International Journal of Mass Spectrometry 302 (2011) 76-84

journal homepage: www.elsevier.com/locate/ijms

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

Analysis of human ferrochelatase iron binding via amide hydrogen/deuterium

exchange mass spectrometry

Awuri P. Asuru, Laura S. Busenlehner*

Department of Chemistry, The University of Alabama, Tuscaloosa, AL 35487, USA

ARTICLE INFO ABSTRACT

Article history:

Received 31 May 2010

Received in revised form 29 July 2010
Accepted 2 August 2010

Available online 10 August 2010

Keywords:

Ferrochelatase

Hydrogen/deuterium exchange mass
spectrometry

Protein dynamics

Heme synthesis

to the active site.

Human ferrochelatase (E.C. 4.99.1.1) is a membrane-associated enzyme that catalyzes the last step in
the heme biosynthetic pathway, the insertion of ferrous iron into protoporphyrin IX. Crystallographic
structures have revealed that protoporphyrin binds in a cleft between two domains; however, the entry
pathway and location of the iron binding site(s) is still contested. In an effort to address this issue,
the structural elements involved in binding substrate iron were studied by amide hydrogen/deuterium
exchange mass spectrometry. The deuterium incorporation rates into the backbone of apo- and iron-
ferrochelatase in the absence of porphyrin substrate were measured. For the first time, it is demonstrated
how the binding of ferrous iron specifically modulates ferrochelatase structure in solution. The distinct
regions affected by the presence of iron provide insight into the mechanism by which iron is transported

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ferrochelatase (E.C. 4.99.1.1) catalyzes the terminal step of
heme biosynthesis by catalyzing the insertion of ferrous iron in pro-
toporphyrin IX to form protoheme IX (Fig. 1) [1]. The newly formed
heme is incorporated into various proteins and enzymes that per-
form vital functions in the human body such as cellular respiration
and the transport of electrons and oxygen. The disruption of the
heme biosynthetic pathway leads to several disorders and diseases.
Mutations resulting in the diminished activity of ferrochelatase
cause the inherited disorder erythropoietic protoporphyria (EPP)
[2,3]. Individuals with EPP experience painful dermatologic pho-
tosensitivity due to tissue damage that occurs when accumulated
protoporphyrin IX in the skin is exposed to visible light [4].

Human ferrochelatase exists as an inner mitochondrial
membrane-associated homodimeric enzyme in vitro and each
monomer contains a [2Fe-2S] cluster [5]. X-ray crystallographic
structures of ferrochelatase from different organisms have been
solved and all structures displayed two similar Rossmann-type
domains with a porphyrin binding cleft between them [6-11]. In all
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published crystallographic structures of ferrochelatases, only the
1.7 A resolution structure from Bacillus subtilis contained the Fe(II)
substrate [11]. Crystallographic evidence with surrogate metals
such as Hg(Il) and Co(Il) suggest there is an outer metal binding site
(His231, Asp383) near the matrix-exposed surface of ferrochelatase
as part of a channel leading from the surface of the protein to the
catalytic site where protoporphyrin is bound [7,9]. In this pocket,
His263 is suggested to abstract a proton from the porphyrin macro-
cycle during catalysis [12]. However, mutational studies of the
human and yeast enzymes and the recent structure of B. subtilis
ferrochelatase support that this invariant His residue is involved in
Fe(Il) binding and insertion into protoporphyrin IX [9,11,13]. Thus,
position of the catalytic metal binding site in human ferrochelatase
and the pathway involved in metal insertion is still a matter of
debate.

Structures of various ferrochelatases with and without sub-
strate metals do not show remarkable changes in conformation
upon metal coordination in the absence of porphyrin [7,9]. This
could be the result of soaking apo-ferrochelatase crystals in a
metal solution and not having initially crystallized the Fe(Il)-bound
form of the enzyme. In addition, these static structures give lit-
tle insight into the structural dynamic component of catalysis for
most enzymes [14]. Recent structures indicate that porphyrin bind-
ing to ferrochelatase in the absence of iron causes the active site
“mouth” to close, resulting in the reorientation of the binding
pocket [10,12,15]. Many lines of evidence support that protein
dynamics are critical to controlling steps in catalysis such as
substrate binding or product release [15-18]. Thus amide hydro-
gen/deuterium exchange mass spectrometry (H/D-exchange MS)!
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Fig. 1. Ferrochelatase reaction. Ferrochelatase (E.C. 4.99.1.1) catalyzes the formation of heme (protoheme IX) by insertion of ferrous iron into protoporphyrin IX.

presents an excellent method to probe the structural dynamics of
ferrochelatase in relation to its catalytic mechanism [14]. Here, the
technique was used to investigate the regions of the enzyme that
experience changes in structure and/or dynamics in the presence of
ferrous iron substrate. These studies provide structural insight into
how ferrochelatase binds iron and transports it to the active site in
the absence of protoporphyrin IX. In addition, this work has indi-
cated new regions of ferrochelatase as of yet unexplored in terms
of metal binding. The significance of these results is discussed.

