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ABSTRACT. The unicellular protozoa®aramecium caudaturoontains a monomeric hemoglobin (Hb)

that has only 116 amino acid residues. This Hb shares the simultaneous presence of a distal E7 glutamine
and a B10 tyrosine with several invertebrate Hbs. In the study presented here, we have used ligand binding
kinetics and resonance Raman spectroscopy to characterize the effect of the distal pocket residues of
ParameciunHb in stabilizing the heme-bound ligands. In the ferric state, the high-spin to low-spin (aguo-
hydroxy) transition takes place with &pof ~9.0. The oxygen affinityRPso = 0.45 Torr) is similar to

that of myoglobin. The oxygen on- and off-rates are also similar to those of sperm whale myoglobin.
Resonance Raman data suggest hydrogen bonding stabilization of bound oxygen, evidenced by a relatively
low frequency of Fe-OO stretching (563 cmi). We propose that the oxy complex is an equilibrium
mixture of a hydrogen-bonded closed structure and an open structure. Oxygen will dissociate preferentially
from the open structure, and therefore, the fraction of open structure population controls the rate of oxygen
dissociation. In the CO complex, the FEO stretching frequency at 493 cisuggests an open heme
pocket, which is consistent with the higher on- and off-rates for CO relative to those in myoglobin. A
high rate of ligand binding is also consistent with the observation of arhisidine stretching frequency

at 220 cnt?, indicating the absence of significant proximal strain. We postulate that the function of
ParameciumHb is to supply oxygen for cellular oxidative processes.

There has been an increasing growth of interest in molecular oxygen and other diatomic ligands such as CO
understanding the structure, function, and evolution of the and NO just as their vertebrate counterparts; however, the
invertebrate Hb'lshecause of their diverse cellular locations affinity of ligand binding is widely different among the two
and unique physical properties. The invertebrate Hbs bind classes of globins. In comparison to vertebrate globins, the
oxygen binding properties of the invertebrate tissue Hbs in
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1 Abbreviations: Hb, hemoglobinParameciumHb, P. caudatum (23—25).

hemoglobin; Hb@, oxyhemoglobin; HbCO, carbon monoxy hemoglo- ; ; _
bin; Mb, myoglobin; MbQ, oxymyoglobin: MbCO, carbon monoxy The Hb of the unicellular protozodParamecium cauda

myoglobin; HbA, adult human hemoglobin; CHES, 2-(cyclohexyl- tum (26) is grouped into a special class termed truncated
amino)ethanesulfonic acid; CAPS, 3-(cyclohexylamino)-1-propane- Hbs (~120 amino acids)43) whose amino acid sequences

sulfonic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic gjtfer widely from those of mammalian Mb and Hb. The
acid; Tris, tris(hydroxymethyl)aminomethane; EPPS, 4-(2-hydroxy- - - -
ethyl)-1-piperazinepropanesulfonic acid; MES, 2-morpholinoethane- three-dimensional structure of the truncated Hbs displays a

sulfonic acid; Bis-Tris, [bis(2-hydroxyethyl)imino]tris(hydroxymethyl)-  two-over-two helical sandwich fold instead of the three-over-
methaneyre-wis, Fe—His stretchingyre-oo, Fe—0; stretchingvee—co, three helical sandwich fold of mammalian Hbs and Mbs.

Fe-CO stretchingyc-o, C~O stretchingdre c-o, Fe-C—O bending;  parameciunand the green algahlamydomonas eugametos
Kon OXygen association rate constakdz, oxygen dissociation rate

constant; Kg, oxygen equilibrium constantPs, oxygen affinity Hb genes have introns at posmon; unprecedented in other
expressed as half-saturation oxygen tensigg; Hill's cooperativity globin genes, whereas the bacterial Hb genes lack introns
coefficient atPsg; I'on, CO association rate constahy;, CO dissociation (27—29).

rate constantLyg, CO equilibrium constantM, partition coefficient . . L

expressed in gas pressub; partition coefficient expressed in a molar The degree of amino acid sequence similarityPafra-

term. meciumHb and mammalian Mb and Hb is very low (15%)
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Ficure 1: Comparison of the amino acid sequencé&otaudatuntHb to those of sperm whale myoglobin (SWMYOGLOBIN) and some
invertebrate Hbs, including those 6f eugametofCHLAMYDOMON), SynechocystiBCC6803 (SYNECHOCY ST} etrahymena pyriformis
(TETRAHYMENA), M. tuberculosigMYCOBACTERI), andNostoc commungNOSTOCCOMMU). Sequence alignment and the calculation
of the degree of sequence identity were achieved using Insight Il (MSI, San Diego, CA).

(Figure 1). The proximal histidine anchors the heme into
the globin cavity as in all Mbs and Hbs. In contrast to the
distal E7 histidine of most of the mammalian Mbs, distal
positions E7 and B10 dParameciumHb are occupied by
glutamine and tyrosine, respectivel®3]. Although Para-

Ikehara et al. 30). The synthetic globin gene was designed
to be 0.36 kb long with aiNdd site at the 5end and a
BanH]| site at the 3end. It was ligated into the corresponding
restriction sites of pET3a to create tRe caudatunglobin
expression plasmid, pPc-HB. The correctness of the construct

meciumHb was isolated and sequenced more than a decadewnas verified by dideoxy sequencing.

ago @6) and had been known to bind oxygen, very little
information about its oxygen binding properties at the

