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Nontypeable Haemophilus influenzae (NTHi) are Gram-negative pathogens

that contribute to a variety of diseases, including acute otitis media and

chronic obstructive pulmonary disease. As NTHi have an absolute require-

ment for heme during aerobic growth, these bacteria have to scavenge

heme from their human hosts. These heme sources can range from free

heme to heme bound to proteins, such as hemoglobin. To test the impact

of heme structural factors on heme acquisition by NTHi, we prepared a

series of heme sources that systematically vary in heme exposure and cova-

lent binding of heme to peptide/protein and tested the ability of NTHi to

use these sources to support growth. Results from this study suggest that

NTHi can utilize protein-associated heme only if it is noncovalently

attached to the protein.

Nontypeable Haemophilus influenzae (NTHi) are

human commensal organisms that typically live in the

nasopharynx, but can cause diseases such as acute oti-

tis media (AOM), sinusitis, conjunctivitis, pneumonia,

meningitis, and chronic obstructive pulmonary disease

(COPD) [1,2]. For commensals and pathogens living in

or invading human tissues, iron is often a limiting

nutrient; one iron source for those bacteria is heme,

protoporphyrin IX (ppIX) that contains an iron ion at

its center [3]. As its name suggests (hemophilus means

‘blood loving’ in Greek), NTHi have an absolute

requirement for heme during aerobic growth, fulfilled

either through direct uptake of heme or through

uptake of ppIX followed by iron chelation [4,5].

To obtain exogenous heme, NTHi have evolved a

hemophore-mediated heme uptake system, which

secretes heme-binding proteins (hemophores) to

scavenge heme from host proteins, such as hemoglobin

and hemopexin [6,7]. Under heme-limiting conditions, a

complex and redundant system of secreted hemophores

and membrane proteins works in concert to deliver

heme from the external environment to the cytoplasm

of the bacterial cell [4]. Secreted hemophores extract

heme from the hemoprotein and pass it along to a heme

surface receptor or bind directly to the hemoprotein,

causing the hemoprotein to release its heme to a surface

receptor in a single step (without directly interacting

with the heme group) [8]. An additional set of trans-

porters is required to move the heme across the cyto-

plasmic membrane into the cytoplasm [9].

A more detailed mechanism of heme extraction from

the heme-binding protein, hemopexin, was elucidated

for NTHi’s HxuABC system [10]. Hemopexin is pre-

sent in all mammalian body fluids and exhibits one of
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the highest known binding affinities to heme [11]. Dur-

ing heme acquisition, a conformational change in

HxuA induces structural changes in hemopexin, lower-

ing its affinity for heme and resulting in heme release

to the HxuC receptor [10]. In addition to the HxuABC

system, the HemR and Hgp/Hup systems have been

linked to free heme acquisition and heme acquisition

from hemoglobin in H. influenzae type b (Hib), an

encapsulated strain of H. influenzae [12–14].
While most studies have focused on hemoproteins

such as hemoglobin and hemopexin, one study demon-

strated that horse cytochrome (cyt) c failed to provide

an adequate heme source to Hib [15]. Unlike hemoglo-

bin and hemopexin, the heme group in cyt c proteins,

including human cyt c (which shares 89% sequence

identity with horse cyt c), is covalently attached to the

protein via a Cys-X-X-Cys-His (CXXCH) motif

(Fig. 1). Whether horse cyt c failed to interact with

Hib’s hemophore(s) or the hemophore(s) were unable

to extract heme due to the covalent linkages was not

addressed in that study.

In this work, we sought to further our understand-

ing of the effect of heme-binding mode and solvent

exposure on heme scavenging by the pathogenic bacte-

ria NTHi. As a heme source, we used single (C12A or

C15A) and double (C12A/C15A) site-directed mutants

of Hydrogenobacter thermophilus (Ht) cyt c in which

the Cys residues of the C12XXC15H motif (Fig. 1) are

mutated to Ala [16]. Ht cyt c was selected as an ideal

model system for this study, because its inherent

stability allows the double mutant protein to maintain

a folded structure with heme bound in the absence of

thioether linkages to heme [17]. This property allowed

us to determine the effect of covalent attachment on

heme availability within one protein scaffold. To deter-

mine whether heme that is solvent-exposed but has

covalent bonds to two Cys can serve as a heme source

for NTHi, we supplemented NTHi cultures with

microperoxidase-11 (MP-11), an 11-mer peptide with

covalently bound heme [18]. This series of heme

sources (Ht cyt c, its mutants, MP-11, and hemin) sys-

tematically varies in heme exposure and covalent bind-

ing to a peptide, providing a means to test the impact

of heme structural factors on heme acquisition.

