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The intrinsic cytotoxicity of cell-free haemoglobin (Hb)
has hampered the development of reliable Hb-based blood
substitutes for over seven decades. Notably, recent
evidence shows that the Hb deploys this cytotoxic attack
against invading microbes, albeit, through an unknown
mechanism. Here, we unraveled a rapid molecular repro-
gramming of the Hb structure-function triggered by viru-
lent haemolytic pathogens that feed on the haem-iron. On
direct contact with the microbe, the Hb unveils its latent
antimicrobial potency, where multiple antimicrobial
fragments are released, each harbouring coordinated
‘dual-action centres’: microbe binding and pseudoperox-
idase (POX) cycle activity. The activated Hb fragments
anchor onto the microbe while the juxtaposed POX
instantly unleashes a localized oxidative shock, Kkilling
the pathogen-in-proximity. This concurrent action concei-
vably restricts the diffusion of free radicals. Furthermore,
the host astutely protects itself from self-cytotoxicity
by simultaneously releasing endogenous antioxidants.
We found that this decryption mechanism of antimicrobial
potency is conserved in the ancient invertebrate respira-
tory protein, indicating its fundamental significance. Our
definition of dual-antimicrobial centres in the Hb provides
vital clues for designing a safer Hb-based oxygen carrier
blood substitute.
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Introduction

The intrinsic toxicity of cell-free haemoglobin (Hb) because
of its redox reactivity is well known. Auto-oxidation of HbFe"
to HbFe™ readily produces superoxide radical (03~), which
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dismutates into H,0,. Further exposure to H,0, (either from
its intrinsically dismutated O3~ or from the plasma) initiates
a pseudoperoxidase (POX) catalytic cycle between the HbFe™
(metHb) and HbFe'V (ferryl-Hb), to simultaneously produce
transient ferryl-Hb protein radical and protonated superoxide
radical (HOS3, also called hydroperoxyl radical) (Cashon
and Alayash, 1995; Alayash et al, 2001). Furthermore, the
O3~ can also assist the formation of highly reactive hydroxyl
radical (*OH) through Fenton reaction (Puppo and Halliwell,
1988). This inherent property of the Hb challenges the success-
ful development of a safe and reliable Hb-based oxygen carrier
(HBOC), which would otherwise have been a much sought
after blood substitute for blood transfusion (Moore et al,
2009). In fact, recent findings by Jiang et al (2007) showed
that the POX cycle of Hb is specifically activated by microbial
virulence factors (e.g., lipopolysaccharide (LPS) and pro-
teases). Thus, even the slightest encounter or contamination
of the cell-free Hb with such microbial virulence factors will
cause the Hb to release free radicals and render the HBOC
unsuitable as a blood substitute.

In vivo, as a front line defence molecule, the propensity for
Hb to become activated to produce ferryl-Hb and superoxide
radicals (henceforth referred to as free radicals) also raises
concerns, for example, (i) these free radicals are not only
toxic to the invading microbes, they are also detrimental to
the host itself, similar to the safety concerns on the HBOC
blood substitute; (ii) antioxidants present in the blood
(Alayash, 1999), such as catalase (CAT), superoxide dismu-
tase (SOD) and reduced glutathione (GSH), could reduce the
Hb free radical-mediated bactericidal activity. Therefore, how
the Hb counters the invading microbe while simultaneously
prevents host self-cytoxicity because of the generated free
radicals is intriguing. This dichotomous property of the Hb
prompted us to hypothesize that the host assumes a tight
regulation on this major blood protein to ensure a proficient
self-defence.

The antimicrobial latency of the Hb is potentiated on
preferential assault by virulent haemolytic pathogens like
Staphylococcus aureus, as the microbe usurps haem-iron for
its nutrient source at the initial phase of infection (Skaar et al,
2004; Lima et al, 2007; Mocny et al, 2007). This is exemplified
by recent findings that the activated Hb elicits a broad
spectrum of antimicrobial activity (Parish et al, 2001; Mak
et al, 2007) and it generates microbicidal free radicals (Jiang
et al, 2007). The direct interplay between Hb and microbe
through known bacterial virulence factors, LPS (Kaca et al,
1994) and microbial proteases (Nishina et al, 1992; Jiang
et al, 2007), enhances the oxidation rate of Hb. We therefore
reasoned that structural perturbation or proteolysis of the Hb
tetramer possibly promotes the oxidation of the haem-iron,
which facilitates the POX cycle to generate more cytotoxic-
free radicals (Alayash et al, 2001). It has been shown
that proteases, detergents or antimicrobial peptides all trigger
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conformational changes to a functional homologue of Hb,
the haemocyanin (HMC) of the invertebrates. This activates
the HMC-phenoloxidase (PO), which catalyses the oxidation
of phenols to O-quinones (Decker et al, 2001; Nagai et al,
2001; Jiang et al, 2007) leading to the formation of micro-
bicidal reactive oxygen species (ROS) (Bolton et al, 2000).
Therefore, on the basis of the functional homology between
Hb and HMC, we envisage that the structure-based regulatory
mechanism has a major role in the respiratory protein-
mediated innate immune defence.

Here, we show that Hb is specifically and progressively
cleaved by the extracellular proteases of the invading
microbe. We discovered that the released Hb fragments
contain dual functions: (i) binding of pathogen-associated
molecular patterns (PAMPs, LPS or lipoteichoic acid (LTA))
and (ii) POX cycle activity to produce free radicals. We found
that co-localization of these dual-activity sites in the same Hb
fragments confers an ‘anchor-and-attack’ strategy where
the binding of the activated fragments onto PAMPs displayed
on the microbe strategically positions the juxtaposed POX
cycle activity to inflict a vicinal and instant production of free
radicals, which kill the microbe. This mechanism seems to
simultaneously restrict the diffusion of cytotoxic free radicals
thus protecting the host from harm. The host is further
protected by the endogenous antioxidants simultaneously
released from the haemolysed RBC. Such an elegant infec-
tion-mediated activation of antimicrobial potency must
be fundamentally crucial as it is well conserved in the ancient
respiratory protein, HMC. The rapid molecular reprogram-
ming of the structure-function of respiratory proteins to
expose potent dual-antimicrobial regions for microbial
PAMP-binding and catalysis of free radical production, pro-
vide insightful information on how these well-known oxygen
carriers can be transformed to counteract microbial intruders.
Furthermore, our elucidation of the hot spots of antimicrobial
activities and the understanding of their mechanisms of
action provide clues for intervention of the POX cycle of
Hb. This may also facilitate the development of HBOC blood
substitute.

