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ABSTRACT: We have used UV resonance Raman spectroscopy to study the acid denaturation of horse
heart aguometmyoglobin (Mb) between pH 7.5 and 1.5. Raman spectra excited at 206.5 nm are dominated
by amide vibrations, which are analyzed by using a new methodology to quantitatively determine the Mb
secondary structure. In contrast, the 229-nm Raman spectra are dominated by the Tyr and Trp Raman
bands, which are analyzed to examine changes in Tyr and Trp environments, such as exposure to water,
hydrogen bonding, and, for Trp, any aterations of the dihedral angle between the Trp ring and its linkage
to the protein backbone. We uniquely determined which Mb o-helices melt by combining the amide,
Tyr, and Trp Raman spectral information with heme absorption spectral information. We calculate that
the Mb a-helical composition decreases from ~80% at neutral pH to ~19% below pH 3.5. The Trp
Raman cross sections dramatically decrease at low pH to values which indicate that they are fully exposed
to water; this result indicates that the A helix melts. The Tyr Raman bands are pH independent, which
indicates that the G and H helices around the Tyr residues do not melt. The dramatic heme absorption
acid denaturation changes indicate major alterations of the heme pocket and changes in heme binding.
These resultsindicate that the A, B, C, D, E, and F helices melt in a concerted fashion, while the antiparallel

G and H helices only partially melt.

The understanding of protein structure and dynamics is
challenged by the present lack of insight into the mecha
nism(s) by which proteins self-assemble from their primary
sequences of linked amino acids to form three-dimensional
functiona enzymes with well-defined secondary, tertiary, and
quaternary protein structures (1—8). Numerous studies of
protein folding and unfolding have utilized a host of
techniques, including NMR, CD, absorption, and fluores-
cence spectroscopy (2, 9—18). These studies, which at-
tempted to elucidate the rules for protein folding (and
unfolding), utilized highly sensitive and selective techniques
to examine static and dynamic aspects of protein structural
changes.

In this report, we apply UV resonance Raman spectroscopy
to determine the Mb secondary structural changes during acid
denaturation. The work here utilizes a new amide resonance
Raman spectroscopic methodology (19, 20), which quanti-
tatively determines protein secondary structure, to examine
the intermediate unfolded state of horse heart aquometmyo-
globin (Mb). Mb has often been used as a paradigm for
protein folding and unfolding because Mb shows a well-
defined intermediate unfolded form which still retains some
o-helica structure (11, 13, 21—24). In addition, Mb
investigations greatly benefit from the immense amounts of
structural information which aready exist for this protein.
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We have examined the acid-induced denaturation of Mb
by monitoring the UV Raman spectra of both the amide
vibrations and the Tyr and Trp aromatic amino acid vibra-
tions, as well as the heme Soret band absorption spectra.
We utilize the new pure secondary structure Raman spectral
methodology, described in the preceding paper in thisissue,
to determine the pH dependence of the Mb secondary
structure. We use the Tyr and Trp bands observed in the
229-nm excited UV Raman spectra (20, 26—32) as markers
to determine whether the helices to which they are attached
melt. Changes in particular Trp and/or Tyr environments,
such as solvent exposure and hydrogen bonding, correlate
with secondary structural changes at the Trp and Tyr
attachment sites. We compare this information with the
heme absorption results to conclude that the A, B, C, D, E,
and F helices melt, while the G and H helices remain mostly
intact, especially around the Tyr residues.

Our results on holoMb, which indicate that all but the G
and H helices melt, differ from conclusions of previous
studies, using other techniques (11, 13), on the acid
denaturation of sperm whale apoMb; these studies suggested
that the A, G, and H helices remain intact. The differences
between horse holoMb and sperm whale apoMb may result
from stronger interactions between the A helix and the G
and H helices in the apoMb since the heme pocket collapses
and permits more intimate interactions between the A, G,
and H helices. Alternatively, a fundamental stability dif-
ference may exist between horse and sperm whale Mb, since
Gruebele recently observed melting of the A helix in horse
apoMb (33).
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Ficure 1. Aquometmyoglobin (30 uM) absorption spectra at
various pH values. The spectra were measured in a 0.5-mm-path
length cell. €* is the molar absorptivity in unit of peptide bond
concentration.

