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ABSTRACT: Theal-32 subunit contacts in the half-ligated hemoglobin A (Hb A) have been explored with
ultraviolet resonance Raman (UVRR) spectroscopy using the=Blihybrid Hb under various solution
conditions. Our previous studies demonstrated thgb3Tp Tyra42, and Tyoa140 are mainly responsible

for UVRR spectral differences between the complete T (deoxyHb A) and R (COHb A) structures [Nagai,
M., Wajcman, H., Lahary, A., Nakatsukasa, T., Nagatomo, S., and Kitagawa, T. (B&&®emistry 38,
1243-1251]. On the basis of it, the UVRR spectra observed for the half-ligaté#f° anda“OsN at pH

6.7 in the presence of IHP indicated the adoption of the complete T structure simi&ff5*y and
adeoygNi The extent of the quaternary structural changes upon ligand binding depends on pH and IHP,
but their characters are qualitatively the same.d¥p™, it is not until pH 8.7 in the absence of IHP that

the Tyr bands are changed by ligand binding. The change of Tyr residues is induced by binding of CO,
but not of NO, to thex heme, while it was similarly induced by binding of CO and NO to fhieeme.

The Trp bands are changed toward R-like similarly @#3°° and o ©°sNi, indicating that the structural
changes of Trp residues are scarcely different between CO binding to eitteotheheme. The ligand
induced quaternary structural changes of Tyr and Trp residues did not take place in a concerted way and
were different between™5°© and 98N, These observations directly indicate that the phenomenon
occurring at then1-52 interface is different between the ligand binding to thend f hemes and is
greatly influenced by IHP. A plausible mechanism of the intersubunit communication upon binding of a
ligand to theo. or  subunit to the other subunit and its difference between NO and CO as a ligand are
discussed.

Human hemoglobin A (Hb A)with an a3, tetramer (R or relaxed) states. Typical structures of the T and R states
structure, exhibiting positive cooperativity in oxygen binding, are seen for the complete deoxy and liganded forms,
has been extensively investigated, since it serves as a modelespectively 2). The cooperative oxygen binding of Hb has
of general allosteric proteind), and currently a route of  been explained in terms of a reversible transition between
communication from one to another subunit, which is the the two quaternary states on partial ligation of four hemes
origin of cooperative ligand binding, is a major subject of (3, 4). The largest structural differences between the T and
Hb studies. X-ray crystallographic studies have demonstratedR states, revealed by X-ray crystallographic analysjisare
the presence of two distinct quaternary structures that|gcated in theal-32 subunit interface, where resets of
correspond to the low-affinity (T or tense) and high-affinity hydrogen bonds and cleavage of salt-bridges take place upon
ligation to deoxyHb. ThéH NMR signal of Tyi42, which
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10.1021/bi0200460 CCC: $22.00 © 2002 American Chemical Society
Published on Web 07/11/2002



