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Iron, an essential nutrient with limited bioavailability, requires
specialized cellular mechanisms for uptake. Although iron uptake
into the cytoplasm in the form of heme has been well characterized
in many bacteria, the subsequent trafficking is poorly understood.
The cytoplasmic heme-binding proteins belong to a structurally
related family thought to have evolved as “induced fit” ligand-bind-
ing macromolecules. One member, Pseudomonas aeruginosa cyto-
plasmic protein (PhusS), has previously been shown to be important
for delivering heme to the iron regulated heme oxygenase (HemO).
Spectroscopic investigations of the holo-PhuS complex revealed a dy-
namic heme environment with overlapping but distinct heme-bind-
ing sites with alternative coordinating heme ligands, His-209 or His-
212. In the present work we establish a mechanism for how heme is
transferred from PhusS to its partner, HemO. Using surface plasmon
resonance and isothermal titration calorimetry, we have discovered
that holo-Phus, but not apo-PhusS, forms a 1:1 complex with HemO.
Sedimentation velocity and limited proteolysis experiments suggest
that heme binding to Phu$ induces a conformational rearrangement
that drives the protein interaction with HemO. Hydrodynamic anal-
ysis reveals that the holo-PhusS displays a more expanded hydrody-
namic envelope compared with apo-Phu$, and we propose that this
conformational change drives the interaction with HemO. We further
demonstrate that replacement of His-212 by Ala disrupts the inter-
action of holo-PhuS with HemO; in contrast, the His-209-Ala variant
can still complex with HemO, albeit more weakly. Together, the pres-
ent studies reveal a mechanism that couples a heme-dependent
conformational switch in PhuS to protein—protein interaction, the
subsequent free energy of which drives heme release to HemO.
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he requirement by almost all living organism for iron, a

micronutrient that has limited bioavailability, requires spe-
cialized mechanisms for uptake and storage. Furthermore, the
evolutionary struggle for iron between the host and invading
bacterial pathogen sets up a competition that has shaped both the
host’s defense strategies and the iron-acquisition mechanisms
deployed by the invading pathogen (1-3). This has led many
pathogens to develop additional systems that use the host’s heme-
containing proteins as a source of iron (4-6). The opportunistic
pathogen Pseudomonas aeruginosa encodes two heme uptake
systems: the phu (Pseudomonas heme uptake) and has (heme
assimilation system) (7). Heme uptake into the cytoplasm has been
well characterized in Gram-negative organisms, and crystal struc-
tures of several heme-binding proteins have been solved (8-10).
However, the fate of the heme once internalized is less well un-
derstood, and it remains unclear whether all pathogens use similar
heme degradative pathways. Heme oxygenase (HemO) enzymes
have been identified and characterized in Gram-positive and
Gram-negative pathogens, including Corynebacterium diphtheria
(11), Neisseriae spp., and P. aeruginosa (12), where the structural
fold of the proteins is strikingly similar to the eukaryotic heme
oxygenases (HO) (13, 14). In contrast, there are several recent
reports describing nonclassical HemOs from Staphylococcus
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aureus (15), Bacillus anthracis (16), and Mycobacterium tuberculosis
(17). Furthermore, homologs of the cytoplasmic heme-binding
protein PhuS, including HemS from Yersinia entercolitica and
ChusS in Escherichia coli, have previously been annotated as heme-
degrading factors, and in the case of ChuS the purified protein has
been biochemically characterized as a HemO (18, 19).

Recently our laboratory has demonstrated that the PhuS pro-
tein is not a HemO but rather a heme-trafficking protein that
delivers heme to HemO (20-22). Previous spectroscopic charac-
terization of the holo-PhuS protein indicated a dynamic heme that
can access a range of spin-states and coordination number as
a function of pH (8). A combination of site-directed mutagenesis
and spectroscopic studies further confirmed the conserved His-209
to be the proximal ligand to the heme. However, spectroscopic
studies of the holo-PhuS H209A mutant also identified an over-
lapping but mutually exclusive heme binding site provided by co-
ordination to His-212 (8). Moreover, His-210 does not directly
coordinate to the heme, but in the absence of His-209 was shown
to stabilize ligand coordination through His-212 (21). In the
present studies we have further investigated the role of proximal
helix flexibility and dynamic heme properties in driving confor-
mational change and protein—protein interaction. The present
studies confirm that both His-212 and His-210, in addition to the
proximal His-209, are required for the heme-dependent confor-
mational change and subsequent protein interaction with HemO.
Furthermore, we describe a mechanism of heme transfer for the
cytoplasmic heme-binding proteins, whereby a ligand-induced
conformational change facilitates protein—protein interaction, the
subsequent free energy of which drives heme transfer.

