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ABSTRACT: The aromatic residues such as tryptophan (Trp) and tyrosine

Different CD spectra of al4Trp and B37Trpin Hb A

(Tyr) in human adult hemoglobin (Hb A) are known to contribute to near- Trpp37 o~ Tpotd
UV circular dichroism (CD) and UV resonance Raman (RR) spectral changes oxy D oo/
upon the R — T quaternary structure transition. In Hb A, there are three Trp u oxy
residues per aff dimer: at a@l4, $15, and 37. To evaluate their individual deoxy 21
contributions to the R — T spectral changes, we produced three mutant B . e
Wavelength /nm Wavelength / nm

hemoglobins in E. coli; tHb (a14Trp—Leu), rHb (1STrp—Leu), and rHb

(p37Trp—His). Near-UV CD and UVRR spectra of these mutant Hbs were

compared with those of Hb A under solvent conditions where mutant rHbs exhibited significant cooperativity in oxygen binding.
Near-UV CD and UVRR spectra for individual Trp residues were extracted by the difference calculations between Hb A and the
mutants. @14 and S15Trp exhibited negative CD bands in both oxy- and deoxy-Hb A, whereas $37Trp showed positive CD
bands in oxy-Hb A but decreased intensity in deoxy-form. These differences in CD spectra among the three Trp residues in Hb A
were ascribed to surrounding hydrophobicity by examining the spectral changes of a model compound of Trp, N-acetyl-L-Trp
ethyl ester, in various solvents. Intensity enhancement of Trp UVRR bands upon the R — T transition was ascribed mostly to the
hydrogen-bond formation of #37Trp in deoxy-Hb A because similar UVRR spectral changes were detected with N-acetyl-L-Trp

ethyl ester upon addition of a hydrogen-bond acceptor.

uman adult hemoglobin (Hb A) is composed of two «

(141 residues) and two S (146 residues) subunits
forming an a,f, tetramer. X-ray crystallographic studies of
Hb A have demonstrated the presence of two distinct
quaternary structures that correspond to low-affinity (tense or
T) and high-affinity (relaxed or R) states, which have practically
been determined for the unliganded form (deoxy-Hb) and
ligand-bound form (CO- or oxy-Hb), respectively."* Aromatic
residues such as tryptophan (Trp) and tyrosine (Tyr) are
known to be involved in the R — T quaternary structure
changes. The '"H NMR signal of a42Tyr, which is hydrogen-
bonded with #99Asp in the T form but free in the R form,
serves as a practical marker of the quaternary structure in
solution.’

As initially pointed out by Simon and Cantor,” near-UV
circular dichroism (CD) spectra of Hb A at around the 285 nm
region exhibit a characteristic change from a small positive band
to a definite negative band upon the oxy (R) — deoxy (T)
transition. It was later shown that this difference was not due to
tertiary structure change by ligand binding but to environ-
mental alterations around aromatic residues by quaternary
structure transition, specifically by hydrogen-bond formation of
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a42Tyr and/or 37Trp upon deoxygenation.” The contribu-
tion of the aromatic residues to the negative CD band has been
elucidated in detail,é’7 but the nature of the environmental
alteration is still unsolved. UVRR spectroscopy is a unique
technique for selectively observing the vibrational spectra of
Trp and Tyr residues and has revealed that quaternary structure
transition brought about intensity enhancement of f37Trp
residue.®™"> However, the origin of this enhancement also
remains to be specified.

There are three Trp residues per aff dimer of Hb A: at al4,
P15, and $37. Trp residues occupy important positions of Hb
molecule. @14Trp and S15Trp are located in the al—p1
subunit interface, and S37Trp is located in the al—f2
interface."* Crystal structures of Hb A have revealed that the
N,H proton of the indole ring of al4Trp forms a hydrogen
bond with the hydroxyl group of a67Thr and that a similar
hydrogen bond is formed between S15Trp and f72Ser. These
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two hydrogen bonds are thought to be vital for tertiary
structure of Hb molecule by connecting A with E helices within
the o and B chains, respectively. f37Trp is located in the C-
helix corner, the “hinge region”, of the a1—/2 subunit interface.
B37Trp interacts with a92Arg, a94Asp, and a95Pro of the FG
corner of a-chain and with al40Tyr of the carboxyl
terminus."*"> #37Trp makes an lntersubumt hydrogen bond
with a94Asp only in the deoxy-form.'® Previous studies have
shown that amino acid substitutions of #37Trp can result in
significant increase of the tetramer-to-dimer dissociation in
both the deoxy and oxy states of mutant Hbs."* In this way, the
three Trp residues are placed at important positions of a Hb
molecule and believed to play a vital role in the structure—
function relationship of Hb A. f37Trp is placed in the subunit
interface and makes an 1ntersubun1t hydrogen bond with
a94Asp only in the deoxy-form.'® To elucidate the individual
contributions from three Trp residues to the negative CD band
and intensity enhancement in UVRR spectra, we produced
three mutant hemoglobins in E. coli using a site-directed
mutagenesis'” in which a nonaromatic residue is substituted for
each Trp residue—rHb (al4Trp—Leu) (aW14L), rHb
(f15Trp—Leu) (PWISL), and rHb (p37Trp—His)
(BW37H)—and examined the nature of environmental
alteration by comparing the spectra of each Trp residue
extracted by the HbA-minus mutantHbs difference calculations
with spectral changes of Trp model compounds in various
solvents with or without a hydrogen-bond acceptor.

