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Abstract of the Dissertation
The Molecular Basis of Diatomic Molecule Binding by H-NOX Domains
by
Zhou Dai
Doctor of Philosophy
in
Chemistry
Stony Brook University

2011

Heme-Nitric oxide and/or OXygen binding (H-NOX) proteins arfaraily of recently
discovered heme-based sensor proteins for diatomic moleculetalGtysctures of the H-NOX
domain fromThermoanaerobacter tengcongensis (Tt H-NOX) have greatly aided the study of
the molecular basis of diatomic molecule sensing by H-NOX proteins.

In our work, we employ X-ray Absorption Spectroscopy (XAS) to ysttite local
electrostatic and structural properties of the heme-iron cantdrNOX proteins. XAS spectra
of various ligands bound to H-NOX have been analyzed. The iron K-eddeste effective
charges on the iron center and report on the electronic environméetnaf iron. The ligand
field indicator ratio (LFIR), which is extracted from the XrrAbsorption Near-Edge Structure
(XANES) analysis, provides an understanding of ligand fielchgtle spin state of the central
iron, movement of the iron atom upon ligation, and ligand binding propertieaétr complex.

In particular, the LFIRs demonstrate that the heme iron is dicatatdisplaced towards the



distal pocket when ligand binds, which is expected to be the mechdmktibetween ligand

binding and subsequent changes in heme and protein conformation. Furthermodengtirsd

and bond angles of the H-NOX complexes were determined by arglym Extended X-ray
Absorption Fine Structure (EXAFS) spectra, providing detailegcsiral information into the

heme pocket. These results are extrapolated to gain insight imgeshan heme and protein
conformation during a signaling event.

It is also discovered that H-NOX can be used to selectively detect cyanide with & limi
as low as 0.54M and an upper detection range that is adjustable with protein ccatcamtr
Engineering of the cyanide binding pocket through site-directed musigermproves the
detection selectivity and enables the visual detection of cyavitiethis sensing system. Thus
we demonstrate the ability to fine-tune the affinity ancdelity of Tt H-NOX for cyanide,
suggesting thalit H-NOX can be readily tailored into a practical cyanide sendere we
present our efforts to describe the molecular details that elistagll molecule sensing by H-

NOX proteins.
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Chapter 1. Introduction

1.1. Heme-Based Sensor Proteins

The ability to respond to internal and external signals iscatifor the survival of all
organisms. Diatomic molecules like nitric oxide (NO), carbon mat®XCO) and molecular
oxygen (Q) have been increasingly recognized as important signaling abedethat induce
signal transduction through selectively binding with specific sepsateins*® For example,
upon the binding of NO (produced by nitric oxide synthase) to the hemeirdamauman
soluble guanylate cyclase (sGC), the activity of sGC isresdthby over 200-fold leading to a
significant increase in the conversion from guanosine triphosphate) (@Tdclic guanosine
monophosphate (cGMP). Through its interactions with downstream isigraistems, cGMP
subsequently regulates important biological processes, such as amsmossion, smooth
muscle relaxation, and inhibition of platelet aggregastm (Figure 1-1). Malfunction of this
NO-sGC signaling leads to devastating human diseases, includigmgplaand pulmonary
hypertension, heart failure, thrombosis, erectile dysfunction aé aselrenal fibrosis and
failure 1®** Therefore, understanding the detailed molecular mechanism of hosvdtzesmic
molecules are sensed is of crucial importance for both fundamemaledge discovery and
drug development purpose.

Hemoproteins are well suited for diatomic molecule sensing dueeitoltinding affinity
for and selectivity to these molecules. Heme-based sensor proéginse generally classified
into four distinct families on the basis of their protein scaffadd ligand specificities. £

sensors like HemAT and Fixd*” and CO sensors like Coo&, represent three of the four



hemoprotein sensor groups. Crystal structures have been solvedchoiokethese classes of
sensors. These structures have led to insight into their signaling mechahiedourth group of
heme-based sensor proteins are_teenetNtric oxide and/or OXgen binding (H-NOX) protein
family,**®* whose members include soluble guanylate cyclase, the only cedfiemkaryotic

NO sensor.

o B

N-termini ﬁ
. NO

l'._"... Hi s .:;.
PAS
cC
C
C-termini
.\.
A
Signaling
GTP cGMP —— cascade

Figure 1-1. Schematic representation of sGC structure and function. The séhsanmini of
sGC are connected to the catalytic (C) C-termini through@ @Per-Arnt-Sim) domain and a
coiled-coil (CC) domain.



Heme-based sensor proteins typically contain two distinct domaiheme-containing
sensor domain that senseg OO or NO, and an effector domain that generates an output signal
(usually a second messenger) and induces a downstream sigrale¢a$Soluble guanylate
cyclase is a heterodimeria /81 or a2/81) hemoprotein (Figure 1-1}:** Thea andp subunits
are highly homologous except that only thesubunit binds heme. Specifically, the heme-
containing domain of sGC is localized to the N-terminal ~200 amiiuis af thep1 subunit,>’
whereas the effector domain that catalyzes the productionMP¢@ located in the C-termini
of both thea and B subunits>*®*° It is proposed that the conformational changes caused by
ligand binding at the sensing domain are transmitted to theywatsite at the effector domain
through “cross-talk” between the two domalns’ As sGC activation by NO is mediated
through particular interactions between NO and the heme domain, ehnaatain of the heme
environment changes in sGC upon NO binding is key to the understandihg attivation

mechanism.

1.2. The H-NOX Protein Family

Critical to understanding diatomic gas sensing by hemoprotein detiermine the
molecular details of gas-heme binding. Truncations of the sGC henwriong31 subunit,31
(1-385) and31 (1-194), have been characterized through multiple spectroscopitcees:>’
However, despite great interest and considerable effort, theteebaso success in crystallizing
the heme domain of sGC to date, severely hampering understanding te&@Gignaling

mechanism. Therefore, alternative hemoprotein model systems thdtecased to probe the



molecular details of NO-sGC signaling pathway are highlyrdeld, and some have been
identified and used for NO signaling studté$®%%-%’

Primary sequence analysis has shown that the heme-containingh duins&C shares
significant homology (15-40% identity) with a recently discoveliadily of heme proteins in
prokaryotes? Based on ligand binding spectroscopic and kinetic characterizatisevefal of
these new sGC-like heme proteins, this hemoprotein family hasnaesed H-NOX, for ldme-
Nitric oxide and/or OXgen binding domaif’ Though these prokaryotic H-NOXs are not fused
to a guanylate cyclase domain like sGC, they are proposed ttsdenwgolved in essential
signaling pathways within their own biological systems and restaties support this

hypothesig*?’

1.3. The Function of H-NOX in Prokaryotes

The H-NOX domain widely exists in both aerobic and anaerobic fe¢tagure 1-2).
Based on analysis of bacterial genomes, H-NOX proteins in fdcaltaerobes are usually
predicted to be isolated proteins, but found in the same operon with enldgendsguanylate
cyclases (DGC, that catalyze the conversion of two moleculésTéf to cyclic-diguanosine
monophosphate (c-di-GMP)) or histidine kinases (that catalyze pitesphorylation), which
are commonly involved in bacterial signaling pathways. For exarmpfhewanella woodyi, an
H-NOX gene is located upstream of a gene encoding a di-gtarggalase within the same
putative operon. Recent biochemical and genomic studies in our grouguggested that NO
regulatesS. woodyi biofilm formation through binding with H-NOX. It is shown that NO

modulates a protein-protein interaction of H-NOX with the DGC, tkgslating the production



of c-di-GMP. C-di-GMP is a second messenger that has beenngedfito control bacterial

biofilm formation. Furthermore, NO/H-NOX regulation of biofilm foatron through c-di-GMP

has also been found in another facultative aeroésgonella pneumophila.?®

S. woodyi

Diguanylate cyclase

SWO02750
|

L. pneumophila

Diguanylate cyclase

LPG1056

LPG1057

S. oneidensis

Histidine kinase

502144

502145
| |

P. atlantica

Histidine kinase Response regulator

11

PAT1532

PAT1533 PAT1534

V. cholerae

Histidine kinase

VCAO0720

VCAO0719
|

T. tengcongensis

Methyl accepting chemotaxis domain

TTE0630

Figure 1-2. Genome organization of H-NOX proteins in prokaryotes.

Genes encoding H-NOX have also been found to be adjacent to histithse genes in

several bacteria (Figure 1-2). Histidine kinases are a gnb@mzymes central to the bacterial

two-component signaling systems which typically involve a sensos&ipaotein that detects

the environmental changes, and a response regulator that isyuautthnscription factor

regulating relevant gene transcription and protein expression.eStudi the Shewanella

oneidensis H-NOX (S02144) have indicated that NO bound H-NOX inhibits the kirasivity

of the kinase (S02145) adjacent to H-NOX in the genom® ofieidensis.?>*° More recently,



work on the bacteriuniPseudoalteromonas atlantica in our group, has not only thoroughly
identified the regulatory effect of H-NOX on a downstream dthiséi kinase, but also suggested
that this H-NOX — histidine kinase interaction affects the bofibormation of this bacterium.
What is more, in th&/ibrio species, such H-NOX — histidine kinase pairs modulate essential
physiological processes like symbiotic colonization and quorum seffsing.

On the other hand, in obligate anaerobes Tikermoanaerobacter tengcongensis, H-

NOX domains are fused to a methyl-accepting chemotaxis protd@P) through a
transmembrane domain (Figure 122MCPs are important transmembrane receptors that detect
environment stimuli and translate them into cellular signals. Bvamngh the H-NOX regulated
signaling pathways in these strict anaerobes are not itlesaexpected that these H-NOXs serve
as oxygen sensors, helping to avoid high concentrations of oxygendhkt e toxic to these
organisms. Oxygen sensation by an H-NOX protein has alreadydbserved in the nematode
Caenorhabditis elegans, which serves to guide the nematode to its preferred 5-12% oxygen
environment, avoiding too high or too low oxygen concentrafibns.

As shown above, H-NOX is a newly discovered family of heme-basedor proteins
that diversely exist in eukaryotes and prokaryotes, and there Basabeincreasing amount of
interest in uncovering the molecular mechanisms of the H-NOXabing pathways. A thorough
understanding of how small gaseous molecules are sensed by H-Bi@Xsow such sensations
are transmitted within the organisms and lead to physiologispbnses could suggest a new

paradigm for signal transduction with heme-based senor proteins.



1.4. H-NOX Structure and Molecular Insights into the Roles of EssentidResidues

High-resolution crystal structures of three bacterial H-N@Xteins, H-NOXs from
Thermoanaerobacter tengcongensis, Nostoc sp and Shewanella oneidensis, have recently been
solved?'3#2%3Thijs has greatly aided studies on the mechanisms of H-NOX in/slgaaling
pathways. The availability of these crystal structures makstersatic conformational and
electrostatic analysis of H-NOX protein signaling at a maker level possible. In particular,
crystal structure of the £binding H-NOX domain fronThermoanaerobacter tengcongensis (Tt
H-NOX) was solved to a resolution of 1.77 A (Figure 1-3) in 2004, whah greatly boosted
the progress in understanding the structure-function correlation M@Xfamily.** This Tt H-
NOX structure has been widely used to model the sGC heme domanthandH-NOX proteins.
These studies have identified new or confirmed previously proposed anpoesidues/sub-
domains of this protein family, and have generated a great amountialblamolecular insights

into the mechanism of H-NOX involved signalifig:>%2%>°

H-NOX protein fold and heme coordination. As seen from the crystal structure, fieH-
NOX protein fold consists of sevenrhelices at its N-terminus and one four-stranded antiparallel
B-sheet at its C-terminus (Figure 128)Such a protein fold is not related to any other protein
families based on protein structure database search. The protopoiphlgagme group is tightly
sandwiched in a cavity between tiihelices ang-sheet. Other than coordination with the four
porphyrin nitrogens, the heme iron is ligated to His102, invariamdng all H-NOX as an
endogenous ligand, at the proximal side of the heme plane. &feliwhich contains His102, is
slightly strained probably due to the ligation. The distal sifleheme is where the 6th
(exogenous) ligand binding pocket is located. Diatomic gases (likeQOD,Q) bind H-NOX

here to initiate signal transduction.



Figure 1-3.Crystal structure of wildtype (WTIt H-NOX (adapted from PDB 1U53t H-NOX
Fe(l)-O, complext?).

Ligand discrimination in H-NOX proteins. Ligand discrimination by H-NOX proteins is
of fundamental importance for the sensing of correct physiologigaals. Nature has taken
millions of years to tune the ligand binding specificities of B> proteins. A significant
difference between the H-NOXs from facultative aerobes and thamseobligate anaerobes lies
in their ligand specificity. In facultative aerobes |&evoodyi andP. atlantica, H-NOX proteins
bind NO and CO, but do not bind,OThis ligand binding feature is the same as sGC. Yet in
obligate anaerobes liKE. tengcongensis, H-NOX not only binds NO and CO, but also shows
high affinity for 0,.** The fact that the H-NOX family uses the same protein fokind NO and

exclude Q in some members, while binding @ery tightly in other members, makes H-NOX a



unique heme sensor system with intriguing ligand discrimination prepe Such ligand
selectivity is essential for the NO-specific sGC actoratias sGC needs to discriminatively
sense a physiological NO concentration of ~10 nM in the presence of 2@-#@racellular Q.

In the crystal structure of ferrous-oxy complexTofH-NOX, Tyr140 forms 2.74 A H-
bond with the bound £ and distal pocket residues Asn74 and Trp9 are involved in a H-bond
network with the same hydroxyl group of Tyr 140 (Figure 1-4A); su¢hbonding system was
proposed to be important for stable Binding to H-NOX proteiné' Sequence alignments
support this idea because these three residues only exist in @laligagrobic H-NOXs, such as
Tt H-NOX which has been shown to bind.@ order to further confirm the role of Tyr140 in O
binding, mutagenesis studies were performed. It was shown that, thimddhg properties are
largely altered in thelt H-NOX Y140L mutant. Restoration of a distal pocket tyrosine by
making the Y140L/F78Y double mutant rescues thdi@ding of Tt H-NOX (F78 is located at a
reasonable position for H-bond in the distal pock&t}*® These results demonstrate that the
lack of a H-bond donor residue (like tyrosine) in the distal pocket Gfis@ key factor for it to
discriminatively sense picomolar NO even in the presence obmalar Q. Subsequent studies
have shown that, besides this H-bond network, distal pocket bulkiness and duer@ctions

between H-NOX and the rest of sGC are also contributing to the ligand disdiamitfa



Trp9 M

His102

Ser133-{‘

Figure 1-4.Important residues at the heme pockeltdfi-NOX.

Protoporphyrin heme - protein matrix interactions and sGC activation. In the H-NOX
domain, the propionate side chains of the heme are buried in the protenticuadely interact
with the surrounding residues, anchoring the heme inside the protamix.mAlong the
propionate groups, Tyrl31, Serl33 and Argl35 together form a conservedRYr&dlif among
all H-NOX proteins. These residues build up a complex H-bonding netwitn carboxylate
groups from propionate side chains as shown in Figure ‘-#Bis network has been reported to
be important for heme binding in human sGC as well as for trémsgnchanges in heme
electronics and geometry to sGC conformation during enzyme activation.

In addition, during sGC activation, the Fe-histidine bond breaks upon NO bitaling
sGC; this has been proposed to be an essential step for the sitjagabm3® Though NO
binding to Tt H-NOX does not lead to Fe-His bond breakage, it is expected tkabitiding
greatly lengthens the Fe-His bond, causing a conformational chanigeaF helix as well as a

rearrangement of the N-terminal subdomains. The synergism tifeak interactions is key to
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the communication between heme properties and H-NOX protein conionmahich plays

fundamental role in the H-NOX signal transduction.

1.5. Heme Distortion and Heme-Driven Protein Conformational Changes

Tt H-NOX wildtype Q-bound complex has been crystallized in two different crystal
forms, orthorhombic and monoclinic, with two molecules per asymmeiicin both crystal
forms, yielding four independent views of the protéine of the particularly striking features
of the H-NOX fold revealed by these structures is the sealistertion in the protoporphyrin IX
heme group. Three of the four structures have non-planar heme grittugpproximately -1 A
saddling and -1.2 A ruffling. The fourth molecule, however, has only ajppatedy -0.7 A
displacement for both saddling and ruffling. The severely distdrésde structure, combined
with the flexibility in the heme conformation reflected frohe tcrystal structures, implies that
changes in heme planarity could be critical for heme functioning &eme-driven
conformational changes to the whole H-NOX domain.

The involvement of heme conformational changes in hemoprotein functicnimgt a
new idea. Cytochrome ¢ complexes isolated from various speciesalawst identical non-
planar heme structures, suggesting a unique role for that syresifie distortiori* Besides, for
the oxygen sensor FixL, changes in heme planarity caused lbyp@ng have been implicated in
the signaling mechanistTherefore, H-NOX involved signaling may be different in temfs
initial ligand discrimination, downstream coupling effector proteimd aventual physiological
responses, but it is likely that they all share heme distortion rerde-driven protein

conformational changes as common steps in respective signaling pathways.
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Energy minimizations predict that there are mainly two tirat elements oft H-NOX
protein matrix contributing to the severe heme distorfoivhile one of them involves the Y-
S/T-R conserved motif which forms a network of H-bonding with tlogpipnate side chains of
the heme group as mentioned above, the other important structural tfedtdeads to heme
deformation comes from the packing of several hydrophobic residudse a¢teme pocket,
including lle5, Prol1l5 and L144, all of which are highly conserved amongM-proteins
(Figure 1-5A). These hydrophobic residues locate very closehetbéme plane and have been
suggested to be primarily responsible for forcing the hemetsstrained conformation ift H-

NOX.

A B Blue: WT

Red:P115A
Leuldd 1
: lle5

Pro115 b

Alall5

Figure 1-5. Heme distortion inft H-NOX. A. Residues lle5, Pro115 and L144 pack against the
heme and generate a great heme distortion; B. Removal of thedidékchain of Pro115 leads
to a significant heme flattening and relaxation.

Indeed, subsequent structural and spectroscopic characterizagiomsconfirmed the

importance of these closely packed hydrophobic residues, among whioblehef Prol15 is
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best characterizet®° Crystallographic characterization of the-und Tt H-NOX P115A
mutant revealed significant heme relaxation in this mutant (&i@eBB). In particular]t H-
NOX P115A crystallized with four different molecules in the unit cell. Two of dlue $tructures
have significantly flatter heme structure than wildtype, \@jtproximately 0 A saddling and -0.5
A ruffling; the other two molecules are flatter than wildtypet not dramatically so, with
approximately -0.4 A saddling and -0.6 A ruffling ed€iBesides, solution resonance Raman
spectra ofTt H-NOX mutants, I5L, P115A and I5L/P115A, have also suggestedndicangt
relaxation in the heme plane as compared to WT. The broadeniegeybkvibration modes at
high frequency in the resonance Raman spectra implies the lwfoencation heterogeneity
which agrees well with the existence of multiple moleculestha crystal structures,
demonstrating the increased flexibility and dynamic featurnd-diOX protein conformation in
the mutant$® Furthermore, it was also found that there are dramatic chamdke reduction
potential and ligand binding affinity upon the P115A mutation, as well aifa in the
conformation of the N-terminal region of the prot&i’ These results suggest that while H-
NOX heme structure is dynamic, there is a clear link between hemfiermation andt H-NOX
structure, and that heme distortion is an important determinant dortaming biochemical
properties in H-NOX proteins.

The results obtained with P115K H-NOX have led to a hypothesis that changes in
heme structure are responsible for initiating signaling in HRROX family of proteins.
Although it is commonly observed that ligand binding causes heme tidist@nd protein
conformational changes in heme protén®;*°the molecular details of how ligand binding, the
initial step in signal induction, leads to heme and protein strdatheenges in H-NOX has not

been established. Understanding the molecular impacts of ligand bisdiriical to developing
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a full understanding of signal transduction in this important faofilgeme sensors. Therefore,
my research is focused on identifying the signaling molecudgidig-rinduced molecular factors
that dictate conformational and electronic changes to the hevo@ @nd the whole H-NOX

domain.

1.6. Overview of Research Projects Included in this Dissertation

In Chapter 2 to Chapter 4, X-ray Absorption Spectroscopy (XAS) stuafi¢d-NOX
proteins will be thoroughly discussed. Specifically, in Chapter 2,yXAfasorption Near-Edge
structure (XANES) spectroscopy &t H-NOX is analyzed for ferrous and ferric complexes of
the protein. This work provides specific structural characterizafitime solution state of several
Tt H-NOX ferrous complexes (-unligated, -NO, and -CO) that weegiously unavailable. The
iron K-edges indicate effective charge on the iron center indheus complexes and report on
the electronic environment of heme iron. We analyzed the ligatdl ifidicator ratio (LFIR),
which is extracted from XANES spectra, for each complex, pnogidin understanding of ligand
field strength, spin state of the central iron, movement of the tam apon ligation, and ligand
binding properties. In particular, our LFIRs indicate that the hieomeis dramatically displaced
towards the distal pocket during ligand binding. Based on thesestesgltpropose that iron
displacement towards the distal heme pocket is an esseapainssignal initiation in H-NOX
proteins. This provides a mechanistic link between ligand binding anthémges in heme and
protein conformation that have been observed for H-NOX family members dunivadjisggy

In Chapter 3, we focus on using the Extended X-ray Absorption Finet@& (EXAFS)

analysis to obtain structural details of the heme pocket for tfi®-Erligated and Fe(Il)-NO
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complexes of H-NOX proteins fromTrhermoanaerobacter tengcongensis (Tt H-NOX),
Shewanella woodyi (Sv H-NOX), andPseudoalteromonas atlantica (Pa H-NOX). It was found
that NO binds tdt H-NOX in a 6-coordinate manner, and3e H-NOX andPa H-NOX in a 5-
coordinate manner with the proximal histidine dissociated, whickaistly the same as that for
sGC. In theTt H-NOX Fe(ll)-NO complex, the Fe-histidine bond is substantikhgthened
although it is not broken. This coordination chemistry has also beenrnsedfiby their
UV/visible spectra and iron K-edge values. On the basis of e@tBKAFS fitting for all three
H-NOX Fe(ll)-unligated complexes, we noticed a ~0.07 A shortenirigeirFe-) bond lengths
upon NO binding; such a contraction in Fg-énd lengths could be important for the signal
initiation step of NO sensing.

In Chapter 4, we us@& H-NOX as a hemoprotein model system to identify how the
conformation and properties of heme cofactor are affected. In tils we performed EXAFS
structural analysis and ligand binding characterizatiort t&-NOX wildtype and P115A mutant.
Results show that P115A mutation leads to a significant charthe ioon-ligand bond lengths
in Fe(ll1)-H,O complex causing an increased electron density on heme iron, wakes tiert
H-NOX water-complex exit as Fe(lll)4® in P115A as compared to Fe(ll)-Oid WT. While
for ferrous complexes, the heme coordinations are relativelyasilgtween WT and P115A.
This finding provides molecular basis for the greater chaimgksric Tt H-NOX that have been
observed before. Furthermore, our data illustrates how protein naalidheme ligation state
modulate heme structure and properties, and how these modulations Fegfaoprotein
functionalities.

In Chapter 5, we explore the potential of usifigH-NOX as a new cyanide sensing

system. With straightforward UV/vis absorbance-based detectierhave achieved a cyanide
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detection limit of 0.5 uM (~10 ppb) with an upper detection range tlaajisstable with protein
concentration. We find a linear correlation of multiple spectroscégatures with cyanide
concentration. These spectroscopic features include the Soret bamdumagnd absorbance
changes in both the Soret anf3 band regions of the spectrum. Multiple probes for cyanide
detection make sensing wiflt H-NOX unique compared to other cyanide sensing methods.
Furthermore, using site-directed mutagenesis, we have rayi@mglineered the heme pocket of
Tt H-NOX to improve its cyanide sensing properties. We were #@blintroduce colorimetric
detection and enhance anion selectivity in P115A H-NOX. Through substituting
phenylalanine 78 with a smaller (valine, F78V) or a larger resiftyrosine, F78Y), we
demonstrate a correlation with distal pocket steric crowding dfditya for cyanide. In
particular, F78VTt H-NOX shows a significant increase in TUbnding affinity and selectivity.
Thus, we demonstrate the ability to fine-tune the affinity and Spéciof Tt H-NOX for
cyanide, suggesting th@it H-NOX can be readily tailored into a practical cyanide sensor.

