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The tertiary and quaternary structure of HbS has been investigated using UV resonance Raman (UVRR) and
fluorescence spectroscopic methods. This well-characterized Hb mega@t(— Val), which forms polymers

under deoxygenating conditions, was studied in the tetrameric form as the fluoromet derivative and compared
with HbA under the same conditions. The excitation wavelengths employed in this study preferentially probe
the Tyr and Trp residues in the protein. Comparison of UVRR and fluorescence difference spectra generated

between the T and R states of FmetHbA and FmetHbS are indicative thatghéntersubunit contacts,
monitored through thg37 Trp and thex42 Tyr residues, are essentially the same for the two hemoglobins.
(The abbreviations used are the following: Hb, hemoglobin; FmetHbA, FmetHbS, the fluoromet derivatives
of hemoglobin A and hemoglobin S; UVRR, ultraviolet resonance Raman, IHP, inositol hexaphosphate.)
The tertiary conformation of FmetHbS, however, is perturbed relative to that of FmetHbA in both the T and
R quaternary states, as shown by an overall increase in the intensity of the Trp modes in the UVRR spectra
and a decrease in the fluorescence intensity. These spectral differences are attributgd Somifperesidue,
because of the mutation at ti# position. The combined spectroscopic studies provide evidence for an
altered tertiary structure in HbS where the A-helix is displaced toward the E-helix as monitored by the strength
of the §15 Trp--572 Ser H-bond.

Introduction protein® However, in the crystal, the molecules pack as two
i . . ) .. strands of HbS molecules that are stabilized by both axial and

In sickle cell hemoglobin (HbS) a single residue mutation in - |5teral contacts, which may influence the tertiary structure of
the /3 subunits 6 Glu — Val) drives the polymerization of 4, individual tetramer. By the probing of the structure of
individual tetramers into long fibers. This polymerization nassociated HbA and HbS tetramers, our spectroscopic studies
process has been studied extensively using a variety of methodgyggress the influence of these axial and lateral contacts on the
including electron microscopyX-ray crystallographyand light tertiary structure and directly show that the tertiary structure of
scattering; however the mechanism of fiber formation is not  j,qjyidual HbS tetramers is perturbed in both quaternary states.
fully understood. In this study, the structure of HbS is compared to that of

An initial step toward understanding the polymerization HbA using a combination of UV resonance Raman (UVRR)
process is the study of HbA and HbS tetramers. Early optical and fluorescence spectroscopic techniques. Previous studies
experiments on HbS have yielded contradictory results; absorp-uysing UVRR spectroscopy have shown that it is sensitive to
tion and rotary dispersion experimehtdid not detect any  changes in both the quatern@ri? and tertiary structufé13of
structural differences between HbA and HbS, while subsequentthe molecule as it undergoes the allosteric transition. To
circular dichroism (CD) measurements only detected differences complement our Raman studies, we have also used fluorescence
in the carbon monoxide forms. By inference, these differences spectroscopy to probe the Trp residues. This technique has been
in the CD spectra were attributed to the tertiary structure of the ysed successfully to characterize the-RT transitior}* and,

B chains in HbS, yet direct evidence was lacking.ater more recently, has detected tertiary structural differences
experiments, such as the measurement of tevalues of between HbC §E6K) and HbAS
surface histidyl residues by NMR spectroscémiso alluded In our laboratory, we have employed the fluoromet derivative

to a structural perturbation in the amino termini of HBS  of HbS as a functional analogue of HbS. FmetHbS forms fibers
subunits. More recently, genetically engineered mutants haveypon addition of allosteric effector, and the kinetics of fiber
indicated that A-helix configuration can regulate the polymer- formation as well as the overall morphology of the fibers are
ization proces$. Thus, many experimental approaches have comparable to those of deoxy HbS (Yohe, M. E.; Sheffield,
implied that the structure of HbS is perturbed and that this K.; Mukerji, I. Manuscript in preparation). The comparison
perturbation is directly related to its polymerization properties, of FmetHbA and FmetHbS tetramers reveals that the quaternary
but the structural details remain undefined. Some Clarlty has structure with respect to thElﬂZ interface is very similar. The
been afforded by the most recent X-ray crystal structure tertiary conformation, however, differs markedly as shown by
determination of HbS in which it was found that the A-helix in an increase in intensity of Trp modes in the HbS UVRR Spectra
HbS donorf subunits is displaced toward the interior of the and a dramatic decrease in HbS Trp fluorescence intensity.
These differences are seen in both quaternary states and are
* Author to whom correspondence should be addressed. attributed to theg15 Trp residue, which reflects the position of
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the A-helix1113 Thus, the conformational differences detected
between HbA and HbS result from a displacement of the A-helix P =230
toward the center of the protein in HbS tetramers, which leads
to a change in the tertiary structure of thesubunits.

