==ROMA
=IRE

UNIVERSITA DEGLI STUDI

Facolta di Scienze Matematiche, Fisiche e Naturali
Dipartimento di Biologia
Scuola Dottorale in Biologia
Sezione di Biologia Applicata alla Salute del’'Uomo

XXIV ciclo
THE BINDING VERSATILITY OF HUMAN SERUM
ALBUMIN AND ITS ALLOSTERIC MODULATION
MODULAZIONE ALLOSTERICA DELLE PROPRIETA’
LEGANTI DELLA SIERO ALBUMINA UMANA
PhD student
Dr. Cao Yu

Tutor
Prof. Paolo Ascenzi

Coordinator of the PhD School Section

“Biology Applied to Human Health”
Prof. Paolo Visca

A.A. 2010/2011






Index

1. Abstract

2. Riassunto

3. Who's who?

4. The HSA structure

0

9.

4.1. The fatty acid binding sites
4.1.1. The FAL1 cleft (heme pocket)
4.1.2. The FA2 cleft
4.1.3. The FA3-FA4 cleft (Sudlow’s site II)
4.1.4. The FA5 cleft
4.1.5. The FAG cleft
4.1.6. The FATY cleft (Sudlow’s site I)
4.1.7. The FA8 and FA9 clefts
4.2. The thyroxine binding sites
4.3. The bacterial protein binding site
4.4. The metal binding sites
4.5. The Cys34 residue

. Heme-albumin
. Human serum albumin: a monomeric

allosteric protein

. Aims
. Published papers (.pdf files)

Reductive nitrosylation of ferric human
serum albumin
Binding of 49-tetrahydrocannabinol
and diazepam to human serum albumin
-Ibuprofen and warfarin modulate
allosterically ferrous human serum
heme—-albumin nitrosylation
Evidence for pH-dependent multiple
conformers in iron(ll) heme—human
serum albumin: spectroscopic and kinetic
investigation of carbon monoxide binding
Conclusion and Perspectives

10. Acknowledgements

10
12
13
15
15
16
16
16
18
18
20
23
23
24

25
37

38

50

56

61
76






1. Abstract

Human serum albumin (HSA), the most prominent
protein in plasma, is best known for its exceptional ligand binding
capacity. Seven binding sites for fatty acids (FA; FA1-FA7) have
been found to be common for FAs ranging from C10:0 to C18:0;
however, nine clefts can bind C10:0 FAs. Moreover, defatted
HSA binds four thyroxine molecules at FA3-FA4, FAS5, and FA7;
on the other hand, the HSA-FA complex binds one thyroxine
molecule at the II-I1I interdomain region (i.e., FA9). Furthermore,
HSA binds the GA module of the bacterial protein PAB at
domain II; this seems to add selective advantages to the bacterium
in terms of growth, increasing its virulence by providing to the
bacteria FAs and, possibly, other nutrients transported by HSA.
Lastly, HSA displays three binding sites endowed with
appropriate residues to coordinate metal ions. Remarkably, HSA
participates in heme scavenging by binding the macrocycle at the
FAI site. In turn, heme endows HSA with globin-like reactivity
and spectroscopic properties. Notably, ligand binding to HSA 1is
competitively and allosterically modulated. To highlight the
molecular bases of the allosteric and competitive binding
properties of HSA, the following aspects have been investigated.
(/) The reductive nitrosylation of ferric human serum heme-
albumin (HSA-heme-Fe(Ill)) has been investigated from the
kinetic and thermodynamic viewpoints. At pH = 5.5, HSA-heme-
Fe(Ill) binds NO reversibly, leading to the formation of
nitrosylated HSA-heme-Fe(Ill) (HSA-heme-Fe(IlI)-NO). By
contrast, at pH>6.5, the addition of NO to HSA -heme-Fe(IIl)
leads to the transient formation of HSA-heme-Fe(Ill)-NO that
precedes the formation of ferrous nitrosylated human serum
heme-albumin (HSA-heme-Fe(II)-NO). The rate-limiting step for
reductive nitrosylation of HSA-heme-Fe(Ill) is represented by the
OH -mediated reduction of HSA-heme-Fe(I)-NO" to HSA-heme-
Fe(Il). (ii) Carbonylation of ferrous heme-albumin (HSA-heme-
Fe(Il)) has been studied from both kinetic and spectroscopic



viewpoints. The heme-Fe(Il) atom is a mixture of a four-
coordinate intermediate-spin species (predominant at pH 5.8 and
7.0), a five-coordinate high-spin form (mainly at pH 7.0), and a
six-coordinate low-spin species (predominant at pH 10.0). The
acidic-to-alkaline reversible transition reflects conformational
changes leading to the coordination of the heme-Fe(Il) atom by
the His146 residue. The presence of several HSA-heme-Fe(II)
species accounts for the complex, multi-exponential kinetics
observed, and reflects the very slow interconversion between the
different species observed both for CO association and
dissociation as a function of pH. (iii) HSA-heme-Fe(II)
nitrosylation has been investigated from the kinetic viewpoint.
Ibuprofen and warfarin binding to FA2 and FA7 sites,
respectively, inhibit allosterically HSA-heme-Fe(II) nitrosylation.
Remarkably, the affinity of ibuprofen and warfarin for HSA-
heme-Fe(Il) is different from that for drug binding to HSA and
HSA-heme-Fe(Ill), indicating that both heme binding and the
redox state of the heme-Fe atom affect allosterically HSA(-heme-
Fe) properties. (iv) A9-tetrahydrocannabinol (THC) and diazepam
binding to HSA and HSA-heme-Fe(Ill) has been investigated
from both thermodynamic and spectrophotometric viewpoints.
THC binds to the FA2 and FA7 sites of HSA with very different
affinity without affecting diazepam association. THC binding to
the high-affinity FA2 site accounts for the low free fraction of the
drug in plasma, and increases allosterically the heme-Fe(III)
affinity for the FAI1 site. Possibly, the HSA conformational
transition(s) induced by THC binding could account for drug
delivery to the liver through receptor-mediated endocytosis. As a
whole, the present data highlight: (i7) the binding mode of drugs
to HSA(-heme-Fe), (ii) the reactivity of HSA-heme-Fe(Ill) and
HSA-heme-Fe(Il), and (iii) the allosteric ~modulation
mechanism(s) of HSA(-heme-Fe).



2. Riassunto

L’albumina umana (HSA) ¢ la piu abbondante proteina
plasmatica, infatti la sua concentrazione ¢ pari a circa 700 uM, e
rappresenta 1l 60% di tutte le proteine plasmatiche. Bassi valori
plasmatici della HSA riflettono una ridotta produzione della
proteina da parte del fegato. La capacita di sintetizzare la HSA ¢
compromessa nelle epatopatie gravi quali I'emocromatosi, le
epatiti croniche e la cirrosi epatica. Nel corso di tali patologie, la
variazioni della concentrazione plasmatica della HSA
costituiscono un importante indice diagnostico e prognostico.
Inoltre, la presenza della HSA nell'urina ¢ un importante
marcatore di disfunzioni renali.

La HSA ¢ essenziale per la regolazione ed il
mantenimento della pressione oncotica. Inoltre, la HSA ¢
caratterizzata da una straordinaria capacita di legare sostanze di
origine endogena ed esogena. Pertanto, la HSA svolge la funzione
di deposito e di trasporto di numerosi composti fra cui gli ormoni,
la bilirubina, I’eme e gli acidi grassi (FA). Inoltre, la HSA
influenza la solubilita e le proprieta farmacocinetiche di molti
farmaci, coopera all’inattivazione di composti tossici, svolge un
ruolo anti-ossidante e possiede proprieta enzimatiche.

La HSA ¢ una proteina caratterizzata da una singola
catena polipeptidica non-glicosilata composta da 585 amino acidi.
La HSA ¢ caratterizzata da una struttura secondaria di sola a-elica
ed ha una forma detta “a cuore”. La HSA ¢ costituita da tre
domini omologhi (I, IT e III) ciascun dominio formato da due
sottodomini (A ¢ B). Le regioni che uniscono i sottodomini non
hanno struttura secondaria definita. Le regioni che uniscono i
domini I-IT (residui 173-205) e II-III (residui 336-398) sono
regioni ad a-elica ciascuna caratterizzata da circa 9 spire.
Nonostante la somiglianza strutturale, ciascun dominio
interagisce con 1 domini vicini con diverse modalita, pertanto
I’orientazione dei domini I-IT rispetto ai domini II-IIT ¢



nettamente diversa e ci0 comporta un’organizzazione strutturale
altamente asimmetrica.

L HSA presenta numerosi siti di legame con proprieta
molto diverse. Infatti, la HSA ¢ in grado di legare sette
equivalentt di FA a catena lunga nei siti FAI-FA7 e nove
equivalenti di FA a catena corta nei siti FA1-FA9. Secondo la
nomenclatura di Sudlow, gli anioni eterociclici si legano
preferenzialmente al sito I (localizzato nel sottodominio IIA;
FA7), mentre il sito II (localizzato nel sottodominio IIIA; FA3-
FA4) lega composti aromatici caratterizzati da almeno un gruppo
carbossilico. Il warfarin, un farmaco ad azione anti-coagulante, e
I’tbuprofene, un agente anti-inflammatorio non-steroideo, sono
considerati, rispettivamente, 1 leganti modello dei siti Sudlow I e
II. Inoltre, in assenza di FA, la HSA ¢ in grado di legare quattro
equivalenti di tiroxina nei siti FA3-FA4, FAS e FA7. Viceversa,
la HSA lega un solo equivalente di tiroxina in presenza di FA
nella cavita compresa fra domini I e III (FA9). La HSA lega
anche proteine di batteri patogeni con funzioni di trasportatori.
Tali macromolecule sottraggono alla HSA FA e metaboliti
indispensabili per la crescita dei batteri, pertanto sono considerate
fattori di virulenza. Infine, la HSA lega i1 metalli a diversi siti. Il
primo sito ¢ localizzato nella regione N-terminale dove gli ioni
Cu(Il), Co(II) e Ni(II) sono coordinati dagli atomi di azoto dei
residui Aspl, Ala2, e His3. Il secondo sito ¢ rappresentato
dall’atomo di zolfo del residuo Cys34 in grado di legare gli ioni
Au(I), Hg(II) e Pt(IT). II terzo sito di legame ¢ detto “multimetal
binding site” o sito A del cadmio (MBS-A) e vede la
partecipazione dei residui His67, Asn99, His247 e Asp249.
Recentemente, la presenza di un sito secondario per il legame
dello ione Cd(II), detto sito B del cadmio (MBS-B), ¢ stata
ipotizzata. Infine, non si puo escludere la presenza di altri siti per
il legame di ioni metallici nella HSA.

Il legame di composti endogeni ed esogeni alla HSA ¢
modulato da meccanismi di tipo allosterico e competitivo. In
particolare, gli acidi grassi, di cui la HSA ¢ considerate un



importante trasportatore sono in grado di modularne la reattivita.
Parimenti, la HSA va incontro a molteplici variazioni
conformazionali in funzione del pH.

Fra le diverse funzioni della HSA merita ricordare il ruolo
svolto nella rimozione dell’eme dal circolo, cedendolo
all’emopessina che lo trasporta al fegato. In particolare, poiché la
concentrazione plasmatica dell’emopessina (circa 10 uM) ¢
nettamente inferiore a quella della HSA, quest’ultima funge da
deposito dell’eme soprattutto nei soggetti affetti da patologie,
quali ’anemia emolitica grave e la sindrome da schiacciamento,
che sono caratterizzate dal notevole aumento dell’eme libero nel
sangue.

I1 sito primario di legame dell’eme alla HSA ¢ detto FAI,
una cavita idrofobica posta nel sotto-dominio IB. L’eme ¢
stabilizzato da interazioni mn-m con 1 residut Tyr138 e Tyrl61,
I’atomo di ferro dell’eme ¢ debolmente coordinato dal gruppo
fenolico del residuo Tyrl61, e 1 propionati dell’eme formano
ponti salini con i residui Argl 14 e Lys190. Inoltre, ’eme ¢ legato
alla HSA per effetto della regione polipeptidica che unisce i
sottodomini 1A e IB.

Il legame dell’eme alla HSA rende tale complesso (noto
come emoalbumina; HSA-eme) non dissimile dalle emoproteine,
quali la mioglobina, dal punto di vista spettroscopico e funzionale.
E’ interessante osservare come il legame dell’eme alla HSA ¢ la
reattivita della HSA-eme siano modulate da molecole endogene
ed esogene (quali metaboliti e farmaci).

Al fine di chiarire le basi molecolari dei meccanismi di
natura allosterica della HSA, in assenza ed in presenza di eme
sono stati studiati: (1) il processo di nitrosilazione dell derivato
ferrico della HSA-eme (HSA-eme-Fe(Ill)), (2) la reattivita verso
il CO del derivato ferroso della HSA-eme (HSA-eme-Fe(Il)), (3)
la reattivita verso i1l NO della HSA-eme-Fe(II), e (4) il legame del
A9-tetraidrocannabinolo (TIC) e del diazepam alla HSA e alla
HSA-eme-Fe(II).



La reazione del NO con la HSA-eme-Fe(Ill) ¢ stata
studiata dal punto di vista cinetico e termodinamico. A pH = 5.5,
la HSA-eme-Fe(Ill) reagisce reversibilmente con il NO dando
luogo alla specie nitrosilata HSA-eme-Fe(III)-NO. Viceversa, a
pH >6.5, il legame del NO alla HSA -eme-Fe(Ill) comporta la
formazione della specie transiente HSA-eme-Fe(Il)-NO che
precede la formazione della specie stabile HSA-eme-Fe(II)-NO.
Lo stadio limitante la reazione di riduzione della HSA-eme-Fe(III)
da parte del NO ¢ rappresentato dalal riduzione dell’atomo di
ferro dell’eme da parte della specie OH™ del derivato HSA-eme-
Fe(I)-NO" a HSA-eme-Fe(II).

Il processo di carbonilazione della HSA-eme-Fe(Il) ¢
stato studiato dal punto di vista cinetico e spettroscopico. Il centro
di reazione della HSA-eme-Fe(Il) rappresentato dall’atomo Fe(II)
dell’eme ¢ presente sotto forma di un insieme di diversi stati di
coordinazione. Pertanto, a pH = 5.8 prevale la forma tetra-
coordinata, a pH = 5.8 e 7.0 sono presenti entrambe le forme
tetra-coordinata e penta-coordinata e a pH = 10.0 prevale la forma
esa-coordinata. La transizione reversibile acido-base riflette le
variazioni conformazionali che comportano la coordinazione
dell’atomo di Fe(Il) dell’eme da parte del residuo Hisl46. La
coesistenza di diverse specie della HSA-eme-Fe(Il) ¢ presupposto
del complesso quadro cinetico, inatteso per un’emoproteina
monomerica, ¢ riflette la lenta interconversione fra le diverse
specie sia nel corso dei processi di associazione e dissociazione
del CO sia per effetto delle variazioni del pH.

Il processo di nitrosilazione della HSA-eme-Fe(Il) ¢ stato
studiato dal punto di vista cinetico, in assenza ed in presenza
dell’ibuprofene e del warfarin. L’ibuprofene ed il warfarin si
legano rispettivamente ai siti FA2 and FA7, inibendo con
meccanismi di tipo allosterico il processo di nitrosilazione della
HSA-eme-Fe(Il). E’ interessante osservare come [’affinita
dell’ibuprofene e del warfarin per la HSA-eme-Fe(Il) sia diversa
da quella di entrambi 1 farmaci per la HSA e la HSA-eme-Fe(III).
Ci0 implica che sia il legame dell’eme alla HSA sia lo stato redox



dell’atomo di Fe dell’eme modulino con meccanismi di tipo
allosterico le proprieta della HSA(-eme-Fe).

Il legame del TIC e del diazepam alla HSA e alla HSA-
eme-Fe(IIl) ¢ stato studiato dal punto di vista termodinamico e
spettrofotometrico. Il TIC si lega ai siti FA2 ¢ FA7 della HSA e
della HSA-eme-Fe(Ill) con affinita molto diverse senza
influenzare 1l legame del diazepam. Il legame del TIC al sito FA2
a maggiore affinita ¢ in accordo con il fatto che la frazione libera
del farmaco nel plasma ¢ molto bassa. Inoltre, il legame del TIC
alla HSA aumenta D’affinita dell’eme-Fe(Ill) per il sito FAl
mediante un meccanismo di tipo allosterico. Le variazioni
conformazionali indotte dal legame del TIC alla HSA potrebbero
essere rilevanti in relazione ai meccanismi di rilascio del farmaco
agli epatociti mediante 1l processo di endocitosi dipendente da
recettori ancorché aspecifici.

L’insieme di questi studi ha permesso di descrivere a
livello atomico 1 meccanismi allosterici che modulano la reattivita
dei siti FA1, FA2, FA6, ¢ FA7 localizzati nei domini I e II della
HSA. In particolare, a seguito dell’interazione dei leganti, la a-
elica che unisce 1 siti FA1, FA2, FA6 e FA7 va incontro ad una
rotazione di circa 16° modificando 1 contatti che hanno luogo fra
il dominio I ed il dominio II. Inoltre, a seguito dell’interazione dei
leganti, il residuo Tyrl50 (presente nel sito FA7) induce una
variazione conformazionale del residuo Phel49 (presente nel sito
FA1). Cio ¢ in accordo con I’evidenza sperimentale secondo cui
la regione della HSA la cui reattivita ¢ modulata da meccanismi
di tipo allosterico ¢ formata dai domini I e II (in cui sono
contenuti 1 siti FA1, FA2, FA6 e FA7), ma non dal dominio III (in
cui ¢ presente il sito FA3-FA4).

In conclusione, alcune considerazioni di ordine bio-
medico. Le variazioni della concentrazione plasmatica dell’eme,
dei metaboliti e dei farmaci, ovvero la reattivita della HSA-eme-
Fe, possono variare in modo anche drastico per effetto della
modulazione reciproca delle proprieta di legame, con
conseguenze indesiderate. In particolare, I’aumento dei livelli



plasmatici dell’eme (dovuti ad esempio ad una grave anemia
emolitica) puo indurre 1l rilascio di metaboliti e farmaci legati alla
HSA, determinando un aumento della loro bio-disponibilita e
quindi 1l rischio di intossicazione dei pazienti. Analogamente, la
concentrazione plasmatica dell’eme potrebbe aumentare nei
pazienti a seguito di somministrazione di farmaci quali il warfarin
e Dl’ibuprofene. Pertanto, la modulazione della reattivita della
HSA da parte di farmaci e metabolici ¢ rilevante nella terapia
clinica. Infine, la capacita della HSA di legare I’eme ha suggerito
la possibilita di sviluppare forme ingegnerizzate di tale
emoproteina in grado di legare reversibilmente lo O, per scopi
terapeutici. Ci0 rappresenta un’alternativa all’emotrasfusione,
senza 1l limite dell’isto-compatibilita ed il rischio della
contaminazione da agenti patogeni.



3. Who’s who ?

The name albumin derives from the early German term
albumen, generally indicating proteins. A/bumen, on the other
hand, derives from the Latin word a/bus (white) indicating the
white part of the cooked egg surrounding the yolk. The protein
component of the egg white makes part of a heterogeneous group
of proteins, broadly indicated as albumins, including serum
albumin (SA), milk albumin, urinary proteins, and the secretion
of the snail. More specifically, SA is a member of a family of
homologous proteins characterized by distinctive structural
features and peculiar ligand binding properties. Members of this
family are a-fetoprotein, afamin (also named a-albumin), and
vitamin D binding protein [1-3].

Human serum albumin (HSA), one of the most abundant
protein in plasma (~ 7.5x10" M), is characterized by an
extraordinary ligand binding capacity. HSA provides a depot and
carrier for many compounds (including drugs), affects
pharmacokinetics of many drugs, facilitates the metabolic
modification of some ligands, renders potential toxins harmless
by transporting them to disposal sites, accounts for most of the
antioxidant capacity of human serum, and displays (pseudo-)
enzymatic properties [1,3-20].

Some physiological and pathological properties of HSA
were recognized in 400 BC by Hippocrates of Cos, who reported
in Aphorisms that a foamy urine, in all likelihood caused by the
presence of HSA, indicates kidney disease. SA was named a
century and half ago and deeply investigated over the last century.
In particular: in 1932, HSA was separated from plasma proteins;
in 1934, HSA was crystallized; in 1939, the neutral-to-acid (i.e.,
N-to-F) conformational transition was detected; in 1940, HSA
was purified for intravenous use as a blood substitute; in 1954,
the first two cases of analbuminemia were reported; in 1960, the
HSA “domain” structure was proposed; in 1975, the primary
structure of HSA was deduced, and the characterization of



specific drug binding sites started; in 1979, the HSA gene was
1solated; in 1981, the nucleotide sequence of HSA cDNA was
reported; in 1986, the complete gene sequence of HSA was
determined, and the expression, the accompanying cleavage, and
the secretion of HSA from cultured yeast Saccharomyces
cerevisiae was reported; starting from 1989, many HSA
mutations were localized; in 1992, the ‘“heart-shaped” three-
dimensional structure of HSA was determined; in 1995, the
ferrous tetraphenylporphirinatoiron (FeP(Il)) was incorporated in
HSA to obtain a red blood cell substitute; in 1999, the role of
HSA in heme scavenging was highlighted, and HSA-heme was
engineered to become a O, carrier; starting from 2001, the
detoxifying role of HSA-heme towards nitrogen and oxygen
reactive species was underlined (see [1,3]).

4. The HSA structure

HSA is a a-helical protein (67% a-helix) consisting of a
single polypeptide chain of 585 amino acids residues arranged in
a globular heart-shaped conformation containing three
homologous domains (labeled I, II, and IIT). Each domain is made
up by two separate helical sub-domains (named A and B),
connected by random coils. Terminal regions of sequential
domains contribute to the formation of inter-domain, 9-turn-long
helices linking sub-domain IB to IIA (residues 173-205), and sub-
domain IIB to IITA (residues 336-398), respectively. Despite their
structural similarity, each domain interacts with the neighbor
domain(s) in different ways. Therefore, the orientation of
domains I-II with respect to domains II-III constitutes a highly
asymmetric environment where a variety of ligand binding sites
are distributed (Fig. 1) [3,7,13,19-21].

