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Abstract: Resonance Raman spectra of S-hematin and hemin are reported for a range of excitation
wavelengths including 406, 488, 514, 568, 633, 780, 830, and 1064 nm. Dramatic enhancement of Aq
modes (1570, 1371, 795, 677, and 344 cm™1), ring breathing modes (850—650 cm™'), and out-of-plane
modes including iron—ligand modes (400—200 cm™1!) were observed when irradiating with 780- and 830-
nm laser excitation wavelengths for f-hematin and to a lesser extent hemin. Absorbance spectra recorded
during the transformation of hemin to f-hematin showed a red-shift of the Soret and Q (0—1) bands, which
has been interpreted as excitonic coupling resulting from porphyrin aggregation. A small broad electronic
transition observed at 867 nm was assigned to a z-polarized charge-transfer transition dy, — ey(r*). The
extraordinary band enhancement observed when exciting with near-infrared excitation wavelengths in
B-hematin when compared to hemin is explained in terms of an aggregated enhanced Raman scattering
hypothesis based on the intermolecular excitonic interactions between porphyrinic units. This study provides
new insight into the electronic structure of f-hematin and therefore hemozoin (malaria pigment). The results
have important implications in the design and testing of new anti-malaria drugs that specifically interfere
with hemozoin formation.

Introduction Quinoline blood schizonticides such as chloroquine and
. L L quinine are thought to inhibit heme aggregation by binding to
Strat§g|es for Qrug design n the trgatment O,f malaria aim f"lt monomeric or dimeric hematmThis results in higher concen-
producing effective, nontoxic, and inexpensive therapeutic ations of free heme in the food vacuole capable of inducing
agents for use in Africa, Asia, and South America, wgere the membrane lysis, especially when complexed to chlorogiiine.
COmb'F‘ed mortality rgte is over one million per yean Studies have shown that many antimalarial drugs accumulate
potential drug target is the lysosomal food vacuole of the j, yhe 504 vacuole and exert their influence by binding to
parasite, where hemoglobin is degraded into the potentially toxic 41,810 Consequently, knowledge of the formationfhe-
ferrous-protoporphyrin X' (Fe(I)PPIX), rapidly oxidized 10 natin and hemozoin as well as their structure has important
ferric-protoporphyrin IX hydroxide also known as hematin (Fe- i hjications in drug development and in understanding the
(INPPIX-OH), and sequestered into an insoluble compound peme drug interactions occurring within the food vacuole of
known as hemozoin or malaria pigmént.Powder diffraction the mature parasites
%ata pol:ectedr:)ﬁ -.hematlln (Fe(llll)(PrF: X3, 2 ;peg trc.)scgplcglklly Raman spectroscopy has long provided structural information
dentical synt e.t'C. anajogue ol hemozoir talqe wit on porphyrin moieties in hemes and other metalloporphyrins
synchrotron radiation have been examined and interpreted 10, solution! The high symmetry and chromophoric structure
be an array of dimers linked through reciprocal irmarboxylate of hemes such as hemin (Fe(ll)PPIX-CI), depicted in Figure
bonds to one of the propionate side chains and that these dimer:i result in strong Raman scattering upon excitation with
in tum form chains linked by hydrogen borts. different wavelengths. The early work of Tang and Albréght
provided insight into the relationship between resonance Raman
intensities and excited-state structure and determined that there
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/ parasites within human erythrocytes have shown dramatic
Me enhancement of totally symmetric modes including(1376
cm~1) observed when applying 780-nm excitatfiMoreover,
this enhancement was used to generate Raman images of
= coor hemozoin within the food vacuole of malaria parasites in
functional erythrocyte$*

Me In this study,-hematin and hemin have been investigated
using a variety of spectroscopic methods, including-tisible,
Fourier transform infrared (FTIR), and resonance Raman
spectroscopy. The Raman excitation profiles presented for
p-hematin and hemin show the enhancement of totally sym-
are two important resonance Raman scattering terms. The typénetric modes of heme moieties when exciting with laser lines
A enhancement depends on the product of the Fra@dndon in the near-IR region, including 780 and 830 nm. It is suggested
integrals between the intermediate level and the initial and final {he dramatic enhancement of totally symmetric modes observed
vibrational state$! Only totally symmetric modes have nonzero 4t near-IR excitation wavelengths fithematin results from
values for this product, and hence they are involved in type A exciting into azpolarized charge-transfer transition centered
enhancement. For type B enhancement, the vibrational overlapat 867 nm known as band hd— e,(*). The enhancement
also depends on the normal coordinate and can be nonzero fo{yas shown to be greater ithematin compared to monomeric
nontotally symmetric vibrations. In this case, a nearby strong hemin, demonstrating that the stacking of hemes resuilts in strong
allowed transition can enhance the intensity by vibronic aycitonic coupling for the near-IR charge-transfer (CF)
mixing polarized transition. The study provides new insights into the

