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CfbA Promotes Insertion of Cobalt and Nickel into Ruffled 
Tetrapyrroles in vitro
Ariel E. Schuelke-Sanchez,a Alissa A. Stone,a and Matthew D. Liptak*a

The nickel chelatase CfbA is the smallest member of the chelatase family, but the mechanism by which this enzyme inserts 
nickel into sirohydrochlorin is unknown. In order to gain mechanistic insight; metal binding, tetrapyrrole binding, and 
enzyme activity were characterized for a variety of substrates using several spectroscopic and computational approaches. 
Mass spectrometery and magnetic circular dichroism experiments revealed that CfbA binds an octahedral, high-spin metal 
substrate. UV/Vis absorption spectroscopy demonstrated that the enzyme binds a wide range of tetrapyrrole substrates and 
perturbs their electronic structures. Based upon activity assays, CfbA promotes insertion of cobalt and nickel into several 
tetrapyrroles, including cobalt insertion into protopophyrin IX. Finally, density functional theory models were developed 
which strongly suggest that observed spectral changes upon binding to the enzyme can be explained by tetrapyrrole ruffling, 
but not deprotonation or saddling. The observation of an octahedral, high-spin metal bound to CfbA leads to a generalization 
for all class II chelatases: these enzymes bind labile metal substrates and metal desolvation is not a rate-limiting step. The 
conclusion that CfbA ruffles its tetrapyrrole substrate reveals that the CfbA mechanism is different from that currently 
proposed for ferrochelatase, and identifies an intriguing correlation between metal substrate specificity and tetrapyrrole 
distortion mode in chelatases.

Introduction
Metal tetrapyrroles catalyse a myriad of important chemical 
transformations both in biological and abiological 
environments. A fundamental reason why metal tetrapyrroles 
can catalyse diverse chemistry is the incorporation of a 
transition metal that can access a larger number of reaction 
mechanisms than a main group element. In biological systems, 
the combination of iron and porphyrin, or heme, catalyses a 
variety of oxygen-dependent reactions,1 including 
hydroxylation of alkanes,2 degradation of peroxides to 
alcohols,3 and reduction of molecular oxygen to water.4 Vitamin 
B12 and cofactor F430 are cobalt and nickel tetrapyrroles, 
respectively, that catalyse methyl group transfer,5 organic 
radical rearrangements,6 and methanogenesis.7 From an 
abiological perspective, metal tetrapyrroles have shown 
promise catalysing reactions critical for next-generation 
alternative energy applications, such as oxygen reduction,8 
hydrogen evolution,8 and methane oxidation.9 All of these 
transformations rely upon earth-abundant transition metals, so 
there is significant motivation to discover efficient routes to a 
broad range of metal tetrapyrroles.

In biological systems, a family of enzymes known as 
chelatases are involved in the biosynthesis of metal 

tetrapyrroles. In vivo each of these enzymes must catalyse the 
insertion of a specific metal into a specific tetrapyrrole ligand.10 
Chelatases have been divided into three classes.11 Class I 
chelatases require ATP and are involved in the biosynthesis of 
chlorophyll and cobalamin.12, 13 Class II chelatases do not 
require additional substrates beyond metal and tetrapyrrole. 
These enzymes either insert iron into protoporphyrin IX 
(PPIX),14 or a 3d metal into the more reduced sirohydrochlroin 
(SHC) ring.15-17 Finally, class III chelatases are multifunctional 
enzymes involved in siroheme biosynthesis.18

The smallest member of the chelatase family is CfbA 
(previously annotated as CbiXS), and the enzymatic mechanism 
for this nickel chelatase has remained elusive. Elucidation of the 
CfbA mechanism is of particular importance because this 
enzyme is proposed to be the ancestor of all class II chelatases.11  
In support of this proposal, random in-frame mutagenesis of 
CfbA can produce synthetic proteins that resemble either the 
cobalt chelatase CbiK or the iron chelatase HemH.19 With 
regards to the substrate scope of CfbA, this enzyme has been 
shown to insert iron,11, 19 cobalt,11, 19, 20 and nickel into SHC (Fig. 
1).11, 17, 21 Very little is known regarding the mechanism of CfbA. 
Based upon a structural overlay with CbiK, CfbA is proposed to 
bind a 3d metal via two His residues.20 CfbA is also proposed to 
bind a distorted SHC based upon the crystal structure of 
product-bound enzyme.22 We anticipate that insight into the 
CfbA mechanism will facilitate development of artificial 
chelatases that catalyse the formation of non-natural metal 
tetrapyrroles.

Metal and tetrapyrrole binding by CfbA, along with 
chelatase activity, for a diverse set of substrates has been 
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Fig. 1 Cobalt and nickel insertion into five porphyrin substrates by CfbA will be carefully 
assessed to gain insight into the enzymatic mechanism. The porphyrin substrates have 
different side-chain substitutions from one another.

assessed in order to elucidate the enzymatic mechanism. This 
approach is essential because some combinations of metal and 
tetrapyrrole can combine spontaneously resulting in misleading 
specific activity data.17 Furthermore, binding of only one 
substrate (metal or tetrapyrrole) could promote insertion in 
vitro. This mechanism is exceedingly unlikely in vivo where 
metal and tetrapyrrole concentrations are regulated.10, 17, 21 
Metal binding by CfbA was measured with electrospray 
ionization mass spectrometry (ESI-MS) and magnetic circular 
dichroism (MCD) spectroscopy. Tetrapyrrole binding by CfbA 
was characterized using UV/Vis absorption (Abs) spectroscopy. 
Finally, chelatase activity for different combinations of metal 
and tetrapyrrole substrates was monitored using a combination 
of UV/Vis Abs spectroscopy and ESI-MS. By interpreting these 
data within the framework of density functional theory (DFT) 
and time-dependent DFT (TDDFT) calculations, we gained 
insight into the enzymatic mechanism of CfbA.

Experimental
Unless otherwise noted, we purchased all materials in this work 
from Fisher Scientific and used them without further 
purification.