UV Raman of Ni-Fe Hybrid Hb Biochemistry, Vol. 41, No. 31, 20020011

species cannot bind even.@\ccordingly, hybrid Hbs with oM%Y and adyBNi were generated fronN5S° and
Fe and another metal can generate the half-liganded inter-a®°N, respectively, by photodissociation of CO under
mediate with two ligands on the Fe subunits. A quaternary flowing of O,, followed by addition of sodium dithionite (1
structure of the half liganded Hb depends on the metal mg/mL) under N atmosphere. ThaVi3° anda®98N used
species hybridized. Physicochemical properties of R for UVRR measurements were obtained by addition of CO
hybrid Hb changes with whether Ni is incorporated into the to the oaN|39%%Y and a®yBNi thus generated. Solvents used
o (oNA™) or B (afBN) subunit @, 9, 16—18). X-ray were phosphate buffer for the pH range from pH 6.7 to 7.4,
crystallographic analysis demonstrated that wdti° (16) Tris buffer at pH 8.1, and borate buffer at pH 8.7. IHP was
and a8V (17) maintain the T structure at pH 6.8 even in added to the samples, when necessary, with a final concen-
the ligand-bound state. THél NMR measurements on the tration of 5 mM. Ni-PPDME was a kind gift of Prof. H.
Ni—Fe hybrid Hb revealed appreciable pH dependence. At Ogoshi 34).
pH 7.4 in the presence of IHP both3°© anda®94N gave Ultraviolet Resonance Raman Measuremediist before
the 'H signals of Tyn42 and Trg37, which mean the  the measurement of the UVRR spectra8l&, was added
presence of the T-typel-42 contact. As the pH was raised, to the samples with the final concentration of 0.1 M as an
intensities of these signals became weaker, and the extentnternal intensity standard for Raman spectra. It was con-
of weakening was definitely different between &2 and firmed that the addition of sulfate did not cause any apparent
TrpB37 for aMBCO but not always so fora®OBN. This Raman spectral change for the states examined in this study,
suggests that the structural changes ofo®2 and Tr$37 although its use in Raman experiments was warned against
are not synchronous iaN3c° (9). The absorption spectra due to a possible tertiary structure chan@®)( UVRR
of aMNBC0 suggested a pH-dependent change for a coordina-spectra were excited by a XeCl excimer laser-pumped dye
tion number of Ni; four at pH 6.5 and five at pH 8.5. laser (EMG103MSC/LPX120 and FL2002/SCANMATE,
Presumably, proximal His87 is coordinated to Ni at pH  Lambda Physik). The 308-nm line from the XeCl excimer
8.5 but is dissociated at pH 6.5, while His is always laser (operated at 100 Hz) served as a pump to excite
coordinated to Ni in theg heme B). The great difference  coumarin 480, and the 470-nm output from the dye laser
between thex and 8 subunits is also incompatible to the was frequency-doubled with#&BaB,0O, crystal to generate
two-state model. Previously, we examined UV resonance 235-nm pulses. The Raman excitation light {{Bpulse) with
Raman (UVRR) spectra of-nitrosyl -deoxy Hb A the cross section of 0.2 3 mn? was introduced to a sample
(aNopBde) and pointed out its structural change upon ligation cell from the lower front side. Scattered light at the scattering
to the deoxyFe subunil). In an extension of the investiga- angle of 138 was dispersed with an asymmetric double
tion of thea1-32 contacts in partially liganded Hb, which  monochromator (Spex 1404) in which the gratings in the
can be different betweea- or -ligation, we treated Nt first and second dispersion steps were 2400 grooves/mm
Fe hybrid Hb in this study. (holographic) and 1200 grooves/mm (machine-ruled, 500 nm
It has been demonstrated in this decade that resonancdlazed), respectively3@), and detected by an intensified
Raman (RR) spectra excited in the UV region around220 photodiode array (PC-IMD/C5222-0110G).
240 nm can explore the environmental and hydrogen-bonding The spinning cell was moved vertically by 1 mm for every
changes of Tyr and Trp residues of proteins (seeZéfnd spectrum (every 5 min) to shift the laser illumination spot
21 for a review). In fact, Rodgers et akZ, 23), Nagai, M., on the sample33). The temperature of the sample solution
et al. @4—26), Huang et al. 27, 28), Hu et al. @9, 30), and was kept at 10C by flushing with cooled N gas against
Peterson and FriedmaB1) reported the quaternary structure the cell. The scattered light was collected with Cassegrainian
dependent features for Tyr and Trp residues in die32 optics with f/1.1. One spectrum is composed of the sum of
interface of Hb using 230- and 235-nm excited UVRR 400 exposures, each exposure accumulating the data for 0.8
spectra. The quaternary structure dependent UVRR bandss. The Raman spectra shown in the figure are averages of
have been assigned to P7, Tyrad2, and Tyo140 24— 10 or 15 spectra. Raman shifts were calibrated with cyclo-
26). Here we present 235-nm excited UVRR spectra for hexane. Raman intensity was standardized with the band
aNigdeoxy. gNiBCO | deoygNi - and a®OBN! in the presence and  intensity of sulfate ions at 982 crh Denaturation of the
absence of IHP at various pH values, discussing differencessamples due to exposure to UV laser light was carefully
in a communication route between theo 5 subunits and checked by inspecting a possible change in the visible
the 5 to o subunits, and also possible correlation between absorption spectra before and after the measurements of
the Fe-His bonding ofo. hemes and intersubunit interactions UVRR spectrum. If some spectral changes were noticed, the
at thea1-32 interface in the quaternary structure change. Raman spectrum was discarded. Visible absorption measure-
ments were carried out with a Hitachi 220S spectro-
EXPERIMENTAL PROCEDURES photometer.
Visible Resonance Raman Measuremenie 441.6 nm
Sample Preparatiortb A was purified from fresh human  line from a He/Cd laser (model CD4805R, Kimmon Electrics
blood by a preparative isoelectric focusing electrophoresis Corp.) was used as an excitation source. Visible resonance
(32). Approximately 150uL of the 200uM (in terms of Raman scattering was detected with a liquid nitrogen-cooled
heme) Hb A solution was put into a spinning cell made of CCD detector (model CCD3200, Astromed) attached to a
a synthetic quartz ESR tube (diameter 5 mm) 33). 100-cm single polychromator (model MC-100DG, Ritsu Oyo
DeoxyHb and COHb were prepared by adding sodium Kogaku). The slit width and slit height were set to be 200
dithionite (1 mg/mL) to oxyHb after replacement of the inside «m and 10 mm, respectively. The corresponding spectral slit
air of the sample tube with Nand CO, respectively. NiFe width is 8 cnm. The wavenumber width per one channel of
hybrid Hb was prepared as described previou8ly The the detector was 0.7 crh The laser power used was 5.4
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Ficure 1: The 235-nm excited UVRR spectra of the isolgfedhain in the deoxy (A) and CO-bound (B) forms, the isolatedhain in

the deoxy (C) and CO-bound (D) forms and the deoxy-minus-CO difference spectra for the igo{&p¢= A — B) and a-chains (F)

(= C — D), and native Hb A (G). All samples are equilibrated with 0.05 M phosphate buffer, pH 6.7, containing 0.39@Nand protein
concentrations were 2Q@M in heme. Each spectrum is an average of 10 or 15 spectra. The ordinate scales of the difference spectra are
the same as those of raw spectra. The band marked B $@ans the totally symmetric stretching band of,5Qons.

mW at the sample point. All measurements were carried out The Raman scattering from Trp residues is stronger for
at room temperature with a spinning cell (1000 rpm). Raman the -deoxy chain than for the--deoxy chain due to the
shifts were calibrated with indene and accuracy of peak number of residues (two in thg-chain and one in the

positions of Raman bands wasl cnr ™. o-chain). The peak frequencies of the W7, W16, and W18
bands are slightly different between the isolated and
RESULTS B-chains. Digital sum of the UVRR spectra of theCO and

UVRR Spectra of the Isolated and 8 Chains andou3» the3-CO chains almost coincides with the spectrum observed