The extraordinary ligand binding properties of HSA
reflect its multidomain organization. The complex mechanism
modulating ligand binding to HSA represents one of the most
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Fig. 1. FA-bound HSA structure. HSA is rendered with ribbons
colored as follows: subdomain IA, blue; subdomain IB, cyan;
subdomain IIA, green; subdomain IIB, yellow; subdomain II1A,
red; subdomain I1IB, orange. The 8 myristate ions are rendered as
spacefill in gray. The FA binding sites and the Cys34 residue are
labeled. The atomic coordinates have been retrieved from the
PDB entry 1E7G [22]. The picture was drawn with Chimera [86].
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important structure-function correlations ever reported for
monomeric proteins. Thus, it is a potential contender for being a
molecular cargo/or nanovehicle for clinical, biophysical and
industrial purposes [3,13,15,20,21].

4.1. The fatty acid binding sites

HSA serves as a main FA binding protein which
overcomes the low aqueous solubility of FAs, hence greatly
amplifies transporting capacity of the plasma. The structural and
functional aspects of FAs binding to HSA as the primary
endogenous ligand have been intensively studied over half of the
century [3].

Seven binding sites, namely FAIl-7, are found to be
common for FAs ranging from C10:0 to C18:0, as revealed by
crystallographic analysis (Fig. 1). Up to nine binding sites are
found to occur only upon the co-crytallisation with C10:0 FA
(i.e., FA1-FA9). However, the binding sites FA8 and FA9 do not
appear to be physiologically relevant [22].

Studies by NMR, combining mutagenesis, and drug
competition have revealed FA2, FA4 and FAS5 as the highest
affinity sites for long chain FAs such as palmitic acid (C16:0),
and the secondary binding sites corresponding to FA1, FA3, FA6
and FA7 [23]. From a structural point of view, the highest affinity
binding sites not only provide the more enclosed hydrophobic
environment to secure the methylene tails, but also offers more
basic amino acid to anchor the carboxylate head of FAs via salt
bridges. Couriously, even if FA3 provides greater coordination
for carboxyl group, the obglided bent conformation for the
methylene unfavors energetically the FA binding. Instead for FA6
and FA7, there’s not a specific coordination of the carboxylate
group and basic or polar side chains. Notably, the cavity of FA1
is structurally well-adapted to bind heme with high affinity, so FA
binding maybe serve as secondary function [22,23].

The seven binding sites are distributed asymetrically
across the homologos domains of HSA and display considerable
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topological differences: FA1, FA4, FAS and FA7 are contained
within a single sub-domain; FA2 and FA3 are at the interface
between two domains; instead FA6 locates at interface of IIA
and IIB within the same domain [19]. These binding sites also
provide accommodation for a large number of endogenous and
exogenous ligands, including heme, thyroxine, and a wide variety
of drugs, displaying appreciable affinity for one or more binding
sites [13]. The effects of FAs occupancy on the binding of other
ligands, involving both competition and allostery, is of great
physiological and pharmakinetic importance [3].

4.1.1. The FAI cleft (heme pocket)

The FA1 cleft (heme pocket) is located in a cavity in the
centre of the four-helix bundle of sub-domain IB. In the absence
of FA, the L-shaped binding pocket is closed by Tyrl38 that
stacks with Tyr161, whereas upon FA binding the Tyr side-chains
rotate through about 90° and their phenyl rings hold the lipid in a
hydrophobic clamp. All FAs bind to FAT in the same orientation
with the carboxylate group hydrogen-bonded to Argl17 and to a
water molecule that is also coordinated by the side-chain
hydroxyl group of Tyrl61 and the carbonyl oxygen atom of
Leul82. For long-chain saturated FAs, the tail curls around the
inside surface of the cavity so that the tip of the hydrophobic tail
gradually approaches His146 at the lower end of the cavity
opening [22].

FA1 partially corresponds to the heme binding site. Heme
binding induces a dramatic conformational change(s) of the FA1
cleft (which appears D-shaped) with the reorientation of Tyrl138
and Tyr161 residues that provide n-r stacking interaction with the
porphyrin and supply a donor oxygen (from Tyrl61) for the
pentacoordinate iron. Heme-Fe(IIl) is secured by the long IA-IB
connecting loop that fits into the cleft opening. Heme-Fe(III)
propionates point toward the interface between domains I and III
and are stabilized by salt bridges with Argl14, His146, and
Lys190 residues (Fig. 2) [3,24,25].
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Fig. 2. Schematic representation of the heme cleft (FA1) of HSA.
The heme cleft is presented in the same orientation as Fig. 1.
Heme carbon atoms are colored in green and backbone atoms of
the residues building up the site are colored in yellow. The atomic
coordinates have been retrieved from the PDB entry IN5U [24].
The picture was drawn with Chimera [86].
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Values of thermodynamic and kinetic parameters for
heme-Fe(IIl) binding to HSA are K, = 1.2x10° M, k,, = 7.4%x10°
M' s, and koz = 9.6x107 s [12]. Remarkably, heme-Fe(III)
binding to HSA is modulated allosterically and inhibited
competitively [3,12,20].

HSA binds also bilirubin and fusidic acid in sub-domain
IB, in close proximity to the heme site. However, bilirubin and
fusidic acid do not induce the large conformational changes as
reported for heme binding [26].

4.1.2. The FA2 cleft

The FA2 cleft is located between sub-domains IA and ITA
and it 1s one of the most enclosed FA binding sites of HSA. FA
binding to FA2 stabilizes the HSA B-conformation modulating
allosteric properties [3,20,27,28]. The carboxylate head-groups of
FAs are anchored in sub-domain IIA by hydrogen bond
interactions to the side-chains of Tyrl50, Arg257 and Ser287.
The methylene tail extends linearly within the narrow
hydrophobic cavity formed by realignment of sub-domains IA
and IIA [22]. Eventually, FA2 has been suggested to be a third
binding site of ibuprofen [3,18,29,30].

4.1.3. The FA3-FA4 cleft (Sudlow’s site I1)

The FA3 and FA4 clefts are composed of six helices and
are located in a large cavity in sub-domain IITA that as a whole
constitutes Sudlow’s site II. This cleft is preferred by aromatic
carboxylates with an extended conformation, the non-steroideal
anti-inflammatory drug ibuprofen representing the prototypical
ligand [1,3-5,7,14,19,31-35].

In FA3, the head-groups of FAs are hydrogen bonded to
Ser342 and Arg348 from the I1IB sub-domain, and Arg485 from
the IIIA sub-domain. In FA4, the carboxylate head-groups of FAs
are hydrogen bonded by Arg410, Tyr4ll and Ser489. The
methylene tails of FA bound to FA3 and FA4 are located in
hydrophobic tunnels within domain III [14,19,22].
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Drugs (e.g., ibuprofen) cluster in the center of Sudlow’s
site II, interacting with the hydroxyl group of Tyr411; Arg410
and Ser489 residues also contribute with salt-bridge and
hydrogen-bond interactions to drug binding (Fig. 3) [14,19]. The
values of the dissociation equilibrium constant for ibuprofen
binding to FA3-FA4 is K4 = 1x10° M [36,37]. Remarkably,
ibuprofen binding to HSA 1is inhibited competitively [14].

4.1.4. The FA5 cleft

FAS5 is formed by a hydrophobic channel located in sub-
domain IIIB. A single FA molecule binds in an extended
conformation; the carboxylate head-group of the bound FA
interacts with the side chains of Lys525 and Tyr401, while the
methylene tail extends into the tunnel [22].

4.1.5. The FAG6 cleft

The FA6 cleft is located at the interface between sub-
domains IIA and IIB and is occupied by both medium and long-
chain FAs. This cleft is significantly different from FA1-FAS
sites; in fact, there 1s not a cluster of amino acid side-chains that
stabilize electrostatically the FA carboxylate. The middle portion
of the methylene tail is well anchored by salt-bridges from
Arg209 to both Asp324 and Glu354 [22,23]. Noteworthy, FA6
has been reported to be the ibuprofen secondary binding site [14].

4.1.6. The FA7 cleft (Sudlow’s site 1)

The hydrophobic cavity of sub-domain IIA hosts the
seventh FA binding site (i.e., FA7 or Sudlow’s site I). This site
binds preferentially bulky heterocyclic anions, the prototypical
ligand being warfarin [1,3,4,5,7,14,19,31,32,34,35].

The FA carboxylate is stabilized by polar interaction(s)
with the Arg257 residue, thus providing a bridge between FA2
and FA7 sites. The basic residues Lys199, Arg218, Arg222, and
His242 do not appear to be directly involved in FA binding, but
could actively participate to the stabilization of other ligands in
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Fig. 3. Schematic representation of Sudlow’s site II (FA3-FA4) of
HSA. The FA3-FA4 cleft is presented in the same orientation as
Fig. 1. Ibuprofen carbon atoms are colored in green and backbone
atoms of the residues building up the site are colored in yellow.
The atomic coordinates have been retrieved from the PDB entry
2BXG [14]. The picture was drawn with Chimera [86].
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the cavity. FAs bind to FA7 in a curved configuration with the tail
co-planar with aromatic drugs bound to this site, thus suggesting
that FA7 is a low affinity cleft [22,23].

Drugs (e.g., warfarin) cluster in the center of Sudlow’s
site I, having a planar group pinned snugly between the apolar
side-chains of Leu238 and Ala291 (Fig. 4) [14,19,34]. Values of
thermodynamic and kinetic parameters for warfarin binding to
HSA are Ky = 3x107 M, ko = 3x10° M 5™ and ko = 10 5™
[14,19,34,38]. Remarkably, warfarin binding to HSA is
modulated allosterically and competitively [3,39-41].

4.1.7. The FA8 and FA9 clefts

The FA8 and FA9 sites bind small FAs (such as capric
acid) with low affinity. Therefore, it is debatable if they are
physiologically relevant [3].

FAS8 is located at the base of the gap between sub-
domains [A-IB-IIA on one side and sub-domains [IB-IIIA-IIIB on
the other side. The methylene tail of capric acid bound to FA6
contributes to the formation of the hydrophobic end of FAS. At
the other end of the cavity some polar residues (i.e., Lys195,
Lys199, Arg218, Asp451, and Ser454) form an open ring that
stabilizes the polar head of the ligand [22].

FA9 lies in an upper region of the gap between sub-
domains IA-IB-ITA on one side and sub-domains IIB-IIIA-IIIB on
the other side, thus providing a rather open binding environment.
A salt-bridge between Glul87 of domain I and Lys432 of domain
III contributes to keep the ligand in place [22].

4.2. The thyroxine binding sites

Thyroxine (3,3,5,5’-tetraiodo-L-thyronine; T,) binds to
FA-free HSA at four sites, which are labeled Tr-1 to Tr-4. Tr-1
binds to sub-domain IIA, Tr-2 binds to sub-domain IIIA, and Tr-3
and Tr-4 bind to sub-domain IIIB. The T, binding clefts partially
overlap the FA7, FA3-FA4, and FA5 binding sites, respectively
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Fig. 4. Schematic representation of Sudlow’s site I (FA7) of
HSA. The FA7 cleft is presented in the same orientation as Fig. 1.
Warfarin carbon atoms are colored in green and backbone atoms
of the residues building up the site are colored in yellow. The
atomic coordinates have been retrieved from the PDB entry
2BXD [14]. The picture was drawn with Chimera [86].
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(Fig. 5A) [42]. Notebly, FAs compete with T, at all four Tr sites,
eccesive FAs could induce structural rearrangement of HSA
resulting the formation of the fifth T, binding site which is
located in the cleft between domains I and III (i.e., FA9)
[7,19,32]. This open site, called Tr-5, 1s composed by the long
helix connecting domains I and II and by a pair of helices from
sub-domain IIIA (see 4.1.7) (Fig. 5B). T4 binds to Tr-5 with a
dissociation equilibrium constant (Ky = 4.9x10° M) similar to that
observed for the primary binding site (i.e., Tr-1) in defatted HSA
[42].

Natural mutants of HSA Arg218Pro and Arg218His
within sub-domain IIA were reported to be associated with
familial dysalbuminemic hyperthyroxinemia. Structural studies
revealed that the point mutants posses a high affinity for T4 by
relaxing the steric restriction on the binding site which causes an
elevated serum thyroxin level [3,42].

4.3. The bacterial protein binding site

HSA has been reported to bind the bacterial surface of
Finegoldia magna. As many bacterial species express surface
protein domains for binding to host serum proteins, Finegoldia
magna expresses a surface protein called PAB, which contains a
protein G-related albumin binding module, shortly GA module
[43]. GA domain shows high sequence similarity (60%) to
albumin binding domains of protein G, a bacterial protein that
binds the FC domain of IgGs [44].

The interaction occurs between residues from the second
a-helix and the two surrounding loops on the GA module, and the
HSA domain II region delimited by h2-h3 and h7-h8 with the
loop region preceeding h7 (Fig. 6). Although the biological
function(s) of the GA module is not known in detail, the
acquisition of the GA module seems to add selective advantages
to the bacterium in terms of growth and also increases its
virulence, probably by providing growing bacteria with FAs and,
possibly, other nutrients transported by HSA [3,45].
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Fig. 5. T4 binding to HSA in the absence (panel A) and
presence (panel B) of myristate ions. HSA is rendered with
ribbons colored as in Fig. 1. The myristate ions are rendered
as spacefill in gray. The T4 molecules are rendered as
spacefill and colored by atom type. The atomic coordinates
have been retrieved from PDB entries 1HK1 and 1HK4 [42].
The picture was drawn with UCSF Chimera [86]
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Fig. 6. The HSA-GA complex. HSA is rendered with ribbons
colored as in Fig. 1. The GA module is colored in purple. The

atomic coordinates have been retrieved from the PDB entry
2VDB [45]. The picture was drawn with UCSF Chimera [86].
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4.4. The metal binding sites

HSA displays a wide variety of binding sites for several
metal ions, including Mg(Il), Al(IIl), Ca(Il), Mn(II), Co(II/III),
Ni(Il), Cu(I/II), Zn(1I), Cd(II), Pt(II), Au(I/1I), Hg(II), and Tb(III)
[1,46-48]. So far, three major binding sites endowed with
appropriate residues matching for the different metal geometries
have been extensively investigated. The first site (usually labelled
as N-terminal binding site, NTS) is located at the N-terminus,
where Cu(Il), Co(Il), and Ni(Il) are coordinated by nitrogen
donor atoms from Aspl, Ala2, and His3 [49]. The second site is
represented by the free Cys34 thiol that binds Au(I), Hg(II), and
Pt(Il) ions [1]. The third metal binding site is the so-called multi-
metal binding site or Cadmium site A (MBS-A), which involves
His67, Asn99, His247, and Asp249 residues. Due to its pseudo-
octahedral geometry, this cleft is able to stably allocate different
metal ions. Indeed, MBS-A has been suggested to be the primary
site of Zn(II) and Cd(II), and the secondary cleft for Cu(Il) and
Ni(Il) [50]. Despite the current lack of experimental evidence, a
secondary site for Cd(Il) binding, called Cadmium site B (MBS-
B), has been postulated [51]. Eventually, other metal ions bind
either unspecifically or to undefined regions [1,3].

4.5. The Cys34 residue

Like other mammalian albumins, HSA contains 17
disulfide bridges and a free thiol at Cys34, which represents the
largest fraction of free thiol in blood serum. Cys34 is buried in a
9.5 A deep crevice on the surface of HSA (Fig. 1) , with the sulfur
atom being surrounded by carboxylate group of Asp38, the
imidazole ring of His39 and hydroxyl group of Tyr84, together
affecting the ionization state of Cys34 thus modulating its
reactivity [52,53]. Remarkably, chemical modifications of Cys34
modulate allosterically and competitively HSA reactivity
[3,53,54].

In healthy adults, about 70-80% of the Cys34 in HSA
contains a free sulthydryl group, whereas about 25-30% of Cys34
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forms a mixed disulfide bound with either cysteine or
homocysteine or glutathione, thus affecting its redox potential.
Whereas the concentration of free glutathione is in the lower
micromolar range, HSA-bound glutathione may represent a
significant pool. Whether the glutathione adduct merely serves as
a kind of storage and transport of glutathione, or it has a
functional role in modulating the redox potential of Cys34 still
remains unclear [3,55].

Cys34 serves not only as metal ion binding site (see 4.4),
but also as a physiological antioxidant participating in radical
scavenging. Moreover, Cys34 binds a number of endogenous and
exogenous small molecules, such as NO, as well as certain drugs
containing thiol(s) [8,53,55,56].

5. Human serum heme-albumin

HSA is crucial for heme scavenging, providing protection
against free heme oxidative damage, limiting the access of
pathogens to heme, and contributing to iron homeostasis by
recycling the heme iron. The HSA-heme-Fe(IIl) plasmatic level is
about 1x10™° M under physiological condition, which arises to a
maximum of about 4x10~° M in patients affected with severe
hematologic diseases characterized by excessive intravascular
hemolysis [57,58]. Upon increasing heme plasma level,
hemopexin (HPX), the primary heme transporter undergoes heme
saturation, though it binds heme with extremely high affinity (K,
= 6.8x10'°"M™), its plasma concentration (~ 1.8x10~> M) is about
two orders of magnitude lower than that of HSA (~ 7.5x10™* M)
[1], thus HSA acts as the main heme-Fe(Ill) plasma depot and
largely averts the toxic effect of heme [3,11,58-61].

Besides the trapping function of HSA and HPX, a
quantitative model of time-dependent heme distribution among
plasma proteins low density lipoproteins (LDL), high density
lipoproteins (HDL), HSA and HPX, revealing a remarkable
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importance of lipoproteins in the beginning of the scavenging
process, has been proposed. HDL and LDL, though the most
oxidatively intolerant plasma components, bind heme with the
highest affinity, kinetics of heme transfer from HDL and LDL to
HSA and HPX is faster than kinetics of heme-induced lipoprotein
oxidation. During the first seconds after heme appearance in
plasma, more than 80% of this powerful oxidizer binds to HDL
and LDL, and only the remaining 20% binds to HSA and HPX,
within the 50 s after heme encounter, HDL is the major heme
carrier. Then the released heme from lipoproteins moves to HSA
and HPX, and soon reaches 44% of heme bind to HSA, and 35%
to HPX, which consolidates the depot function of HSA.
Afterwards, heme transits from HSA to HPX, then releases to
hepatic parenchymal cells after internalization of the HPX-heme
complex by CD91 receptor-mediated endocytosis [1,3,11,58,62-
70].

Remarkably, heme binding confers to HSA globin-like
spectroscopic and reactivity properties, providing a suitable tool
to investigate allosteric and competitive modulations.
Interestingly, both heme binding to HSA and HSA-heme
reactivity are modulated allosterically [3,13,18,20,30-71-84].

6. Human serum albumin: a monomeric allosteric protein

The multidomain structural organization of monomeric
HSA 1is at the root of its allosteric properties, that recall those of
multimeric proteins. Indeed, the conformational adaptability of
HSA involves more than the immediate vicinity of the binding
site(s), affecting both the spectroscopic and the ligand binding
properties of the whole molecule [3,20].

HSA conformational transitions are not only associated to
pH changes but also to the binding of endogenous and exogenous
ligand (e.g., FAs, heme, and drugs). Indeed, the pH-induced N-to-
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B transition (occurring in the 6 to 9 pH range) replicates that
induced by FAs (Fig. 7) [19,85].

Allosteric regulation of ligand binding to HSA is not only
relevant physiologically, but also pharmacokinetically in terms of
drug administration. Indeed, drug binding to plasma proteins is an
important determinant for their biological efficacy by modulation
of drug availability to the intended target [3,15,20].

The multiplicity of ligand binding sites renders very
difficult to dissect the allosteric linkages occurring in HSA. As a
case it should be noted that ibuprofen binding to its primary site
FA3-FA4 (corresponding to Sudlow’s site 1I) does not affect
allosterically the reactivity properties of the FAI site. On the
other hand, warfarin binding to its primary site (i.e., FA7)
modulates allosterically the FAl site reactivity. However, a
functional link between the secondary ibuprofen binding site FA6
and FA1 occurs. Moreover, FAs (representing, among others, the
physiological ligands of HSA) modulate allosterically and
competitively not only their binding properties, but also
endogenous and exogenous ligand association [3,20].
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7. Aims

The multifaceted structural organization of HSA and its
versatile ligand binding properties render this monomeric protein
functionally similar to allosteric multimeric macromolecules.
Remarkably, the modulation of ligand binding to HSA by third
components is relevant from both physiological and pathological
viewpoints.

To highlight the molecular bases of the HSA allosteric
properties, the reductive nitrosylation of ferric human serum
heme-albumin (HSA-heme-Fe(Ill)), the carbonylation of ferrous
human serum heme-albumin (HSA-heme-Fe(Il)), the modulation
of HSA-heme-Fe(Il) nitrosylation by ibuprofen and warfarin, and
the modulation of A9-tetrahydro-cannabinol (THC) and diazepam
binding to HSA and HSA-heme-Fe(Ill) by endogenous and
exogenous compounds have been investigated.

The bio-physico-chemical characterization of HSA
evidenced the following peculiar binding properties. (i) HSA-
heme-Fe(Il) is a mixture of species that accounts for the multi-
exponential carbonylation and nitrosylation kinetics, this reflects
the very slow interconversion between the different HSA species.
(i) Ibuprofen and warfarin binding to FA2, FA6, and FA7 sites
impair allosterically HSA-heme-Fe(Il) nitrosylation occurring at
the FAI cleft. (iii)) Heme binding to the FA1 site and the redox
state of the heme-Fe atom affect allosterically drug binding to
multiple HSA sites. (iv) THC binding to the high-affinity site FA2
accounts for the low free fraction of the drug in plasma; moreover,
the HSA conformational transition(s) accompanying THC
binding and dissociation may account for drug delivery to the
liver through receptor-mediated endocytosis.

