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ABSTRACT: Carbon monoxide (CO) poisoning causes between 5,000 and 6,000 deaths per year in the US alone. The develop-
ment of small molecule allosteric effectors of CO binding to hemoglobin (Hb) represents an important step towards making effec-
tive therapies for CO poisoning. To that end, we have found that the synthetic peptide IRL 2500 enhances CO release from COHb
in air, but with concomitant hemolytic activity. We describe herein the design, synthesis and biological evaluation of analogs of
IRL 2500 that enhance the release of CO from COHb without hemolysis. These novel structures show improved aqueous solubility
and reduced hemolytic activity and could lead the way to the development of small molecule therapeutics for the treatment of CO

poisoning.

Hemoglobin (Hb), an a,f, tetrameric globular protein found
in red blood cells (RBCs),"? functions primarily to transport
oxygen (O,) from the lungs to the outlying muscles and tissue,
and then to carry carbon dioxide from these tissues to the
lungs for export.” Hb has two main allosteric states, the re-
laxed (R) state and tense (T) state that are conformationally
different and exist in equilibrium. The R state Hb has a high
O, affinity and occurs when Hb is ligated at the heme, and the
T state Hb has a low O, affinity and occurs when Hb is un-
ligated at the heme.'

There are numerous small molecules that bind to Hb, influ-
encing the stability of the different allosteric states of Hb and
thus the binding of O,, which can be measured by the shift in
the O, dissociation curve (ODC)."”* 2,3-diphosphoglycerate
(DPG)' is an endogenous allosteric effector of human Hb in
RBCs that shifts the allosteric equilibrium to the T state and
right shifts the ODC, decreasing the oxygen affinity of Hb.>*
Other non-endogenous right shifters include inositol hexa-
phosphate (IHP) and efaproxiral, the latter an uncharged right-
shifter which was clinically studied as a radiation-enhancing
compound for the treatment of hypoxic tumors.” Conversely,
there are a number of organic left-shifters, including vanillin
and 5-hydroxymethylfurfural (5-HMF) that lead to an increase
in Hb affinity for oxygen.3

Another molecule known to cause a left shift as well as a
depression in the ODC is carbon monoxide (CO), a gas which
has an approximately 200-fold greater affinity for Hb than
0,.7" When CO binds to Hb to form carboxyhemoglobin
(COHD), the oxygen transporting ability of Hb is impaired.
This impairment, i.e., CO poisoning, is responsible for 40,000

emergency room visits and 5,000 to 6,000 deaths per year in
the United States. Recent studies suggest targeting extra-
hemoglobin effects due to the actions of CO on a variety of
heme-containing proteins'' upon regulation of nitric oxide
(NO) signaling,'"'> generation of reactive oxygen species
(ROS),13 and on myocardial ion channels.'""> These effects
could lead to myocardial injury'* and delayed development of
central nervous system (CNS) impairment.'' One treatment for
CO poisoning is the use of pulmonary oxygen.” Azarov and
coworkers recently reported the discovery of an engineered
human neuroglobin (Ngb), a six-coordinate hemoprotein, that
is able to scavenge CO from Hb. This Ngb has a higher affini-
ty for CO than Hb, allowing it to out-compete COHb for CO
and has been shown to rescue CO-poisoned mice."

While the work of Azurov and coworkers represents a major
accomplishment, we have taken a different approach to the
development of a treatment for CO poisoning. We hypothe-
sized that a small molecule able to bind to Hb and inhibit the
binding of CO or enhance the release of CO from carboxyhe-
moglobin (COHDb), could be used for the treatment of CO poi-
soning. Drug-like small molecule therapeutics could avoid the
liabilities and delivery issues related to the use of protein ther-
apeutics.'® We identified 427 compounds which bind to Hb
from a screen of 38,700 small molecules.'” Only one of the
427 compounds, IRL 2500 1 (Figure 1a), decreased the affini-
ty of Hb for O,. This decrease in affinity was accompanied by
a slightly increased Ps, (the partial oxygen pressure at which
50% of Hb is oxygenated) from 17 + 0.3 mmHg (mean +
standard deviation, without IRL 2500) to 19 = 0.1 mmHg at a
5-fold molar excess of the compound to Hb tetramer (5x). We
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hypothesized that binding of IRL 2500 to Hb could also affect
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Figure 1. (a) Structures of 1 (IRL 2500), 2 (IRL 1) and secondary amide 3; (b) IRL 2500 1 (tan) bound in the B cleft of Hb (PDB ID
4L7Y). B chains teal and blue, o chains are shown as red and yellow; (c) Interactions between IRL 2500 1 and Hb at the B cleft with dis-
tances to important protein residues highlighted (See supplementary material and Figure S1 for detailed description of the co-binding of