Results

Heme Binding to Phus Is Facilitated Through Noncovalent Interactions
of the Porphyrin with the Protein Scaffold. The electronic absorp-
tion spectra of the wild-type, H209A, H210A, and H212A mu-
tant PhuS proteins have previously been reported (21). The
spectrum of holo-PhuS H209/210/212A is provided in Fig. S1.
Initial circular dichroism (CD) analysis revealed no overall
change in secondary structure in the apo- or holo-PhuS His-
mutants, confirming the structural integrity of the proteins (Fig.
S2). Binding affinities (Kps) were determined by fluorescence
quenching, and as previously reported for the wild type, the His-
mutants bind one heme per monomer (Table 1 and Fig. S3).
Interestingly, according to the fluorescence quenching experi-
ments the His-mutants had apparent Kps similar to the wild-type
protein. Perhaps most surprisingly, the H209/210/212A mutant
seems to bind one heme molecule with an affinity similar to the
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Table 1.

Protein (PhusS) Soret band (hm) Q-bands (nm)

Spectroscopic and binding parameters for the holo-PhuS wild-type and His-mutant proteins.
Spin-state (pH 7.8)*

Proximal His-ligand*  Kq (uM) heme®  Kp (uM) heme-PhuS:HemO"

Wild type 411 545, 570 B6CHS/LS
H209A 410 532, 566 6CLS
H210A 412 540, 578 6CHS/LS
H212A 407 544, 580 6CHS/5CHS
H209/210/212AT 398, 368 (sh) 398, 600 5CHS

His-209 0.41 + 0.05 1.23 + 0.05
His-212 1.6 + 0.70 7.0 £ 0.6
His-209 0.48 + 0.1 ND
His-209 1.0+0.3 ND
None 1.2+0.3 83+0.8

ND, no binding observed.
*Previously determined (21).
"Data obtained in the present study as described in Experimental Procedures.

wild-type protein, despite the loss of both His-ligands. Although
we cannot be certain that heme is binding at the same site,
previous resonance Raman studies suggest that the heme envi-
ronment in the holo-PhuS H209/212A complex, which also lacks
both potential coordinating His-residues, is similar to that of the
wild-type holo-PhuS complex (21).

Sedimentation velocity experiments were performed to further
evaluate the oligomeric state and overall shape of the wild-type
apo- and holo-PhuS proteins. The sedimentation coefficient
distributions (Fig. 1) show that apo- and holo-PhuS each sedi-
mented as a single boundary with slightly different sedimentation
coefficient distributions. Although the differences are small, the
concentration dependences (Fig. S4) show that the sedimenta-
tion properties of apo- and holo-PhuS are reproducibly distinct
from one another. To eliminate the possibility that this could be
due to sample heterogeneity, we first confirmed that both sam-
ples were monodisperse by fitting the sedimentation coefficient
distributions to single Gaussian functions in DCDT+. For ho-
mogeneous samples, this procedure should return the molecular
weight, which we obtained for all concentrations of both samples.
The average deviation of the fitted from the true molecular
weight was 4%. In addition, the concentration dependences of
the weight average sedimentation coefficients show a small but
negative slope, characteristic of single ideal species in solution
(Fig. S4). Because both proteins behave in a monodisperse
manner, the difference in the sedimentation coefficients must
reflect distinct hydrodynamic shapes for apo- and holo-Phus,
with the holo form of the protein displaying a more expanded
hydrodynamic envelope compared with apo-PhuS. Because the
effect of the heme on both the molecular weight and the partial

%47 holophus if;ﬁ% B

0.3 i?ﬁ
§x

apoPhuS

Normalized g(s*)

s*, Svedbergs

Fig. 1. Normalized g(s*) distributions of holo- and apo-PhuS. Representative
data are shown for 3.88 uM holo-PhuS (O) and 3.88 uM apo-PhuS (0). For
clarity, every fifth error bar is plotted for the sedimentation coefficient dis-
tribution functions. The observed weight average sedimentation coefficients
for these data equal 3.57 S and 3.73 S for holo- and apo-Phus, respectively.
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specific volume are minimal, we propose that the conformational
changes associated with heme binding drive a conformational
change required for interaction with HemO.