2. Materials and methods
2.1. Protein expression and purification

Escherichia coli HB101 cells were transformed with pHisTF20E
provided by Dr. Harry Dailey (University of Georgia) and plated on
LB agar with 100 p.g/mL ampicillin [19]. A single colony was used
to inoculate 2 L of Circlegrow medium (Bio101, Vista, CA) that was
supplemented with 50 pg/mL carbenicillin. The cells were incu-
bated at 37 °C and 225 rpm until the cells reached stationary phase.
The harvested cells were stored at a temperature of —20°C.

The cells were resuspended in 10 mL of solubilization buffer
(Buffer S) composed of 50 mM sodium phosphate (pH 8.0), 300 mM
NacCl, 10 mM B-mercaptoethanol (3-ME), 10 mM imidazole, and 3%
CHAPS. Phenylmethanesulphonyl fluoride (1 mg/mL) and lysozyme
(1 mg/mL) were then added and the homogenate was lysed with
a Branson Sonifier 250 (Danbury, CT) on ice with 30s pulses at
60% saturation power. Following centrifugation at 14,000 x g for
15 min at 4°C, the lysis supernatant was diluted with solubiliza-
tion buffer (no CHAPS) to lower the CHAPS concentration to 1% for
metal affinity chromatography.

Ferrochelatase was purified using 1 mL packed Ni-NTA Super-
flow resin (5 Prime, Gaithersburg, MD) equilibrated with Buffer
S (10 mM imidazole). The resin and lysis supernatant were com-
bined and allowed to incubate overnight at a temperature of 4°C.
Following incubation, the resin was loaded into a column and
the eluant collected. The resin was washed with ~1 mL of Buffer
S, then ~5mL of Buffer S with 50 mM imidazole. Ferrochelatase
was eluted with ~2 mL of Buffer S plus 200 mM imidazole. Fol-
lowing purification, an additional 20mM B3-ME was added to
the elution. Purified ferrochelatase was dialyzed against 2L of
chelexed 25 mM HEPES (pH 7.4), 100 mM NaCl, 20 mM 3-ME, and

0.1% CHAPS at 4°C. The concentration of ferrochelatase was esti-
mated at 278 nm (&,73=46,910M~'cm~!) and the percentage of
bound [2Fe-2S] cluster was estimated by the absorbance at 330 nm
(£330=12,000M~1cm~1) [19]. The iron content of purified apo-
ferrochelatase was measured by atomic absorption spectroscopy
and found to be 1.84+0.1mol iron per mol ferrochelatase, as
expected if each monomer contains the [2Fe-2S] cluster.

2.2. Ferrochelatase activity measurements

The activity of ferrochelatase in the zwitterionic detergent
CHAPS was accessed since previous purification schemes used the
anionic detergent cholate which is not amenable to electrospray
ionization mass spectrometry [19-21]. Activity measurements
monitored the conversion of mesoporphyrin IX dihydrochloride
(MPIX; Frontier Scientific, Logan, UT) to protoporphyrin IX through
a decrease of the Soret band at 496 nm [22]. A 0.78 mM MPIX
stock solution was made by dissolving 2.5 mg MPIX with 30 L 2N
ammonium hydroxide, 500 pL 10% Triton X-100 in 4.5 mL doubly
distilled H,O (ddH,0). A 1 mM ferrous ammonium sulfate solution
with 5mM ascorbate in ddH,0 was prepared immediately prior
to activity measurements. The assay mixture had a total volume
of 1mL and contained 100 mM Tris-HCl (pH 8.0), 0.5% Tween-
20, 10 uM MPIX, 10 mM (3-ME and 0.5 uM ferrochelatase at room
temperature. Ferrous ammonium sulfate (0.5-30 wM) was added
to start the reaction. The initial velocities were used to generate
the Michaelis—-Menten plot which yielded KF¢ = 5.8 + 1.9 uM and
akear=1.11+0.04 min~!, which are similar to reported values with
sodium cholate as the detergent [22].

2.3. Pepsin peptide mapping

The protein sample for digestion contained ~1pM fer-
rochelatase in 50mM potassium phosphate buffer (pH 2.3).
Approximately 40 pg of porcine pepsin (Sigma Aldrich, St. Louis,
MO) was added and the sample was incubated on ice for either
5 or 8 min. The 8 min digest did not yield a significantly differ-
ent digestion result. The pepsin digest (20 wL) was loaded onto
a Phenomenex microbore 1 mm x 50 mm C18 reverse-phase col-
umn (Torrence, CA) that had been equilibrated with HPLC-grade
aqueous solvent (98% H,0, 2% acetonitrile, 0.4% formic acid). The
column was washed with aqueous solvent for 2 min at 60 pL/min
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Fig. 2. Pepsin peptide map of ferrochelatase. Ferrochelatase in 0.1% CHAPS (~1 wM) was digested with ~40 g pepsin for 8 min on ice (pH 2.3). Peptides were separated by
reversed-phase HPLC and eluted peptides were introduced into the ion trap mass spectrometer via electrospray where they were fragmented by CID. The peptides identified
cover ~83% of the amino acid sequence; however, the peptides indicated by solid arrows were the ones used for H/D-exchange analysis due to their abundance, signal-to-
noise, and isotopic envelopes. The practical sequence coverage was 74%. The secondary structure labeled above the amino acid sequence is based on [7]. The upper and lower
lips are in blue, the active site residue His263 is in red, the anionic channel is in magenta, the initial metal binding residues from the crystal structure [7] are in cyan, and the

cysteines that ligate the [2Fe-2S] cluster are in green.

