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Porphyrins are of particular interest in a variety of applications
ranging from biocatalysis and chemical synthesis to biosensor
and electronic technologies as well as cancer treatment. Recently,
we have developed a versatile system for the high-level produc-
tion of porphyrins in engineered E. coli cells with the aim of di-
versifying substitution patterns and accessing porphyrin systems
not readily available through chemical synthesis. However, this
approach failed to produce significant amounts of the metallo-
porphyrin in vivo from overproduced protoporphyrin due to in-
sufficient metal insertion. Therefore, we systematically assessed
the activity of the B. subtilis ferrochelatase in vivo and in vitro. A
true high-throughput-screening approach based on catalytic in
vivo ferrochelatase activity was developed by using fluorescence-

Introduction

Porphyrins are ubiquitous cofactors in nature and play an im-
portant role in a variety of essential biological processes, in-
cluding oxygen storage and transport (myoglobin and hemo-
globin), electron transport (cytochromes b and c), and hydro-
carbon oxidation (cytochrome P450 and cytochrome ox-
idase)." These proteins bind porphyrins that contain ferrous
iron as a central metal ion. Other proteins, like the methyl
coenzyme M reductase, contain a hydroporphinoid nickel com-
plex; magnesium is the central metal ion of chlorophylls and
bacteriochlorophylls, whereas cobalt is incorporated in the
corrin system of vitamin B-122 In addition to their central
metal diversity, natural porphyrin systems acquire various sub-
stitution patterns and functional groups during their biosyn-
thesis from a common cyclic tetrapyrrole scaffold (uroporphyri-
nogen lll). Their structural and functional variability makes
these pigments of considerable interest for numerous applica-
tions, such as chemo- and biocatalysis, artificial light-harvesting
systems, biological sensors, molecular imprinting, and in
cancer research.”

So far, these compounds have been chemically synthesized
by either total synthesis or functional derivatization of natural
metalloporphyrins such as heme.” However, biosynthetic-path-
way engineering combined with rational and evolutionary pro-
tein-design strategies is a promising tool to broaden the acces-
sible structural diversity of tetrapyrrols. We recently developed
a versatile system for tailored overproduction of porphyrins in
metabolically engineered Escherichia coli to serve as starter
structures for the applications described above (Scheme 1)."”
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activated cell sorting (FACS). This assay was used to screen a li-
brary of 2.4x 10° ferrochelatase mutants expressed in protopor-
phyrin-overproducing recombinant E. coli cells. Several selected
protein variants were purified, and their improved catalytic activi-
ty was confirmed in vitro. In addition to ferrochelatase activity,
metal transport into E. coli was identified as another limitation
for in vivo heme overproduction. Overexpression of the metal
transporter zupT as part of the assembled pathway increased the
overall metalloporphyrin production twofold. This report repre-
sents the most exhaustive in vitro evolution study of a ferrochela-
tase and demonstrates the effectiveness of our novel high-
throughput-screening system for directed evolution of ferrochela-
tases based on their catalytic activity.

However, the overall production of heme in this approach was
insufficient even though a ferrochelatase (HemH) was function-
ally expressed in E. coli-overproducing protoporphyrin IX (pro-
to IX); this suggests a limited iron transport into the cell, a low
in vivo activity of the ferrochelatase, or both.”

Ferrochelatase catalyzes the terminal step in heme biosyn-
thesis, the insertion of Fe?™ into proto IX.”! The most widely
adopted catalytic mechanism of the enzyme involves binding
of proto IX and the metal ion to the enzyme, distortion of the
porphyrin ring to expose the nitrogen lone-pair orbital towards
the metal ion, deprotonation of the proto IX, and finally, met-
al-ligand exchange and release of the heme product.”