Results

Activation of Hb POX cycle—microbial proteases and
PAMPs coordinate the structural alteration of Hb

To test our hypothesis that microbial proteases and PAMPs
structurally alter the Hb molecule to activate the POX cycle,
we treated purified human metHb (HbFe™) with three repre-
sentative microbial proteases: subtilisin A, elastase and
proteinase K (from Gram-positive and -negative bacteria
and fungi, respectively). The spectral changes of Hb and its
derivatives were monitored. Results showed that in the
absence of H,0,, the characteristic peaks of the metHb
(HbFe™) remained similar before and after partial proteolysis,
with or without protease treatment (Supplementary Figure
S1). However, the addition of 0.5pumol H,0, caused an
instant surge in the ferryl-Hb (HbFe') intermediate
(Winterbourn, 1990), whose levels were gradually decreased
(Supplementary Figure S1). This indicates a rapid oxidation
of Hb to activate the POX cycle in the presence of H,0,. The
absorption spectral levels and the concentrations of the
transient ferryl-Hb formed by the microbial protease proteo-
lysed metHb were significantly higher than that of the metHb
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alone or metHb treated with the host trypsin (Figure 1A,
absorption spectra and histobars; Supplementary Figure S1).
This was further accompanied by the enhanced production of
superoxide in the presence of H,0, (Figure 1A, curves).
These results indicate that the microbial protease activates
the Hb-POX cycle activity, which caused a surge in the
production of ferryl-Hb and superoxide radicals when ex-
posed to H,0,.

Figure 1B shows metHb proteolysed by the microbial
proteases, displaying similar cleavage profiles (left panel).
Zymography detected the released POX cycle-active frag-
ments. In contrast, the host trypsin did not proteolyse the
metHb and no POX-active fragment was observed on the
zymogram. Further resolution of the released fragments by
second dimensional SDS-PAGE (Figure 1B, right panel),
followed by mass spectrometry (MS), consistently identified
POX cycle-active fragments derived from the Hb ol and B
subunits. N-terminal protein sequencing confirmed one clea-
vage site in each of the subunits: at A*®-L*° in a1, and L*3-5%
in B, resulting in four fragments—Hba p12, Hbo p3, Hbf p10
and HbP p5 (Figure 1C). Hba p12 and HbP pl0 contain the
haem-oxygen binding pocket formed by two pairs of residues
from the 3rd helix (H*® and V®? in o; H®® and V®” in B) and the
4™ helix (L% and H¥ in o; L® and H%? in B) on each of the
subunits (Paoli et al, 1996).

Incubation of metHb with two combinations of PAMPs
and proteases: LPS and elastase and LTA and subtilisin A
(to represent the surface virulence factors of Gram-negative
and -positive bacteria, respectively), showed potential colla-
boration between PAMPs and proteases on the proteolytic
activation of the Hb-POX cycle activity (Figure 1D). The
chemiluminescence analog-chemiluminescence (CLA-CL)
assay, which detects the production of superoxide, was
used to measure the instant activation of the POX cycle and
the formation of free radicals. PAMPs alone neither proteo-
lysed nor showed dosage effect on metHb, but induced
8-10% of POX cycle activity compared to the protease-treated
metHb. As higher amounts of PAMPs evidently enhanced the
cleavage of metHb by the microbial proteases (Figure 1D, ¥),
we postulate that PAMPs act like detergents to relax the Hb
structure possibly through binding to the Hb molecule, thus
facilitating the proteolytic cleavage. Furthermore, such great-
er proteolysis of metHb in the presence of higher level of
PAMPs (Figure 1D, ¥) was found to correlate with marginal
reductions in the POX cycle activities (Figure 1D, %), in-
dicating that either further cleavages of active POX-bearing
fragments have occurred, or there was blockage of substrate
entry because of the accumulated PAMPs bound.

The proteolysed Hb fragments harbour dual-action
centres: PAMP binding and POX cycle activity

The binding of Hb to PAMPs prompted us to isolate the
PAMP-binding fragments released on proteolysis of metHb.
Hb fragments pulled down using PAMP-Sepharose, generated
significant levels of superoxide (Figure 2A), implying the
co-localization of the two activities (PAMP binding and POX
free radical production) in the same fragments. A recurrent
profile constituting three major Hb fragments of <15kDa
was observed in both the LTA- and LPS-Sepharose pull-down
fragments (Figure 2B), suggesting that all three microbial
proteases targeted overlapping cleavage site(s) at the initial
limited proteolysis. MS identified the bound proteins to be
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subunits of o« and B and their respective fragments, Hba-F1,
HbB-F1 and -F2 (Supplementary Figure S2A). The HbB-F1
contains the haem-oxygen binding pocket at the 3rd and 4th
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helices (Figure 2C). Like the cleavage-activated Hbf pl0
(Figure 1C), the HbB-F1 contributed to the POX cycle activity.
Furthermore, the isolated o and 3 subunits and B-F1 fragment
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indicate the presence of a cluster of PAMP-binding sites to the
C-terminus of the Hb chains.

Here, we found that the POX cycle activities in the isolated
fragments have either been cleavage activated (e.g., in
Hbp-F1), or underwent further proteolysis (e.g., in Hba, B).
Taken together, these results clearly show the co-localization
of both the PAMP-binding and POX cycle activity sites to the
same fragments, thereby supporting the significance of such
dual-action centres released on proteolytic attack of Hb by the
microbial virulence factors.