Cloning, expression, and purification of CfbA

DNA plasmids encoding Archaeoglobus fulgidus CfbA, S219V 
tobacco etch virus (TEV) protease, and Staphylococcus aureus 
IsdG were obtained. We designed a synthetic gene encoding 
CfbA that was optimized for Escherichia coli codon usage. 
Integrated DNA Technologies (Coralville, IA) synthesized this 
cfbA gene and inserted it into pIDTSMART (Kanr). Eric Skaar 
(Vanderbilt University) gifted a pET15b (Ampr, Novagen) 
plasmid encoding IsdG.23 Lastly, David Waugh (National Cancer 
Institute) provided a pRK793 (Ampr) plasmid encoding S219V 
TEV protease.24, 25

A pET15b vector encoding CfbA with a TEV-cleavable N-
terminal His6 tag was prepared. The SalI and BamHI restriction 
enzymes (New England Biolabs) were used to digest the 
pIDTSMART plasmid encoding CfbA and the pET15b plasmid 
encoding IsdG. Next, the cfbA and pET15b DNA fragments were 
isolated via gel electrophoresis and recovered using the 
QIAquick gel extraction kit (Qiagen). The cfbA gene was ligated 
to pET15b by overnight incubation with T4 DNA ligase (New 

England Biolabs) followed by purification using a QIAprep spin 
mini-prep kit (Qiagen). DNA sequencing by the Vermont Cancer 
Center DNA analysis facility confirmed the sequence of the 
resulting CfbA-encoding pET15b (Ampr) vector (Table S1).

Recombinant CfbA and S219V TEV protease were 
overexpressed in BL21-GOLD(DE3) cells (Strategene). BL21-
GOLD(DE3) cells containing the CfbA-encoding pET15b (Ampr) 
vector were grown at 37 °C in Luria-Bertani (LB) medium 
containing 100 μg ampicillin using a ThermoScientific MaxQ 
incubator shaker, which is similar to a previously reported 
procedure.20 CfbA expression was induced at an OD600 of 0.6 
a.u. by the addition of isopropyl-β-D-1-thiogalactopyranoside 
(IPTG), followed by growth at 30 °C for at least five hours. These 
cells were harvested by centrifugation at 10,000 x g and 4 °C for 
10 minutes using a ThermoScientific Sorvall Legend centrifuge. 
The second enzyme used in this work, S219V TEV protease, was 
expressed and purified as previously described.24, 25

N-terminal His6-tagged CfbA was purified using affinity 
chromatography. Cell pellets containing overexpressed CfbA 
were resuspended in 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 7.5 with 500 mM 
NaCl, 5 mM imidazole, and 5% glycerol (v/v). Enough 
phenylmethanesulfonyl fluoride and lysozyme were added to 
this suspension to reach final concentrations of 1.0 mM and 0.5 
mg/mL, respectively, prior to sonication. A Branson Ultasonics 
sonifier lysed the resuspended cells to release overexpressed 
CfbA from the E. coli cells. The resulting lysate was clarified by 
centrifugation at 15,000 x g and 4 °C followed by vacuum 
filtration with a 0.45 μm membrane (Millipore). The clarified 
lysate was loaded onto a nickel HiTrap HP 5 mL column (GE 
Healthcare) equilibrated with 50 mM HEPES pH 7.5, 500 mM 
NaCl, 5 mM imidazole, and 5% glycerol (v/v) using an Äkta pure 
chromatography system (GE Healthcare). The loaded column 
was washed with an imidazole gradient from 5 to 500 mM over 
200 mL. Pure, N-terminal His6-tagged CfbA eluted at 500 mM 
imidazole (Fig. S1).

The N-terminal His6 tag was removed from purified CfbA 
using S219V TEV protease. S219V TEV protease was added to 
His6-tagged CfbA in an A280 ratio of 3:100 with sufficient 
dithiothreitol and ethylenediaminetetraacetic acid to reach 
final concentrations of 1 mM and 0.5 mM, respectively.25 The 
solution was dialyzed twice against 10 mM HEPES pH 7.5, 500 
mM NaCl at 4 °C for three hours each. After increasing the 
imidazole concentration to 75 mM, the dialyzed solution was 
loaded onto a HisPur Co-NTA gravity column equilibrated with 
50 mM HEPES pH 7.5, 500 mM NaCl, 5 mM imidazole, and 5% 
glycerol (v/v). Following protein loading, the column was 
washed with 50 mM HEPES pH 7.5, 500 mM NaCl, 75 mM 
imidazole, and 5% glycerol (v/v) to elute pure, untagged CfbA 
(Fig. S2). The flow-throughs from the loading and wash steps 
containing pure, untagged CfbA were combined and the volume 
was reduced to 10 mL using Amicon stirred cell ultrafiltration 
cells (Millipore). The concentrated CfbA solution was dialyzed 
twice against 10 mM HEPES pH 7.5, 500 mM NaCl at 4 °C for 
three hours each yielding pure, cleaved CfbA. CfbA was >99% 
pure according to SDS-PAGE gel electrophoresis (Fig. S3). Based 
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upon a Bradford assay using bovine serum albumin (Pierce) as 
the standard, the CfbA yield was 30 mg per 1 L of LB medium.

CfbA characterization

The molecular weight of pure, untagged CfbA was determined 
using ESI-MS. 143 μM CfbA in 10 mM HEPES pH 7.5, 500 mM 
NaCl was prepared. This sample was loaded onto a C18 guard 
column equilibrated with 2% acetonitrile with 0.1 % formic acid 
(v/v) in water (v/v). A gradient from 2% to 98% acetonitrile was 
used to separate CfbA prior to ESI-MS analysis using an AB-Sciex 
4000 Q Trap LCMS/MS spectrometer (Applied Biosystems). ESI-
MS data for 600-1700 m/z was acquired in positive ion mode 
and deconvoluted using BioAnalyst 1.5.

The secondary structure of CfbA was assessed using circular 
dichroism (CD) spectroscopy. A 10 μM CfbA sample was 
exchanged into 10 mM potassium phosphate (KPi) pH 7.5 using 
a PD-10 column (GE Healthcare) and loaded into a 1 mm path 
length quartz cuvette (Starna). The CD spectrum was collected 
from 250 to 190 nm with a scan rate of 200 nm/min and a 0.5 
nm data interval on a Jasco J-815 CD spectrometer. The 
secondary structure was estimated from the resulting data 
using the PLS method in the CD multivariate SSE program 
(Jasco).

