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The structure of sickle cell hemoglobin (Hb S) (â6 Glu f Val) fibers was probed using UV resonance Raman
(UVRR) spectroscopy. For these studies a functional analogue of Hb S, fluoromet Hb S, was used to study
structural changes that accompany fiber formation. The amide backbone and aromatic residues of Hb S were
selectively investigated using excitation wavelengths of 210, 215, and 230 nm. In the 210 and 215 nm excited
fiber spectra, the intensity of all Phe bands increases dramatically. At the excitation wavelengths used, the
Phe signal intensity reflects the local environment and increases linearly with increasing ethylene glycol
concentration. Thus, UVRR fiber spectra are suggestive of an increase in hydrophobicity of the Phe local
environment, which results from the formation of lateral and axial fiber contacts that are primarily nonpolar
and hydrophobic in nature. The observed UVRR signal is assigned to theâ185 Phe residue, which, together
with theâ188 Leu residue, forms a hydrophobic lateral contact with the mutatedâ26 residue. In addition, 230
nm difference spectra are suggestive that H-bonds stabilizing theR1â2 interface are stronger in fibers than in
unassociated T-state tetramers. The W3 mode in fiber difference spectra occurs at 1550 and 1565 cm-1,
indicative of an increase in Trp spectral heterogeneity. The+6 cm-1 upshift of the W3 mode is attributed to
increased hydrophobicity of Trp local environment and is assigned to theâ215 Trp residue. Other structural
changes include an increase in disorder upon fiber formation, as shown by the frequencies of protein backbone
amide vibrational modes. UVRR spectroscopic results are consistent with the structural details of the Hb S
double strand observed crystallographically and provide new information regarding local environment and
strength of H-bond interactions.

Introduction

In sickle cell hemoglobin, a single-residue mutation in theâ
subunits (â6 Glu f Val) drives the association of individual
tetramers into long fibers. During fiber formation, theâ6 Val
residue interacts with a hydrophobic pocket formed by theâ85
Phe andâ88 Leu residues on a different tetramer. This “donor-
acceptor” interaction, in whichâ6 Val is donated to the EF
acceptor pocket, requires the deoxy or T-allosteric state, as
exposure of the acceptor pocket only occurs in this state1-3

(Figure 1). Hb S fiber structure has been studied using electron
microscopy,4-6 X-ray crystallography,1,2,7and light scattering.8,9

X-ray crystallography has revealed that the basic architecture
of the fibers is the assembly of hemoglobin molecules into
double strands. These strands are stabilized by intermolecular
axial and lateral contacts, particularly lateral contacts involving
the mutatedâ6 Val residue.7,10 Although structural differences
exist between crystalline fibers and Hb S gels, the structure of
Hb S fibers is generally thought to be the Wishner-Love double
strand observed in the crystal with a slight helical twist.
Intermolecular contacts predicted from the crystal structure have
been verified in copolymerization studies of Hb S mutants11,12

and demonstrate the relevance of the double-strand model.
In this study, we have compared the structure of sickle cell

fibers to HbS tetramers using UV resonance Raman (UVRR)
spectroscopy. Previous studies have shown that UVRR spec-

troscopy is sensitive to changes in both quaternary13-16 and
tertiary structure17-19 of hemoglobin as it undergoes the
allosteric transition. In particular, spectral features characteristic
of the R to T transition have been identified and attributed to
the formation of stabilizing H-bonds across theR1â2 and the
symmetry relatedR2â1 interface in the T-state13 (Figure 2).
Previous UVRR and fluorescence spectroscopic experiments of
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Figure 1. Schematic diagram of the2â2 donor-1â1 acceptor interaction.
The residues that form the donor-acceptor interaction,2â26 Val,
1â188 Leu, and1â185 Phe, are shown in dark blue. Heme groups with
coordinating â92 His residues are shown in dark red. Theâ15
Trp‚‚‚â72 Ser H-bond is shown in pink. The diagram was made using
WebLab ViewerLite and the coordinates from the deoxy Hb S X-ray
crystal structure (2HBS.PDB).
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Hb S tetramers demonstrated that the tertiary structure of Hb S
differs from that of Hb A. These studies showed that the interior
symmetry-related Trp residues,R14 andâ15, form stronger
H-bonds with their respective partners on the E-helices, indica-
tive of a displacement of the A-helix.20,21 This finding is
consistent with the most recent X-ray crystal structure of
deoxyhemoglobin S, in which the A-helix of only the donorâ
subunits (â1 are mutant valine acceptor subunits andâ2 are
mutant valine donor subunits) was observed to be displaced
toward the protein interior.7

These studies employ the fluoromet derivative of Hb S
(FmetHb S), which adopts the T-quaternary state in the presence
of the allosteric effector, inositol hexaphosphate (IHP).17,20,22

Electron microscopy and turbidity measurements have demon-
strated that this derivative forms fibers similar to those of deoxy
Hb S.23 Polymerization of Hb S depends on many factors,
including protein concentration and ionic strength of the
solution. Unassociated T-state tetramers are studied at the same
protein concentration as FmetHb S fibers, through modulation
of solution ionic strength. Thus, in this study we compare the
protein in three distinct states: the R-quaternary state, the
T-quaternary state, and the polymerized state (F-state).

