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ABSTRACT The spectroscopic properties of the deoxygenatadcated hemoglobin from the
actinobacteriunThermobifida fusca have been investigated by means of extended X&vagrption fine
structure (EXAFS), X-ray absorption near edge stmec (XANES), and near infrared spectroscopies
both at room and cryogenic temperatures. At roanperature the near infrared charge transfer bdnd II
occurs at 772 nm, a value that is unusually highafoanonical deoxygenated hemoglobin species, and
can only be found as a transient species afteropfsis in vertebrate hemoglobins and myoglobins or
under strongly dehydrating conditions. EXAFS and\¥ZS quantitative analyses, carried out in parallel
with deoxygenated horse myoglobin, revealed an waidlysshort iron-histidine distance 1.90 + 0.03 A,
significantly shorter than the deoxygenated horgegiobin distance of 2.11 + 0.02 A. These findings
provide novel structural basis for discussing thee fstructural geometry of the proximal site, and
eventually mapping the coordinates of the metah waispect to the pyrrole nitrogens and the proximal

histidine nitrogen.

Keywords: XANES, EXAFS, bacterial hemoglobin



Introduction

The covalent link between the heme iron and th&ipral histidine in hemoglobins is by far the most
thoroughly investigated chemical bond in biochemngistThe atomic coordinates and electronic
properties of the iron-histidine bond are considaas crucial parameters to adjust the reactivitthef
heme-iron atom with the ligand in trans positiohu$, a strong bond with increased electron donation
to the iron atom favors dioxygen cleavage (e.gcteva push effect in peroxidases), whereas a weaker
bond is a prerequisite to preserve the integrityhef distal ligand in oxygen transport proteinseTh
stereochemistry of the iron-histidine bond is nolyoca major factor in determining the function of a
hemeprotein, but is also the main conduit that gmwvehe structural transitions at the basis of
cooperativity in hemoglobins [1]. Exogeneous ligdndding to the sixth coordination position entails
the displacement of the iron atom (about 0.5 A)als the heme plane with consequent shortening of
the iron heme-pyrrole nitrogen bonds, and decrgagirthe stretching frequency of the proximal iron-
histidine bond. In hemoglobins, the proximal histed follows the iron atom in its movement thus
pulling the F helix in a rigid body displacemeffiat is subsequently transmitted to the helicesfidrat
the subunit interface [2]. Multiple spectroscopiwestigations have focused on the fine structundl a
dynamic properties of the iron-histidine bond idearto assess the stereochemical details at tle dfas
the ligand binding process in hemoglobins and nglagks.

In recent years, novel, unusual hemoglobin enthimge further expanded the scope of the research
[3]. In particular, the identification of novel “heoglobin-like” proteins, widely distributed within
prokaryotes and lower eukaryotes, widened the numederstanding of hemoglobin functions and
fostered a flourishing research on the propertfeth@se unusual globins aimed at understanding thei
physiological function, their ligand binding propies, and their evolutionary relationships withpest
to hemoglobins from higher eukaryotes. Within treeterial hemoglobin superfamily, the so-called
truncated hemoglobins represent a new frontierhimoglobin research. These proteins are in fact
characterized by a compacted globin fold (6 insteb® helices) and by an amazing variability of
aminoacid side chains in the distal pocket in froih& proximal site characterized by the preserice o
canonical proximal histidine [3,4]. In spite of ersive biochemical, biophysical and physiological
studies, the hypotheses on the functional rolewfdated hemoglobins are at present weak and rely o
possible involvement in the scavenging of NO orgetyradicalic species, within the framework of the
cell response to oxidative or nitrosative stregs TBus, biological investigations are presentlgning
in parallel with physico-chemical characterizatiafishese novel globins in order to gain structanad
functional insights into this amazing protein faynil