These studies gain some insights into the intricate
allosteric mechanism(s) of HSA and appear of physiological and
pathological relevance, broadening the understanding of the
relationship between the functional versatility of HSA and its
remarkable structural flexibility.
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Heme endows human serum albumin (HSA) with heme-protein-like reactiv-
ity and spectroscopic properties. Here, the kinetics and thermodynamics of
reductive nitrosylation of ferric human serum heme-albumin [HSA-heme-
Fe(IlI)] are reported. All data were obtained at 20 °C. At pH 5.5,
HSA-heme-Fe(II1) binds nitrogen monoxide (NO) reversibly, leading to the
formation of nitrosylated HSA-heme-Fe(III) [HSA-heme-Fe(IIT)-NO]. By
contrast, at pH > 6.5, the addition of NO to HSA-heme-Fe(IIl) leads to
the transient formation of HSA-heme-Fe(IIT)-NO in equilibrium with
HSA-heme-Fe(II)-NO . Then, HSA-heme-Fe(II)-NO™ undergoes nucleo-
philic attack by OH™ to yield ferrous human serum heme-albumin
[HSA-heme-Fe(I)]. HSA-heme-Fe(II) further reacts with NO to give nitro-
sylated HSA-heme-Fe(I) [HSA-heme-Fe(II)-NO]. The rate-limiting step
for reductive nitrosylation of HSA-heme-Fe(IIl) is represented by the
OH -mediated reduction of HSA-heme-Fe(II)-NO " to HSA-heme-Fe(II).
The value of the second-order rate constant for OH -mediated reduction
of HSA-heme-Fe(IT-NO™ to HSA-heme-Fe(Il) is 4.4 x 10* M~"s™'. The
present results highlight the role of HSA-heme-Fe in scavenging reactive
nitrogen species.

Introduction

Human serum albumin (HSA), the most abundant
protein in plasma (reaching a blood concentration of
about 7.0 x 107 M), is a depot and a carrier for many
endogenous and exogenous compounds, affects the
pharmacokinetics of many drugs, holds some ligands
in a strained orientation which results in their meta-
bolic modification, renders potential toxins harmless
by transporting them to disposal sites, accounts for
most of the antioxidant capacity of human serum and
displays (pseudo-)enzymatic properties [1-13].

Abbreviations

HSA is a single, nonglycosylated all-a-chain protein
of 585 amino acids, which contains three homologous
domains (labeled I, IT and IIT). Each domain is com-
posed of two separate helical subdomains (named A and
B) connected by random coils. Terminal regions of
sequential domains contribute to the formation of inter-
domain helices linking domain IB to domain ITA, and
domain IIB to domain IITA, respectively [3,7,11,13-21].

The structural organization of HSA provides a variety
of ligand-binding sites. The heme binds physiologically

CO, carbon monoxide; G. max Lb, Glycine max leghemoglobin; Hb, hemoglobin; HPX-heme-Fe, hemopexin-heme-Fe; HSA, human serum
albumin; HSA-heme-Fe(ll), ferrous HSA-heme-Fe; HSA-heme-Fe(ll)-NO, nitrosylated HSA-heme-Fe(ll); HSA-heme-Fe(lll), ferric HSA-heme-Fe;
HSA-heme-Fe(lll)-NO, nitrosylated HSA-heme-Fe(lll); HSA-heme-Fe, human serum heme-albumin; Mb, myoglobin; NO, nitrogen monoxide.
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to the fatty acid site 1, located within the IB subdo-
main, with high affinity (Kpeme ~ 1 X 1078 M). The tet-
rapyrrole ring is arranged in a D-shaped cavity limited
by Tyrl138 and Tyrl6l residues that provide a m—=
stacking interaction with the porphyrin and supply a
donor oxygen (from Tyr161) for the heme-Fe(Ill)-atom
[11,20-22]. Heme endows HSA with heme-protein-like
reactivity [7,20,22-34] and spectroscopic properties
[12,23,25,27,32,34-37]. Remarkably, HSA-heme has
been reported to bind nitrogen monoxide (NO)
[24,25,27,30,33,35] and to act as a NO and peroxy-
nitrite scavenger [29,34].

Here, the kinetics and thermodynamics of the revers-
ible nitrosylation of ferric HSA-heme-Fe [HSA-heme-
Fe(Il)] at pH 5.5 and of the irreversible reductive
nitrosylation of HSA-heme-Fe(IIT) between pH 6.5
and pH 9.5 are reported. The rate-limiting step of
reductive nitrosylation of HSA-heme-Fe(IIl) is repre-
sented by the OH -mediated reduction of ferric nitro-
sylated HSA-heme-Fe [HSA-heme-Fe(III)-NO] to
ferrous HSA-heme-Fe [HSA-heme-Fe(Il)]. In turn,
HSA-heme-Fe(Il) undergoes fast nitrosylation [to
HSA-heme-Fe(I1)-NO]. This purely fundamental study
highlights the role of HSA-heme-Fe in scavenging
reactive nitrogen species.

Results

The kinetics and thermodynamics of reversible nitrosy-
lation of HSA-heme-Fe(III) at pH 5.5, and of irreversible
reductive nitrosylation of HSA-heme-Fe(III) between
pH 6.5 and pH 9.5, were fitted to the minimum reac-
tion mechanism represented by the following reactions
in Scheme 1 [9,38-42]:

k(ll’l
HSA-heme-Fe(III) + NO <> HSA-heme-Fe(IIT)-NO (a)
Kot
fast
HSA-heme-Fe(I11)-NO <> HSA-heme-Fe(II)-NO" (b)
hou-
HSA-heme-Fe(II)-NO" + OH™ — HSA-heme-Fe(II) + HNO, (c)
lﬂﬂ
HSA-heme-Fe(I) + NO <> HSA-heme-Fe(I11)-NO )

Log

Scheme 1. HSA-heme-Fe nitrosylation.

Reversible nitrosylation of HSA-heme-Fe(III) at pH 5.5

The addition of NO to the HSA-heme-Fe(III) solution
was accompanied by a shift in the maximum of
the optical absorption spectrum in the Soret band
from 403 nm [i.e. HSA-heme-Fe(III)] to 368 nm [i.e.

Reductive nitrosylation of HSA-heme-Fe(lll)

HSA-heme-Fe(IIT)-NO] and a corresponding change
of the extinction coefficient from €403 nm = 1.1 x 10°
M em™! to €368 nm = 5.4 x 10* M em™'. The reac-
tion was completely reversible as the spectrum reverted
to the initial absorption spectrum by merely pumping
off gaseous NO or bubbling helium through the HSA-
heme-Fe(IIT)-NO solution. The optical absorption
spectra of HSA-heme-Fe(III) and HSA-heme-Fe(III)-
NO observed here correspond to those reported in the
literature [29,35.,43].

Under all the experimental conditions, the time
course for reversible nitrosylation of HSA-heme-
Fe(IIT) conformed to a single-exponential decay for
94-98% of its course (Fig. 1 and Eqn 1). Values of
k°* were wavelength-independent and NO-indepen-
dent at a fixed concentration of NO. Figure 1 shows
the dependence of k°™ for HSA-heme-Fe(III) nitrosy-
lation on the NO concentration (i.e. [NO]). The analy-
sis of data according to Eqn (2) allowed the values of
kon (= 1.3x10* M s and kor (= 2.0x 1071 s7h
to be determined, at pH 5.5 and 20 °C (Table 1).

The dependence of the molar fraction of HSA-heme-
Fe(IIT)-NO (i.e. Y) on the NO concentration (i.e.
[NO]) is shown in Fig. 1. The analysis of data accord-
ing to Eqn (3) allowed the value of K (= 1.5x
107> M), at pH 5.5 and 20 °C (Table 1) to be deter-
mined. Consistently with the stoichiometry of reaction
(a) in Scheme 1, the Hill coefficient n was 1.01 £+ 0.02.
As expected for simple systems [44], the experimentally
determined value of K (= 1.5 x 107> M) corresponded
to that calculated from ko and ko, values (i.e.
K = kow/kon = 1.5% 107 M).

Note that HSA-heme-Fe(III)-NO does not undergo
significant reductive nitrosylation at pH 5.5 and 20 °C
(< 5% after 30 min).

Irreversible reductive nitrosylation of
HSA-heme-Fe(lll) between pH 6.5 and pH 9.5

Mixing the HSA-heme-Fe(II) and NO solutions
induced a shift of the optical absorption maximum of
the Soret band from 403 nm [i.e. HSA-heme-Fe(III)]
to 368 nm [i.e. HSA-heme-Fe(IIT1)-NO/HSA-heme-
Fe(I1)-NO "] and a corresponding change of the extinc-
tion coefficient from €403 nm = 1.1 X 10> M 'ecm™" to
€368 nm = 3.4 x 10* M "em™'. Then, the HSA-heme-
Fe(TIT)-NO/HSA-heme-Fe(I1)-NO ™ solution underwent
a shift of the optical absorption maximum of the Soret
band from 368 nm [i.e. HSA-heme-Fe(III)-NO/HSA-
heme-Fe(IT)-NO ] to 389 nm [i.e. HSA-heme-Fe(II)-NO]
and a change of the corresponding extinction coefficient
from €33 ym = 54X 10* v tem™  to
6.3x10* M “em™'. The reaction was

€380 nm —
irreversible
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Fig. 1. NO binding to HSA-heme-Fe(lll), at pH 5.5 and 20 °C.
(A) Normalized averaged time courses of HSA-heme-Fe(lll) nitrosy-
lation. The NO concentrations were 25x 107° M (trace a),
5.0 x 107° M (trace b) and 2.0 x 107 ™ (trace c). The time course
analysis according to Egn (1) allowed the determination of the fol-
lowing values of k°°® and Y trace a, k°°*=5.2x10""s™" and
Y = 0.64; trace b, K°°* =87 x 107" s™" and Y = 0.78; and trace c,
K" =285 and Y = 0.95. (B) Dependence of k°° for HSA-heme-
Fe(lll) nitrosylation on [NO]. The continuous line was generated
from Egn (2) with kon = (1.3 £0.2) x10* M "s™" and ko =
(2.0 £0.2) x 107" s7". (C) Dependence of Y for HSA-heme-Fel(lll)
nitrosylation on free [NO]. Open and filled triangles indicate values
of Y obtained from equilibrium and kinetic experiments, respec-
tively. The continuous line was generated from Egn (3) with
K=(15%0.2) x 10° M. The HSA-heme-Fe(lll) concentration was
3.3x 107% m. The equilibration time was 10 min. For details, see
the text.
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because the spectrum of HSA-heme-Fe(I)-NO
reverted to HSA-heme-Fe(IT) instead of to HSA-heme-
Fe(III) by merely pumping off gaseous NO or by
bubbling helium through the HSA-heme-Fe(II)-NO
solution; however, the denitrosylation process needs
about 12 h for completion.

The optical absorption spectra of the HSA-heme
derivatives observed here correspond to those reported
in the literature [29,35,43]. Free HSA-heme-Fe(II) was
never detected spectrophotometrically because of the
very rapid reaction between HSA-heme-Fe(II) and NO
(Ion = 1.2 x 10’ M "s7!; see Table 1).

Over the whole NO concentration range explored,
the time course for HSA-heme-Fe(I11) reductive nitro-
sylation corresponded to a biphasic process (Fig. 2 and
Eqn 4); values of k°® and 4°® were wavelength-inde-
pendent at a fixed concentration of NO. The first step
of kinetics for HSA-heme-Fe(IIl) reductive nitrosyla-
tion (indicated by k,, in Scheme 1) was a bimolecular
process, as observed under pseudo-first-order condi-
tions (Fig. 2). Plots of k°® versus [NO] were linear
(Eqn 2), the slope corresponding to k,,. Values of kg,
ranged between 7.5 x 10® and 2.4 x 10* M~"s™' over
the pH range explored (Table 1). The y intercept of
plots of k°® versus [NO] corresponded to kog; the
values of ko ranged between 1.9 x 107! and 4.8 x
107" s™!' (Table 1). By contrast, the second step (indi-
cated by /°* in Scheme 1) followed an [NOJ-indepen-
dent monomolecular behavior (Fig. 2) at all pH values
investigated. According to Scheme 1, the value of A°%
increased linearly on increasing [OH™] (i.e. from pH
6.5 to 9.5; see Fig. 3, Table 1 and Eqn 5). The slope
and the y intercept of the plot of 4°® versus [OH]
corresponded to hoy (= 4.4 x 10> M~ 's™") and to
hio (= 3.5 x 107* s7"), respectively (Table 1).

Between pH 6.5 and pH 9.5, the molar fraction of
HSA-heme-Fe(II1)-NO (i.e. Y) increased on free [NO],
tending to level off at [NO] > 10 x K, according to
Eqn (3). The analysis of data according to Eqn (3)
allowed us to determine values of K, ranging between
1.3x 107 and 3.1 x 107> M, at 20 °C over the pH
range investigated (Table 1). According to the HSA-
heme-Fe(IIT) : NO 1 : 1 stoichiometry of reaction (a)
in Scheme 1, the Hill coefficient n was 1.00 £ 0.02. As
expected for a simple system [44], values of K corre-
sponded to those of kyr/kon, under all the experimen-
tal conditions investigated (Table 1).

Determination of nitrite, nitrate and
S-nitrosothiols

The concentrations of nitrite, nitrate and S-nitroso-
thiols were determined after HSA-heme-Fe(III) reductive

40



P. Ascenzi et al. Reductive nitrosylation of HSA-heme-Fe(lll)

Table 1. Values of thermodynamic and kinetic parameters for reductive nitrosylation of HSA-heme-Fe(lll), at 20 °C. ND, not determined.

pH K (m) Kon (Mq.sq) Kot (571) Kot/ Kon (M) hObs (571) L (m) lon (Mq'sq) lott (54) lott/ lon (M)
55 15x10° 1.3x10* 2.0x 107" 1.5%x107° a <33x10°% 1.6x10" 13x10%  81x107"?
65 29x10° 15x10* 48x107"  32x10° 21%x107% <33x1078 ND 2.4 %107 ND
75  18x10° 21x10* 3.1 %107 1.5%x107° 1.7%x10°%  <33x10°% 21x10 1.4%x10™%  6.7x107"?
81 31x10° 85x10° 25%x107"  29x107° 6.3x10° <33x1078 ND 21 %107 ND
85 13x10° 1.6x10* 1.9%x 107" 1.2%x107° 14%x1072 <33x10°% 1.2x10 1.7%x10™%  1.4x107"
9.0 19x10° 24x10* 3.6x 107" 1.5%x107° 35x107% <33x10°® ND 1.9%x10™ ND
95 26x10° 75x10° 21%x107"  28x107° 14%x1077  <33x10° 1.8x107 26x107%  1.4x107"

@ HSA-heme-Fe(ll1)-NO does not undergo significant reductive nitrosylation at pH 5.5 (< 5% in 30 min).
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Fig. 2. HSA-heme-Fel(lll) reductive nitrosylation, at pH 7.5 and 20 °C. (A) Normalized averaged time courses of HSA-heme-Fe(lll) reductive
nitrosylation. The NO concentrations were 2.5 x 10™° M (trace a), 5.0 x 107° M (trace b) and 2.0 x 107 wm (trace c). The time course analysis
according to Eqn (4a—c) allowed the determination of the following values of k°°S, h°®® and Y: trace a, K°°°=8.1x10""s7,
P =18x102s™" and Y=064; trace b, Kk =15s" h*=17x102s" and Y=073; and trace ¢, Kk°*>=47s",
h°® = 1.9%x 10 s and Y = 0.93. (B) Dependence of k°°° for HSA-heme-Fe(lll) reductive nitrosylation on [NOJ. The continuous line was
generated from Eqn (2) with kon = (2.1 + 0.2) x 10° M7"s™" and ko = (3.1 + 0.3) x 107" s™". (C) Dependence of h°*® for HSA-heme-Fe(lll)
reductive nitrosylation on [NOJ. The average h°® value is 1.7 x 107° s™'. (D) Dependence of Y for HSA-heme-Fe(lll) reductive nitrosylation
on free [NOJ. The continuous line was generated from Eqgn (3) with K= (1.8 = 0.2) x 107° m. The HSA-heme-Fe(lll) concentration was
3.3 x 107 m. For details, see the text.

nitrosylation, at pH 7.5 and 20 °C. As shown in
Table 2, reductive nitrosylation of HSA-heme-Fe(III)
yielded essentially NO, (NO; < 10%). Under condi-
tions where [NO] < [HSA-heme-Fe(IIl)], [NO;] + The addition of NO (either gaseous or dissolved in the
[NO;] = '2[NO]. However, where [NO] = 2 x [HSA- buffer solution) to the HSA-heme-Fe(I) solution
heme-Fe(1ll)], [NO;] + [NO;] = [HSA-heme-Fe(I1D)]. brings about a shift in the maximum of the optical
Moreover, the [HSA-heme-Fe(III)] : NO : [HSA-heme- absorption spectrum in the Soret band from 418 nm
Fe(II)-NOJ : NO; stoichiometry is 1 : 2 : 1 : 1. Lastly, [i.e. HSA-heme-Fe(I)] to 389 nm [i.e. HSA-heme-
S-nitrosylation of the single thiol present in HSA (i.e. Fe(I1)-NO] and a corresponding change of the extinc-
Cys34) does not significantly occur during reductive tion coefficient from &5 pm = 8.7 X 10* M "em™ to
nitrosylation of HSA-heme-Fe(IIT) (< 10%; data not €380 nm = 6.4 x 10* M~Yem™!. The optical absorption
shown). spectra of HSA-heme-Fe(II) and HSA-heme-Fe(I1)-NO

Reversible nitrosylation of HSA-heme-Fe(ll)
between pH 5.5 and pH 9.5
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0.20

hobs (S‘l)

[OH] x 10° (M)

Fig. 3. Dependence of h°® on [OH7] for HSA-heme-Fellll) reduc-
tive nitrosylation, at 20 °C. The continuous line was generated
from Egn (5) with hoy = (4.4 +0.3) x 10° M "s™' and hy,0 =
(3.5 + 0.4) x 107" 5" For details, see the text.

Table 2. NO, and NO; concentration obtained by reductive
nitrosylation of HSA-heme-Fel(lll), at pH 7.5 and 20 °C. The HSA-
heme-Fe(lll) concentration was 1.0 x 107* wm.

[NO; 1 +
INOJ (m) INO; T (M) INO31 (m) INO3T (M)
50x10° (24+03)x10° (1.2+02)x10°% 25x107°
1.0x10™  (47+05)x10° (3.1+£04)x10° 50x10™°
20x10%  (92+09x10° (7108 x10° 99x10°

determined here correspond to those reported in the
literature [25,27,28,32,34,35,43]. The reaction is com-
pletely reversible because the spectrum reverts to the
initial absorption spectrum by merely pumping off
gaseous NO or bubbling helium through the solution;
however, the denitrosylation process needs about 12 h
to be completed.

Under all the experimental conditions investigated,
the time course for reversible nitrosylation of HSA-
heme-Fe(IT) conformed to a single-exponential decay
for 90-94% of its course (Fig. 4 and Eqn 6). Values of
" were wavelength- and NO-independent at fixed
NO concentrations. Figure 4 shows the linear depen-
dence of I°® for HSA-heme-Fe(II) nitrosylation on the
NO concentration (i.e. [NO]). The analysis of data
according to Eqn (7) allowed us to determine values of
kon ranging between 1.2 x 10" and 2.1 x 10" m~'s7!
(Table 1).

Under all the experimental conditions, the time-
course for HSA-heme-Fe(II)-NO  denitrosylation
[i.e. NO replacement by carbon monoxide (CO)] con-
forms to a single-exponential decay (from 97% to
102%) of its course (Fig. 4). The analysis of data
according to Eqn (8) allowed us to determine /g val-
ues ranging between 1.3 x 107 and 2.6 x 107* s, at
20 °C over the pH range explored (Table 1). Values of
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loir are pH-, wavelength- and CO-independent in the
presence of an excess of sodium dithionite. The /¢ val-
ues reported here correspond to those determined pre-
viously in the absence of allosteric effectors [24,30,33].

Figure 4 shows the dependence of the molar fraction
of HSA-heme-Fe(I1)-NO (i.e. Y) on the NO concentra-
tion (i.e. [NOJ]). The value of Y increased linearly with
the NO concentration, reaching the maximum
(= 1.0 £ 0.05) at the 1:1 HSA-heme-Fe(Il):NO
molar ratio, even at the minimum HSA-heme-Fe(II)
concentration investigated (= 3.3 x 107° m). Accord-
ing to the literature [45], this behavior reflects a very
high affinity of NO for HSA-heme-Fe(II), the value of
the dissociation equilibrium constant L being lower
than that of the HSA-heme-Fe(IT) concentration by at
least two orders of magnitude; thus, L <3 x 1075 M
over the whole pH range explored, at 20 °C (Table 1).
As expected for a simple reversible ligand-binding sys-
tem [44], the values of L agree with those calculated
from [, and logr (i.e. L = Ily/lon), under all the experi-
mental conditions investigated (Table 1).

Discussion

HSA-heme-Fe(IIT) undergoes irreversible reductive

nitrosylation between pH 6.5 and pH 9.5, under anaer-

obic conditions. In fact, the addition of NO to

HSA-heme-Fe(IIl) leads to the transient formation of

HSA-heme-Fe(I11)-NO in equilibrium with HSA-heme-

Fe(I1)-NO . Then, HSA-heme-Fe(II)-NO ™ undergoes

nucleophilic attack by OH™ to yield HSA-heme-Fe(II).

HSA-heme-Fe(Il) thus produced reacts further with

NO to give HSA-heme-Fe(IT)-NO. By contrast, at pH

5.5, HSA-heme-Fe(IIT) undergoes fully reversible NO

binding. In fact, the HSA-heme-Fe(III)-NO derivative

does not convert significantly to HSA-heme-Fe(II)-NO

(Fig. 1 and Table 1). The data reported here match

well with Scheme 1, the NO : NO; stoichiometry

being 2 : 1. Moreover, no significant formation of

S-nitrosothiol occurs during the reductive nitrosylation

of HSA-heme-Fe(III).

The analysis of kinetic and thermodynamic parame-
ters reported in Table 3 allows the following consider-
ations.

