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ABSTRACT: The redox-dependent changes in secondary structure of cytochromes ¢ from horse, cow, and
dog hearts in water at 20 °C have been determined by amide I infrared spectroscopy. Second derivative
amide I spectra were obtained by use of a procedure that includes a convenient method for the effective
subtraction of the spectrum of water vapor in the system. The band at 1657 cm™ representing the helix
structure was unaffected by a change in redox state whereas changes in bands due to turns at 1680, 1672,
and 1666 cm™, unordered structure at 1650 cm™, and S-structures at 1632 and 1627 cm™ occurred. About
one-fourth of the 8-extended chain spectral region and one-fifth of the 8-turn region (involving a total of
approximately 9—13 residues) were sensitive to the oxidation state of heme iron. No significant changes
in the secondary structure of either the reduced or oxidized protein due to changes in ionic strength were
detected. The localized structural rearrangements triggered by the changes in oxidation state of heme iron
are consistent with differences in the binding of heme iron to a histidine imidazole nitrogen and a methionine
sulfur atom from the 8-extended chain. The demonstrated ability to obtain highly reproducible second
derivative amide I infrared spectra confirms the unique utility of such spectral measurements for localization
of subtle changes in secondary structure within a protein, especially for changes among the multiple turns

and B-structures.

Cytochrome ¢ is a small water-soluble protein containing
104 residues in a single polypeptide chain and is one of most
throughly studied proteins today in terms of three-dimensional
structure (Bushnell et al., 1990; Dickerson et al., 1971; Takano
& Dickerson, 1981), structure—function relationships, and
physical and chemical properties (Margoliash & Schejter,
1966; Salemme, 1977; Moore et al., 1984; Pielak et al., 1987).
It functions as an electron carrier between cytochrome ¢ re-
ductase and cytochrome c¢ oxidase in the mitochondrial re-
spiratory chain, during which time its heme iron is reversibly
oxidized and reduced between the Fe?* and Fe** oxidation
states (Margoliash & Schejter, 1966; Moore et al., 1984). In
contrast to many other hemeproteins, the heme moiety of
cytochrome ¢ is covalently bound to the polypeptide backbone
through thioether linkages formed between protoheme IX vinyl
groups and two cysteine side chains. In addition, the heme
iron forms two coordinate bonds with polypeptide side-chain
groups, a histidine imidazole nitrogen and a methionine sulfur
atom (Dickerson et al., 1971; Bushnell et al., 1990). The
structural flexibility of cytochrome c is considered to play a
special role in the formation and dissociation of cytochrome
c¢/cytochrome ¢ reductase and cytochrome c¢/cytochrome ¢
oxidase complexes (Margoliash & Schejter, 1966).
Despite the many studies devoted to structure—function
relationships in cytochrome ¢ (Margoliash & Schejter, 1966;
Salemme, 1977; Takano & Dickerson, 1981; Moore et al.,
1984; Pielak et al., 1987), the changes in conformation which
are concomitant with changes in the oxidation state of heme
iron are still under debate. An extensive body of physico-
chemical data exists which supports some sort of difference
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in protein structure between the two redox states. Such studies
include effects of redox state on the thermal stability (Butt
& Keilin, 1962; Margoliash & Schejter, 1966), the molecular
compressibility (Eden et al., 1982; Kharakoz & Mkhitaryan,
1986), the susceptibility to proteolytic digestion (Nozaki et
al,, 1957, 1958), the enthalpy change (Watt & Strutevant,
1969), and the hydrogen—deuterium exchange behavior (Ulmer
& Kagi, 1968) as well as antigenic characteristics (Margoliash
et al., 1967). These observations have generally been inter-
preted in terms of different protein conformations in oxidized
and reduced species. Circular dichroism (Myer, 1968a,b) and
proton NMR spectroscopic studies (Patel & Canuel, 1976;
Wand et al., 1986) also support the conclusion that there are
two conformations for reduced and oxidized cytochrome c.
However, these results are in apparent conflict with high-
resolution crystallographic studies. Takano and Dickerson
(1981a,b) have shown that the crystal structures of the two
redox states of tuna cytochrome ¢ were essentially the same;
it was difficult to identify the differences, and only small
atomic displacements were seen when high-resolution maps
were compared. The high degree of similarity of the average
structure of the two redox forms is also indicated by the ex-
tended X-ray absorption fine structure (EXAFS) spectra of
horse heart cytochrome ¢ (Labhardt & Yuen, 1979) and by
comparison of proton paramagnetic NMR shifts of yeast
iso-1-cytochrome ¢ (Gao et al., 1991). To explain the dis-
crepancies between the crystaliographic and other evidence,
Eden and co-workers (Eden et al., 1982) proposed that, while
the time-averaged structures (as determined by X-ray crys-