Simulated infection releases pathogen-activated
antimicrobial centres from Hb

To confirm that the dual-action antimicrobial centres har-
boured in the Hb molecule are exposed through microbial
proteolysis, the isolated metHb or the endogenous Hb
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was examined in a reconstituted in vitro ‘infection-microen-
vironment’, where a typical haemolytic S. aureus V8 */~ and
pathophysiological amount of H,0, (Yamamoto et al, 1987)
were introduced. The spectral changes of Hb and its deriva-
tives were monitored (Winterbourn, 1990; Giulivi and
Davies, 1994).

In this simulated infection, the V8 © S. aureus significantly
induced rapid oxidation of metHb, Hb-from-RBC (HbFe") and
Hb-in-blood (HbFe™ as evidenced by the change in their
absorption spectra (Supplementary Figure S3A), and conco-
mitantly released higher levels of ferryl-Hb and superoxide
(Figures 3A and B). The enhanced oxidation of Hb-from-RBC
or Hb-in-blood by V8 * S. aureus in the presence of H,0, was
further supported by the increasing amount of metHb formed
in these reactions (Supplementary Figure S3B), indicating the
potential of Hb-POX cycle to be proteolytically activated on

contained in RBC (Hb-from-RBC) or in blood (Hb-in-blood) haemolytic infection. These activations simultaneously
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Figure 2 The isolation and characterization of PAMP-binding fragments released on proteolytic activation of Hb-POX cycle. Pull-down of
proteolysed fragments by PAMP-Sepharose. (A) The production of free radicals (represented by superoxide) in the fragments bound to the
PAMP-Sepharose (denoted as PAMP:metHb:protease; ‘S’, ‘E” and ‘K’ are subtilisin A, elastase and proteinase K, respectively) was detected by
CLA-CL assay. (B) The eluted metHb fragments were resolved on Tris-Tricine SDS-PAGE (10%), and the proteins were identified by MS.
(C) The MS-inferred region of the isolated PAMP-binding fragments. The modelled domain structures of the respective fragments are indicated.
Co-migration of fragments covering both N-/C-terminal sequences was detected as HbB-F2. Only one peptide mass fingerprint was identified
for Hba-F1.

Figure 1 The microbial proteases and PAMPs regulate the Hb-POX cycle activation. (A) Left panel: the absorption spectra of ferryl-Hb
intermediate of the partially proteolysed metHb by the microbial proteases (on addition of H,0,). The metHb alone or metHb treated with
trypsin (a control mammalian host protease) served as negative controls. Right upper panel: the concentration of ferryl-Hb produced on the
addition of H,0, was further determined by reaction with 2 mM sodium sulfide (Na,S) to form sulphhaemoglobin, which was detectable at
620 nm. Right lower panel: the simultaneous production of superoxide was determined by CLA-CL assay. (B) Left panel: the partial proteolytic
profile of metHb was resolved on Tris-Tricine SDS-PAGE (10%). metHb treated with microbial proteases were electrophoresed in duplicate
lanes. The POX cycle activities were visualized by chemiluminescence-aided zymography. Right panel: the cleaved metHb fragments were
further resolved by second dimensional Tris-Tricine SDS-PAGE. The ‘first SDS-PAGE’ (framed) shows the separation of cleaved metHb on an
SDS-PAGE gel following which the lane of protein bands was excised and overlaid on the second SDS-PAGE gel for second dimensional
separation of each protein band. The protein of interest was identified by MS. (C) The confirmed cleavage sites in metHb, and the structural
features in the Hb fragments. The protein structures of Hb o, B subunits and the activated fragments were modelled (Supplementary Data).
(D) Dose-dependent proteolytic activation of Hb-POX cycle by PAMPs. The profile of cleaved metHb is shown on Tris-Tricine SDS-PAGE and
the Hb-POX cycle activity was quantified based on the production of superoxide by CLA-CL assay. ‘4 x ’ is 1:4 molar ratio of metHb:PAMP. The
rate of superoxide production was calculated from the linear portion of the CLA-CL curve. The fold increase was obtained by normalizing the
data against the negative controls (metHb without treatment). Red boxes highlight progressive cleavages, disappearance of larger intermediate
fragments and marginal reduction in the superoxide production in the presence of LPS or LTA.
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Figure 3 Proteolytic activation of metHb, Hb-from-RBC and Hb-in-blood by haemolytic S. aureus. 1 x , 2 x and 3 x annotate increasing doses
of the V8 protease, where 1 x contains 2.5 U of V8 protease produced by 1.875 x 10” CFU of S. aureus. The protease activity was determined by
azocasein assay and the viable bacterial count (CFU) was determined by spread plate method. For the V8~ bacteria, the same volume of culture
equivalent to the 1 x, 2 x and 3 x of the V8 was applied. (A) The concentration of ferryl-Hb, which was formed during the course of
incubation, was determined by its reaction with 2 mM Na,S. ‘S.a.’ is S. aureus. (B) The end point production of superoxide was determined by
CLA-CL assays. (C) Viable bacterial count was determined by spread plate method whereas the % of bacteria killed was calculated based on the
negative controls. (D) The proteolysed Hb fragments were separated on both 12 % native PAGE and Tris-Tricine SDS-PAGE (10%). Hb bound to
the surface of S. aureus was eluted and resolved on SDS-PAGE. The proteins of interest (arrowed) were identified by MS. (E) Summary of the
MS-inferred and modelled structures of the proteolysed Hb fragments activated by V8.

invoked 60-80% antimicrobial activity with metHb or activity could be due to the relatively lower level of produc-
Hb-from-RBC, and 20-40% antimicrobial activity with tion of free radicals because there was lesser amount of Hb
Hb-in-blood (Figure 3C). This difference in the antimicrobial present in the whole blood (only ~0.33% RBC is present in
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1% blood) (Figure 3A). Furthermore, other plasma factors
such as haptoglobin (Gutteridge, 1987) may be involved in
regulating the POX cycle activity, for which additional study
will be required to delineate the mechanism.