The expression plasmid was transformedtircoli strain
BL21(DE3)pLysS, and the cells were grown atZ5in LB

molecular level is available. In the work presented here, we medium containing 300g/mL ampicillin, 30ug/mL chloram-
carried out stopped-flow kinetic and Raman spectroscopic phenicol, and 1 mMy-aminolevulinic acid. The culture was
investigations to decipher the oxygen binding of recombinant jnduced at amsqo of 0.8 by addition of isopropy! 1-thig-

ParameciumHb, expressed inEscherichia coli Soret-

D-galactopyranoside to a final concentration of 0.4 mM, and

enhanced resonance Raman spectroscopy is known to be agypression was continued overnight. Cells were harvested,
extremely useful technique in studying heme proteins. We yashed, and resuspended in lysis buffer [50 mM Tris-HCI
present results of resonance Raman measurements with theyH 8) 1 mM EDTA, and 0.5 mM dithiothreitol]. The cells

oxy and the CO forms oParameciumHb as well as the
kinetics and equilibria of its reactions with@nd CO. We

also characterize the protein in its ferrous (deoxy) and ferric
(aquomet) states to explore the influence of the redox state
c

on the heme pocket dynamics. The spectroscopic and kineti
data are discussed in an attempt to elucidate the possibl
cellular function of this invertebrate Hb.

EXPERIMENTAL PROCEDURES

Construction and Expression of an Artificial P. caudatum
Globin cDNA A syntheticP. caudatumcDNA, using the
codon frequency ofE. coli was constructed from 15
oligonucleotides essentially according to the method of

e

were then exposed to three freezbaw steps and were
sonicated until they were completely lysesil).

P. caudatumHb was purified from the total lysate by
ammonium sulfate precipitation (40 and 80%), by two cycles
of DEAE fast flow chromatography (Pharmacia) (step and
gradient elution), and finally by gel filtration on a Superdex
75 column (Pharmacia). The purity of the fractions was
monitored by SDSPAGE. Two milligrams of pureP.
caudatumHb was obtained per liter of medium.

Equilibrium Measurements of the L&l of Oxygen Bind-
ing. Oxygen equilibria were assessed at 5, 15, and@5
using a modified gas diffusion chamber techniqd2 @33),
where thin layers of Hb solutions, whose absorbances are
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continuously monitored, are equilibrated with oxygen, ultra- focused onto the entrance slit (1@f) of a polychromator
pure (>99.998%) nitrogen, and gas mixtures with stepwise- (Spex, Metuchen, NJ), dispersed by a 1200 grooves/mm
increased oxygen tensions, delivered by cascadestut grating and detected by a liquid nitrogen-cooled charged
gas mixing pumps (Bochum, Germany). pH values in the couple device (CCD) (Princeton Instruments, Trenton, NJ).
Hb solutions were varied using Tris or bisTris/MES buffers A holographic notch filter (Kaiser, Ann Arbor, MI) was used
(final concentration of 0.1 M) and were measured at the sameto eliminate Rayleigh scattering. Typically, several 30 s
temperature as the oxygen equilibrium measurements werespectra were recorded and averaged. Frequency shifts in the

carried out, using a BMS Mk2 thermostated electrode Raman spectra were calibrated using an acetongf@ifiure
(Radiometer, Copenhagen, Denmark). The overall heat of (for the 100-1000 cn region), indene (for the 1661700

oxygenation was calculated from the van’t Hoff equation
AH'" = [2.303R(Alog Psg)]/(1/Ty — 1/T,), whereT; and T,
are absolute temperatures aRds the gas constant.

Ligand Reaction Rate3hese were measured at 20 as
previously describedl@, 34). The buffer that was used was
50 mM potassium or sodium HEPES (pH 7.5) containing
50 uM EDTA.

Oxygen Dissociation Ratessolutions of Paramecium
HbO, (5 uM HbO,; 1350uM oxygen in buffer) were mixed
rapidly with solutions of carbon monoxide (10Q0M in
buffer containing 1 mM dithionite), and the reaction was
followed at 422 and 411 nm, a maximum and a minimum,
respectively, in the HbCO minus Hh@ifference spectrum.

Carbon Monoxide Combination Rat8olutions ofPara-
meciumdeoxy-Hb (3uM heme in buffer containing 1 mM
sodium dithionite) were mixed rapidly with solutions of CO
(12.5-50 uM in buffer containing 1 mM sodium dithionite),

cm! region), and an acetone/ferrocyanide mixture (for the
1700-2300 cnm* region) as references. The accuracy of the
Raman shifts is about1 cm ! for absolute shifts and about
+0.25 cn! for relative shifts. The Raman data were
processed by using GRAMS (Galactic Industries Corp.)
software. The cosmic ray spikes were removed by using
CSMA subroutines (Princeton Instruments).

The concentration of protein samples used for the Raman
measurements was typically 40/ in 100 mM buffer. For
deoxy sampleRarameciuntHb was reduced by the addition
of a freshly prepared dithionite solution to the degassed
protein solution under anaerobic conditions. HbCO was
prepared by exposing dithionite-reduced samples to either
12C160 or 13C'0 in tightly sealed Raman cell§¥C'®0 gas
was a product of ICON (Mt. Marion, NY), andC!%O was
obtained from Matheson (Rutherford, NJ). The laser power
was maintained at-0.5 mW at the sample to minimize

and the reaction was followed at 420 and 435 nm, & carbon monoxide dissociation. Absorption spectra were
maximum and a minimum, respectively, in the HbCO minus recorded before and after the Raman measurements to ensure
deoxyHb difference spectrum. The observed kinetic eventsthe stability of the species that were being studied. For the

were homogeneously single-exponential. The second-ordergyy samples (with°0, and 180,), the power of the laser
combination rate constant was obtained graphically as thepeam used at the sample wad mW. To obtain freshly
slope of the relation of the observed rate to the ligand prepared Hb@ an aliquot of the CO complex was saturated

concentration (after mixing).