TetramerFigure 1 shows the 235-nm excited UVRR spectra for native COHb A, but the corresponding digital sum of
of the isolateg3-chain in the deoxy (A) and CO-bound (B), the a-deoxy and thg-deoxy chains is slightly but definitely
and the isolatedx chain in the deoxy (C) and CO-bound different from the spectrum observed for native deoxyHb
(D) states at pH 6.7 in the frequency region from 1700 to A. The Qifference lies mainly_in the intensity of Trp band_s,
700 cnt! and the deoxy-minus-CO difference spectra for Suggesting that the surroundings of Trp residues are unique
the isolatedd (E) anda (F) chains and native Hb A (G). In the T-structure tetramer but not so in the R-structure

Although a strong broad band due to a synthetic quartz cell tétramer. The intensity increase of Trp bands in the 235 nm-
appeared between 800 and 900-épits contribution was ~ €xcited UVRR spectrum is generally ascribed to a shift of

subtracted from the spectra shown here. The 982.trand ~ the B, absorption maximum to a longer wavelength and thus
of SO2 ions was used to normalize the intensity of the O the increase of hydrophobicity around the indole ri4@ (-
spectra, as their presence did not affect the observed spectr&' the formation of a hydrogen bond at the indole NH site
(37). In the spectrum of thg-deoxy chain (A), RR bands " hydrophoblc enwronment_sll). Such differences of Trp

of tyrosine (Tyr) are seen at 1619 (Y8a), 1209 (Y7a), 1176 residue between the (or j5) oligomers and thew; tetramer
(Y9a), and 852 cm (Y1), and those of tryptophan (Trp) would occur more easily to a Trp res_|du§ on the 9qntact
are seen at 1619 (W1, overlapped), 1557 (W3), 13631 surfacgs of subunits thar] t.hat in the interior of individual
(W7; tryptophan doublet), 1011 (W16), 877 (W17), and 758 Subunits. Consequently, it is quite reasonable that the Trp
cmt (W18). The assignments are based on Harada and coJ€sidue responsible for the difference peak in the deoxy-
workers @0, 38, 39). The UVRR spectra of deoxyHb A and minus-CO difference spectrum is mainly ¥ rather than
COHb A in the 1708-850 cn! (not shown) are in  1TPA15 and Trpul4.

agreement with those reported by Rodgers et2#l) and The Tyr spectrum of the isolatgtichain also differs from
Nagai et al. 24, 26). It was confirmed that the spectra of that of the isolated chain. The frequency of the Y9a band
deoxyHb A and COHb A exhibited negligible changes upon of the5-deoxy chain is lower than that of tikedeoxy chain
addition of IHP (spectra not shown). by as much as 4 cm, although the frequencies are unaltered
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FiGure 2: The 235-nm excited UVRR spectra of deoxyHbA (&)%Y +IHP) (B), adeoxysNi(+IHP) (C) and Ni-PPDME (D), and their
difference spectra o&Ni3%oy (+IHP) — deoxyHbA (E), and ofxdey3Ni (+IHP) — deoxyHbA (F). All Hb samples are equilibrated with

0.05 M phosphate buffer, pH 6.7, containing 0.1 M,8@&, and 5 mM IHP. Hb concentration was 20M in heme. Ni-PPDME concentration

was 20 mM (in CHCJ, 1100-1700 cnt!) or 0.6 mM (in THF, 706-1100 cntl). Each Hb spectrum is an average of 10 spectra. The
spectrum of Ni-PPDME is an average of four spectra and the contribution from solvents have been subtracted. The ordinate scales of the
difference spectra are the same as those of raw spectra. The band markegbyn&ans the totally symmetric stretching band of,50

ions.

by CO binding within theo (or ) oligomers. This means  Spiro 9) that the G—C;—Cs—C, torsion angle of Trg37
that the surroundings of Tyr in the-deoxy chain are more  is smaller than those of Tod4 and Trpl5 for Hb A, and,
hydrophilic than that in thes-deoxy chain. This spectral  accordingly, its W3 frequency is lower than others.Therefore,
difference may be related to the status difference betweenthe difference peak at 1550 ctnis ascribed to Trf37. The
thea- andf-chains, that is, a dimer for theand a tetramer  absence of this peak in the spectra for the isolated chains
for the 5-chains. may mean that the smaller torsion angle is specific to the
The deoxy-minus-CO difference spectrum of the isolated a3, tetramer.
o-chain (F) exhibits no peak, indicating that the surroundings It is evident that the spectral sum of the deoxy-minus-CO
around Tyr and Trp are scarcely altered by the tertiary differences of the isolated- and S-chains does not yield
structure change induced by the ligand binding. The corre- the deoxy-minus-CO difference spectrum of thg, tetramer
sponding difference spectrum of the isolafedhain (E) also having a special contact at thd-32 subunit interface. This
exhibits no peak except for a small peak due to the Trp W3 demonstrates that the UVRR spectral differences shown by
band at 1561 crt. Note that these reflect the extent of trace G reflect mostly the quaternary structure change, but
contributions to the UVRR spectral changes from the tertiary not the tertiary one. Hereafter, spectrum (G) will be referred
structure change in oligomers of isolated chains upon theas the standard for the T-minus-R difference spectrum,
ligand binding. It is known that the W3 frequency reflects reflecting 100% changes at tlel-32 subunit interface due
the torsion angle around the-€C;—Cs—C, linkage of Trp to the quaternary structure transition (“T-like” and “R-like”
(30, 39). will be used to represent that the local structure around a
The difference spectrum between deoxyHb A and COHb particular residue in question is closer to that in the ordinary
A (G) indicates that the intensities of the W3, W16, W17, T and R subunit contact, respectively, but does not always
and W18 bands of Trp are much weaker for COHb A than mean that the whole tetramer structure is close to the T and
for deoxyHb A, while the peak positions remain unaltered R, respectively).
except for the W3 band, and that the frequencies of Y8a Figure 2 compares the spectra of-Nie hybrid Hb (B
and Y9a bands of Tyr are lower for COHb A than for and C) with those of Hb A (A) in the deoxy state. The
deoxyHb A. These differences arise from some differences spectrum ofoaN)%> (B) is different from that of deoxyHb
in hydrogen bonding states and surrounding hydrophobicity A (A), although the spectrum af?°¥3Ni (C) is not so. The
of mainly Trp337, Tyr42, and Tyol40 residues between  difference spectrum for thet subunit (E), aNiBdeoy —
the two states 26, 42) and have been ascribed to a deoxyHb A, yields positive peaks at 1624{), 1382(.),
consequence of changes in subunit conta22s-81, 43). It 1130(2), and 753¢16) cm 1, while the difference spectrum
was pointed out previously by Rodger22) and Hu and for the 8 subunit (F),a%>yBN — deoxyHb A, yielded no
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FiGUrRE 3: The 441.6-nm excited RR spectra of Ni-PPDME in CE{@700-950 cnrl) or THF (950-600 cnt?l) (A), and in piperidine
(B). Ni-PPDME concentration was 1QM (in CHCI; or THF) and 15QuM (in piperidine). The bands marked by *, **, and *** mean
bands of CHQ, piperidine, and THF, respectively.