to remove early eluting salts, which were diverted from the mass
spectrometer. The peptides were eluted with a 30 min linear gra-
dient of 0-80% HPLC-grade organic solvent (98% acetonitrile, 2%
H,O0, and 0.4% formic acid) at 60 pL/min. At the end of every run,
the column was washed extensively with a isopropanol-containing
solvent to remove detergent (40% 2-propanol, 50% acetonitrile,
0.4% formic acid in water), which was diverted to waste. Pep-
tides were sequenced using a HCT Ultra PTM Discovery ion trap
mass spectrometer (Briiker Daltonics, Billerica, MA) by electro-
spray ionization in positive-ion mode by data-dependent tandem
MS/MS collision-induced dissociation. The capillary temperature
was 250°C and the SmartFrag™ algorithm was used to optimize
fragmentation. The amino acid sequence of the peptides were
determined by comparison to the in silico CID fragmentation pat-
terns for ferrochelatase generated by the program MS-Product [23].
The full peptide map is shown in Fig. 2 which has approximately
74% sequence coverage by the peptides used reproducibly for H/D
exchange.

2.4. Hydrogen/deuterium exchange mass spectrometry

Deuterium exchange was initiated by the addition of 5 uL of
~20 M apo or Fe(Il)-ferrochelatase to 45 L of D, 0. For iron sam-
ples, 1mM ferrous ammonium sulfate was prepared fresh with
degassed chelexed-water and 5 mM ascorbic acid and assayed for
Fe(Il) using ferrozine [22]. Approximately 1.5 molar equivalents of
iron were added to 5 L ferrochelatase aliquots and were purged
with N, for 2-3 min, then sealed. D, 0 was added separately to each
aliquot. The deuterium-protein samples were incubated at 23°C
for 15s to 2 h, after which the exchange reaction was quenched
by addition of 50 L of quench buffer [0.1 M potassium phosphate
(pH 2.3) in H,0; 0°C] and immediately transferred to an ice bath.
After 255, 2 pL of 20 pg/ WL pepsin in 10 mM potassium phosphate,

pH 7.0 was added (40 p.g), and the digestion proceeded for 5 min.
The peptide digests were individually loaded ontoa 1 mm x 50 mm
C18reverse-phase column and eluted with a linear gradient (0-80%
organic solvent B) over 12 min at 60 p.L/min and monitored by elec-
trospray ionization in positive-ion mode (300-1600 m/z) with a
capillary temperature of 190°C. All protein samples for the H/D
were prepared individually and run on the same day.

To determine the extent of deuterium incorporation that
occurred after the acidification and during the pepsin digestion, a
zero-time control (mgy) was performed [14]. Ferrochelatase (5 L
of ~20 wM) was added to 50 L of quench buffer at 0°C, followed
by the addition of 45 pL of D,0. Pepsin was subsequently added
(40 ng), and the protein was digested for 5 min on ice, as described.
The amount of deuterium that is lost during the HPLC chromatogra-
phy step can also be determined. A completely deuterated protein
sample (miggy) was prepared by combining 5 L of ~20 uM fer-
rochelatase with 45 pL of D,0. Samples were then allowed to
incubate for approximately 4h at 45°C. After incubation, amide
hydrogen exchange was quenched with the addition of 50 L of
0.1 M potassium phosphate buffer (pH 2.3) in D,0 and allowed to
incubate at45 °Cfor 2 h. The incubation in deuterated quench buffer
allowed for better deuterium incorporation, as compared to fur-
ther incubation at pH 7. Pepsin was then added and samples were
separated as above.

Peptide ions were located by mass searching, yielding the chro-
matographic retention profile for each ion. The scans contained
within the extracted chromatographic ion profile were averaged
to produce a composite spectrum for each ion. MagTran 1.0 beta 9
software developed by Zhang and Marshall was used to determine
the centroid (m;) of the given composite isotope envelope [24].
For multiply charged peptides, isotopic envelopes from different
charge state ions were averaged when appropriate. The deuterium
content of partially deuterated peptides (D) was corrected for the
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gain (mpg) and loss (mggy) of deuterium during analysis using

D=N< me — Moy ) 1)
Mooy — Moy

where mggy, mg, and myggy are the average molecular masses of the
peptide in the nondeuterated, the partially deuterated at time ¢,
and the fully deuterated control samples, respectively [25]. N is the
total number of exchangeable peptide amide protons less one for
the N-terminal amide proton and any proline residues. The amount
of deuterium incorporated in each peptide was averaged from two
or three independent kinetic runs and plotted as a function of time.
The resulting progress curve for each peptide was fit using Kalei-
daGraph (Synergy Software) to the sum of first-order rate terms,

D=N—Ajeft _ Ajeket _ pje kst _ A eHnt (2)

where D is the number of incorporated deuteriums incorporated,
N is the total number of exchangeable sites, A, is the number of
amide protons that exchange at a given rate constant, k, during
the time allowed for isotopic exchange, t. The kinetic profiles were
fit to single or double exponential equations as appropriate. The
H/D incorporation kinetic profiles for all identified ferrochelatase
peptides can be found in Supplementary Content.

