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Abstract The individual tryptophanyl contributions to
the near-ultraviolet circular dichroic activity of apomyo-
globin in its native conformation have been resolved by
studying recombinant proteins with single tryptophanyl
substitutions. Site-directed mutagenesis of sperm whale
apomyoglobin was performed in order to obtain proteins
containing only Trp A-5 or Trp A-12. These amino acid
substitutions have very little effect on the overall globin
fold as indicated by comparing the spectroscopic pro-
perties of the mutants with those of the wild type protein.
The circular dichroism spectra of the two apomyoglobin
mutants in the near ultraviolet were found to be signifi-
cantly different, bothindoleresidueshaving significant ac-
tivity but of oppositesign. In particular, Trp A-5 showsthe
presence of a main positive peak centered near 294—
295 nm with a marked shoulder at 285 nm, ascribed to the
1L gtransition. The spectrum of the mutant protein contain-
ingonly Trp A-12 showsalarge negative contribution with
aminimum near 283 nm and amarked shoulder at 293 nm.
The broadness of the negative contribution exhibited by
Trp A-12 suggests that it may originate mainly from the
1L, transition.
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Introduction

The near ultraviolet CD activity, which many proteins ex-
hibit between 260 and 300 nm, is mainly due to the inter-
actions of the aromatic side chains of tryptophan, tyrosine,
and phenylalanine with an asymmetric environment
(Strickland 1974; Strickland et al. 1969). These interac-
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tions influence the sign and intensity of the CD bands.
Moreover, therotational strength is strongly dependent on
side chain orientation and rigidity, i. e., increased mobility
causes a decrease of CD activity. In this respect, the near
UV CD activity istaken as an indicator of tertiary organ-
ization and, sometimes, can be helpful in detecting subtle
conformational changes.

Most of the myoglobins examined so far contain two
tryptophanyl residues which fill the invariant positions 7
and 14, localized in the A-helix (A-5 and A-12, respec-
tively). Many attempts have been made to resolve the in-
dividual spectroscopic contributions of these two residues
(Postnikova et al. 1991; Herskovits and Solli 1975; Kirby
and Steiner 1970; Irace et al. 1981; Wasylewsky et al.
1988). These studies were mostly accomplished by selec-
tive chemical modification (Postnikova et al. 1991) or by
comparing the results with those for a single tryptophan
containing myoglobin, i.e., tuna myoglobin (Irace et a.
1981; Balestrieri et a. 1978). This protein possessesasin-
gle tryptophan residue, i.e., Trp A-12, the indole residue
in position A-5ismissing. In previous papers, we reported
that the two tryptophanyl residues exhibit different emis-
sion properties (Irace et al. 1981; Irace et al. 1986; Bis-
muto et al. 1989); moreover, we suggested that they might
contribute differently to the near UV CD activity of apom-
yoglobin (Colonnaet al. 1978). Thisresult isquite surpris-
ing considering that the two residues are not only located
in the same helical segment, i.e., the A helix (positions
A-5 and A-12, respectively), but are also oriented on the
same helical side. Since all myoglobins so far examined
seem to possess the same basic fold (Rossman and Argos
1975; Argos and Rossman 1979), a comparison of myo-
globins containing a different distribution of aromatic
chromophores may provide information on different mo-
lecular sites despite their proximity in the primary se-
guence and in the tertiary organization.

In this paper, we examine the effect of single tryptoph-
anyl replacements on the optical activity in the near UV.
The residue substitutions were performed by site-directed
mutagenesis of sperm whale myoglobin in order to obtain
proteins containing only Trp A-5 or Trp A-12. The results
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show that the contributions of the two indole residues to
the total CD activity are different.

Materials and methods
M utagenesis of the myoglobin gene

The synthetic sperm-whale myoglobin gene (pMb 413)
was kindly provided by Drs. B. A. Springer and S. G. Sli-
gar (Springer and Sligar 1987). DNA manipulations were
performed essentially as described in Sambrook et al.
(1989). The Trp-7 and Trp-14 residues (Trp A-5 — Phe
and Trp A-12 - Phe substitutions) were mutated with
the following oligonucleotides. 5'-GTTCTGTCTGAA
GGTGAATTCCAGCTGGTTCTG-3' and 5-GGTTCT
GCATGTTITCGCTAAAGTTGAAGCTG-3', using the
“Clontech Transformer site-directed mutagenesis’ Kit.
M utants were screened and confirmed by sequencing dou-
ble-stranded DNA in the region of the mutation using the
“Seqguenase” kit purchased from United States Biochemi-
cal Corporation. The mutant myoglobin gene was ex-
pressed in a pUC19 vector in E. coli TB-1 (Springer and
Sligar 1987).

