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explanation for the increase in pX would be the interaction
with a positively charged group of the fragment, e.g., with the
side chain of the lysyl residue which is the next neighbor of
phosphoaspartate in the sequence.
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ABSTRACT: This study represents the first physicochemical analysis of the recently cloned methionine repressor
protein (Met aporepressor) from Escherichia coli. Infrared spectrometry was used to investigate the secondary
structure and the hydrogen—deuterium exchange behavior of the E. coli Met aporepressor. The secondary
structure of the native bacterial protein was derived by analysis of the amide I mode. The amide I band
contour was found to consist of five major component bands (at 1625, 1639, 1653, 1665, and 1676 cm™)
which reflect the presence of various substructures. The relative areas of these component bands are consistent
with a high a-helical content of the peptide chain secondary structure in solution (43%) and a small amount
of B-sheet structure (7%). The remaining substructure is assigned to turns (10%) and to unordered (or less
ordered) structures (40%). The temperature dependence of the infrared spectra of native Met aporepressor
in D,0 medium over the temperature interval 20-80 °C indicates that there are two discrete thermal events:
the first thermal event, centered at 42 °C, is associated with the hydrogen—deuterium exchange of the
hard-to-exchange a-helical peptide bonds accompanied by a partial denaturation of the protein, while the
second event, centered around 50 °C, represents the irreversible thermal denaturation of the protein.

DNA binding proteins, acting specifically as activators or
inhibitors of transcription of operons, have been investigated
extensively by use of genetic and biochemical approaches
(Takeda et al., 1983). The methionine (Met) aporepressor,
the polypeptide product of the MetJ gene, is a regulatory
protein that is required for methionine repression of the me-
thionine regulon (Holloway et al., 1970; Kung et al., 1972;
Saint-Girons et al., 1984). Genetic evidence and recent in vitro

TIssued as NRCC No. 25983.
1Recipient of a NATO research fellowship.

experiments with the purified Met aporepressor have shown
that S-adenosylmethionine is the corepressor of the methionine
regulon (Greene et al., 1970, 1973; Schoeman et al., 1985;
Saint-Girons et al., 1986).

Several properties of the Met aporepressor protein make it
attractive for physicochemical studies. It is a small, dimeric
protein, each polypeptide chin consisting of 104 amino acid
residues, whose primary structure has been deduced from the
gene sequence (Saint-Girons et al., 1984). Each monomer
binds 1 mol of S-adenosylmethionine in an apparently non-
cooperative manner, suggesting that the two corepressor

0006-2960/87/0426-2706801.50/0 © 1987 American Chemical Society
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binding sites are identical and act independently. On the other
hand, Met aporepressor does not have a sequence that is highly
homologous to the DNA binding domains of regulatory pro-
teins so far investigated (Pabo & Sauer, 1984). It seemed,
therefore, important to investigate the physicochemical
properties of Met aporepressor in order to understand better
the molecular mechanism of the repressor—operator interaction.

As of today, there are virtually no physicochemical, notably
spectroscopic, studies of this DNA binding protein. We have
therefore performed a detailed Fourier transform infrared
(FT-IR) spectrometric investigation of the Escherichia coli
Met aporepressor, addressing such questions as the protein
secondary structure, hydrogen—deuterium exchange, and
thermal denaturation.

Infrared spectrometry is one of the earliest experimental
methods used for estimating the secondary structure of poly-
peptides and proteins [for reviews on this subject, see Susi
(1972), Parker (1971), and Mendelsohn (1984)]. This
structural information is derived from the infrared bands of
the conformation-sensitive amide bands, notably from the
so-called amide I, amide I, and amide III modes in the in-
frared spectral region between 1200 and 1700 cm™. The
difficulties with such infrared analysis lie in the fact that these
amide bands are broad and the composite band contours
consist of a number of individual components. However, the
application of new data-reduction methods, in particular, the
use of the Fourier deconvolution technique, whereby the broad,
overlapping amide bands are narrowed by computational
procedures [for a review, see Mantsch et al. (1986)], has
allowed more detailed analysis and widened the application
of infrared spectrometry to the study of protein structure
(Yang, 1983; Susi & Byler, 1983; Yang et al., 1985; Byler &
Susi, 1986). The type of information attained by infrared
spectroscopic analysis bridges that obtained from X-ray dif-
fraction and circular dichroism analysis; furthermore, the
infrared spectra of proteins as solids can be compared with
those of the proteins in solution.