Carbon Monoxide Dissociation Rat8olutions ofPara-
meciumHbCO (5 uM HbCO, 50 nM free CO in buffer
containing 1 mM dithionite) were mixed rapidly with a
saturated solution af-butyl isocyanide (Sigma-Aldrich) in
buffer containing 1 mM dithionite, and the reaction was

with 1 atm Q by passing ultrapure oxygen gas over the
protein solution for 1 h. The CO complex was made by
passing the protein solution, preincubated with dithionite and
CO, through a Sephadex G-25 column (40 mM EPPS, pH
7.4). Solutions of ParameciumHbO, in two isotopic
compositions of water were prepared as follows: (40

followed at 422 and 434 nm, wavelengths close to the protein (40 mM sodium phosphate or EPPS, pH 7.4) in 80%

minimum and maximum, respectively, in tmebutyl iso-
cyanide minus CO difference spectrum of the protein.
Dithionite is known not to interfere in this reactioB5).

D0 (using 99.9% BO, Aldrich Chemical Co. Inc., Madison,
WI) and 20 or 100% k. The ferric protein was prepared
by oxidizing the oxy form with ferricyanide followed by

Nearly homogeneous first-order kinetic events were observedsjji ation through a Sephadex G-25 column. Solutions of
with 75—90% of the expected absorption change observed o (ric Hb (40 uM) were prepared in buffers with different

at each wavelength.

pH values: sodium phosphate (pH 6.0.4), Tris (pH 8.6~

Partition of Paramecium Hb between Oxygen and Carbon g 5) CHES (pH 9.6-10.0), and CAPS (pH 10:511.0).

Monoxide.The partition coefficient was determined at a total
gas pressure of 1 atm as described previousd. Calcula-

RESULTS

tions were carried out from the sum of absorbance changes

at 408 and 422 nm, a minimum and a maximum, respec-

tively, in the HbCO minus Hb@difference spectrum.

Resonance Raman Spectroscafe Raman experiments
were carried out with 413.1 nm excitation from a CW Kr-

Optical Spectra.The deoxy form ofParameciumHb
exhibits absorbance maxima at 432 an860 nm (Figure
2), typical of high-spin ferrous Hb and MI3@). In the oxy
complex of ParameciumHb the Q-bands at 543 and 580

ion laser (Spectra Physics, Mountain View, CA). The sample hm are similar to those of sperm whale Mh®ut the Soret

cell (quartz, 2 mm path length, sample volume~df50uL),

band is slightly blue-shifted to 415 nm. The CO complex of

into which a laser beam was focused, was spun at 6000 rpmParameciunmHb has a position of the Soret band (422 nm)
to minimize local heating. The sample cells are custom similar to that in MbCO, but the-band at 567 nm differs
designed for strict anaerobic measurements and can be usedignificantly from that of MbCO (579 nm)3@). The ferric

for recording both the resonance Raman spectra and theprotein undergoes an aeidlkaline transition from a high-
optical absorption spectra (UV-2100U spectrophotometer, spin species (407, 503, and 633 nm) at pH 7.5 to a low-spin
Shimadzu, Kyoto, Japan). The Raman scattered light wasspecies (410 and 543 nm) at pH 10.5.
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410 showing the overall heat of oxygenatioAH') of —76 kJ/mol,
0.2 1 633 derived from the linear regression ld%, = —3.968(1000T) +
13.201 ¢ = —0.9953), whereT is the absolute temperature.
0.0 +— . .
400 500 600 slopes of the Hill plots oParameciunHb, determined over

a wide range of oxygen saturations and at different pH values,

. . are all unity; the Hill's coefficienn = 1 (Figure 4A). This
FiIGURE 2: (A) Optical spectra of the oxy (thin line), CO (dashed S :
line), and ((je)oxyp(thick FI)ine) complexesyig’faramec)iume( (pH shows that oxygen binding is not cooperative, as expected

7.5). In the visible region spectrum of deoxy Hb, two bands at 551 for the monomeric structure.
and 571 nm could be seen easily in the second-derivative spectrum. The van’'t Hoff relation (Figure 4B) demonstrates an
The midpoint at 560 nm is marked here. (B) Optical spectra of the overall heat of oxygenationAH’, of —76 kJ/mol of Q
Iigi'gnprsosg'cqg&%égétm ';”rg) ;;[;jaﬁggd(t(?r}cl)llgegh Tt';:a‘;'iss'b'e bound. This value is close to those for mammalian Mbs
in graph A and 10-fold on thg-axis in graph B) and vertically (including sperm Whgle MbAH" = —80 kJ/m(_)I;36, 38).
displaced for better clarity. These values, which include the heat of solution of oxygen,
are high compared to those observed in tetrameric Hbs, where
low values result from oxygenation-linked endothermic
dissociation of effector ions (protons, chlorides, and organic
phosphates). The high valueRarameciunHb is consistent
with the absence of oxygenation-linked reactions with
effector ions.