Metal binding

Metal binding by CfbA was evaluated using ESI-MS. Stock 
solutions of 20 mM Co(II) or Ni(II) in 50 mM Tris pH 8.0, 150 mM 
NaCl were prepared by adding sufficient CoCl2 or NiSO4, 
respectively, to aqueous buffer. Next, the Co(II) or Ni(II) solution 
was combined with purified CfbA yielding 5 μM CfbA in 50 mM 
Tris pH 8.0, 150 mM NaCl, 200 μM CoCl2 or NiSO4. CfbA was 
loaded onto a C4 column equilibrated with 2% acetonitrile with 
0.1 % formic acid (v/v) in water (v/v). The same ESI-MS protocol 
described above for apoprotein characterization was employed 
for the metal-loaded CfbA samples. The resulting data was 
deconvoluted with the BioAnalyst 1.5 software program.

The metal coordination site was characterized using MCD 
spectroscopy. Sufficient CoCl2 and glycerol were added to 
purified, concentrated CfbA to yield 400 μM CfbA in 50 mM KPi 
pH 8.0, 50 mM NaCl, 400 μM CoCl2, and 60% glycerol (v/v). In 
addition, a sample of 400 μM CoCl2 in the same aqueous buffer 
was prepared. These two samples were loaded into 
copper/quartz sample cells and flash frozen in liquid nitrogen. 
The samples were equilibrated at temperatures of 2, 5, 10, and 
20 K along with magnetic fields of ±1, 3, 5, and 7 T using an 
Oxford SM4000-8T Spectromag. MCD data between 800 and 
300 nm were acquired under these conditions using a Jasco J-
815 CD spectrometer with a scanning speed of 200 nm/min, a 
bandwidth of 1 nm, a digital integration time of 0.25 s, and a 
data pitch of 0.5 nm. For all MCD data, the negative magnetic 
field spectrum was subtracted from the positive field data and 
the result was divided by 2 to remove the CD contribution.

Tetrapyrrole binding

Tetrapyrrole binding by CfbA was assessed using UV/Vis Abs 
spectroscopy. Uroporphyrin I, uroporphyrin III, coproporphyrin 

I, and coproporphyrin III were purchased from Frontier 
Scientific and dissolved in 50 mM Tris pH 8.0, 150 mM NaCl. 
Protoporphyrin IX was also purchased from Frontier Scientific, 
but dissolved in methanol prior to preparation of a solution 
sample in 50 mM Tris pH 8.0, 150 mM NaCl, and 10 % (v/v) 
methanol. These tetrapyrrole solutions were diluted to 6 μM 
based upon reported extinction coefficients,26-30 wrapped in 
aluminium foil to prevent photodegradation, and used the same 
day as preparation to mitigate aggregation (Fig. S4). CfbA-
bound tetrapyrrole samples were prepared by combining 
tetrapyrrole and CfbA solutions in a 1:1 molar ratio. UV/Vis Abs 
spectra in the 800-350 nm region were recorded for protein-
free and CfbA-bound tetrapyrroles using a Cary 100 Bio 
spectrophotometer with a scan rate of 600 nm/min, a 
bandwidth of 2 nm, an averaging time of 0.1 s, and a 0.5 nm 
data interval.

Activity assays

The rates of metal insertion into uroporphyrin and 
coproporphyrin by CfbA were quantified using UV/Vis Abs 
spectroscopy. The rates of cobalt and nickel insertion in the 
presence of CfbA were measured in aqueous solution with 5-6 
M CfbA and tetrapyrrole along with either 200 μM CoCl2 or 200 
μM NiSO4 in 50 mM Tris pH 8.0 with 150 mM NaCl. The rates of 
metal insertion in the absence of CfbA were measured in nearly 
identical solutions that lacked enzyme. In order to monitor the 
formation of metal tetrapyrrole, UV/Vis Abs spectra were 
acquired using the same instrument and parameters as 
described above. For metal insertion into the uroporphyrins, 
and cobalt insertion into the coproporphyrins, new UV/Vis 
spectra were acquired every minute for a total of 0.5-30 h. For 
nickel insertion into the coproporphyrins, new spectra were 
acquired every hour for 30-72 h. The assays were performed in 
triplicate. The pseudo-first order rate constants, and their 
standard deviations, for CfbA-promoted and enzyme-free metal 
insertion into uroporphyrin and coproporphyrin were 
determined by fitting the data to equation 1 with Graph Pad 
Prism.

(1)𝐴 = (𝐴0 ― 𝐵)𝑒 ―𝑘𝑥 +𝐵
Where A is the absorbance intensity, A0 is the absorbance at 
time(x) equal to zero, B is the absorbance intensity at infinite 
time, and k is the rate constant.

Metal insertion into protoporphyrin IX by CfbA was 
characterized with UV/Vis Abs spectroscopy and ESI-MS. 200 
μM cobalt insertion into 5 μM protoporphyrin IX, both in the 
presence and absence of 5 μM CfbA, was monitored every 15 
minutes in 50 mM Tris pH 8.0, 150 mM NaCl, and 10 % methanol 
(v/v) for 18 hours by UV/Vis spectroscopy. Similarly, 200 μM 
nickel insertion into 5 μM protoporphyrin IX, both in the 
presence and absence of 5 μM CfbA, was monitored every hour 
for 72 hours. In addition, 300-1500 m/z ESI-MS data for cobalt 
insertion reactions were acquired after 72 hours using a C18 
guard column using the same instrument, solvent gradient, and 
analysis software described above. In order to identify the 
binding and oxidation state of the reaction product, Co(III) 
protoporphyrin IX was purchased from Frontier Scientific and 
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dissolved in 50 mM Tris pH 8.0, 150 mM NaCl, and 10 % 
methanol (v/v). A Co(II) protoporphyrin IX solution was 
prepared by reducing a deoxygenated Co(III) protoporphyrin IX 
solution with excess sodium dithionite under anaerobic 
conditions. A 10 μM Co(III) protoporphyrin IX solution was 
prepared based upon a published extinction coefficient,31 half 
of the solution was combined with 10 μM CfbA, and UV/Vis 
spectra were acquired after 18 hours. Finally, an anaerobic 10 
μM Co(II) protoporphyrin IX solution was prepared, half of that 
solution was combined with deoxygenated 10 μM CfbA under 
anaerobic conditions, and UV/Vis spectra of these two samples 
were acquired using screw top cuvettes (Starna).