EXPERIMENTAL PROCEDURES

Materials. The methionine repressor (Met aporepressor)
was obtained from E. coli strain GT809 bearing a recombinant
plasmid that overproduces this protein. Details regarding the
purification of the Met aporepressor protein and purification
control by sodium dodecyl sulfate (SDS)—polyacrylamide
(12.5%) gel electrophoresis are given elsewhere (Saint-Girons
et al., 1986). The sample used in this study was from the same
preparation as described above. The bacterial protein was
transported from Paris to Ottawa as an ammonium sulfate
precipitate; before use it was dialyzed against 10 mM am-
monium bicarbonate (pH 7.2) and lyophilized. The lyophilized
protein was used for infrared measurements. Aqueous prep-
aration (~4 mM in Met aporepressor) were obtained by
dissolving 1 mg of solid protein in 12 uL of 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) buffer
(pH 7.2), prepared either with double-distilled water or with
D,0 (99.8%).

Infrared Spectra. Infrared spectra of the solid protein were
measured from 0.5 mg of lyophilized Met apoprotein as 2 wt
% dispersions in high-purity potassium bromide (KBr disk).
Aqueous protein samples were measured as liquid films be-
tween calcium fluoride windows that were assembled into a
demountable liquid cell (Harrick Scientific, Ossining, NY),
with 6-um spacers for samples in H,O buffer and 12-um
spacers for those in D,O buffer. A tungsten—copper ther-
mocouple was placed onto the window, and the whole assembly
was introduced into a thermostated cell mount. The tem-
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FIGURE 1: Fourier transform infrared spectrum of solid (lyophilized)
Met aporepressor.

perature setting was controlled by a host computer-generated
transitor—transistor logic signal at the increment set by the
user. Typically, 512 interferograms were signal averaged at
an optical retardation of 0.5 ¢m, triangularly apodized, and
Fourier transformed to yield spectra with a spectral resolution
of 2 em™.. The position of the infrared bands was determined
with an uncertainty of less than 0.1 cm™! by calculating the
center of gravity of each band (Cameron et al., 1982). In order
to separate overlapping infrared bands, Fourier deconvolution
and Fourier derivation techniques were applied (Mantsch et
al., 1986; Moffatt et al., 1986). Curve fitting was performed
by standard procedures (Fraser & Suzuki, 1966). Infrared
difference spectra were generated by taking the difference
between the higher temperature spectrum and the lower tem-
perature spectrum and normalizing with respect to the tem-
perature increment.

RESULTS AND DISCUSSION

Secondary Structure of Met Aporepressor Protein. The
infrared spectrum of solid Met aporepressor is displayed in
Figure 1; it is clearly dominated by the strong amide I and
amide IT bands at 1660 and 1550 cm™, respectively, while the
amide 11T band around 1300 cm™! is much less prominent. The
weaker bands in this spectral region are due to side-chain
vibrations.

We have undertaken an analysis of the secondary structure
of the Met apoprotein, based on the amide I mode. This
spectral region consists of a number of broad overlapping bands
that cannot be resolved into individual components by an
increase of the instrumental resolution.

Figure 2 shows the amide I band of the solid Met apoprotein
in comparison with that of the native protein in aqueous so-
lution. It is immediately evident that there are considerable
differences between the infrared spectrum of the protein in
the solid state and those in aqueous solution. Furthermore,
there are also subtle differences between the spectrum in H,O
and that in D,0, differences that can be exploited for diag-
nostic purposes. The center of the amide I band contour is
at 1660 cm™ in the solid protein, at 1655 cm™ in H,0, and
at 1650 cm™ in D,O.