B EXPERIMENTAL PROCEDURES

Hemoglobins. Hb A was pur1ﬁed from human hemolysate
by preparative isoelectric focusing."' Mutant hemoglobins were
prepared by a site- dlrected mutagene51s in E. coli. The Hb A
expression plasmid, pHE7,"” containing human a- and -globin
genes and the E. coli methionine aminopeptidase gene, was
kindly provided by Professor Chien Ho of Carnegie Mellon
University. Plasmids for rHb(aW14L), rHb(fW1SL), and
rHb(SW37H) were produced usmg an amplification procedure
for closed circular DNA in vitro'® and transformed into E. coli
JM109. E. coli cells harbormg the plasmid were grown at 30 °C
in a TB medium."” Expression of recombinant hemoglobin
(rHb) was induced by adding isopropyl f-thiogalactopyrano-
side. The culture was then supplemented with hemin (30 ug/
mL) and glucose (15 g/L), and the growth was continued for §
h at 32 °C. The cells were harvested by centrifugation and
stored under frozen conditions at —80 °C until needed for
purification. Recombinant Hbs were purified according to the
methods described before."

Reagents. N-Acetyl-L-tryptophan ethyl ester (Nac-L-Trp
EE) (Aldrich), indole-3-methyl (skatole) and indole-3-acetic
acid (Wako), indole-3-pyruvic acid (Sigma), and hexamethyl-
phosphoric triamide (HMPA) (MP Biomedicals) were used as
purchased.

Oxygen Equilibrium Experiments. Oxygen equilibrium
curves were determined by using an automatic oxygenation
apparatus.”®*" The spectrophotometer used for the apparatus
was a model U-4000 (Hitachi, Tokyo). Oxygen saturation was
monitored as absorbance changes detected at 560 nm. Oxygen
affinity (psy) and cooperativity (Hill coefficient, n) were
calculated from the best-fit stepwise Adair constants®' that
were determined from the equilibrium curve by a nonlinear
least-squares method.”” The hemoglobin concentration was 60
UM on a heme basis. The buffer used was a 0.05 M bis-Tris
buffer (pH 7.4) containing 0.1 M CI". The temperature within
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the oxygenation cell was maintained at 25.0 + 0.1 °C. To
minimize the autoxidation of hemoglobin during measurement,
an enzymatic metHb reducing system™ together with catalase
and superoxide dismutase®*>* were added to each sample. The
amount of autooxidized Hb (metHb) after oxygen equilibrium
measurement ranged from 0.9 to 5.5% of the total Hb.

CD Measurements. The measurements were carried out
with a Jasco J-820 spectropolarimeter at 25 °C using a (+)-10-
camphorsulfonic acid calibration. Absorption spectra were
measured with a double-beam spectrophotometer (Hitachi,
model U-3010).

UVRR Measurements. 235 nm Excitation. UVRR spectra
were excited by a XeCl excimer laser-pumped dye laser
(Lambda Physik, model LPX120i and SCANMATE). The 308
nm line from the XeCl excimer laser (operated at 100 Hz) was
used to excite coumarin 480, and the 470 nm output from the
dye laser was frequency-doubled with a f-BaB,O, crystal to
generate 235 nm pulses. The Raman excitation light (3—4 mJ/
cm?) was introduced into samples from the lower front side of a
spinning cell. The scattered light was dispersed with an
asymmetric double monochromator (Spex 1404) in which the
gratings in the first and second dispersion steps are 2400
grooves/mm (holographic) and 1200 grooves/mm (machine-
ruled, S00 nm blaze), respectively, and was detected by an
intensified photodiode array (Hamamatsu Photonics, model
PCIMD/C5222-0110G)."

The spinning cell was moved vertically by 1 mm for every
spectrum (every S min) to shift the laser illumination spot on
the sample. Temperature of the sample solution was kept at 10
°C by flushing with cooled N, gas against the cell. The
scattered light was collected with Cassegranian optics with f/
1.1. One spectrum is composed of the sum of 400 exposures,
each exposure accumulating the data for 0.8 s. All samples
contained a common amount of sulfate ions, which yielded a
band at 981 cm™. This band was used as an internal intensity
standard for the normalization of Raman spectra.*® Raman
shifts were calibrated with cyclohexane. The integrity of the
sample after exposure to the UV laser light was carefully
confirmed by the visible absorption spectra measured before
and after the UVRR measurements. If some spectral changes
were recognized, the Raman spectra were discarded. Visible
absorption spectra were recorded with a Hitachi 220S
spectrophotometer.