EXPERIMENTAL SECTION

Horse heart metmyoglobin (Mb), N-acetyl-tyrosine ethyl
ester (Ac-Tyr-ee), and N-acetyl-tryptophan ethyl ester (Ac-
Trp-ee) were purchased from Sigma Chemical Co. (St. Louis,
MO) and used asreceived. We utilized 18 uM Mb solutions
for Raman spectra excited at 206.5 nm and 91 uM Mb
solutions for 229-nm excitation. The sample solution pH
value was adjusted by adding small amounts of concentrated
HCl and KOH solutions with rapid stirring. We used the
~500-cm~* water librational band (34) as an internal intensity
standard to determine absolute Raman cross sections because
we found that the Mb aggregated in acid solutions below
pH 2.5 in the presence of 0.15 M perchlorate. We separately
determined the water librational Raman band cross section
by measuring the relative intensity of this band compared
to that of perchlorate. The 2249-cm™! acetonitrile band
previously determined by Dudik et a. (35) was used to
calculate the Raman cross sections of Ac-Trp-ee and Ac-
Tyr-ee in the water/propanol solvent.

UV Raman measurements were obtained by using instru-
mentation described in detail previously (36, 37). CW laser
excitation at 206.5 (2.5 mwW) and 229 nm (9 mW) were
obtained from intracavity frequency-doubled Kr ion and Ar
ion lasers, respectively (36, 38). For the higher concentration
(1.5 mg/mL) 229-nm excitation experiments, we used awire-
guided jet sampling system similar to that of Cho et a. to
avoid photoaggregation (39). For the lower concentration
206.5-nm excitation experiments, the sample solutions were
pumped through a 1.0-mm-i.d. Supersil quartz capillary. A
1800 grooves'mm grating was used in second order. Spectral
resolutions were 8.5 cm™* for 229-nm excitation and 20 cm—
for 206.5-nm excitation, respectively. Absorption spectra
were measured by using a Perkin-Elmer Lamda-9 spectrom-
eter.

RESULTS

Acidification of Mb solutions below pH 4 has long been
known to cause unfolding (11, 13, 16, 17, 20—24). This
unfolding causes large changes in the heme crevice, as shown
by the Figure 1 pH dependence of the aquometMb absorption
spectra. The neutral pH aguometMb absorption spectrum
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FiGURE 2: 206.5-nm excited Raman spectra of agquometmyoglobin
(18 uM) at various pH values. The pH 7.27 sample was cycled to
acid pH and then returned to pH 7.27. Power is 2.5 mW. The spectra
were detected by an ICCD detector, with atotal accumulation time
of 20 min. A 1800 grooves/mm grating was used in second order,
giving a spectral resolution of ~20 cm™L.

shows a strong heme Soret band at 409 nm, while Tyr and
Trp absorption bands occur between 260 and 300 nm (not
shown), and the stronger Tyr and Trp absorption bands
appear as a shoulder between 210 and 230 nm (39—41). The
region below 220 nm is dominated by the 7—* absorption
of the protein amide backbone linkages (18, 42, 43).

The absorption spectra are independent of pH between pH
7.5 and ~3.5. However, apH decrease to below 3.5 results
in an increased absorption between 200 and 220 nm and a
decreased absorption around 230 nm. These spectral changes
correlate with the known unfolding of the dominantly Mb
o-helical structure (81%) (44); the absorption increase below
220 nm results from hyperchromism of the amide 7z—*
electronic transitions due to decreased excitonic interactions
in the unfolded unordered conformation(s) compared to those
in the a-helix conformation (18, 43).

The small ca. 230-nm Mb absorption decrease results from
acid denaturation aterations in the environments of the Tyr
and Trp residues which shift their aromatic ring 7—u*
transition frequencies (vide infra). The neutral pH 409-nm
Soret band absorbance decreases and is replaced with amore
diffuse 363-nm Soret band; these results indicate major
changes in heme binding.