3. Results
3.1. Ferrochelatase stability

Several problems were addressed before H/D-exchange MS was
used to study human ferrochelatase. The first problem is that exist-
ing purification protocols for ferrochelatase require the use of
sodium cholate, a detergent incompatible with mass spectrome-
try [20]. While removal methods exist for cholate detergents, the
inclusion of such a step only adds to the time required to process
the sample after H/D-exchange which can lead to progressive loss
of the deuterium label. The second problem is that ferrochelatase
in sodium cholate begins to precipitate shortly after being purified
[19]. Human ferrochelatase is unstable due to its labile [2Fe-2S]
cluster, which is anchored to the enzyme by four cysteine residues
[6]. After aerobic purification, the cysteine residues can oxidize
and release the [2Fe-2S] cluster, causing ferrochelatase to precipi-
tate. After testing detergents compatible with mass spectrometry,
CHAPS was best at solubilizing ferrochelatase, while retaining full
activity as compared to the enzyme in sodium cholate. Also, the
amount of CHAPS in the sample after H/D exchange and acidifica-
tion is ~0.005%, which is lower than the concentration of detergent
which causes signal suppression [20,21]. The CHAPS-solubilized
sample exhibited a red-orange color with a broad absorbance fea-
tures at between 300 and 500 nm characteristic of the [2Fe-2S]
cluster [19]. Most importantly, CHAPS-solubilized ferrochelatase in
the presence of reducing agent retained the [2Fe-2S] cluster over
3 weeks at 4°C with little precipitation. It was essential for the
structural analysis by H/D-exchange MS to stabilize ferrochelatase.
Using UV-vis spectroscopy there was negligible base line shift in
the visible region overa2 h H/D exchange time course and our enzy-
matic assay measurements indicate that <5% of the activity was lost
after a 2 h incubation under N at 25 °C. UV-vis spectroscopy also
confirmed that the purified ferrochelatase did not contain a por-
phyrin molecule in the active site, as determined by the lack of a
characteristic Soretband [26]. For H/D-exchange MS, ferrochelatase
in the absence of its substrate PPIX was chosen for characterization
to eliminate enzyme turnover upon the addition of iron.

3.2. Characterization of apo ferrochelatase

The kinetics of backbone amide H/D exchange is dependent on
a variety of factors including protein structure, pH, and adjacent
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Fig. 3. Solvent accessibility maps. (A) Shown is a side-on view of the apo-
ferrochelatase dimer with peptides indicated. Protoporphyrin (green) is shown for
clarity, but the enzyme form for H/D-exchange MS did not contain the substrate. The
red areas are peptides most accessible to deuterium (>50% exchange) and include
peptides 93-101, 300-317, 338-345, 352-356, and 418-413. The cyan areas are
mostly protected from deuterium (<10% exchange) and include peptides 89-91,
116-120, 147-163, 172-185, 283-289, and 389-394. The blue areas are highly
protected from deuterium (<5% exchange) and include peptides: 76-84, 189-194,
197-203, 222-233, 256-259, and 270-281. (B) Top view (rotated 90°). (C) Shown
is a bar chart with the percentage of deuterium incorporation for apo- and Fe(Il)-
ferrochelatase. Peptides above the 50% line are colored red in A and B. Those below
the 10% line are colored cyan and those below the 5% lines are in blue. The aster-
isks indicate the two peptides with significant changes in solvent accessibility upon
addition of iron (197-203 and 222-233). Structures were made with PyMOL [38]
using PDB 2QD1. A movie of the solvent accessibility mapped on the structure can
be found in Supplementary Content (Movie S1). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the article.)
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222-233

Fig. 4. Regions with altered H/D exchange kinetics. (A) Shown is the structure of monomeric ferrochelatase displaying changes in deuterium incorporation with addition of
iron. Protoporphyrin (green) is shown for clarity, but the enzyme form for H/D-exchange MS did not contain the substrate. The peptides are: 89-91, light green; 164-173,
pink; 197-203, cyan; 222-233, orange; 338-345, yellow. (B) Individual residues important to the mechanism of ferrochelatase are shown in stick format with the cartoon
structure of ferrochelatase removed for clarity. The orientation was adjusted for clarity and is not the same as in (A) but the backbone coloring scheme remains the same.
His263 is in red. The one projected channel for Fe(Il) from the initial binding site is shown in blue [12,31]. The possible exit pathway for the 2 protons is indicated in red. A
movie of the pepsin peptides mapped on the structure can be found in Supplementary Content (Movie S2). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)

amino acid side-chains of the amide group [27,28]. In general, the
amount of deuterium incorporation within the first 15s of a H/D-
exchange time course experiment can provide a rough estimate
of the relative accessibility of backbone amides to OD~ during base
catalyzed exchange (kex > 10s~1 at pH 7,25 °C)[29,30]. As expected,
the most protected regions from deuterium were at the dimer
interface of apo-ferrochelatase (Fig. 3, blue), which has an exten-
sive hydrogen bonding network, and also near the [2Fe-2S] cluster
[7]. Other areas with minimal deuterium incorporation include
the bottom of the porphyrin binding cleft and the B-a-3 motif
of the N-terminal Rossmann domain (Fig. 3, cyan). The most sol-
vent accessible areas of ferrochelatase are found in the upper and
lower hydrophobic “lips” of the active site pocket (Fig. 3, red) which
are likely the sites for membrane association. These membrane-
associated loops position the active site towards the hydrophobic
membrane and allow the poorly soluble porphyrin substrate to
enter and the heme product leave through the membrane [26]. The
H/D exchange results are also consistent with the high crystallo-
graphic B factors observed for human ferrochelatase (PDB 2QD1) in
sodium cholate [31]. Other accessible regions include the m-helix
(a13), which lines a solvent accessible path leading from the protein
surface to the active site, and the C-terminal tail.