Types A and B Raman scattering mechanisms serve aselectronic structure of hemig-hematin, and malaria pigment.
excellent models to explain resonance Raman spectra in dilute

solutions. However, in the highly concentrated heme environ- Experimental Section

ment of malarial trophozoites, other factors such as excitonic  p_fajciparumline 3D7° was maintained in continuous in vitro
interactions and degree of aggregation need to be consideredeuiture using human red blood cells suspended in HEPES-buffered
The exciton model is based on the quantum mechanical premiseRPMI-1640 media supplemented with 0.5% Albumaxll as previously
that electronic energy is distributed throughout the aggrégate. describe® using standard procedur&s.Cultures were used for
Aggregated enhanced Raman scattering (AERS) has beerexperiments when the majority of parasites were pigmented trophozoites
proposed to explain the anomalous enhancement observed s assessed by examination of Giemsa stained smears. Hemozoin was
N-protonated porphyrifé-16 and cyanine dyes absorbed onto extracted by applying the methodology adopted by Slater ®tising
surfaced31™20 The enhancement of vibrational modes can be 2 x 10’ erythrocytes with parasitemias of-8% in the experiment.
explained in terms of an increase size effect and near-resonance He_m'n was purcha;ed from Sigma-Aldrich an.d Fluka and used as
terms in the polarizability? Excitonic coupling will essentially supplied for the majority of measurements. Hemin was also recrystal-

lit th | . . broad band of ith lized using Koenig's methd@and examined with 632.8- and 780-nm
split the electronic states Into a broad band of states wit excitation wavelengths. Approximately 5 mg was transferred to an 80-

different geometries, energies, and oscillator strengths. The ,m petri dish previously coated by evaporative deposition to produce
Raman intensities for a particular wavelength will then reflect an 80-nm aluminum layer. The Petri dish was then filled with 16 cm
the extent of the excitonic coupling. Covalently linked porphyrin  of milli-Q water and placed into a temperature-controlled cell (Phys-
architectures including meso-meso-linked arrays of copper- itemp, TS-4LPD -large Petri dish stage) with a TS-4 thermoelectric
(12422 and zinc(II¥® exhibit strong excitonic interactions  controller (Physitemp) and cooled to°@. The crystals were allowed
showing a distinct splitting of the Soret band and unusual Ramanto settle on the bottom of the Petri dish prior to spectral acquisition.
scattering patterns. Depending on the model used to describeSingle crystals of the compound were targeted using a water immersion
B-hematin, the propionate linkage between porphyrin units may objective for spectral acquisition. For ea\_ch spectrum,_ 10 scans were
also enable excitonic coupling, although to a lesser extent thanaccumm‘?lted W'th.a 10-s laser exposure time. Prepar.atlﬁrhematln

. . was achieved using a number of previously described methods, all
meso-meso-linked arrays. Indeed, Raman spectra of hemozoi

ithin the f | f | A falci rglielding similar results in terms of Raman excitation profdgs?!
within the food vacuole of matur@lasmodium falciparum FTIR spectra of hemozoin ang-hematin were recorded with a

DigiLab 7000 spectrometer coupled to a UMA 600 FTIR microscope.
Samples were placed on AGnQ slides, and spectra were recorded

Me Cl me

COOH
Figure 1. Structural formula of hemin.
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UV —vis absorbance spectra were recorded during the acidification
of hemin to formp-hematin using a Cary UVvisible spectrometer
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1664 ion laser. In this configuration, all lasers were coupled to a Renishaw
Raman 2000 spectrometer and interfaced to a Leica Raman microscope
using the same water immersion objective as mentioned above except
for the 406-nm spectrum, which was recorded using a conventional
Olympus x50 objective. Power at the sample wast20.1 mW with
a 1 to 2um laser spot size. Spectra were recorded between 1800 and
200 cnrt with a resolution of~1 to 2 cnmt. For each spectrum, five
scans were accumulated, and the laser exposure for each scan was 10
s except for the 406-nm spectrum, which was recorded in one 10 s
accumulation. The laser exposure was interrupted between scans, while
the grating repositioned to its starting position because constant exposure
B resulted in thermal degradation. FT-Raman spectrg3-bfematin
1742 1625 moistened with water were recorded on a Bruker FT-Raman spectrom-