O, Kinetics. A single homogeneous kinetic event, inde-
pendent of the observation wavelength, was recorded for
replacement of bound oxygen by CO. The dissociation rate

5 (ko) Was 25.2 s (Table 1). The second-order oxygen
20 1 2w combination rate constant could not be measured directly
y 5586065707580 i . N
oH because of competing reactions. The calculated value of the
combination rate constank'§,) for O, (see below) is 30.1
uM~1 sl Both the on- and off-rates are similar to those of
sperm whale Mb (Table 1).

Wavelength (nm)

100 T T T T T T

Paramecium

5
POy (mm Hg)
Ficure 3: O, equilibrium curves ofParameciunHb at 5 (), 15 e . L . .
(&, v, ©, and+r), and 25°C (O) measured in 0.1 M TrisQ, a, CO Kinetics.The CO dissociation rate, determined using
and <), bisTris (7), and bisTris/MES +¥) buffers. The heme  n-butyl isocyanide as the replacing ligand, exhibits nearly
concentration was 0.49 mM. The inset shows the pH dependencenomogeneous first-order kinetick{ = 0.328 s, n = 10)
of the Pso andnso values, showing the absence of cooperativity (- for the dissociation of CO at 20 and pH 7.5. Dissociation
= 1.0) and Bohr effectAllog Psg/ApH = —0.007). of CO inParameciunHb is 20-fold faster than that in sperm
whale Mb (Table 1).

Equilibrium Oxygen Binding. Parameciurhlb binds A homogeneous pseudo-first-order kinetic event was
oxygen reversibly and noncooperatively (Figure 3). Values observed in the combination of CO wifParameciumHb.
of Pso obtained at 5, 15, and 2& are 0.089, 0.27, and 0.81  The rate constant'(,) was 27.7uM~1 s1. The CO affinity,
mmHg (Torr), respectively. The value interpolated for 20 Lp, was calculated alsg/l'on (11.8 nM) (Table 1).
°C and 0.45 mmHg corresponds to a dissolved oxygen Partitioning of Paramecium Hb between @d CO.The
concentration of 838 nM. Theso value measured here is in  partition coefficient expresses the relative affinity of the
agreement with that (0.6 Torr) of an early determination by protein for carbon monoxide and oxygen. A plot of the
Smith et al. 87). [HbCOJ/[HbO;] ratio against the pCO/pQratio was linear

The oxygen affinity is independent of pH from 6.5 to 8.0, over the range that was examined (Figure 5). The partition
indicating the absence of a Bohr effect (Figure 3B). The coefficient,M, given by the slope of this relation, is 56. This
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Table 1: Kinetics and Equilibrium Constants for the Reactions of Ferrous Wild-PgpameciunHb with Oxygen and Carbon Monoxide

Compared to Those of Other Wild-Type Proteins

oxygen carbon monoxide M’

organism (residues at K'on K (Koi/K'on) I"on La (losi/!"on)

positions E7 and B18) WM=ts) kot (579 (nM) Pso(mmHg) (@M~ts) g (sh) (nM) Kd/Lg
Parameciurh (Q/Y) 30.1 25.2 838 0.45 27.7 0.328 11.8 75
barley (H/F) 7.1 0.0272 3.82 - 0.57 0.0011 1.93 2.0
C. eugametsyQ/Y) # 0.0141 — — # 0.0022 — 5.0
Ascarig (Q/Y) 15 0.0041 2.7 0.0038 17 0.018 1.1 25
soybean Lba(H/Y) 120 5.6 48 — 13 0.0078 0.62 78
N. commun&(Q/H) 390 79 203 0.55 41 0.01 0.24 867
sperm whale Mb(H/L) 14 12 857 0.51 0.51 0.019 37 23
rice Hb1 (H/F) 68 0.038 0.56 - 7.2 0.001 0.14 4.0
a-HbA (R (H/L) 29 10.1 348 3.2 0.0047 1.47 -
B-HbA (R) (H/L) 100 21 210 9.8 0.0086 0.877 —
M. tuberculosis(L/Y) 25 0.199 - 0.013 6.75 0.0051 - 7.44
Paramphistomum epiclituniy/Y) 108 0.033 0.3 0.00016 28 - - -
Gastrothylax crumeniféfY/Y) 205 0.4 1.9 0.001 73 1.2 16 0.119
Arabidopsis thalianadb1™ (H/F) - 0.12 1.6 - - - - 2.0
LucinaHb 11" (Q/Y) 0.39 0.11 282 0.13 0.019 0.0071 370 -

@ The residues at putative E7 and B10 helical positions are given in

parentheses. The k&Juis chlculated; see the text. TRgy value is in

units of millimeters of Hg (Torr)M' = 1.34M, whereM is the experimentally determined value of the partition coefficient expressed in terms of
gas pressuredd’ for other proteins is given by the ratiy/Lq. ° P. caudatuntHb, this work.¢ From ref34, Ko, is estimated fronM’, Ko, andLg.
dC. eugametosib (12), data obtained at pH 9.5. The # symbols show that combination rates of five-coor@maraydomonasib with ligands

are rate limited by the conversion of a six-coordinate species to a five-

coordinate species prior to ligand binding (see the del&)s€fr e

ref 71 fFrom ref72. 9 N. communeHb (14). " Sperm whale Mb73). | From ref56. | From ref74, a. and/ chains of HbA in their R state§M.
tuberculosisHbN (18). ' P. epiclitumHb, G. crumeniferHb (see ref$b3 and 75, respectively)™A. thalianaHbl (76). " L. pectinataHb (21).