The role of heme coordination in driving a conformational
change in holo-PhuS was further investigated by limited pro-
teolysis and MALDI-MS analysis. Limited proteolysis over time
revealed that holo-PhuS was protected from extensive degrada-
tion, whereas apo-PhuS was rapidly degraded within the first 10
min (Fig. 24). After a 30-min exposure to trypsin no detectable
protein bands were observed in the apo-PhuS sample, whereas
for the holo-PhuS a significant percentage of full-length protein
(40% by density measurement) remained. Interestingly, the
proteolysis profile of apo- and holo-PhuS show distinct bands,
with holo-PhusS yielding two major bands at ~20 and 19 kDa. In
contrast, the apo-PhuS shows an early ~24-kDa core band that is
rapidly degraded with the appearance of the ~19-kDa band and
a new band at ~14 kDa (Fig. 24). Analysis of the apo- and holo-
PhuS H210A and H212A mutants, which retain His-209 as the
proximal ligand, gave profiles similar to that of the wild-type
protein (Fig. S5 4 and C). In contrast, the holo-PhuS H209A and
H209/210/212A mutants yielded proteolysis profiles more typical
of the apo-PhuS proteins (Fig. S5B and Fig. 2B, respectively).
Interestingly, although heme binding to the H209A and H209/
210/212A PhuS proteins seems to afford some protection from
rapid proteolysis, no evidence of the ~19-kDa band is observed
in the holo-PhuS proteins lacking the proximal His-209.

The 20- and 19-kDa fragments observed on SDS/PAGE after
cleavage of the holo-PhuS wild type, H210A and H212A proteins
were assigned by MALDI-MS to the N-terminal core domain
(Ala-23 to Arg-206; m/z 19879) and C-terminal core domain
(Ala-183 to Leu-354; m/z 18935), respectively (Fig. 2C). The
peaks surrounding the main peak at m/z 19879, a result of
cleavage at Arg-22, arise from additional cleavage sites at Arg-25
and Arg-31. In contrast, MALDI-MS analysis of the holo-PhuS
H209/210/212A protein yielded the N-terminal core domain (m/z
19879), a smaller N-terminal fragment at m/z 14204 (Met-1 to
Arg-130), but no evidence of the C-terminal helical domain (m/z
18935) (Fig. 2B). Furthermore, MALDI-MS analysis of the holo-
PhuS H209A and H209/210/212A mutants at earlier time points
did not show any evidence of the C-terminal core domain (Fig.
S5). MALDI-MS analysis of the apo-PhuS proteins after expo-
sure to trypsin for 2 min yielded only the smaller N-terminal
fragment (m/z 14204) previously observed in the holo-PhuS
proteins lacking the proximal His-209 (Fig. S5). The present data
indicate that heme coordination through His-209 stabilizes the
helical C-terminal domain, allowing for conformational rear-
rangement and optimal interactions of the heme with the N-
terminal distal face. Interestingly, the N-terminal core domain
(m/z 19879) seems to be stabilized on heme coordination even in
the absence of the proximal ligand, consistent with significant
nonbonding interactions of the heme with the protein scaffold.