1012 W16

Materials and Methods

Sample Preparation. The HbA was prepared from fresh
human blood following standard procedutés2,3-Diphospho-
glycerate was removed from HbS and HbA by standard
methodsl” HbS was isolated from the blood of homozygous
(SS) individuals and was further purified on a DE-52 (Whatman)
chromatography column from which it elutes at approximately
pH 8.118 Purification of the HbS samples was verified by
nondenaturing gel electrophoredis.Both types of Hb were
converted to the fluoromet form following the same procedures.
Initially, Hb was converted to the met form by reaction with BS a
potassium ferricyanide. Upon removal of the resultant ferro- Tstate
cyanide and excess ferricyanide, the Hb was converted to the
fluoride derivative by addition of sodium fluoridé. For UVRR
experiments, the sample concentration was 0.25 mM in a 0.5
M NaF, 25 mM sodium phosphate buffer of pH 6.5. Fluoride Rstate b
ion concentration was maintained at a 500-fold molar excess/
heme to ensure that other metHb species such as acid metHhb
or aquometHb would not be present. The T state was obtained (FRs 3 ¢
with the addition of a 20-fold molar excess of inositol
hexaphosphate (IHP)/tetramer. Formation of the T state was
verified by UV—vis absorption spectroscopy. In all UVRR (FRAX3 d
hemoglobin samples, 0.2 M NaCJ@vas added as an internal
intensity and frequency standard.

UV Resonance Raman SpectroscopyA Nd:YLF pumped T
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Ti:sapphire laser system (Quantronix, New York) was used to 80 1000 1200 1400 1600
generate the excitation wavelengths. Excitation frequencies of —( _1)
220 and 230 nm were generated by frequency quadrupling the - Avlan

fundamental output of the Ti:sapphire laser with two barium Figure 1. Comparison of FmetHbA and FmetHbS using 230 nm
borate (BBO) crystals. The laser was operated at a repetitionexcitation. UVRR spectra of (a) FmetHbS IHP, (b) FmetHbS, (c)
rate of 1.5 kHz at an average power of 1.3 mW. Spectra were [(FmetHbS + [HP)-FmetHbS], and (d) [(FmetHbA+ IHP)-
recorded using a 1.25 m monochromator (SPEX 1250M, FmetHbA]. leference spectra are multlpll_ed byacale f_actor of 3.
Instruments, SA, Metuchen, NJ) equipped with a 3600 groove/ Hb concentrations were 0.25 mM/tetramer in 25 mM sodium phosphate

o ! ! q Pp g buffer, pH 6.5. A 20-fold molar excess of IHP/tetramer was added to
mm grating. A 10 cm? spectral slit width was used for both  inguce formation of the T state.

excitation wavelengths. Data were recorded with a SPEX

Spectrum-1 liquid nitrogen cooled CCD detection system with 6 5 with 0.5 M sodium fluoride. Sample concentrations were

an UV-enhanced 1024 256 pixel chip (Instruments, SA,  yerified by absorption measurements at 280 ar, 28 mM*
Metuchen, NJ). Data were calibrated with acetone and ethanolcpy,-1 19