Polymerization studies using engineered Hb S mutants, in
which â85 Phe andâ88 Leu have been mutated to Glu and
Ala, have shown that hydrophobicity and steric constraints of
the donor-acceptor interaction are important factors in the
polymerization process24-28 (Figure 1). In the current investiga-
tion the relative hydrophobicity of the acceptor pocket is directly
monitored through theâ85 Phe residue. It has been previously
demonstrated29 and further investigated by us (present work)
that the intensity of the Phe signal is sensitive to the local
environment, in which Phe signal intensity scales with hydro-
phobicity. We have employed this sensitivity of the UVRR
signal to the local environment to probe the2â2 donor-1â1

acceptor interaction. In these studies, which compare the UVRR
signal from fibers with that of unassociated tetramers in both
allosteric states, an increase in signal intensity is observed for
all Phe Raman bands in fibers relative to the tetramers. Thus,
these studies directly show the increased hydrophobicity of Phe
residues in Hb S fibers, as predicted from X-ray crystallographic
characterization of the donor-acceptor interaction. In addition,
these studies also examine the quaternary structure of tetramers
in the fibers and are suggestive of strongerR1â2 intersubunit
contacts, as monitored by theâ37 Trp‚‚‚R94 Asp andR42
Tyr‚‚‚â99 Asp H-bonds (Figure 2). The increased strength of
these quaternary H-bonds potentially accounts in part for the
slower ligand binding rate30 and lower ligand affinity31 observed
for Hb S fibers relative to T-state tetramers. These studies also
probe secondary structure conformation through amide vibra-
tional modes and Trp local environment. The results are
discussed within the context of the proposed fiber structure and
crystalline double strands.

Materials and Methods

Sample Preparation. Hb S was isolated from the blood of
AS and SS patients following standard procedures32 and further
purified on a Whatman DE-52 column by gradient elution from
50 mM Tris-acetate, pH 8.3, to 50 mM Tris-acetate, pH 7.3.33

Hb S was converted to the fluoromet (Fmet) form following
the procedure of Jayaraman et al.17 The concentration of
fluoromethemoglobin (FmetHb S) was determined spectropho-
tometrically, using the heme extinction coefficients ofε606 )
10.3 mM-1cm-1 andε490 ) 10.9 mM-1cm-1.34

FmetHb S samples for UVRR experiments contained 1.2 mM
FmetHb S, 0.3 M sodium fluoride, and 0.5 M phosphate buffer,
pH 6.5. Formation of unassociated T-state tetramers was
accomplished by the addition of a 20-fold excess of inositol

Figure 2. Schematic diagram of theR1â2 interaction. The residues forming the intersubunit H-bonds (â37 Trp‚‚‚R94 Asp) and (R42 Tyr‚‚‚â99
Asp) are shown in blue and green, respectively. Heme groups with coordinating His residues are shown in dark red. Residues that form an H-bond
between the A and E helices of one subunit,â15 Trp‚‚‚â72 Ser, and the symmetry-relatedR14 Trp‚‚‚R67 Thr are shown in pink and dark purple,
respectively. The diagram was made as in Figure 1.
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hexaphosphate (IHP)/tetramer. Fiber formation was induced by
increasing the IHP concentration to 140 mM. Fiber formation
was confirmed by monitoring sample turbidity at 700 nm as a
function of time.23

UV Resonance Raman Spectroscopy. A Nd:YLF-pumped
Ti:Sapphire laser system (Quantronix, New York) was used to
generate all the excitation wavelengths by frequency quadrupling
the fundamental output of the Ti:Sapphire laser with two barium
borate (BBO) crystals. The laser system has been described
elsewhere.20,35 The system was operated at a repetition rate of
1-1.5 kHz and an average power of 0.8 mW. Data were
calibrated with acetone and ethanol and are accurate to(1 cm-1;
relative shifts are accurate to(0.25 cm-1. Spectra shown result
from a total of 3 h of summed spectra. For tetramers, the
acquisition time for each spectrum was 1 h, and for fibers, the
acquisition time for each spectrum was 15 min. Samples were
contained in a metal disk with a quartz circular coverslip and
were spun continuously. Tetramer samples were cooled with
N2 gas that had passed through a dry ice/2-propanol bath. Fiber
data were collected at room temperature. Data were normalized
to unity at 2020 cm-1, and all difference spectra were generated
using a factor of 1. We established that this band does not shift
in frequency or increase in intensity upon formation of fibers
or the T-state, by using the internal intensity and frequency
standard NaClO4. Data manipulation and analysis were done
using the Labcalc and Grams/32 (Galactic Industries, NH)
programs.

Phe Raman excitation profiles were obtained using solutions
containing 1 mM Phe and 0.2 M NaClO4. Each spectrum was
acquired for 15 min. Raman cross sections were calculated using
the following equation:σn ) σs(In/Is)(Cs/Cn)[(V0 - Vs)/(V0 -
Vn)]4 whereI is the peak height intensity of the standard (s) and
of the band of interest (n), C is the molar concentration of the
standard and the sample, respectively, andν0 is the excitation
frequency.35 Solutions of 2 mM Phe with 0.2 M NaClO4 in a
0.05 M sodium phosphate buffer, pH 7.0, were used to obtain
spectra in the presence of increasing concentrations of ethylene
glycol (v/v). Ethylene glycol concentrations (v/v) ranging from
0 to 70% were studied. Each spectrum was acquired for 15 min.