The catalytic turnover of ferrochelatases is typically low; this
indicates a limited ability to differentiate between the porphyr-
in substrate and the metal-containing product.® So far, ferro-
chelatase activity has not been systematically investigated by
in vitro evolution approaches. The major limitation has been
the lack of an applicable high-throughput-screening method
for the evaluation of large ferrochelatase libraries. Herein, we
report the development of such a novel, versatile high-
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Scheme 1. Porphyrin synthesis in E. coli cells overexpressing heme biosynthetic genes (hemA-hemH shown) assembled on three plasmids pAC-hemABCD, pBBR-
hemEF, pUCmod-hemH.” P: propionate, A: acetate, M: methyl, V: vinyl. The oxidation of protoporphyrinogen to protoporphyrin is either catalyzed by HemF, when

the enzyme is overproduced, or occurs spontaneously.

throughput screening strategy using fluorescence-activated
cell sorting (FACS) of ferrochelatase libraries expressed in por-
phyrin-overproducing E. coli cells. Several new ferrochelatase
variants with significantly increased iron chelatase activity in
vivo and in vitro were obtained.

Results and Discussion

Overexpression of the metal transporter ZupT increases
heme biosynthesis

Prior to this study, the entire heme biosynthetic pathway had
been assembled by using a three-plasmid system (pAC-hem-
ABCD, pBBR-hemEF, pUC-hemH) and overexpressed in E. coli,
yielding high levels of porphyrins (up to 90 pmolL™").”! Howev-
er, the insertion of metal into proto IX was inefficient and yield-
ed less then 2 umolL™" of heme although the Bacillus subtilis
ferrochelatase (HemH) was found to be overexpressed and
active in vitro.”! These results indicated either limited iron
transport into the cell or the lack of ferrochelatase activity in
vivo. In order to investigate a possible metal limitation in vivo,
the gene encoding the E. coli zinc-uptake protein (ZupT),
which belongs to the ZIP (zinc and iron transporter) metal-
transporter family and mediates zinc-, iron-, copper-, and cad-
mium-ion uptake,” was cloned and coexpressed in proto IX
producing E. coli cells containing plasmids pAC-hemABCD,
pBBR-hemEF, and pUC-hemH or pUCmod (control). After culti-
vation of E. coli transformants in the presence of ZnSO, or
FeSO, for 48 h, all porphyrin compounds were extracted and
analyzed by HPLC. Overexpression of zupT together with the
heme pathway doubled the production level of heme and of
Zn-proto IX (Table 1 and Figure S1 in the Supporting Informa-
tion showing HPLC analysis of porphyrin extracts). The same
effect was observed when ZupT was overexpressed in proto -
IX-producing cells without the B. subtilis ferrochelatase (HemH)
present in the assembled pathway, probably due to the activity
of chromosomal E. coli ferrochelatase HemH. These results
clearly demonstrated that ZupT was functionally overexpressed
as iron and zinc transporter, and indicated that metal uptake is
a crucial limitation for overproduction of metal porphyrins in
engineered E. coli, which can be overcome by metal uptake
systems.
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Table 1. Metalloporphyrin biosynthesis in E. coli transformants overexpress-
ing the metal-ion transporter ZupT.

[b]

Overexpressed genes® Conversion [%]

Zn-Proto IX Heme
hemA, B, C, D, E F 204 7.5
hemA, B, G D, E FH 323 12.9
hemA, B, C, D, E, F + zupT 41.1 14.7
hemA, B,C, D, E, F H + zupT 624 21.3

[a] E. coli transformants containing three plasmids: pACmod-hemABCD
and pBBR-hemEF or pBBR-hemEFzupT, and pUCmod-hemH or pUCmod.
[b] Calculation of conversion: [metalloporphyrin]/[metalloporphyrin  +
proto IX]x 100.