Spectroscopic studies are based on the identdicati structure sensitive signals (spectroscopic

marker bands) that are related to the stereochgnaisthe iron histidine bond. Near infrared absmnp



spectra are sensitive probes of the heme ironretgctdistribution and are strictly correlated tdoe
rearrangement of the atomic frame around the alift@-His bond. In particular, the band Il at abou
760 nm has been assigned to a charge transfer dragidating from a transition dipole moment
involving electron donation from the porphyritt to the Fe-¢” orbital [5,6]. On the basis of this
assignment, possible relationships between barfgefjuency and iron-heme plane distance have been
worked out [7]. Nevertheless, near infrared spesciwpy does not allow a direct, quantitative estamat
of the relevant atomic coordinates of the iron ateith respect to the heme plane or to the histidine
nitrogen. Thus, direct, high resolution measuresefthe iron stereochemistry by X-ray diffraction
absorption measurements are required in ordereid y complete picture of the functionally relevant
structural rearrangements of the iron atom. Inipalgr, X-ray absorption spectroscopy (XAS) is a
powerful method for looking at the Fe-heme localicture [8]. Recent theoretical advances have made
the extended X-ray absorption fine structure (EXPABS8alysis a primary, well established structural
tool to investigate bond lengths at a precisiorabbdut 0.02 A [9]. Moreover, a quantitative X-ray
absorption near edge structure (XANES) analysiss haen developed [10,11] and applied in
combination with EXAFS to different system to extranformation on bond distances and angular
parameters. An accurate structural characterizatas been obtained on metal ionic solutions [12],
different heme models and heme containing protgiBsl5], showing that a combined analysis of the
EXAFS and XANES regions of the spectrum is ableptovide unambiguous details on the local
structure in solution around the metal center.

In this framework, an investigation on the spedopsc properties of the ferrous unliganded
truncated hemoglobin from the actynomydégrmobifida fusca (Tf-trHb) [16] has been undertaken
with the aim of characterizing the fine structupabperties of the Fe-histidine moiety as compaced t
ferrous unliganded horse myoglobin (h-Mb). The Itssof this study bring out relevant differences in
the structure of the active site between Tf-trHA brMb.

EXPERIMENTAL PROCEDURES

The hemoglobin from Thermobifida fusca was prepaed purified as described previously [16].
The protein was concentrated up to 1 mM heme wiaspin PM10 concentrators (Sartorius Spa,
Firenze). Protein concentration was determined $igguane=182000 M* cmi* at 421 nm for the CO

derivative.

Near infrared absor ption spectra
Near infrared spectra were carried out on a J¥83® spectrophotometer equipped with a PbS

detector (Jasco Ltd., Japan). Low temperature spaeotre measured in an Oxford liquid Nitrogen



apparatus by diluting concentrated solutions otrfb in 50 mM phosphate buffer at pH 7.0 with
glycerol (3:1 v/v glycerol/protein). A 100 mM solom of sodium dithionite buffered in 0.1 M
phosphate buffer at pH 7.0 was then added to tlgassed glycerol/protein solution to a final

concentration of about 10 mM.

X-ray absorption measurements

Fe K-edge X-ray absorption spectra of h-Mb andrfbtwere collected in fluorescence mode at the
BM30B beamline of the European Synchrotron Radiafi@cility [17,18]. h-Mb was prepared by
dissolving metmyoglobin in 1:5 glycerol-water sabut buffered at pH 7 (70 mM phosphate) and
adding 50 mM of sodium dithionite in nitrogen atipbesre. The final iron concentration was 6 mM. Tf-
trHb was prepared by dissolving the protein in dlycerol-water solution buffered at pH 7 (80 mM
phosphate) and adding 50 mM of sodium dithionitaeitrogen atmosphere. The final iron concentration
was 4 mM. All the spectra were collected at 15 Ke Btorage ring was running in the two-third fijin
mode with a typical current of 170 mA. The monochator was equipped with a Si (111) double
crystal, in which the second crystal was elastjcaknt to a cylindrical cross section. The energy
resolution at the Fe-K edge is 0.5 eV. The X-ragtph beam was vertically focused by a Ni-Pt mirror,
and dynamically sagittally focused in the horizdsiae. An array detector made by 30 Ge elements of
very high purity was used. For each sample 10 speeatre recorded with a 7-s/point collection statis
and averaged. The spectra were calibrated by asgigme first inflection point of the Fe foil spegin
to 7111.2 eV.