Results and Discussion

UVRR Investigation of Trp and Tyr Residues: Probing
the r1â2 Interface. UVRR spectra obtained with an excitation
wavelength of 230 nm primarily result from Tyr and Trp
residues, where the relative contribution of Phe residues is low.13

In the fibers and R-state spectra shown in Figure 3, all of the
modes have been previously assigned13 and arise from the 6
Tyr and 3 Trp residues present perRâ dimer. This study employs
the fluoromet derivative of Hb S (FmetHb S), in which the heme
Fe is oxidized (Fe2+ f Fe3+) and the sixth ligand position is
occupied by a fluoride ion. In this derivative, formation of the
T-state is induced by addition of the allosteric effector, inositol
hexaphosphate (IHP). The difference spectrum shown in Figure
3d is characteristic of the R to T transition, and it has been
shown previously that FmetHb S with and without IHP yields
the same quaternary difference features as Hb A.17, 20

r42 Tyr Residue. In the region above 1500 cm-1 a double
sigmoidal feature is observed that can be attributed to the Y8a
and Y8b modes of Tyr (Figure 3d). This feature results from a
frequency upshift of these Tyr bands upon formation of the
T-state. On the basis of their analysis of the deoxy and oxy Hb
A X-ray crystal structures, Spiro and co-workers13 assigned this
feature to theR42 Tyr, since it is the only Tyr residue which
experiences a significant change in H-bonding upon formation

of the T-state. This residue has no H-bond partner in the R-state
but forms a critical intersubunit H-bond to theâ99 Asp residue
in the T-state. UVRR studies of isotope labeled,36 mutant,19,37

and modified37,38 Hb molecules have confirmed that the
observed frequency shift arises from Tyr residues contained in
the R chains. The observed frequencyupshiftwas interpreted
to be indicative of theR42 Tyr acting as an H-bond acceptor.13

However, more recent FTIR experiments of isotopically labeled
recombinant Hb39 argue against protonation of theâ99 Asp
residue at neutral pH and are indicative of the Tyr residue acting
as an H-bond donor. The frequency upshift of the Tyr Y8a and
Y8b modes was attributed to compensating H-bond formation
and positive polarization from nearby residues, which override
the expected frequency downshifts from donor H-bond forma-
tion.39

In the difference spectrum generated between fibers and
R-state tetramers, positive peaks are observed for Y8a and Y8b
and the derivative shape is not as pronounced (Figure 3b).
Nevertheless, a comparison of the parent spectra (Figure 4)
reveals that Y8a is shifted by+2.1 cm-1 in the polymerized
state (F) relative to R-state tetramers. This frequency shift is in
the same direction as that in the T-R spectra; however, it is of
greater magnitude (+2.1 vs +1.2 cm-1). The absence of a
derivative shape in the difference spectra reflects the stronger
intensity of Raman bands in the fiber spectra relative to tetramers
(Figure 3). Concomitantly larger frequency shifts are also
observed for other Tyr modes in the spectrum, namely Y7a and
Y9a, occurring at approximately 1209 and 1177 cm-1, respec-
tively (Table 1). The largest frequency shift is observed in the
polymerized state, and the magnitude of the shift observed for

Figure 3. (a) 230 nm-excited UVRR spectra of FmetHb S fibers and
R-state tetramers. (b) Difference spectrum generated between fibers
and R-state tetramers (F-R). (c) Difference spectrum generated between
fibers and T-state tetramers (F-T). (d) Difference spectrum generated
between T-state and R-state tetramers (T-R). The inset depicts the
W17 band (850-920 cm-1) in the T-R (top) and F-R (bottom)
difference spectra. All spectra were obtained with 230 nm excitation.
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fibers relative to the T-state is comparable to the frequency shift
of the T-state relative to the R-state. The similarity in shift
magnitude implies that the interaction is strengthened by
approximately the same amount for fiber formation as for T-state
formation (Table 1). Although UVRR experiments of Hb Rouen
(YR140H) are suggestive that TyrR140 also contributes to the
observed frequency shift,37 examination of the X-ray crystal
structure of deoxy Hb S does not reveal a significantly different
environment for theR140 residue relative to deoxy Hb A.7,40

Thus, the observed frequency shift is attributed primarily to the
intersubunit H-bond formed by theR42 Tyr residue, although
a minor contribution from theR140 Tyr cannot be ruled out.