229 nm Excitation. The excitation light at 229 nm (0.5
mW), which was obtained from an intracavity frequency-
doubled Ar" ion laser (Coherent, Innova 300C FRED), was
introduced onto a sample from the lower front side of the
spinning cell, which was a quartz NMR tube (Wilmad-
LabGlass, 535-PP-9SUP, diameter = S mm). The cell was
spun using a hollow axis motor (Oriental Motor, BLU220A-
SFR) at 160 rpm. The scattered light was collected and focused
by two achromatic doublet lenses onto the entrance slit of a
prism prefilter polychromator (Bunkoh-Keiki) to reject
Rayleigh scattering. The prefilter was coupled to a 1 m single
spectrograph (HORIBA Jobin Yvon, 1000M), equipped with a
200 nm blazed holographic grating with 3600 grooves/mm. A
135° backscattering geometry was adopted. The dispersed light
was detected with a UV-coated, liquid-nitrogen-cooled CCD
detector (Roper Scientific, Spec10:400B/LN). Each spectrum
is the sum of 60 exposures, each exposure accumulating data for
30 s. Raman shifts were calibrated with cyclohexane as a
frequency standard, and the frequency accuracy was +1 cm™
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for well-defined Raman bands. Other procedures are common
to those for 235 nm excitation.

B RESULTS AND DISCUSSION

Oxygen Binding Properties of Three Mutant Hemo-
globins. We expressed three mutant Hbs in E. coli and
examined the effects of mutation on oxygen binding properties.
As shown in Figure 1 and Table 1, rHb(aW14L) and

log pO,/ mmHg

Figure 1. Hill's plots of oxygen binding by rHb(aW14L) (A-a),
tHb(SW1SL) (A-b), and rHb(SW37H) in the absence (B-d) and
presence (B-f) of IHP compared with that of Hb A (—IHP) (A-c, B-e)
and Hb A (+IHP) (B-g). Y is the fractional oxygen saturation, and pO,
is the partial pressure of oxygen in mmHg. The symbols are observed
points, and lines were calculated from the best-fit values of the four
stepwise Adair constants.*"”>* The hemoglobin concentration was 60
4UM on a heme basis in 0.05 M bis-Tris buffer (pH 7.4) containing 0.1
M CI', and the temperature was at 25 °C. IHP was added to a final
concentration of 2 mM.

Table 1. OEC Parameters and Dimer—Tetramer Assembly of
Mutant Hemoglobins®

oxygen affinity  cooperativity ~ dimer—tetramer

Hb (psoy mmHg) Hill's n assembly
rHb(aW14L)® 33 22 tetramer
tHb(fW1SL)” 2.0 24 tetramer
rHb(fW37H) (—-IHP) 1.6 1.8 dimer
tHb(fW37H) (+IHP)” 9.6 2.1 tetramer
Hb A (-IHP)” 42 2.8 tetramer
Hb A (+IHP) 46 2.3 tetramer

“OEC curves were examined using an automatic oxygenation
apparatus in a 0.05 M bis-Tris buffer, pH 7.4, containing 0.1 M CI™
at 25 °C. Oxygen affinity (psy) and cooperativity (Hill's n) were
calculated from the best-fit stepwise Adair constants that were
evaluated from the curves of Figure 1.°%*' Dimer—tetramer assembly
of hemoglobins was determined by Sephadex G7S5 column
chromatography and analytical ultracentrifugation.”” “Experimental
conditions used for CD and UVRR measurements.

rHb(SW1SL) exhibited slightly increased oxygen affinity and
significant cooperativity (Hill's n = 2.2—2.4) and stayed in a
tetrameric form.”” In contrast, rHb(SW37H) was dissociated
into dimers in oxy-form and showed markedly increased oxygen
affinity and low cooperativity (n = 1.8). In the presence of
inositol hexaphosphate (IHP), however, rHb(fW37H) was
stabilized as a tetramer and exhibited significant cooperativity
(n = 2.1).”” We measured the near-UV CD and UVRR spectra
of these mutant rHbs which stayed as tetramers and exhibited
significant cooperativity under the conditions shown in Table 1.

Near-UV CD Spectra of Mutant Hemoglobins. Figure 2
shows the near-UV CD spectra of oxy-, deoxy-Hb A, and their
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difference (inset). Hb A exhibited two CD bands at 260 and
285 nm.

204 S

260 280

300
Wavelength / nm

320

Figure 2. CD spectra of deoxy-form (solid line) and oxy-form (dotted
line) of Hb A, and the deoxy-minus-oxy difference spectrum (inset).
Hb, 50 uM (in heme) in a 0.05 M phosphate buffer (pH 7) was
measured in a cell having a 2 mm light path length at 25 °C. The scan
speed was 20 nm/min, and 40 scans were averaged.

The positive CD band at 260 nm is thought to derive from
the heme moiety and is sensitive to the coordination and spin
state of the heme. On the other hand, the band at 285 nm
derives from aromatic residues such as Trp and Tyr in globin
and changed upon oxygen binding (see inset), reflecting
conformational transition.””” To examine whether all three
Trp residues in Hb A contribute to this CD band at 285 nm or
not, we compared the CD spectra of three mutant
hemoglobins—rHb(aW14L), rHb(fW1SL), and rHb-
(PW37H)—with that of Hb A. Figure 3 shows the deoxy-

Deoxy-minus-oxy difference spectra

(A) rHb (W14L)

/"“/ ’
HbA | ] y.