In Chapter 6,we explore the potential of using a nitrile group (—CN) to probe the
electrostatic environment changes to H-NOX proteins during alsignevent. So far, we have
successfully introduced the nitrile group ifioH-NOX proteins and have detected an IR signal
of the —CN group. The IR spectra of —-CN modified protein complexes steonitrile stretch at
2152 cnt. However, we did not observe a signal shift in the —CN IR absorptien we further
introduced the P115A mutation. This is likely because either P115A doeausa a significant
change to the electrostatic environment of heme pocket as evidemtethe resonance Raman
and XANES results, or Met98 is not an appropriate site for incoipgrahe nitrile stretch.
Further studies include rationally selecting sites for mitntroduction and/or inducing a larger

electrostatic change in H-NOX, so that the —CN probe can isehgipick up electric field
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changes in the protein. Once the technique of —CN incorporation intoXlid@ptimized, we
will use it to study the heme electric field changes edusy the binding of signaling molecules

as well as downstream signal transduction.
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Chapter 2. XANES Studies on the Local Electronic and Geometric Pperties of Tt H-NOX

Abstract: Heme-Nitric oxide and/or OXygen binding (H-NOX) proteins arlamily of
diatomic gas binding hemoproteins that have attracted intensegaleseterest. Here we employ
X-ray absorption near-edge structure (XANES) spectroscopyutty she nitric oxide (NO)
binding site of H-NOX. This is the first time this technique bagen utilized to examine the
NO/H-NOX signaling pathway. XANES spectra of wildtype angoant mutant (proline 115 to
alanine, P115A) of the H-NOX domain frominermoanaerobacter tengcongensis (Tt H-NOX)
were obtained and analyzed for ferrous and ferric complexes pfaten. This work provides
specific structural characterization of the solution stateegeralTt H-NOX ferrous complexes
(-unligated, -NO, and -CO) that were previously unavailable. Ourkredges indicate effective
charge on the iron center in the various complexes and report on ¢lrereteenvironment of
heme iron. We analyzed the ligand field indicator ratio (LFVRjich is extracted from XANES
spectra, for each complex, providing an understanding of ligand freldg¢h, spin state of the
central iron, movement of the iron atom upon ligation, and ligand binding pespehh
particular, our LFIRs indicate that the heme iron is drazallyi displaced towards the distal
pocket during ligand binding. Based on these results, we proposeothdisplacement towards
the distal heme pocket is an essential step in signattioitian H-NOX proteins. This provides a
mechanistic link between ligand binding and the changes in hedthpratein conformation that

have been observed for H-NOX family members during signaling.
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2.1. Introduction

Soluble guanylate cyclase is a heterodimeric heme sengpomsdge to nitric oxide, an
important signaling molecule in eukaryotic organisths’*?The heme-binding domain of sGC
has been localized to the N-terminal ~200 amino acids ¢ ssbunit:°*® This heme domain
shares significant homology (15-40% identity) with a recentlycadisred family of heme
proteins in prokaryote$:'®°Based on spectroscopic and kinetic characterization of several of
these new sGC-like heme protefi$??®#4this family has been named H-NOX, foetde-Nitric
oxide and/or_OXgen binding domain. Although sGC and other H-NOX family members hav

h12.16.18,21,22,28,29.37.38 41486 molecular details of the

been the subject of intense investigatio
H-NOX involved signaling mechanism are currently unclear.

The structure of the H-NOX domain frofhermoanaerobacter tengcongensis was
solved to a resolution of 1.77 A (Figure 2'f)with a particularly striking feature that the
protoporphyrin IX heme group in the H-NOX is severely distorted. Energy naaiions predict
proline 115, invariant among H-NOX proteins, to be primarily responsibléofcing the heme
into its strained conformatioii. Indeed, crystallographic characterization of ffteH-NOX
P115A mutant revealed significant heme relaxation in this méft&gectroscopic and structural
studies ofTt H-NOX, however, indicate that the heme is quite flexible andlikaty assume
more than one solution conformation in both wildtype and the P115A niatént.

A prevalent hypothesis of H-NOX signaling is that changefheme structure are
responsible for initiating signal transduction in the H-NOX fagroil proteins. However, because
the crystal structure of ferrous-unligated protein complex has ot alved forTt H-NOX,

previous studies have focused on the changes in heme stringtiged caused by the P115A

mutation, as opposed to changes to heme structure that are caligaddpinding. Although it
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is commonly observed that ligand binding causes heme distortion andh protdormational
changes in heme proteitfs***°the molecular details of how ligand binding, the initial step in
signal induction, leads to heme and protein structural changes NiDXl-has not been
established. Understanding the molecular impacts of ligand bindingficglcto developing a

full understanding of signal transduction in this important family of heme sensors.

Figure 2-1. Structure of wildtypelt H-NOX (figure was generated using PDB 1U55: Fe(l§)-O
complex, resolution 1.77 AY. The heme is shown in purple while proline 115 is shown in gray.
TheaA-aC subdomain andF helix are color coded in red and blue, respectively.

In this work, X-ray absorption spectroscopy (XAS) is employed tHerfirst time, to
explore the role of ligand binding on heme conformation and electronitige during signal
initiation in the H-NOX family. Although crystal structuraee critical for understanding protein
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conformation and function, they do not always accurately represensdiution state. XAS
reveals the local solution structure of the X-ray absorbing attwus T is used to confirm and
correct available crystal structures as well as to ctemrae species for which crystallography
data is not yet available. The XAS spectrum of a metalloprgiepvides information about
metal oxidation state, metal spin state, the number and type nédiground to the metal, and
metal-ligand bond lengths; as such, XAS has been widely used tanex#me solution-state
structure of metal centers in numerous metalloprof&irsin order to study the effect of heme
conformation on H-NOX signaling, we use XAS to obtain accuratepaecise changes to the
heme pocket caused by ligand binding.

There are generally three important features in a typieayXabsorption spectrum: the
edge, the X-ray Absorption Near-Edge Structure (XANES) region taadExtended X-ray
Absorption Fine Structure (EXAFS) region as shown in Figure 2-2. ifRpdly for
hemoproteins, the position of the X-ray absorption iron K-edge, whichsexgeethe excitation
energy of the core shell (1s) electron, is determined bymi#@mwamum of the first derivative
spectrum. It is directly related to the oxidation state ofribre in the protein and can indicate the
flow of electron density between the metal center and surroundiagdkg Higher oxidation
states have higher X-ray edges, due to an increase in the corelesttebn binding energy. For
example, met-Mb [Fe(lll)] has an X-ray edge that is ~4 ejhéi than deoxy-Mb [Fe(IN}: The
iron K-edge 1s to 3d pre-edge features have also been shown toitragxigation state, spin

state and centrosymmetry of the heme iron ceAtér.
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Figure 2-2. X-ray absorption spectrum of an H-NOX protein. A typical XAS spec includes
three key regions: the Edge, the XANES region and the EXAFS region.

The XANES region of a XAS spectrum is highly predictive of lttal environment of
the X-ray absorbing atom. The ligand field indicator ratio (LFERAan empirical number that is
extracted from the XANES region at about 30-100 eV above the K-adidR. analysis of
XANES spectra was developed about 25 years ago using hemopfotéars. we reintroduce it
as a powerful method to analyze changes in heme structure amdretsctipon ligation. LFIR
is correlated with the magnetic susceptibility, an indicatahefspin state, and with metal-heme
displacement/*%** Metal-heme displacement is an important parameter in heme c@ifon,
which has implications in determining the conformational state ofetite#e protein. LFIR
analysis is especially useful for studying changes inaimgbsition among closely related

porphyrin species (e.g., various complexes of the same proteiifdtyp® and mutant proteins),
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as demonstrated in this work. In addition, the development of XANES tiestijl in progress,
procedures likeMXAN have been used to model the XANES near-edge features of heme-iron
and explore the heme pocket structure of hemoprotéms®Lastly, the EXAFS region provides
detailed geometric information on the coordination environment of the lmemevhich will be
discussed in following chapters.

Here, we present a XANES study on the local electronic and geomeperties of the
heme-iron inTt H-NOX WT and P115A mutant proteins in a variety of Fe(ll) andliFe(
complexes. The solution states of several KeiA-NOX ferrous compounds (-unligated, -NO,
and -CO), which have not been crystallographically studied, weaeacterized detailing their
structural and electronic features. The X-ray absorption edgaaf complex is determined,
indicating the effective charge on the iron center. We focus ¢iR &Ralysis to obtain electronic
and structural information such as ligand field strength, spin statbe central iron, and
movement of the iron upon ligand binding. This information is extrapolatgditoinsight into
changes in heme distortion and protein conformational change upon lgatenliduring a

signaling event.

2.2. Materials and Methods

Plasmid preparation and protein expression. Cloning of theTt H-NOX domain into a
pET-20b (Novagen) vector has been described previdudhpr ease of purification, a C-
terminal 6xHis tag was incorporated to the plasmid ahead ofdphestion. P115A mutagenesis
of the 6xHis tagged protein construct was carried out using the Qaiig@ protocol from

Stratagene. Cell culture preparation and expression procedures OXHahbteins were carried
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out as previously describél, except that upon induction with Isopropys-D-1-

thiogalactopyranoside (IPTG), overnight protein expression took place at 18 °C.

Protein purification. Cell lysis and thermal denaturation treatments were caoueds
described! The supernatant after thermal denaturation was filtered through4% pm
membrane and the filtrate was applied to a 1 mL HisTragdliinn (GE Life Sciences) pre-
equilibrated with buffer A [50 mM sodium phosphate, 300 mM NaCl, pH 7.5]. cbhemn
loaded withTt H-NOX was washed using 30 mL buffer A and then three more wagtres
performed using 20 mL buffer A with 10 mM imidazole, 20 mL buffer A with 20 mM imidazole
and 10 mL buffer A with 50 mM imidazole. The protein was ultimatdlted using buffer A
with 250 mM imidazole. The flow rate was controlled at 1 mL/min. Pphetein was then
exchanged into buffer B [50 mM HEPES, 50 mM NaCl, 5% glycerol andv5DWT, pH 7.5]
using a PD-10 column (GE Healthcare), aliquoted, and stored at -§hi%Jrocedure (thermal
denaturation plus affinity chromatography) resulted in proteinwaat >95% pure as estimated

by SDS-PAGE.

Electronic spectroscopy. All UV/visible spectra were recorded on a Cary 100 Bio
spectrophotometer equipped with a constant temperature bath set to 28paafion of ferrous
complexes was carried out as previously publisheBerric complexes were prepared as

described below.

XAS sample preparation. Ferrous (-unligated, £-CO, and -NO) complexes of H-NOX
were prepared in the glove bag as previously descfitBue Fe(lll)-HO complex was prepared
by oxidizing the protein sample with 10-20 mM potassium ferricyafolewed by desalting

with a PD-10 column. Addition of ~50 mM of KCN to the Fe(ll1X® complex produced the
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Fe(lll)-CN complex. Protein samples were exchanged into buffer C [50 mM BEBE mM
NaCl, 10% glycerol, pH 7.5] and concentrated to 1-2 mM using spin coltnmmsMillipore
[Microcon Ultracel YM-3, 3000 molecular weight cut off (MWCO) and @& maximum
volume]. The concentrated protein samples were transferred to cagppetesholders with
Mylar windows (10 mm wide x 5 mm high x 0.5 mm thick), frozen in liqutdbgen and stored

at -80 °C before XAS experiments.

X-ray absorption spectroscopy. XAS data collection was carried out at the National
Synchrotron Light Source (NSLS) at Brookhaven National LaboratoryBdh beamline X3B
with a sagittally focused Si (111) crystal monochromator. Sasnwéze cooled to at least 40 K
before scanning in a closed-cycle liquid helium diplex and keptrirdaeng data collection. K
fluorescence was detected with a Canberra 13-element germdetestor. An iron foil was
used as a reference to determine the X-ray absorption edgecfosgectrum and to account for
any shifts in the monochromator. The step size at the edge regiaewtad.2 eV. 4-6 scans for
each sample were taken and averaged for data analysis. lasedl, ¢dhe first and last scans
overlap well, which indicates that X-ray damage was insignifidamthermore, as we collected
data only in the XANES region, the amount of time the samples ex@@sed to the X-ray beam
was relatively short. XAS data were aligned and merged usingna. The K-edge positions
were determined from the first derivative of the average X8MRectra after smoothing. The
derivative spectra were smoothed using Origin 7.0. In order to e#tedigand field indicator
ratios, Origin 7.0 was used to smooth the averaged XANES spectr@MNIC was applied

subsequently to determine the height of the two peaks as destribed.

Cyanide association kinetics. All kinetic studies were performed in buffer D [50 mM

HEPES, 50 mM NacCl, pH 7.5]. Cyanide (QMssociation to the ferric heme was measured
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using stopped-flow (fofit H-NOX WT) or scanning kinetics (foft H-NOX P115A) at 20 °C.
For Tt H-NOX WT, stopped-flow data were acquired on an Applied Photophy3ic$8MV
stopped-flow spectrophotometer equipped with a constant temperature ebath 20 °C.
Difference absorption spectra of H-NOX WT were collected at 424 nm with various cyanide
concentrations (0.45-18.16 mM). We collected at least 3 scansdiorcganide concentration.
The average difference spectrum was fitted to a single-expahentive to give observed
association rate constamtps. kops values were then plotted versus corresponding cyanide
concentrations, and the slope of the line revealed the associaticomatantK,,) for WT Tt H-
NOX.

ForTt H-NOX P115A, scanning kinetics data for various cyanide concemtsatl0 mM
to 100 mM) were acquired on a Cary 100 Bio spectrophotometer with tatwmgecontrol set to
20 °C. Each scan started at 480 nm and ended at 370 nm with a 600 nm/mingscaterand a
1 nm step size. Difference spectra were calculated by stibgdhe first scan (t = 0 min) from
each subsequent scarhe maximal change of each difference spectrum as a dancfitime
was fitted to a single-exponential curve to generatekghe which was subsequently used to

calculatek,, for Tt H-NOX P115A as was described for wildtype.

2.3. Results

UV/visible spectroscopy. UV/visible spectra of each sample were obtained before XAS
sample preparation to confirm the ligand binding states (Figune Ph& Soret and/p bands
absorption maxima are listed in Table 2-1. Electronic spectiaedittH-NOX WT and P115A

Fe(I) complexes (-unligated, -CO, Oand -NO) have been reported previodsf Here we
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also present the spectra for Fe(lll) complexes@-tdnd -CN) of Tt H-NOX WT and the P115A

mutant.
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Figure 2-3. UV/visible spectra of WT and P115K H-NOX complexes. Electronic spectra for
(A) WT and (B) P115A H-NOX ferrous complexes: Fe(ll)-unligatedsh), Fe(ll)-Q (thick
solid), Fe(ll)-CO (dot), Fe(ll)-NO (solid). Spectra for (C)Tvénd (D) P115ATt H-NOX ferric
complexes: Fe(lll)-KHO (solid), Fe(lll)-CN (dash). Insets show enlarged spectra otiffdands
area.
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Table 2-1.Soret andi/p band absorption maxima of variolisH-NOX complexes (unit: nm).

Soret B a
WT Fe(ll)-unligated 429 560
WT Fe(I)-CO 424 545 568
WT Fe(Il)-NO 419 547 577
WT Fe(I)-O, 415 555 591
WT Fe(lll)-H,0 415 552 587
WT Fe(lll)-CN 421 550 -
P115A Fe(ll)-unligated 431 561
P115A Fe(ll)-CO 423 544 568
P115A Fe(ll)-NO 419 547 577
P115A Fe(I)-Q 415 o547 583
P115A Fe(lll)-HO 405 545 581
P115A Fe(lll)-CN 420 550 -

As shown in Figure 2-3 and Table 2-1, our electronic spectra reseltte same as those
published for the ferrous complexes TfH-NOX WT and P1154"% In the ferric oxidation
state, water-bound [Fe(ll1)-4@D] Tt H-NOX WT exhibits a Soret band maximum at 415 nm and
split a/p bands at 587 nm and 552 nm. Water-bolihéH-NOX P115A exhibits a Soret band
maximum at ~405 nm and sptify bands at 581 nm and 545 nm, representing a blue shift of ~7
nm from those for WT, an indication of the change in heme structurelectdonic environment
induced by the mutation. Addition of Cikeplaces water from the binding pocket and produces
the Fe(lll)-CN complex, giving a Soret band maximum at ~421 nm for both WT and P115A.
The a bands for Fe(lll)-CN complexes diminish to a shoulder on fhéands at ~550 nm.
Overall, we observe minor changes in the electronic spetcthese ferric complexes upon the

P115A mutation, which is consistent with what has been observed for the ferrous corfiplexes
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K-edge absorption energy. We obtained XAS spectra for each ferrous (-unligateg, -O
NO, -CO) and ferric (-BD, -CN) complex of both WT and P115/& H-NOX. In addition, as
controls, we collected spectra for Fe(ll) (-unligated, -GO) and Fe(lll)-HO complexes of Mb
(Figure 2-4).

A summary of iron K-edge absorption energies is presented ie 2abl Determined by
the maximum of the derivative XAS spectrum, the X-ray absorptamn K-edge represents the
excitation energy of the 1s core shell electron. All edgegsseobtained for Mb are within error
of those published: Among all Tt H-NOX WT complexes, the Fe(ll)-unligated compound, as
expected, has the lowest edge energy at 7124.1 eV, since it hasvés¢ éffective charge on
heme iron. Binding of CO and NO to the ferrous heme leads tacaease of 1.4 eV in each
edge position. When Lbinds, the edge shifts from 7124.1 eV to 7126.5 eV, indicating more
extensive electron flow from iron to,@or the histidine or heme ligands). Ferric state complexes
generally have higher energy edge positions than ferrousespeélie to greater charges on the
heme iron. Tha@t H-NOX WT Fe(lll)-CN complex has a slightly larger edge than WT Fe(lll)-
H,O. When comparing the edge values of WT and P115A, we can sek tha&dOX P115A
complexes edge positions are generally similar with those Dfs@écies, and they follow the

same trend: Fe(ll)-unligated < Fe(I)-CO ~ Fe(l1)-NO < FeQ@¥)-~ Fe(lll)-HO < Fe(lll)-CN.

29



B 0.114

0.094 ‘ —— Mb Fe(ll) unligated ‘ 010.] —— Mb Ee(ll) CO
0.08 009
.5 0074 c 0.08 4
<3 1 S
S 0064 2 007
g 5]
< 1 2 006
> 0.05 -2
o 1 > 0.05
©
X 0044 s
] X 0.04
0031 003
0.02 002
T T T T T T T T T T T T T T T T T T
7080 7100 7120 7140 7160 7180 7200 7220 7240 7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV) Energy (eV)
C 0.060 - D o1-
—— Mb Fe(ll) O, ] —— Mb Fe(lll) H,0
0.055
0.10
0.050
5 § |
5 0.045 § 0.084
S Q .
2 0.040 a8
< ‘; 0.06 -
= 0.035- 3
o o 1
x x
0.030 0.04
0.025 1
0.02
0.020
T T T T T T T T T T T T T T T T T M T T T T T T T T T T T T T T T T T M
7080 7100 7120 7140 7160 7180 7200 7220 7240 7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV) Energy (eV)
—— WT Fe(ll) unligated | WT Fe(l) CO
0.055 0.050
0.050
c 0,045
5 g oo
B 0.0454 IS
g g 0.040
2 0.0404 2 .
< < 0.0354
>
? 0.035 @ 4
D T 0.030
X 0030 X ]
0.025
0.025
0.020] 0.020
0.015 T T T T T T T T T 0.015 T T T T T T T T T
7080 7100 7120 7140 7160 7180 7200 7220 7240 7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV) Energy (eV)

30



X-ray Absorption

X-ray Absorption

X-ray Absorption

0.06 4 —— WT Fe(ll) NO 0060 —— WTFe(ll) O,

0.055 -

0.05 0.050
S 0.0454

0.044 0.040 -
0.035 -

003 1
0.030

002 0,025
0.020 -

X-ray Absorption

0.01 T T T T T T T T T 0.015 T T T T T T T T T
7080 7100 7120 7140 7160 7180 7200 7220 7240 7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV) Energy (eV)
0.045 J o040+
] —— WT Fe(lll) H,0 | -
am 2 —— WT Fe(lll) CN
0.040
| 0.035 -
c
0.035 k]
g
0.030 § .
: <
1 )
0.025 X 0.025
0.020
| 0.020 -
0.015 T T T T T T T T T T T T T T T T T T T T T T T T T T M
7080 7100 7120 7140 7160 7180 7200 7220 7240 7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV) Energy (eV)
i 0.09 ‘ l
0.07 4 —— P115A Fe(ll) unligated | —— P115A Fe(ll) CO
0.08
0.06 -
c 0074
o
a
0.05 1 5 0064
[72)
Qo
< 005
0.04 1 g
o 0.044
0.03 1 0.03
0.02
0.02 1
T T T T T T T T T 0.01 T T T T T T T T T T T T T T T T T M
7080 7100 7120 7140 7160 7180 7200 7220 7240 7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV) Energy (eV)

31



0.07 4

0.06 4

0.054

0.04 4

X-ray Absorption

0.034

0.024

[ —— P115A Fe(ll) NO |

0.07 4

0.06 4

X-ray Absorption

0.03 4

0.02

0.05 4

0.04 4

T T T T T T T T T
7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV)

——P115A Fe(ill) H,0

T T T T T T T T T
7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV)

X-ray Absorption

X-ray Absorption

0.10
0.09-
0.08-.
0.07-.
0.06-
0.05-
0.04-.
0.03-

0.02

——P115A Fe(ll) O, |

T T T T T T T T T
7080 7100 7120 7140 7160 7180 7200 7220 7240

0.07

0.06

0.05

0.04

0.03

0.02

Energy (eV)

—— P115A Fe(ll) CN |

T T T T T T T T T
7080 7100 7120 7140 7160 7180 7200 7220 7240
Energy (eV)

Figure 2-4. XANES spectra of all 16 hemoprotein complexes. Myoglobin samples: A. Mb
Fe(ll)-unligated; B. Mb Fe(Il)-CO; C. Mb Fe(ll)-Hand D. Mb Fe(lll)-HO. Tt H-NOX
samples: E. WT Fe(ll) unligated; F. WT Fe(ll)-CO; G. WT Fe(Il)-NOWT Fe(11)-G; |. WT
Fe(ll)-H20; J. WT Fe(ll)-CN; K. P115A Fe(ll) unligated; L. P115A Fe(ll)-CO; M. P115A
Fe(l)-NO; N. P115A Fe(ll)-@ O. P115A Fe(lll)-HO; and P. P115A Fe(lll)-CN
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Table 2-2. X-ray absorption edge, LFIR value, and Fe-Ct displacement foaddt H-NOX
complexes.

Edge (eVj LFIR Fe-Ct ()
From From
Crystallography LFIR
, 7123.1

Mb Fe(ll)-unligated (7123.0

7125.0
Mb Fe(Il)-CO (7125.5Y

7126.0
Mb Fe(Il)-O;, (7126.0
Mb Fe(lIl)-H.O 7125.9
Tt WT Fe(ll)-unligated 7124.1 0.98 -0.08
Tt WT Fe(I1)-CO 7125.5 0.46 0.16
Tt WT Fe(I1)-NO 7125.5 0.94 -0.06
Tt WT Fe(I1)-O, 7126.5 0.88 -0.03 -0.03
Tt WT Fe(ll1)-H0O 7126.5 0.94 -0.66 -0.06
Tt WT Fe(lll)-CN 7126.7 0.82 0.00
Tt P115A Fe(ll)-unligated 7124.4 1.08 -0.12
Tt P115A Fe(ll)-CO 7125.7 0.43 0.18
Tt P115A Fe(ll)-NO 7125.9 0.90 -0.04
Tt P115A Fe(ll)-Q 7126.5 0.85 -0.02 -0.02
Tt P115A Fe(lll)-BHO 7126.5 0.94 -0.06
Tt P115A Fe(ll1)-CN 7126.9 0.60 0.10

@X-ray absorption edges were determined assuming the edge fiam foil is 7112.0eV; errors
on edges are +0.2eYMb X-ray absorption edge values previously determMédverage Fe-
Ct distances for all available crystal structures; negatalues indicate the iron atom sits in the
proximal heme pocket and positive values indicate the iron atom sits in the distgddekate

Ligand field indicator ratio. Multiple backscattering of atoms neighboring the X-ray
absorbing atom (here, Fe) dominates the XANES region of a XASrspeclhe two peaks in
the low energy region used to calculate LFIR (Figure 2-5A) pammarily due to partially

resolved higher shell (second and third shells) ligating atéi@eanges in the LFIR arise from
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changes in the backscattering of these higher shell ligaruss lheen established that LFIR can

be used to probe the Fe motion in various heme-complexes and hemofifdfeths.
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Figure 2-5. (A) Schematic illustration of the extraction of LFIR fronKANES spectrum. (B)
Prediction of Fe-Ct displacements from LFIR values for varitiusl-NOX species. The data
points in the black circles [WT Fe(I)-ODWT Fe(lll)-H,O and P115A Fe(ll)-¢) are based on
known crystallographic displacements and were used to determicertieéation line forTt H-
NOX. The LFIR values obtained from XANES spectra are inditatghe white triangles. The
estimated error in LFIR ratio values is +0.05. The equation forehst Isquares line is: Fe-Ct
displacement = -0.46 x LFIR + 0.38(R 0.95).