The direction of the frequency shift is contrary to that
expected for a donor H-bond, which is predicted from the X-ray
crystal structure of deoxy HbA40 and recent experiments.39 We
suggest that, similar to the T-state, a stronger H-bonding
interaction between theR42 Tyr and theâ99 Asp residues in
the fibers coupled with the compensating H-bond from the Asp
â94 backbone NH and the charged environment of theâ40 Arg
leads to the positive frequency shift.39

Trp Residues:â37. In the parent spectra (Figure 3), one of
the strongest peaks observed is the W3 Trp mode at 1558 cm-1.
This band, which mainly involves C2-C3 stretching vibrations,
is heterogeneous because of the dependence of this vibration
on theø2,1 torsion angle about the CR-Câ-C3-C2 linkage.41

In earlier studies using the mutant Hb Rothschild (Wâ37R),
the shoulder at 1550 cm-1 was assigned to theâ37 Trp, while
the symmetry-relatedR14 andâ15 Trp residues gave rise to
the main band at 1558 cm-1.13 In Hb S, the W3 mode is more
intense relative to Hb A, and the increase in intensity was
attributed to a strengthening of theâ15Trp‚‚‚â72 Ser H-
bond.20,21The H-bond strengthening detected spectroscopically
is consistent with the A-helical displacement observed in donor
â subunits by X-ray crystallography.7

In the T-R difference spectrum, the W3 shoulder in the
parent spectra emerges as a resolvable peak and reflects the
formation of theâ37 Trp‚‚‚R94 Asp H-bond. In the FmetHb S
difference spectrum, an additional peak is observed at 1560
cm-1, which has been assigned to the interior Trp residues,R14
andâ15. This band, which is not observed in unmodified Hb
A, results from stronger H-bonding at these Trp residues and
arises from the presence of fluoride ligands in the T-state.17 In
difference spectra generated between fibers and the T- and
R-states (Figure 3b, c), the W3 mode appears as two resolvable
bands at 1551 and 1565 cm-1. As for the T-state, the peak
observed in the F-R difference spectrum at 1551 cm-1 is
attributed to the formation of theâ37 Trp‚‚‚R94 Asp H-bond.
The F-T difference spectrum (Figure 5) demonstrates that the
intensity of this band is greater in the fibers. Increases in H-bond
strength and/or hydrophobicity lead to a red-shifting of the
Raman excitation profile and a subsequent increase in the
intensity of Trp bands using 230 nm excitation.13 Therefore,
the 1551 cm-1 peak observed in the F-T difference spectrum
is suggestive of a stronger H-bond interaction between theâ37
Trp andR94 Asp residues in Hb S fibers relative to unassociated
T-state tetramers.

The increased strength of the H-bond interaction is further
supported by the W17 mode in both the F-T and the F-R
difference spectra, which appears as two bands at 885 and 870
cm-1 (Figure 3, inset). The frequency of the W17 mode, which
is a mixture of ring breathing and N1H motions, is sensitive to
the environment and to H-bonding at the indole ring nitrogen.
The mode downshifts in proton-acceptor solvents and appears
at higher frequencies in nonpolar solvents, such as CS2 and
cyclohexane.42 The peak observed at 870 cm-1 is indicative of
a strongly H-bonded Trp42, and we suggest that theâ37 Trp
residue gives rise to the observed peak at 870 cm-1 (Figure 3,
inset). The significant downshift of this band detected in Hb S
fibers results from an increase in strength of the H-bond formed
between theâ37 Trp and theR94 Asp residues.

Figure 4. Expanded view of the Y7a, Y9a (1050-1250 cm-1) and
Y8a, Y8b (1500-1650 cm-1) regions of the spectrum for fibers (-‚-)
and T-state (s) and R-state (- - -) tetramers. Original spectra are shown
in Figure 3. Frequencies and relative frequency shifts are reported in
Table 1.

TABLE 1: Frequency of Tyr Modes in UVRR Spectra of
Fibers and Tetramers and Associated Difference Spectra

Y8a Y7a Y9a

Frequency (cm-1)
fibers 1617.8 1208.8 1175.5
T-state 1616.9 1207.8 1176.4
R-state 1615.7 1206.8 1175.5

Frequency Shift (∆ cm-1)
T-R 1.2 1.0 0.9
F-R 2.1 2.0 1.7
F-T 0.9 1.0 1.1

Figure 5. Expansion of the Trp W3 region (1520-1600 cm-1) from
the 230 nm- excited F-R (top), F-T (middle), and T-R (bottom)
difference spectra shown in Figure 3.
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UVRR Spectroscopy of Trp Residues: Probing Local
Environment and Tertiary Structure . The increased hydro-
phobicity of Trp local environment, as indicated by the 884
cm-1 W17 band (see above), leads to an intensity increase of
other Trp bands in the fiber spectra (Figure 3). Interestingly,
even the weakest Trp modes in the 230 nm-excited spectra, W4
(1495 cm-1) and W6 (1446 cm-1), are observable in the
difference spectra. This intensity increase can be related to the
red-shift of the Raman excitation profile that results from an
increase in hydrophobicity and/or strength of H-bonding. Further
indication of the increased hydrophobicity can be derived from
the relative intensity ratio of the W7 doublet at 1340 and 1360
cm-1, which has been previously shown to be a sensitive marker
of environment.43-45 The I1360/I1340 ratio increases from 2.2 in
the R-state to 2.5 in the T-state and 2.7 in the fiber or F-state,
reflecting a steady increase in hydrophobicity. This increase is
mirrored in the difference spectra in which the largest ratio (2.6)
is observed in the F-R difference spectrum, and the F-T and
T-R difference spectra both exhibit ratios of approximately 2.1
(Table 2).

