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The heme-regulatory motifs of heme oxygenase-2 contribute
to the transfer of heme to the catalytic site for degradation
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Heme-regulatory motifs (HRMs) are present in many proteins
that are involved in diverse biological functions. The C-terminal
tail region of human heme oxygenase-2 (HO2) contains two
HRMs whose cysteine residues form a disulfide bond; when
reduced, these cysteines are available to bind Fe>*-heme. Heme
binding to the HRMs occurs independently of the HO2 catalytic
active site in the core of the protein, where heme binds with high
affinity and is degraded to biliverdin. Here, we describe the
reversible, protein-mediated transfer of heme between the
HRMs and the HO2 core. Using hydrogen-deuterium exchange
(HDX)-MS to monitor the dynamics of HO2 with and without
Fe**-heme bound to the HRMs and to the core, we detected
conformational changes in the catalytic core only in one state of
the catalytic cycle—when Fe**-heme is bound to the HRMs and
the core is in the apo state. These conformational changes were
consistent with transfer of heme between binding sites. Indeed,
we observed that HRM-bound Fe®**-heme is transferred to the
apo-core either upon independent expression of the core and of
a construct spanning the HRM-containing tail or after a single
turnover of heme at the core. Moreover, we observed transfer of
heme from the core to the HRMs and equilibration of heme
between the core and HRMs. We therefore propose an Fe>*-
heme transfer model in which HRM-bound heme is readily
transferred to the catalytic site for degradation to facilitate turn-
over but can also equilibrate between the sites to maintain heme
homeostasis.

Heme degradation is a critical process in maintaining levels
of this vital cofactor in living organisms. In humans, heme oxy-
genase (HO)? is responsible for degrading heme to biliverdin
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through a pathway that requires cytochrome P450 reductase
(CPR), NADPH, and O,. Curiously, however, humans and
other amniotes express two isoforms of heme oxygenase, des-
ignated heme oxygenase-1 (HO1) and heme oxygenase-2
(HO2). HO1 and HO2 degrade heme with similar catalytic effi-
ciencies (1) and have 55% sequence identity as well as a high
degree of structural homology in the central core regions of the
proteins in which heme binds at a conserved His residue (2, 3).
The underlying reason for why both isoforms, given their sim-
ilarities, are expressed is still not clear; however, distinguishing
features of the two proteins continue to be identified that may
provide insights.

Of particular interest in the quest to understand the unique
characteristics of HO2 is the presence of two heme-regulatory
motifs (HRMs), conserved sequences centered at a Cys-Pro
dipeptide followed by a hydrophobic residue that can ligate
Fe?>"-heme via the Cys residue (4). The HRMs of HO?2 are
found in the region C-terminal to the catalytic core (approxi-
mately residues 249-288 in human HO2) that has little
sequence homology with HO1, which lacks HRMs or even any
Cys residues. Centered at Cys***>-Pro”*® and Cys***-Pro**® in
human HO2, the two HRM sites bind Fe?**-heme indepen-
dently of the core upon reduction of a disulfide bond between
Cys**® and Cys*®” (5, 6). These HRMs are conserved among all
amniotes. Whereas Fe® " -heme coordinates to His*® in the core
of the protein with high affinity (5, 6), the affinity of the HRMs
for Fe**-heme is weaker. The affinity of the Cys®*® site
(HRM1), which utilizes His?>*® as an additional axial heme
ligand, is ~2—6-fold weaker than the core, and the Cys**? site
(HRM?2) is yet another ~10-fold weaker than HRM1 (5). The
wide range of affinities at the three sites suggests that HO2
potentially senses and responds to Fe®"-heme levels over a
wide range of concentrations, but the details of that response to
heme binding at the HRMs has remained unclear.

HRM-mediated heme-dependent regulation occurs in sev-
eral other proteins involved in heme metabolism. Despite the
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Figure 1. A model of Fe**-heme binding to HO2 and transfer of Fe>*
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in this model both for simplicity and because we expect this HRM to only bind heme under limiting circumstances due to the very weak affinity of the HRM. After
turnover of heme to biliverdin (BV) in the presence of CPR, NADPH, and O,, HO2 is left in the Fe*",,,-HO2® state: heme-loaded HRM and apo-core. Heme
transfer from the HRM to the core results in the catalytically active Fe** ,,.-HO2® species. Our results also demonstrate that the heme transfer is reversible,

allowing heme to equilibrate between the sites.

fact that HO1 does not contain any HRMs, its expression is
regulated in an Fe*"-heme-dependent manner by the HRM-
containing protein Bach-1 (7). Bach-1 acts as a repressor of
HOL1 in the absence of heme, but binding of Fe*" -heme to the
HRMs of the protein prevents interactions with DNA, relieving
repression (8). Additionally, Bach-1 is targeted for nuclear
export, polyubquitination, and degradation upon heme binding
to the HRMs (9, 10). Likewise, Fe*"-heme binding to an HRM
of the enzyme that catalyzes the rate-limiting step of heme bio-
synthesis, aminolevulinic acid synthase (ALAS1), also targets
this protein for degradation (11). Therefore, it appears that
HRMs play an important role in regulating heme levels, and
HO2 could logically participate in overall heme homeostasis
through its HRMs, but nothing thus far has pointed to a clear
rationale. HO2 expression has not been shown to be heme-de-
pendent in the same way as HO1 (1), steady-state activity of
HO2 is not altered in the absence of the HRMs (5, 6, 12, 13), and
the Cys residues of the HRMs do not directly participate in the
catalytic degradation of heme in HO2 (12).

The commonality between Bach-1 and ALAS] is that both
proteins are degraded upon Fe® " -heme binding to their respec-
tive HRMs. Indeed, other examples of HRM-containing pro-
teins that are similarly targeted for degradation include p53 (14)
and the circadian factors Period 2 (15) and Rev-erbf (16),
among others. However, as described in a recent review (17), no
single function has been assigned to all HRMs, and not all
HRMs have been assigned a function. Whereas it may then
seem that comparing HO2 to other HRM-containing proteins
offers no insights into HO2 function, a model proposed by
Ikeda-Saito and co-workers (18) regarding Fe> -heme binding
to Bach-1 offered a different perspective on HRM function. In
the model, Fe**-heme binding to the HRMs of Bach-1 induces
local conformational changes that alter interactions with its
binding partners, DNA and Crml. Crml is necessary for the
heme-dependent nuclear export of Bach-1 (9).

We hypothesized that in HO2, similar heme-induced confor-
mational changes affect intramolecular interactions between
the HRM-containing tail and core regions of HO2. Further-
more, we hypothesized that these interactions promote transfer
of Fe®"-heme from the tail to the core, effectively reloading the
active site with heme at each catalytic turnover. These hypoth-
eses are supported by our previous NMR characterization of
HO2 (19), which suggested that the HRM-containing tail could
dock onto the catalytic core when Fe®"-heme is limiting and
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the Cys in the HRMs are in the reduced, dithiol state (Fe** -
HO2F; see Fig. 1). A subsequent study using hydrogen-deute-
rium exchange MS (HDX-MS) did not uncover any evidence of
docking when both the core and the HRMs were fully occupied
with Fe**-heme (Fe**_, . 1ra-HO2) (20). To fully examine
our hypothesis that the tail participates in heme transfer to the
catalytic core, it was necessary to examine a construct designed
to have a heme-loaded tail and an apo-core (Fe** ,,,,,-HO2%).
However, due to the heme-binding affinities of the various sites
on HO2 (with the core having the highest affinity), this state,
where the HRM:s are occupied with Fe**-heme but the core is
not, is not straightforward to study. Therefore, we devised
strategies to obtain this form of the protein, allowing us to
monitor changes in the protein that are specific to Fe**-heme
binding solely to the HRMs. Here, we demonstrate that
heme-dependent interactions between the core and the
HRM-containing region appear to facilitate Fe®"-heme
transfer between the sites on HO2.