Computational characterization

DFT models of octamethylporphyrin and doubly deprotonated 
octamethylporphyrin were prepared to aid interpretation of the 
experimental data. The initial structural model was generated 
in ChemDraw (PerkinElmer), and hydrogen atoms were added 
in ArgusLab (Planaria Software). All electronic structure 
calculations were performed in the ORCA 4.0.0.2 software 
package on the Bluemoon cluster of the Vermont Advanced 
Computing Core.32 Geometry optimizations were completed 
using the BLYP,33, 34 B3LYP,35 PBE,36 and PBE037 density 
functionals in combination with a def2-TZVP basis set,38 very 
tight SCF convergence criteria, and an implicit solvation model. 
The conductor-like polarizable continuum model (CPCM) was 
used to model the influence of methanol solvation on the 
geometric and electronic structure of octamethylporphyrin and 
its dianion.39 For each optimized DFT model, vibrational 
frequency calculations were performed to ascertain whether 
the structure represented a true minimum on the potential 
energy surface.

TDDFT was employed to predict the UV/Vis Abs spectra of 
octamethylporphryin and its dianion. These calculations utilized 
the same density functionals, basis set, and solvation model 
described above for geometry optimizations. The TDDFT 
calculations predicted the first 30 electronic states using an 
expansion space of up to six vectors per root. Finally, the UV/Vis 
Abs spectra were simulated based upon the TDDFT data by 
convoluting Gaussian-shaped bands with full width at half-
maximum bandwidths of 1500 cm-1.

The ground- and excited-state potential energy surfaces 
along the lowest energy ruffling and saddling normal modes 
were computed. Geometric coordinates for distortions along 
<100 cm-1 vibrational modes for the BLYP/def2-TZVP model of 
octamethylporphyrin described above were extracted using 
gOpenMol.40, 41 These coordinates were analysed by the 
normal-coordinate structural decomposition program to 
identify and categorize out-of-plane deformation modes.42, 43 
The b1u ruffling distortion was found to be a 42.6 cm-1 mode and 
the b2u saddling distortion was identified as a 22.2 cm-1 
vibration. The ground- and excited-state potential energy 
surfaces along these two modes were predicted using the MTR 
subprogram of ORCA. For each mode, 50 dimensionless normal-
coordinate displacements of 0.05 a.u. in both the positive and 

Fig. 2 ESI-MS spectra of CfbA (black line), nickel-bound CfbA (NiCfbA, dashed blue line), 
and cobalt-bound CfbA (CoCfbA, dashed red line). The observed masses of CfbA (16349 
Da), NiCfbA (16404 Da), and CoCfbA (16405 Da) are consistent with the formation of a 
1:1 complex between CfbA and a metal substrate.

negative directions from the equilibrium geometry were 
computed.

Results
Recombinant CfbA is properly folded

ESI-MS and CD data confirmed that the recombinant CfbA 
characterized in this work is identical to the native enzyme. The 
molecular weight of purified, recombinant CfbA is 16,349 Da 
according to ESI-MS (Fig. 2). Considering experimental error, 
this is consistent with the expected isotopically averaged mass 
of 16,347 Da for monomeric CfbA. Next, the secondary 
structure of CfbA was estimated using CD spectroscopy. The 
secondary structure of CfbA in solution is estimated to be 29 ± 
1 % α-helix and 19 ± 1 % β-sheet based upon analysis of the CD 
spectrum (Fig. S5). This secondary structure is similar to that 
observed in the X-ray crystal structure of monomeric A. fulgidus 
CfbA (PDB ID 1TJN, 28 % α-helix and 18 % β-sheet).20 The CD 
spectrum is less consistent with the dimeric X-ray crystal 
structure (PDB ID 2DJ5, 32 % α-helix and 21 % β-sheet). Thus, 
CfbA is likely a monomeric protein with a solution structure 
similar to its monomeric solid-state structure.

CfbA binds cobalt or nickel at an octahedral site

ESI-MS data demonstrate metal binding to CfbA. The molecular 
weights of CfbA following incubation with 40-fold molar 
excesses of CoCl2 or NiSO4 are 16,405 Da and 16,404 Da, 
respectively (Fig. 2). The most abundant isotopes of cobalt and 
nickel have molecular weights of 59 and 58 Da, respectively, so 
these mass changes are consistent with binding a single metal 
ion considering experimental error. Alternatively, the 1 Da 
discrepancy between the expected and observed masses could 
be due to deprotonation of a single amino acid, such as 
histidine, upon metal binding. Based upon ESI-MS intensities, 
CfbA is almost fully cobalt-bound and about 10% nickel-bound 
under the conditions employed here. Thus, further
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Fig. 3 5 K, 7 T MCD spectra of CoCl2 (blue, dashed) and CoCfbA (black) in 50 mM KPi pH 
8.0, 50 mM NaCl, 60 % (v/v) glycerol (A). 2, 5, 10, and 20 K saturation magnetization 
curves for the 495 nm band of CoCfbA constructed from MCD data acquired at 0, 1, 3, 5, 
and 7 T (B). The CoCl2 spectrum is consistent with a five-coordinate species, and the 
CoCfbA MCD data indicate the presence of a six-coordinate, S = 3/2 Co(II) ion.

spectroscopic characterization of metal binding by CfbA focused 
on cobalt-bound CfbA.

MCD spectroscopy revealed that CfbA-bound cobalt is an 
octahedral, high-spin Co(II) species. The MCD spectrum of CfbA-
bound cobalt is dominated by a temperature-dependent, 
negatively-signed band at 495 nm (Fig. 3A). This is consistent 
with an octahedral Co(II) complex lacking cysteine ligands, 
where one or more of the ligands may be solvent-derived.44, 45 
In contrast, the MCD spectrum of CoCl2 in the absence of CfbA 
has three negatively-signed bands at 623, 590, and 511 nm. 
These data indicated that aqueous Co(II) is five-coordinate in 
the 50 mM KPi pH 8.0, 50 mM NaCl, and 60 % glycerol (v/v) 
buffer used for MCD studies (Fig. S6).46 In order to determine 
the spin-state of CfbA-bound Co(II), the intensity of the 495 nm 
MCD band was plotted as a function of sample temperature and 
applied magnetic field (Fig. 3B). The “nesting” of the 
isotemperature curves is unambiguous evidence for a high-spin 
(S = 3/2) Co(II) ion.47 Thus, CfbA binds high-spin Co(II) with an 
octahedral coordination site comprised of nitrogen- and/or 
oxygen-based ligands.