We note that the W7 doublet occurs at higher frequencies in
the F-T and F-R difference spectra (1344 and 1365 cm-1)
relative to the parent and the T-R difference spectra (1340 and
1360 cm-1) (Figure 3). This mode is unusually complex and is
usually observed as a doublet, a consequence of Fermi resonance
of the W7 fundamental with two combinations of out-of-plane
vibrations (W25+ W33 and W28+ W29). In a previous study
of bacteriorhodopsin, the W7 mode was observed as a triplet
with one band occurring at 1370 cm-1. The upshift of the
combination band was attributed to steric interactions of the
indole ring with the 9-methyl and 13-methyl groups of the
retinal.46 In this study, both modes of the W7 doublet are
observed to shift to higher frequency. Thus, given the structure
of Hb and the type of shift observed, we suggest that the
increased hydrophobic environment leads to the wavenumber
shift. H-bonding of theâ37 Trp residue is not considered to be
the source of the W7 frequency shift, as a similarly strongly
H-bonded Trp in lysozyme did not exhibit any anomalous
frequency shifts of the W7 doublet.42

Trp Residues:â15. We suggest that the Trp residue, which
experiences the greatest change in local environment as a
consequence of fiber formation, is theâ15 Trp residue located
on the A-helix (Figure 1). In the X-ray crystal structure, the
A-helix of the donorâ subunits was displaced toward the interior
of the protein to a greater extent than in the acceptorâ subunits
or deoxy Hb A.7 This perturbation of the tertiary structure was
detected in UVRR spectra of unassociated Hb S tetramers as
an increase in band intensity at 1559 cm-1 and was attributed
to a strengthening of theâ15 Trp‚‚‚â72 Ser H-bond. In the F-T
and F-R difference spectra, the W3 mode exhibits an increase
in signal intensity and frequency (Figure 5). In the fibers’
difference spectra, the higher frequency component of the W3
band occurs at 1565 cm-1, which is upshifted by+6 cm-1

relative to the parent and T-R difference spectra. This mode

is sensitive to side chain conformation and the angle that the
indole ring makes with the protein backbone as measured by
theø2,1 torsional angle. The torsion angle of theâ15 Trp residues
located on donor subunits is 10-15° higher than that observed
for â15 Trp residues in acceptorâ subunits or the symmetry
related R14 Trp residues, as revealed by the X-ray crystal
structure data7 (Table 3). Thus, the structural data predict three
classes of Trp residues based upon theø2,1 torsional angle:â37
Trp, R14 and acceptorâ115 Trp, and donorâ215 Trp residues.
Indeed, the W3 mode in the fibers’ parent spectrum can be fit
to three peaks occurring at 1550, 1559, and 1565 cm-1 (Figure
6), consistent with the frequencies determined from the differ-
ence spectra (Figure 5). The magnitude of the observed shifts,
however, is larger than that predicted from the empirical
relationship determined by Harada and co-workers.49 We suggest
that the relatively high frequency of the W3 mode relative to
the predicted value arises from both conformational and
environmental effects. An earlier study had determined that the
W3 frequency was sensitive to the environment, as it was
measured at 1563 cm-1 in cyclohexane and at 1557 cm-1 in
H2O.13 A correlation with solvent donor or acceptor number
was not observed however, and more recently, UVRR measure-
ments of deuterated-Trp derivatives did not detect a sensitivity
of the W3 frequency to H-bonding.47 We suggest that the W3
frequency is slightly sensitive to the local environment but not
to H-bonding at the indole nitrogen. Thus, the elevated W3
frequency observed in FmetHb S fibers (Figure 5) results from
an increase in hydrophobicity of the local environment around
â215 donor Trp residues.

The Trp residues in Hb S fibers appear to be in distinctly
different environments, as indicated by the two bands observed
for both the W17 (Figure 3, inset) and the W3 modes (Figure
5) in the F-R and F-T difference spectra. We suggest that the

TABLE 2: Intensity Ratio of the Trp W7 Band in UVRR
Spectra of Fibers and Tetramers and Associated Difference
Spectra

intensity ratio
I1360/I1340

fibers 2.7
T-state 2.5
R-state 2.2
T-R 2.6
F-R 2.1
F-T 2.2

TABLE 3: Frequency of Trp Residues in the W3 Envelope

frequency (cm-1)

Trp residue predicteda detectedb fittedc torsion angled

â37 1551 1551.4 1549.2 96.25
R14 1554 1558 1558.2 103.45
â115 1553.3 1558 1557.7 101.9
â215 1556.7 1565 1564.2 115.85

a Predicted frequencies as calculated from the empirical relationship
of Miura and co-workers.41 b Experimentally observed frequencies,
taken from data shown in Figure 3.c Fitted frequencies obtained by
fitting the W3 envelope from 1530 to 1570 cm-1 with Lorentzian peaks
using three bands for fibers and two bands for the R-state. Optimization
of the fit was judged by visual inspection and theø2 value.d Trp CR-
Câ-C2-C3 torsion angle measured using the coordinates from the X-ray
crystal structure of deoxy Hb S.7