tallography) of oxidized and reduced cytochrome c are the
same, their dynamics are different in that the oxidized form
undergoes more low-frequency, large-amplitude motions than
the reduced form. Trewhella and co-workers (Trewhella et
al., 1988) suggested that the different experimental results may
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result from protein structural flexibility, which is reflected by
changes in structure with changes in ionic strength. Using
small-angle X-ray scattering, they found that the radius of
gyration and the maximum dimensions of oxidized cytochrome
¢ were significantly larger than those for reduced cytochrome
¢ in 5 mM phosphate buffer at pH 7.3 and, further, that this
difference was suppressed by addition of 200 mM NaCl.
Low-salt-dependent structural effects have also been reported
in resonance Raman (Liu et al., 1989) and one-dimensional
proton NMR studies (Rush et al., 1988). However, the data
from a recent two-dimensional proton NMR study does not
support this hypothesis (Feng & Englander, 1990).
Infrared spectroscopy is one of the well-established tech-
niques for studying the secondary structures of polypeptides
and proteins (Krimm & Bandekar, 1986; Susi & Byler, 1986;
Surewicz & Mantsch, 1988). The spectral region most sen-
sitive to protein secondary structural compositions is the so-
called amide I band, which is almost entirely due to the C=0
stretch vibrations of the peptide linkages and is found from
1700 to 1600 cm™! (Krimm & Bandekar, 1986; Susi & Byler,
1986; Byler & Susi, 1986; Surewicz & Mantsch, 1988).
Several methods have been developed to estimate the relative
contributions of different types of secondary structures in
proteins in solution from their infrared amide spectra:
curve-fitting analysis (Byler & Susi, 1986), second derivative
analysis (Dong et al., 1990), partial least-squares analysis
(Dousseau & Pezolet, 1990), factor analysis (Lee et al., 1990),
and data basis analysis (Sarver & Krueger, 1991). Charac-
teristic band frequency assignments of deconvoluted amide I
bands for proteins in D,O as well as in H,O solutions are now
available (Susi & Byler, 1986; Dong et al, 1990). The
curve-fitting method is the most utilized procedure in protein
infrared studies (Susi et al., 1985; Susi & Byler, 1986; Su-
rewicz et al., 1987; Yang et al., 1987; Arrondo et al., 1988;
Holloway & Mantsch, 1989; Cabiaux et al., 1989), but this
procedure has several obvious shortcomings. It requires ex-
tensive input of band parameters, such as half-bandwidths and
band frequencies, in both self-deconvolution and curve-fitting
steps, in order to carry out the deconvolution of the protein
amide I band contour. The percentages of estimated secondary
structures are heavily influenced by the choice of bandwidth
and resolution enhancement factor (K value) (Cabiaux et al.,
1989; Lee et al., 1990). Therefore, the curve-fitting procedure
is of limited utility in monitoring rather small alterations in
protein conformation. The factor analysis (Lee et al., 1990),
partial least-squares analysis (Dousseau & Pezolet, 1990), and
data basis analysis (Sarver & Krueger, 1991) procedures have
been designed to eliminate the potential bias and uncertainty
and to minimize the influence of water absorption by avoiding
detailed amide I band deconvolution and band assignments.
However, the mathematics of these procedures does not permit
detection of the various 8-sheets, which are represented by as
many as six bands, and of the turn structures, which are
represented by up to five bands (Byler & Susi, 1986; Dong
et al., 1990). Applications of these methods in supplying the
detailed information in protein secondary structures and in
monitoring the protein conformational transitions are limited.
The infrared second derivative (IR-SD)! analysis, on the other
hand, deconvolutes the protein amide I band to its components
without any parameter input and gives detailed protein sec-
ondary structural information (Dong et al., 1990). However,
the IR-SD method has been limited by the requirement of a

! Abbreviations: IR-SD, infrared second derivative; FT-IR, Fourier
transform infrared.
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high-quality difference spectrum which, in turn, requires an
accurate subtraction of absorptions due to liquid and gaseous
water.

We report here an extension of our IR-SD procedure re-
ported earlier (Dong et al., 1990) to monitor any changes in
secondary structure of c-type cytochromes from three species
due to changes in redox state and ionic strength. The highly
reproducible spectra obtained made it possible to reliably
measure small changes in protein substructures. Significant
differences between reduced and oxidized cytochrome ¢ were
found in S-extended chain and S-turn regions, but no differ-
ences in secondary structure occurred from a change in ionic
strength. The §-structure rearrangements in cytochrome ¢
triggered by the changes in oxidation state indicate that the
B-extended chain is an especially flexible portion of the cy-
tochrome ¢ molecule.