Mutant

(B) tHb (BW1SL) | (C) rHb (BW3TH)
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280 300 320 280 300 320 280 300 320
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Figure 3. Comparison of the deoxy-minus-oxy difference CD spectra
of rHb(aW14L), rHb(SW1SL), and rHb(SW37H) (green spectra)
with that of Hb A (black spectra). The experimental conditions were
the same as those in Figure 2.

minus-oxy difference spectra of these three mutants (green
spectra) and Hb A (black spectra). Two recombinant Hbs,
rHb(aW14L) and rHb(SWI1SL), showed difference spectra
similar to that of Hb A, indicating that a14Trp and f15Trp did
not significantly contribute to the negative CD band of deoxy-
Hb A. On the other hand, rHb(fW37H) exhibited a smaller
negative CD band than that of Hb A. As previously reported,
B37Trp is partly responsible for the negative CD band of
deoxy-Hb A.%7
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Figure 4. Difference spectra between Hb A and rHb(aW14L), rHb(fW1SL), and rHb(SW37H) in the oxy-form (red spectra) and the deoxy-form
(black spectra). The experimental conditions were the same as those described in the legend of Figure 2. These difference spectra were thought to

reflect each Trp residue in Hb A.
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Figure 5. The 235 nm excited UVRR spectra of deoxy-Hb A (A: solid line), CO-Hb A (A: dotted line), and the difference between them (deoxy —
CO) (B). The hemoglobin concentration was 400 #M (in heme) in a 0.05 M phosphate buffer (pH 7) containing 0.2 M SO,>” as the internal
intensity standard. The difference spectrum was obtained so that the Raman band of SO,>~ (marked by an asterisk) could be abolished. Each

spectrum is an average of 20 scans.

The CD spectra of individual Trp residues were extracted by
difference calculations, the Hb A-minus-individual mutant Hb.
Figure 4 shows the CD spectra of individual Trp residues in
both the oxy-form (red spectra) and deoxy-form (black
spectra). A negative CD band appeared in both the oxy- and
deoxy-forms at 286 nm for @14Trp and at 283 nm for f15Trp,
and their negative intensities decreased appreciably in the
deoxy-form compared to the oxy-form, supporting the
possibility that these two Trp residues did not contribute to
the deoxy-minus-oxy difference peak of Hb A shown in Figure
3. In contrast, f37Trp showed positive CD bands at 279, 287,
and 297 nm in the oxy-form, and the first two bands decreased
in intensity in the deoxy-form but the last band remained
unchanged. Thus, it became evident that the negative CD peak
at 286 nm in the deoxy-minus-oxy difference spectrum of Hb A
arose from f37Trp. Although we previously proposed that the
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negative CD band at 286 nm of deoxy-Hb A, which has been
used as the T-state marker, was mainly due to the penultimate
Tyr of both the a and f subunits,%” we modified it to that
B37Trp also contributes to the negative CD band in addition to
those Tyr residues.

The 235 nm Excited UV Resonance Raman Spectra of
Mutant Hemoglobins. Figure 5 shows the 235 nm excited
UVRR spectrum of deoxy- and CO-forms of Hb A (A) and its
deoxy-minus-CO difference spectrum (B). The two spectra in
Figure SA are normalized with a band of SO,*~ at 981 cm™".
The raw spectrum of Hb A is dominated by the bands arising
from three Trp and six Tyr residues per af dimer, which are
labeled W and Y, respectively, followed by their mode
numbers.”>** The RR bands of Tyr in deoxy-Hb A were
observed at 1618 (Y8a), 1208 (Y7a), 1178 (Y9a), and 853 cm™!
(Y1). The frequency downshifts of the Y8a and Y9a RR bands

dx.doi.org/10.1021/bi300347x | Biochemistry 2012, 51, 5932—5941
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in the CO-form are distinctive. The RR bands of Trp in deoxy-
Hb A were observed at 1557 (W3), 1360 and 1340 (W7, Trp
doublet), 1011 (W16), 878 (W17), and 755 cm™' (W18). The
intensities of these Trp RR bands were appreciably reduced in
the CO-form. The spectral changes of Tyr and Trp residues in
Hb A due to the T — R transition (Flgure SB) are in good
agreement with those reported previously.® '""?

Figure 6 compares the deoxy-minus-CO difference spectra of
al4Trp mutant (A), f15Trp mutant (B), and #37Trp mutant

W18
(A) rHb(a14Trp—Leu)
W16 \
Y8a o <9 . ‘|
A N T B
" A _“_,“__\"*_# "."‘J"\J _‘._ '-"J—\;ﬁ-'-‘ﬂ'i‘—'\’-'cw;-'f—‘ll
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Figure 6. Comparison of deoxy-minus-CO difference UVRR spectra
of Hb A (black spectra) with those of rHb(aW14L) (A),
tHb(SW1SL) (B), and rHb(SW37H) (C) (green spectra). The
spectra of Hb A were measured under the same experimental
conditions as those for each mutant Hb. Therefore, they are slightly
different.