peaks. These peaks are not present in spectrum (A) and areontacts are promoted in the ligand bound form of fhe
ascribed to porphyrin vibrations, because the peak positionssubunit at higher pH. Detailed analysis, however, clarifies
are the same as those of four-coordinated Ni-protoporphyrin, that the Tyr and Trp bands do not change in a concerted
whose spectrum excited at 235 nm is delineated by spectrumway. The first change to the R-type occurs only on the Trp
(D). The mode numbers of porphyrin vibratiodgl(45) are bands in spectrum (C) at pH 6.7 in the absence of IHP,
specified in parentheses. The absence of the correspondin@lthough there is no difference in its presence (B). It is
peaks in trace (F) means that the Ni-porphyrin in fhe  stressed that the change to the R-type is not observed at all
subunit adopts the five-coordinate structure, yielding no for Tyr bands even at pH 7.1 in the presence of IHP (D),
prominent Raman bands upon excitation at 235 nm. which is almost the same as spectrum (C). At pH 8.1 in the
Figure 3 shows the visible-excited RR spectra of four- presence of IHP (F), small changes of Tyr bands to R-like
coordinated Ni-PPDME (A) in CHC} (1750-950 cnt?) are recognized, while the changes of Trp bands to the R-type
or THF (950-600 cntl) and six-coordinated Ni-PPDME  proceed. It is not until pH 8.7 in the absence of IHP (G)
(B) in piperidine. Thev;s band at 752 cmt is very weak that the changes of Tyr bands to the R-type become evident,
for six-coordinated Ni-PPDME (B) compared with that for although it is still smaller than that of normal Hb A, which
four-coordinated one (A). Accordingly, the 753 chband s depicted by spectrum (H) for comparison.
in Figure 2E is assigned to theis mode of the four- UVRR Spectra ofi®BN Hybrid Hb. Figure 5 shows the
coordinatedo(Ni) heme. Similarly, the 1382 cn band in raw UVRR spectrum oﬁcoﬁ’\“ (A) in the frequency region
Figure 2E corresponds to thg (1379 cnt?) band in Figure  from 1700 to 700 cm and the difference spectra between
3A, whose frequency depends on the coordination number, gdeosgNi and oCOBNI at various pH values in the presence
and is ascribed to the four-coordinateNi) heme. Thus,  and absence of IHP. The R-like contacts at the subunit
some caution is necessary to distinguish between the UVRRinterface due to ligand binding to thesubunit are promoted
bands of Ni-porphyrin and of globin, particularly for py raising pH, and thus difference peaks are intensified. In
oNigaeos, this context, the general trend of the difference spectra for
UVRR Spectra ofiN3°° Hybrid Hb. Figure 4 shows the a9\ Hb are similar to those afN/3°C, although in delicate
raw UVRR spectrum ofiN/3° (A) at pH 6.7 in the presence  points the behaviors af“ON andoN5C are different from
of IHP and the difference spectra betweeN$% and each other. A large difference between them is that changes
oNi3C0 at various pH values in the presence or absence of of Tyr bands toward the R-type occurs in the earlier stage:
IHP in the frequency region from 1700 to 700 cmThe it is already seen in the spectrum at pH 6.7 in the absence
general trend of these difference spectraddisFe is that of IHP (C). At the same pH, however, the Tyr bands are not
peak intensities in the difference spectra increase whendiscernible in the presence of IHP (B). The size of change
proceeding from spectra (B) to (H); that is, more R-like of Tyr bands is nearly full at pH 6.7 in the absence of IHP
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Ficure 4: UVRR spectrum ofxN3C0 at pH 6.7 (HIHP) (A) and the difference spectra ofiigdeoy — gNigCO at pH 6.7 -IHP) (B), pH

6.7 (—IHP) (C), pH 7.1 (-IHP) (D), pH 7.4 <IHP) (E), pH 8.1 {+IHP) (F), and pH 8.7 {IHP) (G) and deoxyHbA- COHbA at pH 6.7

(H). Hb concentration was 20@0M in heme. Each Hb spectrum is an average of 10 or 15 spectra. The ordinate scales of the difference
spectra are the same as those of raw spectra. The band marked;bynsns the totally symmetric stretching band of,50ons.