Results

Generation of an HO2 variant with an apo-core and fully
heme-loaded HRMs

Due to the higher affinity of the core for heme than the HRMs
(5), the form of the protein that has eluded us thus far is that in
which heme is bound to the HRMs but not in the core
(Fe*" 1 ;za-HO2X). We therefore designed a variant of HO2 in
which the heme-binding pocket could not accommodate heme,
keeping the core in an “apo” state without perturbing heme
binding to the HRMs. Previously, even with the substitution of
His?®, which directly coordinates to heme, or the substitution of
Gly**?, which coordinates to heme through an aquo ligand in
the other axial position, heme was still able to insert itself into
the HO1 heme-binding pocket (21-23). Given the conservation
of these residues between HO1 and HO2, we replaced both
His** and Gly'*® in HO2 (corresponding to His*® and Gly'*® in
HO1) with Trp in a soluble, truncated form of HO2 spanning
residues 1-288 (HO2,,,). The double variant (H45W/G159W),
like WT (6), was isolated with a disulfide bond (0.84 * 0.01 free
thiols under denaturing conditions; HO2 contains three cys-
teines). Therefore, we reduced the H45W/G159W protein with
tris(2-carboxyethyl)phosphine (TCEP) under anaerobic condi-
tions, removed excess TCEP, and incubated the protein with 3
eq of heme (for three potential but only two hypothesized bind-
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Figure 2. Characterization of the H45W/G159W variant of HO2. The absor-
bance spectrum of TCEP-reduced H45W/G159W HO2, f incubated with
Fe3>"-heme and separated from unbound heme is shown in red. The spectrum
is of 5 uM protein in 50 mm Tris (pH 8.0), 50 mm KCl buffer at 20 °C. For com-
parison, the spectra of WT HO2,,,;, which binds heme at both the Cys?>/His?*®

(HRM1) and Cys*®? (HRM2) sites (solid black), and WT HO2,,,°, which binds
heme at the core with His*® (dashed black), are shown.

T
300 700

ing sites). After separation of protein from unbound heme, the
spectrum of the protein was nearly identical to that of the
heme-bound form of a truncated form of the protein, HO2,,,
(the “tail”), that spans residues 213-288, in which heme binds
to both HRM1 and HRM2 (5) (Fig. 2). The results indicate that
heme is not binding to the core. The spectrum of the heme-
bound variant of HO2,, differs from the HO2, ;, spectrum only
in the region around 280 nm, which can be accounted for by the
difference in amino acid composition between the two con-
structs. HO2,,, contains one Trp (plus an additional two in the
H45W/G159W variant) and 12 Tyr, whereas HO2, ,;, only con-
tains two Tyr residues and no Trp.

Before testing the effect of heme binding to the HRMs on the
structure and dynamics of H45W/G159W, we used CD spec-
troscopy and HDX-MS to ensure that the mutations at the cat-
alytic site did not drastically perturb the overall HO2 structure.
The similarities in the CD spectra of the WT and the H45W/
G159W variant of a truncated form of HO2 spanning residues
1-248 (HO2_,,,) suggested that the introduction of the two Trp
residues in the catalytic site did not disturb the structure of the
protein core appreciably (Fig. S1). Further, in comparing the
H45W/G159W variant with WT HO2,,,° by HDX-MS, both
lacking heme at the core and tail, there were not global or large-
scale differences in deuteration, arguing against large perturba-
tions due to the mutations. The only observed differences in
exchange were specific to regions associated with heme binding
(Fig. 3). These regions include the distal and proximal helices,
which form the heme-binding pocket; the combined H45W
and G159W substitutions resulted in protection against deute-
rium exchange relative to the WT protein. The distal helix,
which has a high glycine content, is flexible in nature, allowing
it to move in response to heme binding (3). Introduction of a
Trp into the distal helix likely introduced more rigidity into this
helix. There was slight deprotection in the residues C-terminal
to the distal helix. Last, a significant level of protection in the
area around residue 100 was observed in the H45W/G159W
variant. We have previously noted protection from exchange in
this region upon heme binding to the core of HO2, when pro-
tection is also observed in the distal helix (20), suggesting that
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the two regions interact in some way. Thus, overall, the H45W/
G159W variant appears to have a similar global structure as
WT HO2,, with the substitutions having introduced some
rigidity into the heme-binding pocket. These results also indi-
cate that the H45W/G159W variant could serve as a mimic of
the apo-WT protein in our investigation of the effect of heme
binding at the HRM on the structure and dynamics of HO2
lacking heme at the core.

HDX-MS reveals that the HRM region interacts with the core of
an HO2 variant in an Fe** -heme-dependent manner

To probe the structural effects of heme binding to the HRMs
when the core was unable to bind heme, we monitored
HDX-MS of the H45W/G159W variant in two states: Fe*" ;-
HO2,,X and apo-HO2,,°. The dynamics of very specific
regions were altered at early time points due to the presence of
heme bound to the HRMs (Fig. 3). Upon the addition of heme to
the HRMs of the H45W/G159W variant, the proximal helix
experienced an increase in deuterium uptake, whereas a
decrease was observed for the distal helix and the HRM-con-
taining region (Fig. 3). Because we compared the H45W/
G159W variant to itself (not to WT protein), changes in
exchange were strictly due to the presence of heme, not the
mutations themselves. Further, the changes observed with the
H45W/G159W variant are quite distinct from those of previous
observations in which heme was in the core (20). In those
experiments, no difference in uptake was observed in WT
Fe*" o rar-HO2,, S relative to WT Fe* ™ -HO2,,°. There-
fore, the protection observed here is not due to the C-terminal
tail gaining any structure but, rather, is due to a direct interac-
tion of the HRM-containing region with the core of the protein.
Supporting this interpretation is the fact that all of the changes
in dynamics are on the same time scale, suggesting that the
events are related. Further, the time scale (10 s) on which the
changes occur leads us to believe that this is a transient inter-
action between the two regions of the protein.