Heme Binding to PhuS Induces a Conformational Rearrangement
Required for Protein-Protein Interaction with HemO. Our previous
studies have shown that holo-PhuS interacts with and transfers
heme to apo-HemO (22). The role of heme coordination
through H209A and H212A in determining interactions with
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Limited proteolysis and MALDI-MS of the wild-type and mutant apo- and holo-Phus$ proteins. SDS/PAGE of (A) wild-type apo- and holo-PhuS and (B)

apo- and holo-PhuS H209/210/212A. Samples (10 pL) at various time intervals as marked were separated on 8-20% TriseHCl gradient gels. (C) MALDI-MS
spectra of holo-PhuS H212A and holo-PhuS H209/210/212A after 60-min limited proteolysis. The major peptide fragments are highlighted and color coded
according to the homology model analysis. The peak at ~39 kDa corresponds to intact PhuS. The homology model of PhuS was generated from the apo-Chu$S
crystal structure (Protein Data Bank file 1U9T) using Swiss-Model as previously described (8).

apo-HemO was further investigated by surface plasmon res-
onance (SPR). Increasing concentrations of wild-type holo-PhuS
passed over immobilized apo-HemO gave a concentration-de-
pendent increase in plasmon resonance response and a calcu-
lated binding affinity (Kg) of 1.23 pM (Fig. 34 and Table 1). As
expected, the apo-PhuS complex gave no evidence of a response
at concentrations 10-fold higher than those used in the holo-
PhuS titration (Fig. 3B). Therefore, the data suggest that the
“heme-induced fit” and conformational changes observed in the
sedimentation and proteolysis experiments drive protein—protein
interaction with HemO (23).

Proximal Helix His-210 and His-212 Residues Are Required for Protein-
Protein Interaction with HemO. Compared with wild-type holo-
PhuS the heme-loaded PhuS His mutants were significantly
compromised in their ability to interact with apo-HemO. Pre-
vious resonance Raman spectroscopic studies have clearly shown

O'Neill et al.

that mutation of the proximal His-209 to an Ala results in an
alternate heme-binding site provided through His-212 (21). In-
terestingly, the holo-PhuS H209A mutant gave a detectable SPR
response, and a binding affinity approximately sixfold lower than
that of wild-type holo-PhuS, suggesting that heme coordination
through His-212 induces a protein conformation competent for
interaction with apo-HemO, albeit with a lower affinity (Table 1
and Fig. 3C). As expected, the apo-PhuS H209A protein gave no
plasmon resonance response. In contrast, the holo-PhuS H212A
and H210A mutants gave no detectable change in plasmon res-
onance up to concentrations 10-fold higher than the maximum
response observed for holo-PhuS (Fig. 3 D and E and Table 1).
The lack of a detectable protein—protein interaction between the
holo-PhuS H210A or H212A mutants and apo-HemO, despite
retention of the proximal His-209, suggests that both His-210
and 212 are required for protein—protein interaction.

PNAS | April 10,2012 | vol. 109 | no.15 | 5641
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Interestingly, the holo-PhuS H209/210/212A protein in which
both coordinating ligands are absent has a binding affinity for
HemO similar to that of the alternate His-212 coordinated holo-
PhuS H209A protein (Fig. 3F and Table 1). It is feasible that the
absence of either His-210 or His-212 disrupts the ability of the
His-209 coordinated heme to be seated within the binding cleft
in a conformation critical for interaction of the heme with the N-
terminal distal face. In contrast, the lack of a proximal ligand in
the PhuS H209/210/212A mutant may allow for the nonbonding
side chain interactions between the heme and the N-terminal
domain, inducing a conformational change with a lower affinity
for apo-HemO. Heme binding within the binding site in the
absence of His-209 and His-212 is supported by previous reso-
nance Raman studies, which suggest that the heme is bound in
an environment similar to that in the wild-type holo-PhuS (21).
Heme binding within the ligand site is further supported by the
stabilization of the N-terminal domain in limited proteolysis
experiments of holo-PhuS H209/210/212A compared with its
apo-PhuS counterpart (Fig. 2B). Furthermore, apo-PhuS H209/

5642 | www.pnas.org/cgi/doi/10.1073/pnas.1121549109

320 400 480  phys H210A, (E) Holo-PhuS H212A, and (F) Holo-Phus
H209/210/212A.

210/212A on passage over apo-HemO gives no detectable plas-
mon resonance response, confirming that heme binding to holo-
PhuS H209/210/212A induces a conformational change allowing
interaction with HemO.