Figure 2 shows the 206.5-nm excited resonance Raman
spectra of Mb at pH values between 7.50 and 1.50. The
206.5-nm excited Raman spectra are dominated by the amide
vibrations (18, 36), since this excitation is resonant with the
amide r—xr* transitions. The spectra show strong enhance-
ment of the amide | vibration (~1660 cm™), which is
predominantly carbonyl stretching; enhancement of the ring
stretching vibrations of the Tyr and Trp aromatic amino acid
side chains (~1610 cm™1) (19, 25—31); strong enhancement
of the amide Il vibration (1555 cm™2), which involves all
the atoms of the amide group but contains a large contribu-
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tion of C—N stretching and N—H bending; a variable
intensity of the amide C,—H bending vibration (1386 cm™2);
and strong enhancement of the amide Il vibration (1240—
1300 cm™t), whose composition is similar to that of the
amide Il vibration, except that opposite phasing occurs
between C—N stretching and N—H bending (43, 45, 46).

The Mb amide Raman spectra are essentialy identical
between pH 7.50 and 3.90; the spectra show a strong amide
| (1655 cm™1) band and medium-intensity amide Il (1555
cm™Y) and I11 (1290 cm™1) bands. No band near 1386 cm™?
is evident, due to the fact that the Mb secondary structureis
mainly o-helical (18, 36, 43). The invariance of the Raman
frequencies, intensities, and band shapes indicates little
change in the protein secondary structure between pH 7.50
and 3.90.

Below pH 3.9, the 1386-cm™ amide C,—H bending band
appears, which indicates a significant unraveling of the Mb
o-helical structure. The amide 11 band frequency shifts from
1290 to 1268 cm™ between pH 3.9 and 3.58, and it further
shiftsto 1261 cm™! at pH 2.98. The amide |11 band Raman
cross section increases from 26 mbarn molecule ™ sr™! at
pH 3.98 to 39 mbarn molecule ! sr* at pH 2.98. The amide
| band shifts 7 cm™* to lower frequency, and its Raman cross
section dlightly decreases. The amide 11 band frequency
remains relatively constant, while its Raman cross section
increases from 27 to 46 mbarn/molecule™ sr=1 . A further
pH decrease to 1.50 causes little additional Raman spectral
changes, which indicates little further change of the Mb
secondary structure.

The bottom Figure 2 Mb spectrum, which is of a sample
where the pH was first adjusted from neutrality down to pH
1.50 and then adjusted back to pH 7.27, is identical with
that at pH 7.50. This clearly indicates that the acid-induced
unfolding is reversible over the time frame of our measure-
ment (20 min).

In the previous accompanying paper, we demonstrated a
new methodology to determine protein secondary structure,
which utilizes a set of calculated 206.5-nm UV Raman
spectra (PSSRS) of the pure a-helix, §-sheet, and unordered
secondary structures (19). These PSSRS are used to model
the measured protein Raman spectra to quantitatively deter-
mine the protein secondary structure composition. Thisis
a robust determination since we simultaneously utilize the
amidel, I1, and 11l bands and the C,—H amide bending bands
to determine secondary structure (18).

We utilized this methodology here to determine the Mb
secondary structure composition at the different pH values.
Prior to modeling, we subtract from the observed protein
spectrum both the Raman spectrum of water and the Tyr,
Trp, and Phe aromatic side-chain ring Raman bands, as
previously described (18). In addition, we do not include
the ~1610 and the ~1450-cm™! spectral regions in the
modeling calculation. Figure 3 shows the measured Mb
spectra used for the modeling as well as the residuals between
the measured and calculated spectra.

The small values of the residuals demonstrate that these
three PSSRS fit al the Mb spectra very well and that even
the low-pH acid-denatured Mb unfolded state is mainly
composed of these three secondary structures. However, the
lowest pH spectra show clear residual features, such as the
broad peak at ~1250 cm™! and the broad trough at 1680
cm™%, which indicate formation of additional secondary
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FicuUrRe 3: Spectra modeling of the measured 206.5-nm excited
Raman spectra (—) of aguometmyoglobin (18 xM) at various pH
vaues and the residuals (+++) (1100—1800 cm~1). Prior to modeling,
we subtract from the observed protein spectrum both the Raman
spectra of water and the Tyr, Trp, and Phe side chains, as previous
described (18). In addition, we neglect the ~1610- and the ~1450-
cm~1 spectral regions.