Fe**-heme is transferred between the catalytic binding site in
the core of HO2 and HRM1

The observed docking of the HRM region to the core when
the HRMs, but not the core, were occupied with heme sug-
gested to us that heme could be transferred between the bind-
ing sites. To test this hypothesis, we used two truncated forms
of HO2 that have been characterized previously (5, 12, 20):
HO?2,_,,., which spans residues 1-248 and includes the N termi-
nus and the catalytic core of HO2, and HO2, ;, which spans the
HRM-containing region (residues 213—288). Here, we used a
C282A variant of HO2,;; this variant reduces the number of
heme-binding sites to one, simplifying the reaction. Because of
the very weak affinity of the HRM centered at Cys*®* (5), we
expect this HRM to only bind heme under limiting circum-
stances; therefore, we focused on the HRM1 (Cys*®/His**°)-
binding site, which has a more physiologically relevant heme-
binding affinity. By essentially separating the protein into two
parts, we were able to dictate which heme-binding sites were
initially occupied. Further, because the heme-bound species of
these two constructs have distinct spectral features (5), we were

J. Biol. Chem. (2020) 295(16) 5177-5191 5179
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Figure 3. HDX-MS comparisons of HO2,,. A, differences in deuterium incorporation between the apo states of the H45W/G159W variant and WT HO2, .. The
differences in deuterium level are shown for labeling times 10's, 1 min, 10 min, 1 h, and 4 h (left to right of each graph). In each panel, the peptic peptides where
deuterium was measured are arranged N- to C-terminally (top to bottom), with approximate sequence numbering on the /eft side. Deuterium differences were
calculated using the equation Dy 45u,6150w — Dwr for each comparison and then colored according to the scale shown. A guide to the regions of each protein
is shown at the far right. All data used to create this figure can be found in supporting Excel File S1. B, differences in deuterium incorporation between the
heme-bound, TCEP-reduced state and the apo state of the H45W/G159W variant of HO2,,. Deuterium differences were calculated using the equation Dy, e —
D, for each comparison and then colored according to the scale shown C, mapping the data from the 10-s differences in B onto the structure for HO2 (Protein
Data Bank code 2RGZ).

also able to monitor changes in binding site occupancy over However, as the concentration of apo-HO2,,,, was increased in

time that would suggest transfer of heme between binding sites.

Upon mixing the heme-bound form of C282A HO2,,,, with
the apo-form of HO2_,,,, we observed changes consistent with
heme leaving the Cys®” site and binding to the catalytic site.
The initial increase in absorbance at 404 nm, indicative of heme
binding to the catalytic core, was concurrent with an initial
decrease in absorbance at 423 nm, indicative of heme leaving
the HRM region (Fig. 4). After the initial changes, a slow, sec-
ond phase in which the absorbance at 404 nm decreases was
also observed, which will be discussed below. At a 1:1 molar
ratio of HO2,,;, to HO2_,,., which would be the ratio in the
full-length protein, the initial rates observed were 0.017 and
0.016 s~ ' when monitoring at 404 and 423 nm, respectively.

5180 J. Biol. Chem. (2020) 295(16) 5177-5191

the reaction, the rates remain unchanged.

The independence of the rate of transfer is instead reminis-
cent of the kinetics of heme exchange between holoproteins
and apo-H64Y/V68F-myoglobin (“green heme”), which has
become the standard assay for determining heme off-rates (24).
Exchange between a heme-bound protein and another protein,
which is in the apo-form, can be described by Reaction 1 (24),

PH— P+H+Y—YH
Ky k.,

Reaction 1

SASBMB
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Figure 4. Fe**-heme transfer or exchange between proteins. A, heme-bound C282A HO2,,, (5 uM final concentration) was rapidly mixed with an equimolar
concentration of apo-HO2_,,. in a stopped-flow instrument within an anaerobic chamber. The data at 0.007 s (red), 6 s (green), 1000 s (blue), and several
representative intermediate time points (black) are shown. All measurements were carried out at 20 °C using the 1-cm path length configuration in photodiode
array mode with 2-4 replicates. B, the stopped-flow trace at 404 nm (blue) and 423 nm (red) from one of the replicates is shown. The data were fit to a
double-exponential equation (black) using the Pro-data Viewer software provided by Applied Photophysics. C, the experiment described in A was repeated at
varying concentrations of apo-HO2_,,., and the data at 404 nm were treated as described in B by fitting to a double-exponential equation. The rates were
plotted as a function of the final concentration of apo-HO2_,,. in the assay with k; in blue on the left y axis and k, in orange on the right y axis. Data represent
the average = S.D. (error bars) of 2—-4 acquisitions. D-F, same as A-C except that heme-bound apo-HO2_,,. was mixed with varying concentrations of C282A
HO2,,;. G-I, same as A except that heme-bound C282A HO2,,, was mixed with varying concentrations of apo-H64Y/V68F-myoglobin (“green heme”), and the

data at 600 nm were fit to a single-exponential equation.

where PH is the heme-bound protein, P is the apoprotein, H is

free heme, Y is the second protein (usually apo-H64Y/V68E-

myoglobin), and YH is the second protein in the heme-bound

form. Assuming that the concentration of free heme is

extremely low, Equation 1 is used to describe the observed rate
k(Y]

constant (24).
)
kH[P]>

(e
However, in the presence of excess Y, k.. = k_,,, the heme
off-rate for the protein that initially was in the heme-bound
form, and the observed rate is independent of protein concen-
tration. Indeed, when we used the same protein concentrations
in the heme exchange reaction, but using apo-H64Y/V68E-

kil P]

kobs =

SASBMB

myoglobin instead of apo-HO2_,,,, the rate was independent of
the concentration of the myoglobin (Fig. 4).

One key difference in the heme exchange reaction when using
myoglobin rather than HO2,,,,, however, is that the initial rate of
heme transfer from C282A HO2,,,, to apo-HO2,,,, (0.017 s ") is
faster than the rate of heme dissociation into solution (0.005 s~ 1)
for heme-bound C282A HO2, ,, as determined by the apo-myo-
globin assay despite the fact that the rate of association of heme
from solution to HO2(1-248) (4.1 X 10° M~ * s~ 1) is similar to that
of myoglobin (4.4 X 10° M~ ' s~ 1) (25). The faster rate of heme
transfer to the core than heme dissociation into solution thus
yields some evidence of a protein-mediated heme transfer, as
suggested by the HDX-MS results above, despite the fact that we
have “unlinked” the two regions of the protein.

The other key difference in the heme exchange reactions
relates to the second phase of the heme transfer reaction

core

J. Biol. Chem. (2020) 295(16) 5177-5191 5181
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Figure 5. Fe**-heme transfer between heme-bound C282A HO2,,; and
apo-G163H HO2_,,.. A, heme-bound C282A HO2,,, was mixed with an
equimolar concentration of apo-G163HHO2_,,. in a stopped-flow instrument
within an anaerobic chamber as described in Fig. 4A. B, the absorbance
change over time at 414 nm (red) was fit to a double-exponential equation
(black).

between heme-bound C282A HOZ2,, and apo-HO2,,.. As
noted above, when monitoring the reaction at 404 nm (due to
heme binding to the core), we observed a slow, second phase,
which actually decreased in absorbance over time. A decrease
in absorbance indicates loss of heme from the core, whereas
absorbance for heme-bound H64Y/V68F-myoglobin remains
steady over time. We hypothesize that the difference in the
kinetic traces is due to the greater affinity of heme for H64Y/
V68F-myoglobin relative to the HO2,,,,, as reflected by their
heme off-rates, 10 *~10"° s~ ! versus 10 >~10" > s~ ', respec-
tively (25). Indeed, when we increased the heme affinity of
HO2,,,, by 100-fold to match that of myoglobin by substituting
Gly'®? with His (i.e. decreasing the off-rate to 10 *~10 ¢ s~ '
(Fig. S2)), we no longer observed a second phase with decreas-
ing absorbance (Fig. 5). In addition, the rate of heme transfer
from C282A HO2,,,, to apo-G163H HO2_, (0.022 s7') is
slightly faster than the rate of transfer to WT (0.017 s~ ). This
substitution creates a heme-binding pocket that can coordinate
heme with bis-His ligation (26).