CfbA binds a diverse set of tetrapyrroles

UV/Vis Abs data indicate that all five isomers of coproporphyrin, 
uroporphyrin, and protoporphyrin used in this study bind to 

Fig. 4 UV/Vis Abs spectra of 6 μM UPI in 50 mM Tris pH 8.0 and 150 mM NaCl, both in 
the absence (solid black line) and presence (dashed blue line) of equimolar CfbA (A). 
UV/Vis Abs spectra of 6 μM PPIX in 50 mM Tris pH 8.0, 150 mM NaCl, and 10% (v/v) 
methanol without (solid black line) and with (dashed red line) equimolar CfbA (B). CfbA 
binding perturbs the electronic structures of both porphyrins.

CfbA. Upon binding to CfbA, the Soret bands of coproporphyrin 
I, uroporphyrin I, and uroporphyrin III decrease in intensity and 
broaden (Fig. 4A, S7). These changes are most consistent with 
increased conformational heterogeneity for coproporphyrin I, 
uroporphyrin I, and uroporphyrin III upon binding to CfbA. On 
the other hand, the coproporphyrin III Soret band intensity 
increases upon binding to CfbA. This suggests that 
coproporphyrin III may adopt a more well-defined structure 
upon binding to the enzyme (Table S2). Similarly, the Soret band 
intensity of PPIX significantly increases upon binding to CfbA 
(Fig. 4B). In this case, the tetrapyrrole is only sparingly soluble 
in aqueous solution and its ill-advised to interpret the spectral 
changes as evidence for anything more than protein binding. 
Nevertheless, the UV/Vis Abs data do indicate that all five 
tetrapyrroles bind to CfbA and this event increases the 
conformational heterogeneity of coproporphyrin I, 
uroporphyrin I, and uroporphyrin III.

Binding to CfbA significantly shifts the energy of the Soret 
band, and introduces smaller perturbations to the Q band 
energies, for all five tetrapyrroles. The Soret band of 
coproporphyin I exhibits the largest red-shift of 1,100 cm-1 from 
26,900 cm-1 to 25,800 cm-1 upon binding to CfbA (Table 1). 
Somewhat surprisingly, the other isomer of coproporphyrin 
studied here, copropophyrin III, undergoes a 400 cm-1 blue-shift 
upon binding to CfbA. The Soret bands of both uroporphyrin 
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Table 1 Soret band shifts for porphyrin substrates upon binding to CfbA

Porphyrin Free (cm-1) CfbA-bound (cm-1) Bandshift (cm-1)
CPI 26,900 25,800 -1,100

CPIII 25,800 26,200 +400
UPI 25,200 24,900 -300

UPIII 25,200 24,800 -400
PPIX 26,700 26,300 -400

isomers and PPIX all moderately red-shift by 300-400 cm-1 upon 
binding to CfbA. On the other hand, the Q band components in 
the 15,000 to 21,000 cm-1 region do not consistently red- or 
blue-shift upon tetrapyrrole binding to CfbA. In the cases of 
coproporphyrin I and uroporphyrin I, CfbA binding does not 
induce any Q-band shifts that are larger than experimental 
error. For the other three tetrapyrroles, some Q-band 
components red- or blue-shift, but in none of these cases do all 
four Q-band components consistently red- or blue-shift (Table 
S3). Thus, the Soret band energies appear to be a useful 
spectroscopic probe for CfbA binding, but the Q band energies 
do not.

CfbA promotes metal insertion into several tetrapyrroles

CfbA increases the rate of cobalt insertion into coproporphyrin 
I, uroporphyrin I, and uroporphyrin III. Most notably, 5 μM 
uroporphyrin I was fully converted to cobalt-uroporphyrin I in 
under one minute by 5 μM CfbA in 50 mM Tris pH 8.0, 150 mM 
NaCl, and 200 μM CoCl2 at room temperature (Fig. 5A). This 
represents a significant rate increase compared to the enzyme-
free reaction, which converted 5 μM uroporphyrin I to cobalt-
uroporphyrin I with a pseudo-first order rate constant of 0.095 
± 0.003 min-1 (Table 2). CfbA also promoted the insertion of 
cobalt into coproporphyrin I and uroporphyrin III. In these 
cases, the enzyme-promoted rates were 2.8- and 4.2-fold 
greater than the CfbA-free reactions, respectively. In contrast, 
the rate of cobalt insertion into coproporphyrin III was 
unchanged by the addition of CfbA (Fig. S8). Nevertheless, these 
data do clearly indicate that CfbA promotes cobalt insertion into 
three of the four isomers of coproporphyrin and uroporphyrin 
investigated here.

CfbA also promotes the insertion of cobalt into PPIX. Over 
the course of 72 hours in 50 mM Tris pH 8.0, 150 mM NaCl, and 
10% methanol (v/v), CfbA converts CoCl2 and PPIX to a product 
with an intense UV/Vis Abs maximum of 424 nm (Fig. 5B). Under 
these same conditions, but in the absence of CfbA, there is no 
observable product formation and instead PPIX partially 
precipitates out of solution.48 ESI-MS was employed to assess 
whether the product with an intense 424 nm UV/Vis Abs 
maximum was CoPPIX (Fig. S9). Indeed, the reaction generates 
a product with a mass of 619.5 Da, which is consistent with 
formation of CoPPIX. Finally, samples of Co(III)PPIX and 
Co(II)PPIX were prepared non-enzymatically and characterized 
using UV/Vis Abs spectroscopy to determine the oxidation state 
of the enzyme product (Fig. S10). Based upon the results of 
these experiments, CfbA converts CoCl2 and PPIX to enzyme-
bound Co(III)PPIX.31 Thus, formation of CfbA-bound Co(III)PPIX 
from Co(II) and PPIX is likely a two-step reaction where the 

Fig. 5 UV/Vis Abs spectra of CfbA, UPI, and excess CoCl2 in 50 mM Tris pH 8.0, 150 mM 
NaCl immediately following mixing (blue line), after 1-29 min. (dashed grey lines), and 
after 30 min (black line, A). UV/Vis Abs spectra of CfbA, PPIX, and excess CoCl2 in 50 mM 
Tris pH 8.0, 150 mM NaCl, 10% methanol (v/v) immediately following mixing (blue line), 
after 1-6 h (dashed grey lines), and after 72 h (black line, B). UV/Vis Abs spectra of CfbA, 
UPIII, and excess NiSO4 in 50 mM Tris pH 8.0, 150 mM NaCl immediately following mixing 
(blue line), after 1-119 min. (dashed grey lines), and after 120 min (black line, C). CfbA 
promotes conversion of UPI and PPIX to Co–UPI and Co–PPIX, respectively. CfbA also 
promotes conversion of UPIII to Ni–UPIII.

initial Co(II)PPIX product is rapidly oxidized by molecular oxygen 
following metal insertion.