(a) The values of k., and [,, for the reductive nitrosy-
lation of ferric rabbit hemopexin-heme-Fe (HPX-
heme-Fe) [46] and horse cytochrome ¢ [38,39] are
lower than those reported for HSA-heme-Fe (the
present  study),  Glycine max  leghemoglobin
(G. max Lb) [42], sperm whale myoglobin (Mb)
[38,39] and tetrameric human hemoglobin (Hb)
[39]. This reflects the hexa-coordination of the
heme-Fe atom of rabbit HPX-heme-Fe and horse
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Fig. 4. HSA-heme-Fe(ll) nitrosylation at pH 5.5 and 7.5, and at 20 °C. (A) Normalized averaged time course of HSA-heme-Fe(ll) nitrosylation
at pH 5.5 (trace a) and 7.5 (trace b), and at 20 °C. The time course analysis according to Egn (6) allowed the determination of the following
values of PP 1.0 x 10% s™" (trace a) and 1.2 x 102 s™" (trace b). For clarity, the time course obtained at pH 7.5 was up-shifted by 0.4. The
HSA-heme-Fe(ll) and NO concentrations were 1.2 x 1076 and 6.0 x 107® v, respectively. (B) Dependence of /°°% for HSA-heme-Fel(ll) nitrosy-
lation on [NOJ at pH 5.5 (triangles) and 7.5 (circles), and at 20 °C. The continuous lines were generated from Eqgn (7) using the following
values of Ly (1.6 + 0.2) x 10’ M~ "s™" (pH 5.5) and (2.1 + 0.2) x 10" M~ "s™" (pH 7.5). (C) Normalized averaged time courses of HSA-heme-
Fe(ll)-NO denitrosylation, at pH 5.5 (trace a) and 7.5 (trace b), and at 20 °C. The time course analysis according to Eqgn (8) allowed the deter-
mination of the following values of /s 1.3 x 10™* 57" (trace a) and 1.4 x 107 (trace b). For clarity, the time course obtained at pH 7.5 was
up-shifted by 0.4. The HSA-heme-Fe(ll)-NO, CO and sodium dithionite concentrations were 3.3 x 107, 2.0 x 107 and 1.0 x 1072 M, respec-
tively. (D) Dependence of Y on [NO] for HSA-heme-Fe(ll) nitrosylation at pH 5.5 (triangles) and 7.5 (circles), and at 20 °C. The arrow indicates
the 1 : 1 molar ratio of HSA-heme-Fe(ll) : NO. For clarity, the values of Y obtained at pH 7.5 were up-shifted by 0.4. The HSA-heme-Fe(ll)

concentration was 3.3 x 1076 m. For details, see the text.

cytochrome ¢, which must undergo transient
penta-coordination to allow exogenous ligand (i.e.
NO) binding [47,48].

Values of k. for NO dissociation from heme-
Fe(III)-NO complexes range between < 10™* and
1.4 x 10" s7!, while values of /. for NO dissocia-
tion from heme-Fe(I1)-NO complexes are always
<107% 57!, This may reflect the different stabiliza-
tion mode of the heme-Fe bound (e.g. NO) by
heme distal residues [32,47-53].

Although values of k., and kg for NO binding to
heme-Fe(I1T) proteins are very different, values of
K (= kog/kon) are closely similar, indicating the
occurrence of kinetic compensation phenomena. By
contrast, values of L (= l,/l,,) are markedly dif-
ferent, primarily as a result of /,, values. As a
whole, this may reflect the interplay between the
redox state of the heme-Fe atom and the nitrosyla-
tion process.

The hoy- value for reductive nitrosylation of
rabbit HPX-heme-Fe(III) (=7 x 10° m~"s™") [46] is

(b)

©

@

(e)

larger than those reported for HSA-heme-Fe(III)
(the present study), horse cytochrome c¢(III)
[38,39], G. max Lb(IIl) [42], sperm whale Mb(III)
[38,39] and human Hb(III) [39], ranging between
32x10% and 4.4x10° M "s™!'. This may reflect
different anion accessibility to the heme pocket
[44,54] and heme-protein reduction potentials
[39,42].

Although the values of hog- and hy,o cannot be
compared directly, OH™ ions catalyze reductive
nitrosylation of HSA-heme-Fe(I[)-NO" much
more efficiently than H,O (the present study), as
previously reported for G.max Lb(III) [42] and
human Hb(III) [39], reflecting the role of OH™ in
heme-Fe(I1) formation [39]. According to the litera-
ture [39,42], the pH dependence of /°® has been
attributed to changes of the OH™ concentration.
The linear dependence of 4°® on [OH] indicates
that no additional elements appear to be involved
in irreversible reductive nitrosylation of HSA-
heme-Fe(III) (see Scheme 1, Eqn 5 and Fig. 3).
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products were of analytical or reagent grade and used with-
out purification unless stated otherwise.

The HSA-heme-Fe(III) solution (1.2 x 1076, 3.3 x 107°
and 2.0 x 107 M) was prepared by adding a 0.7 M defect of
the heme-Fe(IIT) stock solution (1.0 x 107> M NaOH) to
the HSA solution (1.0x107'mM Mes, pH 5.5, or
1.0 x 107" M Bis-Tris propane, pH 6.5 to 9.5) at 20 °C [35].
Then, the HSA-heme-Fe(III) solution was degassed and
kept under helium.

HSA-heme-Fe(Il) was prepared by adding very few
grains of sodium dithionite to the HSA-heme-Fe(III) solu-
tion (12x107° and 3.3 x107°Mm) either at pH 5.5
(1.0x 107" M Mes) or between pH 6.5 and pH 9.5
(1.0 x 107" M Bis-Tris propane) and 20 °C, under anaerobic
conditions [44].

The NO and CO stock solutions were prepared anaerobi-
cally by keeping distilled water in a closed vessel under
purified NO or CO, at 760.0 mmHg and 20 °C. The solu-
bility of NO and CO in the water is 2.05 x 107 and
1.03 x 107 M, respectively, at 760.0 mmHg and 20 °C [44].
The NO and CO stock solutions were diluted with degassed
1.0x 107" M Mes buffer (pH 5.5) or Bis-Tris propane
buffer (pH 6.5-9.5) to reach the desired concentration
BOX10°M<[NOI<4.0x10*M, and 1.0x107* M <
[CO] < 5.0 x 107* M).

Methods

Reversible nitrosylation of HSA-heme-Fe(III) at pH 5.5
Values of the pseudo-first-order rate constant (i.e. k°°; reac-
tion (a) in Scheme 1) and of the dissociation equilibrium
constant (i.e. K = kop/kon; reaction (a) in Scheme 1) for
HSA-heme-Fe(IIl) nitrosylation were obtained by mixing
the HSA-heme-Fe(Ill) solution (final concentration
3.3 % 107® M) with the NO solution (final concentration,
3.0 x 107° to 4.0 x 10™* M) under anaerobic conditions. No
gaseous phase was present. HSA-heme-Fe(I1I) nitrosylation
was monitored between 350 and 470 nm.
Values of k° were obtained according to Eqn (1) [44]:

[HSA — heme — Fe(I11)],= [HSA — heme — Fe(III)]; xe ™"
(1)

Values of the second-order rate constant for HSA-heme-
Fe(III) nitrosylation (i.e. koy; reaction (a) in Scheme 1) and
of the first-order rate constant for the dissociation of the
HSA-heme-Fe(II1)-NO adduct (i.e. ko reaction (a) in
Scheme 1) were determined from the dependence of k°° on
[NO], according to Eqn (2) [44]:

K% = kon X [NOJ + kofr (2)

The value of K (= kog/kon; reaction (a) in Scheme 1)
was determined from the dependence of the molar fraction
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of HSA-heme-Fe(III)-NO (i.e. Y) on the free NO concen-
tration (i.e. [NOJ), according to Eqn (3) [44]:

INOJ
- K+ [NOJ 3)

Values of K, ko, and ko for HSA-heme-Fe(III) nitrosy-
lation (reaction (a) in Scheme 1) were obtained at pH 5.5
(Mes buffer) and 20 °C.

HSA-heme-Fe(II1)-NO was also obtained anaerobically
by keeping the HSA-heme-Fe(III) solution under purified
gaseous NO (760 mmHg), at pH 5.5 (1.0 x 107" M Mes
buffer) [38,39].

Irreversible reductive nitrosylation of HSA-heme-Fe(I1T)
between pH 6.5 and pH 9.5

Values of the pseudo-first-order rate constants (i.e. k°° and
h°%; reactions (a, ¢) in Scheme 1, respectively) and of the
dissociation equilibrium constant [i.e. K (= kop/kon); reac-
tion (a) in Scheme 1] for HSA-heme-Fe(III) reductive nitro-
sylation were obtained by mixing the HSA-heme-Fe(III)
solution (final concentration 3.3 x 107° M) with the NO
solution (final concentration, 1.2 x 107> to 4.0 x 10™* m)
under anaerobic conditions. No gaseous phase was present.
HSA-heme-Fe(III) reductive nitrosylation was monitored
between 350 and 470 nm.

Values of the pseudo-first-order rate constants k°° and

h°% were obtained according to Eqn (4a—c) [38-42,46,55]:

[Fe(IIT)],= [Fe(IIT)], xe "> (4a)

[Fe(III) — NOJ, = [Fe(III)];
e—hoPxt > (4b)

—kebsxr

obs
x k° x (hobs ot +

[Fe(IT) — NOJ, = [Fe(II1)], — [Fe(IIT)],
+ [Fe(I1I) — NOJ,

kobs _ Jobs

(4¢)

Values of ko, and kg (reaction (a) in Scheme 1) were
determined from the dependence of k°® on [NO], according
to Eqn (2) [44].

Values of K (= keog/kon; reaction (a) in Scheme 1) were
determined from the dependence of Y on [NO], according
to Eqn (3) [44].

The value of the second-order rate constant for OH™ -cata-
lyzed conversion of HSA-heme-Fe(II)-NO ™ to HSA-heme-
Fe(Il) (i.e. hou-; reaction (c) in Scheme 1) was deter-
mined from the dependence of /°° on [OH] according
to Eqn (5) [38,39]:

h% = hop- x [OH™] + o (5)
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where hy,ols the first-order rate constant for the H,O-
catalyzed conversion of HSA-heme-Fe(II)-NO™ to
HSA-heme-Fe(II).

Values of K, kon, ko and 7°% for HSA-heme-Fe(II)
reductive nitrosylation [reactions (a, c¢) in Scheme 1] were
obtained between pH 6.5 and pH 9.5 (1.0 x 10™" M Bis-Tris
propane buffer) and at 20 °C.

HSA-heme-Fe(Ill) reductive nitrosylation was also
obtained anaerobically by keeping the HSA-heme-Fe(III)
solution under purified gaseous NO (760 mmHg), between
pH 6.5 and pH 9.5 (1.0 x 10" M Bis-Tris propane buffer)
and at 20 °C [38,39].

Determination of nitrite, nitrate and S-nitrosothiols

The concentrations of nitrite, nitrate and S-nitrosothiols
were determined after HSA-heme-Fe(IIl) reductive nitrosy-
lation at pH 7.5 (1.0 x 10™" M Bis-Tris propane buffer) and
at 20 °C. The HSA-heme-Fe(Ill) concentration was
1.0x107* M. The NO concentration ranged between
50x 107 and 2.0 x 107* M. Analysis for nitrite, nitrate
and S-nitrosothiols was carried out using the Griess and
Saville assays, as described previously [34,56-58].

Reversible nitrosylation of HSA-heme-Fe(II) between
pH 5.5 and pH 9.5

Values of the pseudo-first-order rate constant [i.e. /°; see

Scheme 1, reaction (d)] for HSA-heme-Fe(II) nitrosylation
were obtained by mixing the HSA-heme-Fe(Il) (final
concentration, 1.2 x 107 M) solution with the NO (final
concentration, 3.0 x 107% to 2.0 x 107> M) solution, under
anaerobic conditions [44]. No gaseous phase was present.
HSA-heme-Fe(Il) nitrosylation was monitored between 360
and 460 nm.
Values of /°° were obtained according to Eqn (6) [44]:

[HSA — heme — Fe(II)], = [HSA — heme — Fe(IT)]; x ¢ ">
(6)

Values of the second-order rate constant for HSA-heme-
Fe(II) nitrosylation [i.e. /,,; see Scheme 1, reaction (a)] were
determined from the dependence of /°° on [NOJ, according
to Eqn (7) [44]:

1°% = [, x [NOJ (7)

Values of the first-order rate constant for NO dissocia-
tion from HSA-heme-Fe(II)-NO (i.e. for NO replacement
with CO; [y reaction (d) in Scheme 1) were obtained by
mixing the HSA-heme-Fe(I)-NO (final concentration,
3.3 x 107 M) solution with the CO (final concentration,
1.0 x 107 to 5.0 x 10™* M) sodium dithionite (final concen-
tration, 1.0 x 1072 M) solution, under anacrobic conditions
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[30,33]. No gaseous phase was present. Kinetics was moni-
tored between 360 and 460 nm.

The time course for HSA-heme-Fe(I1)-NO denitrosyla-
tion [i.e. for HSA-heme-Fe(Il) carbonylation] was fitted to
a single-exponential process according to the minimum
reaction mechanism represented by the following reaction
in Scheme 2 [30,34]:

loff
HSA-heme-Fe(II)-NO + CO — HSA-heme-Fe(II)

fast
+NO + CO — HSA-heme-Fe(II)-CO + NO.

Scheme 2. HSA-heme-Fe(ll)-NO denitrosylation.

Values of /[, were determined from data analysis accord-
ing to Eqn (8) [30,34]:

[HSA — heme — Fe(II) — NOJ,
= [HSA — heme — Fe(II) — NOJ, x el ®)

Minimum values of the dissociation equilibrium constant
for HSA-heme-Fe(II) nitrosylation (i.e., L = ly/lyn; reac-
tion (d) in Scheme 1) were estimated by titrating the HSA-
heme-Fe(IT) (final concentration 3.3 x 107¢ M) solution with
the NO (final concentration, 1.0 x 107 to 2.0 x 107> m)
solution, under anaerobic conditions. The equilibration
time was 5 min. No gaseous phase was present. Thermo-
dynamics was monitored between 360 and 460 nm.

The molar fraction of HSA-heme-Fe(II)-NO (i.e. Y)
increases linearly with the NO concentration, reaching the
maximum (= 1.0) at the 1: 1 HSA-heme-Fe(I1):NO molar
ratio. According to the literature [45], values of L must be
lower than the HSA-heme-Fe(Il) concentration by at least
two orders of magnitude (i.e. < 3.3 x 107° m) [44].

Values of L, [,y and /o for HSA-heme-Fe(II) nitrosyla-
tion [reaction (d) in Scheme 1, and Scheme 2] were
obtained either at pH 5.5 (1.0 x 107" M Mes buffer) or
between pH 6.5 and pH 9.5 (1.0 x 107" M Bis-Tris propane
buffer) and 20 °C.

HSA-heme-Fe(I1)-NO was also obtained anaerobically by
keeping the HSA-heme-Fe(II) (3.3 x 107® m) solution under
purified gaseous NO (760 mmHg), either at pH 5.5
(1.0 x 107! M Mes buffer) or between pH 6.5 and pH 9.5
(1.0 x 107" M Bis-Tris propane buffer) and at 20 °C
[24,25,27,30,33,35].
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Summary

Cannabis is the most commonly used illicit drug world-
wide. Cannabis users also appear to use other psychoactive
drugs more frequently than noncannabis users. Here, A9-
tetrahydrocannabinol (THC) and diazepam binding to human
serum albumin (HSA) and HSA-heme is reported. THC binds
to two different binding sites of HSA (K4, < 1077 M and
Kqg = 1073 M) without affecting diazepam binding (K4 = 1.2
X 1075 M). THC binding to the high-affinity site accounts for
the low free fraction of the drug in plasma. Moreover, THC
increases the affinity of heme for HSA. Accordingly, the affin-
ity of THC for HSA-heme is higher than that for HSA. THC
could bind to FA2 and FA7 sites, as substantiated by docking
simulations; nevertheless, the observed allosteric effect(s) sug-
gests that the primary binding site of THC is the FA2 cleft
that positively modulates heme affinity. Possibly, the HSA
conformational transition(s) induced by THC binding could
account for drug delivery to the liver through receptor-
mediated endocytosis. © 2011 TUBMB
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INTRODUCTION

Cannabis is the most commonly used illicit drug worldwide.
Survey data indicate that the percentage of past-month cannabis
users who report past-month use of benzodiazepines (5.6%) is
greater than the number of nonusers reporting past-month pre-
scription benzodiazepine use (0.4%) (/). Recently, it has been
reported that the coadministration of exogenous cannabinoid re-
ceptor agonists and diazepam produces additive or synergistic
anxiolytic effects in rodents (2). However, the mechanism(s)
underlying the interaction between cannabinoid and y-aminobu-
tyric acid (GABA)-ergic systems in the control of anxiety-like
behaviors remains to be elucidated. The administration of tria-
zolam in cannabis users increases dose-dependently ratings on
“positive” drug-effect questionnaire items, as well as some
items consistent with its well-documented sedative effects.
Moreover, triazolam also induced significant and robust impair-
ment in psychomotor performance (3).

Among plasma carrier proteins, human serum albumin
(HSA) plays a relevant role as it carries several endogenous and
exogenous ligands including many drugs and in turn alters their
pharmacokinetic properties. Drugs may bind to the same site or
to different functionally linked clefts following competitive and
allosteric mechanisms (4—/0).

HSA is a globular monomeric protein composed of three
structurally similar domains (I, II, and III), each containing two
subdomains (A and B) (5, 7, 9, 11). HSA shows seven binding
clefts hosting different ligands such as fatty acids (FAs), and,
therefore, labeled FA1 to FA7 (Fig. 1). In particular, FA3 and
FA4 compose the so-called Sudlow’s site II (located in subdo-
main IIIA) and FA7 corresponds to the Sudlow’s site I (located
in subdomain IIA). Remarkably, ibuprofen and diazepam are
representative ligands of Sudlow’s site II, whereas warfarin is
considered as the stereotypical ligand of Sudlow’s site I (6, /4).
HSA specifically binds the heme at the FA1 site (in subdomain
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FAl
(Heme binding site)

FAS5
FA2

FA3, FA4

(Sudlow’s site II) (Sudlow’s site I)

Figure 1. HSA structure. Ribbon representation of the heart-
shaped structure of HSA complexed with myristate in fatty acid
binding sites (i.e., FAs). Myristate and Trp214 residue are ren-
dered as space-fill (green) and sticks (blue), respectively.
Atomic coordinates were taken from PDB entry 1E7G (/2). The
HSA-ligand complex was drawn using UCSF Chimera (/3).
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

IB), contributing to heme homeostasis and possibly to receptor-
mediated endocytosis of the heme by hepatocytes (4, 6, 8, 9,
15-18). Note that heme binding to HSA is allosterically modu-
lated by ligands that bind to domains I and II and vice versa (9).

Here, THC and diazepam binding to HSA and HSA-heme is
reported to check the possibility that drug and heme association
to HSA could be reciprocally modulated. THC binds to HSA
without affecting diazepam binding, thus indicating that these

AA;([THC],/Kq; + [HSA],/Kgi + 1) —
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drugs bind to different sites independently. The tight binding of
THC to the FA2 site of HSA accounts for the low free fraction
of the drug in plasma. Moreover, the HSA conformational tran-
sition/s induced by THC binding to the allosteric FA2 site could
be at the root of THC delivery to the liver through receptor-
mediated endocytosis.

EXPERIMENTAL PROCEDURES

Materials

THC was a generous gifts from GW Pharmaceuticals (Salis-
bury, UK). All the other reagents (from Sigma-Aldrich, St.
Louis, MO) were of the highest purity available. HSA was
essentially FA-free (/9-217). Stock solutions of THC (4.8 X
107" M) and diazepam (6.5 X 107> M) were prepared by dis-
solving the drugs in DMSO (<10%). The heme stock solution
was prepared as previously reported (22).

Binding of THC to HSA

All experiments have been performed at pH 7.2 (1.0 X 10~
M phosphate buffer, DMSO <10%) and 25.0°C. Spectrophoto-
metric experiments have been performed by using an optical
cell with 1.0-cm path length on a Cary 50 Bio spectrophotome-
ter (Varian, Palo Alto, CA).

Values of the dissociation equilibrium constants for THC
binding to HSA (i.e., K4; and Kg4,) have been determined spec-
trophotometrically by adding increasing THC amounts (from
50 x 1077 to 40 X 107> M) to a fixed HSA concentration
(5.0 X 107% M). The ligand binding isotherm has been ana-
lyzed by plotting the spectral change at 280 nm (i.e., AAsgg)
versus the THC concentration. Data have been analyzed accord-
ing to Eq. (1):

\/ ([THC],/K4; + [HSA],/Kqi + 1)2—4K(;2[THCL[HSA][

2
AA = AAma\x - Z
i=1

where AA is the absorbance change at the maximum absorbance
wavelength (i.e., at 280 nm), AA., is the absorbance difference
at the saturating THC concentration, AA; and AA, are the absorb-
ance differences for drug binding to the high and the low affinity
site, respectively, [THC], and [HSA], are total concentrations.
Values of K4, and K4 for THC binding to HSA have also
been obtained spectrofluorimetrically (23), using a Cary Eclipse

2[THC, /Ky M

fluorescent spectrophotometer (Varian, Palo Alto, CA). The
intrinsic fluorescence of THC and solvents has been subtracted
from the THC-induced quenching of HSA intrinsic fluorescence.
THC binding to HSA has been analyzed by plotting the differ-
ence fluorescence changes with respect to HSA (5.0 X 107¢ M)
as a function of the THC concentration (from 5.0 X 1077 to
4.0 X 107> M). Data have been analyzed according to Eq. (2):

2 AIL([THC], /K4 + [HSA], /Kai + 1) — \/([THCL/Kdi + [HSA],/Kai + 1) —4K*[THC],[HSA],

A[336 = Z

i=1

2[THC], /Ky @
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where Als;6 is the difference of the fluorescence intensity
at the maximum emission wavelength (336 nm), Al; and

Al, are the differences of the fluorescence intensity
for drug binding to the high- and low-affinity site,
respectively.

FANALI ET AL.

Binding of Diazepam to HSA

The value of the dissociation equilibrium constant for diaz-
epam binding to HSA (i.e., K4) has been determined spectro-
photometrically by adding increasing drug amounts (from 2.0 X
107% to 1.0 X 107* M) to a fixed HSA concentration (5.0 X
107° M), in the absence and presence of THC (5.0 X 107> M).
Data have been analyzed according to Eq. (3):

KK;I - [dzp),+[HSA],-K;' + 1) — \/ (Ky' - [dzp] +[HSA], Ky +1)°—4K 2 - [dzp}t-[HSA],)]

where AA is the absorbance difference at the maximum absorb-
ance wavelength (280 nm), AA.,.x is the absorbance difference
at the saturating diazepam concentration, [dzp], is the total diaz-
epam concentration.