Normal HbA samples are equilibrated with 0.05 M phosphate buffer, pH 6.7, containing 0.230NaAIl oN3° samples are equilibrated

with 0.05 M phosphate, Tris or borate buffer, containing 0.1 M3@. The IHP concentration was 5 mM when it was contained. The
difference spectra were obtained by subtraction of the spectrum of each CO form at the same pH in the absence of IHP from the spectrum

of designated sample.

(C), while the spectral changes of Trp bands toward the residues. DeoxyHb A gives a typical UVRR spectrum of
R-type are still on going. In the presence of IHP, the change the T-structure which is distinct from the spectrum of COHb
of Tyr bands are not so clear even at pH 7.2 (D), where the A with the R-structure. These two spectra will be referred
change of Trp bands proceeds to the level of80% R-like, as the standard in the analysis below. When the ligand
similar to the case of pH 6.7 in the absence of IHP (C). Thus, binding to the deoxy-Fe heme caused shifting of &iep2
it is evident thatiHP has a propensity to keep Tyr in the contact toward more R-like, peak intensity in the deoxy-
at pH 8.7 in the absence of IHP (F) exhibits the same the deoxyHb A-minus-COHb A difference spectrum.
spectrum as that for normal Hb A, which is delineated by - .

It was demonstrated in Figure 1 that Tyr and Trp residues

spectrum (G) for comparison. The changes of Tyr and Tr
tf R-like u(po)n coO bin%ing to the deoxyghemewfr{‘)%”i P in the isolatedo- or 8-chains exhibited almost no changes

were observed in a manner different from the case for IN their structure and environments between the deoxy- and

oNiBdeoxy Moreover, a size of the T to R spectral change for CO-forms unless the particular contact at étie2 interface

Trp seems to be somewhat smallerdfi®8N than that in was attained in the, tetramer. The Ni-Fe hybrid Hb at

a0 under the same conditions. pH 6.7 in the presence of IHP gave the T-like spectrum
regardless of CO binding to the Fe subunit, being consistent

DISCUSSION with H NMR studies 9). The fact that the UVRR spectra

Differences in Structural Changes between Ligand Binding oLia:;g(CO and acopM are har(NJIlIy different from those of
to the o and 8 Subunits.The CO-bound forms of NiFe ape (Figure 4B) andx™ (Figure 5B), respectively,
hybrid Hb serve as a good model for studying a structure of Means that Tyr and Trp residues do not undergo any changes
half-liganded Hb which is not stable in the normal Hb A, Py CO binding in the presence of IHP at pH 6.7. These
because Ni-porphyrins cannot bind @hd CO. The function ~ residues exhibit appreciable changes upon CO binding to
and structure of the NiFe hybrid Hb have been extensively the Fe subunit at higher pH. The most interesting point in
studied 8, 9, 16—18), and in the present experiments we the results of the NiFe hybrid Hb is that a pattern of
have detected conformational changes of the protein moietyquaternary structural change is different between the CO
of the Ni—Fe hybrid Hb with 235-nm excited UVRR  binding to thea. andf hemes. It means that the communica-
spectroscopy, which provides strong enhancement of Ramartion route from thea to § subunit is different from the
intensity for vibrational modes associated with Tyr and Trp corresponding route from the to o subunit.
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Ficure 5: UVRR spectrum ofx®98N at pH 6.7 (-IHP) (A), and the difference spectra afe*ysNi — €8N at pH 6.7 @¢-IHP) (B), pH

6.7 (—IHP) (C), pH 7.2 -IHP) (D), pH 8.1 (+IHP) (E), and pH 8.7+ IHP) (F), and of deoxyHbA- COHbA at pH 6.7 (G). Hb concentration

was 200uM in heme. Each Hb spectrum is an average of 10 or 15 spectra. The ordinate scales of the difference spectra are the same as
those of raw spectra. The band marked by,S0@neans the totally symmetric stretching band of,8Qons. Normal HbA samples are
equilibrated with 0.05 M phosphate buffer, pH 6.7, containing 0.1 MI@a. All a€98N samples are equilibrated with 0.05 M phosphate,

Tris or borate buffer, containing 0.1 M BB&O,. The IHP concentration was 5 mM when it was contained. The difference spectra were
obtained by subtraction of the spectrum of each CO form at the same pH in the absence of IHP from the spectrum of designated sample.