Protein purification

Escherichia coli TB-1 harboring the pMb 413 plasmid was
grown at 37°C in LB in the presence of ampicillin
(200 mg/liter). Protein was purified as described by
Springer and Sligar (1987). Briefly, the cells were har-
vested in late stationary phase, lysed overnight and soni-
cated. Cell debris was removed by centrifugation, and the
supernatant was brought to 60% saturation with ammo-
nium sulfate. The precipitate was collected by centrifuga-
tion, and ammonium sulfate was added to the supernatant
to 95% saturation. The precipitate was recentrifugated and
resuspended in 20 mM Tris, pH 8.0—1 mM EDTA and ap-
plied to a Sephadex G-50 (Pharmacia) gel filtration col-
umn (2.5x100 cm). Appropriate fractions were collected
and applied to aWhatman DEAE 52 ion exchange column
(2.5%20 cm) equilibrated and resolved with 20 mM Tris-
HCI pH 8.4. Under these conditions, myoglobin did not
stick to the column and was rapidly eluted. Protein purity
was checked by SDS-PAGE.

Apomyoglobin

The hemewasremoved from myoglobin by the 2-butanone
extraction procedure of Teale (1959). The contamination
of the apoprotein by myoglobin was assessed spectropho-
tometrically. Inall cases, no significant absorption was ob-
served in the Soret region.

The concentration of apomyoglobin was determined
from absorbance at 280 nm using amolar extinction coef-
ficient calculated from the tryptophan and tyrosine content

according to Wetlaufer (1962). Concentrations were also
checked by absorption methods applied in the peptide ab-
sorbing region (Scopes, 1974).

Fluorescence and polarization measurements

Fluorescence and polarization measurements were per-
formed on a Perkin Elmer MPF-66 spectrofluorometer.
Fluorescence measurements were made in the range where
emissionwaslinear with protein concentration. The absor-
bance of protein solutionswas 0.1 at the excitation wave-
length (295 nm) inal cm cell. The temperature of the cell
was maintained at 20°C. The polarization was calculated
from P=(l\,y — Glyp)/(lyy + Glyy) where G=1 4/l yy, |
is the intensity, and the first and the second subscripts re-
fer to the plane of polarization of the excitation and emis-
sion beams, i. e, V, vertical, and H, horizontal.

Circular dichroism

Circular dichroism measurements were performed on ho-
mogeneous sampl es of apomyoglobin. The absorbances of
the apomyoglobin solutions were between 0.4 and 0.7 at
280 nm in 1 cm cell. A spectropolarimeter model J-710
(Jasco, Tokyo, Japan) equipped with the temperature-con-
trolled liquid system Neslab RTE-110 (Neslab Instru-
ments, Portsmouth, NH, USA) and calibrated with a stan-
dard solution of (+)-10-camphorsulphonic acid was used.
Cuvettes (Helma, Jamaica, New York, USA) of 0.1 and
1.0 cm path length were used depending on the explored
spectral range, i.e., far and near ultraviolet, respectively.
A spectral acquisition spacing of 0.1 nm (1.0 nm band-
width) was used. Each spectrum was averaged five times
and smoothed with Spectropolarimeter System Software
Ver. 1.0 (Jasco). All measurements were performed at the
indicated temperature under nitrogen flow. The results
are expressed as molar ellipticity in units of degrees
cm? - dmol 2.