The V8-mediated proteolysis of Hb-in-blood was less ap-
parent than that of the metHb or Hb-from-RBC (Figure 3D).
MS analysis (Supplementary Figure S2B) traced the proteo-
lysed fragments to the Hbo and B subunits (Figure 3D).
Fragments of Hbf-F3-6 and Hbo-F2, which are from the
C-terminal region containing the 3rd and/or 4th helices of
the haem-oxygen binding pocket (Figure 3E), indicate that V8
targets the N-terminii of both the o and B subunits. The
proteolytic removal of the short N-terminii could have
exposed the haem-oxygen-binding pocket, which immedi-
ately enhanced the POX cycle activity with concomitant
production of the free radicals. Notably, the released Hb
subunits (Figure 3D) were procured from the surface of the
S. aureus, which were applied in the in vitro simulated
infection. These Hb subunits/fragments were surface asso-
ciated with the S. aureus probably through the potent PAMP-
binding region at the C-terminus of each subunit. Therefore,
it is conceivable that the cleavage-activated Hb subunits/
fragments anchor onto the PAMPs, which are displayed on
the pathogen while the juxtaposed POX cycle activity un-
leashes free radicals to Kkill the invader effectively.

Antioxidants curb the overproduction of Hb free radicals
To show the involvement of antioxidants in the simulated
infections, the levels of CAT, SOD, reduced glutathione (GSH)
and oxidized glutathione disulfide (GSSG) were examined.
We found that 57.82 £ 5.61 and 16.90 * 1.32 Units/ml, respec-
tively, of CAT and SOD were simultaneously released from
the ruptured RBC, whereas the bacteria contributed 3.4 +
0.65 Units/ml of CAT and only trace level of SOD. The level of
GSH and GSSG in the ruptured RBC were 22.42 +1.82 and
1.09 £ 0.79 mM, respectively. In total, these appreciable levels
of antioxidants, particularly CAT from both the host and
bacteria present in the reconstituted reactions, explain the
attenuation of the free radical production in the V8™ -acti-
vated Hb-from-RBC or Hb-in-blood compared with that of the
metHb (Figures 3A and B). Thus, by mitigating the free
radicals, the endogenous antioxidants contribute to oxidative
resistance and may compromise the Hb-POX cycle activity.
Furthermore, when CAT, SOD or GSH was supplemented into
simulated infections, there was an apparent decline in the
production of superoxide as detected by the CLA-CL assay
(Figures 4A and C). However, the concentration of ferryl-Hb
(Figures 4A and C) and the absorption spectra (Supple-
mentary Figure 3C) did not show marked differences. This
could be attributed to the lack of sensitivity of the spectral
scanning and/or different inhibitory mechanism imposed by
the antioxidants, for example, CAT inhibits the oxidation of
metHb to ferryl-Hb by decomposing the H,0, (Giulivi and
Davies, 1994), hence resulting in a rapid conversion of ferryl-
Hb to metHb (Supplementary Figure 3C, upper panel, red
arrows); SOD would mainly scavenge the superoxide
(McCord and Fridovich, 1969) from this reaction; and GSH
inhibits the oxidation of Hb and scavenges the free radicals
(Winterbourn, 1985). Overall, in the presence of these anti-
oxidants, we observed a significant drop in the killing of V8 *
S. aureus, but improved growth of V8~ S. aureus (Figures 4B
and D). These effects were dose dependent on CAT/SOD/
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GSH, confirming the protective role of the antioxidants,
which act by counteracting the production and/or scavenging
of the free radicals.

To further confirm the specific action of the antioxidants,
we used inhibitors: 3-amino-1,2,4-triazole (3AT) against CAT
(Van den Branden et al, 1984) and diethyldithiocarbamate
(DDC) against SOD (Kelner and Alexander, 1986) in the
reactions in which the inhibitory effect of the endogenous
antioxidants on the production of free radicals declined dose
dependently (Figure 4C), concomitant with the increasing
amounts of oxidized metHb formed in the Hb-from-RBC
(Supplementary Figure S3D). The results showed that in the
presence of either CAT or SOD inhibitors, the V8 protease-
activated Hb-from-RBC caused ~25% increase in bacterial
killing (Figure 4D), coincident with an instant substantial
increase in ferryl-Hb formation and superoxide production
(Figure 4C; Supplementary Figure S3C, lower panel, red
arrows). Furthermore, besides inhibiting SOD, the DDC
could also deplete GSH in the RBC (Kelner and Alexander,
1986), as manifested by the decrease in the ratio of GSH:
GSSG dose dependently of DDC (Supplementary Figure S3E).
This indicates an additional inhibitory action of DDC
on the antioxidant, GSH. Taken together, all these results
confirm that the simultaneously released antioxidants from
the RBC had quenched the Hb free radical. We reasoned that
nature has probably put in place such a countermeasure to
curb the avalanche of free radicals and thereby protects the
host from self-cytotoxicity (summarized in Figure 4E).

The biological significance of the activated
antimicrobial centres in Hb

To test the biological significance of the decrypted dual-action
centres from the Hb, the activated fragments were used to
show the concurrent PAMP binding and free radical-induced
microbicidal activity against live S. aureus and Pseudomonas
aeruginosa. Supplementary Figure S4A summarizes the ex-
perimental strategy to compare the dual activities in the
following activated Hb fragments: (i) partially proteolysed
metHb; (ii) recombinant Hba pl12 (rHba pl12); and (iii)
recombinant HbB p10 (rHbp p10). Remnant viable bacterial
counts showed that 1 uM of the activated Hb fragments killed
up to 80% bacteria within 30 min in the presence of 0.5 pmol
H,0, (Figure 5A). Flow cytometry of the treated bacteria
showed a significant fluorescence shift from 23.54 to 49.41 %
(Figure 5B), confirming that the activated fragments were
bound to the bacterial surface. Altogether, the evidence on
the significant POX cycle activity and the production of the
free radicals/superoxide by the activated fragments, which
were immobilized on the bacteria (Figure 5C), corroborates
the dual-antimicrobial actions elicited in situ by the activated
Hb. The intact metHb (negative control) was also bound to
the bacterial surface through superficial PAMP-binding sites,
but it only exhibited minimal POX cycle activity (see
Figure 1D) and thus, negligible bactericidal activity, implying
the capability of oxidative resistance in the bacteria (Lesniak
et al, 2002; Chang et al, 2000).