Binding of CO toaNi3%o®, which is expected to reveal The result fromoNiBFe shows that binding of CO to thg
the route from the8 to thea1l-42 interface, mainly induced  heme promotes the change of Trp to the R-type, but not of
the subunit contact change of Trp residues toward R-like, Tyr until the pH becomes basic. This means that the change
that is summarized as follows. As the pH is raised, the of Trp337 to R-like is not always accompanied by the
population of R-like contacts of Trp becomes more dominant. changes of Tyw42 and Tyni140, which are known to be
IHP has an effect to maintain the T-like contacts at lower quaternary structure sensitive. In other words, the com-
pH (<pH 6.7), but no effect at higher pH>pH 8.1). It is munication route from thg heme to Trp37 does not
not until pH 8.7 in the absence of IHP (Figure 4G) that the involve Tyra42 and Tyn140. In contrast, the result of 48N
spectral change of Tyr to R-like occurs. The change of Tyr shows that binding of CO to the heme causes almost
in oNiFeis smaller than that in the normal Hb A. This might equally the changes of Tyr and Trp residues. Thus, the
mean that the ligand binding only to th# heme is not information might be communicated to 7 through
sufficient to induce the complete quaternary structure change.Tyra42 and Tyn140, supporting Perutz’'s hypothesB—

The behaviors of Tyr and Trp residues at thé-32 4) and Ho’s communi.cation rputeﬁ,(?). In this case, the
interface are not synchronous @i, This is illustrated movement of the FeHis bond in thgx heme is substantial
in Figure 6 where the peak intensities in the deoxy-minus- t0 the quaternary structure transition. Anyway, the com-
CO difference spectra (Figures 4 and 5) of the Y9a bands Munication routes upon the CO binding to thandj hemes
of Tyr (denoted by Y) and the W16 bands of Trp (denoted are different from each other.
by W) are plotted against pH. The right and left panels  Relation between @erall Oxygen Affinity and Extent of
represent the results foNig™ andaFe8N, respectively, and T — R Quaternary Structural Change at the Half-Ligated
the closed and open letters represent the results obtained irState.Oxygen affinity of the Ni-Fe hybrid Hb has been
the presence and absence of IHP, respectively. The peaknvestigated by Shibayama et aB)(who noted that the
intensities increase generally at higher pH, meaning that theaffinity is sensitive to pH and IHP similar to the case of Hb
protein of the CO-bound form adopts a more R-like structure A. The UVRR spectra ofNi3% anda®e®ysNi at pH 6.7 in
at higher pH, but the detailed behaviors of Tyr and Trp bands the presence of IHP and at pH 8.7 in the absence of IHP are
are dissimilar foraN/™. In contrast, the behaviors of the analogous to those of deoxyHb A at pH 6.7 and pH 8.7,
Tyr and Trp bands fon®ysN' are somewhat alike. Even  respectively. In other words, their quaternary structures in
in this case, however, the spectral changes of Trp and Tyrthe absence of a ligand are alike and adopt the T structure
are not synchronous. regardless of pH and IHP. However, oxygen affinities under
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Ficure 6: The pH dependence of the peak intensities in the deoxy-minus-CO difference spectra shown in Figures 4 and 5 relative to the
corresponding peaks in the deoxyHb A-minus-COHb A difference spectra. The left and right panels show the resultgfeaifigure

4) andom$3Ni (Figure 5), respectively. “W” and “Y” denote the W16 band of Trp and the Y9a band of Tyr, respectively, and the filled and
open letters indicate the values obtained in the presence and absence of IHP, respectively.

the corresponding conditions are largely different. Here we higher with the W3 band than that with the W16 and W18
discuss a possible relation of the oxygen affinity with the bands at pH 6.7 and 7.2, but such differences disappear at
structural probe at the1l-42 interface. pH 8.7. Contrary to this, the UVRR spectroscopic T% values
Pso is used as the parameter representing the oxygenfor oM in the presence of IHP are lower with the W3
affinity, although it may not be correct in the case of band than those with the W16 and W18 bands at pH 6.7
adeoygNi - hecause of an asymmetrical feature in its oxygen and 8.1, while such a difference is absent at pH 7.4. One of
binding curve at higher pH. The UVRR spectroscopic T% the reasons for such discrepancy lies in the character of
is defined for each of Tyr and Trp residues as the ratio of sensitivity. For the W3 band a frequency is sensitive to the
peak intensities in the deoxy-minus-CO difference spectrum x** angle, but for W16 and W18 bands Raman intensity is
to that in the deoxyHb A-minus-COHb A difference spec- sensitive to hydrophobicity around the residue. Thus, the
trum at pH 6.7 in the absence of IHP. This reflects the inclusion of the contribution from Tipl4 and Tr$15 is
structural T-like character in the half-ligated state. The results different between the W3 and W16 (or W18) bands. The
for oMBFe and 0P8N are plotted against pH in the left and other reason is rather technical, that is, incorrect drawing of
right panels in Figure 7, respectively, where oxygen affinities a baseline. Considering these uncertainties, we can conclude
in the presence and absence of IHP at various pHs reportedhat the overall behaviors of both the W3 and W16 (or W18)
in ref 8 are designated by the filled and open markers, bands are qualitatively similar.
respectively, with the ordinate scale at the left side. The The plots in Figure 7 mean that the trend of Raman
UVRR spectroscopic T% estimated with the W3, W16, and markers in the absence of IHP appears to parallel that of
W18 bands of Trp are denoted by “3”, “16”, and “18” using open markers of oxygen affinity, suggesting that the T-like
the ordinate scale at the right side, and the filled and opencharacter of Trp37 in the half-liganded state is directly
letters mean the values obtained in the presence and absenaelated to the overall oxygen affinity. In the presence of IHP,
of IHP, respectively. The letters are located at the center of the oxygen affinity is generally lower and the T% values
individual error bars. from Raman spectra are higher than those in its absence,
One may argue that the behavior of the W3 band differs although the behaviors are complicated. The correlation
from those of the W16 and W18 bands and that the Ramanbetween the structural parameter (UVRR) and the oxygen
intensities do not correctly reflect the structure. In fact, the affinity seems to be better faxV{g™ than for 0¢8N, and
behaviors of the W16 and W18 bands are nearly the samelHP effects are clearer in the oxygen affinity than structural
but are slightly different from that of W3. The UVRR parameters. Note thatfis an average character Kf and
spectroscopic T% value faxNf7in the absence of IHP is K, but the Raman parameters represent the extent of



10018 Biochemistry, Vol. 41, No. 31, 2002

Nagatomo et al.

