous method in 
minimal media,16 gives similar titers to expression of the 
native heme-loaded protein (Figure 6).  

Lastly, we tested the efficiency of cobalt-substituted hem-
oprotein production with a different protein scaffold, the 
P450 enzyme CYP119 from S. acidcaldarous under 
pET22b (IPTG-inducible) and pBAD (arabinose-inducible) 
expression systems. From 1 L of cell cultures in rich media 
we obtained 2 mg and 43 mg of ~95% CoPPIX loaded hem-
oprotein from the pET22b and pBAD systems, respec-
tively. This expression compares favorably with that of the 
analogous heme proteins, which, in our hands, were ob-
tained at 3 mg and 40 mg per L culture. Furthermore, this 
method requires virtually no additional steps or genetic 
manipulations relative to that of canonical heme protein, 
aside from the addition of an inexpensive cobalt salt 
(CoCl2) at the time of induction. 

Discussion 

We performed steady-state kinetic characterization of 
EcHemH with a variety of metals and found that that this 
enzyme has a notable substrate inhibition with Co2+. One 
molecular interpretation consistent with this phenome-
non is metal ion binding at two different sites, which has  



 

 

 

Figure 6. Heterologous expression and purification of cobalt substituted DyP from E. lignoliticus in rich media. A) Cell pellet 
derived from a 1 L culture expression of DyP supplemented with 1 mM CoCl2.  B) Sample of purified CoDyP. C) UV-visible 
spectra of as-purified CoDyP and after reduction with sodium dithionite (magenta). D) Expression titers for Co and native 
DyP in different growth media M9* is a modified minimal media, and TB is terrific broth. 

 

been proposed for other ferrocheletases.25 In this kinetic 
model (Figure 2E), the binding mode that is populated 
when no PPIX is present is kinetically off-pathway and in-
hibitory. Structural analysis of the S. cerevisiae (PDB 1L8X) 
and B. subtilis (PDB 3M4Z) chelatases observed metal ion 
binding to Glu275 and His194 (E. coli numbering) in the 
absence of porphyrin. 

We hypothesize that these two residues may comprise the 
inhibitory binding site, which sits ‘on top’ of the porphyrin 
when the hydrophobic binding interface is oriented ‘be-
low’ (Figure S23). This combination of kinetic and struc-
tural evidence suggests that metalation occurs from the 
bottom face of the porphyrin, as has been proposed for the 
human FECH enzyme.36 This region of the protein contains 
Leu13, where we found that mutation strongly influenced 
metal specificity. In this scenario, the metal is desolvated 
as it binds to the PPIX pyrrole nitrogens in the hydropho-
bic enzyme environment. A base is required to deproto-
nate two pyrrole rings and steric considerations demand 
that these protons are removed from the opposite face of 
from which metal insertion occurs.58 In EcHemH, His194 
is positioned to play the role of general base, a hypothesis 
corroborated by the absence of any chelatase activity in 
the H194X site saturation mutagenesis library.  

Our initial hypothesis was that a low level of chelatase 
promiscuity was the main enabler of adventitious CoPPIX 
production in BL21(DE3). Noncompetitive substrate inhi-
bition decreases the overall rate of enzyme catalysis when 
two metals are placed in competition but does otherwise 
affect the distribution of products. This inhibition not-
withstanding, activity on Fe2+ and Co2+ was generally sim-
ilar, indicating that EcHemH is an effective cobalt chela-
tase. To test the effect of chelatase metal specificity on the 
production of CoPPIX versus heme in BL21(DE3), we un-
dertook an engineering campaign to improve the Co2+ se-
lectivity of the native BL21(DE3) ferrochelatase. The en-
zyme was surprisingly tolerant to mutation, as site satura-
tion mutagenesis at seven of 10 active site residues 
yielded active chelatase variants. By screening on a mix-
ture of metal substrates, we were able to probe the influ-
ence of residues on metal selectivity in a fashion that is de-
coupled from overall protein activity. Mutations through-
out the active site have marked effects on metal specificity 
indicating that complex and synergistic interactions with 
PPIX, metal, and active site residues all influence metal 

insertion. These observations align with previous studies 
that link porphyrin distortions in the active site to metal 
specificity.33  We identified a mutation, L13R, that causes 
a 30-fold shift in specificity toward cobalt insertion. The 
discovery of this variant enabled us to explore how ex-
pression of this cobalt-favored chelatase affected the dis-
tribution of MPPIX products generated in vivo.  

Notably—and contrary to our initial hypothesis—we 
found that the metal specificity of an over-expressed che-
latase plays only a minor role in determining the distribu-
tion of metalated porphyrins in BL21(DE3). Large changes 
in Co2+ versus Fe2+ specificity, such as those exhibited by 
the variant L13R, do not outweigh the myriad other meta-
bolic factors governing PPIX metalation. Indeed, we found 
that the native promiscuity of EcHemH is already suffi-
cient for efficient CoPPIX production in vivo.  