As can be seen from Figure 3A, the amide I and amide IT
bands of Met aporepressor in D,O medium are featureless in
the original infrared spectra. The center of the band contour
of the amide I mode is at 1650 cm™ in the spectrum of the
native protein (solid curve) and shifts to 1645 cm™ in the
spectrum of the thermally denatured protein (broken curve).
Resolution enhancement by Fourier deconvolution [see
Mantsch et al. (1986)], as well as by Fourier derivation, an
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FIGURE 2: Infrared spectra in the region of the amide I band of solid
(—) and native Met aporepressor protein in Hepes buffer, pH 7.2,
in H,0 (++) and in D,O (---).
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FIGURE 3: (A) Infrared spectra of native (solid curve) and thermally
denatured (broken curve) Met aporepressor in D,O-Hepes buffer,
pH 7.2. (B) Infrared spectra of the native protein in the region of
the amide I band after resolution enhancement by Fourier decon-
volution (solid curve), using a Lorentzian band shape of half-width
20 cm™! and a K value of 2.5 [see Mantsch et al. (1986)], and the
same spectra after resolution enhancement by Fourier derivation
(broken curve), using a power of 3 and a breakpoint of 0.35 [see
Moffatt et al. (1986)].

alternative method to enhance spectral resolution based on the
generation of nonintegral derivative band profiles [see Moffatt
et al. (1986)], reveals that the complex amide I band contour
of the native bacterial protein consists of five individual com-
ponent bands.

Figure 3B shows the amide I band contour of native Met
apoprotein after Fourier deconvolution (solid curve), which
reduces the intrinsic widths of the component bands by a factor
of 2.5. Fourier derivation, using a power of 3 and a breakpoint
of 0.35, also identifies five component bands for the native
protein (broken curve in Figure 3B) that are at the same
positions as those found by deconvolution.

Once the number and position of the individual bands are
determined, they can be used as input parameters for curve-
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FIGURE 4: (A) Original amide I band contour (solid curve) with the
individual component bands (broken curves) for the native Met
aporepressor protein in D,O-Hepes buffer, pH 7.2. The line shapes
of the component bands are 0.7 Lorentzian with 0.3 Gaussian. The
symbols a, 8, T, and R stand for a-helices, §-structures, turns, and
random coil, respectively. (B) Amide I band contour of the thermally
denatured protein in D,O buffer (solid curve) with the individual
component bands (broken curves).

Table I Frequencies (v), Bandwidths at Half-Height (Av,,), and
Fractional Band Areas (4) of Amide I Band Components of Met
Aporepressor Protein?

native protein? solid protein°

viem™) Ay, (em™) A(%)  v(em™)  Av,(em™) A4 (%)
1625 17 3 1616 17 2
1632 27 20
1639 30 40
1639 12 1
1650 22 26
1653 25 43
1659 18 10
1665 23 10 1668 21 16
1678 19 7
1676 14 4
1688 27 18

¢ Frequencies and bandwidths are rounded off to the nearest integer.
b At 30 °C in Hepes-D,0 buffer, pH 7.2. °From the IR spectrum of
lyophilized Met aporepressor protein.

fitting analysis of the original spectrum (without this
knowledge curve fitting would be meaningless, or risky at best).
Figure 4A illustrates the results of such a curve-fitting pro-
cedure applied to the spectrum of native Met aporepressor.
It can be seen that the amide I band contour of the native
bacterial protein in D,O buffer consists of a strong center band
at 1653 cm™ and four shoulder bands, two on each side of the
1653-cm™! band. The exact positions of these five bands are
given in Table I along with their bandwidths at half-height
and their total areas (as integrated intensities), which in turn
are related to the population of the corresponding substruc-
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tures. If the amide I bands are of comparable absorptivities
(a reasonable approximation), their integrated intensities are
a measure of their relative concentrations. It should be em-
phasized that the component bands identified by the curve-
fitting analysis of the Met apoprotein are essentially the same
as those obtained by deconvolution and those found with de-
rivative spectroscopy. The close agreement among these three
methods adds confidence to the analysis and suggests that these
infrared bands reflect real structural details; curve fitting then
provides the added advantage that it allows the relative con-
tributions of the component bands to be estimated.