Heme Binding to HSA
The value of the dissociation equilibrium constant for heme
binding to HSA (i.e., K4) has been determined spectrophotomet-

ZKEI ’ [de]t

3)

rically by adding increasing amounts of HSA to a fixed heme
concentration (1.0 X 107> M), in the absence and in the pres-
ence of 1.0 X 10~* M THC. Ligand binding isotherms have
been analyzed by plotting the absorbance difference at 410 nm
versus the HSA concentration. Data have been analyzed accord-
ing to Eq. (4):

AApmax {(Kd*l - [HSA],+[heme], Kg' + 1) — \/(Kd‘l - [HSA],+[heme] K31 + 1)274Kd‘2 : [HSA],-[heme][)}

AA =

2K, - [HSA],

where AA is the absorbance difference at the maximum absorb-
ance wavelength, AA,,.. is the absorbance difference at saturat-
ing HSA concentration, [heme], is the total heme concentration.

Docking Analysis

Automatic flexible ligand docking simulation for THC bind-
ing to HSA has been performed by using Autodock 4.0 and the
graphical user interface AutoDockTools (24-26). The structures
of HSA have been downloaded from the Protein Data Bank
(PDB entries: 2BXD, 109X) (6, /4). THC structure has been
calculated using the Dundee PRODRG server (27). Single bonds
have been allowed to rotate freely during the Monte Carlo
simulated annealing procedure. The analysis of the conforma-
tional space has been restricted to a cubic box of 80-A edge
centered on the coordinates of heme (for FA1), myristate (for
FA2 and FA6) and warfarin (for FA7). Monte Carlo simulated
annealing has been performed by starting from a temperature of
900 K with a relative cooling factor of 0.95/cycle, to reach the
temperature of 5 K in 100 cycles (24-26).

RESULTS AND DISCUSSION

THC binding to HSA affects its distribution and metabolism.
THC binds to HSA with two independent binding equilibria
(Kgy <1077 M and Kgp ~ 107 M; Fig. 2A and Supporting In-
formation Fig. S1A). K, values obtained spectrophotometrically

4)

are in agreement with those obtained by analyzing the perturba-
tion of the intrinsic HSA fluorescence (Fig. 2B and Supporting
Information Fig. S1B) due to the proximity of the Trp214 resi-
due to the FA7 cleft. Thus, accounting for the physiological
concentration of HSA (7.0 X 10~* M) (5), the THC concentra-
tion in plasma (3.2 X 10~ M, after smoking a 3.6% THC ciga-
rette) (28), and the K4, value for THC binding to HSA (<10~’
M) (present study), the HSA-bound fraction of THC (W) is
>99% (for W calculation, 29).

However, THC does not affect diazepam binding to HSA
(Fig. 3), neither by direct competition nor by allosteric effects
(Kg = 1.1 X 10> and 1.3 X 10> M in the absence and pres-
ence of THC, respectively). Considering the highest diazepam
plasma concentration reported in patients admitted to acute psy-
chiatric treatment (about 5 X 107° M) (30) and the K4 value
for diazepam binding to HSA (K4 = 1.1 X 107> M, present
study), the HSA-bound fraction of diazepam (W) is >98% (29).
On this basis, both drugs bind to HSA without affecting their
binding properties reciprocally, indicating that the additive and
synergistic anxiolytic effects observed during the coadministra-
tion of the two drugs (2) are not modulated by concomitant
binding to HSA. A possible explanation of the drug interaction
might rely on the ability of cannabinoid compounds to inhibit
glutamate neurotransmission or to amplify GABA(B) signaling,
since these receptors share with the CB1 ones the intracellular
pathways (Gi/o proteins and modulation of ion channel and
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Figure 2. (A) Binding isotherms for THC binding to HSA (5.0
X 107® M). The continuous line was calculated according to
Eq. (1) with Kg; < 1077 M and K4 ~ 107> M. (B) Spectro-
fluorimetric binding isotherms for THC binding to HSA (5.0 X
10~° M). The continuous lines were calculated according to Eq.
(2) with Kgy < 1077 M and Ky ~ 1073 M. All data were
obtained at pH 7.2 and 25°C.

adenylyl cyclase), but the mechanisms underlying the interac-
tion between cannabinoids and GABAergic systems in the con-
trol of anxiety-like behaviors remain to be elucidated (37).
However, it cannot be ruled out also that the drug interaction
may be generated by the metabolite pathways and/or transport.
To better characterize the THC-HSA interaction, heme bind-
ing to HSA has been investigated in the presence and in the ab-
sence of THC. THC binding to HSA increases the heme affinity
for HSA by a factor of 4 (K4 = 5.0 X 107" and 1.3 X 107’ M
in the absence and in the presence of THC, respectively; Fig. 4
and Supporting Information Fig. S2), stabilizing heme binding
to the protein. The same behavior was observed for myristate
binding to HSA-Mn(Ill)heme and HSA-Fe(Ill)heme adducts
(32, 33). The higher affinity of heme for HSA indicates that
THC drives a protein conformational change as observed for
myristate. In fact, myristate stabilizes the HSA B-conformation
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Y
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0.0

0.0 0.2

T T

0.4 0.6 0.8 1.0
[Diazepam]|x1 0 ™M)

Figure 3. Binding isotherms for diazepam binding to HSA (5.0
X 1075 M) in the absence (full squares) and in the presence
(open squares) of THC (5.0 X 1073 M). The continuous lines
were calculated according to Eq. (3) with Ky = 1.1 X 107> and
13 X 107> M in the absence and presence of THC, respec-
tively. All data were obtained at pH 7.2 and 25°C.

by binding to the FA2 modulatory site responsible for the ligand-
induced conformational transition (9, 32, 33). Accordingly, THC
binding to FA2 shifts HSA toward a compact conformation,
where Trp214 is less exposed to the solvent, as witnessed by
the enhanced intrinsic fluorescence of HSA upon THC bind-
ing. On the other hand, a slight quenching of the Trp214 emis-
sion is observed at higher THC concentration, thus suggesting
that this drug has a secondary binding site in HSA located in
proximity of Trp214. As the observed quenching has been
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0.0 05 1.0 .5 20 25 3.0
[HSA]x10" (M)

Figure 4. Binding isotherms for heme (1.0 X 10> M) binding
to HSA in the absence (open squares) and presence of THC
(1.0 X 107* M; open circles). The continuous lines were calcu-
lated according to Eq. (4) with a K4 = 5.0 X 10”7 and 1.3 X
1077 M in the absence and presence of THC, respectively.
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Ferrous human serum heme-albumin (HSA-heme-Fe(Il)) displays globin-like properties. Here, the effect
of ibuprofen and warfarin on kinetics of HSA-heme-Fe(II) nitrosylation is reported. Values of the second-
order rate constant for HSA-heme-Fe(ll) nitrosylation (ko) decrease from 6.3 x 10°M~'s™! in the
absence of drugs, to 4.1 x 10° M~'s™! and 4.8 x 10° M~'s™!, in the presence of saturating amounts of
ibuprofen and warfarin, respectively, at pH 7.0 and 20.0 °C. From the dependence of k., on the drug con-
centration, values of the dissociation equilibrium constant for ibuprofen and warfarin binding to HSA-
heme-Fe(ll) (i.e., K=32x103M and 2.6 x 10~* M, respectively) were determined. The observed
allosteric effects could indeed reflect ibuprofen and warfarin binding to the regulatory fatty acid binding
site FA2, which brings about an alteration of heme coordination, slowing down HSA-heme-Fe(II) nitro-
sylation. Present data highlight the allosteric modulation of HSA-heme-Fe(II) reactivity by heterotropic
effectors.
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1. Introduction

Human serum albumin (HSA), the most abundant protein in
plasma, is characterized by an extraordinary ligand binding capacity.
Indeed, HSA provides a depot and carrier for many compounds, af-
fects pharmacokinetics of many drugs, provides the metabolic
modification of some ligands, renders potential toxins harmless by
transporting them to disposal sites, accounts for most of the ant-
ioxidant capacity of the human serum, and displays (pseudo-)
enzymatic properties [1-16].

The modular three-dimensional structure of HSA provides a
variety of ligand binding sites (Fig. 1). Among others, HSA is able
to bind up to nine equivalents of long-chain fatty acids (FAs) at
multiple binding sites (labeled FA1 to FA9). FA1 has a strong affin-
ity for the ferric heme (heme-Fe(lIll)), FA3 and FA4 together con-
tribute to Sudlow’s site II (i.e., to the ibuprofen primary site), and
FA7 corresponds to Sudlow’s site I (i.e., the warfarin binding cleft).
Moreover, FA2 and FAG6 are secondary ibuprofen sites. Remarkably,

Abbreviations: FA, fatty acid; heme-Fe(Ill), ferric heme; HSA, human serum
albumin; HSA-heme-Fe, Heme-albumin; HSA-heme-Fe(II), ferrous HSA-heme-
Fe; HSA-heme-Fe(II)-NO, ferrous nitrosylated HSA-heme-Fe.

* Corresponding author. Fax: +39 06 5733 6321.

E-mail address: ascenzi@uniroma3.it (P. Ascenzi).

1 These authors contributed equally to this work.

the heme pocket (i.e., the FA1 cleft) and sites FA2, FA3-FA4 (i.e.,
Sudlow’s site II), FA6, and FA7 (i.e., Sudlow’s site I) are allosterical-
ly-coupled, ibuprofen and warfarin acting as prototypical allosteric
effectors [4,5,8-16,17-34].

Remarkably, HSA is crucial for heme scavenging, providing pro-
tection against free heme oxidative damage, limiting the access of
pathogens to heme, and contributing to iron homeostasis by
recycling the heme iron [10,15,35-37]. In turn, heme binding con-
fers to HSA globin-like spectroscopic and reactivity properties
[9,14,16,30,38]. In particular, heme-albumin (HSA-heme-Fe) has
been reported to bind NO and to act as a NO and peroxynitrite scav-
enger, both HSA-heme ligand binding and detoxification properties
are modulated allosterically by drugs [14,16,31,34,39-44].

Here, the effect of ibuprofen and warfarin on kinetics of ferrous
HSA-heme (HSA-heme-Fe(ll)) nitrosylation is reported. Ibuprofen
and warfarin binding to FA2 impair allosterically HSA-heme-Fe(II)
nitrosylation by inducing His146-Fe(Il) coordination. Present data
contribute to the description of the allosteric modulation of HSA-
heme-Fe(Il) reactivity by heterotropic effectors, highlighting the
role of FA2 as the warfarin secondary binding cleft.

2. Materials and methods

HSA (essentially FA free), hemin (protoporphyrin IX-Fe(IIl))
chloride, ibuprofen, and warfarin were obtained from Sigma-Aldrich
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FA1
Heme

FA2
Ibuprofen 31
Warfarin 2"

Warfarin 1%
\ FAG

Ibuprofen 24

FA3, FA4
Ibuprofen 1%

Fig. 1. Ribbon representation of the HSA structure highlighting the modular three-
domain architecture (blue: domain I; orange: domain II; red: domain III). Relevant
binding sites are labeled as follows: FA1 (heme site, occupied by heme, in red), FA2
(3rd ibuprofen site and 2nd warfarin site, occupied by myristate, in black), FA3 and
FA4 (1st ibuprofen site, occupied by two myristates, in black), FA6 (2nd ibuprofen
site, occupied by myristate, in black), and FA7 (1st warfarin site, occupied by
myristate, in black). The coordinates of HSA complexed with heme and myristate
were from PDB entry 109X [24]. The picture was drawn with Swiss-PDB-Viewer
[52]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

(St. Louis, MO, USA). NO (from Aldrich Chemical Co., Milwaukee,
WI, USA) was purified by flowing it through an NaOH
column in order to remove acidic nitrogen oxides. All the other
chemicals (from Merck KGaA, Darmstadt, Germany) were of ana-
lytical or reagent grade and were used without purification unless
stated.

HSA-heme-Fe(Il) (2.2 x 10~ M) was prepared by adding a 1.4-
molar excess of HSA to the heme-Fe(Il) solution (1.0 x 10~' M so-
dium phosphate buffer, pH 7.0), at 20.0 °C [40,41,45].

The NO solution was prepared by keeping in a closed vessel the
1.0 x 107" M phosphate buffer solution (pH 7.0) under NO at
P =76.0 mm Hg anaerobically (T =20.0 °C) [40,41].

The ibuprofen stock solution (2.0 x 1072 M) was prepared by
dissolving the drug in 1.0 x 10~! M phosphate buffer, at pH 7.0
and 20.0 °C [41]. The warfarin stock solution (2.0 x 10~2 M) was
prepared by dissolving the drug in water at pH 10.0, then adjusting
pH to 7.0 with HCI [40]. Ibuprofen and warfarin stock solutions
were then mixed with the HSA-heme-Fe(Il) and NO solutions to
obtain the desired final drug concentration.

The NO binding kinetics to HSA-heme-Fe(Il) displays two
phases, namely a fast ligand-dependent process (amounting to
about 80% of the total absorption amplitude) and a slow ligand-
independent process (amounting to about 20% of the total absorp-
tion amplitude) (see Fig. 1 of the Supplementary data). Kinetics of
HSA-heme-Fe(Il) nitrosylation were analysed in the framework of
the minimum mechanism reported in Scheme 1, focussing only on
the predominant fast bimolecular process.

The HSA-heme-Fe(Il) nitrosylation process was regarded as
irreversible because the rate of the inverse reaction is negligible
with respect to values of the pseudo-first order rate constant for
ferrous nitrosylated HSA-heme (HSA-heme-Fe(II)-NO) formation
(kopbs) (see present study and [40,41] for comparison).

Values of ks for the fast ligand-dependent process were ob-
tained by rapid-mixing the HSA-heme-Fe(II) (final concentration
1.1 x 107 M) solution with the NO (final concentration,
5.0 x 1075-3.0 x 10~°) solution under anaerobic conditions, at
pH 7.0 (1.0 x 107' M sodium phosphate buffer) and 20.0 °C, in
the absence and presence of ibuprofen and warfarin (final concen-
tration, 5.0 x 107°-1.0 x 1072 M). Kinetics was monitored

kon
HSA-heme-Fe(II) + NO — HSA-heme-Fe(1I)-NO

Scheme 1.

between 340 and 460 nm. The dead-time of the rapid-mixing
stopped-flow apparatus was 1.4 ms.

Values of ks for the fast ligand-dependent process were deter-
mined from data analysis according to Eq. (1):

[HSA—heme—Fe(Il)], = [HSA—heme—Fe(II)], x e~kas*¢ (1)

Values of the second-order rate constants for NO binding to
HSA-heme-Fe(Il) (kon; see Scheme 1) were obtained, in the
absence and presence of ibuprofen and warfarin, from the depen-
dence of kops on the NO concentration (i.e., [NO]) according to Eq.
(2):

Kobs = kon x [NOJ (2)

Values of the dissociation equilibrium constant for ibuprofen
and warfarin binding to HSA-heme-Fe(Il) (i.e., K) were obtained
from the dependence of k,,, on the drug concentration (i.e., [drug]).
Values of K were determined from data analysis, according to Eq.

(3):
kon = (Ko, — Kon) — {((Kyy — ko) x [drug])/(K + [drug])} + Ko, (3)

where kj is the ko, value obtained in the absence of drugs (i.e., un-
der conditions where [drug] = 0), and kgn is the ko, value obtained in
the presence of saturating amounts of drugs (i.e., under conditions
where [drug] >> K).

Kinetic data were analyzed using the MatLab program (The
Math Works Inc., Natick, MA, USA). The results are given as mean
values of at least four experiments plus or minus the correspond-
ing standard deviation.

3. Results and discussion

In the absence of drugs, mixing of the HSA-heme-Fe(Il) and NO
solutions causes a shift of the optical absorption maximum of the
Soret band (i.e., Amax) from 418 nm (i.e., HSA-heme-Fe(Il)) to
389 nm (i.e., HSA-heme-Fe(II)-NO). In the presence of saturating
amounts of ibuprofen and warfarin (1.0 x 10~2 M), mixing of the
HSA-heme-Fe(Il) and NO solutions causes a shift of iy.x from
422 nm (i.e., drug-HSA-heme-Fe(Il)) to 418 nm (i.e., drug-HSA-
heme-Fe(I)-NO). These spectroscopic observations agree with
previous data [19,20,31,46] indicating that the heme-Fe atom of
drug-free HSA-heme-Fe(Il) and of HSA-heme-Fe(II)-NO is pre-
dominantly tetra- and penta-coordinated, respectively, whereas
the heme-Fe atom of drug-bound HSA-heme-Fe(Il) and of HSA-
heme-Fe(I[)-NO is predominantly penta- and hexa-coordinated,
respectively.

Under all the experimental conditions, the time course for NO
binding to HSA-heme-Fe(Il) is biphasic (see Fig. 1 of the Supple-
mentary Data). The fast and the slow processes account for about
80% and 20% of the total absorption amplitude, respectively.
Noticeably, the fast process displays a typical bimolecular (NO-
dependent) behavior and is affected by drug concentration. On
the other hand, the slow process is independent of the NO and drug
concentration. In this context, data were analysed in the frame-
work of the minimum mechanism reported in Scheme 1, focussing
only on the predominant fast bimolecular process.

The time course of the fast bimolecular nitrosylation process of
HSA-heme-Fe(Il), in the absence and presence of ibuprofen and
warfarin, is shown in Figs. 2 and 3 (panel A). Values of the pseu-
do-first-order rate constant for fast bimolecular nitrosylation of
HSA-heme-Fe(Il) (i.e., kobs; See Eq. (1)) are wavelength-indepen-
dent at fixed NO and drug concentration (data not shown).
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Fig. 2. Effect of ibuprofen on the HSA-heme-Fe(Il) nitrosylation. Normalized
averaged time courses of NO binding to HSA-heme-Fe(Il) in the absence and
presence of ibuprofen (A). The ibuprofen concentration was 0.0 M (trace a),
2.0x103M (trace b), and 8.0 x 107>M (trace c). The time course analysis
according to Eq. (1) allowed the determination of the following values of kops:
9.2 x 10s7! (trace a), 6.1 x 10 s~ (trace b), and 3.2 x 10s™! (trace c). The HSA-
heme-Fe(Il) concentration was 1.1 x10°*M. The NO concentration was
1.5 x 107> M. Dependence of ko, on the NO concentration in the absence and
presence of ibuprofen (B). The ibuprofen concentration was: 0.0 M (a), 2.0 x 107> M
(b), and 8.0 x 10~ M (c). The continuous lines were calculated according to Eq. (2)
with the following values of kop=6.3 x 105 M~ 's7' (a), 4.1 x 10°M~'s~! (b), and
2.1 x 10M~1s7! (c). Dependence of ko, on the ibuprofen concentration (C). The
continuous line was calculated according to Eq. (3) with the following parameters:
k=63 x10°M 's7 1, kS =4.1 x 10°M's!, and K = 3.2 x 10~ M. All data were
obtained at pH 7.0 and 20.0 °C. Where not shown, standard deviation is smaller
than the symbol. For details, see text.

Values of kqps increase linearly with the NO concentration, in
the absence and presence of ibuprofen and warfarin (Figs. 2 and
3, panel B). The analysis of data reported in Figs. 2 and 3 (panel
B) according to Eq. (2) allowed the determination of values of the
second-order rate constant for HSA-heme-Fe(Il) nitrosylation
(kon; corresponding to the slope of the linear plots). Remarkably,
the y intercept of the linear plots (corresponding to the first-order
rate constant for NO dissociation from HSA-heme-Fe(II)-NO) is
very close to zero, indicating that HSA-heme-Fe(II) nitrosylation
can be considered as an irreversible process over the time range
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Fig. 3. Effect of warfarin on the HSA-heme-Fe(ll) nitrosylation. Normalized
averaged time courses of NO binding to HSA-heme-Fe(Il) in the absence and
presence of warfarin (A). The warfarin concentration was 0.0 M (trace a),
2.0x107*M (trace b), and 1.0 x 107> M (trace c). The time course analysis
according to Eq. (1) allowed the determination of the following values of kops:
9.2 x 10" s~ (trace a), 5.5 x 10" s~ (trace b), and 2.4 x 10! s~ (trace c). The HSA-
heme-Fe(Il) concentration was 1.1 x 10°°M. The NO concentration was
1.5 x 107> M. Dependence of kg,s on the NO concentration in the absence and
presence of warfarin (B). The warfarin concentration was: 0.0 M (a), 2.0 x 104 M
(b), and 1.0 x 1073 M (c). The continuous lines were calculated according to Eq. (2)
with the following values of ko, =6.3 x 10° M~!s7! (a), 3.7 x 10 M~'s™! (b), and
1.7 x 10°M~'s7! (c). Dependence of k,, on the warfarin concentration (C). The
continuous line was calculated according to Eq. (3) with the following parameters:
K, =63x10°M"'s", k% =48 x 10°M~"s~', and K= 2.6 x 10~ M. All data were
obtained at pH 7.0 and 20.0 °C. Where not shown, standard deviation is smaller
than the symbol. For details, see text.

explored. Indeed, values of the first-order rate constant for NO
dissociation from (drug-)HSA-heme-Fe(I)-NO [40,41] are lower
than those of ks (see Figs. 2 and 3, panels B and C) by 4-6 orders
of magnitude.

Values of ko, for HSA-heme-Fe(II) nitrosylation decrease from
6.3 x 105 M~ ' s~ ! in the absence of drugs, to 4.1 x 10° M~! s™! and
4.8 x 10° M~ ' s, in the presence of saturating amounts of ibupro-
fen and warfarin, respectively. The k,, value here reported
(=6.3 x 105 M~ s71) is similar to that obtained for NO binding to
HSA-tetraphenylporphynatoiron(ll) (= 1.5 x 10’ M~! s~ 1) [47]. The
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analysis of the dependence of ko, on the drug concentration (Figs. 2
and 3, panel C), according to Eq. (3), allowed to determine values of
the dissociation equilibrium constant for ibuprofen and warfarin
binding to HSA-heme-Fe(ll) (i.e., K=3.2 x 1073 and 2.6 x 1074 M,
respectively).