Thermodynamics of Holo-PhuS:HemO Association. To further char-
acterize the interaction of the wild-type and H209A holo-PhuS
proteins with HemO we performed isothermal titration calo-
rimetry (ITC) studies. Titration of wild-type holo-PhuS with apo-
HemO gave an enthalpic signal with a 1:1 stoichiometry (Fig.
S6A4). The apparent K, for the interaction of holo-PhuS with
apo-HemO of 2.3 pM is consistent with that obtained by SPR
(Table 1). Similar analysis by ITC of apo-PhuS with apo-HemO
gave no detectable signal or heat of exchange (Fig. S6B). The
apparent K, for holo-PhuS H209A with apo-HemO (9.6 pM) is
approximately fourfold lower than that obtained for the wild-
type protein and similar to that obtained by SPR (Table 1 and
Fig. S6C). The relatively weak association of the PhuS and
HemO proteins is consistent with the transient nature of the

O’Neill et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121549109/-/DCSupplemental/pnas.201121549SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121549109/-/DCSupplemental/pnas.201121549SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121549109/-/DCSupplemental/pnas.201121549SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121549109/-/DCSupplemental/pnas.201121549SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1121549109

L T

/

1\

=y

protem complex and previously reported heme transfer rate of
0.1 57" (20).

The observed heat (AH,ps) generated upon mixing holo-PhuS
with apo-HemO is a sum of the heat due to the protein—protein
interaction (AHprotein:protein) @and heme transfer from PhuS to
HemO (AHhcmctmnsfer) where AI_Iobs = AI_Iprotcm rotein T
AHpemetranster- The interaction of holo-PhuS wild type () obs
—4.4 keal mol™") or H209A (AH,ps = —7.5 kcal mol ™) with HemO
is enthalpy driven. In the case of the H209A mutant the moderate
increase in enthalpy is reflected in the reduced entropy (TAS =
2.0 kcal mol™") compared with the wild-type PhuS (TAS = 4.0 kcal
mol™). However, the overall favorable free energy for the in-
teractlon and transfer of heme from holo- PhuS wild type (—8.3 kcal
mol™") or holo-PhuS H209A (-9.5 kcal mol™") to HemO indicates
that coordination through His-209 does not play a significant role in
protein association and heme transfer. We were unable to obtain
thermodynamic parameters for the interaction of holo-PhuS H209/
210/212A with apo-HemO because of protein precipitation during
the titration.

Discussion

Through a series of in vitro biophysical studies we have character-
ized a heme-induced conformational switch in the cytoplasmic
heme-binding protein PhuS that is required for interaction and
heme transfer to HemO. Previous spectroscopic characterization of
the holo-PhuS complex revealed an extremely dynamic heme ligand
that can access a range of spin-states and coordination number as
a function of pH (21, 22). This distribution of heme across multiple
spin-states and coordination number is indicative of a flexible heme
environment and consistent with a role as a heme-trafficking pro-
tein. The structure of the apo- and holo-HemS from Y. entercolitica
reveals two homologous domains that provide a heme-binding cleft
with the C-terminal domain donating the proximal ligand and the
distal N-terminal domain a pair of twisted f-sheets (23). On heme
coordination, residues within the pocket provide significant con-
tributions through noncoordinating interactions, reshaping the
heme-binding cleft with little or no change in overall secondary
structure. The reshaping of the heme-binding cleft and subsequent
conformational change observed in the holo-HemS structure is
consistent with the current sedimentation analysis of the apo- and
holo-PhuS proteins. Thus, the induced conformational change on
heme coordination through His-209 provides the thermodynami-
cally stable “storage complex” of holo-PhuS. The fact that co-
ordination through His-212 in the holo-PhuS H209A mutant allows
interaction with apo-HemO indicates some flexibility within the
pocket can be accommodated. This is further supported by the
comparable free energy (AG) of protein interaction and heme
transfer from holo-PhuS H209A compared with the wild-type holo-
PhuS complex, where heme coordination through His-209 does not
play the major role in driving the protein—protein interaction.