(C) (green spectra) with those of Hb A (black spectra). The
difference spectra of Hb A are slightly different among spectra
A, B, and C because they were measured under the
experimental conditions same as those for individual mutant
Hbs at the same time, but this indicates the reproducibility of
the present experiments. The deoxy(T)-minus-CO(R) differ-
ence spectra excited at 229—235 nm contain grominent peaks
assigned to both Tyr and Trp residues.'*'~>* The character-
istic R = T difference spectra exhibit frequency shifts for Tyr
RR bands and intensity enhancements for Trp RR bands.'”"!
These UVRR spectral changes were attributed to conforma-
tional changes in the residues at the 1—/f2 subunit interface,
especially #37Trp, f145Tyr, a140Tyr, and a42Tyr.'>** Among
the three spectra (A, B, and C) shown in Figure 6, the spectral
changes in Y8a and Y9a of Tyr are alike, indicating that changes
in Tyr residues in the three mutant Hbs occur normally upon
ligand binding. However, the intensity enhancements of Trp
RR bands are different among the three mutants. Although the
changes in Trp in rHb(aW14L) (Figure 6A) are the same as
those of Hb A, those in rHb(fW1SL) (Figure 6B) are slightly
smaller, and those in rHb(fW37H) are markedly smaller than
those of Hb A. A weak peak around 870 cm™" in Figure 6C is
due to noises. These results clearly indicate that the main
changes in Trp RR bands for the R — T quaternary structure
transition are due to f37Trp as suggested before,'”"" but
P15Trp also appreciably contributes to them.
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The difference spectra between Hb A and each mutant Hb
are expected to reflect the state of each Trp residue in Hb A.
The UVRR spectra of each Trp residue are shown in Figure 7

1010
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1600 1500 1400 1300 1100 1000 900 800
Raman Shift / cm-1
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Figure 7. UVRR spectra of individual a14Trp (A), f15Trp (B), and
pB37Trp (C) in the CO-form (red spectra) and deoxy-form (black
spectra). These spectra were digitally obtained by subtraction of the
UVRR spectrum of each mutant Hb from that of Hb A in both the
CO- and deoxy-forms, respectively.

for both CO-form (red spectra) and deoxy-form (black
spectra). The W3 frequency of Trp, which is known to be
sensitive to the absolute value of the torsion angle, 1>, about
the C,—C; bond connecting the indole ring to the peptide
main chain,®® was observed at 1556 cm™ for al4Trp, 1560
cm™! for f15Trp, and 1547 cm™" for 37 Trp. Their x> angles
were deduced from the W3 frequencies on the basis of the
correlation curve, which was determined empirically with the
reported values of the y*' angles of varlous Trp derivatives in a
crystalline state and W3 frequencies.”® From the correlation
curve, the y*' angles of each Trp residue in the deoxy mutant
Hbs in solution are deduced to be 108° (al4Trp), 125°
(B15Trp), and 87° ($37Trp). The X-ray structure of deoxy-Hb
A indicated that the > angles were 102° for a14Trp, 103° for
P15Trp, and 93° for ﬁ37Trp These values from the crystal
structure are slightly different from those inferred from the W3
frequencies for solutions. This might be due to structural
differences between in crystal and solution states.

The W7 doublet of Trp at 1340 and 1360 cm™" is known to
reflect environmental hydrophobicity of the indole ring.** The
band at 1360 cm™ is more intense than that of 1340 cm™ in a
hydrophobic environment and is reversed in a hydrophilic
environment.>* The relative intensities (I}340/I349) for a14Trp,
P15Trp, and f37Trp in the deoxy-form are 3.0, 2.0, and 1.6,
respectively (Figure 7), although these values are not precise
due to band overlapping. For model compounds of Trp (indole
and Nac-L-Trp EE), the range of the I;340/I 349 ratio is known
to be 0.65—0.92 for hydrophilic solvents and 1.23—1.32 for
hydrophobic solvents.>* From these facts, it is suggested that
the three Trp residues in Hb A are all placed in a hydrophobic
environment, but the a14Trp and f15Trp residues are placed
in a more hydrophobic environment than the f37Trp residue.

dx.doi.org/10.1021/bi300347x | Biochemistry 2012, 51, 5932—5941
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The frequency of the 878 cm™ band (W17) is known to
reflect the strength of hydrogen bond at the N, H site of the
indole ring. Indeed, the W17 band of skatole appears at 882—
883 cm™' in non-hydrogen-bonding solvents and 877—878
cm™ in hydrogen-bonding solvents.”> The W17 bands for
al4Trp, f15Trp, and B37Trp appear at 879, 879, and 878
cm™’, respectively (Figure 7). It is inferred from the frequencies
of the three Trp residues that the N H sites of the indole ring
of all Trp residues are hydrogen-bonded in deoxy-Hb A.