The component bands derived from the curve-fitting analysis
of the amide I mode are best interpreted as reflecting at least
four types of substructure in the native protein. The amide
I band at 1653 cm™! can be assigned unambiguously to a-
helices, while the component bands at 1625 and 1676 ¢cm™ are
due to B-structures; in fact, the concomitant appearance of a
pair of bands around 1620 and 1680 cm™ has been associated
with antiparallel 3-sheet structures (Susi et al., 1967).

This leaves two bands to be assigned, one at 1665 cm™,
located between the a-helix band and the high-frequency
B-component, and one at 1639 cm™, placed between the a-helix
band and the low-frequency B-component. The 1665-cm™
band is most likely due to turns, as bands around 1665 cm™!
have been assigned to turns (Susi & Byler, 1983) as well as
to a-type helical structures with distorted hydrogen bonding
(Krimm & Dwivedi, 1982). The band at 1639 cm™! requires
special attention. While it might reflect the presence of
structures intermediate between helices and sheets, in the
spectra recorded in H,O medium this band is not evident as
it heavily overlaps the band at 1653 cm™. Therefore, we prefer
to assign it to unordered (or less ordered) peptide segments
in which the amide NH group has been replaced by ND
groups. Thus, the H — D exchange of the unordered segments
(which is accompanied by a downshift in frequency), without
the exchange in the ordered a-helices, helps to separate the
infrared bands due to the two peptide populations. However,
as pointed out by one of the reviewers, the position of the band
at 1639 cm™! is also compatible with amide I bands observed
for @-structures. We have therefore increased the resolution
enhancement close to the limit of the signal-to-noise ratio (data
not shown); this splits the 1639-cm™! band into a major com-
ponent at 1642 cm™ and a minor component at 1638 cm™.
The frequency of the 1642-cm™ band is quite characteristic
of disordered proteins in D,O solution (Byler & Susi, 1986).

From the integrated intensity of these bands, the fractional
percentage of a-helical structure in the native protein is 43%
(see Table I). The sum of the integrated areas of the 8-bands
taken as a fraction of the total amide I band area (which
should be closely related to the B-content of Met aporepressor)
is relatively small, i.e., 7%. The fraction of unordered (or less
ordered) protein accounts for 40% of native Met aporepressor.
It should be mentioned here that the broad band at 1639 cm™
may also contain a given amount of 3-substructures, a fact
that could increase the §-content of Met aporepressor. The
remaining 10% is assigned to turns.

Though these assignments do not depend on any transferred
secondary structure values from model homopolypeptides or
on statistical correlations, they are tentative and should
eventually be confirmed by X-ray analysis.

We have also analyzed the amide I band of solid Met
aporepressor for substructure, insofar as one can talk about
the secondary structure of a lyophilized solid protein. From
the band contour in the spectrum of the solid protein in Figure
2, one would expect component bands at higher frequencies
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FIGURE 5: Normalized infrared difference spectra at indicated tem-

peratures, obtained from the amide II band of Met aporepressor in

H,0 buffer (A), from the amide II band in D,0 buffer (B), and from

the amide I band in D,0 buffer (C). The frequency domain illustrated

for the difference spectra in (A) and (B) is 1500—-1600 cm™' and in
(C) is 1600-1700 cm™".,