MATERIALS AND METHODS

Sample Preparation. Cytochromes ¢ from horse heart (type
VI), bovine heart (type V), dog heart (type XVIII), lysine
(L-5626), and leucine (L-8000) were purchased from Sigma
Chemical Co. and used without further purification. Bovine
heart cytochrome ¢ and dog heart cytochrome ¢ were each
dissolved in 5 mM sodium phosphate, pH 7.4, to give a 5%
(w/v) solution. Horse heart cytochrome ¢ was dissolved in
5 mM sodium phosphate, pH 7.4, and also in 5 mM phosphate
plus 1 M sodium chloride in each case to give a 5% (w/v)
solution. For oxidized cytochrome ¢, a small amount of po-
tassium ferricyanide was added to achieve complete oxidation,
followed by passage through a Sephadex G-25 column to
remove excess ferricyanide and any reduction products. Re-
duced cytochrome ¢ was obtained by reduction of protein under
anaerobic conditions by addition of a small amount of sodium
dithionite followed by passage through a Sephadex G-25
column to remove excess dithionite and any oxidation products.

Infrared Spectra Measurements. The protein solutions were
prepared for infrared measurement in a Beckman FH-01 cell
with CaF, windows and a 6-um path length spacer. Spectra
were recorded with a Perkin-Elmer Model 1800 Fourier
transform infrared (FT-IR) spectrophotometer at 20 °C
following the general procedures reported earlier (Dong et al.,
1990). To obtain the spectrum due to protein alone, the
spectra due to both liquid water and water vapor were sub-
tracted from the observed spectrum. First, two reference
spectra were recorded from the same cell which contained only
phosphate buffer by accumulating data twice under conditions
identical to those used for the protein solution. For convenience
we called these two reference spectra Ref-1 and Ref-2. Since
the two reference spectra were identical except for the time-
dependent changes in water vapor intensity during continuous
purging of the spectrophotometer with dry air, a difference
spectrum generated by subtraction of Ref-2 from Ref-1 rep-
resented the water vapor spectrum (Figure 1B). Second, a
spectrum of the protein solution was recorded using the same
cell as used to obtain Ref-1 and Ref-2 after the cell had been
vacuum dried.

Difference spectra for proteins were obtained following the
criteria described previously (Dong et al., 1990). In the first
step, the spectrum of liquid water was subtracted from the
observed spectrum of the protein solution to satisfy criterion
2 (a straight base line must be obtained from 2000 to 1700
cm™!), which was achieved by subtracting either Ref-1 or Ref-2
from the spectrum of the protein solution (Figure 1A). In the
second step, the water vapor spectrum generated from the
difference between Ref-1 and Ref-2 was subtracted from the
resultant difference spectrum of step 1 by interactive sub-
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FIGURE 1: Difference spectra of aqueous solutions from 2000 to 1200
cm™! obtained during a double-subtraction analysis of horse heart
cytochrome ¢. (A) Difference spectrum of cytochrome ¢ obtained
from the subtraction of spectrum of Ref-1 from the spectrum of the
protein solution; (B) difference spectrum of gaseous water obtained
from the subtraction of Ref-2 from Ref-1; and (C) difference spectrum
of cytochrome ¢ obtained by double subtraction, i.e., spectrum A minus
spectrum B.

traction to satisfy criterion 1 (the bands originating from water
vapor must be accurately subtracted regardless of the base line)
(Figure 1C). The final protein difference spectrum of double
subtraction was smoothed with a nine-point Savitsky—Golay
function (Savitsky & Golay, 1964) to remove the possible
white noise. The second derivative spectrum was obtained with
Savitsky—Golay derivative function software for a five data
point window. The determination of the relative amounts of
different types of secondary structures from the relative in-
tensities of corresponding bands in the second derivative amide
I spectrum was performed as described earlier (Dong et al.,
1990).

RESULTS

Original Difference Spectra of Cytochrome c. Altogether
nine characteristic vibrational bands which arise from the
amide groups of polypeptides and proteins have been identified
(Krimm & Bandekar, 1986). Among them, the amide I vi-
brational band, which is due almost entirely to the C=0
stretch of the peptide linkages that constitute the backbone
structure, is known to be the most sensitive probe of protein
secondary structures (Krimm & Bandekar, 1986; Susi &
Byler, 1986; Surewicz & Mantsch, 1988). The original dif-
ference spectra of oxidized cytochromes ¢ from horse heart,
bovine heart, and dog heart in 5 mM sodium phosphate, pH
7.4, in the region 2000~1200 cm™ are shown in Figure 2. The
spectra conform to the criteria established earlier for sub-
traction of the spectrum due to liquid and gaseous water from
the observed protein spectrum (Dong et al., 1990). The spectra
contain bands for amide I (1700-1600 c¢m™), amide II
(1600-1500 ¢cm™!), and amide III (1320-1200 cm™). The
infrared spectra of oxidized and reduced horse heart cyto-
chrome ¢ in 5 mM sodium phosphate plus 1 M sodium chioride
solutions were also obtained. At all ionic strength conditions
and redox states examined the amide I and amide IT band

Dong et al.