By using immunogold labelled SEM, we observed ancho-
rage of the activated Hb fragments onto the bacteria, which
caused morphological damage to the bacteria (Figure 5D). In
contrast, the intact metHb was bound but did not injure the
microbe. Similarly the two negative controls, 1 M BSA or
0.5 umol H,0,, did not injure the bacteria (Supplementary

The EMBO Journal VOL 29 | NO 3]2010 637



Decryption of antimicrobial centres in haemoglobin

R Du et al
—— V8+:metHb
A 120 Vosmethb:SOD (5 U) B S.a.V8+ (1) S.a. V8- (1x)
25 V8+:metHb:SOD (10 U) 100
s 10.0 ~ 20 — V8+:metHb:CAT (5 U)
- . —x— V8+:metHb:CAT (10 U) )
2 g0l EATI—— L < VeemetHoasH 05 m) & &0
g ° w\ %3 15 —— VBrmetHb:GSH (1mM) B g
— 3 2
= 60 8 10 g 50
5 52 8
L 40 ® x 05 _____& & 20
: (%)
0 0 s o0
0 20 30 40 50 60 0 20 40 60 20 )
Time (min) Time (s) -510- - - - - 510 - - - - SOD (unit)
- - -510- - - - — 510 — — CAT (unit)
—— V8+:RBC
C 120 V8+RBC:3AT 5mM) .~ T T 7 051 - - - - - 0.5 1 GSH (mM)
5 V8+:RBC:3AT (10 mM) + + + + + + + + + + + + + + metHb (100 ng)
= 10.0 —« V8+:RBC:DDC (0.1 mM)
5 =~ 4 +V3+:ng:ggﬁ((g.gmm§
3 | —e— V8+:RBC: .5m -
< s gg . _._VB::RBC:GSHU p D S. a. V8+ (1x) S.a.V8-(1x)
I 23 ~25%
= 5T , 100
%’- 6.0 g_% *x XX *k
w 7] ; 1 X 80
4.0 = =1
0+ o 60
0 20 30 40 50 60 0 20 40 60 2 40
Time (min) Time (s) g 20
°
E RBC haemolysis s 0
20'-510- - — - - 510 - — — — 3AT(mM)
- - -0105- - - - -0.105- — DDC (mM)
< _____ X 051 - — — — - 051 GSH (mM)
Haemolytic microbes PAMP and protease Hb SOD o+ 4+ o+ + 4+ + + + + + + + 0.5%RBC
(e9. S. aureus) e CAT
GSH
Hb-POX cycle )
1
I,
H0, /
. Y /
\\ \‘ ’I
N \ e
.~ \ -
~o N -

Figure 4 Antioxidants (CAT, SOD and GSH) curb production of free radicals by Hb-POX cycle. (A, C) The free radical production, represented
by the formation of ferryl-Hb and superoxide of V8 * -activated metHb or Hb-from-RBC was reduced by addition of CAT, SOD and GSH. The CAT
and SOD inhibitors, 3-amino-1,2,4-triazole (3AT) and diethyldithiocarbamate (DDC), respectively, rescued the production of free radicals from
the POX-cycle. (B, D) The effect of antioxidants (CAT, SOD and GSH), and their inhibitors, on the bacteria killing induced by the activated
metHb and Hb-from-RBC. **Statistical significance (P<0.05) as compared to the control (without inhibitors) was calculated by Student’s
t-test;1 x contains 2.5 U of V8 protease produced by 2.5 x 10° CFU of S. aureus, S.a. The protease activity was determined by azocasein assay
and viable bacterial count (CFU) was determined by spread plate method. (E) On attack by virulent haemolytic microbes, the released Hb is
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cytotoxicity.

Figure S4B). The results clearly show the coordinated ‘an-
chor-and-attack” mechanism of the two antimicrobial centres
in the Hb fragments.

The decryption mechanism of dual-antimicrobial
centres is evolutionary conserved in respiratory
proteins

To explore the fundamental significance of the infection-
mediated proteolytic activation mechanism of oxygen-carry-
ing proteins in the blood, we performed a comparative study
on a functional homologue, HMC of an ancient invertebrate,
the limulus. The HMC is known to be activated into PO by
proteases, detergents or antimicrobial peptides (Decker et al,
2001; Nagai et al, 2001; Jiang et al, 2007). Hence, it was
pertinent for us to examine whether microbial proteases and
PAMPs also coordinate the structure-function activity trans-
formation of HMC-PO during the host-pathogen interaction.
Towards this, we examined purified HMC from the horseshoe
crab, and its endogenous counterpart contained in the hae-
molymph (HMC-in-haemolymph).
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Microbial proteases cleave HMC, releasing multiple frag-
ments harbouring PAMP-binding and ROS-producing
activities. Purified HMC was proteolysed by the microbial
proteases, releasing PO-active fragments with a four- to
five-fold enhancement of the ROS-producing activity
(Supplementary Figure S5A). The second dimensional elec-
trophoretic separation followed by MS showed five major
fragments, which originated from subunits 2, 3a and 3b
(Supplementary Figures S5B and C). N-terminal sequencing
and analysis of domain organization showed that (i) HMC2
p60 and p56 harbour the di-copper oxygen-binding regions
(CuA and CuB, P™-E3"%) for catecholoxidase (di-phenolox-
idase) (Rosenzweig and Sazinsky, 2006), and (ii) HMC3a p32
and HMC3b p42 harbour the CuB oxygen-binding signature
site (D*%*-D3%° or D**°-D3%") for tyrosinase (monophenol
monooxygenase) (Rosenzweig and Sazinsky, 2006) (Supple-
mentary Figure S5D).