Although the spectrum of the a14Trp residue (Figure 7A) is
almost the same between the deoxy- and CO-forms, that of the
P1STrp residue (Figure 7B) is slightly different. In contrast, the
Trp RR bands for the #37Trp residue in the CO-form were
greatly reduced in intensity and slightly shifted (2—4 cm™) to
lower frequencies (Figure 7C). A derivative-shaped feature at
the Y8a position in the HbA-minus-a14Trp mutant difference
spectrum (Figure 7A) is different from the shape of Y8a in the
other difference spectra (Figure 7B,C). However, we thought
that this is not due to structural alteration by al4Trp
replacement but is caused by some noises in spectral
subtraction because spectral changes of Tyr RR bands both at
Y8a and Y9a are almost identical with those of Hb A as shown
in Figure 6A.

Quaternary T Conformation of rHb(fW37H). X-ray
crystallographic studies™” have demonstrated the presence of
two quaternary structures of Hb A: low-affinity (T) and high
affinity (R) structures. Isolated chains of Hb A, Mb, and mutant
Hbs with high oxygen affinity would adopt the R structure even
in the deoxy-forms, and mutant Hbs with low oxygen affinity
(Hb M Boston and Hb Kansas) would adopt the T structure
even in the liganded form.*® Sol—gel encapsulated Hb A binds
and releases oxygen noncooperatively, as if the encapsulation
limits ligand-induced quaternary structure change.***” How-
ever, resonance Raman studies showed that encapsulation
dramatically slows down but does not prevent the tertiary and
quaternary structure changes.”® UVRR difference spectra
obtained have revealed that E-helix motion is initiated upon
ligand binding, as indicated by the appearance of the W3
difference band for @14- and B15Trp at 1559 cm™.* The
subsequent appearance of Tyr (Y8a and Y9a) and Trp (W3,
1549 cm™') bands in the UVRR difference spectra suggests
conformational shifts for the penultimate @140Tyr on F-helix,
a42Tyr in the “switch” region, and B37Trp in the “hinge”
region.””* Thus, two populations have been found for
encapsulated T state and referred as “low-affinity T” and
“high-affinity T” states.* ~** The low-affinity T exhibits the
same oxygen affinity as the ordinary T-state Hb A in crystal®
and iron—zinc hybrid Hbs.** Upon ligand binding to the initial
deoxy state structure under encapsulation, the low affinity-T
population relaxes first, and later the high affinity-T population
does along the same path.**

Noble et al.*” and Kiger et al.** determined ligand binding
properties of f37Trp mutants, fSW37G, fW37A, fW3TE, and
PW37Y, and demonstrated that the substitution of S37Trp
could destabilize the tetrameric form relative to their
constituent dimers and also alter cooperativity of the intact
tetrameric species. The functional alterations from wild-type are
dependent on a side chain of the substituted residue, with
varied magnitudes of change increasing as Trp is substituted by
Tyr (Hill's n = 2.4), Ala (n = 1.4), Gly (n = 1.2), and Glu (n =
1.1). Crystallographic experiments of these mutant Hbs identify
the structural transition referred as T-to-Ty,, between the
quaternary T state of wild-type deoxyHb and an ensemble of
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related T-like quaternary structures observed for some
mutations in the $37Trp cluster and/or by exposing crystals
of wild-type or mutant Hbs to oxygen.49 The T-to-Tyg,
quaternary structure transitions consist of a rotation of the
(a1p1) dimer relative to (a2f32) dimer as well as a coupled
bending within the (@) dimer that practically involves a small
rotation of the al subunit relative 1 subunit. Mutations of
B37Trp disrupt quaternary constraints in the $37Trp cluster
and result in the high-affinity structure referred as Ty, Oxygen
binding properties of fW37H has not been reported so far, but
crystallograghic analysis was done.* According to their data
(Table 2),* the disruption of quaternary structure is large for

Table 2. Effects of Solvent Polarity on Absorption and CD
Spectra of Nac-L-Trp EE®

solvent relative polarity”  Abs(Ly)/nm  CD,./nm Ae (x10)
water 1.000 287.6 289 +0.50
methanol 0.762 289.4 289 +1.08
2-propanol 0.546 289.8 290 + 0.58
chloroform 0.259 290.0 288 —1.80
1,4-dioxane 0.164 290.4 286 —-2.05
diethyl ether 0.117 290.2 289 —0.82
CCl, 0.052 292.0 291 - 0.80

“Nac-L-Trp EE (1.1 mg) was dissolved in S mL of each solvent, and
we examined absorption and near-CD spectra with a cell having a 2
mm light path length at 25 °C. Scan speed and data sampling of CD
were 20 nm/min and 0.2 nm, respectively. Forty scans were averaged.
“The values for relative polarity were extracted from: Reichardt, C.
Solvents and Solvent Effects in Organic Chemistry, 3rd ed.; Wiley-VCH
Publishers: Weinheim, 2003.

PW37E, fW37A, and fW37G but is small for fW37Y and
PW37H, indicating that the quaternary T-structure of fJW37Y
and SW37H mutants with significant cooperativity (n > 2.0)
seems to be close to that of wild-type deoxyHb A.