Development of a FACS-based high-throughput screen for
ferrochelatase activity

Because significant amounts of proto IX still accumulated in
cultures overexpressing zupT, ferrochelatase activity within the
overexpressed heme pathway appeared to be rate limiting
(Table 1). To obtain ferrochelatase variants with improved
metal-insertion activity in proto IX-overproducing E. coli cells,
we chose an in vitro evolution approach. Such an approach re-
quires a fast and specific assay for the screening of the large
mutant libraries. Unfortunately, reported ferrochelatase in vitro
assays are unsuitable for high-throughput screening, as they
require anaerobic conditions to maintain the ferrous substrate
in the reduced state thus resulting in cumbersome assay pro-
cedures and low sensitivities."” Alternatively, a stable bivalent
zinc ion may substitute the ferrous iron in the assay but the
ferrochelatase variants selected for in such a zinc-activity
screen may not show the desired enhanced iron-chelatase ac-
tivity. Thus, a cell-based screen that directly measures in vivo
activity by using the natural metal substrate would be the best
solution. Since screening for increased heme production in
E. coli by HPLC analysis is time consuming and laborious, we
developed a new high-throughput screening method based
on FACS analysis of E. coli cells overproducing porphyrins and
metalloporphyrins to screen a library of >10° ferrochelatase
variants.

As shown in Figure 1, FACS analysis can efficiently discrimi-
nate between three different E. coli cell populations at 650 nm
(FL3 region): 1) reference cells unable to overproduce porphyr-
ins (containing empty control plasmids pACmod, pBBR1 MCS-2,
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Figure 1. A) FACS analysis of E. coli transformants on the basis of ferrochela-
tase activity. Control cells (population 1, containing pACmod, pBBR1 MCS-2,
pUCmod), Zn-proto IX-producing cells (population 2, containing pAC-
hemABCD, pBBR-hemEFzupT, pUCmod-hemH168), and proto IX-producing
cells (population 3, containing pAC-hemABCD, pBBR-hemEF, pUCmod). B) FACS
histogram of proto IX-overproducing E. coli transformants coexpressing hemH
wild-type (1) and hemH library (2). Region R1 shows the sort gate used to iso-
late the ferrochelatases with increased activity.

pUCmod), 2) cells overproducing Zn-proto IX (containing pAC-
hemABCD, pBBR-hemEFzupT, pUCmod-hemH168), and 3) cells
overproducing proto IX (containing pAC-hemABCD, pBBR-
hemEF, pUCmod). The empty vector reference cells gave only
low intensity background fluorescence (population 1, Fig-
ure 1A) whereas the proto IX-overproducing E. coli cells gave
the highest fluorescence intensity at 650 nm (population 3, Fig-
ure 1A). The insertion of metal into proto IX decreased the
fluorescence intensity of the cells as observed with Zn-proto
IX-producing E. coli cells (population 2, Figure 1A). Thus, in
vivo metalloporphyrin overpro-

duction related to ferrochelatase
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detection of the produced Zn-proto IX at a blue-shifted emis-
sion maximum (578 nm compared to 650 nm for proto IX).

Isolation of ferrochelatase variants with increased chelatase
activity

To enhance ferrous iron (Fe*) activity, the ferrochelatase hemH
gene from B. subtilis 168 was subjected to error-prone PCR,
and the resulting mutant library cloned into pUCmod prior to
transformation into proto IX-producing E. coli cells (containing
plasmids pACmod-hemABCD and pBBR-hemEFzupT). The library
was cultivated for 48 h, as described in the Experimental Sec-
tion, and subsequently sorted by FACS (Figure 1B). The R1
region of the analyzed population (boxed in Figure 1B) with
the lowest proto IX fluorescence, indicative of a high proto IX-
to-heme conversion, was collected. A total of 2.4x10° cells
were evaluated in 24 min, and 3052 individual clones were re-
covered and isolated on selective LB agar plates. From these,
six clones were picked randomly, cultivated as described, and
analyzed by HPLC. The quantitative porphyrin analysis con-
firmed the increased proto IX-to-heme conversion of the FACS-
selected mutants compared to wild-type (WT) HemH (Table 2,
Figure 2). Thus, the developed FACS screen for proto IX-pro-
ducing E. coli cells proved to be a powerful and efficient direct
high-throughput method for the in vitro evolution of ferroche-
latases.