ABSORBANCE

=3
n
\n
-
)
|
|
!
!
I
|
|
|
|
]
I
|
!
|
|
|
|
|
|
|
|
I
!
!
|

| L 1 il | ] I\
2000 1800 1600 1400 1200
WAVENUMBER (c¢m-1)
FIGURE 2: Infrared spectra of oxidized cytochromes ¢ from horse heart,
cow heart, and dog heart (5% w/v) in 5 mM sodium phosphate, pH

7.4, at 20 °C. The amide I, I, and ITI infrared vibrational bands
are observed near 1657, 1550, and 1320-1200 cm™, respectively.

maxima of the cytochromes ¢ were observed at 1657 and 1550
cm™!, respectively, which are frequencies that indicate pre-
dominantly a-helical character (Koenig & Tabb, 1980; Krimm
& Bandekar, 1986).

Second Derivative Amide I Spectra. The amide I band
contour consists of a number of individual bands at the fre-
quencies characteristic for specific types of secondary structure
(Susi & Byler, 1986; Surewicz & Mantsch, 1988). The second
derivative analysis permits the direct separation of the amide
I band into its components (Dong et al., 1990). The spectra
in Figure 2 represent the amide I bands of horse heart cyto-
chrome c in their second derivatives. The secondary structures
of two redox states in two ionic strength conditions are com-
pared directly by an overdisplay of second derivative spectra.
The high reproducibility of the protein infrared second de-
rivative spectra is clearly indicated by three identical spectra
each from a different preparation and measurement under the
same redox state and ionic strength conditions. The amide
I band frequency assignments for secondary structures in water
solution available from previous studies (Gorga et al., 1989;
Dong et al., 1990) are as follows: a-helix (1656 £ 2 cm™),
unordered (1650 £ 1 cm™), S-sheets (multiple bands between
1642 and 1624 cm™), and turns (multiple bands between 1688
and 1666 cm™). The quantitative contribution of each type
of substructure to the total amide I band contour may be
obtained by measuring the integrated band areas assigned to
each substructure (Dong et al., 1990). Furthermore, on the
basis of the assumption implicit in secondary structure
quantitation that the effective intrinsic absorptivities of the
amide I bands corresponding to different substructures are
essencially the same (Surewicz & Mantsch, 1988), the relative
populations can be translated into an approximate number of
residues involved in a particular type of secondary structure
with the knowledge of the total amino acid residues in the
protein.

The most prominent band at 1657 ¢m™!, which has been
assigned to a-helical structure in the second derivative spectra,
confirmed the a-helix as the most abundant type of secondary
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FIGURE 3: Second derivative amide I spectra of oxidized and reduced
horse heart cytochrome ¢ in 5 mM sodium phosphate with or without
1 M sodium chloride. (Top panel) Oxidized (---) and reduced (—)
cytochromes ¢ in 5 mM sodium phosphate; (bottom panel) oxidized
(---) and reduced (—) cytochromes ¢ in 5 mM phosphate plus 1 M
sodium chloride. The horizontal dashed lines on the second derivative
spectra represent the base line used in quantitating the relative amounts
of different types of secondary structures. For each condition, spectra
are superimposed for three independent experiments.

structure in aqueous solution. Quantitative evaluations indicate
that both reduced and oxidized horse heart cytochromes ¢
consist of 40—-42% o-helix, 21-25% p-extended chain, 21-25%
B-turns, and 12% unordered structure. These results agree
well with the values (45% a-helix, 23% turns) calculated from
high-resolution X-ray structure of oxidized horse heart cyto-
chrome ¢ by Bushnell and co-workers (Bushnell et al., 1990).
Compared with the §-extended chain region, the a-helices of
cytochrome ¢ are more stable and are unaffected by a change
in redox state as indicated by the lack of spectral change at
the 1657-cm™! band.

Five band frequencies have been assigned to various 8-sheet
structures, and four of them, the bands at 1642, 1638, 1632,
and 1627 cm™, are commonly found in most §-sheet-containing
proteins (Dong et al., 1990). These four common S-sheet
bands were also observed in cytochrome ¢ spectra. There was
a substantial difference between the second derivative amide
1 spectra of reduced and oxidized cytochrome c, especially in
the region assigned to S-sheet structures. In the oxidized form,
the 1632-cm™! band was the single major band due to 8-ex-
tended chain structure (Dickerson et al., 1971) along with three
other minor bands. In the reduced form, there were two major
bands at 1631 and 1627 cm™.. Upon reduction the band
intensity increased at 1627 cm™! as the 1632-cm™ band
weakened, while the band intensities at 1642 and 1638 cm™!
remained relatively unchanged. The band intensity ratio of
1632 cm™! to 1627 ¢cm™! was 3.96 =+ 0.38 for the oxidized form
but only 1.38 * 0.02 for the reduced form (Table I). Re-
duction also induced a 1-cm™ red shift of the 1632-cm™ band.
These redox-dependent spectral changes were fully reprodu-
cible in both low and high ionic strength solutions (Figure 3).
The relative band intensity changes suggest that about one-
fourth of the 8-extended chain residues (approximately 5—7
amino acid residues) are involved in the redox-dependent
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FIGURE 4: Schematic representation of the structure of cytochrome
¢ based on the high-resolution crystal structure of oxidized horse heart
cytochrome ¢ (Bushnell et al., 1990). The cylinders represent a-helices.