Materials and methods

Mutagenesis, expression, and purification

Plasmid pSCH552 (ampicillin resistant) was used as a tem-

plate for site-directed mutagenesis of Ht cyt c [19]. The

pSCH552 plasmid contains the Thiobacillus versutus cyt

c550 signal sequence inserted in frame and upstream of the

Ht cyt c gene, directing excretion to the periplasm for mat-

uration (covalent heme attachment) in Escherichia coli

(E. coli). The two single mutants, Ht C12A cyt c (Ht-

C12A) and Ht C15A cyt c (Ht-C15A), were prepared using

the QuikChange II kit (Agilent, Santa Clara, CA, USA)

according to the manufacturer’s instructions and confirmed

by DNA sequencing. The plasmid pEST202 encoding Ht

C12A/C15A cyt c (Ht-DM) was a gift from Stuart Fergu-

son [17]. Ht wild-type, C12A, and C15A cyts c were

expressed and purified as previously described for the wild-

type protein [19]. Escherichia coli BL-21(DE3) cells were

cotransformed with the plasmid harboring the cyt c gene

and the pEC86 plasmid (chloramphenicol resistant), which

contains the cyt c maturation genes ccmABCDEFGH [20].

The pEC86 plasmid was a gift to Kara Bren from Linda

Th€ony-Meyer. Ht-DM was expressed and purified as

described [17], with the following modifications. The E. coli

cells were grown on Luria broth (LB) agar plates, and sin-

gle colonies were used to inoculate 25 mL LB (supple-

mented with 50 lg�mL�1 ampicillin). Small cultures were

grown for 16 h (180 rpm, 37 °C) and used to inoculate

large cultures (in 1 L LB, 140 rpm, 37 °C). Protein expres-

sion was induced with 1 mM IPTG when the optical density

of the cultures at 600 nm (OD600) reached ~0.6; cultures

were incubated for an additional 3 h before harvesting by

centrifugation at 5000 g for 15 min.

NTHi growth experiments

Nontypeable H. influenzae cultures were grown on brain

heart infusion (BHI) medium (BD) supplemented with

Fig. 1. The heme and CXXCH motif from Hydrogenobacter

thermophilus cyt c (Protein Data Bank ID: 1YNR). One or both

covalent linkages between peptide and heme (arrows) are absent

in the single mutants (Ht C12A cyt c; Ht C15A cyt c) and the

double mutant (Ht C12A/C15A cyt c), respectively. The His residue

(His16) coordinates to the heme iron.

1779FEBS Open Bio 7 (2017) 1778–1783 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

V. Sgheiza et al. Covalent bonding of heme prevents capture by NTHi

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1YNR


30 lM NAD+ (Sigma, St. Louis, MO, USA) and either

water (negative control) or a single heme source. NTHi

lack the enzymes required to synthesize the essential cofac-

tor NAD+ and therefore must uptake exogenous NAD+.

NTHi 86-028NP is a pediatric isolate (a gift from Lauren

Bakaletz, The Research Institute at Nationwide Children’s

Hospital) [21]. In the first set of NTHi growth experiments,

heme sources were 15 lM hemin (Sigma), 15 lM purified

human hemoglobin (Sigma), or 15 lM wild-type Ht cyt c,

Ht-C12A, or Ht-DM. A small 500 lL aliquot was removed

from each 10 mL sample immediately after the supplements

were added, but prior to inoculation, to be used as blanks

for the OD readings. The cultures were incubated at 37 °C,
shaken at 180–200 rpm, and monitored for changes to the

OD490 every 2 h. In a second set of NTHi growth experi-

ments, three different concentrations of hemin (1 lM,
0.1 lM, and 0.01 lM) and Ht-DM (1 lM, 0.1 lM, and

0.01 lM) were used to supplement BHI.