A potential destination for heme released (or transferred)
from HO2_,,, in the presence of C282A HO2,,,, is back to the
HRM-binding site. We have previously demonstrated that the
heme off-rate for C282A HO2, ,, is slower than HO2_, , result-
ing in weaker affinity for the HRM than the core (5). However,

core
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the heme association rates at the two sites are very similar (5).
Therefore, we asked if heme could be transferred from the cat-
alytic binding site to the HRMs of HO2. Indeed, when we mixed
the apo-form of C282A HO2,,, with the heme-bound form of
HO2,,,., we observed changes consistent with heme leaving the
catalytic site and binding to Cys**. The decrease in absorbance
at 404 nm, indicative of heme leaving the catalytic core, was
concurrent with an increase in absorbance at 423 nm, indicative
of heme binding to HRM1 (Cys***/His**®) (Fig. 4). After the
initial changes, a slow, second phase in which the absorbance at
404 nm decreases was also observed. At a 1:1 molar ratio of
HO2,,,to HO2,,,., which would be the ratio in the full-length
protein, the initial rate was 0.039 s~ when monitoring at 404
nm, which is faster than heme transfer in the opposite direc-
tion, and the second, slow phase was 0.00013 s~ '. Whereas the
rate of the second phase was independent of the concentration,
the rate of the first phase decreases with increasing apo-C282A
HO2,,, concentrations, suggestive of a protein-mediated
transfer through conformational selection in which a ligand
preferentially binds to a particular conformation of a protein
(27) (see “Discussion”). Overall, the data indicate that heme is
not transferred unidirectionally, but rather, heme is transferred
between the sites.

Fe**-heme equilibrates between binding sites on HO2

To complement the stopped-flow results just described, we
performed assays to investigate the reaction on longer time
scales. Specifically, we were interested in how heme equili-
brates over longer time frames between the two sites. Previ-
ously, HO2_,, was used as the competitive heme-binding pro-
tein in an equilibrium-based competition assay (25). The assay
is very similar to the assays performed in the stopped-flow
experiments described above but monitors the end of the reac-
tion rather than the initial phases. Simply put, a heme-bound
protein (C282A HO2,,, was used here) is incubated for long
periods with varying concentrations of apo-HO2_,,., which acts
as a competitor for heme. A plot of the fraction of heme bound
to HO2,,,, versus the concentration of added protein yields the
K, value.

Incubation of heme-bound C282A HO2, ,,, with varying con-
centrations of the apo-form of HO2_,,, demonstrated that
heme equilibrates between the two sites (Fig. 6). A fit of the plot
described above, using the K, value of 3.6 nm for HO2,_,,, (25),
yielded a K, value of 54.9 nm for C282A HO2,,,,. The calculated
K, value is higher than previously calculated by measuring the
rates of heme dissociation and association but lower than that
determined by equilibrium heme titration (5). Whereas the dif-
ference in affinity between the core and C282A HO2,,,, was
only 2—6-fold in the previous experiments, the competition
assay here suggested a 15-fold difference in affinity. The most
interesting aspect to the results, however, is that at near 1:1
protein levels (core to C282A HO2,,,), the fraction of heme in
the core began to level off at ~60-70%.

We next asked whether heme also equilibrates between the
binding sites in HO2,,, containing both the core and tail.
Because we cannot vary the concentration of one site relative to
the other as with the two separate proteins, we varied the con-
centration of heme that was incubated with the C282A variant
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Figure 6. Fe**-heme equilibration between C282A HO2,,;, and HO2_,,..
Increasing concentrations of apo-HO2_,,. were incubated with 3 um heme-
bound C282A HO2,,,; in an anaerobic chamber. A, after reaching equilibrium,
UV-visible spectra were recorded. For comparison, the spectrum of heme-
bound C282A HO2,,; is shown in blue, and the spectrum of heme-bound
HO2_,,. is shown in red. B, difference spectra were generated from the data in
A by subtracting the absorbance of heme-bound C282A HO2,,, in the
absence of added apo-HO2,,,. (blue spectrum in A) from each spectrum. The
ratio of heme transfer was calculated by normalizing the difference in absor-
bance at 404 nm (due to the formation of heme-bound HO2_,,,) to the absor-
bance of fully heme-bound HO2_,,. (in the absence of added C282A HO2,,,,).
As shown in the inset, he ratio was plotted as a function of HO2_,,, concentra-
tion and fit with the Morrison equation for tight-binding inhibitors.

of HO2,, . Difference spectra created by subtracting heme-
bound HO2_,,, from the spectra of C282A HO2,, at varying
heme concentrations reveal that a fraction of heme binds at
HRMI1 even at low heme concentrations (~0.5:1 heme/protein
or ~0.25:1 heme/total binding sites) under equilibrium condi-
tions (Fig. 7). Further, to correlate the results of the assay using
C282A HO2,, to the results of the competition assay using the
two separate proteins above, we calculated how much heme
was bound to the core of C282A HO2, , when incubated with
equimolar heme (equivalent to 1:1 core/C282A HO2,,,, above).
Consistent with the results above, ~70% of the heme was
bound to the core of the protein, suggesting that heme equili-
brates between sites in the more full-length protein similarly to
the two truncated proteins.

CPR, but not biliverdin, inhibits transfer of Fe**-heme from
HRMT1 to the core of HO2

To understand how heme transfer between the core and
HRM-binding sites of HO2 relates to the catalytic activity of
HO2, we asked how the equilibration of heme on HO2 is
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Figure 7. Fe**-heme equilibration between HRM1 and the core in C282A
HO2, . Increasing concentrations of heme were incubated with C282A
HO2,,," in an anaerobic chamber. A, after reaching equilibrium, UV-visible
spectra were recorded. B, difference spectra were generated by subtracting
the absorbance of heme-bound C282A HO2,,; (solid black spectrum in C). C,
absorbance spectrum from the same assay in A in which the added heme
concentration is equal to the protein concentration of C282A HO2,, (green).
The spectra of heme-bound C282A HO2,,;, (solid black) and heme-bound
HO2,,. (dashed black) are shown for reference and were used to calculate
that ~70% of the added heme is bound to the core.