We have shown that PAMPs coordinate with proteases to
proteolytically activate the HMC-PO (Supplementary Figure
S5E). The effect of LPS is more pronounced than LTA

©2010 European Molecular Biology Organization
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Figure 5 The biological effects of the activated antimicrobial centres in Hb, and a model for the ‘structure-function reprogramming’ of
respiratory proteins. (A) The bactericidal activities of Hb fragments were determined by bacterial viable count. The % killing was calculated
based on the negative controls. (B) The binding of Hb fragments to the bacteria was analysed by flow cytometry. The fluorescence shift (red)
was plotted against the negative control (white) bacteria incubated without the protein. FL2-H denotes the relative fluorescence intensity. (C)
The POX cycle activity, represented by the production of superoxide, of 1 uM of the Hb fragments measured by CLA-CL assay. (D) SEM analysis
of the bacteria treated with immunogold-labelled Hb fragments. The SE and BSE modes were used to view the bacterial surface morphology
and the colloidal gold particles, respectively. The colloidal gold (arrows) shows the specific binding of Hb fragments to the bacteria.
Magnification is x 25 600. **Statistical significance compared to that of the metHb, P<0.05, was calculated by Student’s t-test. S.a.: S. aureus
and Pa.: P. aeruginosa. (E) During infection, the extracellular microbial proteases cause limited proteolysis of the Hb/HMC complexes. The
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radical production by POX cycle or PO) in the fragments. Co-localization of these two activities in the same fragments elicits concurrent
‘anchor-and-attack’ strategy to Kkill the invading microbe and effectively stall the initial phase of infection.

(Supplementary Figure SSE, % and V), indicating a strong
interaction between LPS and HMC. In contrast to metHb, the
HMC-PO activity was induced up to 57 or 86 %, respectively,
by LPS or LTA alone compared with that generated by
proteases alone (Supplementary Figure SSE, bar chart).
Similar to Hb, the HMC fragments bound to PAMP-
Sepharose showed significant PO activities (Supplementary
Figure S6A). MS identified nine major fragments retrieved
from the PAMP-Sepharose (Supplementary Figures SG6B,
C and S7A). The isolation of HMC3a-F1, HMC3b-F3 and -F4
fragments indicates that the PAMP-binding sites are located to
the N- or C-domain. The HMC3a-F2, HMC3b-F1 and -F2,
which harbour the CuA or CuB oxygen-binding sites in the M-
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domain, probably contribute to the detected PO activity of the
PAMP-Sepharose bound fragments. Thus, similar to Hb, the
virulence factors released HMC fragments carrying dual-
action antimicrobial centres.

Simulated blood infection indicates evolutionary entrench-
ment of the mechanism of pathogen-mediated decryption of
multiple antimicrobial sites. When the isolated HMC or
HMC-in-haemolymph was incubated with virulent microbes,
the PO activity was enhanced two- to five-fold causing
60-80% killing of S. aureus V8% or P. aeruginosa elastase ™
(Supplementary Figures S8A and B). Notably, the HMC-in-
haemolymph killed ~80% of the S. aureus even when the
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resulting PO activity was enhanced by only <two-fold
(Supplementary Figure S8B, bar chart), indicating that other
co-existing antimicrobial pathways (e.g., coagulation and
complement pathways) also contribute to microbial clearance
(Muta and Iwanaga, 1996; Smith et al, 1999). Simulated
infection by live pathogens released a total of 24 frag-
ments: HMC2 F1-F5; HMC3a F3-F18 and HMC3b F5-F7
(Supplementary Figures S7B and S8C and D). The MS data
inferred a consensus coverage of the M-domain in combina-
tion with either partial N- or C-domain derived from the
three subunits (Supplementary Figure S8E), emphasizing the
importance of the M-domain to the cleavage-activated PO
activity. The bacterial-binding fragments, such as HMC3a and
3b, HMC2-F5 and HMC3a-F17 (Supplementary Figure S8D),
all contain intact M-domain, showing that both the potent
PAMP-binding and the inducible PO activity are co-localized
to the same subunit or fragment (Supplementary Figure S8E).
This notion is further strengthened by the convergence of
PO activity identified among the PAMP-binding fragments
(Supplementary Figures S6C and S8E, **). Furthermore, it is
possible that the other cleavage-activated PO-bearing frag-
ments could bind PAMPs through the N- or C-domain, and
consequently juxtapose the dual-antimicrobial actions.

Discussion

Our study has revealed a rapid reprogramming of the struc-
ture-activity relationship of the Hb molecule, which occurs at
the immediate onset of infection. This process transforms the
Hb from a tetrameric O, carrier to activated subunits and
fragments each harbouring dual-action antimicrobial centres.
In the process of host-pathogen interaction, the activation of
Hb-to-POX cycle was achieved through concerted actions of
microbial proteases and PAMPs. The extracellular proteases
of an invading microbe specifically attack the Hb, causing
limited proteolysis and relaxing the structural rigidity
between the o,-f, and «,-B; interfaces in the Hb tetramer.
Ensuing from this conformational change, we observed a
significant rise in free radical production, possibly because
of a rapid oxidation of the haem-iron, which enhanced the
POX cycle while consuming exogenous H,0, (Alayash et al,
2001). The haem-containing fragments, Hba pl12 and Hbp
p10, that harbour the activated POX cycle activity probably
contributed to the surge in free radical production.