compared to those in solution (H,O or D,0). Resolution
enhancement reveals eight component bands in the 1600-
1700-cm™ region of the spectrum of solid Met aporepressor.
The positions, widths, and integrated intensities of these bands
are given in Table I; it is evident that they do not provide a
perfect match with the data obtained from the native Met
aporepressor. If both bands in the solid protein at 1650 and
1659 cm™ are assigned to a-helices, the sum of their integrated
areas leads to an a-helix content of only 36%. On the other
hand, in the solid protein there seems to be a much higher
content of B-like structures and turns, as judged from the
intensity of the bands at 1632, 1668, 1678, and 1688 cm™..
Temperature-Induced Hydrogen—Deuterium Exchange and
Thermal Denaturation of Met Aporepressor Protein. In
homopolypeptides and randomly coiled proteins first-order rate
constants apply to the hydrogen—deuterium exchange in the
C=0..H—N bonding of the peptide backbone. However,
there is ample evidence that for protein domains that are in
an a-helix the H - D exchange is very slow under ambient
conditions; the percentage of hard-to-exchange peptide hy-
drogens is often taken as an index of the a-helical content of
the protein. On the other hand, upon an increase in tem-
perature eventually all peptide bonds can be exchanged.
We have therefore performed a thermal stability study of
the Met apoprotein in aqueous solution (H,0 as well D,0).
Figure 5 shows three series of infrared difference spectra
obtained from the absorption spectra of the aqueous protein
(4 mM in Hepes buffer, pH 7.2); identical results were ob-
tained with 0.4 mM protein. The selected spectral regions are
the region of the amide II band in H,O buffer (Figure 5A),
the amide II band in D,O buffer (Figure SB), and the amide
I band in D,0 buffer (Figure 5C). These infrared difference
spectra were obtained in steps of 1 °C and reflect the changes
in the nature of these vibration bands (i.e., the structure of
the peptide bonds) as a function of temperature. There are
two temperature domains that exhibit changes with temper-
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FIGURE 6: Temperature dependence of indicated infrared spectral

parameters, derived from the amide II band of Met aporepressor

protein in H,O buffer (A) and from the amide I band in D,0 buffer

(B). Open symbols and the left-hand scale represent frequencies, and

closed symbols and the right-hand scale are bandwidths.

ature, one between 38 and 46 °C (centered at 42 °C) and
another between 46 and 53 °C (centered at 50 °C). Below
38 °C and above 53 °C the changes in the infrared difference
spectra are negligible.

The nature of the structural changes reflected by the spectral
parameter represented in Figure SA identifies the high-tem-
perature event as the thermal denaturation of the protein in
H,0 medium. These infrared difference spectra represent a
typical “melting” of the C=0..-H—N peptidic hydrogen
bonds. Upon denaturation, the exposed C=0 and H—N
moieties engage in nonspecific hydrogen bonding to water
(H,0), which leads to a low-frequency shift and a considerable
broadening of the amide II band. This is illustrated in Figure
6A, which shows that the position of the amide II band de-
creases abruptly at temperatures around 50 °C (open triangles)
while the width of this band increases considerably between
46 and 53 °C (solid triangles).

The spectral parameter represented in Figure 5B, which
shows changes in the low-temperature domain, indicates that
this temperature event represents the H — D exchange of the
hard-to-exchange c-helix peptides (Parker, 1971). After
complete H — D exchange of all peptide NH groups, the
amide II band shifts out of this spectral range and there are
no further spectral changes upon thermal denaturation.

The spectral parameter illustrated in Figure 5C, which
shows changes at both temperature domains, can be used to
rationalize the temperature-induced changes in the spectra of
the amide I band of Met apoprotein in D,0 medium. As is
shown in Figure 6B, at the first thermal event the a-helix band
shifts from 1653 to 1648 cm™! (open symbols), while at the
second thermal event there is a further small shift in the
position of this band, accompanied by a considerable increase
in bandwidth (Figure 6B, solid symbols). The decrease of the
amide I frequency from 1653 to 1648 cm™ at the first thermal
event between 38 and 46 °C suggests that the H — D ex-
change of the hard-to-exchange «-helices induces a partial
denaturation of the native protein, followed by the main
melting of the protein at the second thermal event, centered
around S50 °C. According to the data in Figure 6, the changes
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seen at 50 °C in the infrared difference spectrum in Figure
5C reflect primarily the increase in bandwidth due to the
melting of the C=0+-D—N hydrogen bands.

The band contour of the amide I mode in the thermally
denatured Met apoprotein in D,O medium is shown in Figure
3B. An inspection of this band contour clearly shows a strong
band centered at 1645 cm™ and two weak shoulder bands at
1617 and 1682 cm™!. The spectrum of the denatured protein
(solid curve) can be easily curve fitted by using these band
positions (broken curves). The frequency of the broad band
at 1645 cm™ (A, = 56 cm™) is in excellent agreement with
those from previous studies of disordered proteins in D,0O
solution (Byler & Susi, 1986), while the weak and narrow
bands at 1617 (Ay;;, = 11 cm™) and 1682 cm™ (Ap;;, = 15
cm™) are characteristic of thermalty denatured proteins in D,0
medium (unpublished results from this laboratory).