When using Ht-C12A as a heme source, the proportion

of heme covalently bound to the protein had to be consid-

ered. Prior work on Ht-C12A revealed that ~14% of the

sample had noncovalently bound heme, with the remainder

covalently bound [17]. To consider this factor, we supple-

mented BHI with a ‘high’ concentration of Ht-C12A (6–
7 lM) to test whether these conditions provided sufficient

‘free’ noncovalently bound heme for NTHi to grow [16].

We also grew NTHi in BHI supplemented with a ‘low’ con-

centration of Ht-C12A (0.6 lM). As positive controls, we

grew NTHi in BHI supplemented with 6–7 lM hemin and

0.6 lM hemin. All heme sources were diluted in 1 mL of

water and added to 5 mL of sterile BHI and 30 lM
NAD+. Growths were incubated (37 °C, 180–200 rpm) for

24 h. Readings (OD490) were recorded after 12 h of growth

and then every 2 h.

Nontypeable H. influenzae were also grown on BHI

using 15 lM hemin, 15 lM MP-11 (Sigma), or water (nega-

tive control) as its heme source. The NTHi were cultured

as described above, and the OD490 was monitored every

2 h.

Results and Discussion

Nontypeable H. influenzae have a strict requirement

for heme as their source of iron, thus providing bio-

logical motivation for their complex and redundant

heme acquisition and uptake systems [4,10,12–14,22].
Hemophores play an important role in those systems.

Secreted into the extracellular space or tethered to the

bacterial surface, hemophores serve as the initial heme

‘scavengers’ by stealing heme from hemoproteins

directly or by lowering the hemoprotein’s affinity for

heme. Cyts c are ubiquitous hemoproteins, highly con-

served across species, and found in most living organ-

isms. Defined, in part, by their two covalent thioether

linkages to heme, cyts c exhibit a diverse array of cel-

lular functions in such biological arenas as energy

transduction and apoptosis [23]. Our Ht cyt c variants,

with one, two, or zero covalent linkages to heme, pro-

vide a means to test what requirements and limitations

there are on heme acquisition by NTHi with respect to

the mode of heme binding to polypeptide.

To determine the ability of NTHi to scavenge heme

from Ht cyt c and variants with one or two thioether

linkages removed, we cultured NTHi in BHI, supple-

mented with 30 lM NAD+ and (a) sterile water (nega-

tive control); (b) 15 lM hemoglobin; (c) 15 lM hemin

(positive control); (d) 15 lM wild-type Ht cyt c; (e)

15 lM Ht-C12A; or (f) 15 lM Ht-DM. For all experi-

ments, hemin was used as a positive control. Hemoglo-

bin contains noncovalently bound heme [24]. Growth

was tracked by measuring the OD at 490 nm every

2 h. NTHi showed minimal growth when BHI was

supplemented with sterile water, wild-type Ht cyt c, or

Ht-C12A (Fig. 2). In comparison, NTHi grew to log

phase and approached stationary phase by hour twelve

when BHI was supplemented with hemoglobin, hemin,

or Ht-DM (where both thioether linkages were absent)

(Fig. 2). Two additional independent growth experi-

ments using the same parameters and supplements

yielded similar results (Fig. S1), which suggests that

NTHi hemophore(s) can access and extract heme from

Ht-DM.

In a second growth study, we determined that 1 lM
hemin supports NTHi growth, while 0.1 lM hemin is

insufficient for NTHi growth. We observed similar

growth trends for the equivalent concentrations of Ht-

DM (Fig. 3), indicating that heme noncovalently

bound to this protein scaffold supports growth as well

as hemin. Two additional independent growth

Fig. 2. Nontypeable Haemophilus influenzae growth curves,

monitored at 490 nm, show that NTHi cultures grow in BHI

supplemented with 15 lM hemoglobin, hemin, or Ht-DM (C12A/

C15A), but do not grow with water, 15 lM wild-type Ht cyt c, or

15 lM Ht-C12A.
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experiments using the same parameters and supple-

ments yielded similar results (Fig. S2), which suggest

that both of these heme sources (hemin and Ht-DM)

are similarly accessible to NTHi hemophore(s). In con-

trast to NTHi, which we found require 0.1–1.0 lM
hemin for unrestricted growth, Hib requires a mini-

mum of 0.03 lM free heme for unrestricted growth,

indicating different heme requirements for these bacte-

ria in culture [15]. Further, we predict that NTHi cul-

tured under different conditions will have different

heme requirements, not surprisingly as H. influenzae

has been shown to exhibit different heme requirements

in the presence and absence of oxygen [25]. As NTHi

are pathogens (causing AOM in the inner ear and

bronchitis and COPD in the lungs) and commensal

organisms (in the nasal cavity), these nuances in

NTHi’s heme requirements may come into play as the

bacteria live and thrive in different environments.