eter with a 1064-nm excitation line generated by an Nd:YAG laser.
/\ Power at the sample was 100 mW for 60 s.
VAN

v T T ™ ul 5
1800 1600 1400 1200 1000 800 Results

Wavenumber (cm-) FTIR Spectroscopy. FTIR spectra of hemozoin extracted
Figure 2. FTIR spectra of extracted hemozoin (A) afehematin (B), from mature pigmente®. falciparumparasites and-hematin
synthesized by the method of ref 30. synthesized from hemin are compared in Figure 2. The spectra
) ) ) ) are similar to those previously reportéd and clearly show
with automated stirrer at 293 K. A solution of hemin was prepared by bands at 1664 and 1209 ciassigned to the carbonyl stretching
dissolving 15 mg of hemin in 0.1 M NaOH (5 énThis solution was mode and the €0 stretching vibration of the propionate
gradually acidified by adding 16L of 1 M HCI every minute, and an . . . ;
absorption spectrum was recorded after each addition and subsequeriink@ge, respectively. The band at 17127¢ris assigned to the
mixing. hydrogen-bonded carboxylate group that is thought to link
Raman spectra g-hematin and hemin were recorded on a Renishaw dimers together in the extended porphyrin array. The spectra
system 2000 spectrometer using a 632.8 nm excitation line from a Show a previously unreported band at 1742 &mnwhich appears
helium—neon laser and a 780-nm excitation line generated by a diode as a pronounced shoulder in the spectrurg-bematin and as
laser. The system is equipped with a modified BH2-UMA Olympus a weak inflection in hemozoin. Second derivative analysis
optical microscope and a Zeis$0 water immersion objective to enable  clearly resolved this band in both hemozoin #@hldematin. The
spectral acquisition in water, thus minimizing the potential of thermal spectra also exhibit a small band at 1625 &mvhich appears
degradation of the hemin. _It should be not_eq that the spectra qf hemin as a strong band in the Raman spectra at all excitation
were recorded of needlelike crystals individually targeted with the wavelengths investigated. This band, which is normally assigned

Raman microscope facility and not from amorphous powder residues.t in the R ¢ i theref both R d
Other excitation wavelengths used included the 488- and 514-nm ,Ofvlolg ? aman spectrum, IS therefore bo aman- an
infrared-active.

excitation lines generated by a Spectra Physics3tabilite 2017 laser ° ) )
system, a 568-nm excitation line generated by a Spectra-Physics Kr UV —Vis Absorption Spectroscopy.The formation of5-he-
Beamlock 2060 laser, and an 830-nm line from a diode laser. Spectramatin was monitored with optical spectroscopy by gradually
were also recorded using a 406-nm laser line generated by a kryptonacidifying a solution of hemin dissolved in 0.1 M NaOH and
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Figure 3. Absorbance spectra recorded during the acidification of hemin to fbhematin.
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recording absorbance spectra as a function of pH (Figure 3).
The Soret band (d8 band) in hemin is resolved into two bands
appearing at 363 and 385 nm designgBedndS, respectively,
along withQ bands at 495, 521, 550 (very weak), and 612 nm.
The collapsing of the two Soret bands into one broad band
centered at 389 nm along with tligband at 649 nm observed

at low pH discriminateg-hematin from hematin and hemin.
Other bands observed in the absorbance spectryfrhefmatin
include bands at 513 and 550 nm. The absorbance spectrum at
low pH is similar to that recorded by Bohle et%bf 3-hematin
measured as a potassium bromide pellet with reported bands at
406, 510, 538, and 644 nm. They also reported a band at 580
nm that is not observed in the solution spectra reported herein.
The 649-nm band is characteristic of hemin aggregatss
determined by microspectrophotoméfryand photoacoustic
spectroscopy? This band sequentially shifts (640, 645, 649 nm)
as the pH decreases. For clarity, the spectra shown in Figure 3
represent the general trend and not the entire series. The decrease
in pH broadens and reduces the intensity of the Soret band
because of aggregation and precipitation ofgHgematin. The
Soret band appears to red-shift from 363 to 389 nm; however,
because of the broad nature of this band at low pH, accurate
determination of the maxima is precluded. A red-shift in the
Soret and Q-bands is indicative of excitonic coupling resulting
from porphyrin aggregatioft 23 It is interesting to note the
small broad band centered at 867 nm in hemin gieématin.