Table 1: Horse Myoglobin Secondary Structure Composition at
Various pHs

pH o-helix (%) -sheet (%) unordered
1.50 19 0 81
2.98 19 0 81
3.58 44 9 46
3.90 78 0 22
452 77 0 23
5.05 73 0 27
7.50 73 0 27
7.27r 78 0 22

structural motifs which are not well modeled by the three
existing PSSRS.

Table 1, which lists our calculated Mb secondary structure
fractional abundances at the different pH values, indicates
that Mb switches from predominantly o-helical to unordered
structures during the acid denaturation process. The only
exception isthe pH 3.58 sample, which is calcul ated to have
9% f-sheet structure. This sample shows small residua
features over the entire 1200—1400-cm™* spectral region.
This may indicate the occurrence of unusual secondary
structure(s) at this pH, which is at the midpoint of the
cooperative unfolding transition. Figure 4, which displays
the pH dependence of Mb a-helical composition, indicates
arelatively constant ~75% calculated a-helix composition
from pH 7.50 to 3.90, which drops to 19% a-helix at pH 3.
We put constraints on fitting of pH <3 Mb spectra, since
unconstrained fits of the unfolded (pH < 3) Mb spectra give
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FIGURE 5: 229-nm excited Raman spectra of horse aqguometmyo-
globin (91 uM) at various pH values. Power, 9 mW. The spectra
were detected by an ICCD detector, with atotal accumulation time
of 10 min. A 1800 grooves/mm grating was used in second order,
giving a spectral resolution of ~8.5 cm™L.

rise to negative helical composition value, because our fitting
modeling does not include all of the structural motifsin the
unfolded Mb spectra.

Additional information on the pH-induced conformational
changes can be obtained by studying the change in the
Raman spectra of the aromatic amino acid bands. Although
contributions of Tyr, Trp, and Phe occur at ~1610 cm™t in
the 206.5-nm excited Raman spectra, this spectral region is
strongly overlapped by the amide bands.

Excitation at 229 nm within the strong Tyr and Trp 7—*
transitions results in selective enhancement of Tyr and Trp
bands (25—31, 41), with negligible interference from either
the amide bands or any bands from other amino acid side
chains. Figure 5 shows the 229-nm excited Raman spectra
of Mb at various pH values. The 759-, 857-, 879-, 1012-,
1339-, 1359-, 1453-, 1516-, and 1557-cm~! bands derive
from Trp, while the 1179-, and 1207-cm~* bands derive from
Tyr. The 1613-cm~* band derives mainly from the Tyr Y 8a
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Ficure 6: pH dependence of 229-nm excited Mb Trp Raman cross
sections. The water band a 500 cm~! was used as an interna
intensity standard to determine the Raman cross sections. 229-nm
excited Raman cross sections of N-acetyl-tryptophan ethyl ester in
agueous solution: W18 (759 cm™1), 0.574; W17 (879 cm~1), 0.130;
W16 (1012 cm™1), 0.509; W3 (1551 cm™2), 0.383 (10-%* cm?
molecule™ sr1), respectively.
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Ficure 7: pH dependence of 229-nm excited Mb Tyr Raman cross
sections. The water band at 500 cm~! was used as an internal
intensity standard to determine Raman cross section. 229-nm excited
Raman cross sections of N-acetyl-tyrosine ethyl ester in aqueous
solution: Y9a (1179 cm™%) 0.16; Y7a (1207 cm™1), 0.053; Y8a
(1613 cm™1), 0.38 (10~2* cm? molecule™! sr—1), respectively.

band, but a small contribution also occurs from the Trp W1
band (39).

The intensities of the Trp but not the Tyr bands decrease
as the pH decreases, as indicated by Figures 6 and 7, which
plot the pH dependence of the Trp and Tyr Raman cross
sections.  The cross sections of the 759-, 879-, 1012-, and
1551-cm™?! Trp bands decrease by almost 3-fold as the pH
decreases below 4.0. This decrease levels off by pH 2.50.