secondary structure rearrangement. This protein structure
rearrangement also involves the neighboring 8-turn structure
since the redox-dependent infrared spectral changes were found
at the region assigned to turn structures. One particular type
of B-turn most involved in redox-dependent structural change
was represented by the band located at 1666 ¢cm™., The
high-resolution crystallographic study shows that there are six
-turn structures found in the oxidized horse heart cytochrome
c: two 3,4 (type III) turns and four type II turns (Bushnell
et al,, 1990). Those two 3, turns are located at residues 14—17
and 67-70, respectively, where they make turns to connect the
B-extended chains and o-helices (Figure 4). Since the 3, turn
resembles one turn of 3,4 helix, it is expected to show a vi-
brational band in the amide I infrared region near 1665-1666
cm™ (Krimm & Bandekar, 1986; Yashi et al., 1986).
Therefore, we can reasonably assign the 1666-cm™ band, at
least in part, to the 3,y turn structure. By overlapping the
second derivative amide I spectra of reduced and oxidized
cytochrome ¢, it was immediately apparent that the 1666-cm™!
band is more intense in the reduced form than in the oxidized
one. This 1666-cm™ band intensity increase was at the expense
of both the 1680-cm™ band, which can be assigned to type
II turns on the basis of the X-ray crystallographic analysis
(Bushnell et al., 1990), and the 1672-cm™ band. Quantitative
calculation indicated that about one-fifth of the turn structures
(approximately 4—6 residues) were involved in the confor-
mational restructuring. Taken together with the changes at
the S-extended chain region, the infrared evidence suggests
a distinctly different conformation in the reduced cytochrome
¢ compared to that in the oxidized form. Nearly identical
redox-dependent protein conformational transitions in terms
of secondary structures were also observed in bovine heart
cytochrome ¢ and dog heart cytochrome ¢ (Figure 5).
Neither the reduced nor oxidized protein exhibited any
secondary structure changes which could be linked to ionic
strength variations (Figure 3). The second derivative amide
I spectra of horse heart cytochrome ¢ in low and high ionic
strength solutions are identical within the same redox state.
It has become clear that some amino acid residue side chains
can absorb in the amide I region of the infrared spectrum and
should be considered when quantitative estimates of secondary
structure composition are calculated (Venyaminov & Kalnin,
1990; Caughey et al., 1991). For protein in H,O-mediated
solutions, the absorptions from side chains of arginine, glut-
amine, asparagine, and lysine residues have the greatest po-
tential for affecting the secondary structure estimation on the
basis of the amide I infrared spectrum (Venyaminov & Kalnin,
1990; Caughey et al., 1991). Among these amino acid resi-
dues, lysine is the most likely to influence cytochrome c in-
frared studies due to the abundance of this group; e.g., horse
heart cytochrome c contains 19 Lys, 2 Arg, 3 Gln, and 5 Asn
residues (Margoliash & Schejter, 1966). Therefore, as shown
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FIGURE 5: Second derivative amide I spectra of cow heart cytochrome
¢ and dog heart cytochrome ¢ in 5 mM sodium phosphate, pH 7.4.
(Top panel) Oxidized (- --) and reduced (—) cow heart cytochromes
¢; (bottom panel) oxidized (---) and reduced (—) dog heart cyto-
chromes ¢. The horizontal dashed lines on the second derivative spectra
represent the base line used in quantitating the relative amounts of
different secondary structures.

in Figure 6, we measured the spectrum of lysine in 50 mM
sodium phosphate (pH 7.4). Also shown are the infrared
spectrum of leucine, which has a similar side-chain length to
lysine, and the difference spectrum generated by subtracting
the spectrum of leucine from the spectrum of lysine. The
difference spectrum reveals two vibrational bands at 1624 and
1521 cm™ which can be assigned to the asymmetric and the
symmetric deformation of «NH;* group, respectively. How-
ever, no band at 1624 cm™! has been found in the second
derivative spectra of cytochromes ¢ in either “low” or “high”
ionic conditions (Figure 3). The side-chain spectral parameters
for a residue can be expected to differ somewhat between the
free amino acid and the protein microenvironment. Fur-
thermore, the extinction coefficient for the e-NH;* bands is
very low. Possibly the e-NH;* group of lysine in cytochrome
¢ contributes to the 1620-cm™ band in the second derivative
spectra since the formation of a hydrogen or ionic bond be-
tween ¢-NH,* groups and other side-chain groups could result
in a band shift to lower wavenumber. It should be pointed
out that in a recent study by Venyaminov and Kalnin (1990),
an infrared spectrum of lysine side chain was generated by
subtracting the spectrum of alanine from the spectrum of lysine
at pH 5.6, in which two bands at 1630 and 1526 cm™ were
revealed. It is very unlikely that the 1632(1)-cm™ band in
the second derivative spectra of cytochromes ¢ could arise from
a lysine side chain for two obvious reasons. First, the 21-25%
of the 8-extended chain estimated for the cytochrome ¢ on the
basis of the second derivative amide I infrared spectra agrees
well with the value caiculated by Levitt and Greer (1977) on
the basis of the X-ray crystallographic analysis. Second, the
redox-dependent changes are associated with 1632(1)-cm™
band. The 1629 % 1 cm™ band for the eeNH;* group obtained
from subtraction of alanine from lysine or from dodecylamine
by Venyaminov and Kalnin may have resulted from the carbon
side-chain differences. Effects of side chains from arginine,
glutamine, and asparagine on the amide I infrared spectrum