Figure 6. Expansion of the Trp W3 region (1520-1600 cm-1) of the
FmetHb S fibers’ (left) and R-state tetramers’ (right) spectra in Figure
3. The W3 band reflects the heterogeneity of the Trp population. The
W3 band of R-state tetramers is well-described by two peaks, while
the W3 band of FmetHb S fibers requires three peaks. Smooth curves
result from curve fitting, and the frequencies are reported in Table 3.
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two types of Trp residues observable in the UVRR difference
spectra are theâ37 Trp and the donorâ215 Trp residues. The
R14 and acceptorâ115 Trp residues are not significantly altered
in going from tetramers to fibers and do not contribute to the
F-T difference spectrum, as shown by the absence of a peak
at 1559 cm-1.

UVRR Spectroscopy of Hb S Phe Residues: The Donor-
Acceptor Interaction. Phe residues were investigated using two
excitation wavelengths, 210 and 215 nm. Although previous
determination of Phe Raman cross sections was suggestive of
a maximum at 210 nm excitation,48 we find that 215 nm excita-
tion optimally enhances the signal arising from all Phe bands
observed and, most significantly, the F8b and F8a modes
occurring at 1586 and 1606 cm-1 (Figure 7). This enhancement
arises from excitation into the La transition band.48 At this exci-
tation wavelength, vibrational modes from the protein backbone
and the Pro and His residues all contribute to the Raman
spectrum. As enhancement of amide vibrational modes increases
with shorter excitation wavelengths, a second excitation wave-
length of 210 nm was used to clarify amide mode assignments.

The 215 nm-excited fiber and R-state tetramer spectra are
dominated by Phe and Tyr vibrational modes (Figure 8). The
majority of Phe and Tyr modes overlap in frequency because
of the similarity in molecular geometry. The T-R difference
spectrum obtained with 215 nm excitation is mainly composed
of negative peaks and strongly resembles the difference spectra
generated using 220 nm excitation.17,20 In the high-frequency
region, negative peaks occur at 1615, 1604, 1585, and 1559
cm-1; the peaks at 1615, 1604, and 1585 cm-1 are assigned to
theν8b andν8a benzene-like ring-stretching modes of both Phe
and Tyr residues. These bands are negative in the T-R
difference spectrum because the Raman excitation profile of
Tyr red shifts as a consequence of stronger H-bonding and
hydrophobicity. The formation of theR42 Tyr‚‚‚â99 Asp
H-bond leads to a red shifting of the excitation profile and the
observation of negative bands. At 210 nm, positive bands are
observed at 1616, 1595, and 1190 cm-1 in the T-R difference
spectrum (Figure 9). These bands can be assigned to Tyr
residues, and the observed frequency upshift is consistent with
R42 H-bond formation. In a previous study, Tyr modes were
observed to be positive in a T-R difference spectrum generated
with 212 nm excitation.49 The Raman-scattering cross section
depends steeply on excitation wavelength, such that negative
Tyr bands are observed at 218 and 215 nm, whereas positive
Tyr bands are observed at 212 and 210 nm.

For Phe residues, it was previously determined using an
excitation wavelength of 230 nm that theν12 mode occurring
at 1004 cm-1 increases in intensity if the local environment
becomes more hydrophobic.29 We have extended that study to
examine the effect of local environment on Phe signal intensity
using excitation wavelengths of 215 and 210 nm (Figure 7). In
the current work, ethylene glycol is used to simulate a protein
interior or local hydrophobic environment. UVRR spectra of
Phe solutions reveal that the signal intensity of Phe bands scales
linearly with increasing ethylene glycol concentration. The 1586
(F8b) and 1606 (F8b) cm-1 modes exhibit the steepest depen-
dence on ethylene glycol concentration (Figure 7) and are
expected to be most sensitive to any changes in local environ-
ment. From this intensity dependence on local environment, it
can be inferred that the negative peaks observed at 1583 and
1604 cm-1 in the T-R spectrum arise from increased solvent
exposure of one or more Phe residues. The 15 Phe residues
contained in anRâ dimer all contribute to the observed Raman
bands, making residue-specific mode assignments difficult. This
spectral complexity is reduced in the T-R difference spectrum,
which identifies only those residues that experience a change
in environment upon conversion to the T-state. A possible
candidate for the source of the Phe difference signals is theâ85
Phe residue, located in the EF corner. An important lateral
contact in Hb S fibers occurs in this region, which is thought
to become more solvent exposed in the T-quaternary state. The
increased exposure of this contact is thought to promote Hb S
fiber formation.3 Increased solvent exposure ofâ85 Phe in the
T-state of unassociated tetramers would lead to a decrease in
Raman intensity and negative bands in the difference spectrum.
Interestingly, UVRR spectra of FmetHb A are suggestive that

Figure 7. Raman excitation profiles of 1 mM Phe measured relative
to 0.2 M ClO4

- (left). Maximum enhancement of all Phe modes shown
was observed at 215 nm. Relative intensity of Phe Raman bands in
increasing concentrations of ethylene glycol (right). Spectra were
obtained using an excitation wavelength of 215 nm. For all Phe modes,
a linear increase in band intensity was observed with increasing ethylene
glycol concentration.