CONCLUSIONS

This investigation illustrates the usefulness of infrared
spectrometry for the study of the secondary structure of
proteins in solution. The application of new data-reduction
methods has allowed us to decompose the complex amide I
band contour in the infrared spectrum of the native Met
aporepressor protein from E. coli into the underlying com-
ponents and to correlate the individual component bands with
a given substructure. The results of this analysis indicate that
the predominant form of the peptide chain secondary structure
is the a-helix (43%). The other substructures are interpreted
as representing B-sheets (7%), turns (10%), and unordered (or
less ordered) structures (40%).

Evidently, the description of the secondary structure of Met
aporepressor, as well as that of other proteins, in terms of only
a-helices, B-structures, turns, and unordered peptide segments
is an oversimplification, as one has to expect to deal with
substructures or intermediate structures. Furthermore, dif-
ficulties arise in extending the correlations derived from
homopolypeptides to problems of protein structure, as the
group theoretical arguments used to explain the vibrational
spectra of model systems [e.g., Miyazawa and Blout (1961)
and Krimm and Abe (1972)] may not be applicable to complex
globular proteins. The short lengths of ordered segments in
the latter, as well as the presence of different side chains, will
in principle remove all symmetry and destroy the inter- and
intrachain coupling. Thus, these segments may have a range
of hydrogen-bonded distances and angles for the peptide groups
rather than the fixed values in homopolypeptides. This is
expected to be reflected in a complex pattern of infrared bands
associated with the stretching vibration of the peptidic carbonyl
group (i.e., the amide I mode), and it is gratifying to see that
the application of judicious resolution-enhancement techniques
allows one to decompose the featureless contour of this highly
diagnostic vibrational mode into a number of C=0 stretching
bands that can be associated with a given secondary structure
or substructure.
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ABSTRACT: We have carried out a picosecond fluorescence study of holo- and apoazurins of Pseudomonas
aeruginosa (azurin Pae), Alcaligenes faecilis (azurin Afe), and Alcaligenes denitrificans (azurin Ade). Azurin
Pae contains a single, buried tryptophyl residue; azurin Afe, a single surface tryptophyl residue; and azurin
Ade, tryptophyl residues in both environments. From anisotropy measurements we conclude that the interiors
of azurins Pae and Ade are not mobile enough to enable motion of the indole ring on a nanosecond time
scale. The exposed tryptophans in azurins Afe and Ade show considerable mobility on a few hundred
picosecond time scale. The quenching of tryptophan fluorescence observed in the holoproteins is interpreted
in terms of electron transfer from excited-state tryptophan to Cu(II). The observed rates are near the
maximum predicted by Marcus theory for the separation of donor and acceptor. The involvement of protein
matrix and donor mobility for electron transfer is discussed. The two single-tryptophan-containing proteins
enable the more complex fluorescence behavior of the two tryptophans of azurin Ade to be understood. The
single-exponential fluorescence decay observed for azurin Pae and the nonexponential fluorescence decay

observed for azurin Afe are discussed in terms of current models for tryptophan photophysics.

Eoteins are dynamic structures, continuously exchanging
thermal energy with their surroundings; their constituent atoms
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are in a state of continuous motion (Cooper, 1984). The goal
of relating protein structure and dynamics, and the possible
relation of motion to function, has attracted the efforts of both
experimentalists (Ringe & Petsko, 1985) and theoreticians
(Karplus & McCammon, 1983; McCammon, 1984).

The naturally occurring aromatic amino acid tryptophan
has proved to be a useful fluorescence probe of protein
structure (Longworth, 1971, 1983; Beecham & Brand, 1985).
In particular, the decay of tryptophyl fluorescence anisotropy
has indicated the existence of a local mobility in proteins
(Hochstrasser & Negus, 1984; Lakowicz et al., 1983; Munro
et al., 1979; Scarlata et al., 1984; van Hoek et al., 1983).

In this paper, we present a study of the time-resolved
fluorescence spectroscopy of blue-copper bacterial electron-
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