IRL 2500

Herein we report the effect of IRL 2500 on the stability of
COHD in air, and on the design and synthesis of more drug-
like derivatives of 1 that enhance the release of CO from
COHb.

We have determined the crystal structure of deoxyHb com-
plexed to IRL 2500 1. Like 2,3-DPG’ IRL 2500 binds non-
covalently to the B cleft of Hb in a 1:1 stoichiometry (Figure
1b and ¢ and PDB ID: 4L7Y). The structure was solved by
molecular replacement using the native deoxyHb (PDB ID:
2DN2). Interestingly, we also observed DPG bound at the
same place as IRL 2500 (see supplementary material) in a
67% to 33% occupancy ratio. When compared to the crystal
structure of 2DN2, the overall protein conformation, as well as
the geometry of the B-cleft, is not changed by binding of IRL
2500 and DPG, except for slight movement of the side-chains
of B-His143, B-Asn139, and B-Lys82 (Figure 1c¢). Co-binding
of the two effectors is not required to reduce in vitro Hb affini-
ty for oxygen. When IRL 2500 alone was added to purified Hb
without DPG (IRL 2500: Hb tetramer = 5:1 mol:mol), the P,
was increased from 17 mmHg to 19 mmHg. However, under
physiological conditions, reduction of Hb affinity for oxygen
in the presence of IRL 2500 may be due to co-binding of IRL
2500 and DPG at the B cleft.

The indole carboxyl group of IRL 2500 1 makes both water-
mediated and direct hydrogen-bond interactions with the
amine of B-Lys82, while the indole nitrogen and tryptophan
amide nitrogen make direct and water-mediated interactions
with the side-chain of B-Asnl39, respectively (Figure Ic).
There are hydrophobic interactions between IRL 2500 and the
protein residues B-His2, B-Asn139, and B-His143. These inter-
actions provide additional interactions across the two pB-
subunit interfaces of deoxyHb that lead to further stabilization
of the T state and decrease Hb affinity for O, similar to IHP
and efaproxiral.'®

We found that IRL 2500 lowers the half-life of COHb in air.
This half-life was determined by measuring the conversion of
COHDb to oxygenated Hb (oxyHDb) in air. The half-life of
COHb without IRL 2500 was 80 + 0.7 min (mean + s.e.m.). In
the presence of IRL 2500, the half-life of COHb was reduced
to 69 + 0.4 min (at 5x the concentration of IRL 2500 to Hb
tetramer). We therefore propose that IRL 2500 shifts the allo-
Scheme 1. Synthesis of C-ring IRL Analogs

and DPG).

steric equilibrium to the low-O,-affinity T state Hb and en-
hances the release of CO from Hb. However, we also found
that IRL 2500 has relatively low aqueous solubility and induc-
es hemolysis on mixing with human red blood cells. These
properties preclude the use of IRL 2500 to treat CO poisoning.

To increase aqueous solubility and reduce the hemolytic ac-
tivity of IRL 2500 1, we prepared the less hydrophobic com-
pound IRL 1 2 (Figure la), in which the biphenyl moiety is
replaced with a single phenyl ring, and found that 2 has a
modest CO half-life lowering activity (COHb half-life: 74 +
0.5 min at 5x the concentration of 2 to Hb tetramer) relative to
IRL 2500 but does not induce hemolysis.

We therefore initiated a structure activity relationship
(SAR) study around 2 to design derivatives with 1) increased
reduction of CO half-life than 2; 2) greater aqueous solubility
than 1; and 3) less hemolytic activity than 1. In this Letter, we
describe the dramatic effect of changing the para substitution
of the C-ring of 2, i.e., R (Figure la), on potency, aqueuous
solubility and hemolysis.