EXAFSdata analysis

The EXAFS data analysis has been performed usim@thXAS method [9,19], which is based on
the theoretical calculation of the X-ray absorptfore structure signal and a subsequent refineraent
the structural parameters. This theory allows thkuation of the interference signal in the cross
section by solving the scattering of the photoetecttvave function in an effective muffin tin potexht
In the GNXAS approach, the interpretation of thpexknental data is based on the decomposition of
the (k) signal into a summation over n-body distribatifunctionsy™ calculated by means of the
multiple-scattering (MS) theory.

Previous investigations have shown that for a qtaivie EXAFS analysis of hemeproteins MS four-
body terms have to be accounted for [13-16, 20¢ ificlusion of these higher order contributions is
essential to obtain a good agreement between tiedrand experimental data. The analysis of the tw
proteins has been carried out starting from thetatipgraphic coordinates of deoxy myoglobin a1.1
A resolution, up to a distance cutoff of 5 A (PDBde=1A6N). The two-, three-, and four-body



configurations in each cluster were grouped wittistance tolerance of 0.05 A. Phase shifts were
calculated using the standard muffin-tin approxioratA model EXAFS spectrum was generated by
adding all the relevant single- and multiple-saaitg contributions, and it was refined against the
experimental data by using a least-square minimizgirocedure in which structural and nonstructural
parameters were allowed to float. The quality &f ths was determined by the goodness-of-the-fit
parameter R9], and by careful inspection of the EXAFS residuand their Fourier transforms (FT). A

thorough description of the data analysis procedamd all the relevant parameters used in the

minimization is given in Ref. [13].

Quantitative XANES analysis

The XANES calculations have been performed usirgg MXAN software procedure [8,10]. The
analysis of the XANES spectra has been carriedusutg a cluster of thirty-one atoms, i.e., the
porphyrin macrocycle, the histidine imidazole, @hé oxygen of an unbound water molecule. The
molecular potential for the nearest atoms, i.@ R8N cluster, was obtained using the spin-unpolarized,
self-consistent field method imposing the formdewae of each atom. The exchange correlation fart o
the potential was determined by thepXapproximation. Inelastic processes were takenaotmunt by
a convolution with a phenomenological, energy-depat broadening function. All details of this kind
of calculation are described in Ref. 22. A constxerimental error corresponding to a noise-toslig
ratio of 0.012 normalized units (i.e. units for winithe absorption jump is equal to 1) was chosée. T
minimization of thex? function was performed in the space of the n sedestructural parameterg?(n
values are reported in the Result section to giyatiteé goodness of the fits). They are the core,gtze
Fe-heme displacement, and distance of the Fe atimthe proximal histidine nitrogen,NDuring the
minimization procedure, the outer atoms of theidiis¢ and pyrrolic rings rigidly followed the mon
of the N, and nitrogen atoms of the porphyrin ring,XN

XANES difference spectra Tf-trHb — h-Mb were cd#tad starting from the 1A6N PDB

structure taken as reference, by modifying the MXgidgram as already done in a previous study [21].
Fitting difference spectra has the important advg@tthat some systematic errors of the XANES
theory, mostly pertaining the photo-electron scatteon the heme plane, can be reduced. As the
majority of the signal in solution is due to henleng scattering, these errors affect the deterioimaif
axial parameters and render them, in solution, dessrate than what is reported for the myoglol@n P
crystals [22], where the heme plane and heme nasoadiering can be experimentally decoupled. In the
present case, it is reasonable that theoreticaémgic errors associated to the heme plane soatter
signals for h-Mb and Tf-trHb are very similar, dwt they are partially eliminated in the difference

spectrum. Accordingly, the present analysis of XBNES difference spectrum is less sensitive to the



heme plane parameters (e.g. the Radistance), but it is more accurate and more seedib the heme
normal parameters (e.g. the Fg-Nistanceas) as compared to the analysis of alesO{&NES

absorption spectra.