4. . .
NipFe FenNi
o - 04
3.
24
2 - 100 — 100
100
9
8
7
H 6 H
100 w2 54
w
o7 :{ 44 ;:{‘
3 = =
74 (@} % 34 'S
o o — S0 o, - 50
'e] et o] E
Q—‘ 54 % ('D
. S S
109—_
3 o]
7
64
2 —_ 7 16A8 [ o
N 1
34
24
10
94
8
7 1
T I I I I I I I T | I T I I
6.0 6.5 7.0 7.5 8.0 8.5 9.0 6.0 6.5 7.0 7.5 8.0 8.5 9.0
pH pH

Ficure 7: The relation between oxygen affinityggPand the Raman T-like nature of tryptophag, &f aNi"e (V) andaFesN (O) reported

(ref 8) are plotted with the ordinate scale of the left side. The percentage values of T-like nature in the half-liganded form are plotted with
the ordinate scale at the right side, in which the values obtained from the W3, W16, and W18 bands of Trp are represented simply with “3”,
“16”, and “18", respectively. The position of the marker denotes the center of individual error bars. The filled and open letters (or symbols)
indicate the values obtained in the presence and absence of IHP, respectively.

structural change at the half-liganded stage and thus areligand. Six coordination is more favorable than five coor-
related toKs. Similar plots for Tyr bands (not shown) were dination with CO, but it is opposite with NQ16—49). The
more complicated, but it is understood from the fact that Fe—His bond in thex subunit ofaN°49°Yis cleaved at lower

the behaviors of Tyr and Trp are not concerted.
Correlation between FeHis Bond and thex1-52 Inter-
face ContactsIn the previous RR study on NOHb, we

pH, but it recovers at higher pH where six coordination is
attained $0—55). This situation ofaN°B9o at higher pH
is apparently similar to that in®sN at pH 6.7 in the absence

proposed that although the movement of the proximal His of IHP in the sense that theheme adopts six coordination.

due to the out-of-plane displacement of Fe in theubunit

Nevertheless, imN°Bdeo at pH 8.8, both Tyr and Trp

is substantial to the quaternary structure change, it is not aresidues remain in the T structure, while a%sN" at pH

sole origin, and that the movement of the proximal His in
the S subunit also contributes to itl9). In the case of
oNOBdeoxy pinding of CO or NO to thg heme affects Tyr
and Trp residues. FarNig%®y, however, the change of Trp
occurs in a manner similar to thaté'©5%°9, but the change
of Tyr is much smaller. The two proteins are common with
regard to the fact that the Félis or Ni—His bond is cleaved
in the o subunit. Binding of CO to the. heme inodeyBNi
affects Tyr and Trp residues, but binding of NO to the
heme ina®e®y3eoy (deoxyHb A) affects neither Tyr nor Trp
residues. Their behaviors in the Nre hybrid Hb are
different from those in NOHb regarding the difference in
the R-like shifts of Tyr betweenN°39%%Y and a.®94N and
also that between NOHba{9sN%) and oNACC. These
differences are discussed below.

It is well-known that the physicochemical effects of ligand

6.7 in the absence of IHP, Tyr is of R type and Trp is of
half R-type. We attribute this to the difference in the metal-
His bonding (9). The metal-His distance in the four-
coordinatedo subunit of aNi3°° is sufficiently long (320
pm) (16). Table 1 summarizes the Fégand and Fe-His
bond lengths and the FeCt distances determined by X-ray
crystallographic analysi$6—65). The Fe-His distance in
the o subunit is 216 pm or longer for the T state, whereas it
is shorter (194 pm) for the R state, meaning that the Fe atom
draws the proximal His toward the heme less in the T than
R state.

Figure 8 schematically illustrates an empirical relation
between the positions of the proximal His in thesubunit
and the quaternary structures of the tetramer. The X-ray
crystallographic analysis determined that the-Fés dis-
tances of oxyT and oxyR Hbs are ca. 218 (60, Figure 8D)

binding are significantly different between CO and NO as a and 194 pm (65, Figure 8E), respectively. The former is close
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Table 1: Structural Parameters of the Heme Proximity for NO-Bound Heme Proteins and Related Model Compounds Determined by X-ray

Crystallographic Analysis

Fe-NO(O,)? Fe—His? Fe- - -Cg¢d
o p o B o B ref
5-coordinate Fe(TPP)(NO) 171.7 —-21.1¢ 56
Fe(OEP)(NO) 172.2 —29 57
Fe(TpivP)(NO) 172 —26.C 58
deoxyHbA 216 209 40 36° 59
6-coordinate Tg-oxy)Hb 180 200 o, 218 217 18 43 60
oy 232
Fe(TPP)(NO)(N-Melm) 174.3 218 7 61
SNO-NOHb 174 175 228 228 62
NOLb 172 220 2 63
NOMb(SW) 189 218 0 64
OxyHbA 166 187 194 207 -1z 11¢ 65

aFe—N(NO) or Fe-0(Q,) distance in pm unit® Fe—N(histidine) distance in pm unit.Ct is a center of porphyrin in the plane of four pyrrole
nitrogen atoms. The out-of-plane displacement of Fe is represented in pm-thit the direction toward distal histidind.Same as footnote ¢

except that Ct is a center of mean plane of porphyrin.