Dong et al.

were not considered in the present study due to the low con-
tents of these residues in cytochromes c.

DiscussioN

Redox-Dependent Conformational Transitions of Cyto-
chrome c. In its function as an electron carrier cytochrome
¢ cycles between its reductase and oxidase, and certain con-
formational changes between redox states have been expected
to play a role during this process (Margoliash & Schejter,
1966). Recent circular dichroism, magnetic circular dichroism,
and resonance Raman experiments have revealed spectral
changes in cytochrome c after binding to cytochrome ¢ oxidase
(Weber et al., 1987; Hildebrandt et al., 1990). From an X-ray
crystallographic study, Dickerson and co-workers (Deckerson
et al., 1971) have shown that the heme group of cytochrome
¢ sits in a crevice, with cysteines 14 and 17 and histidine 18
connected to the right wall of the crevice and methione 80,
the sixth iron ligand, extending from the left wall as shown
in Figure 4. On the right side of the molecule, most of the
peptide backbone is best described as extended chain, and on
the left side, the secondary structure bonds to the heme iron
via the sulfur atom of methione 80 which is also in a 8-ex-
tended chain (Dickerson et al., 1971). It should be pointed
out that a somewhat different description of these 8-extended
chain regions has been given by Bushnell et al, (1990) in a
recent high-resolution X-ray crystallographic study. They
described these regions as a random coil structure except for
a very short two-stranded antiparallel 8-sheet at residues 3740
and 57-59. However, evidence from several infrared studies
(Susi & Byler, 1986; Dong et al., 1990) supports the de-
scription of S-extended chain given by Dickerson et al. (1971).
By examining the isotropic termperature factors, Takano and
Dickerson (1981a) found substantial differences in main-chain
flexibility among various substructure regions: the most
flexible region is between residues 20 and 28, the so-called
extended-chain loop, and the most rigid structures are the
a-helices. The atomic mobility map of reduced tuna cyto-
chrome ¢ generated by computer dynamic simulation methods
agrees with X-ray analysis (Northrup et al., 1980a,b). Our
results also support main-chain flexibility among certain
secondary structures within the cytochrome ¢ molecule. It is
not surprising that the above-mentioned extended-chain loops
undergo some conformational rearrangements upon redox-state
change as indicted by the infrared spectra; the rearrangements
in the B-extended chain region are expected to reflect the
importance of iron oxidation state on the bonding of heme iron
to histidine imidazole nitrogen and to methionine sulfur on
the B-structure. The spectra are also consistent with the 8-
extended chain region being the most flexible substructure in
the protein. Liu et al. (1989) examined ultraviolet resonance
Raman spectra of horse heart cytochrome ¢ in neutral solution
at jonic strengths of 5 mM and 1.5 M and found that the
a-helical content was not influenced by the redox state and
ionic strength changes. However, Feng and Englander (1990),
by comparing the chemical shift of reduced and oxidized cy-
tochromes ¢ in both “low” (5 mM phosphate) and “high” (§
mM phosphate plus 200 mM NaCl) ionic strength conditions
by two-dimensional proton NMR spectroscopy, found sub-
stantial discrepancies between the two redox forms. The
differences were mainly concentrated in the region involving
residues 39-43 and 50-60 as well as some discontinuous
residues near both heme ligands. The results of Feng and
Englander suggest that both 8-extended chain and a-helix may
be involved in redox-dependent structure changes, whereas our
findings revealed no changes in a-helical structure region. The
two studies do both support no sizable protein structure
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Table I: Relative Band Intensities in Second Derivative Amide I
Infrared Spectra of Horse Heart Cytochrome ¢ in 5 mM Sodium
Phosphate, pH 7.4, at 20 °C

band intensity ratio £ SD

1632(1) 1657 1657 1657
cm™/1627  om™'/1666 cm™/1632- cm™'/1627
redox state cm™! em™! (1) cm™! cm !
reduced 1.38%£0.02 5.67+£0.36 3.55x0.07 5.17=%0.06
oxidized 396 £0.38 12.17+£0.13 3.00+0.13 11.17 £ 0.56
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FIGURE 6: Infrared spectra of lysine and leucine in 50 mM sodium
phosphate (pH 7.4) at 20 °C, and the lysine minus leucine difference
spectrum. The spectra of lysine (—) and leucine (---) were measured
under the same scan conditions as used for cytochromes c.