HbCO/ HbO:

1 |
0.02 0.04

Pco/ Poz
Ficure 5: Plot of [HbCOJ/[HbQ] vs Pco/Po,. The partition
coefficientM (expressed in gas pressuresh6, andV' (expressed

in molar terms)= 75. Different symbols denote data points from
two separate experiments.

0.06

value is expressed in terms of the gaseous pressures. A valu
M', corrected for the solubility of the gases and expressed
in molar terms, is related tvl by M' = 1.34Vl = 75 (Table
1).

Calculated Kinetic and Equilibrium ConstantBhe parti-
tion coefficient,M’, calculated from the determined oxygen
equilibrium binding constantkp, and the calculated CO
equilibrium binding constant,p (Table 1), isKp/Lp (838
nM/11.8 nM= 71). This value agrees with the determined
value, 75.

A value of the second-order oxygen combination rate
constant K on, Table 1) may be calculated using the deter-
mined oxygen equilibrium binding constarp, and the
determined oxygen dissociation rate constdgiKp = 25.2
s%0.838uM = 30.1uM~ s71, Alternatively, the combina-
tion rate constank'y, may be estimated from the determined
value of the partition coefficienty’, and the values of the
three kinetic constantd, I'on, andlos. This latter value,

28.4 uM~! sl is in good agreement with the value
mentioned above, 30AM ! s1,

We conclude that the set of determined values is internally
consistent and that the value of the calculated oxygen
combination rate constark' {, = 30.1uM~* s™1) is accurate.

Resonance Raman Spectra of the Deoxy Comfles.
high-frequency region (13661700 cm') of the resonance
Raman spectra of hemeproteins is comprised of porphyrin
in-plane vibrational modes that are sensitive to the electron
density in the porphyrin macrocycle and also to the oxidation,
coordination, and spin state of the central iron at@®).(
The spectrum in the high-frequency region of the deoxy form
of ParameciumHb shows the marker bands,(= 1355
cm L, v3 = 1473 cm?) characteristic of five-coordinate high-
spin ferrous heme (Figure 6A). The deoxy forms of vertebrate
Hbs and Mbs exhibit very similar resonance Raman spectra.
Thus, in ParameciumdeoxyHb, in contrast to the six-
coordinate low-spin ferrous forms of some invertebrate Hbs

e(11, 12), no intrinsic sixth ligand binds the ferrous heme

iron.

The low-frequency region of resonance Raman spectra of
heme proteins is comprised of several in-plane and out-of-
plane vibrational modes of the heme, including heme
propionate modes and ligand vibrational modé8—43).
Enhancement of the vibrational modes involving the axial
ligand (bound to the central metal atom) arises from
electronic coupling of the ligand orbitals to the heme orbitals.
Assignment of a ligand vibrational mode is extremely useful
as it directly identifies a particular ligand and the nature of
its interactions with amino acid residues in the heme pocket.
The low-frequency region of the resonance Raman spectrum
of ParameciundeoxyHb (Figure 6B) shows several in-plane
skeletal modesig = 350 cnt?, v; = 676 cnT?, vi5 = 755
cmt, andve = 785 cml) similar to those observed in
deoxyMb 39). Bending modes sensitive to the conformation
of propionate §csccca = 375 cnm?) and vinyl Ocgcach =
405 cn1!) groups of the protoheme are also assigr&d). (
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Ficure 6: Resonance Raman spectra of the deoxy ferrous
ParameciunHb (pH 7.4) in the high (A)- and low-frequency (B)

regions. The Fehistidine stretching mode is indicated with an
arrow.

200

Of particular interest is the band at 220 ¢nthat is assigned
as the Fe-His (proximal) stretching mode’fenis). The low-
frequencyvee-pis band in five-coordinate high-spin ferrous

hemes (other than in some peroxidases) occurs between 200

and 230 cm? (41, 42, 44—46). Observation of a line that
can be attributed to the FeHis stretching frequency confirms
that histidine is the proximal ligand to the heme in
ParameciumHb.

Oxy ComplexThe oxy complex oParameciunmHb shows
a typical six-coordinate low-spin structure of the heme as
determined from the resonance Raman marker bands (
1375 cmt, v3 = 1505 cn1?l). The oxy samples that were
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FIGURE 7: Resonance Raman spectra of the oxy complex of
ParameciunHb (pH 7.4) in the low-frequency region. The spectra
shown are (a) with®O,, (b) with 180,, (c) the %0, — 180,
difference, and (d) the # — D,0 difference with'¢O,. The Fe-
oxygen stretching modefe—o0) is indicated with an arrow.
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FicurRe 8: Resonance Raman spectra of the carbon monoxide
complex ofParameciumHb (pH 7.4) in the low-frequency region.
The spectra shown are (a) withC®O, (b) with 13C!80, and (c)

the 12C160 — 13CI8Q difference. The FeCO stretching ¥re-o0)

and Fe-C—0 bending §re-c—0) modes are assigned at 493 and
570 cnT?, respectively.

(Vee-00 = 540 cnrt with 180,). The sensitivity of the’reo0o

not stored under saturating oxygen pressure showed rapidnode to H/D exchange was also examined, shown in

autoxidation 47) to form an aquomet structure which is

spectrum d. A positive band at 563 chalbeit weak, is

identified by the presence of a band in the Raman spectrumreproducibly seen in the difference spectrum which arises

at 1480 cm? that can be assigned to the of the ferric

six-coordinate high-spin aquomet species. In the oxy com-

plex, the location of the oxidation state markes)(@nd the
spin state markervg) bands at 1375 and 1505 ch
respectively, which are typical for low-spin ferric heme, is
consistent with a low-spin ferric superoxide structure’(Fe
O—0") rather than a ferrous oxy (Fe-O=Q) structure.
Similar frequencies of’; and v, are observed in the oxy
complex of other Hbs and Mbs.