To obtain the LFIR, a polynomial baseline is drawn starting ftleenminimum point
preceding the first LFIR peak and ending at the tail of thersktFIR peak. Heights of the two
LFIR peaks are measured to the baseline, and the LFIR rati@ ibeight of the first peak
divided by the height of the second peak (Figure 2-5A). The ligatdlihdicator ratio yields a
good empirical prediction of the spin state of the iron and the irorehdisplacement. For
example, Chanceet al. has found that LFIR values linearly correlate to the movememomof
relative to the mean plane of the four porphyrin nitrogens (FahSplacement) for

hemoproteing?>*
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We determined the LFIR and Fe-Ct displacement for each corapléd” and P115ATt
H-NOX. Crystal structures of three WT and P1IBAd-NOX complexes have been solved [WT
Fe(l)-O, (PDB 1U55 and 1U4H), WT Fe(ll)-4D (PDB 1U56) and P115A Fe(ll)-QPDB
3EEE)]}** from which we extracted the crystallographically determhiff@-Ct distances in
order to relate them to the measured LFIRs. Figure 2-3Btnfltes the linear relationship
between Fe-Ct displacement and LFIRToH-NOX WT and P115A. Based on the least squares
fit line determined by the three crystallographically chmazed complexes, we predict the iron
displacement from heme for all other ligand binding complexeshasrsin Table 2-2 and
Figure 2-5B. The slope and intercept of the least squaresdifdr Tt H-NOX is different than
the slope reported for myoglobin, hemoglobin, and other model compdlifitls. reasons for
this are not clear, but apparenfly H-NOX has different ligand field sensitivity to Fe-Ct
displacement. Due to the limiting number of available WT and P1I6A-NOX crystal
structures, the Fe-Ct displacements used for prediction do nottbeventire range of expected
iron motion. However, because we focus on the relative magnitude éfetk#, and we are
comparing various complexes of the same H-NOX domain, we cdicpFe-Ct displacements
using measured LFIRs.

Most of theTt H-NOX WT and P115A complexes have LFIR values between 0.85 and
1.08, which results in negative values for Fe-Ct displacement, imdjdae iron is predicted to
sit on the proximal side of the heme. The CO and &@hplexes, however, have much smaller
LFIRs (0.43-0.82) and display positive Fe-Ct displacement values [osplaciement follt WT
Fe(ll)-CN1, indicating that the iron atom moves toward or into the distal heocket. The

LFIR value and iron displacement towards proximal side for WT and PTL5ANOX follow
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the same trend: Fe(ll)-CO < Fe(ll)-CN Fe(ll)-G, < Fe(ll)-NO ~ Fe(lll)-BO < Fe(ll)-

unligated.

Cyanide binding kinetics. Fe-Ct displacement has been correlated with ligand binding
affinity in hemoproteins®®’ Since Fe-Ct displacement is obtained from LFIR, ligand binding
properties can therefore be predicted from LFIR data. ComparinigHiie values of WT with
P115A complexes (Table 2-2), we found that they are generalllasiexcept for the Fe(lll)-
CN" compounds (0.82 for WT versus 0.60 for P1134¢gnce, we hypothesized that there would
be large differences in CNbinding properties to the ferric complexes of WT and P1IbA-
NOX.

To test this prediction, we performed kinetic and equilibrium studreg=e(lIl)-CN
binding properties for both WT and P119AH-NOX. The observed association rate constant
(Kobs) Values were obtained at various cyanide concentrations for botmaPIa 5ATt H-NOX
and were used to determine the association rate con&tgntKigure 2-6). We found that
cyanide binds to WT Fe(lll)k{, = 26.9 8§ M™Y) almost 2000 times faster than to P115A Fe(lll)

(kon = 0.0153 8 M%) (Table 2-3).

Table 2-3.Rate constants and equilibrium constants of cyanide binding to WP EEATt H-
NOX.

Species  km(s*M™?) kott (S7) Ka (LM)

TtWT 269+ 1.1 2.19 + 0.02x10° 0.0813 + 0.0203

Tt P115A 0.0153+ 0.0011 4.44 + 0.12x10° 0.290+0.111
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Figure 2-6. Determination of association rate constants for cyanide bindiegrio WT (A) and
P115A (B)Tt H-NOX. We found that cyanide binds to ferfitH-NOX WT much faster than to
P115A.

We have measured the equilibrium binding constant of fONboth ferric proteins;
values of I for WT and P115A Fe(lll)-CNwere determined to be 81.3 nM and 290 nM,
respectively’> Based on the measured, Kind ko, values, we calculated the dissociation rate
constantsy as 2.19x18 s* and 4.44x18 s* for WT and P115ATt H-NOX, respectively. All
the rate and equilibrium constants for cyanide binding to fairid-NOX are summarized in

Table 2-3.

2.4. Discussion

The H-NOX family of proteins use a histidine-ligated protoporphyXnto bind low
concentrations of NO and other diatomic gas molecules. Oncegtrallis bound to H-NOX,

signal transduction commences. In eukaryotes, this signal trarsduesuults in activation of the
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enzymatic domain of sGE* while in prokaryotes, ligand binding is thought to regulate the
activity of histidine kinases and di-guanylate cycld8€$>®In each case, however, the binding
of a diatomic molecule to the heme center must be communicatedlifter@nt polypeptide
domain for signal transduction to occur. The mechanism for this inflem&aansfer has not
been determined. In this report, we have examined the local sttudtargges that take place at
the heme iron during the first stages of signal transduction im twaéed light on the signaling

mechanism of H-NOX proteins.

Insight into the H-NOX heme pocket and signaling properties based on K-edge
absorption energies. Looking at the K-edge data broadly, we observe that the Fe(ll)espec
generally have lower K-edge values than the Fe(lll) speti€&sH-NOX. The only exception to
this is the Fe(ll)-@ complex, whose edge is about the same as the Fe{()-¢bmplex.
However, because of the strong electronegativity of oxygers likely that the Fe(ll)-Q
complex has significant contribution from a Fe(lll}-@esonance form. Therefore, the central
iron in the Tt H-NOX oxy-complex may actually be electronically veryngar with ferric
complexes and thus this result is not unexpected. Furthermore, we fatrde edge positions
for WT and P115A complexes are generally similar, and that tiewfthe same trend. This
confirms previous resonance Raman studies that indicate the Pll@Nomutesults in a
relatively minor perturbation to heme pocket, considering the rdynaature of the heme
structure in H-NOX®

Looking at the data more closely, however, we can understand a#téils electronic
structure of H-NOX upon ligand binding. In hemoproteins, the iron edge quoséports on the
iron-ligand electron density distribution. As discussed, we found the Binate Fe(ll)-

unligated complexes have the lowest absorption edges of all the XH-Blinplexes.
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Qualitatively, upon binding of the sixth ligand in the distal pockeftoH-NOX, there isc
electron donation from the ligand to central iron that should acttaeethe effective charge of
iron. However, as the sixth ligand pulls valence electrons avesy the iron cation due to
stronger electronegativity, the electrons around the central fnet@wer energy orbitals) are
pulled closer to the nucleus to increase shielding of the existietear charge, and hence
increase the core shell electron excitation en&tdypparently, the latter effect overwhelms the
former as evidenced by the increasing K-edge values of CO-bountpitat and especially the
O2-bound complexes. The K-edge value for the NO-bound complex is slighgigr than that
for CO-complex, however it is not as much larger as would becwegebased on the
electronegativity difference between nitrogen and carbon. This isigecdr-back bonding, in
which iron donates its 3d electrons back tosthanti-bonding orbitals of CO. Also as a result of
the n-back bond donating electrons from iron to "GN the ferric states, the cyanide-bound
complexes have slightly larger K-edges than water-bound compiexé&sth Tt H-NOX WT
and P115A.

Because the edge position is a good indication of iron-ligandtr@beaensity
distribution, it is related to electronic properties of the hesneh as iron reduction potentral®?
The heme iron in P115A has a lower reduction potential (-3.8 mV v&8is&$ than that of WT
Tt H-NOX (167.0 mV versus SHEY.Indeed, we see this difference reflected in the K-edges of
the Fe(ll)-unligated complexes of WT (7124.1 eV) and P115A (7124.4 eV)diffesence (0.3
eV) is close to the limit of energy resolution in our data cotb@. However, we have repeated
these scans several times with different samples and wgsagea a 0.3 eV difference, thus we
believe this is reflective of a real difference in edgergneThe Fe(lll)-HO K-edges are

comparable, both at 7126.5 eV. Furthermore, iron porphyrins with more sexkténg are
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known to have more positive reduction potentials, which serves to link harf@mation with
redox propertie&® Therefore we attribute the difference in ferrous K-edge éwtg electronic
structure changes that arise from a combination of changes m stemture as well as overall
changes in electrostatic interactions in the heme pocket, introdpoedmutation, that alter the
dielectric constant and consequently lead to a different iron reduction potéfitial.

The significance of these results lies in the fact thatavee able to address the re-
distribution of electron density upon the binding of various ligands to MX-N@teins, which is
important in small molecule sensing processes. Our data prbdicthe heme structure and
environment are more similar in the ferric state than theodsristate. As only the ferrous
oxidation state of H-NOX is expected to be physiologicallyvahe, this may indicate that heme
structure is especially important for priming the H-NOX unligateotein for ligand (NO, CO or

O) binding.

Insight into the H-NOX heme pocket based on ligand field indicator ratios.
Crystallographically determined displacements of hemoglobin ad as many artificial
porphyrin macrocycles, have established that the LFIR correlatiespin state and iron-heme
displacement’ Miller et al. also found that there is a linear relationship between Fe-Ct
displacement and LFIR in myoglobiha reduction in Fe-Ct displacement towards the distal side
is always accompanied by an increase in LFIR. Here we peedicted the Fe-Ct for each
complex of theTt H-NOX domain using our LFIR data. Notably, the trend in Fe-Ct
displacements implied by the LFIR data agrees with availaly&tatlography data (Table 2-2
and Figure 2-5B).

As indicated before, we see a trend in the movement of iron towergsdximal pocket

for both WT and P115At H-NOX as a function of ligand binding: Fe(ll)-CO < Fe(llINC<
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Fe(l)-O, < Fe(Il)-NO ~ Fe(ll)-HO < Fe(ll)-unligated. This trend is easily explained with the
spectrochemical series and indicates ligand field strengtheTdea suggest that the strongest
ligands studied here, CO and TMhich have significant-back bonding interaction with the
heme iron, “pull” the iron back to the distal side (where théhdigand locates), resulting in
smaller iron movements to the proximal heme pocket in these commplexethe same reason,
in a strong ligand field, Fe uses 3d orbitals instead of 4d wliga hybridization, which also
helps to reduce the Fe-ligand bond length and pull the iron awaytlieproximal side. Indeed,
Fe-Ct displacements determined from recent crystal strigctofeNs H-NOX support this
interpretation. TheNs H-NOX Fe-Ct displacement changes from -0.31 A (proximal side)
Fe(Il)-unligated to +0.02 A (distal side) for Fe(ll)-CO comgfé indicating a substantial
movement of iron towards the distal pocket after binding of a strgagdi Conversely, since
there is no or only a weak ligand for Fe(ll)-unligated (5-cowth) and Fe(lll)-KHO, these
complexes of WT and P115At H-NOX have the largest LFIR values and the largest
displacement towards the proximal heme pocket (towards the proximal histidine)lig

LFIR ratios also correlate with the magnetic momenthef heme. Chancet al. have
obtained a good linear fit with a positive slope when plotting theRL¥lues of various
hemoproteins to their magnetic moments; lower LFIR values giefller magnetic moments.
The magnetic moments oft H-NOX complexes have not been independently measured.
However, based on ligand strength and our LFIR values, we can ghediatelative magnitude.
For the high spin Fe(ll)-unligated and Fe(lI® complexes, the 3d electrons are trying to
occupy different d orbitals, since in this case the electrompgagmergy is larger than the crystal
field splitting energy, which results in more unpaired electravk larger magnetic moments.

However, the strong ligands CO and G@ipose strong ligand fields to the central iron and lead
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to low-spin iron with fewer unpaired electrons and a smaller ntigm®ment. Therefore, we
expect the magnetic moment for ferrous complexes imMthe-NOX system follow the trend:
Fe(I)-CO < Fe(ID-Q < Fe(l)-NO < Fe(ll)-unligated, and ferric states to dall this trend:
Fe(ll)-CN" < Fe(lI1)-H0.

The spin state of iron is key to the local geometry of its cergd. Low spin iron
porphyrin complexes tends to have less iron displacement towargsottinal histiding?®>"
This is consistent with our observations that CO and CGdnplexes have the least iron
displacement toward the proximal heme pocket. Therefore, the seeoningly separate

parameters - the magnetic moment and Fe-Ct displacememtbottabe predicted by our LFIR

data and explained by the strength of the binding ligand.

Insight into H-NOX ligand binding properties based on ligand field indicator ratios. Fe-
Ct displacement is also related to ligand binding affinitth@moproteins® We found large
differences in the LFIR-predicted Fe-Ct values for the FeQIN" complexes of WT and P115A
H-NOX. Hence we predicted this was indicative of differencesenCN binding properties of
the two proteins. Indeed, we observed large differences irb{@dNing properties of WT versus
P115ATt H-NOX. We found that cyanide binds to WT Fe(ll,{(= 26.9 & M™) almost 2000
times faster than to P115A Fe(lIBo{ = 0.0153 & M%), and values of Kfor WT and P115A
Fe(lll)-CN are determined to be 81.3 nM and 290 fivespectively (Figure 2-6 and Table 2-3).

The rates of association and dissociation of iGNt H-NOX reflect the overall barrier of
CN binding and leaving, respectively. The barriers mainly involve tffastbn of the ligand
through the protein matrix and the interaction of the ligand with hértteeeheme pocket. The
ligand diffusion rates are expected to be similar for WT and PT13ANOX as they have the

same protein fold. Thus, the differences in equilibrium and rate cosgtar€N binding to WT
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and P115A ferric heme are attributed to the interaction of@N the heme pocket and can be
understood using the LFIR prediction of Fe-Ct displacement. As shoWwabie 2-2, during the
replacement of water during Cbinding to the ferric heme, the central iron in P1T8Ad-NOX
experiences a much larger shift (0.16 A) than that for WT (0.06 BAichamay subsequently
lead to a larger shift of proximal histidine as well as thwle protein conformation based on
our discussion. All these movements contribute to a larger activatiergye for the P115A
mutant.

Steric hindrance also plays an important role in ligand bindinthigncase, the iron in
the WT Tt H-NOX Fe(lll)-CN complex is located almost exactly at the center of the parphyr
nitrogens, while the iron in the P115A H-NOX Fe(lll)-CN complex moves dramatically into
the distal pocket where cyanide locates; we suggest thategulis in a more crowded distal
heme pocket, and hence larger steric hindrance, consequently leaditayder energy barrier
for both CN association with and dissociation from P115A Fe(lll). Tkyssandky values for
P115A are both much smaller than those measured for WT. Also die karger steric strain,
the Fe(lll)-CN complex for P115A is not as stable as that for WH-NOX, as indicated by the
equilibrium dissociation constants.

Following this logic, we would also expect ferrous WT H-NOX to have slightly
greater affinity than its P115A analog for oxygen, due to ighglyi smaller Fe-Ct displacement.
However, it has been determined that the association and dissocetgoconstants of O
binding to ferrous WT are 13.6sM ™ and 1.22 3 respectively, and to ferrous P115A are 10.4
s'uM * and 0.22 3§, respectively’ These data indicate that oxygen binds to ferrous P115A
more tightly than to ferrous WTt H-NOX. This disagreement is resolved upon consideration of

the importance of H-bonds in stabilizing the H-NOX oxygen complex, hemdt has been
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demonstrated that a strong H-bond between tyrosine 140 and bound doxyggsential for
oxygen binding in the H-NOX famil§? Inspection of the Fe(ll)-Ocrystal structures indicates
that, in P115A the Tyr-OH is ~0.3 A closer to the bound oxygen moldeaitein WT, which is
reflective of the change in Fe-Ct displacement. This suggesterayer H-bond and thus a larger
oxygen stabilization effect for th& H-NOX P115A oxy-complex. This stronger H-bond is
supported by lengthening of the O-O bond in the oxygen molecule I8t A in the WT
complex to 1.40 A in the P115A complex, and the shortening of the Fe)®dad from 1.80 A
in the WT complex to 1.74 A in the P115A comptéx’

Furthermore, in comparison to the Fe(l)-Rinding properties, the differences between
WT and P115A Fe(lll)-CNbinding properties are much more extreme, reflecting the much
larger differences observed in the LFIRs and Fe-Cts for this complex. Aissisk; the predicted
Fe-Ct values for ferrous oxy-complexes of WT and P115A areaimathile the difference
between WT and P115A for the Fe(lll)-Cbbmplex is 0.10 A. That the LFIR data do not pick
up on the difference in affinity for s an indication of the sensitivity of this technique for
predicting ligand binding affinity. This level of sensitivity is gegted in the Hb example
discussed above; the iron atom and the heme are less coplar@08 A in the low affinity (T)
form of hemoglobin than the high affinity (R) form. Therefore, a mdmn@matic difference
between WT and P115A for Fe(lll)-CNinding is predicted from XAS measurements, as we
have observed.

Based on this argument, we expect differences in the CO andfiNiDes to be similar
in scale to the differences observed in thafiinities, as the differences in Fe-Ct displacements
for these ligands are small. Indeed, we find that the NO dissotiatie constants fdit H-NOX

WT and P115A are more similar, 0.042 fhiand 0.026 mit}, respectively (Chapter 6, Table 6-
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1). Therefore, in addition to the crystallographically measursgdlaiements discussed above,
the correlation we observe between ligand binding affinity and LF&digied Fe-Cts supports

our assignment of Fe-Cts in this system.

Insight into the H-NOX involved signaling pathway based on LFIR predicted iron-heme
displacement. The current view on signal transduction in H-NOX proteins is tpain ligand
binding, the proximal histidine protein residue dissociates, leadingatein conformational
change$°"® New data has also suggested a role for heme distortiongietiig protein
conformational changéé:° Structural data indicate that upon ligation, the heme flattenshand t
oF and N-terminabA-aC helices shift?

The data presented here provide a description of the changes iedinenéc structure
and position of the heme iron that occur upon ligand binding. We suggest moeénmenheme
iron is the initial step in signaling that gives rise to subsetgoenformational changes in the
histidine ligand, heme conformation, and protein conformation. Our XAS iddieate that
diatomic gas binding to the H-NOX heme alters the position ofcdmgral iron, moving it
towards or into the distal heme pocket. Because the heme is irttcoittaa large number of
atoms in the protein matrix of H-NOX, porphyrin iron displacemémnecould trigger changes
in the tertiary structure needed for signal transduction. Iron mentinto the H-NOX distal
pocket can cause protein tertiary structural changes by oneltoobtwto mechanisms: through
lengthening or breaking the Fe-histidine (proximal) bond and/or througial di®cket
rearrangements brought about by changes in heme structure. Iramgnbamward the distal side
of the heme pocket would lengthen and/or break the bond with the ptdxstidine ligand.

This would then lead to a shift in the position of histidine residuerelad theaF helix where

the histidine resides, causing thE helix to move further from the heme pocket (Figure 2-1). In
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addition, ligand binding in the distal pocket, accompanied by iron movementhe distal
pocket, would result in a crowded distal pocket with substantiat stteain, as evidenced by our
cyanide binding data. Hence, a rearrangement of this pocket, invohenly-terminalaA-oC
helices, would be required to release the strain.

These alterations in tertiary structure would provide forctliocBmmunication between
ligand binding and downstream signaling events (Figure 2-7). Our lisgistis supported by
recent subpicosecond time-resolved resonance Raman and femtosecoiedt tiysorption
spectroscopy results which emphasize the importance of heme irmm fawtheme and protein
conformational changes in hemoproteifs.

Our data indicate that CO binding, as well as NO binding, causesotihgéo move
substantially into the distal pocket, thus this mechanism does ndtrdiste against CO as an
activating molecule for H-NOX proteins. Indeed, in combination aattallosteric activator such
as YC-1, CO fully activates sG€.Recent resonance Raman experiments have shown that
during activation of CO-bound sGC by YC-1, the iron moves so far alistal pocket that
there is evidence that the Fe-His bond breaks, creating a populatteooofdinated sGC-CO
complex® It is proposed that this population of 5-coordinate sGC, in which §euizstantially
moved towards the distal pocket, is the active state in both NO@MGZ1 bound sGC. These
data further emphasize the importance of iron-heme displacemeht ikH-NOX signaling

cascade.
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Figure 2-7. Insight into the molecular basis of signal initiation of H-NOX domsaased on
XANES spectroscopy. The synergism between local structemrangement and electronic
environment change leads to the signaling initiation step of the NO/sGC sigpetiivgay.

Our K-edge and LFIR data indicate that the greatest diffesent the electronic and
geometric properties of the heme pocket between WT and P115A acthe Fe(ll)-unligated
and Fe(lll)-CN complexes. As H-NOX is expected to remain in the ferrous ozitdatates
throughout its physiological function, this may indicate that H-NOX énestnucture has been
optimized to produce the largest changes in the H-NOX hemeoameent upon ligation by £

CO, or NO, the likely functional ligands in this family.

2.5. Conclusion

Understanding the molecular details of how sGC and other H-NOXimsatense small

signaling molecules is still under investigation. We employe@yKabsorption spectroscopy to
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study the local electronic and geometric properties of the imtercen the heme pocket of WT
and P115ATt H-NOX, a prokaryotic analog of sGC. Our results shed light entrenic and
conformational changes that occur in the heme pocket of H-NOX praéesligation and
during initiation of signaling, which confirms that XAS is a preimg approach in studying the
NO/sGC signaling pathway.