700

affected by CPR, the electron donor for HO, and biliverdin, the
product of the HO reaction. CPR binds to HO2 through resi-
dues on the distal helix (specifically Lys'®®) as well as the helix
immediately C-terminal to the distal helix (specifically Leu®®")
(28). A crystal structure of HO1 in complex with a tight-binding
variant of CPR, ATGEE CPR (29), illustrates those interactions,
which are conserved between HO2 and HO1 (30). Because our
HDX-MS results indicate that the distal helix also interacts the
HRM region of the protein, we predicted that CPR may com-
pete with the HRMs for access to the heme binding site in the
core of the protein. Indeed, as we increased the concentration
of ATGEE CPR preincubated with apo-HO2,_,,, prior to mixing
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Figure 8. The effect of biliverdin or ATGEE CPR on Fe3**-heme transfer
between heme-bound C282A HO2,,; and apo-HO2_,,.. Apo HO2_,. (10
M) was incubated with varying concentrations of ATGEE CPR (A) or biliverdin
(B) prior to being rapidly mixed with heme-bound C282A HO2,,; (5 um final
concentration) in a stopped-flow instrument within an anaerobic chamber.
All measurements were carried out at 20 °C using the 1-cm path length con-
figuration in photodiode array mode in triplicate. The data at 404 nm were fit
to a double-exponential equation using the Pro-data Viewer software pro-
vided by Applied Photophysics. The rates were plotted as a function of the
final concentration of biliverdin or ATGEE CPR in the assay with k; on the left
y axis and k, on the right y axis. Data represent the average *+ S.D. of three
acquisitions.

with the heme-bound form of C282A HO2,,,, the transfer of
heme to the core became slower (Fig. 84).

On the other hand, preincubation of apo-HO2_,,, with biliv-
erdin prior to mixing with heme-bound C282A HO2,,,, did not
affect the rate of heme transfer to the core (Fig. 8B). Biliverdin,
the product of the HO reaction, is converted to bilirubin by
biliverdin reductase. In the absence of biliverdin reductase,
release of biliverdin from HO1 was shown to be the rate-limit-
ing step of heme turnover (31).

Fe**-heme is transferred to the catalytic binding site of HO2
from HRM1 after turnover in the core

One of the key times, presumably, that heme would equili-
brate between sites is after turnover, when the core is in the apo
state and the HRMs contain heme. In an effort to mimic those
conditions in vitro, we monitored the spectrum of HO2 to look
for heme transfer after a single, fast turnover of heme in the core.
Under single-turnover conditions, meaning limiting the concen-
tration of NADPH, we could theoretically minimize the amount of
heme that was transferred to the core from the HRMs and then
turned over. Further, by ensuring the single turnover was fast by
optimizing the concentration of CPR, we hypothesized that the
heme transfer would occur after turnover was completed, thus
allowing us a better opportunity to observe the transfer. As a con-
trol, we used Fe* " _-HO2,_ ,°, in which the HRMs are in a disul-

core
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fide bond. Upon rapidly mixing NADPH with the protein that had
been preincubated with WT CPR, we observed an initial decrease
in absorbance at 404 nm due to heme turnover (as judged by the
lack of spectral features consistent with heme bound to HO2) in
the first 10 s, which fit to two phases (k, = 2.25s™ ' and k, = 0.40
s~ ) (Fig. 9). The third phase of the reaction was a very slow (k, =
0.00019 s~ 1) decrease in absorbance at 404 nm. Under those con-
ditions, we felt confident we would be able to observe a heme
transfer even if it occurred at a similar rate as the transfer of heme
to HO2,_,,, from C282A HO?2, ,,, discussed above (0.017 s ).

Heme transfer from HRM1 to the core was observed after
single turnover of C282A Fe*"_, . ;ra-HO2,,~, which has
heme bound at both the core and the HRM-binding sites. Upon
rapidly mixing NADPH with the protein that had been prein-
cubated with WT CPR, we observed an initial decrease in absor-
bance at 404 nm due to heme turnover in the first 6 s, which fit
to two phases (k, = 2.30 s™ ' and k, = 0.15 s~ ') (Fig. 9). How-
ever, unlike the control reaction with Fe**_ -HO2,,°, there
was an increase in absorbance at 404 nm after the initial
decrease, suggesting reloading of heme to the catalytic core.
Careful examination of the spectra revealed small shifts in the
Soret band when comparing the initial spectrum, the spectrum
at 6 s, and the final spectrum that is consistent with heme trans-
fer. Furthermore, assuming that the only difference between
the control and the HRM1-bound reaction was the heme trans-
fer event, the difference spectra between the two reactions over
the same time frame would reveal the heme transfer event.
Indeed, the difference spectrum at 6 s was consistent with heme
transfer and binding to the core. However, the Soret band did
not fully reach 404 nm even by 1000 s. Despite the fact that we
saw no effect in the HO2_,, . /HO?2, ; assay, we considered the
possibility that the product of the reaction, biliverdin limited
complete transfer of heme to the core upon adding equimolar
(to HO2) biliverdin reductase (Fig. S3). However, there was no
change in the rates, nor did the final spectrum shift further
toward 404 nm than in the absence of biliverdin reductase.
Therefore, we hypothesize that after transfer, the heme equili-
brates between the core and the tail, as described above for
HO2,,,,and HO2,,,,.

The absorbance increase at 404 nm due to heme transfer fit
to two phases, k; = 0.036 s~ ' and k, = 0.0023 s~ '. When com-
paring the results of the single-turnover assay with C282A
Fe ™ omra-HO2,,,X with those discussed earlier regarding
heme transfer to HO2_,, from C282A HO2,,,, we see that the
initial rate of heme transfer is 2-fold faster for the more full-
length protein than for the two truncated proteins (0.036 s~ *
compared with 0.017 s™'). The rate of heme transfer from the
HRMs to the core of C282A Fe*" . ;ea-HO2,, X is compara-
ble with the heme off-rates for C282A Fe*™ . 11en-HO2,,,%, as
measured in an apo-H64Y/V68F-myoglobin assay (Fig. 11).
The assay yields three rates (k; = 0.095s™ ', k, = 0.0075 s~ ",
and k, = 0.00056 s~ '); k, is consistent with the off-rate
observed for C282A HO2, ;, (Fig. 4) and is slower than the rate
of heme transfer observed here. k; and k; can be assigned to
heme dissociation from the core of the protein and thus would
not be relevant in a comparison with the rates of heme transfer
when the core is in the apo-form.

tai
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Figure 9. Fe**-heme transfer from HRM1 to the core after single turnover of heme in the core. A, heme-bound HO2,,,° (5 umfinal concentration) and an
equimolar concentration of CPR were rapidly mixed with a limiting amount of NADPH to initiate degradation of heme at the core. All measurements were
carried out at 20 °C using the 1-cm path length configuration in photodiode array mode in triplicate. The stopped-flow trace at 404 nm (B, red) was fit to a
triple-exponential equation (B, black) using the Pro-data Viewer software provided by Applied Photophysics. The inset is a semi-log plot of the data in Bwith the
data shown in red and the fit in black. Cand D, same as A and B except C282A Fe** __ _,..,-HO2,F was used in the assay in place of HO2,°, and data were fit
to a quadruple-exponential equation. D-F, same as A and B except that an equimolar concentration of free heme was added to the heme-bound HO2,,° and
CPR solution before mixing with NADPH. Data were fit to a quadruple-exponential equation.
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Figure 10. Fe3>*-heme transfer from HRM1 to the core after single turn-
over of heme in the core as indicated by difference spectra. Data in Fig. 9A
(heme-bound HO2_,,°/CPR mixed with NADPH) were subtracted from data in
Fig. 9B (C282AFe®" e ani-HO2,,,/CPR mixed with NADPH) at the same time
points to yield difference spectra. The difference spectra indicate the a shiftin
the absorbance maximum from 427 nm, which is near the absorbance maxi-
mum of heme-bound C282A HO2,,;, to 414 nm, which is near the absorbance
maximum of heme-bound HO2_,..
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Upon repeating the control reaction (WT Fe**_ -HO2_°
preincubated with WT CPR and then rapidly mixed with
NADPH) but adding an equivalent of heme to the solution, the
rates of the rebinding event to the core (increase in absorbance
at 404 nm after the initial decrease from turnover) were 0.11s~*
(ks) and 0.016 s™* (k,) (Fig. 9). The rate of heme acquisition
from solution by the core (when the HRMs are in a disulfide
bond) after single turnover (0.11 s~ 1) is faster than when heme
is transferred from the HRMs (0.036 s 1), but the difference
between the two rates is not so large that it would rule out heme
transfer. Thus, we conclude that the results are consistent with
the heme transfer model.