The selected mutant ferrochelatase genes contained one to
seven base-pair changes translating into one to three amino
acid substitutions (Table 1). To analyze the effects of the muta-
tions in vitro, the ferrochelatase variants and wild-type gene
were His-tagged at the C terminus and purified by immobilized
metal-affinity chromatography (Figure S2 in the Supporting In-
formation). All mutants, except for mutant M5 (R31G; ca. three-
fold increase in expression according to SDS-PAGE density
data, not shown), were expressed at levels similar to the wild-
type gene.

The catalytic properties of the mutants and wild-type ferro-
chelatase were determined with a discontinuous assay at dif-
ferent Fe’* and proto IX concentrations under anaerobic con-
ditions (to maintain ferrous iron in the reduced state), as re-
ported."” The kinetic constants given in Table 2 (Vi Keoo
KP©X k') were calculated from Lineweaver-Burk plots. The
detected catalytic turnover rate (k) of the wild-type ferro-

activity can be detected based
on a decrease in proto IX fluo-
rescence intensity, which is inde-
pendent of the incorporated

metal and makes this assay gen-
erally applicable for proto IX
metal insertion. For convenience
of culture handling, preliminary
experiments to establish this
assay were performed with the
stable zinc ion, which offered
the additional benefit of direct
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Table 2. Production of heme in recombinant E. coli overexpressing the proto IX pathway along with wild-type or
mutated hemH genes (M1-M6) identified by FACS and catalytic properties of ferrochelatases.
Ferrochelatases Conversion® Viax Ko KEe Kear

[%] [nmolmg~"min™"] [um] [um] [min™]
Wild-type 441 41 0.91 13 1.4
T302A (M1) 74.7 54 0.79 19 1.9
D76G, K102T (M2) 81.9 56 0.44 21 2.0
E61K (M3) 76.1 67 0.78 17 24
M11V, G104A (M4) 78.9 65 13 9.4 23
R31G (M5) 824 33 0.83 10 1.2
E61K, L185Q, 212D (M6) 89.3 93 0.86 14 33
[a] Calculation of conversion: [heme]/[heme + proto IX]x 100.

www.chembiochem.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1071



www.chembiochem.org

BIO

A) )
1
€ |
S ‘ \ |
5 -
L [
z | 1.
% J PSS
S | B
IS 1
= |
=)
’ |
‘ \
| |
|
B
.
[ /A_&/‘\k,\f/W\JL
\L—__,_/f/—//’/hiﬁ
0 10 20 30 40

tim ——

Figure 2. A) HPLC analysis of porphyrin extracts from E. coli transformants har-
boring A) pAC-hemABCD, pBBR-hemEFzupT, pUCmod-hemH (WT) and B) pAC-
hemABCD, pBBR-hemEFzupT, pUCmod-hemH (M6). The separated peaks were
identified as heme (peak 1, A.,=502 [a], 628 [B], and 536 nm [shoulder];
[M+H]* at m/z=616.3) and proto IX (peak 2, Ayq= 505, 539, 574, and

628 nm; [M+H]™ at m/z=563.4).

chelatase with iron (Fe**; 1.4 min~") was 20-fold lower than
that published for Zn?*;™! this agrees with similar observa-
tions described previously® and may be explained by meth-
odological differences between continuous and discontinuous
assays as reported by Shi and Ferreira.'” However, to our
knowledge, a direct comparison of Zn’* and Fe?* turnover
rates of B. subtilis ferrochelatase has not been reported so far.
All FACS-selected ferrochelatase mutants, except for the over-
expression mutant M5, showed a 1.4-2.4-fold higher catalytic
turnover (k) compared to the wild-type enzyme.

Structural mapping of ferrochelatase mutations

The obtained mutations were mapped on the X-ray structure
of the B. subtilis ferrochelatase"” so as to find explanations for
the observed catalytic effects. Except for amino acid substitu-
tions L185Q and R31G, all mutations were located on the sur-
face of the B. subtilis protein and far away from the active site
(Figure 3).