Results and discussion

We have analyzed the near ultraviolet CD activity using
recombinant apomyoglobinsin which one of the two tryp-
tophan residues has been substituted with a phenylalanine
residue, i.e., mutantsTrp A-5 - Pheand Trp A-12 - Phe.
These substitutions have very little effect on the overall
globin fold: in fact, the mutated holoproteins exhibit So-
ret absorption and far ultraviolet CD spectra superimpos-
ible on those of wild type myoglobin. The Soret absorp-
tion maxima of the met-form of all three examined pro-
teins at neutral pH was at 409 nm, a value which is coin-
cident with that commonly found for other mammalian
myoglobins (Antonini and Brunori, 1971). The far ultra-
violet CD spectra of wild type and mutated myoglobins at
neutral pH were found to be very similar. All spectra ex-



hibit two negative minima at 222 and 208 nm, typical of
polypeptide chainsin an a-helical conformation. The rel-
ative amounts of a-helical secondary structure, calculated
according to Yang (1990), were 83, 83, and 82% for wild
type, Trp A-5 - Phe, and Trp A-12 - Phe, respectively.
This indicates that the overall secondary organization is
not affected by tryptophanyl substitution. Moreover, the
observation that the Soret absorption is not changed upon
the amino-acid replacement, suggests that the tertiary or-
ganization of the heme surrounding is also retained.

Theremoval of the heme caused a decrease of negative
ellipticity but did not change the shape of the far ultravio-
let CD spectra of wild type and mutated apomyoglobins,
which still exhibit the two typical minima centered at 222
and 208 nm. The estimated amounts of a-helical secon-
dary structure in the three apoproteins at 20°C were 69,
56, and 55% for wild type, Trp A-5 - Phe, and Trp A-12
- Phe, respectively. Despite the 15—20% loss of helical
content, the overall globin fold is thought to be retained
(Crumpton & Polson, 1965; Harrison & Blout, 1965). In
fact, addition of hemin was able to produce native-like ho-
loproteins; moreover, the three apomyoglobins were able
to bind a hydrophobic probe, i.e., ANS (1,8-anilinonaph-
thalenesulfonate), which could be displaced by heme ad-
dition, thus indicating that the helical segments are folded
to form a structurally organized heme site. The observa-
tion that the decrease in helical content is not the same for
wild type and mutated proteinsis not surprising: in fact, it
has been reported that tunamyoglobin, asingletryptophan
containing protein, exhibits aloss of helical content upon
heme removal much greater than that observed for mam-
malian myoglobins which contain two tryptophanyl resi-
dues(Bismuto et al., 1985). However, it ispossiblethat the
amino acid substitutions may seriously affect protein
stability. To check this point, we examined the thermal
stability of the mutant apoproteinsin comparison with that
of wild type. The resultsindicated that the native structure
of both wild type and mutants is maximally stable in the
temperature range between 10° and 35 °C and denaturation
occurs upon both cooling and heating.

The fluorescence emission properties of the three pro-
teins examined further confirm that the tryptophanyl sub-
stitution, i.e., Trp A-5 — Pheand Trp A-12 — Phe, does
not affect the physical properties of the surroundings of the
other residue. The emission spectrum of the Trp A-5 -
Phe apomyoglobin mutant is similar to that recorded for
wild type apomyoglobin. In fact, both spectra showed the
same emission maximum, i. e., 330.6 nm, and asimilar rel-
ativeintensity. Theemission of the Trp A-12 — Pheapom-
yoglobin mutant is slightly red-shifted, the maximum be-
ing centered at 333.4, and itsrelativeintensity isabout one
fourth that observed for the wild type and for Trp A-5 -
Phe. The close similarity between the emission properties
of wild type apomyoglobin and those of the Trp A-5 -
Phe mutant further confirmsthat the emission of Trp A-12
is predominant in the wild type (Postnikova et al. 1991;
Iraceet al. 1981; Colonnaet al. 1978). No significant vari-
ation of fluorescence polarization at 330 nm was observed
for thethree examined proteins, i. e., thevalueswere0.146,
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0.146 and 0.157, for wild type, Trp A-5 - Phe, and Trp
A-12 - Phe, respectively.