RESULTS

Near infrared spectra

In order to unveil the fine electronic propertidsTétrHb we have carried out a direct comparisén o
the near infrared absorption spectra of this pnotgth the canonical h-Mb. The Tf-trHb spectra édav
been acquired both at room (Figure 1, panel A9&tKR) and low temperature (Figure 1, panel B,7at 7
K) revealing the presence of an unusually strorgyrad shifted band IIl with respect to h-Mb. Intfac
comparison of the spectra of Tf-trHb (Figure 1jcdbhe) and h-Mb (dashed line) points out that Tiie
trHb displays a high intensity band Ill peaked a2 nm, 12 nm higher than that observed in h-Mb. Low
temperature spectra confirm this large differene®svben the absorption peaks of the two proteins The
presence of a unusually red shifted band Il ceamstither from a different electronic propertiesod
heme pocket or from a unusual geometry of the metal To shed light on the origin of this
experimental evidence we acquired EXAFS and XANR&:sa of Tf-trHb which were able to provide

an accurate and independent determination of tted &tructure of the heme site.

X-ray Absorption spectra

A quantitative estimate of the iron coordinationogetry parameters can be obtained from the
comparative analysis of the X-ray absorption spectiTf-trHb and h-Mb. In Figure 2, the experiménta
XANES spectra (upper panel) and Fourier TransforrBAFS spectra (lower panel) of the two
samples are superimposed (dotted line h-Mb and $ok Tf-trHb). Looking at the XANES, the main
difference between the two spectra is the blud shithe rising edge of Tf-trHb as compared to h-Mb
Moreover, the absorption cross section of Tf-tridbréases at about 7150 eV and decreases at about
7170 eV, as evident from the [Tf-trHb - h-Mb] difésce spectrum reported in the same panel of Figure
2 (solid gray line). The blue shift of the risindge can be due to different mechanisms: 1) anasere
of the iron redox state, which enhances the eneeggssary to extract an electron from the metd| [23
2) the binding of a sixth ligand in the case oiva{fcoordinate Fe-heme [22,24]; and 3) a decreft®eo
first-shell average distance [25]. Both 2 and 3 ma@isms act by changing the ligand field on theaiet
and by increasing the energy of the empty eledtates with p-symmetry. The UV/Vis spectrum of Tf-
trHb (acquired on the same sample exposed to tteyXeam, data not shown) closely resembles the h-
Mb form, thus indicating that a negligible perceygaif any, of oxidized or bound Fe-heme is present

Note that both proteins have been measured in thgepce of an excess of sodium dithionite (see



method section), and it is well known that prolashgéray exposure determines a reduction of the iron
heme disfavoring the contamination of oxidized sg®d11,15]. Therefore, the observed XANES
changes are due to a decrease of the first-shethge distance. The h-Mb and Tf-trHb FT moduli of
the EXAFS spectra extracted with a three-segmerubt spline, have been calculated in the intekval
=3.2-14.0 A with no phase-shift correction applied. In botses the high-intensity peak at about 1.5
A is associated with the first coordination shebund the iron atom. It comprises the four nitrogen
atoms of the porphyrin ring, and one nitrogen atidrthe proximal histidine. The second set of peaks,
in the distance range between 2 and 3.5 A congdirs the single and multiple-scattering contribuas
associated with the carbon atoms in the seconddowiion shell of both the porphyrin plane and the
proximal histidine. The third set of peaks beyon8 A is mainly due to the single- and multiple-
scattering contributions associated with the tiahell of the tetrapyrrole macrocycle atoms. Simple
inspection of the Fourier Transformed (FT) speoffars interesting insight into the structural ches
between h-Mb and Tf-trHb. It can be noticed that finst peak of Tf-trHb shows a lower intensity and
shorter distance position as compared to h-Mb. Téssilt is in agreement with the blue-shift of the
XANES edges and suggests a contraction of thedivsll average distance in Tf-trHb as compared to
h-Mb.