The assignment of the stretching frequency of-Bg
(vre-00) confirmed by using isotopically labeled molecular
oxygen {0, and*®0,) is shown in Figure 7. The broad band
in the absolute spectrum at 558 chwith 60, (spectrum
a) shifts to 547 cm' with 180, (spectrum b), showing a shift
of only 11 cn! in contrast to the expected shift f20
cm* for the Fe-O, system. However, observation of a clean
symmetric difference spectrum at 563/540 ¢énfspectrum
c¢) with a frequency shift of 23 cnt indicates that some
porphyrin internal modes overlag&) with the position of
Vre-00o. Thus, the frequency of.-oo is assigned at 563 crh

due to a small decrease in the intensity»ef oo in DO
relative to that in HO.

CO ComplexThe resonance Raman spectrum of the CO
complex of ParameciumHb was recorded at a low laser
power to avoid photodissociation. A six-coordinate low-spin
configuration characterized by frequencies(1369 cnt?)
and vz (1496 cm?) is observed. The absence of bands at
~1355 {4) and~1473 (y3) cm™* (corresponding to a five-
coordinate ferrous heme) in the spectrum indicates that no
detectable photodissociation occurs.

The Fe-CO stretching modevée—co) has been identified
in the CO complexes of many heme proteins. Its frequency
is sensitive to interactions of the bound CO with neighboring
residues. Figure 8B shows the low-frequency region spectra
of the CO derivative oParameciunmHb with two isotopic
compositions of the bound CO. In the difference spectrum
(*2C'60 — 13C™®0, spectrum c), the 493/477 cinfeature is
assigned to the FeCO stretching frequency while the weak
feature at 570/551 cm is assigned to the bending mode
(Ore-c—0). The third difference feature at 363/354 chthat
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proposal. In a growing number of invertebrate, plant, and
bacterial Hbs, however, the heme iron binds to one of the
distal pocket residues to form a six-coordinate low-spin
species, in the absence of a stronger exogenous lidgiahd (
11, 34, 56). These latter Hbs undergo significant structural
changes in going from an intrinsic ligand-bound state to an
exogenous ligand-bound state. It is likely that such structural
changes do not occur in ferrlRarameciuntb as they are
not required for the change from the aquomet to the
hydroxymet configuration.

Deoxy ComplexThe deoxy form ofParameciunHb is a
five-coordinate high-spin species evidenced from the optical
as well as the resonance Raman spectra. Thenis
frequency ofParameciuntb is seen at 220 cm similar to
those in Mb and R-state human Hb (HbA). It is known that
the frequency ofre—pis iIN deoxy HbA is responsive to both
the quaternary state of the protein and the history of the
ligation state of the heme immediately prior to the measure-
ment. The frequency ofr._nis iNncreases on going from the
T to the R state. There are bounded ranges for the frequency
of vre—pis fOr each tertiary and quaternary state of Hb. The
frequencies of deoxy T and deoxy R states are observed at

FiGURE 9: (A) Resonance Raman spectra of the ferric aquomet ~214 and~222 cnt?, respectively41, 42, 45, 46). In these

form of ParameciumHb in the high-frequency region at (a) pH
6.0 and (b) pH 10.5. (B) The acithlkaline transition oParame-

ciumHb. Relative changes in the high- and low-spin contents are
plotted as a function of pH. The relative spin contents are
determined from the intensity of several marker bands (normalized

to the intensity ofv,).

states, the frequency ofre-nis has been correlated with
proximal strain 41, 42, 45, 57, 58). Proximal strain refers

to the protein-imposed cost in energy needed to move the
iron in plane upon ligand binding. A low frequency figdis

for the five-coordinate ferrous Hb (e.g., deoxyHbA T state)
indicates that it is energetically more costly to bind a ligand

arises from an apparent frequency shift of a porphyrin {g this species than to the deoxyHbA R state and deoxyMb

internal mode ¥g at 359 cm?) involving Fe-pyrrole

(VEe-nis ~ 220 cnTY). Thus, an R-state-like frequency of

nitrogen stretching could not be assigned to any FeCO-related,,__ .. in ParameciumHb suggests a relatively unstrained

mode.

Ferric Aquomet CompleXigure 9A shows the resonance
Raman spectra of ferri®arameciumHb in the high-
frequency region at two pH values. At acidic pH (6.0), a
six-coordinate high-spin specieg & 1370 cm't, v = 1481
cm 1, spectrum a)49) is observed. It is converted to a six-
coordinate low-spin species,(= 1373 cnm?, v3 = 1505

proximal histidine, indicative of higher ligand affinity
(association rate). The association rate feirdParamecium
Hb (30.1uM~1 s71) indeed is similar to those observed for
the R state of thex- and -chains of HbA and for sperm
whale Mb (Table 1). The association rate of CO in
ParameciunmHb, however, is significantly higher than those
in Mb and the R state ofi-HbA, suggesting an additional

cm™*; spectrum b) at alkaline pH (10.5). The presence of an ¢ontributing factor, namely, “openness” of the distal pocket,

oxygenic ligand (water or hydroxide) bound to the ferric getermining the CO affinity, which will be discussed in the
heme iron has been observed in the crystal structure offg|iowing sections.