3.3. Changes in ferrochelatase structure and dynamics upon iron
binding

In the presence of ferrous iron, the amount of deuterium
incorporation in the fast phase is relatively similar to that of
apo-ferrochelatase with the exception of two pepsin-generated
peptides, 197-203 and 222-233 (Fig. 3C). Peptides 197-203 and
222-233 showed little to no on-exchange of deuterium in the fast
phase in the metal free protein, but became more accessible in the
iron-bound state with a 26% and 38% increase, respectively (Fig. 3C).
These two regions form a putative channel for transporting iron
from one proposed initial binding site exposed to the mitochondrial
matrix (His230, His231, Asp383) to the active site pocket where
protoporphyrin binds [7]. The increase in deuterium incorporation
upon iron binding and transport indicates that the channel partially
“opens” in response to iron, and exposes previously protected back-
bone amides to deuterium. It is interesting to note that there are
no ferrochelatase peptides that become less accessible to D,0 upon

addition of iron. This result is not unexpected since iron binding is
unlikely to significantly protect amides from D, 0 solvent [32,33].

There were a total of five ferrochelatase peptides from the
pepsin digest with altered H/D-exchange time course kinetics upon
addition of ferrous iron, including peptides 197-203 and 222-233
described above, along with 89-91, 164-173, and 338-345. All
five peptide fragments are mapped on the monomeric structure
of ferrochelatase in Fig. 4. As noted above, peptides 222-233 and
197-203 show a clear increase in the solvent accessibility in the
presence of iron (Fig. 5A and B). In addition to the increased solvent
accessibility, peptide 222-233 (Fig. 4, orange) maintains a steady
level of deuterium incorporation over a 2-h incubation, indicating
that only 3 of the 10 amide hydrogens are accessible to D,0 as
compared to 2 hydrogens for the apo-enzyme. In both states, this
suggests a lack of dynamic, local unfolding in this area. For peptide
197-203, which is farther up the putative iron channel and closer
to the active site (Fig. 4, cyan), the amount of deuterium incor-
porated for both apo- and Fe(Il)-ferrochelatase is similar after 2 h
of incubation; however, the kinetic profiles are different (Fig. 5B).
This peptide clearly shows an increased rate of deuterium exchange
in the presence of iron which saturates at 4 out of the 6 back-
bone amides. This indicates that in the absence of iron, residues
197-203reside in a solvent-protected environment that undergoes
local dynamic unfolding which allow for deuterium exchange, but
in the presence of iron, this area has much greater solvent (i.e., D;0)
access and possibly increased dynamic motions.

In contrast, there are three peptides from the digest that dis-
play decreased deuterium incorporation as a function of time when
comparing iron-bound ferrochelatase to the apo-form (Fig. 5C-E).
Peptide 164-173 is located directly across from the substrate bind-
ing site (Fig. 3, pink) and contains two key residues hypothesized
to play an important role in iron transport through the channel and
metallation of substrate, Arg164 and Tyr165 [34]. This peptide is
fairly inaccessible to D, 0 in both the apo- and iron-bound enzyme
as given by the lack of exchange by the 15s time point (Fig. 5C).
However, the rate of exchange for 4 of the 8 amides in the apo-
enzyme is almost 4 times faster than that in the iron-bound state.
This indicates a loss of dynamics the presence of iron. There is also a
loss of dynamics for peptide 89-91 in the presence of iron (Fig. 5D).
This small peptide is located in a1 -helix above the protoporphyrin
binding site (Fig. 4, light green). While this area is somewhat pro-
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Table 1
Rate constants and amplitudes for H/D exchange into selected peptides?.

Peptide Pre-exchanged® (%, k>4 min—!) Exchange, A1 (%) Rate, k; (min=1) Exchanged, A2 (%) Rate, ky (min=1)¢
89-91(2)

Apo ~5 33.3(£3.9) 0.7 (£0.2) 61.5 (+2.2) 0.011 (+0.001)

Fe(Il) ~12 37.7 (£1.3) 0.035 (£0.005) ~50 <1x10*
164-173 (8)

Apo ~6 39.4 (+£3.0) 0.22 (+0.05) 54.1 (+2.8) <1x10*

Fe(Il) ~8 24.8 (£1.1) 0.06 (+£0.01) 66.5 (£11.1) <1x10*
197-203 (6)

Apo ~4 - - 95.1 (£2.0) 6.3 (+£0.7) x 10?