EXAFS results. A quantitative estimate of the distances of ttmn iatom from the pyrrolic and
histidine nitrogen atoms can be obtained from tiadyais of the EXAFS data by means of the GNXAS
program [7,19]. The results of the fitting proceslapplied to h-Mb EXAFS data are shown in the left
panel of Figure 3. The spectrum is dominated byfifse-shell two-body signals associated with the
four nitrogen atoms from the porphyrii{ Fe-N,) and the axial nitrogen atom from the histidig (
Fe-N,). The latter contribution was treated as a sepasatgle-scattering signal as the FRedddnd
length is about 0.07 A longer than the average F&dhd length, according to the crystallographic
values (PDB code=1A6N, see Table 1). In additionthe first-shell contributions, the simulation
requires four carbon atoms at about 3.4 A derivemhfthe connecting methylene groug Fe-G). A
good fit of the experimental data required theusn of the Fe-NCi4 three-body ) and the Fe-p
C14-Ca3 four-body ) total contributions. The dominant MS contributiisrthe Fe-N-Cy4 three-body
pathway from the porphyrin, whereas the amplituti¢he MS terms associated with the histidine is
negligible owing to the low multiplicity. The thestrcal signal closely matches the experimental data
and the structural parameters obtained from thenmmation are all in excellent agreement with the
crystallographic values within the reported err@rable 1).

The EXAFS data analysis of Tf-trHb has been caroetl along the line of that of h-Mb. The

minimization procedure has been carried out statftiom the 1A6N structure of h-Mb and allowing



distances and angles to float within a preset rarige0.3 A and+ 5°, respectively. The experimental
oscillations of the two samples show marked diffess in the range between 7 and 12 kspection

of the theoretical signals shows that these diffegs originate from the modification in frequenay a
phase of the two body?® Fe-N, signals. As a consequence different first-shedtasices have been
obtained from the fitting procedure, with a faciedex value R=1.009L0°. In particular, whereas the
Fe-N, distance does not change in an appreciable wagceease of the FesMf 0.21 A has been
observed in going from the h-Mb to Tf-trHb (see [Baband 2). Therefore, the contraction of the Re-N
distance is responsible for both the blue shiftedfe and the shift of the FT first peak previously
described. The Debye-Waller factors obtained fdith-and Tf-trHb from the fitting procedures are
quite small and very similar between the two pradeilhis suggests that in both cases the iron &om

involved in quite stiff bonds with the pyrrole ahi$tidine nitrogens.

XANES results. To further validate the EXAFS results we have ganied a comparative analysis of
the XANES difference spectrum [Tf-trHb — h-Mb], tgp about 180 eV above the edge via the MXAN
package [10]. The best fit (see Figure 4) is ot@difor a Fe-Ndistance to 1.98.03 A, while the Fe-

Nj, distance remains essentially equal to the stawtiige of 2.020.02 A, in perfect agreement with the
EXAFS results reported in Table 2. The qualityué fit is satisfactoryy?/n=1.74), thus showing that
the structural results obtained from the EXAFS wsial are compatible with the XANES data. It is
worthwhile to note that the XANES and EXAFS ana$ysee independent, thus the convergence of the

results strongly supports the reliability of theabed local structure of the heme site.

DISCUSSION

The near infrared data shown in Figure 1 exhibiuaaosually red shifted band Ill in Tf-trHb with
respect to h-Mb both at 293 and 77 K. The 760 nmdparesent in five coordinate ferrous heme
derivatives, has been assigned to a plane poladhadge transfer transition from the porphyrin
system to the iron,g orbital [3] or, alternatively, to an iron®2 — ey(1) orbital promotion [4]. In fact,
in h-Mb the 760 nm band was shown to be sensiowieé local structure of the heme within the heme
pocket, and in particular to the position of theniwith respect to the heme plane [5,27,28]. Imbot
cases, the structural rearrangements leading togelsain the energy of the iron d orbitals, or the
porphyrinTtt orbital system will affect the energy of the obh®ef transition. The present data provide a
clear picture of the structural properties of theniproximal histidine bond in the deoxygenated

derivative of a truncated hemoglobin, and unamhiglyoshow that the proximal site is widely diffeten