Interestingly, mutated residue R31 is part of a positively
charged “lid”, formed by residues R31, R30, R33, and K188, that
covers the porphyrin binding cleft and participates in substrate
binding.® Our data suggest that the loss of a positive charge
in mutant R31G (M5) causes the slight decrease of catalytic
turnover (k) observed. However, the increased expression
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K102T

Figure 3. Structure of the B. subtilis ferrochelatase showing the location of the
mutations.

level over-compensated for the decrease in activity and en-
hanced heme biosynthesis in vivo (Table 1).

The active site of HemH contains two invariant residues
(H183 and E264) and hosts several aromatic residues that limit
the space in the porphyrin-binding cleft. From previous calcu-
lations it was assumed that ring A of proto IX is tilted 15° out
of the plane of the tetrapyrrole, and that the other three rings
are tilted as well: ring C is slightly tilted, about 4°, in the same
direction, whereas rings B and D are tilted in the opposite di-
rection, by 2° and 9°, respectively.® The authors suggested
that the saddled structure of the tilted proto IX facilitates the
insertion of the central metal ion into the tetrapyrrole. These
data were later partially confirmed by the X-ray structure,
which disclosed that the invariant glutamate residue E264 was
responsible for the distortion of ring A. The residue L185, dis-
covered from mutant M6 (E61K, L185Q, G212D), is one of the
few nonaromatic residues in the active site, is located above
the pyrrole rings B and C of the tetrapyrrole (Figure 3), and
may alter distortion of the tetrapyrrole ring upon substitution.
If so, this particular residue may be a hotspot for increasing
ferrochelatase activities by using rational design strategies. Fur-
ther investigation into this is currently underway.

Conclusion

Intriguingly, most of the mutations selected by FACS analysis
were located on the surface of the protein. As the B. subtilis
ferrochelatase is soluble, it differs from most other ferrochela-
tases, which are membrane-associated."""® Our mutants, with
increased in vivo activity based on certain structural or electro-
static changes at the surface of the B. subtilis ferrochelatase
(Figure 3, Table 1), might therefore reflect a membrane or pro-
tein-protein interaction, which possibly enhances activity.

ChemBioChem 2004, 5, 1069 - 1074
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However, our in vitro data confirmed that all mutants have en-
hanced catalytic turnover rates (Table 2); this suggests a com-
bination of surface effects and long-range activity effects.

This report represents the most exhaustive in vitro evolution
approach to ferrochelatases and successfully combines assay
development with directed-evolution methods and in vivo pro-
duction of porphyrin compounds. We have demonstrated the
effectiveness and power of our novel high-throughput-screen-
ing system for the directed evolution of ferrochelatase genes
based on catalytic activity. The results presented herein enable
us to discover new ferrochelatase variants with higher activity
by rational and in vitro evolutionary approaches.

Experimental Section

Bacterial strains, plasmids, and cultivation: Strains and plasmids
used in this study are listed in Table S1 in the Supporting Informa-
tion. The proto IX pathway consisting of genes hemA, hemB, hemC,
hemD, hemE, and hemF was cloned in a modular fashion on plas-
mids pACmod and pBRR1MCS-2 yielding plasmids pAC-hemABCD,
pBBR-hemEF as reported.”! B. subtilis ferrochelatase hemH was
cloned on pUCmod." E. coli were routinely grown in LB medium
supplemented with carbenicillin (100 ugmL™"), chloramphenicol
(50 pgmL™"), and kanamycin (30 pgmL™") where appropriate.