Metal homeostasis is a key factor in determining the dis-
tribution of metalated porphyrin products in E. coli. BL21-
derived strains have been shown to lack the entirety of the 
rcn operon,57,59 which is responsible for Co2+ and Ni2+ ef-
flux.60,61 We hypothesize that the success of this cobalt-
substituted hemoprotein expression method is dominated 
by the inability of E. coli BL21(DE3) to efflux cobalt. In-
stead, a high concentration of cobalt in the growth media 
leads to high cytosolic cobalt concentrations and, as a re-
sult, efficient production of CoPPIX by the natively promis-
cuous chelatase. Consistent with this hypothesis, the K12-
derived strain JM109(DE3), which contains a functional 
rcn operon, was far less effective than BL21(DE3) at pro-
duction of CoPPIX. However, there are many additional 
differences between BL21 and K12-derived strains of E. 
coli, including changes in central carbon metabolism.62 
There may be additional differences in CoPPIX breakdown 
that influence how much of the cofactor is accumulated in 
different strains. Further studies will be required to eluci-
date the interplay between these diverse factors. For ex-
ample, in pathogenic E. coli, heme is degraded by the heme 
oxygenase, ChuS (UniProt accession: A0A271QSA5), 
which is not present in BL21-derived strains.63,64 These 
enzymes catalyze oxidative ring opening of the iron por-
phyrin cofactor, yielding the linear tetrapyrrole, biliverdin 
Ixα. These transformations proceed through an iron-oxo 
intermediate and are inhibited by non-native metallopor-
phyrins, such as CoPPIX.65,66  Heme catabolism in non-
pathogenic E. coli, such as BL21, is not as well 



 

 

understood.67,68 It is possible that E. coli BL21(DE3) har-
bors a yet uncharacterized heme-degrading enzyme, or 
that our and others’ observations of heme loss in cell ly-
sates are due to an alternative, non-enzymatic process. Re-
gardless, native heme catabolic pathways may be specific 
to heme, allowing CoPPIX to accumulate under expression 
conditions while excess heme is quickly degraded. 

Conclusions 

Hemoproteins comprise a diverse family of widely studied 
and used biocatalysts. Often, BL21(DE3) E. coli is the or-
ganism used to produce these hemoproteins—and the co-
factors they bear—at high titers. By studying the meta-
lation and incorporation of a non-native heme analog, 
CoPPIX, we provide insight into how biological metalation 
is controlled in this ubiquitous model organism, and guide 
future campaigns to engineer metallocofactor biosynthe-
sis. Metalloporphyrin distribution may be sensitive to 
many factors including chelatase specificity, environmen-
tal metal concentrations, metal homeostasis machinery, 
and cofactor catabolism. In nature, these factors work in 
concert to ensure proper metalation of heme. In contrast, 
laboratory expression conditions can redirect this ma-
chinery towards efficient biosynthesis of CoPPIX. We hy-
pothesize this process proceeds according to the following 
paradigm: E. coli BL21(DE3) does not contain the other-
wise common rcn operon for efflux of transition metals. 
These cells grow as normal in rich media and quickly scav-
enge all available Fe2+, much of which is used by EcHemH 
to produce heme and support cellular respiration. Once 
cultures are grown to mid-log phase and a high concentra-
tion of cobalt is added, the cobalt is imported and accumu-
lates intracellularly. Consequently, there is a large bioa-
vailable pool of Co2+ with minimal Fe2+ remaining. The na-
tive chelatase, EcHemH, has promiscuous activity with 
this abundant, bioavailable Co2+ and produces CoPPIX. 
When a hemoprotein is contemporaneously overpro-
duced, the CoPPIX is loaded into these proteins as a non-
natural cofactor, lessening the toxic effects of both CoPPIX 
and Co2+.16 Free metallocofactors may be subject to degra-
dation by heme catabolic pathways, to which the iron co-
factor is most susceptible. The net result is efficient heter-
ologous expression of metal-substituted hemoproteins 
with the CoPPIX cofactor.  

 The biosynthesis and incorporation of artificial cofactors 
is a long-standing and alluring challenge in the fields of 
synthetic biology and biocatalysis. New-to-nature cofac-
tors may imbue enzymes with alternate modes of reactiv-
ity, but because these enzymes are difficult and tedious to 
produce, explorations of their potential activities are rare. 
The enantioselective carbene and nitrene transfer reactiv-
ity of metal-substituted hemoproteins, in particular, has 
led to the development of several strategies for the incor-
poration of pre-fabricated metalloporphyrins into hemo-
proteins.69 The production of these artificial metalloen-
zymes remains less efficient than that of the native hemo-
protein. This report has described a fully biosynthetic and 
efficient method for the production and incorporation of 
the artificial cofactor CoPPIX into hemoproteins. This 
method operates in rich media and thus enables further 
development of these proteins as potential biocatalysts. 
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