from that of typical vertebrate hemoglobins and gigbins. It is interesting to consider the unusual
band Il position in Tf-trHb in the light of the dgmic behavior observed upon laser photolysis in
vertebrate hemoglobins. The band Il in deoxygehatertebrate hemoglobins and myoglobins occurs
at 760 nm and transiently shifts to about 770 nnthin nanosecond photoproducts of the CO bound
derivatives [27]. The observed shift has been takera probe for the presence of a relaxed state in
which the transiently generated penta-coordinateeagon resides in a position that is close to that
typical of the hexa-coordinated, ligand bound sp&din hemoglobins the nanosecond phoproducts then
evolve towards the strained “unrelaxed” state tgpaf the “Tense” conformation that is representdd,
equilibrium, by the canonical 760 nm band. The ppatduct relaxation, as monitored by near infrared,
is thus considered as the most significant stratttearrangement that is functionally relevanthe t
mechanism of cooperativity. These considerations lsa merged with recent transient resonance
Raman spectroscopy data obtained in the highly l&imiruncated HbO from Mycobacterium
tuberculosis [29]. Both HbO and HbN do not shownmsecond or even nanosecond relaxation of the
photoproducts obtained with an 8 ns laser puls@cklethe iron histidine stretching frequencieshef t
deoxygenated species and that of the 10 ns phatogr@re identical pointing to the absence of a
proximal strain in truncated hemoglobins [29]. Taresence of band Ill at 772 nm in Tf-trHb is inelin
with the observations reported for HbO and provig¢her evidence that the structure of the proximal
site in the static deoxygenated derivative in tatad hemoglobins may be similar to the structurénef
transient, unrelaxed photoproduct species in dakgilobins. Transient spectroscopy measurements in
the near infrared region in Tf-trHb will providewather proof of this picture.

The EXAFS and XANES data directly provide a higealution map of the iron first shell distances
changes with 0.01-0.03 A accuracy. The measuremeatsed out in parallel on the deoxygenated
derivatives of h-Mb and Tf-trHb bring out major feéifences between the two proteins that are manifest
in the FT spectrum shown in Figure 2. Quantitaimalysis, reported in Table 1 and 2, points out two
major features of the Fe-proximal histidine envimemt in Tf-trHb. First of all, the calculated FeyrN
distance in Tf-trHb is unusually short (1.90 A) witespect to that of h-Mb (2.14 A). The 0.24 A
difference in the bond lenght between the two pnsteepresents a dramatic difference in terms afibo
orbital energy and points to an optimal overlapMeein the iron and Norbitals as a consequence of a
fully relaxed position of the imidazole ring [26The second important structural feature conceras th
average out-of-plane position of the iron atom widispect to the heme plane as inferred from the
calculated Fe-pyrrole nitrogen distances. In tlaseg the positioning of the iron atom relative he t
pyrrole nitrogens is identical in h-Mb and Tf-trféverage distances of 2.06 A in h-Mb, 2.05 A in Tf-
trHb) pointing out that the heme core size mustsbperimposable in the two proteins. Thus, the
differences in the EXAFS and XANES spectra betwledib and Tf-trHb are entirely accounted for a

1C



shorter Fe-N bond distance with minimal, if any, readjustmeotsthe heme core size. In turn, in
agreement with X-ray crystallographic data on #rei¢, acetate bound adduct, the stronger fFédwd
in Tf-trHb indicates an unrestrained conformatidrthe proximal histidine. Nevertheless, it shout b
mentioned that red shifted band Ill derivatives also be generated at equilibrium by acting onesalv
properties [30]. High glycerol concentrations of-gel encapsulation are capable of shifting thekpea
position of band Il towards the blue region bymuaiing dehydration of the protein. The ultimatezetf
of the removal of protein coordinated water maysthe ascribed to local collapse of the heme pocket
with subsequent fine structural rearrangementee@heme iron position.