The band appears slightly red-shifted as the reaction proceeds
and is also less intense fhhematin than hemin, most likely as

a result of the former precipitating as the reaction proceeds.
This band has not previously been reported in the spectrum of T T T T T T T

. . . . e 1800 1600 1400 1200 1000 800 600 400
either molecule and is tentatively assigned to a CT transition Raman Shift (cm-')

— *
known as band | (d — &(7*)). ] ) Figure 4. Raman spectra gi-hematin recorded using a variety of excitation
Resonance Raman Spectroscop¥rigure 4 depicts Raman  wavelengths. The asterisks in the 830-nm spectrum highlight bands that

spectra collected g8-hematin using 406, 488, 514, 564, 633, appear dramatically enhanced.

780, 830, and 1064-nm excitation wavelengths. The spectra of 4-

B-hematin are identical to the spectra recorded for hemozoin O |v2 B-Hematin
encapsulated within malarial infected cells at 488, 514, 564, 357 |m |v, B-Hematin
633, and 780 nm?* Spectra of hemin recorded using the same 31 |@|v, Hemin

excitation wavelengths, except 1064 nm because this spectrum
has previously been reportétiare presented in the Supporting
Information3® Band assignments, local coordinates, and sym-
metry terms are also detailed in the Supporting Informatfon.
To enable a direct comparison, all spectra presented in Figures
4 and 5 are normalized toyp (1625-1630 cni?) because this
band appears intense at every excitation wavelength investigated,
including nonresonant wavelengths such as 1064 nm. Excitation
into the Soret band of hemin aridhematin using the 406 nm
laser line produces a classic type A (Fran€ondon) scattering _ _ _ _
pattern, showing the dramatic enhancement of several totally Fgure 5. Raman intensity as a function of wavelengthjefiematin and
symmetric modes. These include bands at 15470, 1491 hemin for the totally symmetric modes andvs.

1490, and 13731372 cn1?! assigned tas;, va, andvy, all of
Aygsymmetry. A number of low wavenumber bands associated

25 - V4 Hemin

Arbitrary units

_‘
- o N
1 1 L

406 488 514 564 633 780 830 1064

Excitation wavelength (nm)

mainly with the out-of-plane and metdigand modes, including
those at 526, 498, 413, 390, and 344 ¢énwulso appear
dramatically enhanced. The totally symmetric modgss, and

(32) Morselt, A. F. W.; Glastra, A.; JamdsExp. Parasitol1973 33, 17—22.

(33) Balasubramanian, D.; Rao, M. C.; PanijpanSBiencel 984 233 828 v4 are also enha_mced at 488 nm. These modes would be in
830. . . . preresonance with the Soret band at 400 nm, and thus the

(34) Ozaki, Y.; Mizuno, A.; Sato, H.; Kawaguchi, K.; Muraishi, 8ppl. . K X .
Spectrosc1992 46, 533-535. enhancement is also typical of a type A scattering. Excitation

(35) The spectra of hemin crystals as supplied by Fluka and Sigma-Aldrich were gt 514 nm. which is close to the 54521-nmQ (0_0) band
compared with hemin recrystallized using Koenig's methadt§ Crys- ! !

tallogr. 1965 663-673), yielding very similar enhancement profiles for ~ resulted in a decrease in relative intensity of the totally

633 and 780 nm excitation wavelengths. ;
(36) The heme compounds in this study habge symmetry; howeverDq, symmetric modess, v, andv“_‘ Bands_ at 14321428' 1307
notation is employed by convention. 1302, and 11761166 cnT! in hemin were slightly more
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pronounced at this wavelength compared to that at 488 nm.830-nm excitation wavelengths, including bands at 821, 796,
Exciting at 564 nm, which is close to the 550 i(0,1) band 752, 722, 710, and 678 crh FT-Raman spectra recorded of

in S-hematin, results in dramatically enhanced vs, and v, p-hematin using 1064-nm excitation show a dramatic reduction
bands of Ag symmetry. Other enhanced bands include 551  in the intensity of most of the totally symmetric modes including
1550, 1218 f-hematin only), and 755 cm assigned tos, v4. This indicates that the 1064-nm excitation wavelength is