changes linked to ionic strength changes. However, it must
be recognized that utilizing the amide I infrared spectra to
detect conformational transitions in proteins is limited to the
changes involving secondary structures; therefore, changes in
tertiary structure may not be reflected in the amide I infrared
spectra. Thus the lack of spectral differences in amide 1
infrared spectra of cytochrome c between low and high ionic
strength conditions cannot completely rule out possible changes
in tertiary structure. Since the X-ray-derived structures for
the Fe?* and Fe* proteins show no apparent conformational
difference (Takano & Dickerson, 1981a,b), there is incon-
sistency between our infrared findings and those from X-ray
crystallography. The general similarity of solution and crystal
structures is supported by infrared spectra for many proteins
(Susi & Byler, 1986; Dong et al., 1990). However, the as-
sumption that crystal and solution structures are identical in
all respects is not warranted. For example, distinct differences
between crystal and solution structures are found for hemo-
globin (Potter et al., 1985) and myoglobin (Makinen et al.,
1979) carbonyls. By comparison of proton paramagnetic
NMR shifts in reduced and oxidized yeast C102T iso-1-cy-
tochrome ¢, Gao et al. (1991) concluded that there are no
major conformational changes upon changing the oxidation
state of cytochrome ¢ in solution. However, these authors
noted differences between computed dipolar shifts based on
crystallographic data and observed dipolar shifts deduced from
their NMR data. These differences occurred in regions near
residues 14-19, 30-43, 53-59, and 79-82, especially at residue
41. These residues are those involved in most of the 8-extended
chain and turns. However, it was not clear whether the dif-
ferences had their origin in redox- or crystal-solution-de-
pendent changes, or both. Our infrared results show 9-13
residues are involved in the redox-dependent structural change
with 4—6 in the turn region and 5-7 in the §-extended chain
region.

Biochemistry, Vol. 31, No. 1, 1992 187

Handling Water Absorptions by Double Subtraction. In-
frared spectroscopy constituted one of the earliest experimental
methods for studying protein secondary structures (Elliott &
Ambrose, 1950). The development of computerized FT-IR
instrumentation along with the use of short path length cells
(~6-10 um) permitted reliable subtraction of the water
spectrum (Koenig & Tabb, 1980; Dong et al., 1990). Nev-
ertheless, infrared studies on protein secondary structure have
been almost entirely limited to solid-state preparations (Parker,
1983) and deuterium oxide solutions (Yang et al., 1985; Byler
& Susi, 1986; Casal et al., 1988; Holloway & Mantsch, 1988;
Perkins et al., 1989; Prestrelski et al., 1991) due to the in-
terference of water absorption in the amide I region. There
are two sources of water absorption which severely interfere
with the infrared protein amide I band analysis: liquid water
and gaseous water (Dong et al., 1990). Over the past decade,
attention has been mainly focused on the subtraction of the
spectrum of lipid water from the observed spectrum of protein
solutions (Koenig & Tabb, 1980; Haris et al., 1986; Powell
et al., 1986; Dousseau et al., 1989; Dong et al., 1990). Two
least-square algorithm procedures have been developed for this
purpose (Powell et al., 1986; Dousseau et al., 1989). The
subtraction of gaseous water, the most important factor leading
to formation of artificial band(s) upon self-deconvolution or
second derivative analysis (Mantsch et al., 1989; Lee et al.,
1990), from the observed spectrum of protein solution has not
been studied in detail. In our earlier report (Dong et al., 1990),
we established two criteria for obtaining successful water
subtraction. Criterion 1 (the bands originating from water
vapor must be accurately subtracted regardless of the base line)
deals mainly with the subtraction of the gaseous water spec-
trum, and criterion 2 (a straight base line must be obtained
from 2000 to 1700 cm™) deals primarily with the subtraction
of the liquid water spectrum. However, since the infrared band
intensities of gaseous water are continuously changing during
the course of the experiment due to changes in the effectiveness
of dry air purging, satisfying both criterion 1 and criterion 2
in one single step of water subtraction proves to be difficult
to achieve in practice. On the other hand, the double-sub-
traction procedure described above has been found to enable
both criteria to be satisfied easily and to result in a highly
accurate difference spectrum which, in turn, makes achieve-
ment of highly reproducible second derivative analyses possible
(Figure 3). The application of the double-subtraction pro-
cedure is not limited only to protein amide I band analysis but
is applicable to any region of the infrared spectrum where
interference of gaseous water may become a major problem.