Figure 8. (a) UVRR spectra of FmetHb S fibers and R-state tetramers.
(b) Difference spectrum generated between fibers and R-state tetramers
(F-R). (c) Difference spectrum generated between fibers and T-state
tetramers (F-T). (d) Difference spectrum generated between T- and
R-state tetramers (T-R). All spectra were obtained with 215 nm
excitation.
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the relative exposure of the EF corner is greater in Hb S than
in Hb A (data not shown).

The F-R and F-T difference spectra are distinctly changed
from the T-R difference spectrum as a result of a profound
increase in Phe signal intensity (Figure 8). The strongest positive
bands occur at 1603 and 1583 cm-1, corresponding to the ring-
stretching F8a and F8b modes. Other Phe modes occurring at
1006 (F12), 1207 (F7a), and 1180 (F9a) cm-1 also increase in
intensity with fiber formation, as shown by positive peaks in
the difference spectra. The intensity of these bands is not as
sharply dependent on the local environment, as shown by their
behavior with increasing ethylene glycol concentrations (Figure
7), and therefore, their contribution to the difference spectrum
is not as pronounced as those of F8a and F8b. Positive F8a and
F8b bands are also observed in the fibers’ difference spectra
generated with 210 nm excitation (Figure 9), although, in the
T-R difference spectrum, they appear as negative bands. Phe
signals are not as enhanced at this excitation wavelength (Figure
7), and consequently, the weaker Phe modes are not as
prominent in the difference spectra. Nevertheless, the data
obtained at 210 nm confirm the results obtained with 215 nm
excitation and are indicative of a dramatic increase in Phe signal
intensity upon fiber formation. The increased intensity of the
Phe signal in fibers obscures any contribution from Tyr residues
to the 210 and 215 nm excited F-R and F-T difference spectra.

Since the intensity of Phe Raman bands is sensitive to the
local environment (see above), the positive Phe peaks observed
in the F-R and F-T difference spectra are suggestive of an
increase in hydrophobicity with fiber formation. As this effect
is only associated with fiber formation and not with formation

of the T-state, we propose that the Phe signal increase arises
from one or more of the axial and lateral contacts observed in
the Hb S double strand. The most obvious and likely candidate
is the lateral contact formed between the mutant2â26 Val donor
and the1â185 Phe of the acceptor pocket (Figure 1).7 This
hydrophobic contact is believed to be the driving force for the
association of tetramers into fibers. The other possibility is a
nonpolar axial contact formed between theR2114 Pro andR2-
115 Ala of one tetramer and theâ1118 Phe of a second tetramer.
We cannot exclude the possibility that this contact also
contributes to the increase in Phe signal intensity. Although the
relative contribution of these two Phe residues to the F-R and
F-T difference spectra cannot be separated without the use of
mutants, we propose that theâ85 Phe residue contributes
substantially to the observed spectra, as the hydrophobicity of
this contact is essential for Hb S fiber formation.1,2 UVRR
spectroscopy directly probes the relative hydrophobicity of the
donor-acceptor interaction.

UVRR Spectroscopy of Pro Residues.Shorter excitation
wavelengths also enhance contributions from other residues in
the protein; the excitation wavelengths of 210 and 215 nm
enhance the signal from Pro backbone residues. For the X-Pro
bond, theπ f π* electronic absorption transition of the peptide
carbonyl is red shifted relative to protein backboneπ f π*
transitions because of the increased functionality of the Pro
nitrogen. In a previous study of Hb A, X-Pro modes were
observed in the T-R difference spectrum at 1464 cm-1 and
tentatively assigned to theR37 Pro residue.49 In the 210 nm-
excited data of FmetHb S, a broad envelope is observed for the
X-Pro amide II mode at 1450 cm-1, which yields a higher
frequency peak at 1465 cm-1 in the difference spectrum. In the
fibers difference spectra of F-R and F-T, this mode occurs at
1455 cm-1, approximately 10 cm-1 lower than that observed
in the T-R spectrum. The frequency downshift is suggestive
of a decrease in H-bond strength in the fibers relative to
unassociated T-state tetramers, as stronger H-bond donation
shifts the X-Pro amide II mode to a higher wavenumber.50,51

The deoxy Hb A and deoxy Hb S X-ray crystal structures are
suggestive of similar environments for the majority of Pro
residues. Nevertheless, a possible source of the frequency
downshift is the H-bond formed between theâ25 Pro and the
â29 Ser in the Hb S donor subunits, which is∼0.3 Å longer
than the same H-bond in deoxy Hb A.7,40 This difference in
length could lead to a substantial difference in the strength of
the observed H-bond. In solution, both the increased disorder
of the amino termini and the inherent plasticity of the donor-
acceptor interaction may lead to a longer H-bond length and,
consequently, lower frequency of the X-Pro amide II mode.
Thus, analysis of the X-ray crystal structures is suggestive that
the â5 Pro residue that is adjacent to the donorâ6 Val is
responsible for the Pro signal observed in the fibers’ difference
spectra.