The K-edge absorption energies measured here yield the effebtivges on the iron
center as well as the distribution of electron density for varmousplexes. Based on our XAS
data, we evaluated the spin states of iron and predicted the displéicement foilt H-NOX
WT and P115A mutant complexes. Our XANES predictions of Fe-Ct emrirmed by known
crystallographic data and ligand binding properties. We proposthibaton displacement upon
ligand binding is the driving force leading to protein conformatioanges in the:F helix and
the N-terminaloA-aC helices, which subsequently contribute to signal initiation irHHNOX

family.
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Chapter 3. EXAFS Analysis Reveals Structural Insights into the Moladar Basis of NO/H-

NOX Signaling Mechanism

Abstract: Heme-Nitric oxide and/or OXygen binding (H-NOX) proteins arlamily of
recently identified diatomic gas (NOysensing hemoproteins that have attracted great interest.
Soluble guanylate cyclase (sGC), the best studied H-NOXyamember, binds NO as a 5-
coordinate (5¢) complex, leading to the full activation of this ereySome other H-NOXs bind
NO in a 6-coordinate manner, or as a 5c/6¢ mixture. To examinedleeutar details of the
NO/H-NOX binding and signaling, here we investigated the Faflligated and Fe(ll)-NO
complexes of H-NOX proteins fronmlrhermoanaerobacter tengcongensis (Tt H-NOX),
Shewanella woodyi (Swv H-NOX), andPseudoalteromonas atlantica (Pa H-NOX). We focused
on using the Extended X-ray Absorption Fine Structure (EXAFS) dmakysobtain structural
details of the heme pocket for these H-NOX complexes. Ourtsesuggest that NO binds 1o
H-NOX in a 6-coordinate manner, while 3o H-NOX andPa H-NOX in a 5-coordinate manner
with proximal histidine dissociating away, which is exacllg same as sGC. In thé H-NOX
Fe(l1)-NO compound, the Fe-histidine bond is substantially lengthaltieough it is not broken.
This coordination chemistry has also been confirmed by theivisile spectra and iron K-
edge values. On the basis of EXAFS fitting for all three H-N&&Xll)-unligated complexes, we
noticed a ~0.07 A shortening in the Fedond lengths upon NO binding; such a contraction in

Fe—-N, bond lengths could be important for the signal initiation step of NO sensing.
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3.1. Introduction

The ability of an organism to respond to internal and extergabls is critical for its
survival. Diatomic gas molecules like nitric oxide (NO) haverbencreasingly recognized as
important signaling molecules that induce signal transduction throelghtise binding with
cognate sensor proteins??*?%°8A family of heme-based sensor proteins, named Heme-Nitric
oxide and/or OXygen binding (H-NOX) proteins, has been found to play edseiés in gas
molecule sensing in a variety of biological systéff§2’ The best studied H-NOX family
member is soluble guanylate cyclase (sGC), the only confirn@adnsor in mammals. Upon
binding of NO to the H-NOX domain of sGC, the enzymatic actiwityGC is enhanced by over
200-fold, leading to a significant increase in the production cyalangsine monophosphate
(cGMP) (Figure 1-1). Through its interactions with downstreagnaling systems, cGMP
regulates important biological processes including neurotransmissiontts muscle relaxation,
and inhibition of platelet aggregatiort**33

In addition, H-NOX proteins also widely exist in prokaryotes anel iavolved in
important signaling pathways that regulate the behavior of tresmisms*2° For example, in
Shewanella woodyi, an H-NOX gene is located upstream of a gene encoding aadi/igte
cyclase (DGC) within the same putative operon (Figure 1-2)eRdmochemical and genomic
studies in our group have shown that NO modulates a protein-protegctida of H-NOX with
the DGC, which subsequently affe@@swoodyi biofilm formation. Moreover, NO-bound H-
NOX proteins have been implicated in signaling pathways in momer bacteria likéegionella
pneumophila,”® Shewanella oneidensis®® and Vibrio specie§® (Figure 1-2). Therefore,
understanding the detailed molecular mechanism of how NO is skepdedNOX protein is of

crucial importance.
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In 2004, crystal structure of the predicted,-8ensing H-NOX domain from
Thermoanaerobacter tengcongensis (Tt H-NOX) was solved to a resolution of 1.77 A (Figure 1-
3),'? which has greatly helped to understand the structure-function timmetf the H-NOX
family. Although thisTt H-NOX is predicted to be an,@ensor, its structure has been widely
used to model the sGC heme domain and other H-NOX proteins due to lthieohiglogy in
their protein sequences. And a great amount of valuable insigbtgh@tH-NOX signaling
mechanism have been obtairt&d® 3123 4Currently the prevalent hypothesis for NO/H-NOX
signaling is that NO binding to H-NOX generates conformationahgas to the heme group and
the H-NOX domain; such changes induce downstream signalingdeagwaugh either domain-
domain interactions in large enzyme complexes (like sGC) or pfptetein interactions of H-
NOX with effector enzymes (like DGC and histidine kinase). Howewe molecular details of
these heme and H-NOX conformational changes induced by NO tgedimain to be fully
elucidated.

One critical problem that severely impedes the study on H-Ni@Xaling is the lack of
structural information at the heme pocket for the Fe(ll)-unligated Fe(ll)-NO complexes,
which respectively represent the physiological rest stateaatide state of these NO sensors.
There has been no success in crystallizing Fe(ll)-unligated H-alt@only one crystal structure
of Fe(I1)-NO complex, the NO-bourfdostoc sp H-NOX (Ns H-NOX), has been reportéd But
it turns out that this NO-bournds H-NOX complex is a mixture of 6-coordinate (6¢) and 5¢c-NO
heme with 6¢-NO as the predominant species. This largely limtamount and accuracy of the
structural information that can be extracted. Therefore, a thorstagttural characterization of

the heme pocket for the H-NOX Fe(ll)-unligated and Fe(Il)-NO complasesighly desirable.
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In this work, we concentrate on using iron K-edge X-ray absorpgieatscopy (XAS)
to characterize the H-NOX Fe(ll)-unligated and Fe(ll)-N@test. XAS is a powerful technique
for examining Fe-heme local structure and electrostatibenmoproteins, providing information
on Fe oxidation state, spin state, the number and type of ligands boundtaH-e-ligand bond
lengths. In previous work, we have used iron K-edge to examine the flekeafon density
between the iron center and surrounding ligands, and the X-ray Absor@asrElge Structure
(XANES) to predict the iron-heme displacement upon ligand bindink t6-NOX.*® Here we
present our work of using the Extended X-ray Absorption Fine StrudiXARS) analysis to
obtain structural details of the heme pocket for several different H-NOXs.

Specifically, we investigated the Fe(ll)-unligated and FeNID-complexes for three
different H-NOX proteins, H-NOX fronThermoanaerobacter tengcongensis (Tt H-NOX), H-
NOX from Shewanella woodyi (Swv H-NOX), and H-NOX fromPseudoalteromonas atlantica
(Pa H-NOX). The results for NO complexes indicate that NO bital§t H-NOX in a 6-
coordinate manner, and 8w H-NOX andPa H-NOX in a 5-coordinate manner. Based on the
EXAFS fits of Tt H-NOX data, we found that even though the Fe-histidine bond is not broken in
NO-boundTt H-NOX, it is substantially weakened likely due to the strtrags effect of NO.
On the basis of EXAFS fits for the Fe(ll)-unligated complexesnaticed a ~0.07 A shortening
in the Fe-\ bond lengths upon NO binding for all three H-NOXs; such a contractibe-},

bond lengths could be important for the signal initiation step of NO sensing.
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3.2. Materials and Methods

Plasmid preparation and protein expression. Cloning of theTt H-NOX domain into a
pET-20b (Novagen) vector has been described previétigipr ease of purification, a C-
terminal 6xHis tag was incorporated to the plasmid ahead ofdhecstion. Plasmids f@w H-
NOX and Pa H-NOX were cloned into pET-23b and pET-20b, respectively. Celiuil
preparation and expression procedures of H-NOX proteins were cauteds previously

described®

Protein purification. To purify Tt H-NOX, cell lysis and thermal denaturation treatments
were carried out as describ&dlhe supernatant after thermal denaturation was filtered thmugh
0.45 pm membrane and the filtrate was applied to a 1 mL HisfiRagolumn (GE Life
Sciences) pre-equilibrated with buffer A [50 mM sodium phosphate, 300Na®1, pH 7.5].
The column loaded witd't H-NOX was washed using 30 mL buffer A and then three more
washes were performed using 20 mL buffer A with 10 mM imidazolenR®uffer A with 20
mM imidazole, and 10 mL buffer A with 50 mM imidazole. The proteirs whimately eluted
using buffer A with 250 mM imidazole. The flow rate was controlled enL/min. The protein
was then exchanged into buffer B [50 mM HEPES, 50 mM NacCl, 5% glyaad 5 mM DTT,
pH 7.5] using a PD-10 column (GE Healthcare), aliquoted, and storéd &€-To purify Sw H-
NOX andPa H-NOX, the procedures are the same as thafftfddi-NOX except that thermal
denaturation was not performed, because these two H-NOX proteinstaas thermal stable.

The procedure resulted in protein that was >95% pure as estimated by SDS-PAGE.
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Electronic spectroscopy. All UV/visible spectra were recorded on a Cary 100 Bio
spectrophotometer equipped with a constant temperature bath set to 2Bré@aration of

ferrous complexes was carried out as previously publiShed.

XAS sample preparation. Ferrous (-unligated and -NO) complexes of H-NOXs were
prepared in the glove bag as previously describéttNOX protein samples were exchanged
into XAS sample buffer [50 mM HEPES, 50 mM NaCl, 20% glycerol,7p] and concentrated
to 1-2 mM using spin columns from Millipore [Microcon Ultracel Y343000 molecular weight
cut off (MWCO) and 0.5 mL maximum volume]. The concentrated protemples were
transferred to copper sample holders with Mylar windows (10 mm wislenm high x 0.5 mm

thick), frozen in liquid nitrogen and stored at -80 °C before XAS experiments.

X-ray absorption spectroscopy. XAS data collection was carried out at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory Bdh beamline X3B
with a sagittally focused Si (111) crystal monochromator. Sasnwéze cooled to at least 40 K
before scanning in a closed-cycle liquid helium diplex and keptrirdeeng data collection. K
fluorescence was detected with a Canberra 13-element germdetector. An iron foil was
used as a reference to determine the X-ray absorption edgacfosgectrum and to account for
any shifts in the monochromator. The step size at the edge regi@ewtad.2 eV. 6-9 scans for
each complex were taken and averaged for data analysis. In@rderimize radiation damage
to the samples, we made multiple samples for the same compdezollected at most 2 scans
per X-ray exposed spot. XAS data were aligned, background-removedlizeadrand merged
using Athena. The K-edge positions were determined from thedirstative of the average
XAS spectra after smoothing. The derivative spectra were sdatsing Origin 7.0. EXAFS

fitting of all data were carried out using EXAFSPAK.
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3.3. Results and Discussion

UV/visible spectroscopy. UV/visible spectra of hemoproteins are indicative of the Fe
oxidation state as well as the bound ligand. As shown in FigurarsdlTable 3-1, Fe(ll)-
unligated state for all three H-NOX proteins shows a Soret bandmum at ~430 nm with a
mergedo/p band at ~560 nm, demonstrating a 5-coordinate, high-spin complex. AdufifN@
to the Tt H-NOX Fe(ll)-unligated solution generates a 6-coordinate FbI@)-compound,
showing a Soret band at 419 nm. However, the Fe(ll)-NO complex&ydrNOX andPa H-
NOX have Soret bands at ~399 nm and sglitbands at ~570 nm and 543 nm respectively,
which are the same as that for sGC. On the basis of thests regilpredict that botBwv H-
NOX and Pa H-NOX form 5-coordinate Fe(ll)-NO complexes with the Fe-Hand broken.
Thus, characterization of these two H-NOX proteins can not onlyifigéiné molecular factors
involved in their own signaling systems, but also provide helpful insifgintthe NO-sGC

activation mechanism.
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Figure 3-1.UV/visible spectra ofit, Sv andPa H-NOX in Fe(ll)-unligated (solid) and Fe(ll)-
NO (dash) states.
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Table 3-1. UV/visible spectra peak positions and iron K-edgesTtprSnv and Pa H-NOX in
Fe(ll)-unligated and Fe(ll)-NO states. (unit: nm for UV/visible speptraks and eV for edge)

Soret B o edge
Fe(Il)-unligated
T. tengcongensis 429 560 7124.1
S woodyi 430 564 7123.4
P. atlantica 431 561 7123.2
sGC 431 555 -
Fe(ll)-NO
T. tengcongensis 419 547 577 7125.5
S woodyi 399 543 572 7123.7
P. atlantica 398 543 569 7123.0
sGC 398 537 572 -

Iron K-edge of H-NOX complexes. Iron K-edge indicates the energy required to excite the
core shell (1s) electron of the Fe atom. Higher edge positoresponds to larger energy
requirement for electron excitation and more positive effectiaege on the iron. Thus, analysis
of the Fe edge positions for H-NOX protein complexes implieldetron density on the heme
iron and show how the electron density flows upon ligand binding. We havendetd the Fe
K-edge positions forTt H-NOX before, and the values for Fe(ll)-unligated and Fe(ll)-NO
complexes are 7124.1 eV and 7125.5 eV, respectively (listed in Tabf® 3ti9.1.4 eV increase
in edge energy upon NO binding suggest an extensive electron 8owHe to its surrounding
ligands (including NO), generating a more positive heme iron center.

However, results here show that 8w andPa H-NOX, the edge values for their Fe(ll)-
NO complexes are similar with the ones for their Fe(filgated complexes (Table 3-1). This
can be attributed to the 5-coordinate environment of these two NO exspMWe have shown
that addition of a bound ligand causes an increase in the H-N(kdege due to the strong
electronegativity of ligation atoms. In the caseloH-NOX, NO binding leads to an increase in
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the coordination number from 5 to 6; the exogenous NO ligand pulls thecgadéectrons away
from the Fe nucleus, resulting in a larger K-edge value. Whil&foandPa H-NOX, at the
same time that NO binds to the heme iron, the proximal hstityand dissociates, keeping a 5-
coordinate environment. Therefore, the effect of NO associationoonelectron density is
roughly cancelled out by histidine dissociation, resulting in sinladge values. These data
agree with our UV/visible results that bdwv H-NOX andPa H-NOX form 5-coordinate Fe(ll)-
NO complexes.

The insignificant difference in iron K-edge caused by NO aassoc does not exclude
the importance of Fe electronic environment in a NO signaliremtevihe edge energy has
implication on the net electron density on heme iron; however, it does not reveetated iron
electric field. Upon the binding of NO to the distal pocket, thelelwa a correlated electron
density change to the distal side of heme plane, and an oppositereléensity shift on the
proximal side accompanying the dissociation of proximal histidinereftre, the seemingly
identical edge values for Fe(ll)-unligated and Fe(ll)-NO plax may actually represent two
distinct electronic environment at the heme pocket. Such changes sbatrithute to the NO-
induced H-NOX signaling. Only considering the electronic implocatirom edge values
together with the coordination structure of heme iron can wé r@a@ccurate understanding of
the heme pocket electrostatics.

Furthermore, we find that the K-edge value ToH-NOX Fe(ll)-unligated state is ~1.0
eV greater than those f&v andPa H-NOX (Table 3-1). Such a dramatic shift in edge energy
suggests a large electrostatic difference at the heme poukieating a more positive heme iron
in Tt H-NOX. We reason that this large difference is coreelavith their distinct functionskt

H-NOX is predicted to be an,8ensor whiléSy andPa H-NOX are expected to be NO sensors.
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In addition, as it has been suggested that the severe hemsiahstn wildtype Tt H-NOX
creates a low electron density at heme fdarger edge value should correlate with larger heme
distortion. Therefore, on the basis of their K-edges, we predicSthaind Pa H-NOX have a
flatter heme plane thaiit H-NOX, which may also be an indication of their functionality

difference.

EXAFS analysis of H-NOXs. EXAFS is a powerful technique that has been extensively
used to examine the coordination chemistry of metal centerstallopeoteins, including heme-
based sensor proteins. Here we use it to identify the exatécutar details of heme

conformational changes induced by NO binding to the three different H-NOXs.

Ch
Ca
Cs

Figure 3-2. Sketch of the heme macrocycle. Fe, N and C are colored in redardugreen,
respectively. Iy, Ca, CB, and G atoms are labeled.
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A detailed EXAFS analysis was carried out for the Fe(lD-¢dbmplex ofTt H-NOX, and
is summarized in Tables 3-2. A large portion of the EXAFS oflig&ted Tt H-NOX can be
simulated with a set of 4 FegNcatterers at 1.99 A associated with the equatorial N donors of
the heme, along with a set of single and multiple scatteriting pasociated with theaCCB, and
Cn atoms assignable to the pyrrole moieties of the heme (FRyZreand Table 3-2, fit 1).
Addition of a single Fe—N/O scatterer at 1.75 A attributed to boundesdlts in a significant
improvement in fit quality (Table 3-2, fit 2). We note that the yaeWaller factor ¢?) for this
shell is comparably large, which may reflect either sub-stoiokieenbinding of NO or more
than one NO binding mode. It was not possible to identify unique musgaltering paths
involving the Fe—NO unit that would enable determination of the Fe—NO borel Awaiglitional
attempts were made to fit the inner shell to a six-cooreliRafll) site by inclusion of an axially
bound Fe—INis bond. A fit with a single shell of 5 (FexN Nyis) shells (Table 3-2, fit 3) resulted
in a significant decrease in fit quality and a much lardevalue for the principal Fe—N shell,
suggesting that the Fegfbond, if present, has a bond length very different from those of the
equatorial heme nitrogens. Indeed, a weak and disorderedyEdevd of 2.32 A can be
resolved (Table 3-2, fit 4), providing a modest improvement in fit quiads can be seen in
Figure 3-3. This long Fe—N bond length is consistent with the notion of a six-coordinate
ferrous NO complex in WTt H-NOX, in which the Fe-Ns binding is severely weakened by

the NO trans effect.
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Table 3-2.Selected EXAFS fits tdt H-NOX Fe(I)-NO datd.
Tt H-NOX Fe(ll)-NO complex

fit 1 fit 2 fit 3 fit 4
shell r(dy o shell rd) o? shell r(A) o? shell r(A) o?

1Fe-NO 175 5.1 1Fe-NO 1.73 3.0 1Fe-NO 174 54

4 Fe-N, 199 3.9 4Fe-N 197 33 4Fe-N+ 197 5.1 4Fe-N 197 34
1 Fe-Nuis
1Fe-Nys 232 6.5

8Fe--G@ 3.01 3.3 8Fe-- 299 3.6 8Fe--G 299 36 8Fe--G 299 35

16Fe- 318 68 16Fe- 316 7.2 16Fe- 316 7.2 16Fe- 316 71
Ca/Np Ca/N, Ca/Np Ca/Np
Fe-G, 310 375 Fe-G, 334 49 Fe-G, 334 4.9 Fe-G, 335 45

Fe--GB 436 6.3 Fe--(B 431 55 Fe--B 431 54 Fe--B 431 55
Fe--B/N, 4.39 12.6 Fe--B/N, 4.34 11.0 Fe--B/N, 4.33 10.8 Fe--B/N, 4.33 11.0

F 0.369 F 0.286 F 0.315 F 0.270
AEg 8.40 AEg 3.76 AEg 3.43 AEg 3.48

2t is in units of A:c? is in units of 1¢ A2, All fits are to unfiltered data. F represents a goodne$i${udrameter. Fourier transform
rangek = 2.0 — 13.85 A& (resolution = 0.134 A). Values of r for the Fes-6ingle scattering and Fe-«@, multiple scattering paths
were constrained to a constant difference from one another, «ftfibe the multiple scattering path was constrained to be twide tha
of the single scattering path. A similar constraint was placed onftla@€@/N, combination.
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Figure 3-3. Representative best fits to the Fourier transforms of thK-Bdge EXAFS data
(IKPx(K), left) and unfiltered EXAFS spectri&®f(k), right) for WT Tt H-NOX Fe(I1)-NO complex.
Experimental data is shown with dotted lines (e¢), fits are shawth solid lines. Fourier
transformation rangek = 2 — 13.85 A. Fit parameters correspond to (a) fit 2 and (b) fit 4 in

Table 3-2.

Similar EXAFS analyses were obtained for the NO-compleXeSv and Pa H-NOX
(Table 3-3). EXAFS data for both species was adequately simudgtadshort Fe—N scatterer
from bound NO and a set of single and multiple scattering pathvgageiated with the heme
macrocycle. Although we expected a five-coordinate site to prok@éest fit, it was possible
to include a long Fe—N scatterercat 2.3 — 2.35 A and slightly improve fit quality over the five-
coordinate fits. However, we note that for b&i andPa H-NOX (Table 3-3, fits 6 and 8), the
o> values for this Fe-Ns shell were larger than that obtained TorH-NOX. We can therefore
conclude from this analysis that, even if the axial His in N@tédSwv andPa H-NOX is bound
to heme Fe, the binding is weaker than thattitH-NOX. In a combined view of UV/visible

spectra, Fe K-edge results and the EXAFS fitting, we condhatethe Fe-His bond is actually
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Table 3-3.Selected EXAFS fits t8v andPa H-NOX Fe(Il)-NO datd.

Sw H-NOX Fe(I1)-NO Pa H-NOX Fe(ll)-NO
fit 5 fit 6 fit 7 fit 8
shell r(A) o shell r(A) o? shell r(dy o? shell r(A) o?

1 Fe-NO 1.75 1.8 1Fe-NO 175 2.1 1 Fe-NO 172 53 1Fe-NO 172 54
4 Fe-N, 1.99 2.0 4 Fe-N, 199 21 4 Fe-N, 198 4.0 4 Fe-N, 198 4.0

1Fe-Nye 232 84 1Fe-Nys 235 105
8Fe-Gx 302 30 8Fe-G 302 30 8Fe-G 303 28  8Fe-G 303 27
16Fe- 519 61 16Fe- 319 61 16Fe- 350 56 16Fe- 350 55
Ca/Np Ca/Np Ca/Np Ca/N,
Fe-G, 338 35 Fe-G, 338 3.2
Fe-G3 436 4.8 Fe-G3 436 47 Fe-G 437 7.1 Fe-G 436 6.7

Fe--B/N, 4.39 9.6 Fe--B/N, 4.39 9.4 Fe--B/N, 4.39 14.2 Fe--B/N, 4.39 134

F 0.342 F 0.321 F 0.406 F 0.393
AEg 7.65 AEg 7.70 AEg 6.21 AEg 5.82

2t is in units of A:c? is in units of 1¢ A2, All fits are to unfiltered data. F represents a goodne$i${odrameter. Fourier transform
rangesk = 2.0 — 13.85 A (resolution = 0.134 A) foBv H-NOX Fe(Il)-NO; k = 2.0 — 12.5 A (resolution = 0.150 A) foPa H-NOX
Fe(l)-NO. Values of r for the Fe-«Csingle scattering and Fe«@, multiple scattering paths were constrained to a constant
difference from one another, whité for the multiple scattering path was constrained to be twideftthe single scattering path. A
similar constraint was placed on thp &d /N, combination.
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broken in the Fe(Il)-NO complexes 8ifv andPa H-NOX.

We also carried out a detailed full multiple-scattering asialgf EXAFS data obtained
for the Fe(ll)-unligated forms oft, Sv andPa H-NOX, the results of which are summarized in
Tables 3-4, 3-5 and 3-6. Similar to our observations with the N@tigae(ll) form, they(k)
EXAFS data obtained for Fe(ll)-unligatdd H-NOX is well simulated by a set of single- and
multiple-scattering pathways associated with the 4 pyrroletnsi of the heme group, with an
Fe—N, distance of some 2.02 A. In contrast to our analysis of the NO-bound itoisnnot
necessary to include multiple-scattering from a three-body patlving the iron, @G, and
Npyrrole (FE—G1/Np), and indeed fit quality improves markedly when this path is remolete
not shown). The observed 0.05 A increase in the averagepfrg=Nond length relative to the
NO-ligated form is consistent with a high-spin Fe(ll) cemeunligatedTt H-NOX. Attempts to
introduce an Fe— scatterer having a different bond length than the principal feh&ll were
unsuccessful, affording an unrealistically long Fe—N distance of R.§8t 3, Table 3-4).
Indeed, computational studies predicted an Fg-ond length of 2.05 A for unligated Fe(T
H-NOX. There is evidence for a long, weak Fe—O/N int@aat ca. 2.38 A (fit 4, Table 3-4)
that might be assigned to a bound solvent ligand, but inclusion of tthisligignd affords only
modest improvement in the quality of fit relative to a 5C fit nhgdempare fits 2 and 4 in Table
3-4 and Figure 3-4).

The complete EXAFS analyses for unligated ferrous formSao&dndPa H-NOX were
broadly similar to that oft H-NOX, in that the EXAFS could be well simulated with a set ef
5 Fe—N/O scatterers at 2.05 — 2.07 A, as well as single- anglendtiattering paths associated
with the heme pyrroles (Table 3-5 and 3-6). One notable diffeieraléethree cases was that it

was not possible to obtain chemically reasonable bond lengths fortevgogtalvent ligand that
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would complete the 6C Fe(ll) site expected. In all cases, th® Eestance was refined to a

value of 2.6 — 2.7 A, clearly too long to be associated with any significant bondingfictera

WT T.t fit 2 i

N W O W o
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Figure 3-4. Representative best fits to the Fourier transforms of thK-ée@ge EXAFS data
(IKx(K), left) and unfiltered EXAFS spectr&’(y (k), right) for Tt H-NOX Fe(Il)-unligated.