In Ht-C15A, only the Cys12 residue is able to cova-

lently link to the heme group, while in Ht-C12A, only

the Cys15 residue covalently links to the heme. How-

ever, it has been shown that the Cys15-to-heme cova-

lent bond does not form in 100% of the Ht-C12A

protein sample, when overexpressed in E. coli [16].

Specifically, Tomlinson and Ferguson showed that the

heme group in Ht-C12A is covalently bound in 86%

of the sample, while the heme in Ht-C15A is bound in

100% of the sample [16]. To determine whether the

small proportion of noncovalently bound heme in Ht-

C12A could support NTHi growth, we cultured NTHi

in the presence of each single mutant at high concen-

trations. Results from our previous experiment sug-

gested that NTHi requires between 0.1 lM and 1 lM
accessible heme to grow. Assuming ~14% of Ht-C12A

contains noncovalently bound heme, we estimated that

we would need to supplement BHI with between

0.7 lM and 7 lM of Ht-C15A to observe growth simi-

lar to what was seen using excess hemin. As such, we

grew NTHi in the presence of either high (6–7 lM) or
low (0.6 lM) concentrations of hemin, Ht-C12A, or

Ht-C15A [16]. NTHi cultures reached log phase in less

than 12 h when supplemented with high and low con-

centrations of hemin, but did not grow in the presence

of the negative control, high or low concentrations of

Ht-C15A, or low concentrations of Ht-C12A. When

supplemented with high concentrations of Ht-C12A,

NTHi grew slowly, but eventually reached similar

OD490 levels to the hemin-supplemented growths by

24 h (Fig. 4). Two additional independent growth

experiments using the same parameters and supple-

ments yielded similar results (Fig. S3). The logarithmic

growth phase was not reached until approximately

18 h. The delay in growth may have been the result of

the noncovalently bound heme in Ht-C12A being less

accessible to NTHi than the equivalent concentration

of hemin.

Microperoxidase-11 (MP-11) is a heme peptide

derived from proteolysis of horse heart cyt c [18]. The

heme in MP-11 is covalently attached to an 11-mer

peptide via the two Cys residues contained within the

Fig. 3. Growth curves, monitored at 490 nm, are similar for NTHi

cultured in BHI supplemented with 1 lM hemin and 1 lM Ht-DM

(C12A/C15A); lower concentrations (0.1 lM or 0.01 lM) of hemin or

Ht-DM do not support NTHi growth.

Fig. 4. Nontypeable Haemophilus influenzae growth curves,

monitored at 490 nm after 12 h of growth. NTHi cultures in BHI

were supplemented with high (6–7 lM) or low (0.6 lM)

concentrations of hemin, Ht-C12A, or Ht-C15A. NTHi grew with

both concentrations of hemin and grew slowly with high

concentrations of Ht-C12A.

Fig. 5. Nontypeable Haemophilus influenzae growth curves,

monitored at 490 nm; NTHi cultures in BHI were supplemented

with 15 lM hemin, water, or 15 lM MP-11.
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CXXCH motif, and the heme iron is coordinated to a

single His residue donated by the same sequence. If

heme uptake requires binding to a hemophore or

receptor protein in a ‘tight’ pocket, as described for

the heme transport protein HbpA, even a small

attached peptide could prevent proper binding/fitting

of the heme [26]. Additionally, the coordinated His of

MP-11 may not be readily displaced, because it is posi-

tioned in the covalently bound peptide; this His–heme

interaction could also hinder its interaction with a

hemophore. In order to determine whether MP-11 can

serve as a heme source for NTHi, we repeated the ini-

tial NTHi growth experiment, using hemin (positive

control), MP-11, or water (negative control) as the

heme source. Results from the experiment suggest that

the covalent attachment of the heme to the 11-mer

peptide prevents MP-11 from serving as a heme source

for NTHi (Fig. 5). Two additional independent growth

experiments using the same parameters and supple-

ments yielded similar results (Fig. S4).