ParameciunHb (23). Thus, the spin transition observed here
is most likely an aguehydroxy transition. A plot (Figure
9B) of the relative populations of the high- and low-spin
species as a function of pH yields th&pof the acid-
alkaline transition as 9.8 0.3. This value of the Ig, may

be compared to thek (8.9) of an alkaline transition of
metMb (36).

DISCUSSION

Equilibrium Oxygen Binding\lonomeric cytoplasmic Hbs
and Mbs exhibit a large variation in oxygen affinities.
ParameciunHb exhibits a moderate oxygen affinity, similar
to that of sperm whale Mb but different from the extremely
high affinities of many truncated Hbs (Table 1) and of

To determine the protonation state of the proximal histidine
in ParameciunHb, we compare it8re—nis frequency to those
in peroxidases. It is believed that the origin of the anoma-
lously high frequency ofrenis in peroxidases is in part due
to the imidazolate character of the proximal histididd, (
43). In peroxidases, therepis mode is detected at a
significantly higher frequency>240 cn1) compared to
those in globins (200230 cn1t). Consideration of the facts
presented here suggests tRarameciunHb, in which the
frequency of the’re—is mode is similar to that of mammalian
Hbs and Mbs, has an uncharged proximal imidazole (histi-
dine) and not an imidazolate.

Oxy Complex.Both the optical and resonance Raman
spectra show that the oxy complex BarameciunHb is a

nematode, trematode, and other nonvertebrate Hbs and Mbsix-coordinate low-spin species. The.-oo mode inPara-

(50-55).
Ferric Paramecium Hbln the ferric form ofParamecium

meciumHbO, appears at a lower frequency (563 ¢jthan
that in other globins containing an axial histidine ligand. For

Hb, we postulate that a water or a hydroxide ligand binds to example, the®0,/*%0, difference features of human HbO
the heme, just as in vertebrate metMb and metHb. Both and horse Mb@appear at 568/544 and 571/545¢ni48),
optical and resonance Raman spectra are in accord with thigespectively, and that dflycobacterium tuberculosi{$ibN)
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HbO, HbCO in the structure of its CO complex (see below). On the other
hand, in Mb, the distal pocket attains closed structures for
B10Tyr E7GIn the CO 60) as well as the oxy complexes in which the bound
B10Tyr ligands form a hydrogen bond with E7-His. Of course at
o E7GIn E11Thr o acidic pH the distg! cavity of Mb _is knqw_n to unqergo a
i i closed-open transition when the distal histidine swings out
HO"HO.. io Ho~ HO™HNH of the pocket {1, 61—63). The proposed existence of a
yoo second conformer with an open heme pocket is consistent
L with the observed fast rate (25.2%50f oxygen dissociation.
? Under the experimental conditions used in this study, the
heme wmmm ¢ memm heme e ¢, mum—m second conformer escaped detection in the Raman spectra
probably because of its minor population. It will be interest-

| |
((SLFsHis ((52(’:8"”3 ing, however, to search for suitable conditions for enhancing
N N

! “H
| N
o M

—0-0

the population of this conformer for its detection.

CO ComplexThe CO complex oParameciuntb is six-
Ficure 10: Proposed structural model of the disposition of various coordinate and low-spin, as judged from the optical and
res'dLl‘es n tihDe heme_pr?‘(_:'léet_rcr)]f the oxy (Hp@nd Ct? (I—(|jbCO) 4. resonance Raman spectra. The-B®© stretching frequency
complexes oParameciuntHb. The residues are numbered accord- ; _ 1
ing to their helical positions. The dotted and dashed lines representmc Parameciumtb (vee-co = 493 cnT”) may be compared
hydrogen bonds. The thin dashed line between the terminal oxygent0 those of the Mb mutants in which the distal histidine has
atom and the tyrosine hydroxyl indicates a weaker hydrogen bond. been replaced with nonpolar residues. Theco frequencies
For the oxy complex, only the closed conformer is shown here. of these mutants are located~a495 cnt? (see ref64). Such