Experimental data is shown with dotted line®)( fits are shown with solid lines. Fourier
transformation rangek = 2 — 12 A'. Fit parameters correspond to fit 2 and fit 4 in Table 3-4.
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Table 3-4.Selected EXAFS fits foft H-NOX Fe(ll)-unligated:

Tt H-NOX Fe(ll)-unligated

fit 1 fit 2 fit 3 fit 4
shell Q2 shell N shell 52 shell 2
A) A) A) A)
4Fe-N+1 4Fe-N+1
4 Fe- 202 7.2 2.02 10.0 4 Fe- 202 7.2 203 10.3
N) Fe-Nuis N) Fe-Nuis
1Fe-NyJO 2.69 2.6 1Fe-O 238 32
8Fe-Gx 3.11 134  8Fe-G 3.12 15.9 8Fe-Gx  3.09 15.0 8Fe-Gr 312 14.2
4Fe-G 340 -0.3 4Fe-G  3.40 -0.4 4Fe-G  3.40 -05 4Fe-G  3.40 -0.8
8Fe-® 439 3.7 8Fe-® 439 4.0 8Fe-@ 439 3.8 8Fe-® 439 33
16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--
oo, 44278 oo, 442 80 oo, 442 7T oo, 442 67
F 0.381 F 0.436 F 0.362 F 0.411
AE, 4.95 AE, 4.94 AE, 4.98 AE, 4.98

2t is in units of A;s ? is in units of 1G A% Al fits are to unfiltered data. F represents a goodness-p&fiameter. Fourier transform
rangesk = 2.0 — 12.0 & (resolution = 0.157 A). Values of r for the FeB-8lngle scattering and Fe@, multiple scattering paths
were constrained to a constant difference from one another, «ftfibe the multiple scattering path was constrained to be twide tha
of the single scattering path.
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Table 3-5.Selected EXAFS fits foBv H-NOX Fe(ll)-unligated:

Sw H-NOX Fe(Il)-unligated

fit 1 fit 2 fit 3 fit 4
shell 52 shell N shell 52 shell 2
A) A) A) A)
4Fe-Ny + 1 4Fe-N+1
4 Fe- 207 4.0 206 5.7 4 Fe- 207 4.0 207 5.8
N) Fe-Nuis N) Fe-Nyis
1Fe-NyJ/O 2.67 143 1Fe-O 261 17.6
8Fe-Gx 3.11 6.1 8Fe-Gx 3.11 6.6 8Fe-Gx 310 6.3 8Fe-G: 3.10 6.9
4Fe-G 341 1.0 4Fe-G 3.41 055 4Fe-G  3.42 09 4Fe-G 341 05
8Fe-@ 443 4.0 8Fe-( 442 3.8 8Fe-@ 443 40 8Fe-@ 442 3.8
16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--
4.46 7. 4.45 7. 4.46 8. 4.45 7.
CP/N, 6 7.9 CB/N, 5 7.6 CBIN, 6 80 CBIN, 5 765
F 0.276 F 0.301 F 0.261 F 0.287
AE, 4.40 AE, 3.88 AE, 4.62 AE, 4.12

2t is in units of A;s ? is in units of 1G A% Al fits are to unfiltered data. F represents a goodness-p&fameter. Fourier transform
rangesk = 2.0 — 12.0 & (resolution = 0.157 A). Values of r for the FeB-Slngle scattering and Fe@, multiple scattering paths
were constrained to a constant difference from one another, shite the multiple scattering path was constrained to be tihige
of the single scattering path.
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Table 3-6.Selected EXAFS fits faPa H-NOX Fe(ll)-unligated:

Pa H-NOX Fe(ll)-unligated

fit 1 fit 2 fit 3 fit 4
shell 52 shell N shell 52 shell 2
A) A) A) A)
4Fe-Ny + 1 4Fe-N+1
4 Fe- 206 3.6 206 5.2 4 Fe- 206 3.7 206 5.2
N) Fe-Nuis N) Fe-Nyis
1Fe-NyJ/O 2.67 20.4 1Fe-O 257 255
8Fe-Gx 3.10 3.2 8Fe-Gx 3.10 3.1 8Fe-Gx 310 3.1 8Fe-G: 3.10 3.1
4Fe-G 341 21 4Fe-G  3.40 2.37 4Fe-G 341 2.2 4Fe-G 341 2.3
8Fe-@ 443 3.7 8Fe-( 442 3.9 8Fe-@ 443 3.7 8Fe-@ 443 3.8
16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--
4.45 7.4 450 7.7 4.46 7. 4.45 7.
CP/N, > CB/N, 50 CBIN, 6 75 CBIN, 5 765
F 0.283 F 0.306 F 0.272 F 0.295
AE, 3.63 AE, 3.31 AE, 3.86 AE, 3.66

2t is in units of A;s ? is in units of 1G A% Al fits are to unfiltered data. F represents a goodness-p&fameter. Fourier transform
rangesk = 2.0 — 13.0 & (resolution = 0.142 A). Values of r for the FeB-lngle scattering and Fe@, multiple scattering paths
were constrained to a constant difference from one another, shite the multiple scattering path was constrained to be tihige
of the single scattering path.
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3.4. Conclusion

To explore the detailed molecular basis of NO/H-NOX signapathways, we used
EXAFS spectra to investigate the Fe(ll)-unligated and F&i@)complexes of three different H-
NOX proteins, Tt H-NOX, Sv H-NOX, andPa H-NOX. We found that NO binds & H-NOX
in a 6-coordinate manner, while 8v H-NOX andPa H-NOX in a 5-coordinate manner with
proximal histidine dissociating away, the same as sGC. Prolhldyto the severe heme
distortion and low electron density on heme iron, the Fe-histidine bamat isroken inTt H-
NOX NO-complex although it is substantially lengthened to 2.32hls coordination chemistry
is supported by their UV/visible spectra and iron K-edge valda®ugh comparing the EXAFS
fitting results for H-NOX —unligated and —NO complexes, we obseaved.07 A shortening in
the Fe-N bond lengths upon NO binding for all three different H-NOX proteinsh saic
contraction in Fe—N bond lengths could be important for the signal initiation step of NO

sensing.
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Chapter 4. An Interesting Structure-Function Correlation of Tt H-NOX Determined by

EXAFS Studies

Abstract: Hemoproteins ubiquitously exist in living organisms and playcatitroles.
The activity of the heme cofactor dictates the function of hemaprotefamily of recently
discovered hemoproteins, named Heme-Nitric oxide and/or OXygen bindiNg®J proteins,
has been found to act as important diatomic molecule sensors iplenbiblogical systems. A
crystal structure of the £bound H-NOX domain fronThermoanaerobacter tengcongensis (Tt
H-NOX) has been solved, showing that this hemoprotein has a sed&telsted heme group
strained by the packing of several hydrophobic residues including ptdleFollowing that, a
great amount of studies have been performeditoRl-NOX wildtype (WT) and the P115A
mutant. While the crystal structure of P11%1AH-NOX indicates a dramatic change to the heme
conformation, subsequent spectroscopic characterizations suggesimalngerturbation from
the mutation. To resolve this contradiction, here we performed essaristructural and ligand
binding studies ot H-NOX WT and the P115A mutant. Results show that the P115A mutation
leads to a significant change in the iron-ligand bond length inefid)FH,O complex, resulting
increased electron density on heme iron and causingttheNOX water-complex to exist as
Fe(ll)-H2O in P115A and Fe(lll)-OHin WT. This finding provides a molecular basis for the
greater changes in electronic spectroscopy and ligand binding fpesgder ferricTt H-NOX. In
contrast, the heme structures are very similar between WPHHIGA in the ferrous complexes.

In summary, our data illustrates how the protein matrix andeh@mtion state modulate the
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structure and properties of heme cofactor, and how these modulatiecs fEEmoprotein

functionalities.
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4.1. Introduction

Hemoproteins widely exist in biological systems, playing irtgodr roles including
diatomic molecule sensing,.@ansport, electron transfegtc..31%3339466L " The structure and
properties of the heme cofactor in hemoproteins are criticah®icorrect functioning of this
family of proteins as the heme serves to either bind signalingcmel in heme-based sensors
or to transfer electrons in redox-active heme enzymes. For exaam@inges in heme planarity
caused by @binding have been implicated in the signaling mechanism of the wxsgesor
FixL.* Cytochrome ¢ complexes isolated from various species hawstidentical non-planar
heme structures, suggesting a unique role for that specific hemf@mation®* In addition, the
redox potential of heme group also affects the hemoprotein functionslé&&on transfer and
redox reaction catalysfd.Thus, a thorough analysis of the structural and electronic featfires
heme cofactor is necessary for determining the structureiduncelationship of various
hemoproteins.

Factors contributing to modulate heme characteristics canneeadjg classified into two
groups, the protein matrix and the heme ligation state. As the geap is in contact with a
large number of residues of the protein matrix, the protein environozeneasily exert its
influence on the heme cofactor. The porphyrin group is planar wherréeisn solution, but
adopts an energetically unfavorable distorted conformation when incagponahemoproteins.
Heme electronic features like reduction potential are alsectafi by heme pocket residues,
changes in which can lead to a change of more than 400 mV in redpotimtial®*©%64727
Furthermore, the ligation state of hemoprotein complexes, maictigteld by the iron oxidation
state and ligand species, is an important determinant of heperpes as well. Variation of Fe

oxidation state and axial ligand has contributed to generateafiigéi heme features even within
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the same protein fold. For example, during the activation of soluldeytate cyclase (sGC),
while Fe(ll)-unligated state shows basal level activity andb©0nd state displays a 2-3 fold
activity increase, NO-bound sGC has a several hundred fold indreaseyme activity; such
changes are attributed to varying heme conformations induced byediffaxial ligand$>*® In
addition, it has been shown that there is a connection between the ehteme distortion and
the electron density on heme irbhTherefore, a complete understanding of how the properties
of heme cofactor are affected could help to solve the moleculailsdetf hemoprotein
functioning as well as to rationally design hemoproteins with desiratilétias.

We are particularly interested in the Heme-Nitric oxidey@2h binding (H-NOX)
proteins, which are a family of heme-based sensor proteins twatbkan recently identified to
widely exist in both eukaryotes and prokaryotes, playing critiolds in sensing diatomic
molecules like NO and %?°%*?"A crystal structure of the £&bound H-NOX domain from
Thermoanaerobacter tengcongensis (Tt H-NOX) was solved a few years ago, and it shows that
this hemoprotein bears a severely distorted heme cofactor stiandee tightly packing of
several highly conserved residues including proline 115 (Figure 1-3 Fimde 1-5)%
Subsequent crystallographic study on the-bG@und P115A mutant offt H-NOX has
demonstrated that this mutation results in a much flatter henme;plae root-mean-square
deviation from planarity for P115A is approximately 3-fold less tthe for wildtype (WT)*’
Afterwards, WT and P115At H-NOX have been extensively used to study heme-protein
interactions and how such interactions modulate heme and protein functionalities.

While the P115A mutation leads to significant heme flatteninghasvn in its crystal
structure, a variety of studies indicate that there has ictual been a dramatic change in the

ferrous complexes in solution. For example, WT and PIMSA-NOX have similar UV/visible
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and resonance Raman spectra in the ferrous $tafes. X-ray Absorption Near-Edge Structure
(XANES) analysis has also shown that both the iron K-edge valu@digation-induced iron
movement are very similar between WT and P1T5A-NOX.*® On the basis of these findings,
we observed only minimal perturbations to the ferrous heme and protgeripes from the
P115A mutation.

However, some studies do show significant alteratiomt iH-NOX properties between
WT and P115A. The reduction potential for WTH-NOX is 167 mV, while that for P115A is
only -3.8 mV¥’ implying an electronic environment variance for the Fe(ll)iBegair in Tt H-
NOX. This implication was supported by the large shift of FefHO Soret band in the
UV/visible spectra (415 nm for WLs. 405 nm for P115A%>° Moreover, cyanide binding rate
to ferric Tt H-NOX is severely changed. We have found that cyanide bind&rtée(lll) almost
2000 times faster than to P115A Fe(ffl)Interestingly, these dramatic changes induced by
P115A mutation are all related to the ferric state3tafl-NOX, which lead to our hypothesis
that, for this interesting hemoprotein, environmental changes toetine cofactor (like the one
caused by P115A mutation) induce a much more dramatic change ferribestate; in other
words, Tt H-NOX Fe(lll)-H,O state more sensitively monitors heme local changes.

To test this hypothesis and also to gain insight into the strufttmcgon relationship of
this important family of proteins, we performed a series of HXN®uctural and ligand binding
characterizations. Our Extended X-ray Absorption Fine StructiAKES) results show that the
P115A mutation leads to a significant lengthening to the iigemtl bond lengths in the Fe(lll)-
H,O complex causing increased electron density on heme iron, which rinek&s H-NOX
water-complex exist as Fe(lll)-2 in P115A and Fe(lll)-OHn WT. For ferrous complexes, the

heme structures are very similar between WT and P115A. The ampertf this finding is that
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it provides a molecular basis for the changes in the propeitigsric WT and P115ATt H-

NOX that we have observed. In addition, we found that ligand bindingdsreate more greatly
affected in the ferric state, which further supports our hypsth@sr data illustrates how the
protein matrix and heme ligation state modulates heme structdreraperties in the H-NOX

family, and how these modulations influence function.

4.2. Materials and Methods

Plasmid preparation and protein expression. Cloning of theTt H-NOX domain into a
pET-20b (Novagen) vector has been described previdudhpr ease of purification, a C-
terminal 6xHis tag was incorporated to the plasmid ahead ofdphestion. P115A mutagenesis
of the 6xHis tagged protein construct was carried out using the Qaiig@ protocol from
Stratagene. Cell culture preparation and expression procedures OXHpidteins were carried

out as previously describég.

Protein purification. Cell lysis and thermal denaturation treatments were caoueds
described! The supernatant after thermal denaturation was filtered through4% pm
membrane and the filtrate was applied to a 1 mL HisTragéliinn (GE Life Sciences) pre-
equilibrated with buffer A [50 mM sodium phosphate, 300 mM NaCl, pH 7.5]. chemn
loaded withTt H-NOX was washed using 30 mL buffer A and then three more wagtres
performed using 20 mL buffer A with 10 mM imidazole, 20 mL buffer A with 20 mM imidazole,
and 10 mL buffer A with 50 mM imidazole. The protein was ultimatdlted using buffer A
with 250 mM imidazole. The flow rate was controlled at 1 mL/min. Pphetein was then

exchanged into buffer B [50 mM HEPES, 50 mM NaCl, 5% glycerol andv5DWT, pH 7.5]
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using a PD-10 column (GE Healthcare), aliquoted, and stored at -§hi%Jrocedure (thermal
denaturation plus affinity chromatography) resulted in proteinwaat >95% pure as estimated

by SDS-PAGE.

XAS sample preparation. Ferrous (-unligated and -NO) complexes of H-NOX were
prepared in the glove bag as previously describddhe Fe(lll)-HO complex was prepared by
oxidizing the protein sample with 10-20 mM potassium ferricyanide followed bytidesaith a
PD-10 column. Protein samples were exchanged into buffer C [50 mMEGIERD mM NacCl,
10% glycerol, pH 7.5] and concentrated to 1-2 mM using spin columns Kdhpore
[Microcon Ultracel YM-3, 3000 molecular weight cut off (MWCQO) and Ok maximum
volume]. The concentrated protein samples were transferred to cagppetesholders with
Mylar windows (10 mm wide x 5 mm high x 0.5 mm thick), frozen in tgutrogen and stored

at -80 °C before XAS experiments.

X-ray absorption spectroscopy. XAS data collection was carried out at the National
Synchrotron Light Source (NSLS) at Brookhaven National LaboratoryBdh beamline X3B
with a sagittally focused Si (111) crystal monochromator. Sasnwéze cooled to at least 40 K
before scanning in a closed-cycle liquid helium diplex and keptrirdaeng data collection. K
fluorescence was detected with a Canberra 13-element germdetector. An iron foil was
used as a reference to determine the X-ray absorption edgecfosgectrum and to account for
any shifts in the monochromator. The step size at the edge regiaewad.2 eV. 6-9 scans for
each complex were taken and averaged for data analysis. In@rderimize radiation damage
to the samples, we made multiple samples for the same comnpliezollected at most 2 scans
per X-ray exposed spot. XAS data were aligned, background-removedlizeadrand merged

using Athena. The K-edge positions were determined from thedirstative of the average
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XAS spectra after smoothing. The derivative spectra were sdatsing Origin 7.0. EXAFS

fitting of all data were carried out using EXAFSPAK.

4.3. Results and Discussion

Sgnificant structure and property changes in ferric Tt H-NOX induced by P115A. To
study how the ferridt H-NOX is affected by heme environment change, we firstyaed the
EXAFS spectra offt H-NOX WT and P115A ferric complexes. Significant differenaeshie
EXAFS for WT and P115A are observed for the Fe(lljHorm (Table 4-1 and 4-2). The WT
complex can be best fit with 4-5 Fe-N/O scatterers at 1.96 AlaRé—O/N scatterers at
approximately 2.3 A, reflecting the contributions of the pyrrole arial &ks nitrogens and the
bound solvent ligand. Conversely, the principal Fe—N/O distance of 2i62PA15A Fe(lll)-
H,O is 0.06 A longer than that of WT. Moreover, the Debye-Walldgoféor this shell is larger
in P115A, reflecting substantial static disorder in the bond lengtich &n increase in bond
lengths and bond length disorder in P115A correlates very well priglious structural
characterizations. As shown from the P115A Fe(H)eQystal structure and resonance Raman
spectra, substitution of the bulky proline with an alanine highlykeslahe heme cofactor and

introduces large heterogeneity to the H-NOX doniaf.
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Table 4-1.Selected EXAFS fits for WTt H-NOX Fe(lll)-H,O2

WT Tt H-NOX Fe(lll)-H 2O

fit 1 fit 2 fit 3 fit 4
shell rd) o shell r(Ad) o2 shell r(Ad) o2 shell rd) o?
4Fe-N+1 4 Fe-N, +
4 Fe- 1.96 1.5 1.96 2.9 4 Fe- 1.96 1.7 1.96 3.2
N) Fe_N_“S N) 1 I:e'N-IiS
1 Fe-O 231 15 1Fe-O 229 20
8Fe--Gt 298 57 8Fe-Gt 298 6.0 8Fe-Gi 299 5.9 8Fe--Gi  2.99 6.0

16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--

CulN, 315 11.4 CuiN, 315 121 CulN, 316 11.9 CulN, 316 11.9
4Fe--G 338 0.6 4Fe--G, 338 1.0 4 Fe-G, 337 1.2 4 Fe--G, 337 22
8Fe--G 4.34 47 8Fe--8 4.33 4.4 8Fe--¢ 4.32 4.2 8Fe--(3 4.33 4.8

16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--

CPIN, 437 9.4 CPIN, 436 8.9 CPIN, 435 8.4 CPIN, 436 9.7

F 0.307 F 0.314 F 0.309 F 0.295
AEqg 4.18 AEqg 3.61 AE, 3.10 AEg 3.69

2y is in units of A:c % is in units of 1G A% All fits are to unfiltered data. F represents a goodness-p&fameter. Fourier transform
rangek = 2.0 — 12.5 & (resolution = 0.150 A). Values of r for the Fes-6ingle scattering and Fe-a@, multiple scattering paths
were constrained to a constant difference from one another, svhite the multiple scattering path was constrained to be tikime

of the single scattering path. A similar constraint was placed onftla@@@/N, combination.



Table 4-2.Selected EXAFS fits for P115#& H-NOX Fe(ll)-H,O 2

P115ATt H-NOX Fe(lll)-H >0

fit 1 fit 2 fit 3 fit 4
shell r(d) o? shell r(A) o? shell r(A) o? shell r(A) o?
4Fe-N+1 4 Fe-N, +
4 Fe- 203 6.4 2.02 89 4 Fe- 2.02 6.8 2.02 9.1
N’ Fe_N_“S N) 1 I:e'N'IiS

1 Fe-O 243 6.9 1 Fe-O 241 5.7
8Fe--G. 3.10 6.6 8 Fe--Gx 309 75 8Fe--G. 3.09 7.7 8 Fe--G. 3.09 7.7

16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--
. . . . . . 3.27 155
cun, 327 133 cun, 327 151 cun, 327 154 ColN,

4Fe--G, 341 4.9 4 Fe--G, 341 3.7 4Fe--G 341 29 4 Fe--G, 340 25

8Fe-B 4.44 7.0 8Fe-@ 4.42 6.1 8Fe-@ 4.41 6.3 8Fe--( 4.40 6.1

16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--
447 13. 4.44 12 444 127 443 12

CBIN, 3.9 CBIN, 3 CBIN, CBIN, 3 3

F 0.453 F 0.479 F 0.448 F 0.458
AEo 3.15 AEo 1.71 AEo 1.20 AEo 0.75

2t is in units of A;s 2is in units of 1¢ A2. All fits are to unfiltered data. F represents a goodness-p&fameter. Fourier transform
rangek = 2.0 — 12.0 & (resolution = 0.157 A). Values of r for the Fes-6ingle scattering and Fe-a@, multiple scattering paths
were constrained to a constant difference from one another, shite the multiple scattering path was constrained to be tihize
of the single scattering path. A similar constraint was placed onftla@€@/N, combination.
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The heme structural changes and accompanied protein structurahgement is likely
the cause for increased electron density on heme iron in PIILBEANOX. This difference in
heme iron electric field makes P115A bind water as Fe(HO-Mhile WT bind as Fe(lll)-OH
to compensate for the lower electron density. Such a ligatiendtange subsequently alters the
light absorption offt H-NOX, causing a blue shift in the Soret band from 415 nm (W&
nm (P115A) and a color change from bright red (WT) to dark brodh5R). A higher electron
density at Fe(lll) state also leads to a lower Fe(lI(MFeeduction potential, which is consistent
with previously reported values for WT and P118AAlthough it has been shown that heme
porphyrins with more severe saddling tend to have more positive tiedymtentials and
protein-induced porphyrin distortion may alter heme electronic piiepeour studies further
elaborated the molecular details of such porphyrin distortion andon®lation with heme
electrostatic environment.

The structural and electronic differences are also the miatebasis of the changes in
ligand binding kinetics foflit H-NOX ferric complexes. We have determined that cyanide binds
to WT Fe(lll) almost 2000 times faster than to P115A FelflBs the Fe-N bond lengths are
much shorter in WT, there is a larger steric strain for i@ &gand, making the OHgroup in
WT Fe(lll) complex more readily dissociate and facilitating cyanide association. Besides, the
hydrophobic atmosphere at tiie H-NOX distal pocket would also make OH#l better leaving
group. Therefore, our work here establishes the molecular basihdodramatic property

changes in ferridt H-NOX.

Minimal structure and property changes in ferrous Tt H-NOX induced by P115A. The
EXAFS studies on WTTt H-NOX Fe(ll)-unligated and Fe(Il)-NO states have been shown in

Chapter 3. Here we have also analyzed the EXAFS spectfae afoimplexes for the P115A
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mutant. In contrast to the ferric states, the Eedbnd lengths are very similar for the ferrous
complexes of WT and P115A. The first shell EXAFS for both Fe(lljgatéd WT and P115A
Tt H-NOX principally consists of 4-5 Fe—N atoms located at 2.0206 A (Table 3-4 and Table
4-3), attributable to the equatorial pyrrole nitrogens and perhaps the awxiafig His residue. In
addition, based on the comparison of the full fitting results for &Wd P115A Fe(Il)-NO
complexes (Table 3-2 and Table 4-4), the Fe-NO, Feudl Fe-N;s bond lengths are almost
identical, suggesting that P115A induces minimal changes to the NO complexes.