Fe(Il) ~20 29.7 (£9.3) 1.4 (+0.6) ~50 <1x10*
222-233(10)

Apo ~3 23.4(+9.7) 1.6 (+0.9) 79.7 (£2.4) 1.9 (+0.5) x 10°

Fe(II) ~35 - - 64.4 (+0.5) <1x10*
260-269 (8)

Apo ~25 - - 74.9 (£1.6) 3.6 (+0.6) x 103

Fe(Il) ~20 - - 79.2 (£0.5) 3.8 (£0.5)x 103
338-345(7)

Apo ~39 50.9 (£2.5) 0.40 (+£0.04) ~10 <1x10*

Fe(II) ~28 41.7 (£1.5) 1.5 (+0.2) ~30 <1x10*

2 Parameters obtained from fitting the H/D-exchange kinetics of Fig. 3 according to the single or double exponential expression of Eq. (2). The number in parentheses is

the total number of exchangeable amide hydrogens.

b The amount of exchange before the first time point is estimated from the fit parameters and has a rate of exchange faster than 4 min-!.
¢ The amount of deuterium in the slowest phase was determined from the fit when applicable. Otherwise the value was obtained by %A2 =100% — %A1 — %pre-exchanged.

tected from deuterium exchange initially, the incorporation rate
of one deuterium is almost 20 times slower with iron present and
an additional amide is still unexchanged over 2 h, which in is con-
trast to apo-ferrochelatase which is almost fully deuterated at 2 h.
This suggests that the backbone of this helical region is more rigid
in iron-bound ferrochelatase. The third peptide, 338-345, is part
of the m-helix (a13) that forms the base of the porphyrin binding
pocket (Fig. 4, yellow). In the presence of iron, an additional amide
hydrogen is protected from deuterium exchange compared to apo-
ferrochelatase; however, the rates of exchange for both states are
similar (Fig. 5F). This may be the result of additional hydrogen-
bonding in Fe(Il)-ferrochelatase. Peptide 338-345 contains the key
catalytic residues Glu343 and Asp340 which may be involved in
abstracting two protons from the pyrrole during metal insertion
[34]. This region could also form an anionic surface for the puta-
tive transport of protons out of the active site [12]. Alternatively,
some research suggests that this anionic surface could be one route
by which iron is translocated to the active site residue His263
[11]. It is also of interest that peptide 260-269 which contains the
catalytic residue His263 does not have altered H/D-exchange prop-
erties upon iron addition (Fig. 5E). This may indicate that, in the
absence of porphyrin substrate, iron binding does not affect the
actual catalytic site, but may affect the positioning of the m-helix.

4. Discussion

Redox active metals such as iron are fundamental to many
metabolic and regulatory pathways, yet the mechanism by which
these metals are inserted into cofactors or proteins is only recently
garnering attention. Ferrochelatase is one such enzyme whose
activity was described as early as 1956 [35]; but only now, through
the biochemical and structural research that is ongoing, are mech-
anistic details of the last step of heme synthesis becoming more
defined [18]. The importance of this reaction to cellular func-
tion and human health is clear; defects in heme synthesis and
metabolism can lead to severe developmental and health related
effects. Decreased ferrochelatase activity can cause an accumu-
lation of precursor porphyrins within cells which results in the
disease protoporphyria [2,4]. An understanding of the mechanism
of ferrochelatase is of key importance; however, there is contro-
versy regarding the terminal acceptors of substrate iron and the
residues which catalyze its insertion into protoporphyrin IX despite

a multitude of crystal structures in the last decade. One of the main
problems is that the crystallization conditions can influence the
metal binding properties of ferrochelatase [8,9,11]. Several met-
als have been found to bind at more than one site [8,9,11] and
some postulate that the lack of metal binding to His263 in the
human structure [7] was from blockage by the cholate detergent
molecules in the active site [9]. While site directed mutagenesis
studies and crystal structures provide much needed insight, they
are not answering the lingering question: how is iron transported
to the active site and what structural features are involved?

Since static protein structures are often inadequate at describ-
ing the sometimes slight, yet crucial structural changes required
for enzymatic processes, a measurement of protein dynamics can
provide more insight into the mechanism of ferrochelatase [14].
To understand the protein structure-function relationship of fer-
rochelatase, it is imperative to localize the regions of the enzyme
that are changing upon iron binding in solution. Amide hydro-
gen/deuterium exchange mass spectrometry was used to map
these changes by comparing the deuterium incorporation rates
into the backbone of apo- and iron-ferrochelatase in the absence of
porphyrin substrate. H/D exchange kinetics can vary dramatically
within a protein due to hydrogen bonding, solvent accessibility,
and backbone flexibility [27,28]. Therefore, the amide exchange
rate is highly dependent on protein structure, as well as dynam-
ics. With respect to ferrochelatase, the rate of amide hydrogen
exchange will provide essential information for understanding the
mechanism of iron binding by localizing the dynamic processes the
enzyme undergoes. Even though the current kinetic scheme has
PPIX binding before Fe(II), PPIX was absent from the ferrochelatase
preparation so that the effects of metal binding can be discerned
without interference from enzyme turnover which is likely to
involve different conformational changes.