Finally, CfbA also promotes nickel insertion into 
uroporphyrins I and III. Enzyme activity assays were carried out 
and analysed as described above for cobalt, only with nickel as 
the metal substrate. In the presence of 5 μM CfbA, 5 μM 
uroporphyrin III was converted to nickel-uroporphyrin III in 50 
mM Tris pH 8.0, 150 mM NaCl, and 200 μM NiSO4 over the 
course of two hours at room temperature (Fig. 5C). CfbA-
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Table 2 Pseudo-first order rates for Co insertion into porphyrin substrates (min-1)

Porphyrin Without CfbA With CfbA % Increase
CPI 0.0273 ± 0.0005 0.077 ± 0.002 180%

CPIII 0.078 ± 0.009 0.0796 ± 0.0003 2%
UPI 0.095 ± 0.003 >>1 >>900%

UPIII 0.110 ± 0.002 0.46 ± 0.02 320%
PPIX 0 >0 ∞

Table 3 Pseudo-first order rates for Ni insertion into porphyrin substrates (min-1)

Porphyrin Without CfbA With CfbA % Increase
CPI 0 0 0%

CPIII 0 0 0%
UPI 0 0.0029 ± 0.0002 ∞

UPIII 0 0.0171 ± 0.0002 ∞
PPIX 0 0 0%

catalysed Ni(II) insertion into uroporphyrin I was six-fold slower 
under these same conditions (Table 3). Unlike the Co(II) 
insertion assays, no Ni(II) insertion into either uroporphyrin was 
observed in the absence of CfbA (Fig. S11). As for the 
coproporphyrin and protoporphyrin substrates, nickel insertion 
was not observed in either the presence or absence of CfbA. 
Nevertheless, the data for coproporphyrin III merits further 
comment. Over the course of 30 hours, the Soret band for 
coproporphyrin III shifted from 389 to 403 nm in the presence 
of CfbA. However, the conversion of the Q band from four 
components to two components as is typically associated with 
tetrpyrrole metalation did not occur.49, 50 Thus, we conclude 
that coproporphyrin III binds to CfbA, but Ni(II) is not inserted. 
To summarize the nickel activity assay data, CfbA catalyses 
nickel insertion into uroporphryins and Ni(II) insertion into 
uroporphyrin III is six times faster than insertion into 
uroporphyrin I.

CfbA ruffles uroporphyrin and protoporphyrin

A DFT model was developed in order to gain further insight into 
how CfbA promotes metal chelation. Due to the complex 
electronic structure of the porphyrin π system, it is necessary to 
validate potential DFT models using experimental UV/Vis Abs 
data prior to analysis. Thus, we developed fully geometry 
optimized models of octamethylporphyrin using the BLYP, PBE, 
B3LYP, and PBE0 density functionals (Fig. S12). The BLYP and 
PBE TDDFT-predicted Soret band energies are more similar to 
experiment than those predicted by TDDFT calculations with 
the B3LYP or PBE0 functionals, which indicates that the 
generalized gradient approximation functionals produce more 
accurate models of the porphyrin valence orbital energies and 
the configuration interaction mixing between the first two 
excited states.49 The BLYP TDDFT calculation generates the most 
accurate Soret to Q band intensity ratio, which means that this 
is the most accurate model for valence orbital energies and 
configuration interaction mixing. However, the BLYP TDDFT-
predicted Q-band region only exhibited three bands compared 
to the four observed experimentally. This is not necessarily 
surprising because the TDDFT model has neglected vibronic 
coupling,50 and a wide range of theoretical models have failed 

Fig. 6 BLYP TDDFT-predicted influence of a b2u out-of-plane saddling deformation on the 
Soret band transition energies. Two TDDFT transitions (black and blue diamonds) 
contribute to the observed UV/Vis Abs band. The model predicts a 10-25 cm-1 red-shift 
of the Soret band per 0.1 Å of saddling from the equilibrium value of 0.15 Å. Porphyrin 
saddling cannot explain the porphyrin Soret bandshifts observed upon binding to CfbA.

to accurately reproduce this aspect of the porphyrin UV/Vis Abs 
spectrum.51 Thus, the BLYP model will be used to elucidate 
CfbA-induced perturbations of the tetrapyrrole substrate, and 
our analysis will emphasize changes observed for the Soret 
band.

The BLYP model developed in this work reveals that the 
CfbA-induced changes to the tetrapyrrole UV/Vis Abs spectra do 
not arise from substrate deprotonation. This is an important 
discovery because small molecule studies have shown that 
porphyrin deprotonation does induce a red-shift of the Soret 
band as seen here for four of the five tetrapyrrole substrates 
upon binding to CfbA.52  Furthermore, small molecule studies 
have shown that porphyrin deprotonation promotes metal 
chelation by generating four pyrrole nitrogen lone pairs.53 
Deprotonation of the BLYP model for octamethylporphyrin 
followed by geometry optimization and TDDFT prediction of the 
UV/Vis Abs spectrum does predict an 1,800 cm-1 red-shift of the 
Soret band (Fig. S13). However, the TDDFT calculations also 
predict a decrease in the number of Q bands to two, which has 
been observed previously for porphyrin structural changes that 
increase molecular symmetry.50 The TDDFT-predicted red-shift 
of the Soret band upon porphyrin deprotonation is larger than 
any of the band-shifts observed in this study. Also, no significant 
changes to the shape of the Q-band region were observed 
experimentally for any of the five tetrapyrroles. Thus, we 
conclude that the CfbA-induced changes to the tetrapyrrole 
UV/Vis Abs spectra are not due to substrate deprotonation and 
must arise from a different structural change.