Discussion

One of the most intriguing features of HO2 is the presence of
multiple heme-binding sites of varying affinity on a protein
whose function is to degrade heme at just one of those sites. The
presence of the additional heme binding sites, the redox-active
HRMs, is the feature that distinguishes HO2 from HO1; fur-
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Figure 11. The Fe**-heme off-rates for C282A Fe**_, . ,.-HO2, %, as
measured in an apo-H64Y/V68F-myoglobin assay. A, C282A Fe** e
HO2,, was mixed with a 10-fold excess of apo-H64Y/V68F-myoglobin in a
stopped-flow instrument within an anaerobic chamber. B, the absorbance
change over time at 600 nm (red) and the fit of the data to a triple-exponential
equation (black).

1000

thermore, humans and all other amniotes express both HO
isoforms. These structural and evolutionary characteristics
suggest that the presence of HRMs in HO2 is crucial and could
explain why amniotes express two HO isoforms; however,
uncovering the functional significance of the HRMs had
remained elusive. Upon considering a model proposed for
another HRM-containing protein, Bachl, in which heme
induces local conformational changes that alter interactions
with its binding partners (18), we hypothesized that interac-
tions between the core and the HRM-containing tail region of
HO2 occur upon heme binding to the HRMs. Further, we pre-
dicted that, for HO2, the functional significance of the confor-
mational change is to facilitate the transfer of heme between the
catalytic core and the HRMs (Fig. 1).

Our characterization of Fe** ,,,,,-HO2" described here con-
firms the heme transfer model, allowing us to assign a novel
function of the HRMs in HO2 as a reservoir that stores heme
until the core is available for another round of catalysis. We
observed heme transfer from HRM1 to the core when the two
regions of the protein are expressed separately (heme-bound
C282A HO2,,;, to apo-HO2,,,,; 0.017 s~ ). The rate of transfer
is independent of protein concentration, suggesting that the
core acts similarly to apo-H64Y/V68F-myoglobin (“green
heme”) to accept heme from solution. Furthermore, the rate of
heme transfer is enhanced when the two regions of the protein
are expressed together (heme transfer after single turnover of
heme bound to the core of HO2_, proceeds at a rate of 0.036
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s~ 1), and the observed rate is faster than the rate of heme dis-
sociation into solution (0.005 s~ ') for C282A HO2,,, as mea-
sured by the apo-H64Y/V68F-myoglobin assay, suggesting
direct transfer of heme between the sites in HO2. Future studies
will investigate mechanistic details of heme transfer, such as
heme dissociation/association versus heme ligand exchange
and/or conformational selection versus induced fit. We can,
however, attribute the directionality of heme transfer (i.e. from
HRM to the core) to a thermodynamic driving force, given that
the core has an ~10-fold higher affinity for heme than HRM1
(5). In addition, using HDX-MS, we observed heme-dependent
conformational changes in a variant of HO2, H45W/G159W
Fe3" en-HO2,, 5, when the core is in the apo state and the
HRMs are occupied with heme. The results are consistent with
the HRM region transiently docking on the core, with the
HRMs specifically altering the dynamics of regions in the
core—the proximal and distal helices—which could facilitate
the heme transfer.

The model proposed here for heme transfer from the tail to
the core of HO2 is consistent with that previously proposed for
Bachl in which heme binding to HRMs induces local confor-
mational changes that alter interactions with binding partners.
In the case of HO2, these are intramolecular interactions
between two domains instead of separate proteins. It appears
that the model may be applicable to other systems as well and
explain why no single function has been assigned to all HRMs.
Similar to HO2, the HRMs of most other systems are also
located in unstructured regions of proteins (17). Indeed, the
surface binding of heme has been shown to induce local struc-
tural definition around the HRM in a number of short peptides
(32—-35). Conformational changes beyond those observed in
short peptides may also be introduced by heme ligation to
HRMs in conjunction with histidine residues located outside
the HRM region, as evidenced in HO2 (5), Rev-erbf (36), and
heme-regulated inhibitor (37, 38). Most importantly, this
model suggests that heme binding to HRMs is mechanistically
significant yet yields functionally different outcomes.

Not predicted by the model, however, are the intramolecular
interactions detected in our previous NMR study of HOZ2,
which suggested that the HRM-containing tail docks onto the
heme-bound core in Fe**_, -HO2® (19). Consistent with the
NMR data, we observed in this study the back-transfer of heme
from the core to HRM1. We observed a slow back-transfer of
heme from the core to HRM1 after it had been rapidly trans-
ferred from the heme-bound C282A HO?2,,;, to apo-HO2,,,,.
Increasing the affinity of the core for heme by substitution of
Gly'®® with His eliminated the back-transfer, suggesting that
equilibration of heme between the core and HRM1 is driven by
thermodynamics, consistent with the K, for the HRM1 being
greater than that for the core. Indeed, our equilibrium assays
indicate that the core is ~60-70% occupied upon incubating
heme-bound C282A HO2,,, with the apo-form of HO2,,,. ina
1:1 ratio or incubating C282A HO2,,,® in a 1:1 ratio with heme.
Further, when the two regions of the protein were expressed
separately, we observed heme transfer from the core to HRM1
at a rate (0.039 s~ ') that is comparable with, and slightly faster
than, transfer in the forward direction (from HRMI to the
core).
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Whereas the rate of heme transfer from the tail to the core is
independent of protein concentration, Fig. 4 reveals that the
rate of heme transfer from the HO2 catalytic core to HRM1
decreases as a function of protein concentration. This profile is
consistent with heme binding through a conformational selec-
tion model (27), in which a ligand preferentially binds to a par-
ticular conformation of a protein rather than binding to a pro-
tein to induce a conformation (induced fit). The core of HO2
has also previously been shown to display characteristics of
conformational selection upon binding heme from solution,
which distinguishes HO2 from other heme-binding proteins,
including myoglobin and Rev-erbf3, which bind free heme in a
two-step mechanism that is more consistent with induced fit
(25). Given that we see heme-dependent conformational
changes in both the Fe*",,,-HO2~ and Fe*"_ -HO2R
states (19), conformational selection might be a strategy used by
HO2 to facilitate heme transfer. Specifically, the HRMs in HO2
are located in an unstructured region of the protein (19, 20).
Various studies indicate that intrinsically disordered proteins/
regions of proteins, which play key roles in cellular regulation
and signaling, bind specifically to other proteins and ligands
while sampling many different conformations (39). In the case
of HO2, it is only when the tail is interacting with the core
(when just one of the two types of heme-binding sites is occu-
pied), giving the protein a specific conformation, that heme
transfer occurs. Thus, it remains unclear whether the confor-
mational selection model describes the docking of the unstruc-
tured tail on the structured core or the binding of heme to
HRMI. As mentioned above, future studies, which will aim to
elucidate the mechanistic details of heme transfer (heme disso-
ciation/association versus heme ligand exchange), will clarify
why the kinetic profiles differ in the two directions of heme
transfer.