The concerted action of PAMP and protease in activating
Hb-POX cycle is evidenced by the in vitro reaction
(Figure 1D). Conceivably, PAMPs relax the Hb tetramer,
facilitating its proteolytic cleavage, which further increases
the binding of more PAMPs to the released Hb fragments.
This indicates that there are superficial as well as encrypted
PAMP-binding sites within the tetrameric Hb molecule. The
accumulation of PAMPs bound to the Hb fragments could in
turn cause steric hindrance to the entry of substrates, result-
ing in a negative feedback regulation to prevent excessive
POX cycle activity. The rationale for the concerted actions
of PAMPs and proteases led us to successfully isolate
the proteolysed Hb fragments, each of which contains both
the free radical-producing and PAMP-binding activities
(Figure 2). The co-localization and functional collaboration
of the two active centres within the same Hb fragments were
further confirmed in the in vitro reconstituted infection
microenvironment (Figure 3). This suggests the significance
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of the decryption of multiple dual-action centres from the Hb
during the host-pathogen interaction. Furthermore by SEM,
immunogold labelling showed that the cleavage-activated Hb
fragments docked on the bacterial surface, presumably
causing on-site free radical-mediated bacterial killing.

It is plausible that such an instant and invader-localized
oxidative shock through the anchorage of activated Hb onto
the microbe ensures the microbicidal specificity and effi-
ciency of the Hb free radical, although it appears that the
antimicrobial activity could be swiftly downregulated by
antioxidants (CAT, SOD or GSH) released from both the
host’s RBC and/or the microbe’s, which probably scavenge
the excessive free radicals. Thus, this ‘anchor-and-attack’
mechanism is pre-empted from causing random cytotoxic
damage to the host (Figure 4E). Conceivably, this prompt
countermeasure likely occurs in the first instance of a
systemic infection because first, persistent haemolysis or
overwhelming ingestion of Hb/RBC by macrophages could
compromise the host defence in vivo (Hand and King-
Thompson, 1983); second, other parallel pathways such as
complements (Smith et al, 1999), coagulation cascade (Muta
and Iwanaga, 1996) or protease inhibitors (Jiang et al, 2009)
would be anticipated to resume concurrently or soon after, to
eliminate the infectious microbes, as continuous activation of
Hb by microbial virulence factors could disrupt the local
oxidant-antioxidant balance resulting in toxicity to the host
tissues.

Interestingly, a comparative study on the functional homo-
logue, HMC, from an ancient invertebrate, unveiled a well-
conserved proteolytic activation mechanism of HMC-PO to
counteract virulent microbes (Supplementary Figures S5, S6
and S8). The initial proteolytic cleavage on the surface of the
HMC hexamer (Martin et al, 2007) removed the entire or part
of the N-domain, to expose PO-active sites in the M-domain.
This results in the immediate elevation of PO activity, which
generates cytotoxic O-quinones from phenolic substrates,
thus killing the bacteria effectively. We observed that
PAMPs induced significant PO activity, which is similar to
the action of detergents (Decker et al, 2001), thus strongly
supporting our postulation that PAMP causes an initial
conformational relaxation of the HMC to facilitate the micro-
bial protease action. The co-localization of PAMP binding and
PO-active sites in the HMC fragments provides strong evi-
dence for the evolutionary origin of such dual-antimicrobial
centres.

The conservation of the decryption mechanism to reveal
multiple dual-action centres in the two evolutionarily distant
respiratory proteins strongly indicates the importance of this
incisive functional transformation mechanism underlying the
host defence against microbial infection (Figure SE). Insights
gained from the antimicrobial action of respiratory proteins
and identification of the antimicrobial sites, viz, PAMP bind-
ing and free radical-production regions close to the C-terminii
of both proteins, may (i) be used for the development of
surveillance strategies against clinically recalcitrant patho-
gens, in particular, S. aureus that possesses multi-antibiotic
resistance and evades host complement killing (Foster, 2005),
but is sensitive to the respiratory protein-mediated killing;
(ii) provide vital clues for developing intervention strategies to
improve the safety and efficacy of HBOC as a blood substitute.
As the oxidative damaging potency of the Hb could be sub-
stantiated when confronted or contaminated by even trace
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amounts of bacterial PAMPs and/or proteases, it is particularly
vital to ensure absolute absence of such ubiquitously occurring
bacterial virulence factors from the HBOC.

Materials and methods

For each experiment, at least three independent tests were carried
out. For the qualitative data, a typical representative result was
presented; for the quantitative data, mean + s.d. was presented.

Biologicals and biochemicals

The purified human Hb was obtained from Sigma-Aldrich. Cell-free
haemolymph (CFH) from horseshoe crab, Carcinoscorpius rotundi-
cauda (collected from Kranji estuary, Singapore) was extracted
(Ding et al, 1993) and HMC was purified from CFH (Jiang et al,
2007). Red blood cells were obtained from New Zealand white
rabbits under national and institutional guidelines on ethics and
biosafety (Institutional Review Board, Reference Code: NUS-IRB 06-
149). S. aureus PC1839 [V8 active (+), kanamycin®] and AK3
[V8 inactive (—), kanamycin® and erythromycin®] (Karlsson et al,
2001), P. aeruginosa PAO1-Iglewski [elastase (+ )] and PAO-B1Al
[elastase(—), tetracycline®] (Toder et al, 1994) were used to simu-
late an in vitro infection microenvironment. The Escherichia coli
Topl0 and BL-21 (DE3) strains were used for DNA cloning and
expression of recombinant proteins, respectively. The antibiotics
used were kanamycin at 50 pg/ml, erythromycin at 5pg/ml and
tetracycline at 100 pg/ml. All the chemicals were obtained from
Sigma-Aldrich unless otherwise stated.

MALDI-TOF-TOF MS and N-terminal protein sequencing

The protein bands of interest separated on PAGE gel were excised
and subjected to the MALDI-TOF-TOF MS analysis and N-terminal
sequencing (Supplementary data).