However, any energy balancing analysis of thermodynamic and
kinetic parameters for HSA-heme-Fe(II)(-NO) (de)nitrosylation, in
the absence and in the presence of ibuprofen and warfarin, is im-
paired by the evidence that the coordination state of HSA-heme-
Fe(II)(-NO) is altered to a relevant extent upon drug binding. In
fact, in the absence of allosteric effectors, HSA-heme-Fe(II)-NO is
predominantly five-coordinated. In contrast, HSA-heme-Fe(II)-
NO becomes predominantly hexa-coordinated upon addition of
ibuprofen and warfarin [19,20,31].

Data reported in Figs. 2 and 3 (panel C) indicate that ibuprofen
and warfarin bind to one site of HSA-heme-Fe(Il). Warfarin binds
to one site of HSA-heme-Fe(II)-NO (K=6.2 x 107> M) [40], of
HSA-heme-Fe(lll) (K=2.1 x 107> M) [19], and of heme-free HSA
(K=3.0 x 10 M) [19] also. In contrast, ibuprofen binds to three
independent sites of HSA-heme-Fe(Il)-NO (K;=3.1x107"M,
K;=17%x10"*M, and K3=22x10>M) [41] and of HSA-
heme-Fe(Ill) (K;=8.0x 10°8M, K;=5.0x 10> M, and K;=7.7
x 10™* M) [42]. Moreover, ibuprofen binds to two sites of heme-free
HSA(K; =3.7 x 1007 Mand K> = 4.0 x 10> M)[2,33,48]. These find-
ings indicate that ibuprofen and warfarin bind to several HSA-
heme-Fe sites with different affinity. Moreover, the drug affinity
for HSA-heme-Fe depends on the redox state and the (un)ligated
form of the heme-Fe atom.

The ibuprofen primary binding cleft (i.e., Sudlow’s site II) is
formed by the FA3 and FA4 sites, the secondary binding pocket cor-
responds to FA6 [11], and the third low affinity cleft has been iden-
tified with the FA2 pocket [26,30,31,34,42]. The warfarin primary
binding site (i.e., Sudlow’s site I) corresponds to FA7 [11]. A sec-
ondary low-affinity warfarin binding pocket has been postulated
on the basis of binding experiments to recombinant HSA fragments
[49], but not characterized in full-length HSA from both structural
and functional viewpoints. By taking into account values of the dis-
sociation equilibrium constants for ibuprofen and warfarin binding
to HSA-heme-Fe(Il) observed here (ie, K=3.2x10"3 and
2.6 x 107* M, respectively), it is feasible to consider the drug
low-affinity site(s) as responsible for the observed effect
[31,33,34,41,42].

Although the low-affinity sites for ibuprofen and warfarin bind-
ing to HSA were never described by X-ray crystallography, there
are evidences from solution studies that ibuprofen binds to three
different sites, the weakest one corresponding to FA2 [31,34]. In
a similar way, warfarin binds to two different sites, the lowest
affinity one being located at the interface between domains IA
and II [49], thus corresponding to FA2. Drug binding to FA2 has
been postulated to induce a remarkable conformational change(s)
in HSA with the consequent reorientation of His146 that was sug-
gested as the putative ligand able to coordinate to the heme iron at
the sixth position [31,34]. Remarkably, His146 has been demon-
strated to be indispensable for the allosteric transition(s) of HSA
upon ligand binding to FA2 [50].

The drug-dependent decrease of k,, for NO binding to HSA-
heme-Fe(Il) (present study) could reflect the tetra- to penta-
coordination transition of the heme-Fe(ll) atom. Spectroscopic
observations here reported, i.e. the large red shift of the Soret band
upon drug binding, suggest the drug-dependent His146-Fe(Il)
coordination, which inhibits HSA-heme-Fe(Il) nitrosylation. A
similar behavior has been reported for modulation of CO binding
to oxygen carriers, such as myoglobin [51]. Remarkably, drugs im-
pair peroxynitrite scavenging by HSA-heme-Fe(Ill) by inducing
the formation of the six-coordinated His146-Fe(Ill)-Tyr161 species,
rendering unreactive the heme-Fe atom [31,42,43].

As a whole, present data reinforce the idea that HSA could be ta-
ken as the prototype of monomeric allosteric proteins. Further-
more, HSA-heme represents a unique case within heme-proteins
since allosteric effectors modulate both heme binding to HSA and
the heme-Fe atom reactivity [14,16].
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Abstract Human serum albumin (HSA), the most promi-
nent protein in plasma, is best known for its exceptional
ligand binding capacity. HSA participates in heme scav-
enging by binding the macrocycle at fatty acid site 1. In turn,
heme endows HSA with globin-like reactivity and spectro-
scopic properties. A detailed pH-dependent kinetic and
spectroscopic investigation of iron(Il) heme-HSA and of its
carbonylated form is reported here. Iron (I) heme-HSA is a
mixture of a four-coordinate intermediate-spin species
(predominant at pH 5.8 and 7.0}, a five-coordinate high-spin
form (mainly at pH 7.0), and a six-coordinate low-spin
species (predominant at pH 10.0). The acidic-to-alkaline
reversible transition reflects conformational changes leading
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to the coordination of the heme Fe(Il) atom by the His146
residue via its nitrogen atom, both in the presence and in the
absence of CO. The presence of several species accounts for
the comiplex, multiexponential kinetics observed and reflects
the very slow interconversion between the different species
observed both for CO association to the free iron(Il} heme—
HSA and for CO dissociation from CO—iron(IT) heme-HSA
as a function of pH.
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Introduction

Human sernm albumin (HSA), the most prominent protein
in plasma (approximately 7.5 x 107* M HSA), is best
known for its exceptional ligand binding capacity. Among
others, HSA appears (1) to be an important determinant of
the pharmacokinetic behavior of many drogs, (2) to
account for most of the antioxidant capacity of human
serumi, and (3) to display enzymatic properties [1-11].

HSA is a single nonglycosylated all-z chain protein, con-
stituted by 585 amino acids, containing three homologous
domains (labeled I, II, and III). Each domain consists of two
separate helical subdomains (named A, encompassing helices
hl1-h6, and B, encompassing helices h7-h10) connected by
random coils. Terminal regions of sequential domains con-
tribute to the formation of interdomain h10-h1 helices linking
subdomain IB to subdomain ITA and subdomain 1TB to sub-
domain IITA, respectively (Fig. 1) [2, 3, 10-17].

The structural organization of HSA provides a variety of
ligand binding sites (Fig. 1). According to Sudlow’s
nomenclature, bulky heterocyclic anions bind preferentially
to Sudlow’s site I (located in subdomain ITA), whereas
Sudlow’s site IT (located in subdomain ITTA) is preferred by
aromatic carboxylates with an extended conformation
(Fig. 1) [3, 11, 18-24]. Among others, HSA is able to bind
7 equiv of long-chain fatty acids (FAs) at multiple binding
sites (labeled FA1 to FA7) (Fig. 1) [11, 15, 25-28].

HSA undergoes pH- and ligand-dependent reversible
conformational transition(s). Between pH 2.7 and 4.3, HSA
assumes the fast-migrating form, characterized by an
increase in viscosity, much lower solubility, and a significant
loss of helical content. Between pH 4.3 and 8.0 and in the
absence of ligands, HSA displays the neutral form, which is
characterized by the typical heart-shaped structure. At pH
> 8.0 and in the absence of ligands, HSA exhibits the basic
form, which is characterized by a high affinity for some
ligands (e.g., heme). Ligands that bind with the highest
affinity to one of the conformational states may allosterically
modulate the HSA transition [3, 8, 20, 22, 29-32].

The FA1 binding site has been shown to be the primary
binding site of several ligands, including the heme [14, 33].
There is increasing evidence that FA1l has evolved to
selectively bind iron(Ill} heme with high affinity
(Kq ~ 1078 M) [14-16, 29, 33]. The tetrapyrrole ring is
arranged in a D-shaped cavity delimited by the Tyr138 and
Tyrl6l residues, which have a m—n stacking interaction
with the porphyrin and supply a donor oxygen (from
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Fig. 1 aHuman serum albumin (HSA} structure. The six subdomains
of HSA are colored as follows: dark green subdomain 1A, light green
subdomain 1B, blue subdomain IA, cyvan subdomain IIB, orange
subdomain ITIA, red subdomain 1IIB. The heme (red) binds to its
primary cleft in subdomain IB. Different fatty acid binding sites (from
FAIto FA7) are indicated. Helices h7-h10 are labeled. b Zoom of the
heme binding pocket. Heme (red}is bound to the cleft formed by helices
h7-h10. Residues Hisld6, Tyrl6l, and Lysl90 are shown. Atomic
coordinates are taken from Protein Data Bank entry IN5U [14]

Tyrl6l) for the heme Fe(Il) atom. The iron{IIl} heme
propionates protrude from the pocket, pointing toward the
interface between domains I and 1T and are stabilized by
salt bridges with His146 and Lys190. A weak coordination
between the iron{IIl) heme and the phenolic oxygen atom
of the Tyrlél residue (Fe—Oqyng distance 2.73 A) was
suggested by crystallography [14, 33] and further com-
firmed by resonance Raman spectroscopy [34]. Tron(I)
heme is secured to HSA by the long TA-IB connecting loop
that fits into the cleft opening [14—-16, 29, 33, 34]. In turn,
heme endows HSA with globin-like reactivity [4, 35-39]
and spectroscopic properties [22, 30-32, 34, 40-43].
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HSA is crucial for heme scavenging, providing protec-
tion against free heme oxidative damage, limiting the
access of pathogens to heme, and contributing to iron
homeostasis by recycling the heme iron. In fact, during the
first seconds after the appearance of heme in plasma, more
than 80% of this powerful oxidizer binds to high-density
lipoproteins (HDL) and low-density lipoproteing (LDL),
and only the remaining 20% binds to HSA and hemopexin.
This first kinetic effect, due to the faster heme binding rate
for HDL. and 1.DL,, is followed by a slower heme transfer to
HSA and hemopexin, which have a higher affinity for
heme. Heme binding confers on HSA globin-like spectro-
scopic and reactivity properties [11, 42, 44, 45]; in addi-
tion, HSA—heme has been reported to facilitate scavenging
of reactive nitrogen species [46, 47]. Furthermore, since the
rate of heme transfer from HDL and LDL to HSA and
hemoproteins is faster than the heme-induced lipoprotein
oxidation [§, 48, 49], the formation of HSA-heme repre-
sents a protective event, which prevents the formation of
oxidized HDL and LDL, which are the most oxidatively
intolerant plasma components. Afterwards, heme transits
from HSA to hemopexin, which releases it into hepatic
parenchymal cells after internalization of the hemopexin—
heme complex by CD9l1-receptor-mediated endocytosis.
Lastly, HSA-heme mutants have been reported to act as O,
cartiers, which may be useful as transfusion alternatives in
clinical situations [45]. Remarkably, both heme binding to
HSA and HSA-heme spectroscopic and reactivity proper-
ties are modulated competitively and allosterically, such
that HSA(—heme) could be considered as a prototypical
monomeric allosteric protein [11].

Here, a detailed spectroscopic and functional character-
ization of iron{Il) heme-HSA carbonylation in the acidic,
neutral, and alkaline pH regions is reported. To have a
substantially unique (more than 98%) heme-bound site (i.e.,
FA1l site, see Fig. 1), we employed substoichiometric
amoumnts of heme (with a heme to HSA ratio of 1:1.7). The
kinetics were investigated by a rapid-mixing stopped-flow
technique and were analyzed in parallel with CO rebinding
data obtained after laser photolysis of CO-iron(I1) heme—
HSA [50]. The data obtained indicate the presence of
multiple iron(Il) heme-HSA and CO-iron{Il) heme—HSA
conformers whose telative amounts are pH-dependent.
Indeed, iron(Il) heme-HSA is a mixture of a four-coordi-
nate intermediate-spin (4¢IS) species which is predominant
at pH 5.8 and 7.0, and which coexists with a minor five-
coordinate high-spin (5cHS) form, and a six-coordinate
low-spin (6cLS) species (predominant at pH 10.0). The
acidic-to-alkaline reversible transition reflects conforma-
tional changes leading to the coordination of the heme
Fe(Il) atom by the Hisl46 residue via its nitrogen atom,
both in the presence and in the absence of CO. Accordingly,
the presence of several species accounts for the complex,

multiexponential kinetics of iron(Il) heme-HSA carbonyl-
ation and CO-iron(Il) heme-HSA decarbonylation as a
function of pH, reflecting the very slow interconversion
between the different species. This investigation may also
have some physiopathological significance in view of the
large amount of HSA in the bloodstream and of its role as a
heme scavenger during hemolytic processes, rendering the
levels of heme—HSA relevant under these conditions.

Materials and methods
Materials

HSA (purity 96% or greater, essentially FA free) and
hemin [iron(IIT} protoporphyrin IX; iron(IIl) heme] chlo-
ride were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Gaseous CO and *CO were purchased from Rivoira
{Milan, Italy} and FluoroChem {(Hadfield, UK), respec-
tively. Sodium dithionite was obtained from Fluka Chem-
icals (Buchs, Switzerland). All other chemicals were
obtained from Merck {Darmstadt, Germany). All chemicals
were of analytical or reagent grade and were used without
further purification.

Samiple preparation

The HSA stock solution was prepared by dissolving HSA in
1.0 x 10~ M phosphate buffer at pI 7.0 to give a final
concentration of 2.0 x 107° M. The HSA concentration
was determined spectrophotometrically at 280 nmi (6550 nm =
38.2 x 10 M~ con™Y) [51]. The iron(ID) heme stock
solution was prepared by dissolving iron(ITl) heme in
1.0 x 107" M NaOH to give a final concentration of
approximately 3 x 107 M. The iron(III) heme concentra-
tion was determined spectrophotometrically at 535 nm, after
converting iron(IlT) heme to the bisimidazolate—iron({I)
heme derivative by adding 1.0 M imidazole, in sodium
dodecyl sulfate micelles (es35 nn = 14.5 x 10° M cm_l)
[52]. An appropriate amount of the iron(IIT) heme solution
was added to the HSA solution to give a final iron(IIT) heme
to HSA ratio of 1:1.7. The iron(Ill) heme—HSA concentra-
tion was determined spectrophotometrically at 404 nm
(404 am = 99.2 mM ' em ). Samples at pH 5.8 and 10.0
were prepared by diluting the iron(Ill) heme—HSA stock
solution at pH 7.0 in the appropriate 1.0 x 10~ M phos-
phate or glycine buffer, respectively, and then waiting for
1 h. Iron{IT) heme-HSA sanmiples were prepared by addition
of a freshly prepared sodium dithionite stock solution
(1.1 x 107" M) to the deoxygenated iron(Ill) heme—HSA
solution (5% v/v final concentration of sodium dithionite).
CO-iron{IT}) heme-HSA was prepared by degassing the
iron{II) heme—HS A solution by flushing it first with N,, then
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with CO or *CO and subsequently reducing the iron(III)
heme-HSA hy addition of a freshly prepared sodium
dithionite stock solution (1.1 x 107" M) (3% v/v final
concentration of sodium dithionite). The concentration of
iron{IT} heme-HSA and CO-iron{Il) heme—HSA used for
electronic absorption and resonance Raman spectroscopy
ranged between 2.0 x 10" and 1.5 x 10~ M. For kinetic
experiments, 1.0 x 107> M iron{Il) heme-HSA and CO—
iron{IT) heme—HSA sample solutions were used.

Spectroscopic characterization

Electronic absorption spectra of iron(IIT) heme-HSA, iro-
n{Il) heme—HSA, and CO-iron(Il} heme-HSA were mea-
sured with a double-beam Cary 5 spectrophotometer
(Varian, Palo Alto, CA, USA) using a 5-mm NMR tube or
a 1-mm cuvette, and a 600 nm/min scan rate. The reso-
nance Raman spectra of iron(Il) heme-HSA were obtained
using a 5-mm NMR tube and by excitation with the 413.1-
nm line of a Kr™ laser (Innova 300 C, Coherent, Santa
Clara, CA, USA) and the 441.6-nm line of a HeCd laser
(IK4121RG, Kimmon, Tokyo, Japan). Backscattered light
from a slowly rotating NMR tube was collected and
focused into a triple spectrometer (consisting of two Acton
Research SpectraPro 23001 spectrometers and a SpectraPro
25001 spectrometer in the final stage with a 1,800 or
3,600 grooves per millimeter grating) working in the sub-
tractive mode, equipped with a liquid-Ns-cooled CCD
detector. The spectral resolution of the resonance Raman
spectra cited in the figure captions is that calculated theo-
retically on the basis of the optical properties of the spec-
trometer. However, for the moderately broad experimental
resonance Raman bands observed in the present study
(approximately 10 cm "), the effective spectral resolution
will, in general, be lower. To improve the signal-to-noise
ratio, a number of spectra were accumulated and summed
only if no spectral differences were noted. To minimize the
heme Fe(ll} atom oxidation under laser irradiation, samples
at pH 5.8 were cooled by a gentle flow of N, gas passed
through liquid N,. The resonance Raman spectra were
calibrated with indene, CCl,, dimethyl suolfoxide, and
pyridine as standards to an accuracy of £=1 em™' for
intense isolated bands. Electronic absorption spectra and
resonance Raman spectra of heme—HSA derivatives were
obtained at 25 °C between pH 5.8 and 10.0.

Kinetics of CO binding to iron{Il) heme-HSA

The kinetics of CO dissociation from CO—iron(Il} heme—
HSA and of CO association to iron(Il} heme-HSA were
studied at 25 °C and between pH 4.8 and 10.5, employing a
rapid-mixing stopped-flow apparatus (Applied Photophys-
ics, Salisbury, UK) {time resolution 1 ms).

Kinetics of CO dissociation from CO—iron(II) heme—HSA

CO dissociation kinetics were studied by mixing a CO-
saturated iron(Il) heme-HSA solution [the final CO-iro-
n(Il) heme—HSA concentration was 5.0 x 10° M], in the
presence of sodium dithionite (final concentration
1.1 x 1072 M), with a degassed buffered solution con-
taining NalNO; (final concentration 5.0 x FiG=2 M) [33].

Kinerics of CO association to ivon(Il) heme—HSA

CO association kinetics were studied by mixing an unli-
ganded iron(I[}) heme-HSA solution [the final iron(IT)
heme-HSA concentration was 3.0 x 1078 M], in the
presence of sodium dithionite (final concentration
1.1 x 1072 M), with a degassed buffered solution equili-
brated with CO (the final ligand concentration ranged
between 1.5 x 107> and 5.0 x 107* M) [53].

Data analysis

Kinetic progress curves of CO dissociation from CO-iro-
n(IT) heme—HSA and of CO association to iron(Il) heme—
HSA were analyzed according to Eq. 1:

i—n
Ags =Ag+ > AA; - exp(—k 1), (1)
i—1

where A is the observed absorbance at 414 nm after a
given time interval, A, is the absorbance at ¢ = 0, n is the
number of exponentials, A4; is the absorbance change
associated with the ith exponential, ‘& is the rate constant of
the ith exponential (either CO association or CO dissoci-
ation rate constant), and £ is the time; the sign + is related
to the possibility that during the reaction the absorbance
can either increase or decrease.

The pH dependence of the ohserved rate constants was
analyzed according to Bq. 2:

Stk [ K, - [
SIS K BT
where k. 1s the rate constant (either CO association or CO
dissociation) at a given pH value, ' is the rate constant of
the ith protonated species {with % corresponding to the rate
constant of the unprotonated form at very alkaline pH
values), K, is the proton binding affinity for the #th pro-
tonated group (with K = 1), and [HT] is the proton

concentration.

The population percentage is defined at each pH value
by the relative amplitude (i.e., AA) of one exponential with
respect to the total amplitude of the kinetic progress curve
{expressed as the sum of all AA). It is expressed through
Eq. 3:

; (2)
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P = i, 3)
Zm—l AAm

where ‘P is the relative percentage of species £, m (1, 2, 3,
..., 1) is the degree of the species (or exponential) under
consideration, n is the total number of species ohserved,
and AA4; is the optical amplitude of the exponential corre-
sponding to species i.

The pH-dependent behavior of each species § was ana-
lyzed according to Eq. 4:

K- [H']
1+ K - [HY] + K - Ky - [HT]
K- K, - [HH)?
11K [HY LK Ky [HT

Pops = Py APy - + AP,

(4)

where P, is the observed percentage of each species i at a
given pH value, Py is the percentage of species i in the
unprotonated form (i.e., at very alkaline pH values), AP,
and AP; are the percentage variations of species § upon the
first and the second protonation, respectively, K; and K, are
the binding affinity equilibrivm constants for the first and
the second protonating group, respectively (such that
pK, = logk; and pK, = logKs,), and [H'] is the proton
concentration.

Results
Spectroscopic properties of iron(IT}) heme-HSA

In agreement with previous results [34, 38], the UV-—vis
spectrum of iron(IT) heme—HSA at pH 7.0 is characterized
by a broad Soret band centered at 418 nm, with two
shoulders at 405 and 424 nm, and § and & bands at 336 and
572 nm, respectively (Fig. 2a). The 413.1-nm excitation
resonance Raman spectrum (Fig. 2b), in resonance with the
Soret band at 418 nm, shows the presence of a predominant
4cIS Fe(Il) species (v, at 1,370 em ™, vy at 1,502 cm ™!, v,
at 1,580 cm ', vyp at 1,635 cm ') in equilibrium with a
5cHS Fe(Il) species (v4 at 1,358 cm ™, v3 at 1,472 em ™", v,
at 1,557 cm™ Y, vy at 1,602 cm’l). This latter form has
been proposed to correspond to a ScHS species containing
a tyrosinate (possibly Tyrl6el) [14] coordinated to the
iron(IT) heme, whereas the formation of a 4¢IS species is a
consequence of the weakness of the heme Fe(Il)-Or,, bond
[34]. A small amount of a 6¢cLS Fe(Il) species (Soret band
at 424 nm, & band at 559 nm, and v5 at 1,492 cm’l) is also
observed.