To interpret these data, we investigated the environmental
dependence of the Tyr and Trp Raman and absorption
spectra. Figures 8 and 9 show the UV absorption spectrum
of Trp and Tyr in water, methanol, and n-propanol. The
strong t—a* transition of Trp at ~220 nm derives from a
transition to the By, state. Tyr has a strong w—x* transition
band at ~190 nm, which derives from transitions to the B,
and By, states, and a strong z—s* transition band at ~220
nm, which derives from the transition to the L, state.

The Trp and Tyr absorption bands red-shift as the solvent
changes from water to methanol and to propanol. These
spectral redshifts are similar to those observed by Cho et al.
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Ficure 8: UV absorption spectra of 1.0 mM N-acetyl-tryptophan
ethyl ester in water, methanol, and propanol solution. Path length,
0.5 mm.
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Ficure 9: UV absorption spectra of 1.0 mM N-acetyl-tyrosine ethyl

ester in water, methanol, and propanol solution. Path length, 0.5
mm.

(39), which they showed were related to an increased
magnitude of the solvent H-bond accepting ability or the
solvent H-bond-donating ability. Whatever the case, polar
solvents tend to stabilize the ground states of Trp and Tyr
more than less polar solvents and thus give rise to shorter
wavelength 7—z* transitions. Since we excite the Trp and
Tyr spectra on the red edge of their Raman excitation profile
maxima, we expect a decrease in their Raman cross sections
if the Tyr and Trp residues exchange from a buried to a
water-exposed environment; the Raman excitation profile
maximum will blue-shift away from the 229-nm excitation
wavelength. The decrease of Trp Raman cross section in
Mb during acid denaturation to a value amost identical with
that of Trp in water indicates that the Trp becomes exposed
to water upon Mb unfolding (47). The Mb Tyr residues
Raman cross sections remain ~2-fold larger than those of
blocked Tyr in water.

To confirm the dependence of Trp and Tyr band Raman
cross sections on solvent exposure, we measured the
dependence of the Ac-Trp-ee and Ac-Tyr-ee Raman cross
sections upon solvent composition. We measured the 229-
nm excited Raman spectra of Ac-Trp-eeand Ac-Tyr-eeina
water/propanol binary solvent. Raman spectra of water/
propanol solvent mixtures which contain 5% acetonitrile as
an intensity standard were used to determine the Raman cross
sections of the Trp and Tyr bands. Figure 10 shows the
solvent dependence of the 229-nm excited Ac-Trp-ee band
(W3, W16, and W18) Raman cross sections of in water/
propanol solvent, while Figure 11 shows the solvent depen-
dence of 229-nm excited Ac-Tyr-ee band (Y7a, Y8a, and
Y 9a8) Raman cross sectionsin water/propanol solvent. These
two figures demonstrate that the Raman cross sections of
the Trp and Tyr band decrease as the water composition
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Ficure 11: Solvent dependence of the 229-nm excited Raman cross
sections of N-acetyl tyrosine ethyl ester in water/propanol solvent.

increases. Thus, the Raman cross sections of Trp and Tyr
in proteins will decrease as they become exposed to water
when the protein unfolds.

A band shape change is evident for the ~1557-cm™! Trp
W3 Raman band (48) upon acid denaturation. At neutral
pH, this band is asymmetric, with a bandwidth of 15.7 cm™.
At acid pH, the frequency decreases to 1553 cm™%, and the
band becomes more symmetric, with a bandwidth of 19.7
cm~L. The W3 band frequency is known to depend on the
angle y?1, which links the C, in the indole ring to the C; of
the amino acid side chain (48).

The observed Trp Raman band results from overlapping
contributions from the two Mb Trp within the A helix. We
can deconvolute this neutral pH Trp W3 band into two bands
at 1553.6 and 1558.6 cm1, with relative intensities of about
1:2. This leads to y?>! angles of ~102° and >120°,
respectively, which can be compared to X-ray diffraction
results for Trp7 and Trpl4 of 100° and 150°, respectively
(44). We thus assign the 1553.6- and 1558.6-cm™* bands
to Trp7 and Trpl4, respectively. This assignment is also
consistent with the relative Raman cross sections found in
the deconvoluted spectrum; the Raman cross section of the
Trp7 band is ~60% that of Trpl4. The surface-accessible
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Ficure 12: Ribbon diagram of horse heart myoglobin. The eight
helices are label by letters A—H. The heme group and the trp7,
trpl4, tyr103, tyrl46, distal His64, and proximal His93 are shown
(44).

areas are calculated to be 56 and 22 A2 for trp7 and trpl4,
respectively (44, 49). The more water exposed Trp should
have a blue-shifted excitation profile and a lower Raman
cross section. The dightly broader but symmetric W3 Trp
band at acidic pH is consistent with almost identical y2!
angles for the two Trp of ~110°, but with apparently larger
distributions in angles.