vis, and vy all of Byg symmetry. Pyrrole-breathing and now well away from the electronic transition responsible for
deformation modes (866600 cntl) along with out-of-plane the enhancement of these modes at 780- and 830-nm excitation.
modes (406-300 cnt?) are also enhanced when exciting with
564 nm compared to 514- and 488-nm excitation wavelengths. Discussion
Consequently, the spectrum has many features in common with
the 406-nm spectrum. It is interesting to note the appearance
of carbonyl bands at 1751 and 1727 ¢imwhich also appear
in the 633-nm excitation spectrum of hemozoin. The spectrum
also displays a small band appearing at 1655%mwhich is
close in wavenumber value to the 1662 ¢rband observed in
the FTIR spectrum gf-hematin and assigned by Slater et al.
to the carbonyl group of the propionate linker. This band is
also observed when exciting with the 830-nm diode laser.
Excitation with 633 nm results in a dramatic decrease in the
intensity of thev, band along with bands at 1551;(—B1g)
and 1570 cm! (v,—Aig). However, the relative intensity of
bands at 1233143—Big), 1124 ¢2o—Azg), 822 cnrt and low
wavenumber modes at 407, 377, 344, and 305'at increase
in intensity when exciting with 633-nm excitation. The increase
in intensity of the bands that characterize thg, Modes is
consistent with scattering observed in tQeband excitation
region where normally type B or Hertzbergeller scattering
is the dominant mechanism. The Type A (or Fran€london)
scattering term is not significant at these excitation wavelengths
and consequently the 1570- and 1370-énbands appear

Mechanism of EnhancementThe appearance of intensg,A
modes in the Raman spectra of hemin ghtlematin when
applying 780- and 830-nm excitation wavelengths is similar to
the enhancement pattern observed in hemozoin encapsulated
within functional erythrocyted! Understanding the mechanism
that enables totally symmetric modes to be dramatically
enhanced in the 8681000 nm requires interpretation of the
absorption spectrum in this region. The optical absorption
spectra recorded during the acidification of hemigtbematin
at room temperature show two bands in the near-IR region. One
small sharp band appears at 700 nm, together with a small broad
band centered at 867 nm. The latter may provide some insight
into the mechanism of this enhancement. High-spin ferric
complexes such as hemin apfehematin have an electronic
ground state consisting of orbitally nondegenerate spin sextet
8A14. On the basis of extended tkel theoretical calculations
performed by Zerner et & on ferric high-spin porphine
complexes including hemin and hematin, four charge-transfer
transitions have been predicted. These involve promotions from
'the top four filled porphyrint-orbitals into the degenerateg,d
dy, iron orbitals3® Polarized single-crystal absorption spectra

diminished. It is interesting to note the increase in intensity of ¢, ad that all four bands wexgr-polarized, therefore indicat-
B ,
the low wavenumber modes (58800 cn”) compared to the 4 yhe transitions are degenerdtdagnetic circular dichroism

spectra acquired using 488- and 514-nm excitation wavelengths.(MCD) analysis of aquomethemoglobin indicated that a broad
As mentioned above, these modes are generally attributed oo, infrared band with an absorption maxima at 1040 nm
out-of-plane porphyrin and axial mod&s. contains two degenerate transitions at 1100 and 800 nm, which

The 633-nm spectrum shows two small carbonyl bands at \yere also resolved in the fluoride complex and assignegyto a
approximately 1750 and 1727 cithat are also enhanced when 7) — Oy, and ay(w) — dyady, respectively® UV—vis

applying 564-nm excitation. At longer excitation wavelengths spectra of tetraphenylporphyrin Fe(lll) Cl recorded under

(830 and 1064 nm), these bands appear to merge into one bandacyum on a thin layer optical cell clearly show an unassigned

centered at 1742 cm, which corresponds in wavenumber value  pand at 870 nrt Eaton and Holchesi&identified az-polarized

to the carbonyl band observed in the FTIR spectrum. Although pand at 695 nm in ferricytochroneand assigned it to the.a

this band is small, it is consistently reproduced in spectra () — dz2 transition. On the basis of symmetry considerations,

recorded off-hematin synthesized using different methods.  the g,(7) — dz is allowed, but the @,a.(7) — de_y pair is
Enhancement at 780 nm is possibly due to preresonance withnt,

the small broad near-IR transition centered at 867 nm. The  cparge transfer can also take place from occupied d orbitals

spectra recorded at t_hls excitation wavelength anq also at 830, \acant porphyrin g7*) orbitals. Although this process is

nm show an extraordlqary band enha_ncgment proﬁ_le Comparecjparity-forbidden, the restriction can be removed for hemes

to spectra recorded using 633 nm excitation. In particular, bands,ithot an inversion center because of mixing in metatbital

characteristic of totally symmetric gmodes including 1570, cparactef2 Figure 6 shows a qualitative molecular orbital