When the pH is decreased from 7.0 to 5.8, the relative
intensities of the resonance Raman bands change (Fig. 2b),
clearly indicating that the amount of the 4cIS form
increases and the amount of the 6¢LS species diminishes as

the Soret band sharpens at 424 nm (Fig. 2a); it is not clear
if any change in the amount of the ScHS species occurs. At
pH values lower than 5.8, the iron{Il) heme-HSA complex
is not stable enough for spectroscopic characterization and,
in agreement with previous findings [4], free heme was
detected.

At pH 10.0, the 6¢LS species becomes the predominant
form and the 4cIS and 5cHS species remain in trace
amounts. The UV-vis spectrum of the 6cL.S species
(Fig. 2a) resembles very closely that obtained upon com-
plexation of iron(Il) heme with 2-methylimidazole [34] as
well as that of iron(Il) Herbaspivillum seropedicae trun-
cated hemoglobin [54]. Therefore, we assign the 6cL.S
form to a iron(Il) heme coordinated to the oxygen atom of
Tyr161 and the nitrogen atom of His146. This hypothesis
agrees with our previous finding that an allosteric confor-
mational tramsition, induced by ibuprofen binding, moves
the Hisl46é residue close to the heme Fe(Ill) atom. This
residue is about 9 A from the heme iron; therefore, sig-
nificant changes in the heme cavity site can be foreseen
[34]. The crystal structure of iron{IlT) heme-HSA in the
presence of ibuprofen is not available, but a model study,
made by energy minimization of the heme structure within
the heme binding cleft of the HSA-ibuprofen complex
[24], has revealed an appreciable tilt of a-helix h10 and a
reorientation of a-helix h7 [34]. Accordingly, we suggest
that at alkaline pH the formation of the Hisl46-Fe(Il)-
Tyr161 6¢L.S species derives from a shift of a-helix h8 (as
a consequence of the tilt of @-helix h10 and of the reori-
entation of «-helix h7); this leads to a rotation of the
His146 residue toward the heme Fe(Il} atom (Fig. 1}.

Spectroscopic properties of CO—iron(Il) heme—HSA

On the basis of the findings that a conformational
change(s) occurs in iron(IT) heme—HSA upon a change in
pH [altering the ligand coordination state of iron{Il) heme—
HSA], we extended the previous study on the CO-iron(II)
heme—HSA adduct at pH 7.0 [34] to different pH values in
order to gain insight into the pH-dependent conformational
changes occurring at the heme binding site (i.e., at FA1). In
fact, heme-bound CO is a sensitive probe for investigating
distal and proximal effects on ligand binding of heme
proteins since back-donation from the heme Fe(Il) atom drx
orbitals to the CO =* orbitals is modulated by polar
interactions between the oxygen atom of the iron(Il) heme
bound CO and distal polar residues, and by a trans-ligand
effect, i.e., variations in the donor strength of the frans
ligand. As the back-donation increases, the Fe-C bond
strengthens and the CO bond weakens, thereby increasing
the wFe—CO) vibrational frequencies and decreasing the
wWCO) frequencies [55-57].
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Fig. 2 Electronic absorption (a) and resonance Raman (b) spectra of
iron{Il} heme-HSA at pH 58, 7.0, and 10.0 at 25°C. The
experimental conditions were as follows: a 600 nm/min scan rate,
b 413.1-nm excitation wavelength, 1.1-cm ! spectral resolution (pH
7.0and 5.8),3.8¢cm ! spectral resolution (pH 10.0}; at pH 5.8, 2-mW
laser power at the sample, average of 30 spectra with 120-s
integration time; at pH 7.0, 17-mW laser power at the sample,

As previously reported [34, 371, upon addition of CO to
iron(IT) heme—HSA at pH values between 5.8 and 7.0, the
electronic absorption spectrum is characterized by a sharp
Soret band centered at 416 nm and £ and & bands at 536
and 369 nm, respectively (Fig. S$1). The blueshift of the
Soret absorption band, as compared with that of the Fe(IT)—
CO complexes of heme proteins having an imidazole as the
fifth axial ligand (A, = 420 nm), has been interpreted as
a CO-iron{IT) heme adduct with a frans ligand weaker than
His, or no ligand at all [34]. At pH 10.0, the 4-nm redshift
of the Soret band (Fig. S1) strongly suggests a conforma-
tional transition which allows the weak frans CO-iron(Il)
heme ligand to be replaced by an amino acid residue
coordinating the heme Fe(Il) atom with a nitrogen atom.
Accordingly, the resonance Raman spectra of CO—iron(Il)
heme-HSA at pH 7.0 and 10.0 (Fig. 3) clearly show a
change in the relative intensity of the WFe—CO) and +(CO)
stretching modes {Table 1). At pH 10.0, the strong bands at
524 cm™' [w(Fe-CO)] and at 1,960 cm™! [wWCO)],
observed at pH 7.0 [34], decrease in intensity; concomi-
tantly, a band at 498 cm ! [W(Fe—CQ)] becomes clearly
evident. The corresponding w(CO) stretch could possibly be
assigned to the shoulder at 1,970 cm™". It must be noted
that a very weak band at 498 cm™" is also present in a very
low amount at pH 7.0. Accordingly, a change of the
excitation wavelength from 413.1 to 441.6 nm, ie., in
resonance with the Soret band at 420 nm (Fig. S1), leads to
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average of six spectra with 300-s integration time; at pH 10.0, 10-mW
laser power at the sample, average of four spectra with 120-s
integration time. The intensities are normalized to that of the v4 band.
The asterisk indicates the small amount of the iron(IIT} heme—-HSA
form due to the easy oxidation of the sample at pH 5.8. Spectra have
been shifted along the ordinate axis to allow better visualization

a substantial enhancement of the 498-cm™ ' resonance
Raman band relative to the 524-cm ' band (Fig. $2).

For a large class of CO adducts of ferrous heme proteins
and heme model compounds containing an imidazole as the
fitth heme Fe(Il}) atom axial ligand, a linear correlation
between the frequencies of the wFe-CO) and wCO)
stretching modes has been found. The correlation plots
have a negative slope and depend on the extent of = back-
bonding. Furthermore, since Fe—CO back-bonding is also
modulated by variations in the donor strength of the frans
axial ligand, changes in the frans ligand donor strength
shift the correlation line and give rise to parallel lines at
higher or lower positions in the correlation plot [55-57].

In the inset in Fig. 3, a plot of the w{Fe—CO) and wCO)
frequencies for CO adducts of a variety of ferrous heme
proteins and heme model compounds having either a His
residue as the fifth axial ligand or a weaker/absent frans
ligand is shown [57]. The w(Fe—CO) stretching mode at
524 cm™* and the ¥(CO) stretch at 1,960 cm ™! of the CO—
iron(IT) heme-HS A complex at pH 7.0 are located above the
His line of the v(Fe—CO)/w(CQO) back-bonding correlation,
since the proximal ligand is either weak [35] or absent [36].
This result is consistent with the presence of a Tyrresidue as
the axial ligand. However, the correlation plot cannot
effectively separate a five-coordinate CO-iron{Il) heme
system from a six-coordinate species with a weak proximal
ligand, such as water or Tyr [57, 58]. The v(Fe—COYv(CO)
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Fig. 3 Resonance Raman spectra of CO-iron(Il) heme-HSA at pH
7.0 and 10.0, at 25 °C. The experimental conditions were as follows:
413.1-mm excitation wavelength; 1- and 3.3-cm ! spectral resolution
for the low-frequency and high-frequency regions, respectively; at pH
7.0, 15-mW laser power at the sample, average of 32 spectra with
140-s integration time (low-frequency region), average of three
spectra with 600-s integration time (high-frequency region}); at pH
10.0, 2-mW laser power at the sample, average of six spectra with
1,500-s integration time (low-frequency region), average of eight
spectra with 600-s integration time (high-frequency region). The
intensities are normalized to that of the v4 band (not shown). Spectra

stretch values of the alkaline form at pH 10.0 fall on the His
WFe—-COYwWCO) back-bonding correlation line (Fig. 3},
closer to the values of the iron{I1) heme—HSA complex in the
presence of 2-methylimidazole or ibuprofen, in which the
trans axial ligand is an imidazole or His, respectively [34].
These data confirm that at alkaline pH a major conforma-
tional change(s) occurs in the heme pocket of CO-iron(IT)
heme—HSA, allowing the His146 residue to coordinate the
heme Fe(IT) atom via its nitrogen atom, both in the presence
and in the absence of CO.

Kinetics of CO binding to iron{Il) heme-HSA
Kinetics of CO dissociation from CO—iron(II) heme—HSA

Figure 83 shows the time course of CO dissociation from
CO—iron(Il) heme—HSA upon replacement of CO with NO

have been shifted along the ordinate axis to allow better visualization.
The inset shows the correlation plot of the v{Fe—CO) versus v(CO)
frequencies observed in the CO complexes of iron(ll) heme-HSA
under various experimental conditions. The lower line indicates the
back-bonding correlation line for six-coordinate CO-heme proteins
with imidazole as the sixth ligand [57]. The upper line represents five-
coordinate, with no #rans intemal axial ligand, or six-coordinate
iron(IT} carbonylated heme proteins with weak frans internal axial
ligands. Data and references are given in Table 1. The respective
trans ligands are shown. 2—-Melm: 2-methylimidazole

at two widely different pH wvalues, namely, pH 4.8
(Fig. 83a) and pH 10.0 (Fig. S3b), followed by cbservation
of the absorbance changes at 414 nm. At pH < 7.0 this
reaction can be described by Eq. 1 with three exponentials
(i.e., n = 3, see Fig. 83a), whereas at alkaline pH only two
exponentials are required (i.e., » = 2, see Fig. 83b). This
indicates that two or three CO—iron(Il) heme—HSA species
are present at the respective pH values, and they inter-
change very slowly. The pH dependence of the CO dis-
sociation rate constants, corresponding to the various
exponentials, is reported in Fig. 4a. Tt displays a proton-
linked behavior for the two faster exponentials, character-
ized by the two pK, values reported in Table 2. On the
other hand, the complex behavior observed for the relative
percentage of absorption amplitudes of different exponen-
tials (see Fig. 4b) clearly indicates that the two main
exponentials refer to two pH-dependent structural
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Table 1 Vibrational frequencies (cm 1) of the Fe(I-CO stretching modes in the CO adducts of selected iron porphyrins and heme proteins

Protein wFe—CO) v(CO) Axial ligation Reference
6c CO complexes with a weak zrans ligand or 5¢ complexes with no ligand
Iron(Il) heme-HSA + ibuprofen 525 (519) 1,962 (1,924) CO-Fe [34]
Iron(II) heme-HSA + 2-Meln 524 (520) 1,960 (1,912) CO-Fe-Oqy [34]
Tron(ITy heme—HSA (pH 7.0} 524 (5200 1,960 (1,812} CO-Fe-Ory, [34]
HasAgqy 532 (523) 1,954 (1,805} CO-Fe-Ory [63]
Human HO-1 (H25Y) 528 (524) 1,962 (1,917) CO-Fe-OH, [64]
Iron(ll) heme—CO in PBS (pH 6.9} 525 1,962 CO-Fe [34]
Sperm whale Mb (pH 2.6} 526 CO-Fe-OH, [65]
6c CO complexes with imidazole frans ligand and apolar distal environment
Iron(II) heme—HSA (pH 10.0} 498 (484 1,970 (1,927) CO-Fe—Ny, This work
Iron(II) heme-HSA + ibuprofen 494 (488) 1,967 (1,924 [34]
Iron(Il) heme-HS8A + 2-Meln 496 (452) 1,960 (1,912) CO-Fe—Ny;, [34]
Fe(PPDME }(Im) 495 1,960 CO-Fe—Nyy, [66]
Sperm whale Mb
pH 4.1 488 1,967 CO-—FeNy;, [65]
pH 2.6 491 CO-Fe—Ny, [67]

The frequencies obtained with B3O are given in parentheses

6c six coordinate, 5¢ five coordinate, HSA human serum albumin, 2-Mefm 2-methylimidazole, HasAgy, hemophore HasA from Serratia
marcenscens, HO-1 heme oxygenase 1, PBS phosphate-buffered saline, Mb myoglobin, PPDME protoporphyrin IX dimethyl ester, fm imidazole

arrangements of CO—iron(IT) heme-HSA. The resulting
pK, values are reported in Table 2. The third exponential,
which is always less than 10% of the total amplitude, is
characterized by a very slow pH-independent rate (see
Fig. 4a) that disappears at pH > 7.0. This suggests that it
possibly corresponds to CO dissociation from aggregated
free heme (also detected by the spectroscopic analysis, see
earlier).

Kinerics of CO association fo iron{Il) heme-HSA

Figure S4 shows the time course of CO binding to iron(Il)
heme-HSA at two widely different pH values, namely, pH
4.8 (Fig. S84a) and pH 10.0 (Fig. S4b), followed by the
observation of absorbance changes at 414 nm. At both pH
values, CO binding to iron(Il} heme—HSA is characterized
by a multiexponential behavior, suggesting the existence of
several structural arrangements of the heme pocket that
likely interchange at a rate much slower than CO binding.
This latter feature is supported by the experimental evi-
dence that a pH jump of iron(Il) herme—HSA from pH 7.0 to
either pH 5.2 or pH 9.1 displays a very slow rate (see Fig.
S5) for the pH-linked conformational change(s), indicating
that this process is characterized by a rate j < 1077 s74
Therefore, the CO hinding kinetic progress curve repre-
sents a “snapshot” of the different CO-binding iron(II)
heme—HSA species present in the reaction mixture. As a
consequence, the amiplitude of the exponentials describing
the time courses reflects the relative percentage of iron(IT)

heme-HSA species, such that the percentage of each spe-
cies i (i.e., P;) at a given pH value and CO concentration
can be quantified according to Eq. 3.

Figure S4 shows the markedly different kinetic pattern
of iron{IT) heme—HSA carbonylation at pH 4.8 and 10.0. At
pH 4.8 (Fig. S4a) we observe only a small percentage of
the fast CO-binding iron(IT) heme—HSA species, followed
by a much larger amount of a slow reacting formds).
Conversely, at pH 10.0 (Fig. $4b), the amount of the iro-
n{IT) heme—HS A species which reacts fast with CO is much
greater than the amount of the slow reacting form(s). In
particular, according to Eq. 1 the analysis of the CO
hinding kinetics at 414 nm indicates that at pH < 7.0 (at
least) four exponentials (i.e., n = 4) are required to fit the
progress curves, whereas at pH > 7.0, three exponentials
(i.e., n = 3) may be sufficient.

The analysis of individual kinetic progress curves at
various CO concentrations and pH values allowed us to
characterize the CO dependence and the proton linkage of
all CO hinding rates. This first step of data analysis is
reported in Fig. 5 for three representative pH walues,
namely, pH 4.8 (Fig. 5a), pH 7.0, (Fig. 5b), and pH 10.0
(Fig. 5¢). The rate of the first exponential is always
dependent on the CO concentration (see Fig. 5), indicating
that it refers to CO binding to a species where either the
heme Fe(lI} atom is five coordinate or the endogenous
coordinating ligand dissociates at a rate much faster than
the pseudo-first-order rate of CO binding. Therefore, this
process can be analyzed by employing Eq. 5 [33]:
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Fig. 4 pH dependence of CO dissociation rates from CO—iron(IT)
heme—HSA, at 25.0 °C. (a} pH dependence of the CO dissociation
rate constants for species 1 (open circles), 2 (crosses), and 3
{asterisks). The lines were obtained by the nonlinear least-squares
fitting of data, according to Eq. 2; values of pK, are reported in
Table 2. (b} pH dependence of the percentage of CO—iron(I) heme—
HSA populations as derved from the percentage of different
exponentials. The lines were obtained by the nonlinear least-squares
fitting of data, according to Eq. 4; values of pK, are reported in
Table 2. The attribution of rate constants was based on the
corresponding percentage of populations

kobs - kon - [CO] +k0ff) (5)

where kg, is the observed rate constant at a given CO
concentration, k,, is the second-order CO association rate
constant, and k. is the first-order CO dissociation rate
constant. The continuous lines in Fig. 5 refer to the non-
linear least-squares fitting of data according to Eq. 5 for
iron(IT) heme-HSA carbonylation at pH 4.8 (Fig. 5a), pH
7.0 (Fig. 5b), and pH 10.0 (Fig. 5¢). We conducted the
analysis by imposing one of the k.4 values obtained from
direct measurements of CO dissociation; the best fit
(reported in Fig. 5) was obtained by employing greater

Table 2 Values of pK7 and pK; for the pH dependence of CO—iro-
n(ITy heme—HSA species (calculated according to Eq. 4) and of the
kinetics of CO dissociation from CO—iron(IT) heme—HSA (ie., ko
obtained by NO replacement experiments and calculated according to
Eq. 2}

pK; pK;

CO-iron(IIl) heme-HSA species (see Fig. 4b)

1 839+02 6.6+ 0.2
2 89+02 6.6 + 0.2
3 6802

Rate constants for CO dissociation from CO-iron(IT} heme—HSA
species (see Fig. 4a)

1 85402
2 82402

63 4+ 02
55402

valuess (see Fig. 4a) obtained from the direct measurement
for kg at the corresponding pH value.

The second exponential displays a peculiar behavior,
since its value depends on CO at low ligand concentration
and levels off at high CO concentrations, indicating the
existence of a rate-limiting step (see Fig. 5). This feature
suggests that this CO binding process concerns a form
characterized by an hexacoordinating ligand which must be
displaced to permit CO binding to iron(Il} heme—HSA,
according to Scheme 1 [39]:

L—Fe(]I)—heme—HSAt%»Fe(]I)—heme—HSA +L+CO %CO—Fe(H)—heme—HSA
L s

Scheme 1 Reaction scheme for the process characterized by a rate-
limiting step

where L-Fe(Il)-heme-HSA is the 6cl.S species, Fe(II)-
heme—HSA is the 5cHS species, CO—Fe(Il}-heme—HSA is
the CO-bound species, k_ 1, is the rate comnstant for the
dissociation of the six-coordinate internal ligand, & is the
rate for the association of the hexacoordinating internal
ligand, which competes with the association rate constant
for CO binding (.e., k), and k. is the CO dissociation
rate constant. According to Scheme 1, the observed rate
constant k., corresponds to Eq. 6a:

k—L i kon ) [CO] i+ koff i k+L

Kobs = 6

obs kﬂﬁ i [CO] +k+L ( a)
Whenever k., [CO] < k1, Eq. 6a reduces to Eq. 6b:

k_1 - kon - |CO
o B O (6b)
kin
Whenever k.,[CO] - k1, Eq. 6a reduces to Eq. 6c:
kofr - ky1

kops = k_1, + ————, 6

b L +k0n ) (6c)

which is essentially independent of CO concentration. It is
important to underline that only k_; and k. are defined
mequivocally by the application of Egs. 6a, 6b, and 6c.
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Fig. 5 CO concentration dependence of the observed carbonylation b

rate constants of iron(Il) heme-HSA at pH 4.8 (a}, 7.0 (b), and 10.0
(c), at 25.0 °C. The continuous lines were obtained by the nonlinear
least-squares fitting of data to species 1 according to Eq. 5 [giving k.,
of 6.1(08) x 10°M 's YatpH 4.3, 42(+06) x 10°M 5 lat
pH 7.0, and 1.3(£0.3) x 107 M s !at pH 10.0]. The dashed Lnes
were obtained by the nonlinear least-squares fitting of data to species
2 according to Eq. 6a. The rate constants referring to species 3 and 4
are CO-independent

These equations also allowed the parameter ko./k 1, to be
determined, representing the binding competition between
CO and the hexacoordinating internal ligand for the heme
Fe(Il) atom [59].

The CO dependence of the second exponential suggests
that it refers to an iron{Il}) heme—HSA species where the
hexacoordinating internal ligand dissociates and reassoci-
ates fast enough to show a CO dependence of the carbonyl-
ation rate at low CO concentrations, but it becomes
CO-independent at high CO concentrations (see Fig. 5). This
feature suggests that for this species ko, [CO] = ki, such
that at lower CO concentrations k,[CO] < k1 (i.e., the
system follows the behavior indicated by Eq. 6b), whereas at
high CO concentrations k&,,[CO] > ky; (ie., the system is
described by Eq. 6¢). The dashed lines in Fig. 5 correspond
to the nonlinear least-squares fitting of data for the second
exponential according to Eqgs. 6a, 6b, and 6c. In this case the
best fit (reported in Fig. 5) was obtained by employing the
smaller values of k. obtained from the direct measurement
ofthis parameter at the corresponding pH value (see Fig. 4a).

The rate(s) of the third and fourth (when present)
exponential(s) is (are) always independent of the CO
concentration (see Fig. 5). Also in these cases Scheme 1
can be applied; however, the CO independence of the rate
constants over the whole concentration range investigated
clearly indicates that these processes refer instead to hex-
acoordinating species which dissociate and reassociate
with a much smaller rate constant, s0 k.,[CO] is always
much greater than both &,y and & ;.

Additional information can be obtained from the anal-
ysis of the CO dependence of the optical absorption
amplitudes of CO-iron(IT) heme-HSA species, since they
should refer to the CO binding equilibrium between dif-
ferent species. Obviously, in the case of the simple binding
process, as for the first exponential (see Eq. 5), the CO
dependence is related to the intrinsic CO affinity equilib-

rium constant K¢ (which is equal to M@)_ On the other

Kot
hand, for the other exponentials, where Scheme 1 must be

applied, the CO dependence refers instead to the observed
CO affinity equilibrium constant K., (which is equal to

EikeX|CD). Loy which represents the ratio between the
Fyp Ko K

intrinsic CO affinity equilibrium constant Kqn and the
affinity equilibrium constant for the hexacoordinating

internal ligand K; (which is equal to %}.