Conclusions

Nontypeable H. influenzae are known to colonize in

the nasopharynx of humans. Considering their require-

ment for heme, NTHi must acquire heme from human

proteins such as hemoglobin or complexes such as

heme bound to hemopexin. Cyts c, containing two

covalent linkages to heme, have failed to serve as a

heme source for H. influenzae. Here, we showed that

even a single thioether bond between heme and

polypeptide is sufficient to prevent heme scavenging

from Ht cyt c mutants by NTHi. However, NTHi

hemophores can interact with and extract heme from

Ht-DM, which contains zero covalent linkages to

heme. We also confirmed that the C15-to-heme bond

does not form 100% of the time in Ht-C12A, allowing

for heme scavenging by NTHi from high concentra-

tions of this variant. Finally, we showed that MP-11,

which is similar in structure to hemin, but covalently

tethered to an 11-mer peptide, does not function as a

heme source for NTHi. Results from this study suggest

that the only accessible protein-associated heme to

support NTHi growth is noncovalently bound heme.

Acknowledgements

This study was supported by the Rochester Institute of

Technology. The authors thank Dr. Stuart Ferguson

for Ht-DM, Dr. Linda Th€ony-Meyer for the pEC86

plasmid, and Dr. Lauren Bakaletz for the NTHi 86-

028 strain. KLB acknowledges financial support from

the National Science Foundation Grant CHE-1409929.

Author contributions

VS, BN, SS, JP, BK, MFH, and KG collected experi-

mental data and assisted with data analysis. VS, KLB,

and LVM designed the study, analyzed data, and pre-

pared the manuscript. KLB and LVM provided

reagents.

References

1 Murphy TF and Kirkham C (2002) Biofilm formation

by nontypeable Haemophilus influenzae: strain

variability, outer membrane antigen expression and role

of pili. BMC Microbiol 2, 7.

2 Kaneko M, Yamashita R, Suzuki T, Kodama Y and

Sameshima H (2014) Early onset nontypable

Haemophilus influenzae sepsis in a preterm newborn

infant. J Clin Case Rep 4, 2.

3 Contreras H, Chim N, Credali A and Goulding CW

(2014) Heme uptake in bacterial pathogens. Curr Opin

Chem Biol 19, 34–41.
4 Whitby PW, Vanwagoner TM, Seale TW, Morton DJ

and Stull TL (2006) Transcriptional profile of

Haemophilus influenzae: effects of iron and heme. J

Bacteriol 188, 5640–5645.
5 Loeb MR (1995) Ferrochelatase activity and

protoporphyrin IX utilization in Haemophilus

influenzae. J Bacteriol 177, 3613–3615.
6 Steele KH, O’Connor LH, Burpo N, Kohler K and

Johnston JW (2012) Characterization of a ferrous iron-

responsive two-component system in nontypeable

Haemophilus influenzae. J Bacteriol 194, 6162–6173.
7 Anzaldi LL and Skaar EP (2010) Overcoming the heme

paradox: heme toxicity and tolerance in bacterial

pathogens. Infect Immun 78, 4977–4989.
8 Fournier C, Smith A and Delepelaire P (2011) Haem

release from haemopexin by HxuA allows Haemophilus

influenzae to escape host nutritional immunity. Mol

Microbiol 80, 133–148.
9 Mason KM, Raffel FK, Ray WC and Bakaletz LO

(2011) Heme utilization by nontypeable Haemophilus

influenzae is essential and dependent on Sap transporter

function. J Bacteriol 193, 2527–2535.
10 Zambolin S, Clantin B, Chami M, Hoos S, Haouz A,

Villeret V and Delepelaire P (2016) Structural basis for

haem piracy from host haemopexin by Haemophilus

influenzae. Nat Commun 7, 11590.

11 Tolosano E and Altruda F (2002) Hemopexin:

structure, function, and regulation. DNA Cell Biol 21,

297–306.
12 Morton DJ, Smith A, Ren Z, Madore LL,

VanWagoner TM, Seale TW, Whitby PW and Stull TL

(2004) Identification of a haem-utilization protein

(Hup) in Haemophilus influenzae. Microbiology

(Reading, Engl) 150, 3923–3933.