The Raman cross section changes and the W3 frequency
and band shape clearly signal that the environments of both
Trp are dramatically altered upon Mb unfolding (vide infra).
The lack of Tyr Raman cross section, frequency, or band
shape changes upon acid unfolding indicates that the mi-
croenvironments of the Tyr residues do not change during
the acid denaturation. Since the two Tyr are located on the
Mb G and H helixes, these results indicate no melting of
the G and H helixes around the Tyr residues.

DISCUSSION

Horse heart Mb is a globular, single-domain protein of
153 amino acids (Figure 12), which possesses eight rodlike
a-helical segments of varied length (labeled as A—H). Horse
heart Mb contains two Trp (trp7 and trpl4 in helix A) and
two Tyr residues (tyr103 and tyr146 in helices G and H,
respectively). The B, C, E, and F helices frame the heme
pocket (44).

The Tyr and Trp side chains in the native protein are
predominantly buried, with little contact with water. Some
of the flanking side chains, like Lys, have larger hydrogen-
bond-acceptor abilities. Native Mb shows water solvent
surface-accessible areas of 56, 22, 38 and 2 A2 for the Trp7,
Trpl4, Tyrl103, and Tyr146 residues, respectively (44, 49),
while the Trp and Tyr rings in the glycine-blocked Trp and
Tyr tripeptide show surface-accessible areas of 217 and 187
A2, respectively (51). Thus, in native agquometMb, 74% of
trp7 and 90% of trp14 are buried, while 80% of tyr103 and
99% of tyr146 are buried.

Figures 6 and 7 show that the 229-nm Raman cross
sections of Trp and Tyr bandsin native Mb are approximately
3 and 2 times larger than those of blocked Trp and Tyr in
agueous solution, respectively. The fact that the Raman cross
sections of Trpin Mb at pH 1.5 are essentially identical with
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that of blocked Trp in agueous solution suggests that the
Trp in the unfolded protein are essentially fully exposed to
water.

In the absence of tertiary contacts, helix A would have
calculated solvent surface-accessible areas for trp7 and trpl4
of 122 and 132 A2, which is about half that of Gly-Trp-Gly
(217 A?). Thus, approximately half of these rings are buried
by the adjacent A helix amino acid side chains and half by
the tertiary contacts with other side chains.

The Raman intensity alterations observed require that the
native Mb tertiary and secondary structures that are respon-
sible for burying the Trp disappear upon acid denaturation.
Thus, we conclude that helix A, which contains the two Trp
(trp7 and trpl4), totally melts at acidic pH.

Thelack of Tyr Raman band changes indicates that helices
G and H remain folded in highly acidic conditions and
preserve their tertiary contacts, especially around the Tyr
residues. The Gly-Tyr-Gly side-chain solvent surface-
accessible area of 187 A? is decreased to 38 and 2 A2 for
tyr103 and tyr146 in native Mb, respectively. The contacts
within the G and H helices and the tertiary contacts between
them bury areas of 90 and 150 A2. The remaining tertiary
contacts are responsible for burying the remaining 59 and
35 A2, Thus, essentialy al of the Tyr protecting tertiary
contacts in native Mb are preserved in the acid unfolded
protein.