1og (Kobs, 5')

lOg (kolm S-')

IOg (kohn s'l)

5 4

10 10
[CO]

Figure S6 displays the CO dependence of the optical
absorption amplitudes of various species at three indicative
pH values, namely, pH 4.8 (Fig. S6a), pH 7.0 (Fig. S6b),
and pH 10.0 (Fig. Séc). It is immediately evident that
the values of the amplitudes of the first exponential are
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Fig. 6 pH dependence of unligated iron(Il) heme-HSA and CO-
iron{Il} heme-HSA populations. (a) pH dependence of the percentage
of unligated iron(IT) heme—HSA as derived from the percentage of
different exponentials. The lines were obtained by the nonlinear least-
squares fitting of data, according to Eq. 4; the pK, values are reported
in Table 3. The assignment of species 1 to 4 is given in the text.
(b} pH dependence of the CO association rate constants for species 1.
The line was obtained by the nonlinear least-squares fitting of data,
according to Eq. 2; the pK, values are reported in Table 3. (c) pH
dependence of the rate-limiting-step kinetic constant & | (see Eq. 6c).
The line was obtained by the nonlinear least-squares fitting of data,
according to Eq. 2; the pK, values are reported in Table 3

CO-independent at all the pH values investigated over the
CO concentration range between 1.5 x 107 and
5.0 x 107" M, indicating that CO affinity is high enough
to completely saturate all the five-coordinate heme species
even at the lowest CO concentration. The same holds for
the intermediate species and only the slowest CO binding
forms {(corresponding to the fourth exponential at pH < 7.0
and to the third exponential at pH > 7.0) are CO-con-
centration-dependent (see Fig. S6). The requirement of
higher CO concentrations for the formation of the CO-
iron{IT) heme-HSA adduct indeed suggests a fairly high
affinity for the hexacoordinating endogenous ligand (thus
efficiently competing with CO). This feature, which pos-
sibly indicates the occurrence of different endogenous
hexacoordinating ligands, was analyzed according to
Eq. S1.

In this way, we obtained the value of AA, for the
species that displays a CO dependence of the optical
absorption amplitudes (for the CO-independent species the
experimental values already correspond to their respective
AAyye). Therefore, applying Eq. 3 (where each A; = Ady,
for a given form 1), we calculated the pH dependence of the
species distribution (Fig. 6a). The inspection of Fig. 6a
allowed us to highlight that (1) the population percentage
characterized by the first exponential (i.e., 5cHS) increases
markedly from pH 4.8 to pH 7.0, then decreases somewhat
going from pH 7.0 to pH 10.0; (2) the percentage of the
species characterized by the second exponential (about
10% of the total population) seems to remain fairly con-
stant over the whole pH range investigated; (3) the per-
centage of the species characterized by the third
exponential decreases upon raising the pH from 4.8 to 7.0,
and eventually becomes too small to be detected at pH
> 7.0; (4) the percentage of the slowest CO binding form
{corresponding to the fourth exponential at pH < 7.0 and to
the third exponential at pH >7.0) decreases markedly on
increasing the pH from 4.8 to pH 7.0 (in a fashion inversely
mirroring the behavior of the ScHS species), then slightly
increases between pH 7.0 and pH 10.0. The pH-dependent
behavior of each species, [, was analyzed according to
Eq. 4.

0.7 P ; [y~
0.6 N
0.5 \ f

0.4 A
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Figure 6b and ¢ shows the pH dependence of the rate
constants for CO binding to iron(IT) heme-HSA; the data
were analyzed according to Eq. 2. In particular, for the first
exponential we indicate the pH dependence of the bimo-
lecular rate constant for CO binding to the 5cHS species
(see Fig. 6b), whereas for the second exponential we
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Fig. 7 The heme iron coordination of the iron(Il} heme-HSA (fop)
and CO-iron(Il) heme-HSA (bottom) species. Bottom the (Fez+—C0)
and (CO—Fe“—Tyr) species camnot be distinguished by resonance
Raman spectroscopy. 4ciS four-coordinate intermediate spin, ScHS
five-coordinate high spin, 6¢LS six-coordinate low spin

indicate the pH dependence of the rate-limiting values
corresponding to k_; (see above) (see Fig. 6c). All the pK,
values are reported in Table 2.

Discussion

In iron{II) heme—HSA the presence of many pH-dependent
differently coordinated species (see Figs 2, 3} represents a
complex scenario. In fact, the pH-dependent kinetics for
CO dissociation from the CO-iron(IT) heme-HSA complex
and the CO binding to iron(Il) heme-HSA appears quite
complex, displaying several exponentials, whose percent-
age contribution to the total optical density change varies
with pH (see Figs 4b, 6a). This feature, which reflects the
very slow interconversion rates between the different spe-
cies (see Fig. 85), mirrors the exchange of the axial coor-
dination, which takes place at different pH values, as
illustrated in Fig. 7.

The unliganded and the CO-iron(IT) heme-HSA forms
show a different pH-dependent transition between different
coordination geometries, as demonstrated by the comparison
between Figs. 4b and 6a and from the different pK, values
(see Tables 2, 3). Therefore, upon CO binding at different
pH values, the different axial coordination likely contributes
to the kinetic behavior observed. Thus, we cannot rule out
that one of the kinetic patterns corresponding to the slowest
CO-independent exponentials indeed reflects a change in the
coordinating residue rather than CO binding.

Table 3 Values of pK; and pX; for the pH-dependence of iron(IT)
heme—HSA species (as calculated according to Eq. 4), of the kinetics
of CO binding to five-coordinate high-spin (5¢HS) iron(IT) heme—
HSA (i.e., kyy, as caleulated according to Eq. 2), and of the kinetics of
dissociation of the weakly bound endogenous ligand from species 2
(i.e., k 1, as calculated from Eq. 2)

Ky 163

Tron(IT) heme—-HSA species (see Fig. 6a)

1 81=+02 6.0+ 0.2
2 6.2£02 554+02
3 6.9 £02 56102
4 81+02 61+02

Kinetics of CO binding to 5¢HS iron(IT} heme-HSA species (see
Fig. &b}

Foa M Ys D 88+ 02 58402

Kinetics of dissociation of the weakly bound endogenous ligand from
species 2 of iron(1l} heme-HSA (see Fig. 6c)

PG 55402 68402

Focusing on the CO-bound forms, the increase in pH
brings about the progressive decrease of the fastest CO-
dissociating form and the appearance of a slower transition
characterized by two pK, values (6.6 == 0.2 and 8.9 £ 0.2)
(see Fig. 4b; Table 2). These two pK, values might corre-
spond to (1) a transition (characterized by pK, = 6.6 + (.2)
between a CO-bound five-coordinate form [without an
internal frans axial ligand, indicated as 5cHS(2) in Fig. 7]
and a CO-bound six-coordinate form [i.e., the 6c1.5(2) form
in Fig. 7], where the frans axial ligand is Tyrl6l (this
transition is silent in resonance Raman spectroscopy); and
(2) a transition {characterized by pK, = 8.9 £+ 0.2) between
the 6¢L.S5(2) species and another CO-bound six-coordinate
form where the frans axial ligand is His146 [6cLS(3) spe-
cies, Fig. 7]. The first pK, value could be attributed to the
deprotonation of the Tyr161 phenolic group that is strongly
polarized by the proximity of the iron atom, whereas the
second constant is associated with the neutral-to-basic
conformational transition [34]. In this case, a dramatic
reorientation of the h8 helix could induce the His146 side
chain to protrude into the heme cavity frans to Tyrl61. This
reorientation leads to two different 6¢cLS species, namely,
(1) the 6¢LS(3) species in the CO-bound form where His146
coordinates Fe(Il) axially and CO replaces Tyr161, and (2)
the 6¢LS(1) form (Fig. 7) in the iron(Il} heme—HSA com-
plex where both His146 and Tyr161 are axially coordinated
to Fe(Il). Therefore, if the second transition corresponds to
the substitution of Tyr161 by Hisl46 as a rrans axial coor-
dinating residue, the corresponding pK, value (which cannot
be attributed to the protonation/deprotonation of a His) must
refer to the protonation of another residue(s) involved in the
modulation of iron{Il} heme coordination and in the neutral-
to-basic transition {(e.g., Lys190 and/or Argll4). In this
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respect, it is interesting to underline that the substitution of
Lys190 by Arg eliminates the heterogeneity of CO rebind-
ing after photolysis to iron{I) heme-HSA [39], clearly
indicating that Lys190 plays a major role in the conforma-
tion of the heme inside the FA1 site through its interaction
with heme propionates. A third exponential is observed at
pH < 8.0 (see Fig. 4b) and is likely related to the presence
of aggregated free CO-bound iron(Il) heme, whose disso-
ciation is very slow and pH-independent (see Fig. 4a).

In the case of the CO reaction with iron(IT) heme-HSA,
the predominance at low pH values of a very slow CO-
independent binding process (Fig. 6a) indicates that either
(1) the CO access to the heme pocket of the 4¢IS species is
very difficult, possibly impaired by a high energy barrier
which can be overcome at a very slow rate, or (2) bimo-
lecular CO binding to the 4cIS species (which is very fast,
see Fig. 6b) initially leads to a five-coordinate CO-bound
species [i.e., ScHS(2) species in Fig. 7], followed by a very
slow process (likely characterized by a large conforma-
tional change) involving the binding of an endogenous
axial ligand frans to the CO in the 5cHS(2) form. The final
form is, therefore, a 6cLS species, whose axial ligand is
likely a Tyr residue [i.e., the 6cLS(2) species in Fig. 7].
These two species cannot be distinguished by resonance
Raman spectroscopy.

As the pH is raised above 6.0, the species characterized
by a bimolecular CO-dependent binding process becomes
predominant. This form likely corresponds to the ScHS(1)
species (Fig. 7), where Tyrl6l is the iron(Il) heme axial
ligand, as suggested by resonance Raman spectroscopy (see
Fig. 2) and the relatively high pK, values of the transitions
(i.e., pK, = 6.0 £ 0.2 for process 1 and pK, = 6.1 + 0.2
for process 4; see Fig. 6a, Table 3). In other words, this
process should mirror the progressive predominance of
species ScHS(1) (Fig. 7), which simply reacts with CO,
giving rise to the 6¢L.S(2) form (Fig. 7) without forming an
intermediate. The fast bimolecular rate constant suggests
the presence of a weak proximal bond in the 5¢cHS(1) spe-
cies, compatible with the Fe(II}-Oyr161 bond (Fig. 7). This
bimolecular rate constant is somewhat smaller than that at
pH < 5.5 (see Fig. 6b), which corresponds to the reaction of
CO with the 4¢IS form to give the ScHS(2) species (see
Fig. 7). It is important to underline that CO bhinding at pH
7.0 to site-directed mutants of iron(1l) heme-HSA, where
Tyrl6l had been substituted by either Leu or Phe [45]
displays only small differences for the bimolecular rate
constant of species 1 with respect to our wild type [ie.,
Yeow = 4.2(+0.6) x 10° M 's7! for the wild type,
whereas "kon = 2.0(£0.3) x 10° M ' 57! for the double
mutant [142H/Y161L and *k,, = 6.8(=0.8) x 10° M~ s7*
for the double mutant T142H/Y 161F]. Although some cau-
tion is required for comparison with these double mutants,
since the presence of Hisl42 might lead to an alternative

axial coordination of the heme with His142, this result
seems to indicate that the removal of Tyr161 does not bring
about any dramatic alteration of the bimolecular CO bind-
ing process.

The behavior of species 2 (Fig. 6a), which amounts to
about 10% of the total iron(I} heme—HSA molecules, is
characterized by a CO-dependent rate constant at low CO
concentrations, which becomes ndependent of CO at
higher ligand concentrations. The occurrence of a rate-
limiting step suggests that CO hinding displaces an
endogenous ligand that is coordinated in the unliganded
form, but this ligand dissociates at a rate similar to that of
the pseudo-first-order CO hinding rate; thus, the cbserva-
tion of the rate-limiting step depends on the CO concen-
tration. The rate-limiting constant shows a slight increase as
the pH is lowered from 10.0 to 6.0, but a marked decrease as
the pH is lowered further (Fig. 6c¢). The resulting pK, values
(see Table 3 for CO binding to species 2) indicate that the
rate-limiting constant is somewhat increased owing to the
protonation of a group characterized by pK, = 5.5 £ 0.2,
but the effect is overwhelmed by a remarkable decrease due
to the protonation of a group with pK, = 6.8 £ 0.2.
Therefore, species 2 may correspond to the 6¢cLS(1) form
(Fig. 7), the axial ligands being His146 and Tyr161, and the
rate-limiting step for CO binding to iron(IT) heme-HSA at
alkaline pH should correspond to the dissociation of
Tyr161. This being the case, the relatively fast dissociation
rate of this endogenous axial ligand at alkaline pH suggests
that this Tyr residue (ie., Tyrl6l) is a weakly bound axial
ligand. The rate-limiting constant then slightly increases at
lower pH (Fig. 6c) owing to the easier protonation of
Tyrl6l {possibly characterized by pK, = 5.5 & 0.2); at pH
< 6.5 a different rate-limiting step for CO binding becomes
predominant, resulting in a much slower rate for the dis-
placement of the internal ligand.

Finally, the two very small CO-independent rate con-
stants are much less interesting. Species 3 (Fig. 6a) likely
corresponds to free iron(Il) heme (detected by resonance
Raman spectroscopy). It binds CO very slowly and its CO-
independent rate constant is limited by the dissociation of
the stacked hemes. The other slow process (species 4 in
Fig. 6a), whose population depends on pH in a fashion
inversely mirroring that of species 1, is probably due to a
slow process involving the substitution of the axial coor-
dinating ligand. Upon CO binding, species 6¢LS(2} con-
verts to the 6cl.S(3) form (see above). Therefore, as in
mliganded iron(Il) heme-HSA, an increase of pH brings
about an increase of the population of the 5cHS(1) species
at the expense of the 4cIS state. Similarly, following CO
binding, a change from the 6¢LS(2) to the 6¢LS(3) species
is observed (see Fig. 7).

In conclusion, the kinetics of CO dissociation from
CO-iron{IT} heme-HSA and CO association to iron(II)
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heme-HSA clearly reveal a complex network of ligand-
linked interactions between the heme and the neighboring
residues of the FA1 site. Moreover, many residues must be
called into play to regulate the access and exit pathways of
diatomic ligands (such as CO) to this site and to participate
in the stabilization of the axial coordination of the heme
and, thus, of its reactivity with the ligand(s). In addition,
the growing importance of the diatomic ligand CO as a gas
transducer involved in the signaling related to reactive
oxygen species [60] renders these kinetic investigations of
physiopathological relevance. Thus, the role played by
heme-HSA in the detoxification process is significantly
enhanced by the fact that the amount of heme-HSA
increases significantly under pathological conditions [9, 10,
61, 62] owing to the function of HSA as a heme scavenger
from HDL and LDL, impairing their oxidation [8, 48, 49].

Furthermore, this behavior, which underlies the occur-
rence of multiple conformations of iron(IT) heme-HSA,
may have great impact on the function of heme—HSA as a
metabolite and drug transporter, since this proton-linked
modulation is reflected in its capability of interacting with
molecules circulating in the bloodstream, as previously
demonstrated [3, 8, 20, 22, 29-32]. Therefore, HSA, not
only acting as a heme carrier but also displaying transient
heme-based properties, represents a case for “chronosteric
effects™ [62], which opens the scenario toward the possi-
bility of a time- and metabolite-dependent multiplicity of
roles for HSA.
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9. Conclusion and Perspectives

The allosteric modulation of reactivity and ligand binding
properties of HSA 1is relevant from both physiological and
pathological viewpoints [1]. Indeed, both heme binding to HSA
and heme-based reactivity of HSA-heme-Fe are modulated by
endogenous and exogenous ligands [1-5].

Endogenous and exogenous ligands affect heme binding
to the FA1 site by competitive inhibition. Moreover, FAs and
drugs impair allosterically heme binding to the FA1l site by
association to the FA2, FA6, and FA7 (i.e., Sudlow’s site I) clefts
[1-5].

The modulation of heme binding to HSA by drugs is
pivotal in the pharmacological therapy management. Indeed, the
increase of the heme plasma level under pathological conditions
(reaching ca. 4x10~ M [6,7]), such as severe hemolytic anemia,
crash syndrome, and post-ischemic reperfusion, could induce the
release of HSA-bound endogenous and exogenous ligands (e.g.,
metabolites and drugs) increasing their bio-availability, with the
concomitant intoxication of the patient. As expected, the toxic
plasma heme concentration could increase in patients after drug
administration. Indeed, accounting for both the affinity constants
of drug binding to HSA and to HSA-heme-Fe, and the plasma
levels of drugs bound to FA7 (and even to other functionally
linked sites FA2 and FAG6), the molar fraction of the drug-bound
HSA could decrease from 50-90% to 10-50% in the presence of
specific ligands [1,2,5,8-10].

HSA-heme-Fe displays globin-like reactivity and
spectroscopic properties. In particular, both HSA-heme-Fe(I) and
HSA-heme-Fe(III) species bind NO [11-14]. Moreover, NO
facilitates the reduction of the heme-Fe(Ill) atom with the
concomitant formation of the HSA-heme-Fe(II)-NO species [13].
Furthermore, HSA-heme-Fe(II) undergoes reversible
carbonylation [15]. On the other hand, HSA-heme-Fe(II) does not
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undergo oxygenation since the heme-Fe(Il)-atom is oxidized by
0O, [16].

Both endogenous and exogenous ligands modulate the
heme-Fe-based reactivity of HSA-heme-Fe [5]. Indeed, drug
binding to the FA7 primary site (i.e., Sudlow’s site I) and to the
FA2 and FAG6 clefts inhibits allosterically both HSA-heme-Fe(II)
nitrosylation and denitrosylation process [11,12,14]. Moreover,
drug (i.e., ibuprofen and warfarin) binding to HSA-heme-Fe
impair allosterically the detoxification of reactive nitrogen and
oxygen species (i.e., NO and peroxynitrite) [17-20].

Drug-dependent modulation of HSA-heme-Fe-based
scavenging of reactive nitrogen and oxygen species could be
relevant under physiological and pathological conditions
[1,21,22].  HSA-heme-Fe(IIl) displays  scavenging and
detoxification functions by facilitating the conversion of NO to
NO, and NO; and the isomerization of peroxynitrite to NO;
[17-20]. HSA-heme-Fe(Ill) also exhibits weak peroxidase and
catalase activity, participating to the anti-oxidative homeostasis of
the blood which contains little enzymes having related functions
[23].

Remarkably, NO and peroxynitrite scavenging by HSA-
heme-Fe could occur in patients affected with a variety of severe
hematologic diseases characterized by massive intravascular
hemolysis, and displaying high HSA-heme-Fe plasmatic levels
[6,7]. Although the in vivo concentration of NO and peroxynitrite
is openly debated, their levels have been reported to be much
higher than micromolar concentration, at least over brief periods
of time (see [18]). Moreover, the plasma level of prototypical
drugs ibuprofen and warfarin is ca. 10° to 10™* M (see [18]).
Remarkably, concentrations of HSA-heme-Fe, reactive nitrogen
species, and drugs used for in vitro studies overlap levels
observed in vivo (see [1]).

The ligand- (e.g., FA- and drug-) dependent
conformational changes of HSA(-heme-Fe) are at the root of
allosteric properties. The reversible N-to-B allosteric transition of
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HSA is pivotal for binding, transport, and release at the disposal
sites of endogenous and exogenous ligands. Ligand binding to the
FA7 primary cleft (i.e., Sudlow’s site I) and to the secondary FA2
and FAG6 sites impairs the FA1 binding capacity, stabilizing the N
conformation of HSA. According to linked functions, ligand
binding to FA1 stabilizes the B conformation of HSA, inhibiting
ligand association to several clefts including the FA7 site [5].

It is currently accepted that the reversible N-to-B
allosteric transition is characterized essentially by the distortion
and the remarkable rotation of 16° of the long helix that connects
domains I and II, with the consequent reorientation of amino acid
side chains that form ligand binding cavities in domains I and II
the modulatory site (Fig. 8). Actually, binding of long chain FAs
to FA2 attracts Tyr150 and Arg257, two key residues positioned
in the center of the apolar chamber of the FA7 cleft, towards the
carboxylate moiety of the FA, rendering the drug pocket FA7
more hydrophobic [4]. On the other hand, the reorientation of
Tyr150 drives the interaction of Phel49 with the heme, thus
making a stabilizing m-m interaction and accounting for the
allosteric modulation observed in solution studies [5]. This effect
is not observed for short chain FAs that preferably bind to the
FA3-FA4 cleft displacing the specific ligands (e.g., ibuprofen)
without inducing HSA allosteric rearrangement(s) [5].
Interestigly, His146 has been proposed to be the axial-ligand of
the heme-Fe(III) atom upon ibuprofen binding, instead of Tyr150
in ligand-free HSA-heme-Fe(III) [24].

In order to give a precise molecular description of the
allosteric properties of HSA, and hopefully make a good use of it
in pharmaceutical industry, the characterization of natural and
artificial mutants is pivotal to identify the key residues involved
in ligand binding and controlling the conformational transition(s)
[1].

Remarkably, the multiple metal binding properties of
HSA seems to have a relevant role in the development of
neuropathologies. Indeed, it has been reported that HSA can be
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16" rotation

Fig. 8. The overlay structures of heme- and warfarin-bound HSA
(panel A) and of the inter-domain helix connecting domains I and
II (panel B). Heme- and warfarin-bound HSA are colored in red
and green, respectively. The atomic coordinates have been
retrieved from PDB entries 109X and 2BXD [27,28]. The picture
was drawn with Chimera [29].
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synthesized in human microglia cells [25]. HSA can bind Cu(II)
and amyloid B-peptides (AP) in the cerebrospinal fluid, thus
avoiding the progression of AP aggregation, probably playing a
protective role against to Cu(II)/AP toxicity in the extracellular
brain compartment [26].

Beyond the structural and functional viewpoints, the
incredible versatility of HSA 1is of great challenge in evolution
biology, physiology, and pathology. Although HSA is one of the
most investigated proteins, some questions are in order. Is HSA
essential? How can humans almost totally lacking HSA safely
survive? Why many of the functions performed by HSA may be
assumed by other plasma proteins? Answers to these and other
questions could unveil several still unrecognized physiological
roles of HSA. Here, structure-function relationships of HSA are
reported and discussed with an emphasis to issues related to
human health [1].

Lastly, the present data describe a curious situation where
heme binding to a non-classical heme-protein (i.e., HSA) confers
(although transiently) ligand binding and (pseudo-)enzymatic
properties. Moreover, HSA(-heme-Fe) properties appear to be
affected by third components. Note that the effects arising from
heme binding to HSA might have some role in the regulation of
biological functions. Since these actions are dependent on the
transient interaction of a ligand (e.g., heme) with a carrier (e.g.,
HSA), they have been called “chronosteric” effects (see [1]).
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