1371, 795, 677), and 344 cm' along with bands at 1552, diagram for the allowed transitions involving the Fe(lll) and

1220, and 755 cnt associated with § modes have become 5y rin orbitals for hemin based on the calculations of Zerner
dramatically enhanced. Figure 5 shows the Raman intensities

of the tOta”y symmetric modeg, and v, with respect to the (38) Zerner, M.; Gouterman, M.; Kobayashi, Aheor. Chim. Actal966 6,

normalization bando. At 830-nm excitation, the intensity of 39 3E63—398\./ A Hoeh R ML Chern. Phys1968 49, 985995

: - aton, W. A.; Hochstrasser, R. M. Chem. Phy: , .
thew% band.at 1371 cmt domlna'ges the speptrum ﬁfhe.matm' (40) Eaton, W. A; Hofrichter, J. IhlemqglobinsAntonini, E., Rossi-Bernardi,
The intensity of bothv, and v, is greater ing-hematin than L., Chiancone, E., Eds.; Academic Press: New York, 1981; Vol. 76, pp

. 175-261.
hemin for 830, 780, 564, and 488 nm. A number of low (41) Felton, R. H.; Owen, G. S.; Dolphin, D. fhe Chemical and Physical

wavenumber modes are also dramatically enhanced at 780- and ~ Behavior of Porphyrin Compounds and Related Structurédler, A. D.,
Ed.; New York Academy of Sciences: New York, 1973; Vol. 206, pp-504

515.
(37) Hu, S.; Smith, K. M.; Spiro, T. GJ. Am. Chem. S0d.996 118 12638~ (42) Spiro, T. G. Inlron Porphyrins, Part I} Lever, A. B. P., Gray, H. B.,
12646. Eds.; Addison-Wesley: Reading, MA, 1983; p 110.
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ment. Exciting with the 564-nm laser line produced a similar
profile to the 830-nm spectrum, both showing the enhancement
el of totally symmetric Ag modes. Consequently, the band

centered at~550 nm in the U\-visible spectrum of hemin
andg-hematin is tentatively assigned to a vibronically allowed
Q (1,0) z-polarized transition @(r) — d2

The band centered at 867 nm in hemin gAdematin appears
to have characteristics to suggest that the enhancement results
predominantly from a band | type transition,d— ey(7*).
However, enhancement from other bands in the vicinity cannot
be eliminated until complete near-IR Raman excitation profiles

X,y

as, (%) and MCD data are available. Factors that support the assignment
of the 867-nm transition to band | include:
(1) Band | is an electric dipole allowed small broad band
a, (7 located between 800 and 1000 nm for high-spin hemes.

Porphyrin Fe(lllCl (2) The strong enhancement pflgAmodes, out-qf-plane
! o L - modes, and some pyrrole-breathing and deformation normal
Figure 6. A qualitative molecular orbital diagram for the allowed transitions L R . .
involving the Fe(lll) and porphyrin orbitals for hemin based on the Modes 1S "_"d'cat've of a-polarization transition that is a
calculations by Zerner et 8. Characteristic bands-(lV) are indicated, characteristic of band I.
along with their respective polarizations. The dashed arrow indicates the (3) Band | has an excited electronic state configuration that
assignment of the-polarized transition centered at 867 nmfthematin. . _
This complex belongs to th@s, point group; however, the symmetry labels Corresponds to the Q'fec_t product>EE =A1+ A2.+ Bll+
are forDgp. B, which cannot mix with the excited state configuration of
the Soret transition. Thus, band | cannot vibronically couple to
et al3® Hitherto noz-polarized transition has been reported for the Soret band. Consequently, one would expect totally sym-
high-spin ferric hemes in the 86000 nm region; however,  metric A; modes (A in Cy,) to be enhanced as predicted by
such z-polarized transitions have been predicted using a the Albrecht formalisni248
semiempirical quantum chemical INDO/ROHF/CI metHéd. 4) The stacking of hemes should result in strong excitonic
Transitions that are-polarized have been observed for high- interactions foz-polarized transitions as verified by the intensity
spin four-coordinate ferrous hemes, including deoxyhemoglobin of the Ay modes in-hematin compared to hemin at near-
and deoxymyoglobin. Eaton et#lassigned four bands within  infrared excitation wavelengths.