CD and UVRR Spectra of Model Compounds of Trp.
Since the majority of Trp residues have no free amino and
carboxyl groups in proteins, it seems that N-acetyl-L-tryptophan
ethyl ester (Nac-L-Trp EE) is a useful model compound for Trp
residues in proteins. The differences in the CD and UVRR
spectra among the Trp residues in Hb A possibly reflect the
differences in environmental hydrophobicity and/or the
hydrogen bonding of Trp in a globin molecule. To check this
possibility, the solvent effects on the CD and UVRR spectra of
Trp were examined using a model compound of Trp, Nac-L-
Trp EE.

Model Compounds for Trp. As shown in Figure S1, the
absorption (a) and UVRR spectra (c) of Nac-L-Trp EE are
almost the same as those of L-Trp. The absorption spectra (a)
of Nac-L-Trp EE and L-Trp exhibited a broad peak in the 250—
300 nm region, which is due to an overlapped band of the L,
(275—280 nm) and L, (ca. 290 nm) transitions.’>>" On the
contrary, their CD spectra (b) are strikingly different from each
other. The CD spectrum of Nac-L-Trp EE has distinct Ly, bands
at 289 and 283 nm superimposed with a weak L, band at 270
nm, but that of L-Trp appears mainly from the L, band at 267
nm, as shown before.>>>> Indole-3-methyl (skatole), indole-3-
acetic acid, and indole-3-pyruvic acid did not show any CD
bands in the near-UV CD region, as shown in Figure S2 (right
panel). On the other hand, these indole-3-derivatives displayed
similar absorption (Figure S2, left panel) and UVRR spectra
(Figure S3).
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Biochemistry

4 CD _ 2 UVRR 5 &
oo P Water =
T 0 g g g
2 é 5 b=y )
- e 3& 3 = &
= v
A BaTE B
sz |8 8% e
o E= 1§ T _ E
oo =2\ - [= N4
£ 7 Methanol &2 & 8
14 = - T
=3 7z |D
T g | ./
~ 0+ =
5 =]
s | B
4 e Methanol
1 }
0
w -
14
8 F
C = o \_v/‘ Chloroform
-2 ~J
& Chloroform
[ | [ [ | |
T T T
1600 1400 1200 1000 800 600
® Wavelength/nm” Raman Shififer

Figure 8. Solvent effects on near-UV CD (left panel) and UVRR (right panel) spectra of Nac-L-Trp EE. Nac-L-Trp EE (1.1 mg) was dissolved in §
mL of solvent, and its CD spectrum was measured with a cell having a 2 mm light path length for every 0.2 nm of sampling with a scan speed of 20
nm/min. The spectra shown are an average of 40 scans. The 229 nm excited UVRR spectra are the sum of 60 exposures with each exposure

accumulating for 30 s.

The absorption and UVRR spectra of these model
compounds derive from the indole ring, but CD definitely
originated from the asymmetry of the a-carbon. The a-carbon
has no 7 electrons. Therefore, the 7 electronic states of the
indole ring must be coupled with those of the amide groups
through the asymmetric carbon. Since the coupling is
associated with a magnetic dipole, the energy levels of #
electrons of indole ring are hardly perturbed by the coupling,
and therefore, the loss of asymmetric carbon in indole-3-
derivatives scarcely affects the absorption and UVRR spectra
but affects the CD spectra in the 250—300 nm region. This
coupling must be sensitive to the electronic states of groups
attached to the a-carbon. In fact, acetylation of the amino
group and esterification of the carboxy group of L-Trp caused
great changes in the near-UV CD spectrum, as shown in Figure
S1b. It is highly possible that the near-UV CD spectrum of Trp
reflects the electronic state of peptide groups connected with
the a-carbon.

In the UVRR spectra of model compounds, however, there
are also slight differences in the Fermi doublet (W7) among the
four indole-3-derivatives. The Fermi doublet (W7) is observed
at ~1360 and ~1340 cm™ except for indole-3-methyl
(skatole), which gives only one band at 1340 cm™ (Figure
S3). The Fermi doublet is considered to arise from Fermi
resonance between the N, Cg stretching fundamental (W7) and
the combination of out-of-plane deformation modes.>* It is
likely that the short side chain of skatole changed the
frequencies of the out-of-plane deformation modes, and as a
result the intensity borrowing of the combination mode ceased
to occur.

Solvent Effects. The dependence of the CD spectra of Nac-
L-Trp EE on relative polarity of solvents is summarized in Table
2. On going from water (hydrogen-bonding and hydrophilic) to
a CCl, solution (non-hydrogen-bonding and hydrophobic), the
L, bands in the absorption spectrum were shifted to red by 4
nm but the L, band scarcely changed (data not shown). On the
other hand, a sign of ellipticity seems to have a relation with
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solvent hydrophobicity, but the wavelength yielding the
maximum in the CD spectra has no correlation.