Partial proteolysis of metHb and HMIC and determination

of the POX cycle and PO activities

The ratio of protein:protease was in a pathophysiological range of
ug:ng (Doring et al, 1984; Alayash, 1999). The conditions for partial
proteolysis of metHb and HMC were optimized (Supplementary
data; Supplementary Figures S9A and B). The spectral changes of
Hb were monitored by spectrophotometric scanning between 500
and 700nm (Winterbourn, 1990). The level of ferryl-Hb was
determined based on the formation of sulphhaemoglobin by
reacting with 2mM sodium sulfide (Na,S). The concentration of
sulphhaemoglobin was calculated using the extinction coefficient of
10.5mM ' at 620nm (D’Agnillo and Alayash, 2001). The produc-
tion of superoxide was measured by specific chemiluminescent-
Cypridina luciferin analog-chemiluminescence (CLA-CL) assay
(Nakano, 1990; Kawano et al, 2002). The PO activity was quantified
biochemically (Supplementary data).

The resulting metHb-POX cycle and HMC-PO were zymographi-
cally analysed (Supplementary data). Cleaved metHb-POX cycle-
active fragments and the phenol-stainable HMC-PO were separated
on the second dimensional SDS-PAGE (Zhu et al, 2005). The protein
of interest was identified by MS, and the precise cleavage sites
determined by N-terminal sequencing.

The effect of PAMPs on the proteolytic activation of metHb-POX
and HMC-PO was tested with combinations of elastase and LPS and
subtilisin A and LTA. E. coli LPS 055:B5 and S. aureus LTA were
used. The molar ratios of 4:1 and 1:1 and 6:1 and 1:1 between
PAMP:metHb and PAMP:HMC, respectively, were used. The
reaction mixtures were electrophoresed, and the POX cycle and
PO activities were quantified.

Isolation of PAMP-binding fragments by PAMP-Sepharose
affinity matrix

The LPS or LTA was separately conjugated to CNBr-activated
Sepharose 4B according to the manufacturer’s instructions (GE
Healthcare). Partial proteolysis of metHb or HMC was ceased by
1 mM PMSF, and incubated with 50 pl slurry of LPS-/LTA-Sepharose
at 4°C overnight. Incubation with BSA served as a negative control.
The slurries were divided into two halves. For metHb reaction, one
half was used for Hb-POX assay whereas the other was eluted with
extraction buffer (10mM Tris-HCl pH 7.4, 100mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS and
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0.5% sodium deoxycholate). For HMC reaction slurry, one half was
used for HMC-PO assay whereas the other was similarly eluted for
analysis of bound proteins. After SDS-PAGE, the proteins of interest
were identified by MS.

The in vitro simulated infection microenvironment

An amount of 100 pg metHb, 0.5% (v/v) RBC and 1% (v/v) blood
or 60 g isolated HMC, and 10% (v/v) CFH were incubated with
bacteria (Supplementary data). Proteases at 2.5, 5.0 and 7.5U,
produced by the bacterial culture, were used to test the dosage
effect. The protease activity was determined by azocasein assay
(Supplementary data). Viable bacterial count (CFU) was deter-
mined by spread plate method. The Hb-POX cycle or HMC-PO
activities were quantified biochemically. The spectral changes of Hb
were monitored spectrophotometrically (500-700 nm). The released
fragments containing Hb-POX cycle activity were analysed by native
and reducing PAGE whereas the HMC-PO was examined by native
PAGE and stained by phenol substrate followed by second
dimensional SDS-PAGE. Proteins bound to the bacterial surface
were eluted by extraction buffer, electrophoresed and MS identified.
To show the effect of antioxidants against the free radicals produced
by Hb-POX cycle, CAT and SOD activities, and the levels of reduced
glutathione (GSH) and oxidized glutathione disulfide (GSSG) were
measured (Supplementary data). To confirm the specific anti-
oxidative role of CAT and SOD, the inhibitors, 3AT for CAT and DDC
for SOD, were added in parallel reactions to derepress the CAT
inhibition and SOD inhibition of the free radicals.

The antibacterial activities of the activated Hb fragments

In total 1 x10” CFU of S. aureus PC1839 or P. aeruginosa PAO1 in
PBS was added into a reaction mixture containing 0.5 umol H,0,
and 1pM of the Hb proteins (metHb, metHb partially proteolysed
by subtilisin A, rHba p12 or rHb p10). Details on the preparation
of rHba p12 and rHbP pl0 (Supplementary Figures S9C-E) are
described in Supplementary data. To avoid over-disruption of
bacterial cells, the reactions were incubated at room temperature
for 30min for viable bacterial count, or for 15min for flow
cytometry and immunogold-labelled scanning electron microscopy.
The POX cycle-cum-free radical production, represented by the level
of superoxide, was determined by CLA-CL assay.

For flow cytometry, the various Hb fragments-treated P.
aeruginosa was fixed with 4% paraformaldehyde and blocked for
1h with 5% BSA-PBS. The treated S. aureus was fixed and blocked
with 10% fetal bovine serum-PBS. Two successive incubations of
1 h each were carried out with rabbit anti-Hb (1:500 diluted in PBS)
and TRITC-conjugated goat anti-rabbit IgG (1:400 diluted in PBS)
(Sigma). The tagged bacteria were resuspended in 200 pl of 0.5%
paraformaldehyde-PBS before analysing on the BD FACSCalibur
system. For SEM analysis by immunogold labelling, the treated
bacteria were fixed with 4% paraformaldehyde and 0.1% glutar-
aldehyde and blocked as mentioned above. Two incubations of 1 h
each were carried out with rabbit anti-Hb and 20 nm colloidal gold-
conjugated goat anti-rabbit IgG (Ted Pella, USA), both of which
were 1:100 diluted in 0.1% BSA-PBS. The colloidal gold-labelled
bacteria were subjected to standard procedures of post fixation,
dehydration, infiltration and carbon coating for SEM sample
preparation. The samples were viewed under the SEM (Philips
XL-30 FEG SEM at 15kV). The backscatter electron mode was used
to observe colloidal gold particles labelled on the bacteria.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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