Therelative solvent (i.e., D, 0) accessibility of apo-ferrochelatase
is consistent with the 2 A crystal structure of the human enzyme in
the absence of protoporphyrin [7]. As shown in Fig. 3 (dark blue),
the three prominent areas of protection are at the dimer inter-
face formed by the a7 helix (peptides 270-281 and 283-289),
at the regions flanking [2Fe-2S] cluster (peptides 197-203 and
270-281), and within the protoporphyrin binding pocket (peptides
76-84, 189-194, and 197-203). Of the peptides identified, pep-
tides 270-281 and 76-84 encompass the most protected regions
of ferrochelatase based on deuterium exchange, with little to no
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Fig. 5. H/D-exchange MS kinetic rate profiles for selected peptides. Shown are the kinetic traces for % deuterium incorporation into peptides derived from apo (gray spheres)
and iron (black spheres) ferrochelatase as a function of incubation time in D,0. The data are an average of two to three sets and were fit to single or double exponential
equations (Eq. (2)) as appropriate. The fitted parameters are given in Table 1. (A) 222-233, (B) 197-203, (C) 164-173, (D) 89-91, (E) 260-269, and (F) 338-345. The kinetic

profiles and fits for all peptides can be found in Supplementary Content (Figure S1).

deuterium incorporation over a 2 h incubation in D,0 (data not
shown). Both peptides line one face the hydrophobic porphyrin
binding pocket so the lack of solvent accessibility is not unexpected.
Peptide 270-281 contains Tyr276 which is known to interact with
protoporphyrin [10], although protoporphyrin is not present in the
H/D-exchange MS studies. Residues within 270-281 are within
3.7 A of the [2Fe-2S] cluster, which is conserved in mammalian
and some bacterial enzymes. Peptide 76-84 is actually in a loop
between the 3 sheet and the oy helix. Despite being a loop which
is typically dynamic, this region is highly inaccessible to deuterium
to the same degree as peptide 270-280. Thus, the relative solvent
inaccessibility and lack of dynamics in these regions may have func-
tional importance to protoporphyrin binding. The lack of changes
in H/D exchange behavior in the presence of iron supports this idea.

Although one face of the porphyrin binding pocket is not accessi-
ble to D50, the other face exchanges readily and includes peptides
93-101, 300-317, 338-345, and 352-356, which at 79% has the
highest amount of deuterium incorporated after a 15 s incubation
(Fig. 3C). Residues in these regions such as Leu98, Val305, and
Trp110 are known to have direct interactions with protoporphyrin
and many others are in van der Waals distance [10]. Since the

H/D-exchange MS studies were performed in the absence of pro-
toporphyrin and these residues are at the top part of the binding
pocket known as the upper and lower “lips” (Fig. 3A), it is expected
to have more deuterium incorporation here as compared to regions
farther down the pocket. These lips are also the likely site for mem-
brane association because of their hydrophobic residues and recent
structures indicate that they can exist in “open” and “closed” con-
formations that may regulate protoporphyrin binding and product
release through the membrane [15,31]. It may be that D0 accessi-
bility and H/D-exchange behavior in these areas may change when
PPIX is bound before Fe(II) binds, as in the current accepted model
[31].

Given the controversy regarding the pathway by which iron is
transported to the active site, we were hopeful that H/D-exchange
MS could shed light on the areas of ferrochelatase that are involved
in this process. In the presence of iron, there are no dramatic
changes to the ferrochelatase structure based on the H/D-exchange
behavior of backbone amides (Fig. 3C), but some noteworthy dif-
ferences were observed. The most obvious changes in deuterium
incorporation occur for two peptides that are both highly resistant
to exchange in the apo-enzyme (Fig. 5A and B). As shown in Fig. 4,
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peptide 222-233 is located on the surface of ferrochelatase 20-30 A
away from the active site and peptide 197-203 is within 4-5 A. The
marked deuterium increase into the backbone of these segments
can be attributed to a change in conformation upon iron binding
at some region of the protein that alters the accessibility amides to
D,0.

In the human structure, Wu et al. [7] observed a Co(II) ion coor-
dinated by matrix-exposed residues His231 and Asp383, which
were postulated to be an initial metal binding site that leads into a
channel to the active site. It is interesting that an increase in deu-
terium incorporation was observed for peptide 222-233, which
contains His231. The data do not support the presence of a sta-
ble metal binding site in this region, where decreased dynamics
might be expected as was observed for other metal binding sites
in proteins [32,33]. However, it cannot be conclusively determined
from the results whether iron is or is not coordinated by His231
(and Asp383 for which there was not peptide coverage). The H/D-
exchange results do support that the region around His231 changes
conformation in response to iron, which leads credence to the idea
that this may be an entry point for the iron channel and not a stable
binding site. Consistent with this, a H231A ferrochelatase mutant
displayed an increased Ky, for iron but still retained partial activity
[34]. The adjacent peptide 197-203 forms part of the putative iron
channel leading to the porphyrin binding site [7]. This region con-
tains several polar amino acids such as Ser and Thr (197 STTGSSL293),
which could participate in transport (Fig. 4B) and Thr198 is within
van der Waals distance to protoporphyrin. Also, Cys196, immedi-
ately before this fragment, coordinates one of the iron atoms of
the [2Fe-2S] cluster. It appears as though this increase in solvent
accessibility in this area is likely due to an opening of the channel
in response to iron binding. Whether this channel is the actual path
iron takes to the active site cannot be inferred from H/D-exchange
behavior on its own, but it is clear that it is involved in some
way.