Figure 8 (left panel) shows CD spectra of Nac-L-Trp EE in
water (A), methanol (B), and chloroform (C). In water and/or
methanol, Nac-L-Trp EE exhibited positive CD bands at 282—
283 and 289 nm. These positive CD bands were observed for
solvents having relative polarity higher than 0.5. In contrast,
Nac-L-Trp EE displayed negative CD bands in hydrophobic
solvents, such as chloroform (Figure 8C), 1,4-dioxane (Figure
9, inset), diethyl ether (Table 2), and CCl, (Figure 10, right
panel). Presumably, the peptide groups attached to the a-
carbon of Nac-L-Trp EE are influenced by the relative polarity
of the solvent. Here, we conclude that Trp residues in a protein
give rise to positive or negative CD for the L, bands in a
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Figure 9. Effects of water addition on CD (inset figure) and UVRR
spectra of Nac-L-Trp EE in 1,4-dioxane. Nac-L-Trp EE (1.1 mg) was
dissolved in S mL of 100% 1,4-dioxane or 40% 1,4-dioxane
(dioxane:water = 4:6). Measurements of the CD and UVRR spectra
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which changed upon the addition of HMPA.

hydrophilic or hydrophobic environment, respectively, through
status changes of peptide groups attached to its a-carbon.

Figure 8 (right panel) shows the 229 nm excited UVRR
spectra of Nac-L-Trp EE in the same solvents as for CD spectra
(left panel). The relative peak intensities of W1, W3, W16, and
W18 are different between the spectrum in chloroform (Figure
8F) and those in water (Figure 8D) and methanol (Figure 8E),
although the frequencies of major Raman bands do not change,
contrary to the remarkable changes in the CD spectra.
However, it is noted that small but distinct differences were
observed between the polar (water and methanol) and
nonpolar solvents (chloroform) at 1640 (W17 + W18), 1520
(2 X W18), and 1235 cm™' (W10). In addition, the intensity
ratios of W1/W3 and W16/W18 are larger in chloroform than
those in water and/or methanol. Recently, it was reported that
the W10/W9 intensity ratio (Rwio = I 1237¢w10)/I~1254(w)) Of
Nac-L-Trp EE increases upon the formation of a hydrogen
bond.>®

Figure 9 compares the CD spectrum of Nac-L-Trp EE
dissolved in a solution of 40% dioxane (dioxane:water = 4:6)
with that in 100% dioxane. The absorption maximum at 290
nm of Nac-L-Trp EE in 100% dioxane shifts to 289 nm in 40%,
and negative CD bands in 100% dioxane change toward
positive in 40% dioxane, as shown in the inset. This result
further supports the possibility that negative CD bands of Nac-
L-Trp EE arise in a hydrophobic environment and change
toward positive in a less hydrophobic environment. Figure 9
also shows the UVRR spectra of Nac-L-Trp EE in 100% and
40% dioxane. The relative intensity of W16 and W18 increases
slightly, and the ratio of the W7 doublet changes from 1.5 in
100% dioxane to 1.3 in 40% dioxane, probably reflecting the
surrounding hydrophobicity of the indole ring of Nac-L-Trp EE.
However, the other Raman bands remain unchanged between
100% and 40% dioxane. Therefore, it became more evident that
the CD spectrum of the Ly band reflects a state of peptide
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groups attached to the a-carbon of Trp rather than a state of
the indole ring itself.

Hydrogen Bonding. 1t is known that the UVRR bands
exhibit high intensity when the indole N,H site is hydrogen-
bonded with a proton acceptor in hydrophobic environments.*®
To separate the effects of hydrogen-bonding of Nac-L-Trp EE
on CD and UVRR spectra from those of hydrophobic
environments, we used hexamethylphosphoric triamide
(HMPA), a strong hydrogen bonding acceptor.’**’

Figure 10 (left panel) shows the UVRR spectra of Nac-L-Trp
EE in CCl, with (A) and without (B) 1% HMPA (v/v against
CCl,) and the difference spectrum (C) between them (A — B).
The positive peaks in the difference spectrum (C) indicate that
the intensity increases of the Raman bands upon hydrogen-
bond formation at N,H. This difference spectrum is similar to
the deoxy-minus-CO difference spectrum shown in Figure 5B
except the UVRR bands of Tyr, indicating that a part of the T-
to-R quaternary structure transition of Hb A is due to
hydrogen-bonding at N H of #37Trp. Furthermore, a positive
peak in the difference spectrum for W10 supports the note of
Schlamadinger et al. that the W10/W?9 intensity ratio (Ryyo =
L1p37(wi0)/I1254(we)) increases upon the formation of a
hydrogen bond.>® On account of this hydrogen bond, the
negative CD band at 284 nm of Nac-L-Trp EE decreased in
intensity and the negative band at 291 nm shifted to a longer
wavelength and intensified, as shown by Figure 10 (right
panel). Thus, in the CD spectra, the hydrogen-bonding effects
can be distinguished from the surrounding polarity effects
shown in Figure 8A—C. The CD changes in $37Trp upon
deoxygenation of Hb A (Figure 4C) probably reflect the
hydrogen-bond formation in the deoxy-form. These changes in
UVRR and near-UV CD spectra of Nac-L-Trp EE in CCl, with
HMPA were not observed for its dioxane solution, as shown in
Figure S4.

dx.doi.org/10.1021/bi300347x | Biochemistry 2012, 51, 5932—5941
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