and are accurate t&rl cnml. Samples were contained in a
quartz EPR tube and were spun continuously. Samples were
cooled continuously with plgas that had passed through a dry-
ice/2-propanol bath. Acquisition time wa. h for an individual UV Resonance Raman Spectroscopy230 nm Excitation.
spectrum, and the spectra show results from the addition of four UVRR spectra obtained with an excitation wavelength of 230
individual spectra. Data were normalized to unity atthe IO nm are shown in Figure 1. This excitation wavelength mainly
band at 934 cm', and all difference spectra were generated enhances the vibrational modes of the Trp and Tyr residues.
using a factor of 1. Data manipulation and analysis were done The vibrational modes have been previously assigned, and we
using the programs Labcalc and Grams/32 (Galactic Industries,use the numbering convention of Harada and Taketfcim,
NH). which the letter of the mode indicates the residue type from
Fluorescence SpectroscopyThe fluorescence emission of  which it originates. The difference spectra of HbS and HbA
FmetHbS and FmetHbA was obtained using a Jobin Yvon Spexare strikingly similar (Figure 1 parts ¢ and d) and closely
Fluoromax-2 instrument (Instruments, SA, Metuchen, NJ). All resemble UVRR difference spectra previously reported for
spectra were obtained using a front-face accessory. The slitHbA? and FmetHbALL12.21 The main features are the Y8b and
widths for both excitation and emission were 0.7 mm, giving a Y8a modes at 1584 and 1603 chrespectively, which have
band-pass of 3 nm. Samples were maintained at a temperaturéeen previously assigned to thd2 Tyr1® This residue forms
of 5 °C with a thermostated cell holder for all spectra. The a H-bond across the; (5, interface with599 Asp in the T state,
concentration of hemoglobin solutions was 0.155 mM/tetramer. giving rise to the features observed in the difference spectrum.
At this concentration and temperature, tetramer dissociation is Other prominent bands include the Trp W16 and W3 modes at
relatively suppressed and the percentage of dimers is minimal.1010 and 1550 cni, respectively. In earlier studies using the
All samples were in a 25 mM sodium phosphate buffer, pH mutant Hb Rothschild (\W37R), the shoulder at 1550 chwas

Results
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Figure 2. Comparison of FmetHbA and FmetHbS using 220 nm  Figure 3. Comparison of the T and R states of FmetHbS and
excitation. UVRR spectra of (a) FmetHbS IHP, (b) FmetHbS, (c) FmetHbA: (a) FmetHbSFmetHbA in the T state; (b) FmetHbS

[(FmetHbS + IHP)—FmetHbS], and (d) [(FmetHbAt IHP)— FmetHbA in the R state; (c) double difference spectrum generated from
FmetHbA]. Difference spectra are multiplied byyscale factor of 2. the T—R difference spectra of FmetHbS and FmetHbA. For all spectra
Experimental conditions are the same as those in in Figure 1. shown, the excitation wavelength was 230 nm.

assigned to th837 Trp1® The presence of the 1550 chband previously observed are remarkably simita#22* These nega-
in the difference spectrum confirms that FmetHbS forms the tive features result because the aromatic residues experience a
094 Asp—[37 Trp H-bond upon addition of IHP. A peak at more hydrophobic environment and form stronger H-bonds in
1558 cnrlis also observed, which is not seen in unmodified the T state, which leads to a red-shift in the excitation prdfile.
HbA. This Trp band results from stronger H-bonding at the The 220 nm excited spectra confirm the results obtained with
interior (14/515) Trp residues and arises from the presence of 230 nm excitation, namely thatdR UVRR difference spectra
the fluoride ligands in the T staté. The strong similarities of FmetHbS and FmetHbA are directly comparable in both the
between the UVRR ¥R difference spectra of FmetHbS and frequency and intensity of spectral bands. Small differences
FmetHbA (Figure 1 parts ¢ and d) demonstrate that FmetHbS that are observed result from differences in signal-to-noise. This
forms the intersubunit contacts characteristic of the T state uponstrong similarity is indicative that the overall quaternary
addition of IHP. Furthermore, the overall R- and T-state conformations for both hemoglobins are the same.
conformations of FmetHbS strongly resemble those of FmetHbA  Comparison of the T and R Statek Figure 3 the T and R
to the extent that the tertiary structural perturbation observed states of FmetHbA and FmetHbS are compared using UVRR
in the FmetHbA difference spectrum, the peak at 1558%¢m  difference spectroscopy. In the 230 nm excited difference
is also observed in the FmetHbS difference spectrum. spectra, —Ta (Figure 3a) and B-Ra (Figure 3b), an increase
220 nm Excitation. Figure 2 depicts UVRR spectra of in intensity of all Trp modes is observed in both difference
FmetHbS in the T and R states (Figure 2 parts a and b) obtainedspectra. In the 220 nm excited spectra (data not shown) these
with an excitation wavelength of 220 nm. The observed same Trp modes are observed to decrease in intensity. From
vibrational modes arise from the Phe, Tyr, and Trp residues in these observations, it is inferred that the HbS Trp residues
the protein. This excitation wavelength selectively enhances experience stronger H-bonding and a more hydrophobic envi-
Phe residues relative to the Tyr and Trp residi#£2 The ronment relative to HbA Trp residues. This results in a decrease
most dominant bands in the spectrum at 1603, 1584, and 1004in Raman intensity with 220 nm excitation but an intensity
cmt arise predominately from Phe residues with some con- increase with 230 nm excitation. The frequency and intensity
tributions from Tyr and Trp residues. The—R difference of the W7 mode, which are diagnostic of Trp environment, also
spectra (Figure 2 parts ¢ and d) reported for HbS and HbA in reflect the increase in hydrophobicy. The observed intensity
which all of the spectral features are negative, as has beenat 1358 cm! and the absence of a peak at 1340 ¢rim the
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Figure 4. Comparison of the fluorescence intensities of FmetHbA in the-Ydnd R state (- - -) with that of FmetHbS in the F)and R state