In contrast, mutation of the proximal helix His-210 or His-212 to
Ala resulted in holo-PhuS complexes that do not interact with
HemO despite a proteolytic profile similar to that of the wild-type
holo-PhusS. Therefore, coordination through His-209 stabilizes the
C-terminal domain, but mutation of His-210 and His-212 introduce
subtle effects within the proximal helix that disrupt the protein—
protein interaction. Although it is not clear at present why re-
placement of His-210 or His-212 with Ala disrupts the interaction
with apo-HemO, it is feasible that the heme seating within the
binding site is altered such that the noncoordinating n-stacking
interactions of the porphyrin with the N-terminal domain are
compromised. Interestingly, mutation of all three His-residues
(H209/210/212A) results in a “compensatory effect” whereby the
lack of a proximal ligand “tether” allows rearrangement of the N-
and C-terminal domains, facilitating noncoordinating n-stacking
interactions of the heme with the protein. The significant inter-
actions of the porphyrin ring with aromatic residues, and the fact
that loss of the proximal ligand does not greatly affect heme affinity,
would support a model whereby significant contributions are pro-
vided by noncoordinating n-stacking interactions. This mode of
heme binding to PhuS is reminiscent of the mammalian heme

O'Neill et al.

transport protein hemopexin, in which two homologous domains
form a heme-binding cleft, with aromatic residues providing a sig-
nificant contribution to the binding affinity (24).

Taken together the present data suggest a model whereby heme
binding to apo-PhuS through His-209 triggers a conformational
switch that promotes interaction with HemO (Scheme 1.4 and B).
The favorable free energy derived from the interaction with HemO
triggers a histidine ligand switch to His-212 (Scheme 1C). Previous
resonance Raman studies indicated that His-210, although not di-
rectly involved in coordinating to the heme, was required to stabi-
lize heme binding to the alternate His-212 site and is consistent with
both His-210 and His-212 being required for protein—protein in-
teraction and heme transfer (21). In the final step the proposed
holo-PhuS His-212 intermediate specifically delivers heme to
HemO (Scheme 1D). This model is consistent with the His-212
coordinated holo-PhuS H209A complex having the ability to in-
teract with HemO, and with previous kinetic studies that indicate
a spin state transition or ligand switch occurs within holo-PhuS
before heme transfer to HemO (20). In summary, this is a bacterial
heme-trafficking protein for which a protein partner has been
identified and characterized. Because both PhuS and HemO are
relatively small soluble proteins, this will facilitate further spec-
troscopic and structural characterization of heme transfer in this
unique family of proteins, while providing insight into the general
mechanism of heme transport and release across a wide range of
systems with common structural motifs.

Experimental Procedures

Strains and Plasmids. Site-directed mutagenesis of the phuS gene in pET21a
has previously been reported (21). Oligonucleotides were generated to have
melting temperatures (T,,) in the range 65-70 °C encoding the required base
changes for the respective histidine to alanine substitutions. E. coli DH5a [F’
araD(lac-proAB) rpsL ¢$80d/acZDM15 hsd R17] was routinely used for DNA
manipulation and E. coli strain BL21 (DE3) plysS [F- ompT hsdSg (rs~ mg™) gal
dcm (DE3)] for protein expression. Bacteria were cultured in LB broth con-
taining 100 pg/mL ampicillin.

Protein Purification. Protein expression and purification of the Phu$S proteins
were carried out as previously described (21, 22). Heme loading of PhuS was
carried out by addition of an equimolar ratio of heme to protein, followed
by gel filtration. Heme was prepared in 0.1 N NaOH and the pH adjusted
with the identical buffer used to prepare the PhuS protein. All heme sol-
utions were used within 20 min of preparation. Heme concentrations and
stoichiometry of the final holo-PhuS complexes were determined by pyridine
hemochrome (25). Before use the holo-Phus, wild-type and mutant proteins
were further purified by FPLC over a Sephacryl S-200 (0.5 x 30 cm) to ensure
that the protein was monomeric. The native HemO protein was purified as
previously described (12). The C-terminal His-tagged HemO used in SPR
experiments was purified over nickel-nitriloacetic acid (NTA) agarose. The
peak fractions as judged by SDS/PAGE were pooled and dialyzed against 20
mM Tris-HCl (pH 7.5) or 10 mM Hepes (pH 7.4) containing 150 mM Nacl.