We assign the HRMs as a dynamic reservoir for heme that
can both transfer heme to and accept heme from the catalytic
core of HO2. Consistent with our hypothesis, our characteriza-
tion of heme transfer within HO2 is in contrast to the direct
heme transfer from IsdA to IsdC within the Isd heme acquisi-
tion system of Staphylococcus aureus (40) or from Shp to HtsA
within the heme acquisition machinery found in Streptococcus
pyogenes (41). In these systems, whereas low affinities (K, =
17-48 um) for the holoprotein/apoprotein complex have been
observed, heme transfer reactions are reported to have very fast
rates (43-54 s~ ') that are 40,000-70,000 times greater than
that of heme dissociation. In another example, glyceraldehyde-
3-phosphate dehydrogenase, which acts as a heme chaperone
(42), binds to inducible nitric-oxide synthase with very high
affinity (K, = 0.6 nM) and enhances heme insertion into induc-
ible nitric-oxide synthase relative to free heme (43). Rather, the
HO2 model appears to be more mechanistically and function-
ally similar to the transfer of copper from CusF to CusB, com-
ponents of the Escherichia coli efflux pump. In that system, the
rate of complex formation between CusF and CusB is fast and
transfer of copper is slow, proceeding at a rate of 0.015 s~ * (44).
When copper is transferred from CusF to CusB, the efflux
pump is activated; when copper is transferred back to CusF
from CusB as metal concentrations decrease, the efflux pump is
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deactivated (45). Hence, transfer and back-transfer are key to
regulating metal homeostasis.

In the instance of HO2, we also observe transfer in both
directions and hypothesize here that both transfers are func-
tionally significant, working together to regulate heme homeo-
stasis. In the forward direction, meaning from the HRMs to the
core, heme is transferred rapidly and directly to the core for
degradation. While CPR is bound to HO2 during turnover, it
appears that the tail is prevented from docking on the core.
Instead, the HRMs would be available to bind heme, priming
the system for the next round of turnover before the first round
has even been completed when heme levels are elevated. As
heme levels decrease, less heme would be available to bind to
the HRMs, and less heme would be chaperoned to the HO2
core via the HRMs. In addition, the back-transfer of heme from
the core to the tail may also indicate that heme can also be
chaperoned back into the labile heme pool, equilibrating heme
among the various locations. Of course, this simplified model
does not account for how heme is chaperoned to the HRMs if
the HRMs are indeed sensing the concentrations of labile heme.
Nor does the model account for whether or not heme can be
directly chaperoned to the core without the HRMs acting as an
intermediary; this would also be relevant for acquisition of
heme by HOL1. Given the similarities between the core regions
of HO2 and HOJ1, it is quite feasible that the same heme chap-
erone can deliver heme to both proteins, but the identity of such
a chaperone has not been elucidated as of yet. These are ques-
tions under investigation in our laboratory. A chaperone that
delivers heme directly to the core of HO2 would be particularly
important when the protein is in the oxidized, disulfide-bond
state. The HRMs of HO2 are 30-40% oxidized under normal
growth conditions (46), making them unavailable to bind heme
(5).

In conclusion, we have demonstrated that heme is trans-
ferred between binding sites on HO2 and that intramolecular
interactions between the core and tail occur upon heme bind-
ing to the HRMs to facilitate heme transfer. We propose that
the heme transfer from the HRMs to the core not only facili-
tates heme turnover in HO2 but also makes HO2 more respon-
sive to changes in heme levels than previously thought by using
a mechanism that is distinct from HO1, which has no HRMs,
but perhaps consistent with that of other HRM-containing pro-
teins by using heme binding to the HRMs to induce conforma-
tional changes in the protein. The results presented here sug-
gest that future studies will cement a key role for HO2 in the
larger context of heme trafficking and heme homeostasis.

Materials and methods
Protein expression and purification

HO2,,, and HO2,,, were expressed from the pET28a vector
in BL21(DE) cells (Life Technologies, Inc.) and purified by nick-
el-nitrilotriacetic acid—agarose affinity chromatography (Qia-
gen) as described previously (5, 19). In the case of HO2_,,,, the
N-terminal His, tag was removed by treatment with thrombin
prior to use (19), whereas the tag was not removed from HO2, ,
due to nonspecific cleavage of the protein upon thrombin treat-
ment (20). The C282A variant of HO2, ,,, was expressed from a
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modified version of pMSCG?7 (generously provided by W. C.
Brown of the High-throughput Protein Lab in the Center for
Structural Biology at the University of Michigan), purified by
nickel-nitrilotriacetic acid—agarose affinity chromatography
(Qiagen), and treated with tobacco etch virus protease to
remove the N-terminal affinity tag, as described previously (5).
The G163H variant of HO2_,,, was constructed using the Q5
site-directed mutagenesis kit (New England Biolabs) to intro-
duce the mutation, and the H45W/G159W variant of HO2_, .
was constructed using the QuikChange site-directed mutagen-
esis protocol (Stratagene). Variants were expressed and puri-
fied as described for WT HO2,,,, above. The C282A, H45W,
G159W, and H45W/G159W variants of HO2,,, were intro-
duced into a pMSCG10 vector harboring HO2, , described pre-
viously (20) using the QuikChange site-directed mutagenesis
protocol (Stratagene). Variants were expressed and purified as
described for WT HO2,,, above, except that the affinity tag was
removed by treatment with tobacco etch virus protease.

Residues 236 —239 of an N-terminally truncated form of CPR
(the first 66 were deleted) were deleted using the QuikChange
site-directed mutagenesis protocol (Stratagene) in two succes-
sive reactions to create the ATGEE CPR variant. The WT and
the ATGEE variant of N-terminally truncated CPR were puri-
fied as described previously (28). Biliverdin was purified as
described previously (28). H64Y/V68F-myoglobin (green
heme) was purified and converted to the apo-form as described
previously (25) using an expression vector generously supplied
by J. Olson (Rice University, Houston, TX).

Free thiol determination

Free thiol concentrations were measured by a modified 5,5'-
dithiobis-(2-nitrobenzoic acid) assay described previously (25)
in which 50 ul of 5 mMm 5,5’ -dithiobis-(2-nitrobenzoic acid) was
added to 950 ul of 6 M guanidine hydrochloride in 100 mm Tris,
pH 8.0. 100 ul of sample was added, and the mixture was incu-
bated at room temperature for 15 min before spectra were
recorded. DTT was used to standardize the assay.