(- - -). Excitation wavelength is 280 nm (left) and 296 nm (right). The inset shows the percent changes in relative peak area upon conversion from
the R to the T state relative to the R state in FmetHbA and FmetHbS. The hemoglobin solutions were 0.155 mM/tetramer in 25 mM sodium
phosphate buffer, pH 6.5. T state formation was induced with the addition of a 20-fold molar excess of IHP/tetramer.

difference spectra are strongly indicative that the Trp environ- 40
ment in FmetHbS is more hydrophobic than in FmetHbA. Exc. =280 nm

The relative difference in thg?! angle of then14, 515, and
37 Trp residues leads to heterogeneity in the W3 mode such
that the /37 W3 mode occurs at 1550 ci'®?5 In the 20
difference spectra (Figure 3 parts a and b) the W3 mode is ]
observed at 1558 cm and therefore can be attributed to the
interior Trp residueso14 andf15), which are not distinguish-
able by UVRR. We suggest that the intensity increase of the
Trp modes in the 230 nm excited difference spectra results from
the relative motion of the A-helix toward the interior of the
protein. This leads to stronger H-bonds between the interior
Trp residues and their partners on the E-het6{ Thrj372
Ser, respectively) and a more hydrophobic environment.

In Figure 3c, the quaternary difference spectraRls and
(T—R)a generated with 230 nm excitation are compared. The
resultant difference spectrum is relatively featureless, which is
suggestive that the conformational changes induced by the
allosteric transition are the same for FmetHbS and FmetHbA.
A featureless difference spectrum is also observed if the 220
nm excited difference spectra are compared (data not shown).
This implies that the change in the Trp environment detected
for FmetHbS occurs to approximately the same magnitude
within each quaternary state, as shown by the similarity of the T T ]
Ts—Ta (Figure 3a) and B-Ra (Figure 3b) difference spectra, 300 325 350 375 400
and that this perturbation does not affect the allosteric transition.

Fluorescence SpectroscopyThe fluorescence emission of
FmetHbA and FmetHbS was monitored with and without IHP Figure 5. Comparison of the fluorescence intensities of FmetHbA and
using the excitation wavelengths 280 nm (Figure 4, left) and FmetHbS in the R state. 280 nm excited fluorescence spectra of (a)
296 nm (Figure 4, right). Excitation at 280 nm reflects " MetHbA and (c) FmetHbS and (b) the FmetHbA FmetHbS

L . difference spectrum. The inset shows the percent change in the
contributions from both Tyr and Trp residues, whereas 296 M fqregcence peak area of FmetHbS relative to FmetHbA for both the

excitation is used to distinguish the contribution of the Trp T and R states. The results from 280 nm (black) and 296 (grey) nm
residues alone without any fluorescence energy transfer from excited spectra are compared in the inset. Experimental conditions are
the Tyr residues. We employ 280 nm excitation because the the same as those in Figure 4.