the near-infrared region to CT and-d transitions for high- It has been predicted that excitation of charge-transfer bands
spin deoxyHb, which has the same effective symmeliy)(as should allow resonance of irerigand and iroR-nitrogen
hemin. These include band I{d— ey(z*)) at 917 nm, band Il stretching modes because both the transition moments of these
(de — d2 or &y() — de¢—y?) at 813 nm, band ll (&(7) — bands and the vibrational modes are perpendicular zor

&(dy7) at 762 nm, and band IV (g7) — ey(dy) at 671 nm. polarized) relative to the porphyrin plaf®3 Asher et af!
Band Il has attracted considerable attention because of itsobserved resonant Raman enhancement of low wavenumber
sensitivity to protein conformational changes in response to bondmodes in metHb when exciting in the 66630-nm region.
breaking and recombinatidfi-#¢ The position of band Ill is  Consequently, the band observed at 867 nm in hemin and
assumed to be related to the out-of-plane position of the Fe.s-hematin must have charge-transfer character. The enhance-
On the basis of the B-term MCD spectrum, band Il is assigned ment of Ag modes and low wavenumber out-of-plane modes
to the au() — ey(dy,) transition® In the case of hemin and  are even more pronounced in hemozoin Aftematin compared
p-hematin, excitation at 564, 780, and 830 nm resulted in to hemin at excitation wavelengths 568, 780, and 830 nm. This
dramatic enhancement ofifand moderate enhancement of provides an important insight into the mechanism of enhance-
some By modes. The inclusion of 4 modes suggests that the ment. This additional enhancement observed in the oligomeric
mechanism is different from that reported by Franzen éf al. hemes results from excitonic coupling between covalently
for Raman measurements of deoxyHb when exciting in the bandbonded hemes in the extended porphyrin array. The porphyrin
[l region. In terms of local coordinates, it is interesting to note array enables delocalized electrons to migrate between porphy-
that the majority of bands enhanced include out-of-plane rins either covalently via the propionate linkage or noncovalently
vibrations, pyrrole folds, pyrrole breathing modes, and theNfe through van der Waals contacts or alternatively through space.
local coordinate. Because of tk&, effective symmetry, most ~ The oscillatory field necessary to induce a dipole moment in
of these modes involve electronic displacement mainly along this extended porphyrin array may interact with long excitation
the z-axis of the porphyrin, thus inducing charge displacement wavelengths, thus providing a plausible explanation for the
along this axis, which can theoretically result in band enhance- extraordinary enhancement observed at 780- and 830-nm
excitation. The presence of enhanced low-wavenumber bands

(43) Harris, D.; Loew, GJ. Am. Chem. S0d.993 115 5799-5802. for the aggregated porphyrin can be attributed to intermolecular
(44) Eaton, W. A.; Hanson, L. K.; Stephens, P. J.; Sutherland, J. C.; Dunn, J.
B. R.J. Am. Chem. Sod.97§ 100, 4991-5003.

(45) Ansari, A.; Jones, C. M.; Henry, E. R.; Hofrichter, J.; Eaton, WS&ience (48) We acknowledge one of the reviewers for this important symmetry
1992 256, 1796-1798. argument.

(46) Lim, M.; Jackson, T. A.; Anfinrud, P. AProc. Natl. Acad. Sci. U.S.A. (49) Spiro, T. G.Biochim. Biophys. Actd975 416, 19—189.
1993 90, 5801-5804. (50) Desbois, A.; Lutz, M.; Banerjee, Biochemistryl979 18, 1510-1518.