While we have not, as yet, thoroughly quantified the
dependence of the Raman cross section of Tyr and Trp on
aqueous exposure, we have demonstrated in Figures 10 and
11 that the Raman cross sections of Trp and Tyr depend on
water exposure and that the Raman cross section dependence
results from the Raman excitation profile shifts, which result
directly from the absorption spectral shifts. In addition, we
know that these shifts are probably most related to environ-
mental hydrogen-bonding acceptance values (39, 51). Our
observed absorption spectral shifts appear to be approxi-
mately proportiona to changesin solvent composition. Thus,
we can assume ¢ = oy + FAogy,, where gy, is the Raman
cross section of the residue in water, Aoy, is the increase in
Raman cross section for fully burying the residue, and F is
the fractional solvent exposure. We can detect a 5% change
in Raman cross section; thus, we suggest that less than ~10
A2 of the Tyr surface area becomes exposed to water.

The dramatic changes in the Soret band in Mb, shown in
Figure 1, indicates dramatic structural changesin the B, C,
D, E, and F helices framing the heme pocket. As the pH
decreases, the 409-nm Soret band absorption disappears and
a new broad 363-nm band appears; the proximal His93 on
helix F protonates and the iron changes from five- to six-
coordinate, where water molecules weakly bind to both sides.
This behavior is consistent with the unraveling of the B, C,
D, E, and F helices, which has been suggested previously
(20, 23, 24).

The residual 19% a-helical structure composition observed
at low pH is significantly less than that which would be
contributed by the native G and H helices alone (29%
o-helical structure). Thus, we conclude that parts of the G
and H helices locdized away from the Tyr residues also melt,
and that the A, B, C, D, E, and F helices entirely melt. Our
results indicate that the acid denaturation of Mb involves a
cooperative simultaneous melting of most of the a-helical
segments of Mb at pH ~3.5, with the exception of ~66%
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of the G and H helices, the portions localized around the
Tyr residues.

The unique stability of the G and H helices and their
connecting hairpin loop is likely to be due to interactions
between their hydrophobic faces, which contain 11€101,
Leul04, Phel38, I1e142, and Tyr146 near the C-terminal end
and 11e111, 11112 ,and Leul35 approximately in the middle
of the helices. This is consistent with the observation that
the G—H helical fragment of Mb and unfolded residues form
partialy stable a-helix structures in aqueous solution and
extensive a-helical structures in the presence of the helix
promoter trifluoroethanol (51, 52). Furthermore, the G—H
helices should also be stabilized by the antiparallel alignment
of the macrodipole moments of the G and H helices.

Previous studies of sperm whale apomyoglobin (ApoMb)
indicated that the A, G, and H helices remain a-helica
following acid denaturation (11, 13), which differs from our
results, where we conclude that helix A melts. This
difference could result from the structural difference between
holoMb and ApoMb. Since the heme group is absent in
apoMb, stronger interactions between the A helix and helices
G and H may occur to stabilize helix A at low pH in apoMb.
In the holoprotein, the constraints of accommodating the
heme group may prevent significant interactions between
helix A and helices G and H in Mb. However, our
preliminary studies of the acid denaturation of horse apoMb
also indicate the unfolding of the A helix (47). Alternatively,
the difference may result from the primary sequence differ-
ence between sperm whale and horse Mb. We find it
comforting that Gruebele have recently concluded that the
horse apoMb A helix melts upon cold denaturation (33). We
will report on the acid denaturation of horse apoMb and
sperm whale holo- and apoMb in the future.

CONCLUSIONS

We have demonstrated a methodology to monitor the
secondary structure unfolding of specific helical segments
of Mb by modeling the UV Raman spectra of the protein
backbone amide bands. In addition, we probe the Tyr and
Trp UV Raman spectra to obtain insight on environmental
changes for these aromatic amino acids which may signal
localized amide backbone conformation changes. We con-
clude that, for holoMb, acid-induced denaturation involves
unfolding of helices A—F at pH ~3.5, while the helices G
and H till retain some o-helical structure, especially around
the Tyr residues. We presume that this melting of the helices
framing the heme pocket is responsible for the observed
changein heme binding. The sensitivity of the Trp and Tyr
229-nm Raman cross sections to their environment mainly
results from the dependence of Raman excitation profile peak
maxima (due to the dependence of the absorption Ama) on
the aromatic amino acid environments. We demonstrate here
that the Raman cross sections of the Trp and Tyr residues
can be used as markers for their local exposure to water.
This technique can be extended to probe secondary structural
changes at chosen locales within a protein by using site-
directed mutagenesis to attach Tyr or Trp marker residues.
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