NO dissociation rates were also measured for WT and P115A-Ré€flicomplexes to
examine how the kinetics is influenced by the mutation. As the results shown in Gh@idbte
6-1), the rate constants are 0.042 iamd 0.026 mit for WT and P115A respectively, a less
than 2-fold alteration. As compared to the substantial kineticggeharcyanide binding to ferric

Tt H-NOX, this rate change for P115A is truly minimal.
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Table 4-3.Selected EXAFS fits for P115/& H-NOX Fe(ll)-unligated:

Tt H-NOX P115A Fe(ll)-unligated

fit 1 fit 2 fit 3 fit 4
shell Q2 shell N shell 52 shell 2
A) A) A) A)
4Fe-Ny + 1 4Fe-N+1
4 Fe- 205 4.1 205 6.0 4 Fe- 205 4.2 205 6.1
N) Fe-Nuis N) Fe-Nyis
1Fe-NyJO 270 2.5 1Fe-O 269 2.6
8Fe-Gx 3.10 9.0 8Fe-Gx 3.10 95 8Fe-Gx 3.08 9.7 8Fe-G: 3.08 10.6
4Fe-G 340 0.9 4Fe-G  4.41 4.09 4Fe-G 341 06 4Fe-G 3.40 0.2
8Fe-( 442 4.2 8Fe-( 444 8.2 8Fe-@ 442 4.2 8Fe-@ 442 3.9
16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--
4.45 8. 40 0. 4.45 8. 4.44 7.
CP/N, 5 85 cpn,  oA0 09 CBIN, 5 85 CBIN, 88
F 0.331 F 0.379 F 0.305 = 0.359
AE, 5.23 AE, 4.61 AE, 5.32 AE, 4.74

2t is in units of A;s ?is in units of 1G A% Al fits are to unfiltered data. F represents a goodness-p&fameter. Fourier transform
rangesk = 2.0 — 12.0 & (resolution = 0.157 A). Values of r for the FeB-Slngle scattering and Fe@, multiple scattering paths
were constrained to a constant difference from one another, svhite the multiple scattering path was constrained to be tihige
of the single scattering path.
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Table 4-4.Selected EXAFS fits to P115F H-NOX Fe(ll)-NO?
Tt H-NOX P115A Fe(ll)-NO

fit1 fit 2 fit3 fit4
shell rd) o shell rAd) o? shell r(Ad) o? shell rd) o?
1Fe-NO 172 29  1FeNO 172 15  1FeNO 172 3.0
4Fe-N+1

4 Fe-N, 199 33 4Fe-N 198 34 197 53 4 Fe-N, 198 34

Fe'N—lis
1 Fe-Njyis 2.31 8.8

8 Fe--Gx 3.02 31 8Fe--G@ 3.01 3.0 8Fe--G@ 3.01 29 8Fe--@ 3.01 3.0

16 Fe-- 16 Fe-- 16 Fe-- 16 Fe--

CulN, 3.19 6.2 CalN, 3.18 6.0 CalN, 3.18 5.7 CalN, 3.18 5.9
Fe--G, 336 5.6 Fe--G, 3.35 5.0 Fe--G, 335 5.7 Fe--G, 335 46
Fe--(B 436 5.0 Fe--(B 433 5.0 Fe--GB 433 4.8 Fe--(B 433 5.0

Fe--B/N, 4.39 10.0 Fe--B/N, 4.36 9.9 Fe--B/N, 4.36 9.7 Fe--B/N, 4.36 9.9

F 0.449 F 0.330 F 0.349 F 0.325

AEg 6.14 AEg 4.01 AEg 3.95 AEg 3.81

2r is in units of A;o is in units of 10 AZ Al fits are to unfiltered data. F represents a goodness-p&fameter. Fourier transform
rangek = 2.0 — 13.55 A (resolution = 0.138 A). Values of r for the Fes-§ingle scattering and Fe-a@, multiple scattering paths
were constrained to a constant difference from one another, «ftfibe the multiple scattering path was constrained to be twide tha
of the single scattering path. A similar constraint was placed onftla@@@/N, combination.
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4.4. Conclusion

In this study, we focused on analyzing how the P115A mutation dhffgraffects the
structure and functions of the ferric and ferrous statet 6-NOX. Our EXAFS results show
that this mutation causes a significant change to the iron-ligand lengths in Fe(lll)-$O
complex and hence increases the electron density on heme iron. Tdearefdt H-NOX water-
complex exit as Fe(lll)-ED in P115A, while in WT a proton dissociates away generating the
Fe(ll)-OH complex to compensate for the low Fe electron density. Whilefdoous
complexes, the heme structures are very similar betweennd/PEL5A. Further, ligand binding
kinetics is more greatly affected at the ferric stat@ctv confirms our hypothesis. Moreover, our
data illustrates how protein matrix and heme ligation state mieddleme structure and

properties, and how these modulations affect H-NOX functioning.
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Chapter 5. Engineering of Tt H-NOX for Direct Cyanide Detection and Quantification

Abstract: A new cyanide sensing system, thenie-Ntric oxide and/or OXgen binding
domain (H-NOX domain) fromThermoanaerobacter tengcongensis (Tt H-NOX), has been
investigated. With straightforward absorbance-based detection, vee dchieved a cyanide
detection limit of 0.5 uM (~10 ppb) with an upper detection range tlzjisstable with protein
concentration. We find a linear correlation of multiple spectrosctgatures with cyanide
concentration. These spectroscopic features include the Soret bamdumagnd absorbance
changes in both the Soret anf3 band regions of the spectrum. Multiple probes for cyanide
detection makes sensing willt H-NOX unique compared to other cyanide sensing methods.
Furthermore, using site-directed mutagenesis, we have rayi@mglineered the heme pocket of
Tt H-NOX to improve its cyanide sensing properties. We were @blintroduce colorimetric
detection and enhance anion selectivity in P115A H-NOX. Through substituting
phenylalanine 78 with a smaller (valine, F78V) or a larger resiftyrosine, F78Y), we
demonstrate a correlation with distal pocket steric crowding affidity for cyanide. In
particular, F78VTt H-NOX shows a significant increase in Thnding affinity and selectivity.
Thus, we demonstrate the ability to fine-tune the affinity and Bpéciof Tt H-NOX for

cyanide, suggesting th@it H-NOX can be readily tailored into a practical cyanide sensor.
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5.1. Introduction

Cyanide is well known for its extreme toxicity to mammals, tués ability to bind to
the active site of cytochrome oxidase and inhibit cellular ratipir’’ Cyanide poisoning can
lead to vomiting, convulsions, unconsciousness and most severely, death. Hoyaniele is
still widely used in industrial fields, including electroplatinghetal mining, and plastic
manufacture. Accidental leaks and spills of cyanide can lead &stdiss consequencés.
Therefore, it is highly desirable to develop safe, simple, anectdsensing techniques for
cyanide detection and quantification.

As suggested by the World Health Organization, the maximum abtegdevel of
cyanide in drinking water is 1.9 pf. Thus, numerous analytical techniques have been
developed to detect and quantify cyanide at sub-micromolar concentra&Rimies including
silver electrod&? boronic acid$! cationic borane®®® cobalt corrinoid$?® benzil®® coumarin
with a salicylaldehyde moiefy/, acridinium salf® and oxazine&* etc, have been used in
amperometric, chromatographic, fluorometric, and colorimetriayastor cyanide detectidii:®
These systems, however, either require sophisticated equipment aaldoiods sample
pretreatment, or are subject to interference by other affl6hadditionally, some of the cyanide
detectors are organic materials that require laborious syntaedisisually have poor water
solubility.#®%> Although efforts have been made to design cyanide sensors thabriuirct
aqueous solution, a certain percentage of organic solvent is often raguimedietection media
for those organic prob&§289L9%Thys new water soluble cyanide detection techniques with
high sensitivity and selectivity, that are easily access#tbuti relying on complicated analytical

processes, are desired. Here, we introduce a new cyanide sgysa1g: the me-Ntric oxide
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and/or_OX/gen binding domain (H-NOX domain) frofifher moanaerobacter tengcongensis (Tt

H-NOX).*

F78

H102 )P115

Figure 5-1. Crystal structure offt H-NOX (PDB 1U55). P115, F78 and H102 residues are
colored in blue, yellow and gray, respectively.

It is well established that cyanide binds to hemoproteins and indiasedance changes
to the UV/visible spectra of the protein. Nonethel@$s1-NOX has many intriguing features
that make it a unique new candidate for a cyanide sensor. H-NOGXing are a family of
recently discovered diatomic gas binding and sensing hemoprdtainaré highly homologous
to soluble guanylate cyclase (sGC), the well-studied nitrideofNO) sensor in eukaryot&s.
The Tt H-NOX domain has been well characterized: (1) the crystadtare of wildtype (WT)It
H-NOX has been solved to a resolution of 1.77 A (Figure B-12) it can be easily over-

expressed and purifiéd;(3) it is very soluble in water; (4) as it was isolatemrfra thermophilic
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bacterium living at 75 °C, it is extremely stable at room teatpee and can tolerate high
temperatures; (5) its fold is tolerant of mutagen®si5(6) its ferric state binds cyanide very
tightly, while its ferrous state shows no affinity for cyanfdend (7) the heme dt H-NOX can
be easily converted between ferrous and ferric states, which shgilithte its use as a reusable
cyanide indicator. Furthermore, mutantsTofH-NOX have already been proven to be robust
protein sensors of small molecules; Y14QfH-NOX has been used as a nitric oxide sefSor.

In this work, we have explored the applicationTofH-NOX as a sensitive and specific
cyanide sensor in an assay based on UV/visible absorbance chidndgd¢OX senses CNwith
a detection limit of 0.5 uM (at the level of 10 ppb), which iscmnmore sensitive than recently
reported optical sensor based on hemoglobin (~0.2 ppmje demonstrate that the well
characterizedlt H-NOX P115A mutant has improved CNensing properties, in particular,
affording increased anion selectivity and colorimetric detactBased on a comparison of WT
and P115ATt H-NOX, we develop a model relating heme distal pocket stemitréance to CN
binding properties it H-NOX. Using this model, the CNbinding properties of three additional
mutants (P115F, F78V and F78Y) are predicted and tested. All threesef tgtants have
spectral changes that linearly correspond to cyanide conttentead all of them show better

anion selectivity than the WT analog. As predicted, F78V binds cyanide with thetlaffirety.

5.2. Materials and Methods

Protein expression and purification. Plasmids for WT and P115At H-NOX were
generated in previous studi®sSite-directed mutagenesis for othEr H-NOX mutants was

carried out as describ8d. Mutagenesis for P115F was carried out using primers 5'-
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ggagccactcctttcaggcttattgcaaagcctgttge-3' and its revarsglement. Mutagenesis for F78V
was carried out using primers 5’-ggaaggcagaacataaaaactgtdggtitiaactcc-3' and its reverse
complement. Mutagenesis for F78Y was carried out using primers 5'-
ggaaggcagaacataaaaacttacagcgaatggtttccctcc-3' and itsere@nplement. Over-expression,

purification and storage of all H-NOX proteins were carried out as previoustyiled”®

Cyanide detection. All cyanide quantification and ligand binding affinity experiments
were carried out in 50 mM HEPES buffer, pH 7.5 at 20 °C unless aeenaticed. The KCN
solutions were prepared freshly before use. All UV/visible spesire obtained using a Cary
100 Bio Spectrophotometer (Varian, now Agilent Technologies).

All WT and mutantTt H-NOX discussed here are in their ferric states. In ac#ypi
cyanide detection experimeritt H-NOX ferric protein was produced by oxidizing the protein
with 15-100 mM potassium ferricyanide; excess potassium ferricyanide and {pierdocyanide
were removed by desalting through a PD-10 column (GE Health&ste) desalting, protein
concentration was measured based on its UV/visible absorbancelL@ekert law). Next,
titration of the protein with cyanide was performed through addingeasang amount of
cyanide-from O pM to more than twice as the sensor amount-tcagsepaotein samples. After
the binding reached equilibrium (when there was no further spattaaige), the UV/visible
spectra for all samples were taken. Excel was first usedrtoalize the spectral data and extract
absorbance changes at the Soret band region afidatinegion. Origin 7.0 was then utilized to
fit the absorbance changes with cyanide concentration. For colodrogdnide detection based
on P115ATt H-NOX, cyanide was added to the sensor solution and photos Wweredter 10

minutes.
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Anion selectivity assay. To study the anion selectivity @t H-NOX as cyanide sensor,
extra amount (100 equivalents anions for WT and 200 equivalents anions for P115A) edlpotent
interfering anions, including S© (N&SQy), AcO (NaOAc), HCQ (NaHCQ), F (NaF), Cl
(NaCl), Bf (NaBr), I (Nal), NO;' (NaNGs), C;04% (N&C204), ClOs (KCIO4), SCN (NaSCN),
phosphate (Nai)PQ,) and EDTA (sodium salt), were added to fieH-NOX sensor solution,
separately. UV/visible spectra of all samples were takenhézkcif the anions perturb the
spectrum. To test the selectivity of P11%AH-NOX as a colorimetric probe, photos were also

taken after 10 minutes following the addition of various anions.

Cyanide and fluoride binding affinity. Spectrophotometric equilibrium titrations of H-
NOX ferric proteins with cyanide and fluoride were performéd2@ °C using UV/visible
spectroscopy. Ligand binding was followed using the Soret band Blifrence spectra were
calculated by subtracting the first scan (the sample withMDamnion) from subsequent scans
(samples with increasing anion amount). The equilibrium dissociatiortactsig(kp) of all
proteins for CN and F were determined by plotting maximal absorbance differencedoh

scan versus cyanide concentration and curve fitting with the following equition:
AA= AMnax([P] + [L] + Ko - (([P] + [L] + Ko *- 4[P] [L)*) /2[P] ~ Equation 5-1)

whereAA is the absorbance differenc®inax is the maximum absorbance difference when all
the ferric heme molecules are occupied with anion; [P] andjé&]the total protein and total

anion concentration respectively; and is the equilibrium dissociation constant.

90



5.3. Results and Discussion

Simple and inexpensive techniques for cyanide detection and quartifiedtihe sub-
micromolar level are requiredt H-NOX detects CNat the 10 ppb level and affords multiple
handles for cyanide sensing, including visual detection, which makes it unique conopatiest t
small-molecule probes. Further, cyanide sensing can be fine-tyrratidnal engineering of the

H-NOX heme pocket.

Tt H-NOX is a sensitive and selective CN™ sensor. We first investigated the quantification
of cyanide with WTTt H-NOX. Cyanide was added to 6 puM ferric WT H-NOX solutions to
final concentrations of 0-20 uM. The binding reached equilibrium witbirminutes at 20 °C,
and when the temperature was increased to 37 °C, the reactiorddtreased to 45 min.
Becauselt H-NOX is a thermo-stable protein, we can further increbsecyanide association
rate and shorten the reaction time using temperature.

UV/visible spectroscopy oft H-NOX in reaction with varying concentrations of CN
revealed that with increasing cyanide concentration (until ~6 uM, the conmentBiH-NOX in
the reaction), the Soret band shifts from 415.4 nm to 420.6 nm (Figurg, SvBi&h is attributed
to the replacement of a water molecule or hydroxide anionayéhide at the distal binding site
of the heme pocket. We plotted the change in absorbance of ferritt W-NOX upon cyanide
addition verses cyanide concentration and obtained a good linear rélgticnstil the
concentration of cyanide exceeded the concentration of the sensor ,(6npM)ng strong, one-
to-one binding (Figure 5-2B). We also found that flie absorbance band ratio linearly
correlates with cyanide concentration (Figure 5-2C). Inteigigtiwe observed a linear response

in the Soret band maximum as a function of cyanide concentration (frtam6 pM), which
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indicates that we can quantify cyanide in an unknown sample simmd lbasreading the Soret

band maximum from the UV/visible spectrum (Figure 5-2D).
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Figure 5-2. Quantification of cyanide using 6 uM WIE H-NOX. A. UV/visible spectral shifts
upon cyanide addition; B, C, D. Cyanide detection based on the absorbangesat the Soret
band region (B) and th&a band region (C), and based on Soret band maximum shift {3). R
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The detection limit is as low as 0.5 uM with a detection rafg®6 UM in this assay.
We can broaden the detection range by increasing the sensor catimersince CNbinding is
one-to-one with respect to protein. We repeated this experiment 3Gipd! ferric WTTt H-
NOX, and as expected, found that the Soret band3andand ratio are both linearly correlated
with the cyanide concentration to as much as 30 uM (Figure W8¢h is described as the
necessary cyanide monitoring range for human physiological safeéfjdrese multiple sensing
features, especially the direct cyanide quantification basdeo8oret band maximum, render

Tt H-NOX an excellent candidate for cyanide detection and quantification.
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Figure 5-3. The Soret band maximum afith band ratio correlate with cyanide concentration
(addition of 0-30 uM cyanide to 30 uM WIT H-NOX). R = 0.99.

To examine the selectivity of WTt H-NOX, 100 equivalents (600 uM) of various
anions, including S§, AcO, HCOs, F, CI, Br, I, NOy, C,0,%, ClOs, SCN, phosphate and
EDTA, were added separately to the sensor solution (6 uM). blotle anions tested caused a
change to the spectrum of WIT H-NOX, except for F(Figure 5-4A). Weak binding of ko the
ferric heme brought about a small but consistent blue shift (~0)4tonthe Soret band

93



maximum. Cyanide was then added (6 uM) to each anion test sanmidl, caused the Soret
band in each sample (including thesemple) to shift to 420.6 nm, indicative of formation of the

Fe’*-CN complex (Figure 5-4B).
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Figure 5-4. Anion selectivity of WTTt H-NOX. A. Spectra of WTTt H-NOX (6 uM) after the
addition of buffer only (blank) and 600 uM $Q AcO, HCOs, F, CI, Br, I, NOs, G042,
ClO4, SCN, phosphate, EDTA or CNOnly the cyanide sample (blue curve) yields a typical
red-shift and the fluoride sample gives a ~0.4 nm blue-shift; B.ts9pet WT Tt H-NOX (6
1M) after adding cyanide (6 pM) to samples in the presenemrafus existing anions (from
above). All samples give typical cyano-complex spectra and onligldmk sample (red curve),
to which no CNwas added, yields no spectral change. C, D. Soret band absorbanae atding
Soret band maximum shift of WTt H-NOX (6 uM) upon the addition of cyanide (0-15 uM)
with and without the presences of 100 equivalents of fluoride (600 pM).
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Figure 5-5.p/a band ratio shift and Soret band maximum of WTH-NOX (30 uM) upon the
addition of cyanide (0-40 pM) with and without the presences of 100aguts of fluoride (3
mM).

Next, we examined WTIt H-NOX cyanide quantification in the presence of 100
equivalents of Fand found that excess dfoes not affect CNjuantification based on absorbance
change measurements (Figure 5-4C and Figure 5-5). We did novelassr interference from
fluoride during quantification by the Soret band maximum shift until the amoumntaeds ~1000
times greater than CNFigure 5-5).

Finally, we measured the equilibrium dissociation constarg} g€ CN and Fbinding
to WT Tt H-NOX (Figure 5-6 and Figure 5-7). As listed in Table 5-1, WH-NOX has a k¢
for F of 3.45 mM, which is much larger than itg Kor CN of 81 nM. This difference explains

the high tolerance toward fluoride during cyanide detection.
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H-NOX proteins.

Table 5-1.Ligand binding properties @it H-NOX proteins.

Soret band (nm) Kb en)/
Sensor FFT0 FFON Kb ey (M) Ko ) (M) Tgﬁ(g) X
WT | 4154 420.6 (81+20)xT0 (3.45+0.17)x10 24
P115A| 405.0 420.0 (29.0 £11.1) x 0 N/A® N/A
P115F| 410.1 420.6 (27+1.3)x%0 (1.82+0.04)x18 15
F78V | 4145 420.0 (1.6+0.9) x¥0 (3.93+0.05x18 4
F78Y | 414.6 420.0 (45.9 + 10.5) x40 (33.11 £ 0.26) x 16 14

@As F induces no spectral changes to P115A, gs#lue is not measurable.
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The Tt H-NOX P115A mutant is a colorimetric CN" sensor. A colorimetric sensor would
be desirable for cyanide detection. Due to lack of a requiremersiofdristicated equipment,
such a sensor would be ideal for employment in the field. We dide®t color change in the
wildtype sensor upon the addition of cyanide. However, it has been founchtaes in the
solvent properties can improve the visual detection of cyanide by smkecule sensor¥
therefore we hypothesized that an alteration at the cyanidengesi®@ may introduce a color
change and rend@t H-NOX as a sensor for visual cyanide detection.

Examination of the crystal structure of the F@H, complex ofTt H-NOX"? reveals that
the CN binding site in the distal heme pocket is sterically crowded amino acid side chains.
Thus we rationalized that alteration to these residues should ke tsolvent properties” at the
cyanide binding site and potentially lead to a better €&hsor. Hence, the cyanide sensing
properties were investigated for a previously charactefizeédNOX mutant, P115A.

Proline 115 sits very close to the heme in the proximal heme pocket (Figure Shingpus
the porphyrin propionate side chain away and making the heme sedstelted. Based on
crystallographic and spectroscopic characterizatiashe P115ATt H-NOX mutation alters the
conformation of the heme, making it less distorted than wildtypeamsing a shift in one of the
helices in the distal heme pocket. Thus, the heme itself and dted pocket have different
conformations between WT and P113A H-NOX. We hypothesized these changes in the
environment of the CN\binding site might alter the CNensing attributes dit H-NOX.

To test the CNsensing properties of P115R H-NOX, 20 uM P115A was incubated
with 0-60 uM CN and the binding reaction was monitored by UV/visible spectroscaguré~
5-8). Like WT, the absorbance changes in Soret band regiofi/arithnd region all linearly

respond to cyanide concentration, which affords multiple param&ieggantify CN in a

98



variable range dictated by the H-NOX concentration. We noticedufwat CN binding, P115A
yields a much larger Soret band maximum shift (from 405.0 nm to 420.0nuhmp@re dramatic
changes in the/p band region (Figure 5-8), implying that it could be an even beytaride

sensor than the WTt H-NOX.
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Figure 5-8. Quantification of cyanide using 20 uM P113AH-NOX protein. A, C. UV/visible
spectral changes at the Soret band region (A) anfl/thkand region (C) upon the addition of
cyanide. B, D. Cyanide detection based on absorbance changes at tHm&dnetgion (B) and
the p/o. band region (D). R= 0.99.
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Figure 5-9. Selective visual detection of cyanide using P1I8Ad-NOX. Top: color change
upon CN binding. From left to right: 120 uM, 100 uM, 80 pM and 60 puM P1I5A-NOX
with and without two equivalents of CNMiddle: 14 different anions (at 15 mM) were added to
75 uM P115ATt H-NOX. Blank 1 and 2 contain only protein. Bottom: G50 pM) was added
to each sample from above except blank 2. Only cyanide changes the color to orange.

More importantly, we observed a color change from dark brown ghtbarange after
adding cyanide for 10 minutes (Figure 5-9, Top), which enables us allyidetect cyanide and
also confirms our hypothesis that we can improve this cyanidengesystem by modifying the
Tt H-NOX heme pocket. This color change is possible because P115A HigN@axXk brown in
the F&"-OH, state, while WT F&-OH, and all of theTt H-NOX F€*-CN complexes are orange
in color. This difference in the electronic structure of P115Akislyi caused by the flattened
heme in the P115A mutafft. The structure and some biochemical properties of ferrous
complexes ofit H-NOX P115A have been previously reported (although in the ferrous oxidation
state, there are no significant differences in the UV/visiblecsum of P115A compared to
WT).}23"P115A has also been demonstrated to cause a shift in the redatiabofet H-NOX,
compared to WT. This redox potential change may also contribute tinthioeluction of
colorimetric cyanide detection with the P115A mutation.
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Furthermore, we found that P115K H-NOX has similar CN sensitivity and better
anion selectivity than Wt H-NOX. Anion selectivity tests (15 mM) with P115R H-NOX
(75 uM) revealed that only CNhanges the UV/visible spectrum (Figure 5-10A) and only CN
changes the color of P115R H-NOX from brown to orange (Figure 5-9, Middle). Even with a
large excess of K15 mM), we found no measurable detection déiRding based on UV/visible
absorption changes. We need to point out thdidriigs about a very slight visually detectable
color change, toward green in the absence of, Bt this does not affect cyanide detection.
After adding cyanide (150 uM) to samples containing various congpatiions, we observed
spectra typical of the Chbound complex (Figure 5-10B) as well as the expected brown-to-
orange color change for all samples (Figure 5-9, Bottom)h&urtore, from our studies, a color

change is detectable at ~25 puM @RNgure 5-11) with 75 uM P115At H-NOX.
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Figure 5-10.A. Spectra of P115At H-NOX (75 uM) after the addition of buffer only (blank)
and 15 mM S&’, AcO, HCOs, F, CI, Br, I', NOy, C,04%, CIOs, SCN, phosphate, EDTA or
CN'. Only the cyanide sample (blue curve) yields a spectral Sight: spectra of P115At H-
NOX (75 uM) after adding cyanide (150 puM) to samples in theepoes of various existing
anions (from above). All samples give typical cyano-complex spanttaonly the blank sample
(red curve), to which no CNvas added, yields no spectral change.
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Figure 5-11.Color change of P115At H-NOX after adding 0-300 uM cyanide to 75 uM
P115ATt H-NOX.

The Kp value of cyanide binding to P115A was determined to be 290 nM (Tabén8-1
Figure 5-6). Although P115A binds CNss tightly than WT, the addition of a color change, and
lack of F binding, make it an attractive construct for cyanide sensing.

Based on our recent X-ray absorption spectroscopy résultging the replacement of
water with CNat the heme pocket, the central iron in P1IBAI-NOX experiences a much
larger shift toward the distal pocket (0.16 A) than that for WT (&6As a result, while the
iron in the WTTt H-NOX FE*-CN complex is located almost exactly at the center of the
porphyrin nitrogens, the iron in the P115A H-NOX Fe*-CN complex moves dramatically
into the distal pocket. This leads to a more crowded ligand binding cavity and hegeestaric
strain in the P115A complex than the WT complex. This change iortitist and protein
conformation destabilizes the Chnd F complexes, which explains the larges for F&*-CN'
and lack of Fbinding in P115A. These changes lead to enhanced anion selectiRiiyl 5A\ Tt

H-NOX.