The DFT model developed here also reveals that the UV/Vis 
Abs changes observed upon binding substrate to CfbA cannot 
be attributed to a saddling deformation of the tetrapyrrole. The 
saddling deformation has been previously correlated with 
ferrochelatase activity,54-57 and this distortion could explain the 
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Fig. 7 BLYP TDDFT-predicted influence of a b1u out-of-plane ruffling deformation on the 
Soret band transition energies. Two TDDFT transitions (black and blue diamonds) 
contribute to the observed UV/Vis Abs band. The model predicts a 20-100 cm-1 red-shift 
of the Soret band per 0.1 Å of ruffling from the equilibrium value of 0.12 Å. An increase 
of porphyrin ruffling to 1.4, 1.6, and 1.6 Å, respectively, can explain the UPI, UPIII, and 
PPIX Soret band red-shifts observed upon binding to CfbA.

disorder observed in the X-ray crystal structure of CfbA-bound 
metal sirohydrochlorin (PDB ID 2XWQ).22 Thus, the 
computational model of octamethylporphyrin was distorted 
along its lowest energy saddling normal mode and the UV/Vis 
Abs spectrum was predicted by TDDFT at each point (Fig. 6). 
These calculations revealed that saddling induces a minor red-
shift of the Soret band by 10-25 cm-1 per 0.1 Å for small 
distortions from the equilibrium value of 0.15 Å. This minor red-
shift is consistent with previous computational studies which 
concluded that saddling does not significantly red-shift the 
tetrapyrrole Soret band.58, 59 Due to the minor dependence of 
the Soret band energy on saddling, the 300-1,100 cm-1 red-shifts 
for coproporphyrin I, uroporphyrin, and PPIX could only be 
explained by saddling if CfbA-binding increases tetrapyrrole 
saddling to greater than 1.9 Å. In addition, the 400 cm-1 blue-
shift of the coproporphyrin III Soret band could only be 
explained by saddling if CfbA-binding decreases the magnitude 
of this deformation to less than 0 Å! Since none of these large 
structural changes are consistent with the X-ray crystal 
structure of CfbA-bound metal sirohydrochlorin (PDB ID 2XWQ), 
we conclude that saddling is not the origin of the UV/Vis Abs 
changes observed here.

Instead of deprotonation or saddling, the computational 
model developed here identifies ruffling as the most likely origin 
of the CfbA-induced spectral changes. A series of TDDFT-
predicted UV/Vis Abs spectra as a function of distortion along 
the lowest energy ruffling mode were generated (Fig. 7). These 
data predict that the tetrapyrrole Soret band will moderately 
red-shift by 20-100 cm-1 per 0.1 Å with increased ruffling from 
the equilibrium value of 0.12 Å. Even with this moderate 
dependence upon ruffling, the large Soret band shifts observed 
for CPI and CPIII upon binding to CfbA cannot be readily 

explained. Most likely, CfbA distorts coproporphyrin in a 
different fashion. However, the CfbA-induced 300-400 cm-1 red-
shifts of the uroporphyrin and PPIX Soret bands are fully 
consistent with a ruffling deformation. Based upon the spectro-
structural model described in this work, CfbA increases 
uroporphyrin I, uroporphyrin III, and PPIX ruffling to 1.4. 1.6, 
and 1.6 Å, respectively. Thus, while the CfbA-induced Soret 
band red-shifts for uroporphyrin and PPIX are too small to be 
attributed to pyrrole deprotonation, and too large to be 
attributed to a saddling deformation, but “just right” for 
enzyme-induced ruffling of the tetrapyrrole substrate.

Discussion
Class II chelatases bind labile transition metals

The MCD data presented in this work reveals that a labile metal 
binding site appears to be common to class II chelatases. 
Specifically, the MCD data clearly demonstrates that CfbA-
bound cobalt is an octahedral, high-spin Co(II) species (Fig. 3). 
Based upon fundamental coordination chemistry principles, 
high-spin Co(II) is a labile metal that will undergo rapid ligand 
substitution reactions to form the most thermodynamically-
favourable complex. Importantly the ligand field electronic 
structure extracted from the Co-bound CfbA MCD data strongly 
suggests that Ni-bound CfbA will have an octahedral, high-spin 
Ni(II) ion. Octahedral, high-spin Ni(II) is also labile, whereas a 
square planar Ni(II) ion would be low-spin and kinetically inert. 
Interestingly, previous studies have shown that the metal 
substrate of ferrochelatase is high-spin Fe(II).54, 60 Thus, 
ferrochelatase also appears to exert important control over the 
coordination geometry and oxidation state of its metal 
substrate, iron, since high-spin Fe(II) is labile, but low-spin Fe(III) 
and Fe(II) are inert. As discussed in the final section, the 
observation that class II chelatases bind labile metal substrates 
has important implications for their enzymatic mechanism.

CfbA ruffles its tetrapyrrole substrate

Analysis of the UV/Vis Abs data presented here within the 
framework of DFT calculations strongly suggests that CfbA 
induces a ruffling out-of-plane distortion of its tetrapyrrole 
substrate in contrast to the saddling deformation reported for 
ferrochelatase. CfbA binding triggers a 300-400 cm-1 red-shift of 
the uroporphyrin and PPIX Soret bands (Fig. 4 and Table 1). DFT 
calculations have demonstrated that this is consistent with 
increased tetrapyrrole ruffling, but not saddling or 
deprotonation (Figs. 6-7). The choice of ruffling as an out-of-
plane distortion by CfbA may have important implications for its 
native function as a nickel chelatase. Ruffled nickel 
tetrapyrroles are known to have an additional bonding 
interaction between the Ni 3dxy and porphyrin a2u orbitals,59 
which means that ruffling of a tetrapyrrole substrate may 
stabilize a nickel tetrapyrrole product and thermodynamically 
drive the reaction to completion. On the other hand, 
ferrochelatase has been shown to saddle its tetrapyrrole 
substrate.54, 56 The saddling out-of-plane deformation drives the 
pyrrole nitrogen lone pairs out of the macrocyclic plane, which 
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Fig. 8 Side-chain substitutions influence the degree of porphyrin out-of-plane 
deformation upon binding to CfbA and the rate enhancement for Co insertion. The side-
chains highlighted in blue are identical to those of the native substrate, sirohydrochlorin 
(SHC).

is proposed to promote iron chelation.61 Ruffling does not drive 
the pyrrole nitrogen lone pairs out of the macrocyclic plane,42 
and we will discuss the potential mechanistic implications of 
this deformation in the final section.