Secondary Structure Conformation Probed by UVRR
Spectroscopy.Amide vibrational modes arising from the protein
backbone are diagnostic of protein conformation and can be
used to quantify secondary structure elements.45,52These modes
are enhanced by excitation into theπ f π* transition of the
peptide bond. The excitation wavelength of 210 nm occurs in
the red edge of this absorption band; however, amide modes
are sufficiently enhanced to be detectable in UVRR parent and
difference spectra. In the T-R spectrum, no distinctive changes
in the amide modes are observed (Figure 9). Two bands,
observed at 1566 and 1667 cm-1, are of uncertain assignment
and could arise from amide I and amide II. We note that other

Figure 9. (a) UVRR spectra of FmetHb S fibers and R-state tetramers.
(b) Difference spectrum generated between fibers and R-state tetramers
(F-R). (c) Difference spectrum generated between fibers and T-state
tetramers (F-T). (d) Difference spectrum generated between T- and
R-state tetramers (T-R). All spectra were obtained with 210 nm
excitation.
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amide vibrational modes, namely amide III and CR-H, are not
detected, which is not consistent with assignment of the bands
at 1566 and 1667 cm-1 to amide I and II. We suggest that the
mode at 1667 cm-1 arises from Tyr residues, and possible
assignments are to an overtone (2× Y10a) or a combination
(Y18a+ Y6b) band. This mode has been previously observed
for the model compoundsp-cresol53 andp-ethylphenol,54 and
we argue that the improved signal-to-noise of our data allows
us to observe this mode in difference spectra. The mode at 1565
cm-1 was tentatively assigned to the W2 mode of Trp residues
in a previous study;49 however, in our 210 nm-excited spectra,
the absence of other Trp modes argues against that assignment
(Figure 9). We suggest that this mode arises from His residues
which experience a change in conformation or protonation upon
forming the T-state, as suggested earlier by Spiro and co-
workers.49,55 The 210 nm-excited T-R difference spectrum
(Figure 9) shows no evidence of any changes in the intensity
or frequency of amide modes, consistent with an absence of
change in secondary structure.

Fiber formation leads to changes in the intensity and
frequency of amide modes in both the parent and difference
spectra obtained with 210 nm excitation (Figure 9). In the fiber
spectrum, the amide I mode occurring at 1655 cm-1 is noticeably
broadened relative to the R-state spectrum, indicative of an
increase in heterogeneity of the peptide backbone. In the
difference spectra, positive peaks are observed at 1673, 1545,
1242, and 1387 cm-1, which can be assigned to amide modes,
I, II, III, and CR-H, respectively. The observation of positive
peaks is consistent with a loss ofR-helical structure, as the
formation of R-helices and the associated absorption hypo-
chromism is manifested as a suppression of amide band intensity
in UVRR spectra.45 Thus, the intensity increase of amide II and
amide CR-H at 1545 and 1389 cm-1 is consistent with a loss
of helical structure. The frequency and width of the amide I
and III modes are diagnostic of secondary structure type and
can be used to identify the changes in secondary structure in
FmetHb S fibers. The relatively high frequency of the amide I
band (1673 cm-1) and the low frequency of amide III (1242
cm-1) are indicative of an increase in unordered or random
secondary structure conformation.45,52 This observation is in
keeping with the X-ray crystal structure of deoxy Hb S, in which
the amino termini of theâ subunits were found to be relatively
disordered, with high-temperature factors and relatively little
electron density observed for the first three residues.7 We suggest
that the increase in random protein conformation observed by
UVRR spectroscopy is consistent with the increased disorder
of the amino termini of theâ subunits found in the X-ray crystal
structure.

Conclusion

In conclusion, we observe that UVRR spectroscopy is a
sensitive probe of FmetHb S fibers. A comparison of spectra
obtained with fibers and unassociated tetramers reveals that
UVRR is sensitive to many of the structural changes occurring
in fibers. These structural details of the fibers, which confirm
many of those observed by X-ray crystallography, help to
establish that the basic building block of Hb S fibers in solution
is the Wishner-Love double strand. In particular, the dramatic
increase in Phe signal intensity is attributed to an increase in
hydrophobicity of the local environment, as would be predicted
from the important lateral contact formed between the mutant
â26 Val and the hydrophobic pocket formed byâ185 Phe and
â188 Leu (Figure 1). Trp residues also exhibit spectral charac-
teristics consistent with an extremely hydrophobic environment;

heterogeneity of the W3 mode coupled with the structural data
supports the assignment of the increased hydrophobicity to donor
â215 and not acceptorâ115 residues. Most significantly, the
Raman data reveal that theR1â2 intersubunit contacts are
stronger in the fibers than in unassociated tetramers. This
finding, which is not necessarily predicted from the X-ray crystal
structure, is consistent with the observation that Hb S fibers
exhibit a much lower ligand binding affinity and rate of ligand
binding relative to T-state tetramers. Consequently, we suggest
that UVRR spectroscopy provides new insight into the structure
of Hb S fibers and will be a useful tool for further probing the
mechanism of fiber formation.
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