Cyanide detection properties of Tt H-NOX can be rationally engineered through
mutation. Our results with P115A led us to the hypothesis that distal packetding is a key

feature for CN affinity and specificity usingrt H-NOX. In support of our hypothesis, it has
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previously been demonstrated that steric hindrance from the disiles of heme pocket can
perturb ligand binding to hemoproteiffs2? This hypothesis was tested by the generation of

three additional mutants: P115F, F78V, and F78Y.
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Figure 5-12. Quantification of cyanide using 5 uM P11%FH-NOX. A. UV/visible spectral
shifts upon the addition of cyanide. B, C, D. Cyanide detection based on alogochanges at
the Slgz)ret band region (B) and tfie. band region (D), and based on Soret band maximum shift
(C). R =0.99.
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P115F was chosen to increase the bulk at the P115 position with tloé altring the
heme, and therefore heme pocket structure. Upon addition of cyanide {@}1&ha Soret band
of P115F (5 pM) moves from 410.1 nm to 420.6 nm (Figure 5-12A). Like WTPAA8A, the
Soret band maximum and the absorbance changes in both the Soret b&hd zartt region
linearly titrate with the amount of cyanide added (Figure 5-12)predicted, P115F has the
opposite effect of P115A on CKinding. The k of P115F for CNis 27 nM, making it 3-fold
more sensitive to CNthan WT (Table 5-1 and Figure 5-6). This increase in ligand kandin
affinity is likely due to a larger binding cavity created by atered heme conformation as a
result of the introduction of bulky phenylalanine. Fluoride also bind® rmigitly to P115F (K
= 1.82 mM), however, in comparison to WT, the anion selectivity has inesgased through
this mutation [K(CN)/Kp(F) is 15 x 1& for P115F as compared to 24 x%f@r WT; Table 5-

1 and Figure 5-6, 5-7].

In order to directly test our hypothesis relating distal pockatvding to CN binding
properties, we selected phenylalanine 78 for mutation. F78 is oidta pocket, packed against
the heme, with its benzyl group directed towards the exogenous liganddosiigi (Figure 5-1).
Therefore we hypothesized that adjusting the size of cyanide bipditiget by changing this
residue should affect the cyanide sensing features. Using itdedi mutagenesis, we obtained
two mutants, F78V with a less crowded distal pocket, and F78Y witlora nrowded distal
pocket.

Like all otherTt H-NOX constructs, the absorption spectral changes in both thé Sore
band andg/a band regions titrate with cyanide concentration for both F78V @B khere 0-30
KM CN was incubated with 7 uM F78V and 0-20 uM @Ms incubated with 8 uM F78Y). We

can quantify the amount of cyanide present in a sample using theb8odeposition, as it shifts
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from 414.5 nm to 420.0 nm linearly with increasing Cthus [CN] can be quantified using the

Soret band position or change in absorbance (Figure 5-13 and Figure 5-14).
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Figure 5-13. Quantification of cyanide using 7 uM F78M H-NOX. A. UV/visible spectral
changes upon the addition of cyanide. B, C, D. Cyanide detection basddabance changes

at the Soret band region (B) and ftle band region (D), and based on Soret band maximum
shift (C). R = 0.99.
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Figure 5-14. Quantification of cyanide using 8 uM F78K H-NOX. A. UV/visible spectral
changes upon the addition of cyanide. B, C, D. Cyanide detection basddabance changes
at the Soret band region (B) and fle band region (D), and based on Soret band maximum
shift (C). R = 0.99.

More importantly, as shown in Table 5-1 and Figure 5-6, the dgdrinding affinity for
F78V is increased by ~5 fold compared with WT, which makes thisnhtite tightest CN
receptor among all proteins tested here. Moreover, taffifity is decreased slightly (Figure 5-
7), and thus the synergistic effect leads to a large incieadee selectivity of cyanide over

fluoride [Kp(CN)/Kp(F) = 4 x 10% Table 5-1] compared to WT. Removal of the F78 benzyl
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side chain from the distal pocket likely creates an emptienidgabinding pocket. The less
croweded pocket leads to stabilization of the cyano-complex dyidimg extra space to help
release the steric strain caused by the binding of cyanide and movementtofiards the distal
side.

F78Y, in contrast, interferes with the binding of anions. The affinfbescyanide and
fluoride are decreased by ~6 fold and ~10 fold, respectivelpléT5-1 and Figure 5-6, 5-7) in
comparison to WT, and the net effect is an increase in anionigiyeict F78Y mutant. F78Y,
in addition to increasing steric bulk, also introduces an additional pos$sidtegen bond for
CN'. However, apparently the destabilization from steric intenfee overwhelms the effect of a
potentially stabilizing H-bonding, as F78Y has a significantlgéarequilibrium dissociation
constant for CNbinding. The CNbinding affinity changes in F78V and F78Y mutant proteins
support our hypothesis linking steric bulk with THiffinity. More importantly, the data

presented here suggest tlhikH-NOX can be further tuned for cyanide sensing.

5.4. Conclusion

Tt H-NOX is a novel cyanide sensing system with high seiggtiand excellent
sensitivity. With this simple and straightforward cyanide sgntechnique, we have achieved a
cyanide detection limit as low as 0.5 uM. The linear responseataidsy of multiple probing
features, especially the Soret band maximum shift, rendersdéiestion technique unique
compared to other cyanide sensing schemes. Furthermore, wehbawethat we can improve
this system through modifying the heme pocket. We were able todute colorimetric

detection and enhance anion selectivity in ferric PLT6A-NOX. Through replacing F78 with
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a smaller (valine) or a bigger residue (tyrosine), we tuneditiding affinity of cyanide and
improved the anion selectivity. In particular, the F78V protein showgréfisant increase in
CN binding affinity and selectivity. The sensitivity dt H-NOX to CN, in addition to the
extreme stability offt H-NOX, its tolerance of excess anions, and its independent of organic

solvents, make it a practical sensor for cyanide monitoring.
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Chapter 6. Nitrile as an IR Probe for Electric Field Changes in H-NOX Ipoteins

Abstract: One critical issue of studying the molecular mechanism-NIOX signaling is
to identify the local electrostatic environment changes at thee lpocket. Nitrile (-CN), as an
IR probe, has been found to be a powerful functional group that caretbéaushonitor changes
in the electrostatic environment. In this project, we are expleh@gotential of using nitrile to
probe the changes in H-NOX electric field during a signadwent. So far, we have successfully
introduced the nitrile group intdét H-NOX protein and have detected an IR signal of the —CN
group. The IR spectra of —CN modified protein complexes show aerstrittch at 2152 cm
However, we did not observe a signal shift in the —CN IR absorption whdurther introduced
the P115A mutation. This is likely because either P115A does not aaigeificant change to
the electrostatic environment of heme pocket, or Met98 is not an appeopwite for
incorporating the nitrile stretch. Further studies include ratipnsdliecting sites for nitrile
introduction and/or inducing a larger electrostatic change in H-NOXhat the —CN probe can
sensitively pick up electric field changes in the protein. Oncéetttenique of —CN incorporation
into H-NOX is optimized, we will use it to study the hemecélic field changes caused by the

binding of signaling molecules as well as downstream signal transduction.
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6.1. Introduction

One critical issue of studying the molecular mechanism MNMQX signaling is to
identify the local electrostatic environment changes at the pegieet during a signaling event.
A detailed mapping of electric field for the heme group could proindght into essential
signaling features, such as ligand discrimination, heme redox pespers well as the effects of
ligand binding, protein subdomain interactions and protein-protein interacioheme pocket
electrostatics. In previous chapters, we have described usingroenas an internal XAS probe
to obtain insight into H-NOX heme cavity and have generated awieweof electron density
flow induced by ligand binding. While XAS study mainly provides infation on the heme iron
and its coordination spheres, we are exploring techniques that caoréegemerally applied to
different sites of the heme pocket or of the whole H-NOX domain.

A wide variety of spectroscopic probes have been developed to studipocthle
environment in proteins. Nitrile (<CN), as an IR probe, has been fourxk ta powerful
functional group that can be site-specifically introduced int@muarprotein complexes to report
on changes in the electrostatic environméht® The advantages of using nitrile as an probe
include: (1) it is small thus it brings about minimal perturbat@mthe protein matrix; (2) its IR
absorption frequency is located at a relatively clean regien100-2240 cf) in the spectrum
and the extinction coefficient is relatively large~ 50-1000 M' cmi%); (3) the nitrile stretch is
sensitive to electric field change; (4) the nitrile group baneasily introduced into proteins
through chemical cysteine cyanylatt8t'®” (Scheme 6-1) or incorporating nitrile-containing
unnatural amino acids (like p-cyano-Phe or m-cyano-Phe) in protpiession’® The overall

goal of this project is to study the potential of using nitréeam IR probe to monitor the

electrostatic changes in H-NOX at multiple occasions, includiggating molecule ligation,
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intra-molecular interactions among subdomains of large H-NOX congexinter-molecular

interactions between H-NOX protein and its cognate enzyme.

Alal12

Figure 6-1. Crystal structure oft H-NOX (adapted from PDB 1U55: Fe(ll)2@omplex). The
heme group is colored in red, while residues Met98, Prol1l5 and Alalidlared in gray,
yellow and magenta, respectively.

Proline 115, invariant among H-NOX proteins, has been shown to be fyimari
responsible for forcing the heme into its strained conformatioft if-NOX (Figure 6-1):%%7
The heme significantly flattens upon the P115A mutation. When westaged this project in
2007, we expected that there would be a dramatic change in hectrécdield betweet H-

NOX WT and P115A. A good understanding of such changes in H-NOX couldygne§i to
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identify the molecular details of H-NOX signaling. Thereforge started the project with
analyzing the electronic changes caused by P115A mutatiarHqNOX.

So far, we have successfully introduced the nitrile group Thtel-NOX proteins and
have detected an IR signal of the —CN group. As there is normystsidue it H-NOX, to
introduce the nitrile group, we made a site-directed mutation Met@3/s (M98C) (Figure 6-1)
and then the protein was modified by cysteine cyanylation (Sciéef)e The IR spectra of
modified protein complexes show a nitrile stretch at 2152, ctlemonstrating that this technique
can be used for H-NOX complexes. However, we did not observe @ sigft in the —CN IR
absorption when we further introduced the P115A mutation. This is ldedguse P115A does
not cause a significant change to the electrostatic environmdmnoé pocket as evidence by
our iron K-edge analysis and recent resonance Raman®dath.is also possible that Met98 is
not an appropriate site for incorporating the nitrile stretch. Rughedies include rationally
selecting sites for nitrile introduction and/or inducing a lardgeetestatic change in H-NOX, so
that the —CN probe can sensitively pick up electric field chamgd®e protein. After we finish
the optimization of —CN incorporation into H-NOX, we will use theN-@robe to study the
heme electric field changes caused by the binding of signalnhecaies as well as downstream

signal transduction.

6.2. Materials and Methods

Protein expression and purification. Plasmids for WT and P115At H-NOX were
generated in previous studi€sSite-directed mutagenesis for othEr H-NOX mutants was

carried out as described. Mutagenesis for M98C was carried usuig primers 5'-
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ggctagtgaattttttaatgatgtgcgatgaggtacacctacagcttacc-3’' anevésse complement. Mutagenesis
for A112C was carried out using primers 5’-ccaagatgataaaaggticfcaaaggcttattgcaaagcc-3’
and its reverse complement. Mutagenesis for P115A/M98C double marawied out using
M98C primers andt H-NOX P115A plasmid. Over-expression, purification and storagel of al

H-NOX proteins were carried out as previously described.

Cysteine cyanylation. After introducing a cysteine residue intd H-NOX through site-
directed mutagenesis, we performed cysteine cyanylation toiciigmattach a nitrile group to
the thiol side chain of cysteine. The experiment steps are sho#cheme 6-1. Specificallyfit
H-NOX M98C or P115A/M98C was incubated in 25 mM dithiothreitol (D) 1 hour
followed by desalting to remove extra DTT. Then 5,5-dithiobis(Bsbenzoic acid) (DTNB or
Ellman’s reagent) was added to a final concentration of 16 mM ancedicion solution was
kept at room temperature for 2 hours to generate the mixed H-N@%oritrobenzoic acid
disulfide. Afterwards, KCN was added at 1 M to produce protein-thiatgaand the reaction
solution was again kept at room temperature for 2 hours followed b¥icption and
concentration using concentrator cells (Molecular weight cutld@ffkD). During the reaction
process, 2-nitro-5-thiobenzoate (TNB) anion, as a byproduct, was neohigdr412nm by

UV/visible spectroscopy.

Scheme 6-1Cysteine cyanylation of an H-NOX protein.

HOOC:

I
o _ KCN

NG
DTNB
Cys-S—S
\ Gy cooH \
H-NOX Cys-S > \ >
. .

HOOG NO, HOOG s
o ZNIEI/ 01\': : :

TNB TNB

Cys-S-CN

113



Mass spectroscopy. Unmodified and nitrile-modifiedt H-NOX samples were subjected
to trypsin/Glu-C double digestion. The experiment was carried b&7aC for 20 hours.
Afterwards, the ZipTip technique was used to desalt and purify ddjgstptides before the
samples were analyzed by MALDI-MS using a Bruker DALTON{C&utoflex TOF/TOF

spectrometer.

UV/visible spectroscopy. All UV/visible spectra were recorded on a Cary 100 Bio
spectrophotometer. Preparation @ H-NOX complexes was carried out as previously
published. Measurement of NO dissociation rate were carried bgutmonitoring the
disappearance of Fe(ll)-NO Soret band using the Cary 100 Bio gjplectometer equipped with

a constant temperature bath set to 20 °C.

IR spectroscopy. IR samples were prepared in 9 mM sodium phosphate buffer at pH 7.5.
The sample concentration of fot H-NOX M98C-CN was ~0.9 mM, while that fait H-NOX
P115A/M98C-CN was ~2.5 mM. The IR spectrum was taken with a Bfbmspacer and CaF
window, with the help of Dr. Lisa Miller from National Synchrotrbight Source (NSLS) at

Brookhaven National Laboratory (BNL).

6.3. Results and Discussion

Cysteine cyanylation of Tt H-NOX. One advantage of introducing the nitrile group ifito
H-NOX through cysteine cyanylation is the lack of any eiys residues in this H-NOX protein.
This feature creates the opportunity to incorporate the nitrideprsite-specifically. After

screening the residues at the heme pocket, we selected Met®8 rasitation site for cysteine
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(Figure 6-1). Through site-directed mutagenesis and the regeboasses described in Scheme
6-1, we engineered a single —CN grougtaH-NOX M98C-CN andlt H-NOX P115A/M98C-
CN, respectively.

Two different methods were utilized to follow the cysteine maalifon process: one was
to monitor the production of TNB by UV/visible spectroscopy, and the ethsrto confirm the
final cysteine thiocyanate product through Mass spectroscopy. Donaatification of M98C,
the byproduct TNB was detected under UV/visible spectrum, shaavbrgad band at ~412nm.
The absent of an absorption band at 280 nm confirms that the 412 nm absorgii@atesifrom
TNB, but not the heme protein. Mass spectra of the final produats avelyzed to further
confirm the nitrile introduction. Unmodified and nitrile-modifidd H-NOX M98C samples
were treated with trypsin and Glu-C for digestion, and the sanafiler digestion were analyzed
with MALDI-TOF-MS. We observed an increasenvi of the peptid)RLVNFLMM CDE from
1371 for unmodified sample (-SH) to 1396 for nitrile-modified sample NBSEigure 6-2). On
the basis of these results, we have successfully modified tH88 @Gyt H-NOX M98C andTt

H-NOX P115A/M98C with the nitrile group.
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Figure 6-2. MALDI-TOF Mass spectroscopy of unmodified (A) and modified {B)H-NOX
M98C after trypsin/Glu-C double digestion.
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Influence of M98C mutation and cysteine cyanylation on Tt H-NOX. An exogenous probe
introduced into a biological system, like the cysteine and nitrile gnougur experiment, is
expected to cause minimal perturbation to the system by ilsetitder to make sure that the
modifications do not significantly change heme electric fiebd @onformational state, we
performed the UV/visible spectroscopy and ligand binding charadiengaof the unmodified

and modifiedTt H-NOX complexes (Table 6-1).

Table 6-1. Characterization oft H-NOX complexes, including Soret afi¢h. band absorption
maxima and NO dissociation rate constants (unit: nm for Sord¥/arhnds, mitt for Koti(NO))-

Tt H-NOX complex Soret B a Kofino)

WT Fe(ll)-unligated 431 560
Fe(ll)-CO 424 545 568
Fe(ll)-NO 419 547 577 0.042
Fe(l)-G, 415 555 591

P115A Fe(ll)-unligated 431 561
Fe(l1)-CO 423 544 568
Fe(ll)-NO 419 547 577 0.026
Fe(1)-G, 415 547 583

Al112C Fe(ll)-unligated 432 564
Fe(ll)-CO 424 544 569
Fe(ll)-NO 420 543 572 0.030
Fe(l)-G, 416 555 590

M98C Fe(ll)-unligated 434 560
Fe(ll)-CO 423 541 570
Fe(ll)-NO 419 544 577 0.025
Fe(l)-G, 415 551 587

M98C-CN Fe(ll)-unligated 434 564
Fe(ll)-CO 423 543 571
Fe(ll)-NO 419 545 577 0.024
Fe(ll)-O, 415 550 587

P115A/M98C Fe(ll)-unligated 432 562
Fe(ll)-CO 423 540 569
Fe(ll)-NO 419 536 569 0.017
Fe(11)-G, 414 544 580
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From the UV/visible spectra, the Soret band pfidband maxima for each ligand state
are very similar between wild type and mutants. 5-coordinagéid)finligated complexes show
a typical Soret band at ~431 nm with mer@éd bands at ~ 560 nm. When CO was added, the
Soret band undergoes a blue shift to ~424 nm for all proteingt AHNOX proteins form a 6-
coordinated Fe(ll)-NO complex with a Soret band at ~420 nm, distinttis H-NOX from the
H-NOX domains from sGC and facultative aerobes. Upon the binding gfeaxmolecules to
the Tt H-NOX proteins, all of them have a ~415 nm Soret band and the sapatated/a
bands. Based on the high similarity in UV/visible spectra amongtat-NOX proteins, the
mutations and cysteine modification do not introduce a significantgehtm the heme local
electric field.

We have also measured the NO dissociation rate constants TortRINOX species to
study the effect of modifications on ligand binding kinetics. As showTable 6-1, wildtypdt
H-NOX has the largest NO dissociate rate at 0.042'mvitnile all single mutations lead to a less
than 2-fold decrease in the rate constants. The double mutants P115AM4@8Ca NO
dissociation rate approximately half of that for WT. Most impthya the rate constants for
unmodified and nitrile-modifiedt H-NOX pairs (M98Cv.s. M98C-CN) are identical, indicating
that the incorporation of —CN does not affect the NO binding kinetics. Due to thaskecreate
constant caused by M98C mutation, it is likely that we need to iatithe site selection for
cysteine mutation. But on the basis of overall UV/visible speaims@nd NO dissociation
characterizations, there is no dramatic change in hemegoskatics arising from the cysteine

mutation and cyanylation.

IR of the nitrile stretch in Tt H-NOX and the influence of proline 115. We successfully

detected the nitrile stretch at ~ 2150 tfor the modifiedTt H-NOX complexes (Figure 6-3).

118



The WT control (which was treated the same way as the M98Qimgnt) and the M98C
control (which has not been treated for cyanylation), show no absorbaimesen 2100 cthand
2240 cni; this further confirms that the —CN introduction is specific dgsteine 98 and that
unmodified M98C complex does not absorb within that energy rarigd-NOX M98C-CN
complex, with a single —CN group per molecule, shows in its IR spea band at 2152 ¢

which agrees well with the results of chemically introduced nitrilécétes.

0.0015 -
—— WT control

M98C control
— M98C-CN
—— P115A/M98C-CN

0.0010

Absorbance

0.0005

0.0000

T T T T T T T
2100 2150 2200 2250

Wavenumber (cm™)

Figure 6-3.IR spectra of unmodified and nitrile-modifildd H-NOX proteins.

However, the nitrile stretch it H-NOX M98C-CN stays the same upon the P115A
mutation and no shift was observed in the IR spectra betWed#-NOX M98C-CN and

P115A/M98C-CN complexes (Figure 6-3). This is probably because thallogkectric field
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change caused by P115A is too weak to be detected by the —CN Pasled. on structural and
spectroscopic characterizations, it has been found that the heoqe igrft H-NOX is very
flexible and can assume several different conformations. Therdfesdikely that even though
P115A mutation largely relaxes the heme, it leads to a rdlatw@or perturbation to the heme
group electronics, especially if we consider the dynamic featithis domain. The XAS results
also support this idea that the K-edge values are very similéhdagame ligand binding states
of WT and P115ATt H-NOX. Another possible reason for the insensitivity of nitriletsh to
P115A mutation is that the electrostatic changes caused by Pllfa#fian cannot be sensed by
the —CN group at site Cys98. From this point of view, Met 98 magdbea suitable site for

introducing the —CN group as an IR probe.

Preliminary studies on Tt H-NOX A112C and future plans. As the nitrile stretch it H-
NOX M98C-CN failed to pick up the electric field change inducedPbl15A mutation, we went
further to screen for positions that are appropriate for —CN inttiotiu@\lanine 112 was chosen
to be mutated to cysteine for cyanylation. As seen in thstadrgtructure, the side chain of
Alall?2 locates neither too close to the heme cofactor so that théicamains should have
minimal perturbation on the heme group, nor too far away so that —Cleminable to detect
environmental changes at the heme pocket (Figure 6-1).

Preliminary characterizations oft H-NOX A112C were performed to examine its
UV/Visible absorption and ligand binding properties. As shown in Table BelSoret bands
andp/o bands for various A112C complexes are very similar with the on&¥Torindicating a
minimal effect of this mutation on the electronic spectraTofH-NOX. Furthermore, we

determined the NO dissociation rate constanfTtad-NOX A112C (0.030 mit), which is the
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closest to that for WT (0.042 mthamong all mutants. Therefore, the A112C mutation does not
introduce significant changes to the heme pocket.

Future work on the A112C mutant will be the same as that has beenod@®8C: (1)
incorporate the nitrile group to the cysteine side chain; (2) corttencorrect —CN group
incorporation and make sure the modification does not cause a larggomain Tt H-NOX
properties; (3) measure the nitrile stretch with IR spectrgsaod use it to probe electric field
changes it H-NOX caused by key residue mutation or ligand binding.

To further explore the application of —CN group as an IR probeléatric field changes
in Tt H-NOX, other sites of the heme pocket will be considered fstegye mutation and
cyanylation. To guide and optimize the site selection for —Chvdattion, we will also study
the electron density mapping of the H-NOX heme pocket. Once we etanpé optimization of
—CN incorporation, we will use the —CN probe to study the hemérieléeld change in an H-

NOX signaling event.

6.4. Conclusion

With Tt H-NOX as the model system, we have explored the applicatiotrité as an IR
probe to monitor the local electric field of the H-NOX heme pocKetintroduce the nitrile
group, we made the M98C mutation and the mutants were modified throwsgbine
cyanylation. The IR spectra of modified protein complexes showrite rstretch at 2152 cih
demonstrating that this technique can be used for H-NOX compleré&xitihately, we did not
observe a change in the —CN IR absorption when we further introduced the Patgiidm The

reason is possibly that either P115A does not cause a signifitange to the electrostatic
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environment of heme pocket, or Met98 is not an appropriate site for inabngpthe nitrile
stretch. Further studies include rationally selecting sitesifdate as well as inducing a larger
heme electrostatic change, so that the —CN probe can sengiiiclelyp electric field changes in
the protein during a signaling events. We have started the worknatvasite Alall2 and
preliminary characterizations indicate that the A112C mutation mloesause a dramatic change
in heme. It is expected that, once we complete the optimizatie@Mfincorporation to H-NOX,
we could use the —CN probe to study the heme electric fieldgelsawvhen H-NOX signaling

events take place.

122



(1)
(2)
)

(4)
(5)
(6)

(7)

(8)

9)

(10)

(11)

(12)

(13)

(14)

Bibliography

Ignarro, L. JBiochem. Pharmacol. 1991, 41, 485.

Gong, W.; Hao, B.; Chan, M. IBiochemistry 200Q 39, 3955.

Gong, W.; Hao, B.; Mansy, S. S.; Gonzalez, G.; Gilles-GonzaleA.MChan, M. K.
Proc. Natl. Acad. Sci. U.SA. 1998 95, 15177.

Hao, B.; Isaza, C.; Arndt, J.; Soltis, M.; Chan, MBikochemistry 2002 41, 12952.
Komori, H.; Inagaki, S.; Yoshioka, S.; Aono, S.; HiguchiJYMol. Biol. 2007, 367, 864.
Lanzilotta, W. N.; Schuller, D. J.; Thorsteinsson, M. V.; KerbylR Roberts, G. P.;
Poulos, T. LNat. Srruct. Biol. 200Q 7, 876.

Zhang, W.; Phillips, G. N&ructure (London) 2003 11, 1097.

Schmidt, H.; Walter, UCell 1994 78, 919.