Preparation and analysis of Fe**-heme-bound HO2

Heme-bound samples were prepared as described previously
in 50 mm Tris, pH 8.0, buffer with 50 mm KCl (5). As with other
reduced, dithiol samples, the C282A variants of HO2, , and
HO2,,,, were treated with TCEP in an anaerobic chamber and
separated from the TCEP prior to incubation with heme. Cys**®
has previously been shown to be in the sulfenic acid form upon
replacement of Cys*®** with Ala (6). Absorbance spectra of
heme-bound proteins were recorded in 50 mm Tris, pH 8.0,
buffer with 50 mm KCI at 20 °C on a Shimadzu UV-2600 UV-
visible spectrophotometer.

CD spectroscopy

CD spectra of the protein samples were acquired in phos-
phate buffer (50 mm potassium phosphate, pH 8) at a concen-
tration of 5 uMm on a J-1500 CD Spectrometer (JASCO). Each
spectrum was acquired with five scans in a cuvette with a path
length of 0.1 cm.

5188 . Biol. Chem. (2020) 295(16) 5177-5191

HDX-MS

All HDX-MS experiments were performed in an identical
manner regardless of the presence of heme or mutation. Deu-
terium labeling was carried out in triplicate. Labeling was initi-
ated by diluting 3 ul of HO2 (33.3 uM; 50 mm Tris and 50 mm
KCl at pH 8.0) 15-fold in deuterated buffer at room tempera-
ture. The labeling reactions were quenched by decreasing the
temperature to 0 °C and decreasing the pH to 2.5 by adding 30
wl of quench buffer (150 mm NaH,PO,, 100 mm TCEP, pH 2.2)
at five time points (10 s, 1 min, 10 min, 1 h, and 4 h). Upon
quenching, the samples were injected immediately into a
Waters nanoACQUITY UPLC equipped with HDX technol-
ogy. The samples were digested online using a pepsin column at
15 °C. Peptides were then trapped on a VanGuard BEH C18
1.7-um guard column. Following trapping, peptides were
eluted from the guard column and separated using a 5—85%
water/acetonitrile gradient (0.1% formic acid) over 10 min at a
flow rate of 60 wl/min using a Waters ACQUITY UPLCHSS T3
1.8-um 1.0 X 50-mm analytical column. Mass spectral analysis
was performed on a Waters Synapt G2-Si with a standard elec-
trospray ionization source in positive resolution mode. Pep-
tides were identified from triplicate HDMSE analyses, and data
were analyzed using PLGS 3.0.1 (Waters Corp.). Peptide masses
were identified using a minimum of 250 ion counts for the low-
energy threshold and a 50 ion count threshold for their frag-
ment ions. The peptides identified in PLGS were then analyzed
in DynamX 3.0 (Waters Corp.) implementing a minimum
products per amino acid cut-off of 0.2, at least two consecutive
product ions, and a maximum MH™ error of 10 ppm. A data-
base containing only the sequence from human HO2 (Uniprot
P-30519) was used with no cleavage specificity and no post-
translational modifications considered. Those peptides meet-
ing the filtering criteria were further processed by DynamX to
create deuterium uptake graphs. Relative deuterium incorpora-
tion was calculated by subtracting the centroid of the isotopic
distribution of the undeuterated control from the centroid of
the isotopic distribution from a given labeling experiment.

Fe>*-heme transfer assays

The heme-bound form of the indicated variant and construct
of HO2 (final concentration 5 um) was rapidly mixed with apo-
HO?2 at the indicated concentrations in an Applied Photophys-
ics stopped-flow spectrophotometer with the sample handling
unit housed in an anaerobic chamber. In some assays, the apo-
form of HO2 was premixed with varying concentrations of
either ATGEE CPR or biliverdin prior to the assay. All measure-
ments were carried out at 20 °C in 50 mm Tris, pH 8.0 buffer,
with 50 mm KCl using the 1-cm path length configuration in
photodiode array mode. When C282A HO2, ;,, was used in the
apo-form, the protein was reduced with TCEP in the anaerobic
chamber as described above prior to use in the assay. Stopped-
flow traces at the indicated wavelengths were fit with a double-
exponential equation using the Pro-data Viewer software pro-
vided by Applied Photophysics.

Fe3*-heme off-rate measurements

Heme off-rates were measured as described previously on a
Shimadzu UV-2600 UV-visible spectrophotometer to monitor
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the change in absorbance at 600 nm due to heme binding to
apo-H64Y/V68F-myoglobin (green heme) (5). In other experi-
ments, heme-bound HO2 was rapidly mixed apo-H64Y/V68E-
myoglobin at the indicated protein concentrations in an
Applied Photophysics stopped-flow spectrophotometer with
the sample handling unit housed in an anaerobic chamber. All
measurements were carried out at 20 °C in 50 mMm Tris, pH 8.0,
buffer with 50 mm KCl using the 1-cm path length configura-
tion in photodiode array mode. Stopped-flow traces at the indi-
cated wavelengths were fit using the Pro-data Viewer software
provided by Applied Photophysics.

Fe>*-heme competition assays

The HO2_,,, competition assay was performed as described
previously (25) with minor modifications. In 50 mm Tris, pH
8.0, buffer with 50 mm KCI, varying concentrations of apo-
HO2,,,. were mixed with the preformed complex of 3 um
TCEP-reduced C282A HO2, ,, and 2.5 um heme in an anaero-
bic chamber. Samples were incubated at ambient temperature
for 48 h before they were removed from the anaerobic chamber,
and spectra were recorded on a Shimadzu UV-2600 UV-visible
spectrophotometer at 20 °C. Spectra were treated and fit to the
Morrison equation for tight-binding inhibitors as described
previously (25).

The HO2,,, heme competition assay was performed simi-
larly except with varying concentrations of heme. The
C282A variant of HO2,, was reduced with TCEP as
described above in an anaerobic chamber. After the removal
of TCEP, the protein was mixed with varying concentrations
of heme in 50 mMm Tris, pH 8.0, buffer with 50 mm KCI.
Samples were incubated at ambient temperature for 48 h
before they were removed from the anaerobic chamber, and
spectra were recorded on a Shimadzu UV-2600 UV-visible
spectrophotometer at 20 °C.

Single-turnover assays

Heme degradation by HO2 requires O,, but the Applied
Photophysics stopped-flow spectrophotometer with the
sample handling unit is housed in an anaerobic chamber.
Therefore, immediately prior to the assay, the instrument
was extensively rinsed with aerobic buffer. Then solutions
for syringe A (10 um heme-bound HO2,,° or C282A
HO2,,,® (prepared as described above) and 10 um CPR in
aerobic buffer (50 mm Tris, pH 8.0, buffer with 50 mm KCl);
in some instances, the mixture for syringe A also included 10
uM CPR, 10 um heme, or 10 um biliverdin) and for syringe B
(35 wm NADPH in the same buffer) were prepared, immedi-
ately brought into the anaerobic chamber in sealed tubes,
and rapidly loaded into the instrument. All measurements
were carried out at 20 °C using the 1-cm path length config-
uration in photodiode array mode. Stopped-flow traces at
the indicated wavelengths were fit using the Pro-data Viewer
software provided by Applied Photophysics.

Data availability

The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE (47) part-
ner repository with the data set identifier PXD017538.
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