The ruffling deformation induced by CfbA depends upon the 
identity and isomer of the tetrapyrrole substrate. The UV/Vis 
Abs spectral changes observed upon binding coproporphryins 
to CfbA are inconsistent with deprotonation, saddling, or 
ruffling of these tetrapyrroles. The spectral data suggest that 
coproporphyrins are strongly perturbed upon binding to CfbA, 
but may not be properly positioned within the enzyme active 
site. On the other hand, uroporphyrins and PPIX exhibit 
moderately red-shifted Soret bands upon binding to CfbA, 
which is consistent with ruffling of these substrates. A closer 
examination of the data for the uroporphyrin isomers reveals 
that the magnitude of the ruffling deformation depends upon 
the exact pattern of side-chains around the tetrapyrrole core 
(Fig. 8). Uroporphyrin III, which has the same distribution of 
carboxylic acid side-chains as the native SHC substrate, is more 
ruffled than UPI. This strongly suggests that CfbA triggers a 
ruffling deformation of its native SHC substrate. With these 
details regarding nickel and SHC binding by CfbA now available, 
a mechanistic proposal emerges that has similarities to and 
differences from that of ferrochelatase.

The novel mechanism of CfbA is an ideal starting point for 
development of synthetic chelatases

The spectroscopic and computational data presented in this 
manuscript reveals that the mechanism of metal insertion by 
CfbA is distinct from that of ferrochelatase. Based upon the 
spectroscopic data presented here, and analysis of data 
available in the literature,54, 60 both CfbA and ferrochelatase 
bind a labile metal. This means that the metal substrates of 
these enzymes will rapidly exchange ligands within the enzyme 
active sites and there is no kinetic barrier associated with metal 
desolvation. A major difference between CfbA and 

Fig. 9 Proposed mechanism for Ni(II) insertion into SHC by CfbA based upon the data 
presented in this article. Upon binding to CfbA, high-spin octahedral Ni(II) is labile and a 
rapid equilibrium will be established between six- and five-coordinate Ni(II). This strongly 
suggests that CfbA follows a dissociative substitution mechanism in order to insert Ni(II) 
into a ruffled SHC substrate.

ferrochelatase is the manner in which these enzymes bind a 
tetrapyrrole substrate. Whereas ferrochelatase binds a saddled 
PPIX substrate,54, 56 the spectroscopic and computational data 
presented here strongly suggests that CfbA binds a ruffled SHC 
substrate (Fig. 7).  PPIX saddling is a key component of the 
proposed ferrochelatase mechanism since this out-of-plane 
distortion drives the pyrrole nitrogen lone pairs out of the 
macrocyclic plane and minimizes the kinetic barrier to iron–
nitrogen bond formation.61 The ruffling deformation induced by 
CfbA does not push the pyrrole nitrogen lone pairs out-of-plane, 
42 so this enzyme must follow a unique mechanism. For CfbA, 
pushing the pyrrole nitrogen lone pairs out-of-plane may simply 
be unnecessary due to the smaller ionic radius of Ni(II). Instead, 
the ruffling deformation may offer a thermodynamic driving 
force for tetrapyrrole metalation by destabilizing the organic 
reactant and stabilizing the inorganic product (Fig. 9).59

It is worth noting that the data presented in this manuscript 
suggests that CfbA preferentially inserts nickel into its native 
tetrapyrrole substrate, SHC. Of the five tetrapyrrole substrates 
investigated in this work, SHC is most similar to UPIII (Fig. 8). 
SHC and UPIII have the same distribution of carboxylic acid side-
chains, but pyrrole rings A and B are further reduced in SHC. 
UPIII is tied with PPIX as the most ruffled CfbA substrate 
investigated here (Table 1). Importantly, the UPIII analogue of 
SHC is more ruffled than UPI. Finally, CfbA-catalyzed nickel 
insertion is six-times faster than nickel insertion into UPI (Table 
3). This is a striking reversal of tetrapyrrole substrate preference 
compared to cobalt insertion (Table 2). More definitive 
conclusions regarding the preference of CfbA for SHC will 
require future studies employing SHC itself, but these data 
identify an intriguing correlation between the identities of the 
tetrapryrrole side-chains and nickel insertion activity.

The mechanism of CfbA merits further investigation since 
this is the first enzyme shown to promote metal insertion into 
both porphyrins and bacteriochlorins. Previous studies have 
demonstrated that CfbA can insert Fe(II),11, 19 Co(II),11, 19, 20 and 
Ni(II)11, 17, 21 into SHC based upon both in vitro and in vivo assays. 
Here, we have reported CfbA-promoted Co(II) insertion into 
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coproporphyrin, uroporphyrin, and PPIX based upon careful 
spectroscopic characterization of the reaction (Fig. 5). We have 
also observed CfbA-catalysed Ni(II) insertion into uroporphyrin. 
Co–PPIX is a particularly valuable product because this species 
has been shown to catalyse two reactions of particular 
relevance for the development of fuel cells.62-69 Also, 
coproporphryin, uroporphyrin, PPIX, and SHC are a reasonably 
broad representation of tetrapyrrole structures and electronic 
structures. The number of propionate side-chains in this set of 
substrates ranges from two (PPIX) to eight (SHC), and the 
number of electrons in the tetrapyrrole π system ranges from 
18 in SHC to 22 in the porphyrins. This broad substrate scope 
means that CfbA is a good starting point for design of synthetic 
chelatases via iterative improvement of existing function. The 
mechanistic insights revealed by this study represent a critical 
first step in this process.

Conclusions
In summary, this work has shown that CfbA has the broadest 
substrate scope of all characterized chelatases and has provided 
critical insight into the enzymatic mechanism. The metal 
binding site of CfbA accommodates an octahedral, high-spin 
Co(II) ion. Thus, the metal substrate is labile, metal desolvation 
is facile, and this is not the rate-limiting step of the reaction. The 
tetrapyrrole binding site of CfbA induces a ruffling deformation 
of this substrate. This ruffling distorition is distinct from the 
critical saddling deformation observed in ferrochelatase,54, 56 
which means that the CfbA mechanism must be different from 
that proposed for ferrochelatase.61 These data reveal a 
fascinating correlation between native metal substrate identity 
and tetrapyrrole distortion.
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