Tryptic Digest Experiments. Apo- or holo-PhuS wild-type and His-mutant
proteins (30 pM) in 20 mM Tris-HCl (pH 8.0) were incubated at 37 °C with
sequencing grade trypsin (25:1). Samples (10 pL) were removed at timed
intervals and the reaction terminated by the addition of SDS/PAGE sample
buffer containing 1 mM PMSF. The fragmentation pattern was analyzed by
SDS/PAGE (8-20% Tris-HCI gradient gel).

MALDI-MS Analyses. Quenched samples were removed at timed intervals and
mixed with an equal volume of sinnapinic acid matrix in 50% acetonitrile, 0.1%

Heme
apo-PhusS L,t-holo—PhuSHm9 <—=holo-PhusS,,,, :apo-HemO
(@ (b)

holo-HemO 1 ()

holo-HemO:apo-PhuS = [holo-PhusS,,;15/,:0°apo-HemO]

Scheme 1.
apo-HemO.

Proposed mechanism of heme transfer from holo-PhuS to
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TFA. Samples (2 pL) were spotted on the target plate and allowed to air-dry.
MALDI-MS analyses were performed on a Bruker AmaZon X ion trap in a linear
positive ion mode with laser energy 94%, pulse voltage 1,950 V, detector
voltage 2,500 V, and mass suppression 4,000 Da. Calibration was performed
with a ProteoMass Protein MALDI-MS Calibration Kit (Sigma). MALDI-MS data
were acquired for 50 s per spot, sampling a minimum of 10 laser positions. Data
were analyzed using the Bruker Daltonics flexAnalysis 2.4 software package.

CD Spectroscopy. CD spectra of the holo-PhuS proteins were recorded on
a JASCO J-810 spectropolarimeter. All samples were recorded in 1 mM po-
tassium phosphate (pH 7.4) at 25 °C from 190 to 260 nm, 0.2-mm resolution,
and 1.0 cm™~" bandwidth. The mean residue ellipticity (deg cm? dmol~") was
calculated using CDPRO software as recommended by JASCO.

Analytical Ultracentrifugation. Sedimentation velocity experiments were
carried out using a Beckman-Coulter XL-A analytical ultracentrifuge. Samples
of the indicated concentrations were centrifuged at 50,000 rpm in two-sector
cells equipped with sapphire windows at 25 °C. The protein radial dis-
tributions were observed using absorbance optics at 280 nm. Sedimentation
velocity data were analyzed using the time derivative method of Stafford as
implemented in DCDT+ (26). The solvent density (1.00058 g mL™") and the
protein molecular weight and partial specific volume (0.739 mL g~') of apo-
PhuS were calculated using Sednterp (27) and the partial specific volume
values of Cohn and Edsall (28). The molecular weight of holo-PhuS was
calculated by adding 616 to the molecular weight of the protein to account
for the heme. A partial specific volume of holo-PhuS of 0.7411 mL g~" was
estimated by taking the weighted sum of the partial specific volumes for
apo-PhuS and oxygenated heme (29).

Fluorescence Spectrophotometry. Titrations of wild-type and His-mutant Phu$
proteins with heme were monitored by steady-state fluorescence emission.
Samples were excited at 295 nm, and the fluorescence emission monitored at
337 nm. Solutions of 1.0 uM PhusS in 20 mM Tris-HCl (pH 7.8) were titrated
with 1 pL aliquots (0.1-50 pM) heme at 25 °C. All stock heme solutions were
freshly prepared as described above and used within 30 min. The binding
constant (Ky) was fit to a one-site binding model based on the decrease in
Trp fluorescence intensity at 337 nm as a function of increasing heme.
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Surface Plasmon Resonance. Kinetic evaluation of wild-type and mutant holo-
Phus binding to immobilized His-tagged HemO were carried out on a Biacore
3000 (GE Healthcare). All experiments were performed on nickel-NTA. The
NTA sensor chip was activated with a 1-min injection of 500 uM NiCl; (pH 7.4).
HemO (50 nM) in 10 mM Hepes (pH 7.4) containing 150 mM NaCl was passed
over the chip at 5 pl/min for 3 min, followed by 7 min stabilization. Reso-
nance units (200-500) of HemO were immobilized. Holo-PhuS samples were
prepared in degassed, filter-sterilized 10 mM Hepes (pH 7.4), 150 mM Nacl,
and 0.005% Surfactant P20. Holo-Phus$ proteins 0.5-10 pM were passed over
the sensor chip (20 pL/min) for 4-min association, followed by a 6-min dis-
sociation. The chip was regenerated with 10 mM Hepes (pH 8.0) 150 mM
Nadl, 0.005% Surfactant P20, and 350 mM EDTA at 15 pL/min for 45 s; fol-
lowed by 1 uM NiCl, (90 s) and a 2-min stabilization. Data were fit to a 1:1
Langmuir model using the BlAevaluation software provided by BlAcore.