/ (A) \ (B) (©
26pmf X d=2(8~ N
ik — Fé s Fel is I Fe'
L2 \
O O
40-50 pm o o - w;y
NOpdeoxy NOpdeoxy
o feeoxy [ A
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LS
~10 pm

OxyHb (R)

Ficure 8: Schematic illustration of the position of the proximal
histidine in thea subunit for various forms. The FeHis distance

is transferred from each X-ray crystallographic analysis quoted. (A)
deoxyHb A (ref59), (B) aNOBdeoxy at pH 5.6,4-IHP, (C) aNOdeoxy

at pH 8.8 in the absence of IHP, (Byoxy form in the T structure
Hb (ref 60), and (E) oxyHb A in the normal R structure (r&5).

to that in deoxyHb A (59, Figure 8A). Scheidt and co-
workers 67, 58, 61) noted that the FeNO distance is hardly
different between the five- and six-coordinated ferrous NO

are alike, that is, the FeHis bond is cleaved in the subunit
for both a9y at pH 6.7 in the absence of IHP and
aNOBdeoy at pH 5.5 in the presence of IHB,(46—49, 53—
55). The clearly different point betweenN°s9%>y and
aNipdeowy is whether a ligand (NO) is present or absent in
the heme pocket of the subunit. It is well-known that the
heme-bound NO forms a hydrogen bond with 58 of the
E-helix (66). Tomita et al. §7) also confirmed it with mutant
NOMbs by observing theno frequency, which is sensitive
to the hydrogen bonding from the protein moiety to NO.
This suggests the existence of a hydrogen bonding network
from Fe—NO:---Hisa58 to the subunit interface, and a similar
network will be present in the £bound form of Hb A. There

is no such a network between tbeheme and ther1-52
subunit interface N30,

In a previous study, we assumed the communication route
of quaternary structure change from theeme to the subunit
interface as followsX9): (1) His592 (F8)— Val598 (FG5)

— Aspp99 (G1)— Tyrad2 (C7)— Argp40 (C6)— Arga92
(FG4)— Vala93 (FG5)— Tyra140 (HC2)— Trps37 (C3),
and (2) Hig92 (F8)— Valp98 (FG5)— Tyrs145 (HC2).
Roughly speaking, these are the reversed course of the
communication route from thet heme to thef heme

porphyrins (172 and 174 pm, respectively). Since the local Proposed by Ho®). These routes assumed that 7¥45 and

structure around tha-heme of horse Hb6Q) is similar to
that of Fe(TPP)(NO)(N-Melm)§g1), the Fe-His distance

in the six-coordinated Hb would be close to the—HH-
Melm) distance (218 pm) of Fe(TPP)(NO)(N-Melm), which
is depicted in Figure 8C. This distance is similar to that of
the oxyT Hb structure (Figure 8D) rather than that of oxyR
Hb (Figure 8E). It means that the proximal His is located at

Tyra42 would be more sensitively influenced by ligand
binding than Trp37, and that therefore the ligand binding
to the 8 heme promotes the change of Tyr toward R-like.
However, the result oaMBC° at pH 6.7 in the absence of
IHP means that Tyr residues remain in the T structure after
binding of a ligand to thgg heme (Figure 4C). Therefore,
although the behavior of Trp upon ligand binding to the

the position of T quaternary structure. Therefore, even if the f-heme is almost the same betwad?SN° ando™4°C, that
Fe—His distance becomes further longer due to the out-of- of Tyr is different. In this regard, we supplement our previous
plane movement of Fe toward the opposite direction as conclusion on NOHb by noting that the Tyr routes mentioned

illustrated in Figure 8B, the position of proximal His would

remain unaltered (stay at the position of T).
Communication Route of Ligand Binding between dhe

and g SubunitsThe aforementioned second problem is the

above are contributing but its relative importance may depend
on the existence of the ligangbrotein hydrogen bonding
network such as the FeNO---Hisa58.

In conclusion, UVRR spectroscopic studies on the-Ni

difference in the spectral changes of Tyr bands betweenFe hybrid Hb demonstrated the differences in structural

NOHb @N°sNC) and aNBCC. The change of Tyr bands
toward R-like was not observed fai3°° at neutral pH,
while it was almost fully changed to R-like iN°sN® even
at lower pH (pH 5.5) in the presence of IHR9Y. Their
structural features before the ligand binding to fheeme

changes at thex1-32 subunit interface between ligand
binding to theat andS hemes. Ligation to the heme affects
both Tyr and Trp residues, but ligation to thdeme affects
only Trp residues. The differences in behaviors between Trp
and Tyr residues as well as between thand subunits
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are stressed. Comparison of the resultsodifc© with the 32
results from our previous study omN°4c° and aNOBNO
suggests that the structure of interface Tyr residues is related 33
to a structure of distal His (Hi58) in thea subunit, which
depends on the presence or absence of a hydrogen bond
network between the bound ligand and the distal His. In
oNIBCO, the T to R change of Trp residues proceeds smoothly
as pH is raised but that of Tyr does not.dfR°sN, on the
other hand, the T to R changes of Trp and Tyr residues take
place to a similar extent as the pH is raised. IHP retards the
T to R change of Tyr, particularly at lower pH. Finally, it is
noted thatoN)5°° and a®94N at pH 6.7 in the presence of
IHP stay in the complete T quaternary structure, indicating
its unusual stability of the T structure.

41.
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