In an attempt to both further reduce the hydrophobicity as
well as to streamline the synthesis of the IRL analogs, we pre-
pared 3 (Figure 1), the secondary amide (R’=H) corresponding
to tertiary amide 2 (R’=Me), via deprotection of the corre-
sponding Boc-protected amino ester. Compound 3 was synthe-
sized in quantitative yield from the component amino acids in
three chemical steps (see Supplementary Information for de-
tails). As expected, the calculated cLogP of 3 using BioByte in
Chemdraw® was slightly reduced relative to that of 2 (4.6 for
3 vs. 4.7 for 2). Most importantly, we observed that the COHb
half-life for 3 was the same as that observed for 2 (Table 1),
allowing us to prepare the IRL analogs as either secondary
amides.

We next examined modification of the C-ring of 3 (Figure
la). Specifically, we introduced different substituted arenes
and heterocycles at the 4-position of the C-ring of 3 in an ef-
fort to improve aqueous solubility and reduce hydrophobicity,
using calculated cLogP as a predictive tool of aqueous
solublity which was then verified experimentally, while main-
taining the large
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5-pyrimidyl (56%)
4-(3,5-dimethylisoxazolyl)- (70%)
4-(1-methyl-1H-pyrazolyl)- (70%)

9 R = 4-(3,5-dimethylisoxazolyl)- (75%)
10 R = 4-(1-methyl-1H-pyrazolyl)- (80%)

Generation 2

11 R = 4-(3-methoxycarbonyl-5-methylisoxazolyl)- (32%) 20

12 R = 4-(3-hydroxylmethyl-5-methylisoxazolyl)- (30%) 21

': 13 R = 2-(furfural)- (76%) 22
14 R = 5-((dimethylamino)methyl)furan-2-yl- (93%)

Table 1. COHb Half-life, Hemolysis, cLogP, and Aqueous Solubility for IRL Analogs 1, 2, 3 and 15-22

Me,NH,Cl,
NaBH(OAG),

R = 4-(3-carboxyl-5-methylisoxazolyl)- (88%)
R = 4-(3-hydroxylmethyl-5-methylisoxazolyl)- (35%)
R = 5-((dimethylamino)methyl)furan-2-yl- (59%)

Compound COHb t,), (min)* Hemolysis® | cLogP® | Aqueous solubility?
Compound:Hb 20:1 Compound:Hb 5:1
1 (IRL 2500) ND 69+04 + 6.6 ;
2 (IRL 1) 65+0.5 74+0.5 R 4.7 -
3 63 +£0.5 ND - 4.6 -
15 64+04 69 + (.4%*** - 6.5 -
16 60 £ 0.4%*** 71 £0.4%** + 5.9 -
17 77+0.7 80+ 0.7 - 4.1 +
18 57 £ 0.4%%* 72 £0.5%* - 4.4 -
19 69+0.9 74+0.5 - 4.6 +
20 71+04 78 £0.7 - 3.9 +
21 65+04 70 £ 0.5%** - 3.1 +
22 67+04 72 +£(0.5%** - 3.5 -

(a) COHb half-life (t,, shown as mean + standard error) was measured at 20:1 compound:Hb (compound 200 uM and Hb tetramer 10
uM) or 5:1 compound:Hb (Compound 50 uM and Hb tetramer 10 uM) in DPBS with 5 vol % DMSO. COHb t,,, with DMSO (as a control)
was 80 + 0.3 min. Significance relative to IRL 1 2: * where P < 0.05, ** where P <0.01, *** where P <0.001. “ND” indicates half-life not
determined. (b) Hemolysis measured using RBCs (50 uM Hb) and compound (1 mM) in 0.1 vol % DMSO. “-” indicates that the fraction
of extracellular Hb was less than 1% of total Hb after incubating blood with the compound. (c) cLogP calculated with ChemDraw® Bi-
oByte. (d) Solubility was evaluated by preparing 2.5 mM of the compound in DPBS with 1 vol% DMSO . “+” indicates that aggregates or

e

crystals were not observed in the prepared solution.

hydrophobic surface area that is present in substituted bi-
phenyl 1 (Figure 1).