Farther up the putative iron channel (Fig. 4B) peptides 164-173
and 89-91 incorporate less deuterium into the backbone in the
iron-bound state (Fig. 5C and D). This change is not indicative of
decreased solvent accessibility, but rather conformational change
that leads to the formation of new hydrogen bonds or burial
of amide hydrogens. Residues 164-173 form a loop on one side
of the active site pocket which has extensive hydrogen bonding
to both 197-203 and 89-91 in the apo-ferrochelatase structure
[7]. For example, Arg164 (peptide 164-173) hydrogen bonds to
Ser201 (peptide 197-203) and Arg91 (peptide 89-91) forms a
hydrogen bond with Tyr165 (peptide 164-175). Thus, functional
conformational changes in any of these regions upon iron bind-
ing are likely to be transmitted through hydrogen-bonds to the
other sites. Mutational analysis of residues in these areas clearly
indicates some involvement in the metallation step [7,34]. Sell-
ers et al. [34] have proposed that Arg164 and Tyr165 are both
terminal ligands for iron before insertion into the porphyrin sub-
strate based on the increased K;;; for iron in the R164L and Y165F
mutants. The H/D exchange kinetic profile of 164-173, which
shows decreased dynamics in iron-bound ferrochelatase, could
indicate some involvement in iron coordination. The H/D exchange
protection of one backbone amide in fragment 89-91 may be the
result of changes in hydrogen bonding with fragment 164-173 if
iron is interacting with amino acids in the region. It seems unlikely
given the amino acid side chains (89LLR®!) that peptide 89-91 is
contributing to iron coordination in this manner, although back-
bone coordination cannot be ruled out.

The available ferrochelatase crystal structures show that the
conserved His263 in the active site (Fig. 4B, red) is positioned
with its side chain facing one side of the porphyrin macrocy-
cle [10,11,36]. Two mechanisms exist for the role of His263, and
there are biochemical, biophysical, and structural evidence to sup-

port both hypotheses. Hypothesis 1 has His263 and Glu343 as
terminal ligands for iron which is then inserted into porphyrin
from the same face as His263 [11]. Hypothesis 2 has metalla-
tion occurring from Arg164 and Tyr165 on the opposite site of
His263 which abstracts two pyrrole protons that exit via Glu343
and other residues in the -helix [12]. Site-directed mutants of
His263 have no measurable activity [12] and this strongly suggests
thatregardless of whether itis aniron ligand or not, its role is key to
catalysis.

The controversy as to whether the iron is inserted into proto-
porphyrin via His263 or by residues on the opposite side may not
be solved by H/D-exchange MS, but this study clearly indicates that
the region surrounding His263 (peptide 260-269) does not experi-
ence changes in backbone conformation or solvent accessibility in
the presence of iron (Fig. 5E). This peptide spans a loop and most
of the a1 helix. If His263 is a ligand, it should be accessible to bind
iron in the absence of protoporphyrin. The H/D exchange results for
260-269 indicate that backbone amides lack of solvent accessibil-
ity and dynamic motions in both apo- and iron-ferrochelatase. Iron
coordination to the His263 side chain and other residues in a bind-
ing site should give decreased dynamic motions in this loop region
which was not observed. This suggests that iron may not stably
bind to residues in this section of ferrochelatase, which disfavors
hypothesis 1 [11]. Glu343, the other potential ligand in hypoth-
esis 1, is part of peptide 338-345 (Fig. 4B). This peptide exhibits
decreased dynamics in the presence of iron (Fig. 5F) which could
be consistent with iron binding in hypothesis 1. However, the sec-
ond hypothesis claims that residues along the m-helix are involved
in abstracting two protons from the porphyrin substrate and shut-
tling them away from the active site [12,31]. It could be that metal
binding on the other side of the active site, as purported in hypoth-
esis 2, could affect dynamics in the 1-helix. A third possibility could
be that iron is binding at a secondary site formed by His, Glu, and
Asp residues on the m-helix surface. In fact, crystals of bacterial and
yeast ferrochelatases soaked with various metals have shown that
iron can readily bind to these conserved residues which lead to the
early hypothesis that they bound and shuttled iron to the active
site [9,11,37]. Mutagenesis of these residues (D340E, E343D and
H341C) result in diminished activity without a significant change
in K, for either iron or protoporphyrin [12]. These data do not sup-
port arole in metallation since the relative affinity of ferrochelatase
for iron was not altered. It seems reasonable that the 1.5 molar
equivalents of iron added to ferrochelatase for H/D-exchange MS
could lead to secondary binding at this acidic site, but that it is
unlikely to be physiologically relevant. The H/D-exchange data,
taken together with mutagenesis and structural data, give more
credence to the second hypothesis which has the terminal iron
acceptors before insertion at or near Arg164 and Tyr165, and not His
263.

5. Conclusions

For the first time, it is demonstrated how the binding of
iron affects the structure of ferrochelatase in solution. Through
H/D-exchange mass spectrometry, we have mapped a structural
response to iron which provides insight into the mechanism by
which iron is transported to the active site. Our data support an
iron-responsive channel from the surface of the enzyme towards
the active site pocket where protoporphyrin binds, much like that
previously proposed (Fig. 4B). In the active site of ferrochelatase,
residues on the side of the pocket opposite the key catalytic residue
His263 are most likely involved in the formation of a terminal iron
binding site. In addition, the H/D-exchange data reveal that iron
does not induce structural changes around the key catalytic residue
and possible iron ligand, His263.
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