The zupT gene from E. coli (GenBank Accession No.: AE000386)"
was amplified from chromosomal DNA and cloned into the
pUCmod. The cloned gene (zupT), including the lac-promoter, was
reamplified from pUC-zupT and assembled into pBBR1-hemEF yield-
ing pBBR-hemEFzupT. For purification purposes, a modified vector
pUC-His was constructed from pUCmod following a QuickChan-
ge™ protocol (Stratagene, CA) by using the primers pUChis-F (5'-
GACTCGAGCATCACCATCACCATCACTGATTCTCCTTACGCATCTGTG-
CG-3') and pUChis-R (5-TCAGTGATGGTGATGGTGATGCTCGAGCG-
GAATACCGCAGCGGCCGC-3'), creating a new Xhol-site for subse-
quent cloning in frame with the His-tag.

Analysis of metalloporphyrins: E. coli transformants were grown
for 24 h at 30°C in selective LB medium (50 mL). After 24 h, ZnSO,,
(100 um) or FeSO, (500 um) was added into the media, and the
bacterial cells were cultivated aerobically another 24 h for direct
comparison of Fe and Zn uptake. The cells were harvested by cen-
trifugation (4000g, 20 min), resuspended in Tris/HCI (100 mm,
pH 7.6) containing EDTA (50 mMm) to remove the divalent ions
added, washed twice with Tris/HCl (pH 7.6), and finally extracted
with acetone/6 N hydrochloric acid (10:1). HPLC and LC-MS analysis
were performed as described.”

Library construction and FACS analysis: The initial library of ferro-
chelatase mutants was created by error-prone PCR of the hemH
gene from B. subtilis by using the Diversify™ PCR Random Muta-
genesis Kit (Becton Dickinson, San Jose, CA). The amplification
products were ligated into pUCmod," pooled, and transformed
into proto IX-producing E. coli® containing pACmod-hemABCD and
pBBR-hemEFzupT for library screening. The transformants were cul-
tivated for 24 h at 30°C in LB media (50 mL) containing carbenicil-
lin (100 ugmL™), chloramphenicol (50 ygmL™"), and kanamycin
(30 pgmL™"). After 24 h, FeSO, (500 um) was added to the media,
and the bacterial cells were incubated anaerobically (to reduce
iron oxidation) for another 24 h. An aliquot (100 uL) of culture was
pelleted, and the cells were washed three times with PBS buffer
(1 mL), suspended in PBS buffer (1 mL), and examined with the
FACSCalibur™ Flow Cytometry System (Becton Dickinson, Oxnard,
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CA). Empty plasmids and wild-type ferrochelatase were used as
controls. Sorting was performed in exclusion mode on about 10°
events at approximately 2000 events per second. After sorting, the
cells were isolated on LB plates containing carbenicillin
(100 pigmL™"), chloramphenicol (50 ugmL™"), and kanamycin
(30 pgmL™") at 30°C for 24 h. The clones for further in vitro experi-
ments were randomly picked from the plate and cultivated in LB
media (50 mL) as described above.

Enzyme purification and kinetic analysis: His-tagged ferrochela-
tases (wild-type and variants) were purified by using metal-affinity
chromatography (BD Talon™, San Jose, CA). Protein purity was as-
sessed by SDS-PAGE, and protein concentrations were determined
by using the Bio-Rad protein assay (Hercules, CA) with bovine
serum albumin as standard. Ferrochelatase activity was assayed by
measuring the rate of proto IX disappearance! (excitation at
410 nm and emission at 634 nm) with a Gemini XS spectrofluorom-
eter from Molecular Device (Sunnyvale, CA). The reaction mixture
(1 mL) contained proto IX (0.75, 1.5, 2.5 um) and 10 ug of purified
ferrochelatases (wild-type and variants) in Tris/HCl (100 mm,
pH 7.6) and Tween 80 (0.5% v/v) at 30°C. The reaction was initiat-
ed by injecting ferrous iron (12.5, 25, 50 um). Anaerobic conditions
were maintained in septum-capped reaction vials by a continuous
nitrogen stream to keep iron in its reduced ferrous state.

Structure analysis. The mutations were identified in the X-ray
structure of Bacillus subtilis HemH (PDB database entry 1C1H) by
using SWISS-PDB software.l'®
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