Chan, M. KCurr. Opin. Chem. Biol. 2001, 5, 216.

Rodgers, K. RCurr. Opin. Chem. Biol. 1999 3, 158.

Evgenov, O. V.; Pacher, P.; Schmidt, P. M.; Hasko, G.; Schmidt, H. W.; Stasch, J.-
P.Nat. Rev. Drug Discov. 2006 5, 755.

Pellicena, P.; Karow, D. S.; Boon, E. M.; Marletta, M. A.; Kuriyd Proc. Natl. Acad.
. U.SA. 2004 101, 12854.

Nioche, P.; Berka, V.; Vipond, J.; Minton, N.; Tsai, A.-L.; RamanS Cience 2004
306, 1550.

Waldman, S. A.; Murad, Pharmacol. Rev. 1987 39, 163.

123



(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)
(26)

(27)

(28)
(29)

(30)

Cary, S. P. L.; Winger, J. A.; Derbyshire, E. R.; Marletta, AMTrends Biochem. Sci.
2006 31, 231.

Zhao, Y.; Marletta, M. ABiochemistry 1997, 36, 15959.

Karow, D. S.; Pan, D.; Davis, J. H.; Behrends, S.; Mathies, RMartetta, M. A.
Biochemistry 2005 44, 16266.

Boon, E. M.; Marletta, M. Al. Inorg. Biochem. 2005 99, 892.

Derbyshire, E. R.; Winter, M. B.; Ibrahim, M.; Deng, S.; SpiroG.; Marletta, M. A.
Biochemistry 2011, 50, 4281.

lyer, L.; Anantharaman, V.; Aravind, BMC Genomics 2003 4, 5.

Karow, D. S.; Pan, D.; Tran, R.; Pellicena, P.; Presley, A.; Mathies; Rlafletta, M. A.
Biochemistry 2004 43, 10203.

Ma, X.; Sayed, N.; Beuve, A.; van den AkkerEMBO J. 2007, 26, 578.

Erbil, W. K.; Price, M. S.; Wemmer, D. E.; Marletta, M.Pxoc. Natl. Acad. <ci. U.SA.
2009 106, 19753.

Wang, Y.; Dufour, Y. S.; Carlson, H. K.; Donohue, T. J.; Marletta, MRAby, E. G.
Proc. Natl. Acad. Sci. U.SA. 201Q 107, 8375.

Carlson, H. K.; Vance, R. E.; Marletta, M.Mol. Microbiol. 201Q 77, 930.

Price, M. S.; Chao, L. Y.; Marletta, M. Biochemistry 2007, 46, 13677.

Gray, J. M.; Karow, D. S.; Lu, H.; Chang, A. J.; Chang, J. S.; Ellis, R. EetiéaM. A.;
Bargmann, C. INature 2004 430, 317.

Boon, E. M.; Huang, S. H.; Marletta, M. Wat. Chem. Biol. 2005 1, 53.

Boon, E. M.; Marletta, M. ACurr. Opin. Chem. Biol. 2005 9, 441.

Capece, L.; Estrin, D. A.; Marti, M. Biochemistry 2008 47, 9416.

124



(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Weinert, E. E.; Plate, L.; Whited, C. A.; Olea, C.; MarlditaA. Angew. Chem. Int. Ed
20140 49, 720.

Schmidt, P. M.; Schramm, M.; Schrbder, H.; Wunder, F.; Stasch,JJBiRdl. Chem.
2004 279, 3025.

Denninger, J. W.; Marletta, M. Biochim. Biophys. Acta 1999 1411, 334.

Jentzen, W.; Ma, J.-G.; Shelnutt, JBfophys. J. 1998 74, 753.

Dai, Z.; Boon, E. MJ. Am. Chem. Soc. 201Q 132, 11496.

Dai, Z.; Boon, E. MJ. Inorg. Biochem. 2011, 105, 784.

Olea, C.; Boon, E. M.; Pellicena, P.; Kuriyan, J.; MarlettaAMACS Chem. Biol. 2008
3, 703.

Tran, R.; Boon, E. M.; Marletta, M. A.; Mathies, R.Bhochemistry 2009

Olea, C.; Kuriyan, J.; Marletta, M. A. Am. Chem. Soc. 201Q 132, 12794.

Ibrahim, M.; Derbyshire, E. R.; Marletta, M. A.; Spiro, T. Bsochemistry 201Q 49,
3815.

Zhao, Y.; Brandish, P. E.; Ballou, D. P.; Marletta, M.PAoc. Natl. Acad. Sci. U.SA.
1999 96, 14753.

Martin, E.; Berka, V.; Bogatenkova, E.; Murad, F.; Tsai, AJ:IBiol. Chem. 2006 281,
27836.

Namiki, S.; Hirose, K.; lino, MBiochem. Biophys. Res. Commun. 2001, 288, 798.
Boon, E. M.; Davis, J. H.; Tran, R.; Karow, D. S.; Huang, S. H.; PaMiBzgowicz, M.
M.; Mathies, R. A.; Marletta, M. Al. Biol. Chem. 2006 281, 21892.

Barrick, D.Biochemistry 2002 33, 6546.

125



(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

Bianconi, A.; Congiu-Castellano, A.; Dell'Ariccia, M.; Giovatineh.; Durham, P. J.;
Burattini, E.; Barteri, MFEBS Lett. 1984 178, 165.

Chance, B.; Powers, L.; Ching, Y.; Poulos, T.; Schonbaum, G. R.; YamiazBRkul, K.
G. Arch. Biochem. Biophys. 1984 235, 596.

D’Angelo, P.; Lapi, A.; Migliorati, V.; Arcovito, A.; Benfattdyl.; Roscioni, O. M;
Meyer-Klaucke, W.; Della-Longa, $org. Chem. 2008 47, 9905.

Levina, A.; Armstrong, R. S.; Lay, P. Boord. Chem. Rev. 2005 249, 141.

Chance, M.; Parkhurst, L.; Powers, L.; Chancé, Biol. Chem. 1986 261, 56809.

Miller, L. M.; Chance, M. RBiochemistry 2002 34, 10170.

Roe, A. L.; Schneider, D. J.; Mayer, R. J.; Pyrz, J. W.; WidorQug; L.J. Am. Chem.
Soc. 1984 106, 1676.

Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson,; ISomon, E. I.
J. Am. Chem. Soc. 1997, 119, 6297.

Wirt, M. D.; Sagi, |.; Chen, E.; Frisbie, S. M.; Lee, R.; ChaMeR. J. Am. Chem. Soc.
1991, 113, 5299.

Benfatto, M.; Della Longa, S.; Natoli, C. RSynchrotron Rad. 2003 10, 51.

Della Longa, S.; Pin, S.; Cortes, R.; Soldatov, A. V.; AlpertBiBphys. J. 1998 75,
3154.

Hopfield, J. JJ. Mol. Biol. 1973 77, 207.

Barraud, N.; Schleheck, D.; Klebensberger, J.; Webb, J. S.; ti&sét; Rice, S. A
Kjelleberg, SJ. Bacteriol. 2009 191, 7333.

Kassner, R. JProc. Natl. Acad. Sci. U.SA. 1972 69, 2263.

126



(60)

(61)
(62)
(63)

(64)

(65)
(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

Kennedy, M. L.; Silchenko, S.; Houndonougbo, N. v.; Gibney, B. R.; Dutton, P.

Rodgers, K. R.; Benson, D. R.Am. Chem. Soc. 2001, 123, 4635.

Mao, J.; Hauser, K.; Gunner, M. Biochemistry 2003 42, 9829.

Mauk, A. G.; Moore, G. Rl. Biol. Inorg. Chem. 1997, 2, 119.

Grinstaff, M.; Hill, M.; Labinger, J.; Gray, Fcience 1994 264, 1311.

Cowley, A. B.; Kennedy, M. L.; Silchenko, S.; Lukat-Rodgers, G. 8dgRrs, K. R.;
Benson, D. Rlnorg. Chem. 2006 45, 9985.

Tezcan, F. A.; Winkler, J. R.; Gray, H. BAm. Chem. Soc. 1998 120, 13383.

Perutz, M. FNature 197Q 228, 726.

Marti, M. A.; Capece, L.; Crespo, A.; Doctorovich, F.; Estrin ADJ. Am. Chem. Soc.
2005 127, 7721.

Marti, M. A.; Scherlis, D. A.; Doctorovich, F. A.; Ordején, P.; ilBstD. A. J. Biol. Inorg.
Chem. 2003 8, 595.

Kruglik, S. G.; Yoo, B.-K.; Franzen, S.; Vos, M. H.; Martin, J.\legrerie, M.Proc.
Natl. Acad. Sci. U.SA. 2010 107, 13678.

Friebe, A.; Koesling, DMol. Pharmacol. 1998 53, 123.

Rodriguez-Lopez, J. N.; Smith, A. T.; Thorneley, R. Nl. Biol. Chem. 1997, 272, 389.
Varadarajan, R.; Zewert, T. E.; Gray, H. B.; Boxer, SSoignce 1989 243, 69.

Rivera, M.; Seetharaman, R.; Girdhar, D.; Wirtz, M.; Zhaqgl.; Wang, X. Q.; White,
S.Biochemistry 1998 37, 1485.

Gunner, M. R.; Honig, B2roc Natl Acad Sci U SA 1991, 88, 9151.

Bertrand, P.; Mbarki, O.; Asso, M.; Blanchard, L.; Guerlesquin, Egoii, M.

Biochemistry 1995 34, 11071.

127



(76) Kennedy, M. L.; Gibney, B. Rurr Opin Struct Biol 2001, 11, 485.

(77) Vennesland, B. C., E. E., Knownles, C. J., Westly, J., WissinQydaide in Biology;
Academic Press: London, 1981.

(78) Koenig, RScience 200Q 287, 1737.

(79) Guideinesfor Drinking-Water Quality; World Health Organization: Geneva, 1996.

(80) Weinberg, H. S.; Cook, S.Anal. Chem. 2002 74, 6055.

(81) Badugu, R.; Lakowicz, J. R.; Geddes, CJDAm. Chem. Soc. 2005 127, 3635.

(82) Hudnall, T. W.; Gabbali, F. B.Am. Chem. Soc. 2007, 129, 11978.

(83) Kim, Y.; Zhao, H.; Gabbai, FrancoisAhgew. Chem. Int. Ed. 2009 48, 4957.

(84) Mannel-Croisé, C.; Zelder, Fhorg. Chem. 2009 48, 1272.

(85) Zelder, F. Hinorg. Chem. 2008 47, 1264.

(86) Cho, D.-G.; Kim, J. H.; Sessler, J.JJLAm. Chem. Soc. 2008 130, 12163.

(87) Lee, K.-S.; Kim, H.-J.; Kim, G.-H.; Shin, I.; Hong, JGkg. Lett. 2007, 10, 49.

(88) Yang, Y.-K.; Tae, Drg. Lett. 2006 8, 5721.

(89) Tomasulo, M.; Raymo, F. MDrg. Lett. 2005 7, 4633.

(90) Tomasulo, M.; Sortino, S.; White, A. J. P.; Raymo, FIMDrg. Chem. 2005 71, 744.

(91) Chow, C.-F.; Lam, M. H. W.; Wong, W.-Yhorg. Chem. 2004 43, 8387.

(92) Gettler, A. O.; Goldbaum, lAnal. Chem. 2002 19, 270.

(93) Guilbault, G. G.; Kramer, D. Mnal. Chem. 2002 37, 1395.

(94) Mottola, H. A.; Freiser, HAnal. Chem. 2002, 40, 1266.

(95) Peng, L.; Wang, M.; Zhang, G.; Zhang, D.; ZhuQg. Lett. 2009 11, 1943.

(96) Poland, K.; Topoglidis, E.; Durrant, J. R.; Palomares$ndtg. Chem. Commun. 2006 9,

1239.

128



(97)
(98)
(99)
(100)

(101)

(102)

(103)

(104)
(105)
(106)
(107)

(108)

Shan, D.; Mousty, C.; Cosnier,Ahal. Chem. 2004 76, 178.

Smit, M. H.; Cass, A. E. Ginal. Chem. 199Q 62, 2429.

Dai, Z.; Boon, E. MJ. Inorg. Biochem. 201Q In preparation.

Boon, E. M.; Marletta, M. Al. Am. Chem. Soc. 2006 128, 10022.

Bidwai, A.; Witt, M.; Foshay, M.; Vitello, L. B.; Satterled, D.; Erman, J. E.
Biochemistry 2003 42, 10764.

Balasubramanian, S.; Lambright, D. G.; Boxer, 2rGc. Natl. Acad. Sci. U.SA. 1993
90, 4718.

Fafarman, A. T.; Webb, L. J.; Chuang, J. I.; Boxer, Sl. Gm. Chem. Soc. 2006 128,
13356.

Fafarman, A. T.; Boxer, S. G.Phys. Chem. B 201Q 114, 13536.

Webb, L. J.; Boxer, S. Giochemistry 2008 47, 1588.

Patchornik, A.; Degani, Y.; Neumann,JHAm. Chem. Soc. 197Q 92, 69609.

Vanaman, T. C.; Stark, G. RBiol. Chem. 197Q 245, 3565.

Ryu, Y.; Schultz, P. ®at. Methods 2006 3, 263.

129



Appendix. Plasmid, Primers and UV/visible spectra foTt H-NOX proteins

pPET-20b(+) vector

Tt H-NOX was cloned into pET-20b(+) vector (Novagen) between céstrisites Xho |

and Nde | with the 5’ starting at Nde | (Figure A1 and A2, adaptad the pET-20b(+) vector
map from Novagen).
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Figure Al. Circle map of vector pET-20b(+).
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T7 promoter primer #69348-3

Bgtll T7 promoter Xbal rbs
Dol pelB leader Neol geor v BamH| EcoR| Sacl
I
Hinc 1l Eagl signal peptidase
Sall Hindll  No Xhol His+Tag Bpu1102 |
GTCGACAAGC TTGCGGCCGCAC TCGAGCACCACCACCACCACCACTG G \CAAAGCCCE ! GCTGAGTTGGCTGCTGCCAC CGCTGAGC AATAS
17 terminater T7 terminator primer #69337-3

GAGG GG

Figure A2. The cloning/expression region of the coding strand transcribed 70yRNA
polymerase in pET-20b(+) vector.

Tt H-NOX DNA and amino acid sequences

Tt H-NOX is located at the N-terminal of a methyl-accepting chemogawigin (MCP).
Tt H-NOX domain includes 188 amino acids with no cysteine residue (Figure A3)elbe g
sequence of the MCP is shown in Figure A4 @nH-NOX gene is the part colored in red. The
MCP protein is coded with TTE0680 in the NCBI data base and it consists of 1809 base pairs
(from 683006 to 684814 in thie tengcongensis genome). The gene sequenceTioH-NOX

includes the first 564 base pairs.

1 MKGTIVGTWI KTLRDLYGND VVDESLKSVG WEPDRVITPL EDIDDDEVRR IFAKVSEKTG
61 KNVNEIWREV GRONIKTFSE WFPSYFAGRR LVNFLMMMDE VHLQLKMIK GATPPRLIAK
121 PVAKDAIEME YVSKRKMYDY FLGLIEGSSK FFKEEISVEE VERGERGFS RLKVRIKFKN

181 PVFEYKKN

Figure A3. Amino acid sequence dt H-NOX.
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1 ATGAAGGGGA CAATCGTCGG GACATGGATA AAGACCCTGA GGGACTTTA CGGGAATGAT
61 GTGGTTGATG AATCTTTAAA AAGTGTGGGT TGGGAACCAG ATAGGTAAT TACACCTCTG
121 GAGGATATTG ATGACGATGA GGTTAGGAGA ATTTTTGCTA AGGGAGTGA AAAAACTGGT
181 AAAAATGTCA ACGAAATATG GAGAGAGGTA GGAAGGCAGA ACATAAAAAC TTTCAGCGAA
241 TGGTTTCCCT CCTATTTTGC AGGGAGAAGG CTAGTGAATT TTTAATGAT GATGGATGAG
301 GTACACCTAC AGCTTACCAA GATGATAAAA GGAGCCACTC CTCAAGGCT TATTGCAAAG
361 CCTGTTGCAA AAGATGCCAT TGAAATGGAG TACGTTTCTA AAGAAAGAT GTACGATTAC
421 TTTTTAGGGC TTATAGAGGG TAGTTCTAAA TTTTTCAAGG AARAATTTC AGTGGAAGAG
481 GTCGAAAGAG GCGAAAAAGA TGGCTTTTCA AGGCTAAAAG TCASGATAAA ATTTAAAAAC
541 CCCGTTTTTGAGTATAAGAA AAAT GTCTGG GGAAAGATAC TGGGCTTTGG CTTTATAAGG
601 AGCAACTCTT TTAAACTTGC TTTATGGAGC TTTATCATAG GCTTTTGGT GGTAGGATTT
661 GTATCTTCAT GGGACCTTCT AAAAAGCTTT TCTGGCGCAT TTAAATAGG AGCTTTTACG
721 TACATATTTT CTTATATTTT GAATATGCCT GCTAAGAATC TTCATGAATT TGTAAAAATC
781 ATGGGAAGCA GAAATTTAGA AGAGGAGTTT AAACTAGAAA GCGGTGACGT TTTTGAAGCT
841 ATTGCAGAGG AGTTAAACAG CGTAAAAGAT ACTATTAAGA AGGACATGCT GTTTTTAAAA
901 GGCGGCACAG ACGACATGCA CAATTTTGTT CACAGGTTTA ATBGATTGC AGAGAACATG
961 AAGAAGGTGT CTGAAGATAT ATCTTCTGTG GTGAATGATG TAGTTCTTC TACAGTTCAT
1021 CAGGCAGAAG AGATAGAAAG GGCTGTCGGA ATACTGGACG AAATATAAA AAAGATAAAT
1081 GAGATTGCAG GAACTAGCAA GGAGAGCAAT GAAAAACTGG AMATTCTAT AGAAAATATA
1141 AAAAGGGCAA ATACCGATGT AACAGATGTT GCCAAGGAAT TATCACAGGT AGAAGTGGAT
1201 TTTTCTAGTA TATATGAGAT GGGCAAGGTG CTTTCAGATA GGCTAAAGA TATCATGGCA
1261 ATAGTCACTA CTGTAGAGGA AATTTCAGAT CAGACTAATT TACTGGCGCT AAATGCGGCT
1321 ATTGAGGCGG CGAGGGCAGG AGAAGCAGGA AGAGGGTTTG @I GGTAGC AGAAGAGGTG
1381 AGGAATTTAG CTGAAAATTC GAAAAATGCG GTAAAGACCA TAACAGAAAG CTTAGTCAAT
1441 TTTACAGGTC AGGTGGAGAA TCTAGCAGAG AAGATAAGTG CCAGTTTGA AAGGCTTAAA
1501 AAGAGCATTT CCACTCTGGA GAAGGTGGTA GAAAAAAATA CAATGGCTAC AGAAGAGGTT
1561 GCAGGGATAT CAAGCGTGAT AGTCGAATCT GCAAACAGGC TTATGAAGA GGCAGAGAAG
1621 CTTTCAGAGG TCTTCGGACA CCTGGAAAAT CTGGCTGCTA TIICAGAAGA GAATTCGGCT
1681 TCTTCTGAGG AAATGAGTGC CAATGTTACA GAGTATTCAA AGGAATAAG GGAATTTATA
1741 GAGCAGATAA AGCAGATGGA GACACTTGTT ACAAACTTTA AGAAGGAGCT TGATAAATAC
1801 AAAGTTTGA

Figure A4. Gene sequence of the MCP protein that contdingl-NOX. Tt H-NOX gene
includes the first 564 bases (encoding for 188 amino acids) that are colored in red.
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Site-directed mutagenesis oft H-NOX

A number of point mutations were made to study the structure-furretiamonship ofTt
H-NOX. The sense sequences of the primers used to make thesgésrantaisted in Table Al.
The mutant P115A was generated using previously designed primdrshe double mutant

M98C/P115A was made by using P115A primers and M98C plasmid.

Table Al. Sense sequence of the primers used to generate vatiddNOX mutants. The
mutation sites are colored in red.

Mutation Sense sequence for the primers
T4C 5 GAAGGGG GCATCGTCGGGACATGGATAAAGACCCTGAGGG &

F78A 5 GGAAGGCAGAACATAAAAACTGCCAGCGAATGGTTTCCCTCC &

F78V 5 GGAAGGCAGAACATAAAAACTGTCAGCGAATGGTTTCCCTCC 3

F78Y 5 GGAAGGCAGAACATAAAAACTTACAGCGAATGGTTTCCCTCC &

M98C 5 GGCTAGTGAATTTTTTAATGATGTGCGATGAGGTACACCTACAGCTTACC 3’

MO8A 5 GGCTAGTGAATTTTTTAATGATGGCGGATGAGGTACACCTACAGCTTACC3’

Al12C 5 CCAAGATGATAAAAGGATGCACTCCTCCAAGGCTTATTGCAAAGCC &

P115F 5" GGAGCCACTCCTTCAGGCTTATTGCAAAGCCTGTTGC 3

L144A 5 GAAAGATGTACGATTACTTTTTAGGGGCTATAGAGGGTAGTTC 3

UV/visible Spectra of Tt H-NOX

UV/visible spectra for all ferrous and ferric complexes wenéected forTt H-NOX WT,
M98C, M98A, A112C, P115A and P115A/M98C. The Soret pfadbands are summarized in
Table A2 and the spectra are shown in Figure A5-A8 (The UV/visiidetra foilt H-NOX WT
and P115A have been shown previously in Chapter 2, page 27).
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Table A2. The Soret anfl/a bands in the UV/visible spectra ©f H-NOX complexes.

Tt H-NOX complex Soret B A
WT Fe(ll)-unligated 431 560
Fe(ll)-CO 424 545 568
Fe(ll)-NO 419 547 577
Fe(ll)-O, 415 555 591
Fe(lll)-H,O 415 552 587
Fe(lll)-CN 421 550 -
P115A Fe(ll)-unligated 431 561
Fe(ll)-CO 423 544 568
Fe(ll)-NO 419 547 577
Fe(ll)-O, 415 547 583
Fe(lll)-H,O 405 545 581
Fe(lll)-CN 420 550 -
All12C Fe(ll)-unligated 432 564
Fe(ll)-CO 424 544 569
Fe(ll)-NO 420 543 572
Fe(ll)-O, 416 555 590
Fe(lll)-H,O 410 548 592
Fe(lll)-CN 421 553 -
M98C Fe(ll)-unligated 434 560
Fe(ll)-CO 423 541 570
Fe(ll)-NO 419 544 577
Fe(ll)-O, 415 551 587
Fe(lll)-H,O 412 542 579
Fe(lll)-CN 418 547 -
M98A Fe(ll)-unligated 434 564
Fe(ll)-CO 423 543 571
Fe(ll)-NO 419 545 577
Fe(ll)-O, 415 550 587
Fe(ll)-H,O 413 541 575
Fe(lll)-CN 418 545 -
P115A/M98C Fe(ll)-unligated 432 562
Fe(ll)-CO 423 540 569
Fe(ll)-NO 419 536 569
Fe(ll)-O, 414 544 580
Fe(ll)-H,O 401 542 578
Fe(lll)-CN 419 546 -
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Al12C
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Figure A5. UV/visible spectra foilt H-NOX A112C.
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M98C
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Figure A6. UV/visible spectra foilt H-NOX M98C.
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M98A
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Figure A7. UV/visible spectra foilt H-NOX M98A.
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P115A/M98C
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Figure A8. UV/visible spectra foilt H-NOX P115A/M98C.
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UV/visible spectra of the ferric complexes §and -CN) for Tt H-NOX F78V, F78Y,
P115F and L144A were also obtained. The Sorepantands are summarized in Table A3 and

the spectra are shown in Figure A9-A12.

Table A3. The Soret anfl/a bands in the UV/visible spectra ©f H-NOX ferric complexes.

Tt H-NOX complex Soret B o
F78V Fe(lll)-HO 415 552 587
Fe(ll)-CN 420 550 -
F78Y Fe(lll)-HO 415 545 581
Fe(ll)-CN 420 550 -
P115F Fe(lll)-HO 411 544 582
Fe(ll)-CN 421 548 -
L144A Fe(l1)-H,O 413 554 585
Fe(ll)-CN 419 552 -
F78V
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Figure A9. UV/visible spectra foilt H-NOX F78V complexes.
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Figure A10. UV/visible spectra foflit H-NOX F78Y ferric complexes.
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Figure A11l. UV/visible spectra foflt H-NOX P115F ferric complexes.
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L144A
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Figure A12. UV/visible spectra folt H-NOX L144A ferric complexes.
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