1782 FEBS Open Bio 7 (2017) 1778–1783 ª 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Covalent bonding of heme prevents capture by NTHi V. Sgheiza et al.



13 Whitby PW, Seale TW, VanWagoner TM, Morton DJ

and Stull TL (2009) The iron/heme regulated genes of

Haemophilus influenzae: comparative transcriptional

profiling as a tool to define the species core modulon.

BMC Genom 10, 6.

14 Hariadi NI, Zhang L, Patel M, Sandstedt SA, Davis

GS, Marrs CF and Gilsdorf JR (2015) Comparative

profile of heme acquisition genes in disease-causing and

colonizing nontypeable Haemophilus influenzae and

Haemophilus haemolyticus. J Clin Microbiol 53, 2132–
2137.

15 Stull TL (1987) Protein sources of heme for

Haemophilus influenzae. Infect Immun 55, 148–153.
16 Tomlinson EJ and Ferguson SJ (2000) Loss of either of

the two heme-binding cysteines from a class I c-type

cytochrome has a surprisingly small effect on

physicochemical properties. J Biol Chem 275, 32530–
32534.

17 Tomlinson EJ and Ferguson SJ (2000) Conversion of a

c type cytochrome to a b type that spontaneously forms

in vitro from apo protein and heme: Implications for c

type cytochrome biogenesis and folding. Proc Natl

Acad Sci U S A 97, 5156–5160.
18 Harbury HA and Loach PA (1960) Oxidation-linked

proton functions in heme octa- and undecapeptides

from mammalian cytochrome c. J Biol Chem 235,

3640–3645.
19 Karan EF, Russell BS and Bren KL (2014)

Characterization of Hydrogenobacter thermophilus

cytochromes c 552 expressed in the cytoplasm and

periplasm of Escherichia coli. J Biol Inorg Chem 7, 260–
272.

20 Arslan E, Schulz H, Zufferey R, K€unzler P and Th€ony-

Meyer L (1998) Overproduction of the Bradyrhizobium

japonicum c-type cytochrome subunits of the cbb3

oxidase in Escherichia coli. Biochem Biophys Res

Commun 251, 744–747.
21 Bakaletz LO, Tallan BM, Hoepf T, DeMaria TF, Birck

HG and Lim DJ (1988) Frequency of fimbriation of

nontypable Haemophilus influenzae and its ability to

adhere to chinchilla and human respiratory epithelium.

Infect Immun 56, 331–335.

22 LaCross NC, Marrs CF and Gilsdorf JR (2014) Otitis

media associated polymorphisms in the hemin receptor

HemR of nontypeable Haemophilus influenzae. Infect

Genet Evol 26, 47–57.
23 Bertini I, Cavallaro G and Rosato A (2006)

Cytochrome c: occurrence and functions. Chem Rev

106, 90–115.
24 Shelnutt JA, Rousseau DL, Friedman JM and Simon

SR (1979) Protein-heme interaction in hemoglobin:

evidence from Raman difference spectroscopy. Proc

Natl Acad Sci USA 76, 4409–4413.
25 Gilder H and Granick S (1947) Studies on the

Hemophilus group of organisms; quantitative aspects of

growth on various porphin compounds. J Gen Physiol

31, 103–117.
26 Dunten P and Mowbray SL (1995) Modeling of the

structure of the Haemophilus influenzae heme-binding

protein suggests a mode of heme interaction. Protein

Sci 4, 2335–2340.

Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this

article:
Fig. S1. Two additional NTHi growth curves, moni-

tored at 490 nm, show that NTHi grows in BHI sup-

plemented with hemoglobin, hemin, or Ht-DM (C12A/

C15A), but does not grow with water, wild-type Ht

cyt c, or single mutant Ht-C12A.

Fig. S2. Two additional NTHi growth curves, moni-

tored at 490 nm, show that NTHi grows in BHI sup-

plemented with 1 lM hemin or Ht-DM (C12A/C15A),

but does not grow with lower concentrations of hemin

or Ht-DM.

Fig. S3. Two additional NTHi growth curves, moni-

tored at 490 nm after 12 h of growth.

Fig. S4. Two additional NTHi growth curves, moni-

tored at 490 nm, show that NTHi grows in BHI sup-

plemented with 15 lM hemin, but does not grow with

water or 15 lM MP-11.
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