Figure 1 shows the near UV CD spectrum of mutant
apomyoglobins Trp A-5 — Pheand Trp A-12 — Phe. Both
spectrawererecorded at neutral pH. Wefocused our atten-
tion on the spectral region between 270 and 300 nm, where
the contributionsto the CD spectrum arise mainly from ty-
rosine and tryptophan. Phenylalanine bands are not ob-
served at wavelengths longer than 268 nm. The spectrum
of Trp A-12 — Phe shows only positive contributions: the
main peak is centered near 294—295 nm with a marked
shoulder at 285 nm. The assignment of this peak could be
made on the basis of the absorption and CD spectraof sim-
ple aromatic model compounds (Strickland 1974; Strick-
land et al. 1969; Edelhoch and Lippoldt 1968). The294 nm
peak was ascribed to one of the two vibronic components
of the 1L transition of tryptophan, i. e., the 0-0 transition.
The second component of the couplet, correspondingtothe
0 + 850 cm™ transition, should be observed at 285 nm.
Since the two vibronic components of theindoletransition
may have either positive or negative sign but not mixed
(Strickland et al. 1969; Edelhoch and Lippoldt 1968), itis
reasonable to attribute the shoulder at 285 nm to the sec-
ond component of the coupl et (Strickland 1974; Strickland
etal. 1969). Although the L, transition of the indole
moi ety may in some cases contribute to the overall CD ac-
tivity, studies performed on model compounds revealed
that its contribution is much broader and generally occurs
on the short-wavelength side of L band, although some
bands may appear on the long-wavelength side, especialy
at room temperature (Strickland 1974). Sincethe L , lacks
any vibronic structure under most experimental conditions
(Strickland 1974), it isunlikely that the positive contribu-
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Fig. 1 Near-ultraviolet CD spectraof Trp A-12 — Phe (upper) and
Trp A-5 - Phe (lower) mutant sperm whale apomyoglobins. Pro-
tein concentration was 5.0x10™° M. Solvent: 0.05 M phosphate, pH
7.0. Temperature was at 20°C. Molar ellipticity isexpressed in units
of deg-cm?-d mol
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Fig. 2 Comparison between the near-ultraviolet CD spectrum of
wild type apomyoglobin (-) and the computed CD spectrum obtained
by summing the spectra of the two mutant apomyoglobins Trp A-12
- Phe and Trp A-5 - Phe (—). Protein concentration was
4.4x107° M; solvent: 0.05 M phosphate, pH 7.0; temperature was at
20°C. The computed spectrum was obtained from the spectrareport-
ed in Fig. 1. Molar ellipticity is expressed in units of deg-cm?-d
mol™

tions at 267 and 273 nm, observed in the near CD of Trp
A-12 - Phe, arise from this transition.

Thenear UV CD spectrum of the Trp A-5 — Pheapom-
yoglobin mutant shows a broad negative band with min-
ima at 283 and 276 nm and a shoulder near 293 nm. The
lack of any positive contribution between 290 and 300 nm
suggests that the activity of Trp A-12 differs significantly
from that of Trp A-5. The assignment of the contribution
arising from thisresidueis strongly facilitated by examin-
ing Fig. 2, where the spectrum of wild type apomyoglobin
isdisplayed in comparison with that obtained by summing
the spectra of the two mutant proteins. The close similar-
ity between the recorded spectrum and the computed spec-
trum suggests that the dichroic activity of both wild type
and mutants is aimost exclusively due tryptophany! resi-
duesand that these contributionsare additive. Thus, onthis
interpretation, it is reasonable to conclude that both indole
residueshave significant near ultraviol et activity but of op-
posite sign. Both the recorded spectrum and the computed
spectrum show a positive peak centered at 294—295 nm,
which can be assigned to the 1L ; transition of Trp A-5, and
a large negative contribution arising from the other resi-
due with a minimum near 283 nm and a marked shoulder
at 293 nm. The broadness of the negative contribution ex-
hibited by Trp A-12 suggests that it may originate mainly
from the 'L, transition with a weak 'Lg contribution at
293, 280 and, perhaps, at 270 nm.

In conclusion, the datareported in this paper clearly in-
dicate that the two tryptophanyl residues of mammalian
apomyoglobin do not possess similar spectroscopic prop-
erties despite their proximity. Both residues are in arather

hydrophobic environment as evidenced by the position of
their emission maxima although with small local differ-
ences which account for the observed difference. More-
over, the two residues contribute differently to the CD ac-
tivity in the near UV. The comparison of the CD spectra
showninFig. 2 also supportstheideathat the environment
of these residues is not affected by the substitution Trp —
Phe.
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