Isothermal Titration Calorimetry. Titrations were performed at 25 °C using
a MicroCal MCS titration calorimeter. All protein and heme solutions were in
20 mM sodium phosphate (pH 7.5). Samples were degassed before use and
injections carried out at 5-min intervals. The heat of dilution of the ligand
was measured by injecting into the buffer alone. The value obtained was
subtracted from the heat of reaction to give the effective heat of binding.
For all titration experiments the concentration of the protein ranged from
10 to 20 pM, and the ligand was set to 10-20 times this value. The ITC data
were fitted with the Origin software package provided by MicroCal, which
uses a nonlinear least-squares algorithm (minimization of ¥ and the con-
centrations of the titrant and the sample to fit the heat flow per injection to
an equation corresponding to an equilibrium binding model, which provides
best-fit values for the stoichiometry (nir¢), change in enthalpy (AH¢), and
binding constant (Kirc). Kp and Gibbs free energy were calculated according
to K4 = 1/K, and AG = —RT In K,. The thermodynamic relationship AG = AH —
TAS was used to find the entropic contribution to binding. The data were
averaged from three independent ITC experiments.
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Fig. S1. Absorption spectra of holo-PhuS wild type (A) and H209/210/212A (B) proteins. Cuvettetes contained 10 pM holo-Phu$S in 20 mM TriseHCl (pH 7.5).
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Fig. S2. Circular dichroism spectra of the wild-type and His-mutant apo-Phus$ (A) and holo-Phus (B) proteins. PhuS wild type (——), H209A (— - —), H210A
(—— ), H212A (- - - -), H209/210/212A (- * - - *); spectra of PhuS (2.5 pM) were recorded in 1 mM sodium phosphate (pH 7.4) at 25 °C.
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Fluorescence emission spectra of wild-type and His-mutant PhuS proteins on incremental addition of heme. To 1 pM apo-PhuS proteins in 20 mM

TriseHCl (pH 7.8), heme was added in increments from 0.1 to 50 pM. The binding constant (K,) was fit to a one-site binding model according to the decrease in
Trp fluorescence intensity at 337 nm as a function of increasing heme concentration.
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Fig. S4. Concentration dependences of the weight average sedimentation coefficients of holo-PhuS (4) and apo-PhuS (B). In both cases, points show the
experimental weight average sedimentation coefficients as a function of total concentration. Overlaid are linear regressions of the data. The observed values
extrapolated to infinite dilution equal 3.60 S and 3.84 S for holo- and apo-Phus, respectively, which correspond to 3.23 S and 3.45 S when corrected to the
standard condition of 20 °C in water.
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Limited proteolysis and MALDI-MS spectrum of apo- and holo-PhuS mutants. SDS/PAGE of apo- and holo-PhuS H210A (A), apo- and holo-PhuS H209A

(B), and apo- and holo-PhuS H212A (C), after proteolysis at intervals up to 60 min. (D) MALDI-MS spectrum of apo- and holo-PhuS H209/210/212A proteolysis
after 2 min. The major peptide fragments are highlighted and color coded (red for apo-PhuS and black for holo-PhuS). The peak at ~39 kDa corresponds to

intact PhuS (M+1) and 19528 (M+2).
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Fig. S6.

Isothermal titration calorimetry (ITC) analysis of the interaction of holo-Phu$S (A), apo-Phus (B), and holo-PhuS H209A (C) with apo-HemO. Titrations

were performed in 20 mM sodium phosphate (pH 7.5) at 298 K. Upper: Time-dependent release of heat during the titration. Lower: Peak integrals as a function
of the molar ratio of heme to protein. The data were fit to a single binding model with Origin software, supplied by Microcal.
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