Hence, in structural terms, the position of bamdellects the fine structural modifications witHime
iron atom coordination sphere in response to chalnaied physical perturbations. Although the present
data offer a unique opportunity to correlate tlmnicoordinates (as measured in EXAFS experiments)
with the position of band Ill, another possible kex@tion can be envisaged. In fact, a possible
interpretation would be a direct relationship betwdhe Fe-N distance and the frequency of the
electronic transition, assuming that the energshefporphyrinmt system is superimposable in Tf-trHb
and h-Mb. However, inspection of the visible sp@singgests that the overall electronic structurthef
porphyrin Tt system is not superimposable. In fact, in Tf-tritie peak position of the deoxygenated
derivative is at 432 nm and hence red shifted wetspect to h-Mb (435 nm) [16]. The Soret peak
energies are affected by the overall electron dgn$ithe heme thus suggesting that there is al$ual
significant electron withdrawing effect (which emicas the energy of the— =n* transitions), in Tf-
trHb with respect to h-Mb. It has been proposed thare are at least two different mechanisms that
may promotat electron withdrawal/donation from/to the porphyring, namely: i) increased hydrogen
bonding to N of the proximal ligand that promotes electron dmmafrom Fe—N via the proximal
imidazole ring and shortens the iron histidine bdistance, and ii) increased conjugation of theylvin
double bonds with the porphyrirt system that favours electron donation and lowkesat — =*
transition energies [31]. In the case of Tf-trHhe tobserved blue shift of the Soret band, due to
decreasedrt electron density, might be ascribed mainly to shert iron histidine bond but in the
absence of concomitant hydrogen bonding donatioth@oN; of the proximal ligand (see also next
paragraph) and hence without the “electron pusfécefIn turn, the effect of vinyl conjugation stil
needs to be investigated in detail by appropriesemance Raman experiments, although no major “out
of plane” shift of the double bonds is evident frompection of the available X-ray structure [16.
summary, the inverse relationship between the hiited band 11l and blue shifted Soret spectrum in
Tf-trHb might find a rationale in terms of electroronfiguration only assuming an electron withdaaw

effect by the proximal imidazole ring, fully protated at the B
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These considerations pave the way to a broadeustism on the architecture of the proximal site
with respect to different heme proteins other tiglobins. First of all, it is of interest to desilthe
environment of the proximal histidine in Tf-trHb structural terms, by taking into account thatadihéy
available X-ray structure (2BMM in the PDB databpoéincerns the ferric, acetate bound derivative. In
Tf-trHb, the imidazole ring of His106(F8) is comged between residues Tyrl09, Metl51 and the
peptide bond of Leulll (see Figure 5A). None o$¢heesidues appear to interact directly with HisF8
but they simply delimit an apolar cavity in whidmetimidazole ring is almost rotamerically free with
the exception of a small angle in which the sulpdiom of Met151 hinders full rotation. Accordingly,
by inspecting the position of the imidazole planéhwespect to the porphyrin nitrogen plane (Figure
5B), it is apparent that the imidazole plane itsslin a fully staggered (with respect tg Nyrrole
atoms) and hence relaxed position. Thus, it mightsbggested that the overall architecture of the
proximal site in Tf-trHb is such that the iron-hihe bond is free of constraint and is able tochea
maximal bonding overlap. Several studies in paatg/bave revealed consistent differences betwesen th
structure of the heme in globins and peroxidasgét s shown from XAS and high resolution X-ray
structures, globins typically have an Fe—tistance of about 2.1 A while in the peroxidadais t
distance is typically shorter by about 0.2 A, résglin a typical Fe—Ndistance of about 1.9 A [31-38]
(see also Table 3). This was proposed to be crtwiekplain the different reactivity observed betwe
the two groups of proteins [34,35]. A significagafure of the peroxidase structures (either Cytookr
C peroxidase, Ccp, or Horseradich peroxidase, kphe presence of strongly hydrogen-bonding
proximal histidine [38]. In CcP, the side-chainlmaylate of Asp235 is H-bonded to both Trp191 and
His175, the proximal ligand of the heme iron. Themsy H-bond is believed to result in increased
electron density on the porphyrin system, which M@id in stabilizing the heme and radical centers
the transition complex. The globins, typified byMi, lack this strong hydrogen bonding to the
proximal histidine and exhibit a longer Fer-blond. Moreover, the orientation of the imidazolane
with respect to the pyrrole nitrogen plane is stitht the proximal histidine is in a fully eclipsed
rotameric conformation that precludes optimal acverbf the iron axial and histidine nitrogen ortstal
[36,37].