Conclusions. A convenient and effective procedure for the
subtraction of liquid and gaseous water spectra was described.
The highly reproducible amide I spectrum obtained following
subtraction of the water spectra was found to permit a detailed
IR-SD analysis of subtle changes in the secondary structure
of proteins in water solution. The second derivative amide I
infrared spectra of cytochromes ¢ from horse, cow, and dog
hearts gave direct evidence of substantial differences between
the secondary structures of the reduced and oxidized states.
The structural differences were mainly localized at the region
of B-extended chain and the connecting turn structures con-
sistent with the most flexible structure in cytochrome ¢ being
the g-extended chain region. Alterations in secondary structure
due to changes in ionic strength were not found. The close
relationship between protein conformation and redox state of
the heme iron in cytochrome c¢ is expected to be an important
determinant in cytochrome ¢ function during reactions with
cytochrome ¢ oxidase and cytochrome ¢ reductase. These
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results demonstrate the ability of the IR-SD method used to
readily detect subtle shifts in secondary structure at 9-13 out
of 104 amino acid residues with some of the changes in the
spectrum almost certainly due to a change at a single amino
acid residue.
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Electron Spin Echo Envelope Modulation Spectroscopic Study of Iron-Nitrogen
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ABSTRACT: The electron—nuclear coupling in low-spin iron complexes including myoglobin hydroxide (MbOH)
and two related model compounds, Fe(I1I) tetraphenylporphyrin(pyridine)(OR™) (R = H or CH,) and Fe(III)
tetraphenylporphyrin(butylamine)(OR™) was investigated using electron spin echo envelope modulation
(ESEEM) spectroscopy. The assignment of frequency components in ESEEM spectra was accomplished
through the use of nitrogen isotopic substitution wherever necessary. For example, the proximal imidazole
coupling in MbOH was investigated without interference from the contributions of porphyrin *N nuclei
after substitution of the heme in native Mb with *N-labeled heme. Computer simulation of spectra using
angle selected techniques enabled the assignment of parameters describing the hyperfine and quadrupole
interactions for axially bound nitrogen of imidazole in MbOH, of axial pyridine and butylamine in the models,
and for the porphyrin nitrogens of the heme in native MbOH. The isotropic component of axial nitrogen
hyperfine interactions exhibits a trend from 5 to 4 MHz, with imidazole (MbOH) > pyridine > amine.
The nuclear quadrupole interaction coupling constant Qg was near 2 MHz for all nitrogens in these
complexes. The Q,, axis of the nuclear quadrupole interaction tensor for the proximal imidazole nitrogen
in MbOH was found to be aligned near g, (g,..,) in MbOH, suggesting that g, is near the heme normal.
A crystal field analysis, that allows a calculation of rhombic and axial splittings for the d orbitals of the
15, set in a low-spin heme complex, based on the g tensor assignment g, > g, > g,, yielded results that are
consistent with the poor w-acceptor properties expected for the closed shell oxygen atom of the hydroxide
ligand in MbOH. A discussion is presented of the unusual results reported in a linear electric field effect
in EPR (LEFE) study of MbOH published previously [Mims, W. B., & Peisach, J. (1976) J. Chem. Phys.
64, 1074-1091].
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An understanding of the chemistry of the prosthetic group
and its axial ligands in heme proteins has often been provided
by magnetic resonance spectroscopic studies. For example,
ESEEM! spectroscopy, a pulsed EPR technique that directly
probes the interactions between unpaired electrons and nearby
nuclei of “N-containing ligands has been used to study the
axial ligation in various low-spin heme protein complexes
(Peisach et al., 1979; Magliozzo et al., 1987). The approach
to this type of investigation involved comparisons between
protein and iron porphyrin or heme model complexes, a
technique that remains especially useful because models
containing different axial ligands can be readily prepared. A
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complete quantitative analysis of the electron—nuclear cou-
plings in some of those systems, however, was not possible
because of the need to simultaneously assign parameters, in-
cluding those for the nuclear Zeeman, hyperfine, and quad-
rupole interactions, for both axial and equatorial ligand ni-
trogens. A method involving isotopic substitution can some-
times be used to assign the spectral contributions of the various
ligands. For example, substitution of *’N for “N in the
histidines of yeast cytochrome ¢ oxidase (Martin et al., 1985)
was used to simplify the spectra in an ENDOR study to
identify the axial ligands to the heme. Isotopic substitution
of the native prosthetic group in a heme protein by recon-

! Abbreviations: ESEEM, electron spin echo envelope modulation;
ENDOR, electron—nuclear double resonance; TPP, tetraphenylporphyrin;
Hb, hemoglobin, Mb, myoglobin; LEFE, linear electric field effect; nqi,
nuclear quadrupole interaction; nqr, nuclear quadrupole resonance; pyr,
pyridine.
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