The desired compounds were accessed by Suzuki cross-
coupling of the p-iodo IRL analog 5, the preparation of which
is outlined in Scheme 1. Coupling of carbamate 4'° with L-Trp
amino ester, followed by Boc deprotection afforded an inter-
mediate dipeptide (not shown), which was then coupled with
3,5-dimethylbenzoic acid, followed by Boc-indole formation,
giving key intermediate 5 (61% overall yield in 6 steps from
D-phenylalanine). After extensive screening of cross-coupling
conditions, analogs 15-19 were prepared by Suzuki coupling
of 5 with the requisite boronic acids to give 6-8 or the corre-
sponding pinacolates to generate 9-10, followed by Boc depro-
tection (TFA) and ester hydrolysis (LiOH) (Scheme 1).

Compounds 15-19 reduced COHb half-lives more than
DMSO alone (Table 1). Additionally, furan 16 and the isoxa-
zole derivative 18 reduced the COHb half-live more than 2 at
20:1 molar ratio of compound to Hb tetramer. Due to the in-
creased activity of the compounds in this series to reduce
COHD half-life at 20:1 compound:Hb tetramer, we also meas-
ured the COHb half-life at reduced concentration of compound

indicates that aggregates or crystals were observed.

(5x), as indicated in Table 1, which is the highest concentra-
tion at which the highly hemolytic 1 can been examined. At
this 5:1 ratio of compound:Hb, we found that 15 (biphenyl),
16 (furyl), and 18 (isoxazole) were all significantly more ac-
tive than IRL 1 2. While biphenyl 15 did not cause hemolysis,
it was tested for hemolysis at a much lower concentration (2:1
15:Hb) because of its poor aqueous solubility in the assay.
Furan analog 16 caused slight hemolytic activity (1-2% of
total Hb at 5:1 molar ratio of 16 to Hb tetramer), which tracks
with the relatively high calculated cLogP value of 5.9 for 16.
Isoxazole derivative 18 did not cause hemolysis. Testing the
aqueous (1% DMSO/H,0) solubility of 15-19 revealed that
furan 16, pyrimidine 17 and pyrazole 19 were each soluble at
2.5 mM. Based on these data, the two most promising analogs
were furan 16 and isoxazole 18. However, there were draw-
backs with each of these lead compounds; hemolytic activity
with 16 and modest aqueous solubility with 18.

These results led us to design a second-generation of ana-
logs with additional solubilizing functionalities attached to
either the isoxazole or furan moieties (isoxazole acid 20, isox-
azole alcohol 21 and dimethylaminomethylfuran 22, Scheme
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1). Toward that end, we prepared 20-22 from the correspond-
ing boronates and boronic acid for 20 and 21, and for 22, re-
spectively (Scheme 1). Dimethylaminomethyl analog 22 was
obtained by reductive amination of aldehyde 13 obtained using
5-formylfuran-2-boronic acid as a coupling partner.

Both hydroxymethyl isoxazole 21 and dimethyla-
minomethylfuran 22 were significantly more active to reduce
COHb half-life than 2 at 5:1 molar ratio of the compound to
Hb tetramer. COHb half-life lowering activity with 21 was
comparable to that of 1, but without hemolytic activity at up to
5x the concentration of the compound to Hb tetramer. Fur-
thermore, 21 exhibited superior aqueous solubility, making it
an excellent candidate for further study.

Our results establish a delicate balance between hydro-
philicity that is adequate to improve aqueous solubility and
preclude hemolysis, as well as sufficient hydrophobicity for
sufficient biological activity. We pursued compounds modi-
fied at the 4-position of the C ring, adding heteroaromatic
rings that aid in solubility while retaining the hydrophobic
surface area that appears necessary to reduce the half-life of
COHD. Five of the biaryl analogs, biphenyl 15, furan 16, isox-
azole 18, alcohol 21 and dimethyaminomethylfuran 22, led to
reduced COHD half-life relative to that observed with 1. We
were particularly gratified to find that COHb half-life was
significantly reduced with 21 relative to 2, without hemolysis.
These results demonstrate that it is possible to reduce the half-
life COHb with small molecules, a first step towards the use of
small molecules for the treatment of CO poisoning. The com-
bination of these IRL compounds and compounds targeting the
extra-hemoglobin effects could have synergetic effects in
treating myocardial injury and the delay of CNS impairment
following CO poisoning. Further studies directed toward the
expansion of the SAR of the IRL compounds, the effect of
cLogP on hemolysis and the development of such compounds
is underway in our laboratory and our results will be reported
in due course.
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