(47) Franzen, S.; Wallace-Williams, S. E.; Shreve, AJPAmM. Chem. Soc. (51) Asher, S. A,; Vickery, L. E.; Schuster, T. M.; Sauer Bfochemistryl977,
2001, 124, 7146-7155. 16, 5849-5856.
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vibrational modes in the aggregate formation direction (the out-
of-plane orz-direction) and is precisely the conclusion reached

hemozoin. The small size of these bands indicates that the
carbonyl group is not associated with the bulk of the compound

through the AERS quantum theoretical scheme advanced byand is probably the result of surface carboxylates at either grain

Akins et all® The enhancement is much more pronounced in

or surface boundariés.

p-hematin compared to monomeric hemin; however, the hemin Conclusion

aggregate does exhibit some enhancement at near-IR excitation This study provides new insight into the electronic structure
wavelengths. This enhancement could also be attributed toof the high-spin ferric complexes hemirf-hematin, and

excitonic interactions between closely packed porphyrins in the hemozoin. The dramatic enhancement of totally symmetiic A

hemin crystal. In this case the excitonic coupling could occur

modes at 780- and 830-nm excitation wavelengths observed in

“through space” or alternatively between van der Waals contactshe spectra of-hematin indicates the existence af-polarized
and not require a direct covalent |Inkage. The structure of hemin Charge_transfer band. Opt|ca| Spectroscopic measurements re-

consists of a pair of Fe(PP-IX) units linked by carboxylic bonds
and has the same space group as hemozoinp@lwith a
different unit cell volume?® The close packing of hemin in the
crystal could facilitate such excitonic interactions, explaining

corded during the synthesis gfhematin from hemin show a
small broad band in this vicinity. On the basis of the Raman
excitation profile of f-hematin, the UV-vis spectrum, and
symmetry considerations, the band at 867 nm is assigned to

the enhancement of the totally symmetric modes at longer the CT band g — ey(*). Because the Raman band enhance-
wavelengths. The fact that the enhancement is greater iNment was much greater if-hematin compared to that in
p-hematin compared to that in hemin suggests the porphyrins monomeric hemin, it is suggested that the additional enhance-

are closer in thgg-hematin compared to the hemin as a direct

ment is the result of excitonic coupling between covalently

consequence of the propionate linkage. Further supporting thejinked porphyrins in the aggregated array. This is especially

excitonic coupling hypothesis is the small red-shift of the band
at 867 nm as the hemin is convertedsttnematin. More work
on model compounds including heme dimers, trimers, and

relevant because the stacking of hemes should result in strong
interactions forz-polarized transitions. To provide more insight
into the enhancement mechanism, an investigation into model

tetramers is I’equired to ascertain whether the enhancemenbompounds inc|uding henpeoxo_dimerS, trimerS, and tetramers

observed in hemin is primarily the result of excitonic interactions
or solely due to exciting into the broadpolarized charge-
transfer band centered at 867 nm.

Structure of f-Hematin. Recent high-resolution powder
diffraction data indicate that the structufg@hematin is a
hydrogen-bonded chain of reciprocating dimers with each
porphyrin within the dimer linked together by a propionate
linkage® The high number of diffraction peaks (150) along with
the relatively lowR-factor Ruwp = 6.75%) indicates a reliable
fit.52 However, the precise position of some atoms still remains
uncertain, and during the Rietveld refinement the propionic acid
dimer was found to have discernible deviation from plan&fty.
Bohle et ak* addressed this aspect by performing density
functional calculations for the gas phase formic acid dimer. They
suggested that if the propionic acid group is deformed and
nonplanar, then a Raman band at approximately 1712 amd
an IR band at approximately 1625 citwould be observed.
This is because any reduction in symmetry from centrosym-
metric Cyn point toCy, or C, would be expected to lift the mutual

exclusion of both bands. FTIR microspectroscopic measure-

ments of f-hematin and hemozoin reveal a previously un-
reported carbonyl band at 1742 tinThe Raman spectra of

these compounds when excited with 564, 633, 830, and 1064-

nm excitation displayed weak bands in the vicinity of 1750
1720 cntl. The appearance of bands within the 173320
cm~1 region in both the FTIR and Raman spectra indicates at
least one other carbonyl environment existgthematin and

(52) Egan, T. JJ. Inorg. Biochem2002 91, 19-26.

(53) Harris, K. D. M.; Tremayne, B. M.; Kariuki, B. MAngew. Chem., Int.
Ed. 2001 40, 1626-1651.

(54) Bohle, D. S.; Kosar, A. D.; Madsen, S. Biochem. Biosphys. Res. Commun.
2002 294, 132-135.

is currently underway in our laboratory. This study has important
implications in understanding the structure and formation of
malaria pigment. Such information will be useful for the urgently
required development and testing of novel therapeutic agents
for the treatment of prophylaxis of human malaria infections.
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