In conclusion, the picture that emerges from thegarison of proximal sites among Tf-trHb, typical
globins and heme peroxidases is that a combinatfgproximal effects may be responsible for the
tuning of the iron histidine bond distance whichtum is a key determinant for the heme reactivity.
this framework, the unique architecture of the rHk proximal site lies in between globin and
peroxidases. The short iron-histidine distance i@spbh peroxidase-like environment that suggests a
catalytic role towards hydrogen peroxide in truedahemoglobins. As a matter of fact, a robust

peroxidase-like activity has been recently demanstt in Tf-trHb and in the highly similar truncated
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globin fromMycobacterium tuberculosis [39,40]. In turn, in Tf-trHb, the short iron-hidthe bond is not

the consequence of a strong hydrogen bonding tblilod the imidazole ring, as is commonly observed
in genuine peroxidases. Thus, from the point ofwa@ the proximal site properties, Tf-trHb can be
considered as an hybrid between a globin and aj&a®e whereas its biochemical function most likely

corresponds to that of the latter protein.
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Figure Captions

Figure 1. IR spectra. Near infrared absorption spectra of deoxygenatettHb (solid line) in
comparison with h-Mb (dashed line). Spectra werasueed at 293 K (panel A) and 77 K (panel B) in
3:1 glycerol/buffer mixtures. Protein concentratisas 1.1 mM heme, buffer was 50 mM phosphate at
pH 7.0 in the presence of 20 mM sodium dithionite.

Figure 2. XAS spectra. Upper panel: XANES spectra of h-Mb (dotted lineyl &f-trHb (solid line),
and [Tf-trHb -h-Mb] difference spectrum (gray solide). Lower panel: Comparison between their
Fourier Transform of the experimental EXAFS spefiréh-Mb (dotted line) and Tf-trHb (solid line).

Figure 3. EXAFSanalysis. Fit of the h-Mb and Tf-trHb EXAFS spectra (leftcanght upper panels,
respectively). From the top to the bottom of eaahgp, the following curves are reported: the Fg-N
Fe-N, and Fe- first-shell single-scattering signals, the Fe@{, total three-body signals, and the Fe-
Np-C14-Cy3 total four-body signals. The total theoreticalnsity (solid lines) are compared with the
experimental spectra (dotted lines) and the residurve. The lower panels show the nonphase-shift-
corrected Fourier transforms of the experiment&h ddotted line), of the total theoretical signsdl{d

line), and of the residual curves (dashed-dottes)li

Figure 4. XANES analysis. Best fit of the XANES difference spectrum [Tf-trHb h-Mb]. The

experimental spectrum is the dotted line whilettteoretical curve is the solid one.

Figure5. Close up wiev of the proximal sitein Tf-trHb. The X-ray structure (2BMM) of ferric Tf-
trHb is characterized by a triad of aminoacids aumding the proximal histidine (A). The plane oéth
imidazole ring lies perpendicular and in a fullaggered position with respect to the four pyrrole
nitrogen (B).
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Table 1. h-Mb structural parameters.

Structural parameters derived from the EXAFS amslgad from XRD data for h-Mb. Statistical errors
are reported in parenthesis.

Range of crystallographic

distances (A§!

EXAFS

distance (A)

EXAFS

Bond variance (3

Fe - N, 2.04-2.11 2.06 (1) 0.005
Fe -G 3.36-3.46 3.44(2) 0.004
Cus - Cos 1.42-1.48 1.39 (1) 0.011
Fe - N, 2.14 2.11(2) 0.007

& ojtechovsky, J.; Berendsen, J.; Chu, K.; Schiigtl.; Sweet, R. MBiophys. J. 1999, 77, 2153-
2174. PDB code: 1A6N

Table 2. Tf-trHb structural parameters

Structural parameters derived from the EXAFS andNE& analysis for Tf-trHb. Statistical

errors are reported in parenthesis.

EXAFS EXAFS XANES
distance (A) bond variance (3 distance (A)
Fe - N 2.05(1) 0.006 2.07(3)
Fe -G 3.43(1) 0.004 -
Cra— Cos 1.34 (1) 0.012 -
Fe - N, 1.90 (2) 0.008 1.93(3)

Table3

Fe — N, distance in different globins and peroxidaseseatsrchined by XAS amd XRD.

Protein

Fe — N (A)

Dehaloperoxidadd

2.18




Sperm Whale Myoglobi{ 2.14
Scapharca Hemoglobth 2.19
Human Hemoglobiff 2.16/2.2
Lignin peroxidase H3® 1.93
Cytochrome C peroxida¥e | 1.90
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