signal is 3 times more intense and small changes in fluorescence

intensity can be more reliably determined. At both excitation exhibits a 68.6% decrease in fluorescence intensity relative to
wavelengths, the fluorescence intensity of FmetHbS is substan-FmetHbA in the R state and a 66.4% decrease in fluorescence
tially diminished relative to that of FmetHbA in the T and the intensity for the T state (Figure 5). The two types of Hb were

R states (Figure 4). When 280 nm excitation is used, FmetHbS maintained at the same concentration, and the absorbance at

Tg-Ta/Ta Rg-Ra/Ra

Fluorescence Peak Area /10°

Wavelength (nm)
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TABLE 1: Change in Fluorescence Peak Area between H-bonds between the37 Trp--094 Asp ancdx42 Tyr---399Asp
FmetHbA and FmetHbS in the T and R States residues?® The similarities of the difference spectra imply that
280 nm excitatioh 296 nm excitatioh the same quaternary contacts are being formed in FmetHbA

peak areas A (peak area) A (peak area) and FmetHbS. Moreover, the absence of any spectral features
Ta—RA/RAC 0.042- 0.009 0.071 0.024 in the difference spectrum generated between the FmetHbA
Ts—Rs/Rs? 0.1024+ 0.013 0.185+ 0.024 T—R and FmetHbS FR difference spectra is suggestive that
Rs—Ra/Ra —0.686=+ 0.007 —0.661+0.004 the strength of the intersubunit hydrogen bonds is approximately
Ts~TalTa —0.664+ 0.004 —0.625+0.012 the same for both hemoglobins.
#Integration of peak areas was performed from 3800 nm. The change in fluorescence intensity between the T and R

® Integration of peak areas was performed from-3400 nm.c Ty = states for FmetHbS and FmetHDbA is approximately the same