frequencies ofvee—co are also observed in theyAstate of

HbO; is seen at 566/542 crh (18). In the case ofM. Hbs and Mbs at acidic pH and in many other hemeproteins
tuberculosisHbO, that has an E7-Leu incapable of forming @S Well, and are believed to arise from an “open” heme pocket
hydrogen bond to the bound oxygen, it was postulated thatWhere CO has very little polar interaction with surrounding
the B10-Tyr forms a hydrogen bond to the proximal oxygen @mino acid residued(, 61-63). Thus, the location ofre-co
atom (18, 59). We attribute the lowering of there oo At 493 cntin ParameciunHb suggests that CO does not
frequency inParameciunHbO; relative to mammalian HpO  interact with the distal residues. This is in contrast to the
and MbQ to hydrogen bonding of heme distal pocket closed form of the oxy protein in which the bound oxygen
residues to both the proximal (the oxygen atom bonded forms a hydrogen bond with the distal residues. The fact
directly to iron) and terminal oxygen atoms of the-O that the iron-bound CO iRarameciuntb does not interact
group. This differs from the hydrogen bonding in mammalian With distal residues is also suggested by the weak&eO
HbO, and MbQ in which only the terminal oxygen atom Pending mode (570 cr). A weak bending mode is normally
forms a hydrogen bond to the E7 residue. Hydrogen bond Observed when the heme pocket is open, but a strongly
formation to the terminal oxygen alone would not be INtéracting CO gives rise to a more intense ben(_jlng mode.
sufficient to account for the observed low frequencyaf oo ‘The structural model of the CO complex (Figure 10)
in ParameciumHb. It appears that ifParameciumHbO,  displays an open heme pocket in which the distal pocket
the strength of the hydrogen bond is greater with the proximal résidues barely interact with CO. This is highly consistent
oxygen than that with the terminal one (see Figure 10). This With the unusually rapid combination and dissociation of CO
suggestion is consistent with significant lowering of the With ParameciumHb (o, andlor are, respectively, 54 and
vee_oo frequency as well as the observation of H/D sensitivity 17 times greater than those of Mb; Table 1). It may also be
of Vre_00. noted that it is the distal effect that explains why the CO
Our observation of the equilibrium structure of the oxy affinity of ParameciumHb is higher than that of Mb or
complex having a relatively tight conformation of the distal R-statea-HbA, despite the fact that they all have a similar
pocket predicts slow oxygen dissociation. However, if the Proximal strain as discussed earlier.
protein allows an alternate conformation of the heme pocket, ~Correlation between FeCO and C-O Stretching Fre-
the observed rate of ligand dissociation might be dictated quencieslit is well established that in heme complexes the
by the structural properties of the second conformer. Such aFe~CO and C-O stretching modes follow an inverse
mechanism has been proposed in the CO complésoéris correlation owing tar-electron back-donation from therd
Hb in which a rigid conformer formed by hydrogen bonding (tx dy2) of Fe to the emptyr* orbitals of CO, which results
from both B10-tyrosine and E7-glutamine remains in equi- in an increase of the FECO bond order and a concomitant
librium with a relatively less tight conformer formed by decrease in the €0 bond order 11, 15, 40, 65-67). The
hydrogen bonding with the glutamine alon5). Ligand correlation between these two frequencies depends on the
dissociation is primarily controlled by the latter conformer. Nature of the heme proximal ligand, as the electron density
We propose that ifParameciuntHb a second conformer is  in the Fe-proximal ligand bond affects the F€O bond
in rapid equilibrium with the major conformer that is detected order. The extent of back-bonding from Fetd CO z* is

by resonance Raman spectroscopy. controlled mainly by the polarity of the environment around
CO. The C-0 stretching frequency§-o) in Paramecium
Fe—0, (closed)y= Fe-0, (open)— Fe + 0, Hb is detected at 1974 crh(Figure 11A), and it shifts to

1885 cn! with 3C180. The difference feature at 1861/1842
In ParameciunHb, perhaps the second conformer in the cm™ (spectrum c) arises most likely from a combination
oxy complex has a more open distal pocket just as we find band ofv, (1369 cn!) andvee-co (493/477 cm?) (68) that
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Ficure 11: (A) Resonance Raman spectra of the carbon monoxide
complex ofParameciumtHb in the 1706-2300 cn1? region. The
spectra shown are (a) withC®O, (b) with 13C180, and (c) the
12C160 — 13C180 difference. The protein is in 100 mM sodium
phosphate buffer (pH 7.4). (B) Correlation betweerE® Vre-co)

and C-0O (vc-o) stretching frequencies for various heme proteins
that have histidine as the proximal ligand®)(stretching frequen-
cies of globins and peroxidases anM)(the frequencies of
ParameciumHbCO.

is predicted to appear at 1862/1846 ¢nfior Paramecium
HbCO. Thevc—o line of ParameciumHbCO at 1974 cmt
is close to theA, frequency in mutant Mbs~1968 cn1?)
containing nonpolar substitutions in the distal pocket (see
ref 64). To determine if the environmental modulations of
thevc_o frequency also affect the-.—co frequency, we plot
Vc—o Versusvee-co (Figure 11B). The point corresponding
to ParameciumHb falls on a correlation line that is
characteristic for heme proteins that contain histidine as the
proximal ligand.

ParameciumHb serves as a good example of ligand-
dependent conformational variation of the heme pocket and
shows that the information derived from studies with one

ligand cannot always be used to speculate about the proper-

ties of the other. Conformational differences between the CO
and oxy complexes are also observed in the Hb<Cof
eugametosand Synechocysti®CC6803 (T. K. Das et al.,
unpublished results). These propertiesPaframeciumHb
stand in contrast to the ligand binding properties of many
Hbs in which the heme pocket conformation allows hydrogen

bonding between the ligand and distal pocket residues in both 12.

the CO and oxy complexed 1, 15, 60, 64).

Conclusions.In ParameciumHb, although the bound
oxygen in the closed conformation is stabilized by the distal
residues, we believe this conformation is in dynamic equi-
librium with an open conformation that has a high rate of
oxygen dissociation. Both the oxygen combination and
dissociation rates oParameciumHb appear to be well

Das et al.

adapted to facilitate the diffusion of oxygen at the oxygen
pressure encountered by the organism.

The close similarity of the oxygen kinetics Baramecium
Hb to those of Mb suggests that the most probable cellular
function of this protozoan Hb is oxygen supply to the
mitochondria of this unicellular organisréd) or the retention
effect (70) in which incoming oxygen, captured by vicinal
deoxy Hb, flows preferentially to the mitochondria, because
the concentration gradient toward the mitochondrion is
steeper than that toward the cell surface. Therefore, the
function of ParameciunHb is proposed to be distinct from
the function of many other invertebrate Hbs that are believed
to serve a variety of nontraditional roles in cellular metabo-
lism.
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