FmetHbA with IHP; R = FmetHDbA.? Ts = FmetHbS with IHP; R

— EmetHbs. and is consistent with UVRR spectral observations. The

majority of the fluorescence observed in Hb has been previously

280 nm was the same; therefore, the observed intensity chang@SSig”ed to t.h$37.Trp residué*® and the difference in
results from differences in the proteins themselves and not from fluorescence intensity between the T and R states has been
any differences in protein concentration or absorbance. Similar attributed to changes occurring at that residue. The lack of any
decreases in fluorescence intensity are observed with 296 nmsignificant differences in the comparison of HbA and HbSR'
excitation, 66.1% for the R state and 62.5% for the T state (data fluorescence and UVRR spectra is indicative that the quaternary
not shown). The differences in fluorescence intensity are Structural contacts at the,f; interface are the same. This
comparable at the two excitation wavelengths, indicating that finding is consistent with the X-ray crystal structure determina-
the differences arise from the Trp residues themselves and nottions of HbS3#27which found no large conformational differ-
from any changes in the Tyr Trp energy transfer pathway. — €nce between HbS gnd HbA. Itis also in good agreement with
The change in fluorescence intensity upon conversion from Previous NMR studies that found they5; and a8z subunit
the R to the T state was also examined. For both FmetHbA interfaces to be the same in HbA and HbS, as inferred from the
and FmetHbS, the T-state emission is more intense relative tochemical shifts of surface-exposed His residtfesThus, the
that of the R state. When 280 nm excitation is used, FmetHbA quaternary structures of HbS and HbA, as investigated by UVRR
with IHP (T state) exhibits a 4.2% increase in intensity relative and fluorescence spectroscopy, are largely similar, and the
to FmetHbA without IHP (R state) and for FmetHbS an increase Similarities in quaternary structure are retained in the fluoromet
of 10.2% is observed in the T state (Figure 4). When Trp derivative.
residues are selectively excited, the fluorescence intensity in  Tertiary Structural Changes of FmetHbS and FmetHbA.
the T state is increased by 7.1% in FmetHbA, while for The tertiary structures of FmetHbS and FmetHbA were exam-
FmetHbS the fluorescence intensity is increased by 18.5% ined by comparing the UVRR and fluorescence T- and R-state
(Figure 4). The increase in fluorescence intensity is primarily spectra. The main features observed in the Ty and R—
attributed to the337 Trp residué*?®which forms an H-bond  Ra difference spectra (Figure 3) result from the Trp residues
across theayf5; interface in the T state. At both excitation (al14, 315, and$37) in the protein and can be assigned to the
wavelengths, the increase in intensity upon forming the T state Trp a.14 andf$15 residues because of the frequency of the W3
is greater for FmetHbS than for FmetHbA. However, these mode. In the UVRR difference spectrasdTa or Rs—Ra),
T—R differences are small~10%) relative to the dramatic  the W3 mode occurs at 1558 ctnwith no shoulder at 1550
difference in fluorescence intensity observed when the samecm™, indicating that the origin of the Raman signal is the Trp
quaternary state of HbA and HbS are comparef5%) (Table 14 and315 residues, which are not distinguishable by Raman
1). Thus, the fluorescence data are in good agreement withspectroscopy. These residues stabilize the tertiary structure of
UV Raman data in which large differences are observed betweenthe individual subunits by forming H-bonds with the Th67
the tertiary structures of HbS and HbA but not between the and Ser372 residues located in the E-helix. The increase in
quaternary structures. intensity of Trp modes in FmetHbS is consistent with an
Trp fluorescence intensity in different hemoglobins is known alteration of tertiary structure within both quaternary states and
to be sensitive to ligation state and to the presence of anyis attributed to stronger H-bonding in HbS, possibly resulting
mutationst41526 In previous fluorescence studies, it was from closer proximity of the A- and E-helices. We suggest
observed that deoxy HbA exhibits a 22% increase in fluores- that Trp 815 is responsible for this difference because of its
cence intensity relative to oxy HbA; however, metHbA with |ocation in the same helix as tif#6 (Glu — Val) mutation.
IHP exhibited a 5% decrease in fluorescence intensity relative A |arge decrease in fluorescence intensity is observed in HbS
to metHbA without IHP'* The current study indicates thatthe = 1. anq R-state spectra relative to those of HbA (see Table 1).
fluorescence behavior of the FmetHb derivatives resembles thatrne gramatic change in fluorescence intensity observed could
of deoxyHb more than that of metHb and further verifies that egyit from altered Tyr~ Trp and Trp— heme energy-transfer
FmetHbS represents a good functional analogue of HbS.  pathways. The fact that approximately the same change in
fluorescence intensity is observed with both the 280 and 296
nm excitation wavelength demonstrates that the difference arises
Quaternary Structural Changes of FmetHbS and from only the Trp residues. The source of the decreased
FmetHbA. Excitation wavelengths of 230 and 220 nm have fluorescence intensity could be altered energy-transfer pathways
been used to probe the quaternary structural changes ofbetween Trp residues and the heme; however, the similarity of
FmetHbA and FmetHbS using UVRR spectroscopy. Th&RT the heme environments of HbA and HbS as determined by X-ray
difference spectra of FmetHbA and FmetHbS exhibit spectral crystallography argues against this interpretation/e cannot
features characteristic of the R to T transifioH and are rule out the possibility that the presence of the fluoride ligand
strikingly similar to previously reported TR UVRR spectra could perturb the local heme environment to a greater extent in
of FmetHbA120 The observed difference features were HbS relative to HbA. Nevertheless, the decrease in fluorescence
previously assigned to the formation of important intersubunit intensity, in conjunction with the UVRR results, is strongly

Discussion
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indicative that the spectral differences arise in part from a changedetermining the ability of an HB6 mutant protein to aggregate
in environment and H-bonding of Trp residues. The frequency into higher order structures. These results argue that not just
of the W3 mode in the T and RR—Ra UVRR difference the mutation but also the local structure of fhsubunits and
spectra further allows these differences to be unambiguously particularly the A-helix is important for the polymerization
assigned to theil4 andpB15 Trp residues and by inference to  process. Future experiments will focus on a study of the A-helix
the 515 residue. position in HbS fibers.

This residue assignment is well supported by the most recent
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