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Abstract

The secondary structure of Saccharomyces cerevisiae and Escherichia coli phosphoenolpyruvate (PEP) carboxykinases was
quantitatively examined using circular dichroism (CD) and Fourier transform infrared (FTIR) spectroscopies. From CD analyses, values
of 24% a-helix and 38% f-sheet were obtained for the E. coli enzyme, while the corresponding values for the S. cerevisize PEP
carboxykinase were 20% and 36%. Analysis of the amide I' infrared band indicated 20% a-helix and 36% B-sheet for the S. cerevisiae
enzyme, while for the E. coli protein values of 40% B-sheet and between 9 and 36% a-helix could be inferred. It is concluded that the
bacterial enzyme has more secondary structure elements than the yeast protein. No alteration of the CD or FTIR spectra was detected

upon substrate or metal ion binding to any enzyme.
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1. Introduction

Phosphoenolpyruvate (PEP) carboxykinase
[ATP:oxaloacetate carboxy-lyase (transphosphorylating),
EC 4.1.1.32/49] is a key enzyme of carbohydrate
metabolism, catalyzing the interconversion of PEP and
oxaloacetate as shown in Eq. (1):

2+

Mn
PEP + NDP + CO, & Oxaloacetate + NTP (n

PEP carboxykinases isolated from microorganisms and
plants are specific for adenosine nucleotides, while those
from animals are specific for guanosine or inosine nu-

Abbreviations: CCA, Convex constraint analysis; CD, Circular
dichroism; Hepes, N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic
acid; FTIR, Fourier transform infrared; NDT, Nucleoside diphosphate;
NTP, nucleoside triphosphate; PEP, phospho enolpyruvate.
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cleotides [1-4]. Significant amino-acid sequence identities
exists within each group of enzymes, but not between
groups, except for short phosphoryl binding consensus
sequences [5,6]. The enzymes from microorganisms consti-
tute potential therapeutic targets because inhibitors specifi-
cally designed against these ATP-dependent carboxyki-
nases may not interfere with the host’s GTP-dependent
enzyme [7].

Structural information can provide insights with regard
to enzyme function and design of specific inhibitors. The
complete tertiary structure of a protein is currently accessi-
ble by X-ray crystallography and a few closely related
diffraction techniques. Al these techniques require that the
protein can form a well-ordered crystalline array, which
may not be obtainable for some of them. The use of
two-dimensional NMR spectroscopy offers a viable alter-
native to diffraction techniques, but is limited to low
molecular weight proteins. However, CD and FTIR spec-
troscopies provide a valuable, global picture of the sec-
ondary structure of proteins in solution. These two spectro-
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scopic methods are complementary techniques because of
their different, but overlapping sensitivities for various
types of secondary structures. FTIR is specially suited to
detect strands, while CD generally provides very good
prediction of a-helix [8,9]

PEP carboxykinases from Escherichia coli and Saccha-
romyces cerevisiae are the only carboxykinases crystal-
lized sofar [10,11]; however, no structural information is
yet available. In view of the lack of information -on
important structural aspects of PEP carboxykinases, we
decided to use CD and FTIR spectroscopies to analyze the
secondary structure of the bacterial and yeast enzymes,
taking them as models of the ATP-dependent PEP car-
boxykinases. Our results indicate that the bacterial enzyme
has more secondary structure elements than the yeast
protein.

2. Materials and methods
2.1. Enzymes

E. coli and S. cerevisiae PEP carboxykinases were
purified as described [2,4). Enzyme concentrations are
referred to the actual concentration of the enzyme subunits,
using the published molecular weights and extinction coef-
ficients at 280nm [2,12,13].

2.2. Circular dichroism spectra

CD spectra were recorded in a Jasco J-720 spectro-
polarimeter calibrated with (+)-10-camphorsulfonic acid.
Ultraviolet spectra in the 195-260nm range were deter-
mined in 0.10mm cells at 25°C. Enzymes (1.5 mg/ml)
were dissolved in 10 mM potassium phosphate buffer (pH

7.4). Spectra were acquired at a scan rate of 20 nm/min,
and the average of 5 scans was recorded. The mean residue
ellipticity {@], was calculated (from ellipticity readings)
using a mean residue molecular weight of 111. No changes
were detected when the spectra were acquired from solu-
tions in 10mM Hepes buffer (pH 7.4). To estimate the
content of secondary structure, the CD data were analyzed
by the CCA algorithm, that operates on a collection of
spectral data in the 195 to 240nm wavelength range to
extract the common spectral components with their spec-
tral weights [14,15), and also by the method of Yang et al.
[16]. :

2.3. Infrared spectroscopy

FTIR spectra were collected with a Nicolet SPC FTIR
spectrometer interfaced with an IBM compatible computer
operating Nicolet data collection software. The spectrome-
ter was equipped with a liquid nitrogen cooled
mercury /cadmium telluride detector. The sample chamber
was purged constantly with dry, CO,-depleted  air.
Lyophilized enzyme samples were dissolved to a final
concentration of 1.1mM in 50mM Hepes buffer (pD 7.5)
and introduced into a sample cell fitted with CaF, win-
dows and a 25 pum Teflon spacer. A time-dependent
shifting of the amide I' band to lower frequencies, con-
comitant with a slight narrowing of the band for spectra
taken soon after sample dissolution was indicative of
deuterium /hydrogen exchange. The exchange was com-
plete after six hours, and only spectra taken six or more
hours after sample dissolution were used for structural
analysis. Spectra were recorded at 20°C at a resolution of
2cm”! by collecting 512 co-added interferograms, apodiz-
ing with a Happ—Genzel window, before applying the
Fourier transform. In order to compensate for absorption
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Fig. 1. Far-UV CD spectra of PEP carboxykinases. In (A), the unsmoothed
Spectra were run in duplicate and data averaged. The experimental spectra
respective reconstructed spectrum (- - - ) in the 195-240 nm range.
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due to traces of water in the sample, a spectrum of buffer
acquired under identical conditions was subtracted from
each sample. In addition, absorption due to traces of water
was compensated by substraction of a spectrum of vapor.
A flat, featureless baseline between 1700 and 1800cm ™!
was the criterion for the adequacy of spectral adjustments
[17]. Data files were transferred to a VAX work station for
analysis. Programs used for resolution enhancement {18]
and non-linear least-squares fitting of the Gaussian bands
to the enhanced spectra were similar to those described by
others [17]. Analysis was carried out on the IDL platform
(Research Systems) using routines kindly provided by Dr.
Meir Shinnar, Department of Radiology, University of
Pennsylvania.

3. Results
3.1. Circular dichroic spectroscopy

Fig. 1 shows the CD spectra of the two enzymes in the
185-260 nm range. In this region, both spectra show posi-
tive peaks around 192nm and negative peaks at 208 nm,
while the E. coli enzyme presents a negative shoulder
around 224nm. Analysis of the spectra by means of the
CCA algorithm using a four component system [14,15]
gave the structural coefficients shown in Table 1. The
comparison of the pure components obtained from each
CD spectrum allowed a clear assignment for three of them
to a-helix, B-sheet, and random type described by Perczel
et al. [14]; however, the fourth component could not be
assigned to B-turns or other secondary structure compo-
nent. The use of a five-component system did not allow a
better assignment (not shown). The comparison between
each spectrum and the respective back-calculated spectrum
based on a four component system using the CCA algo-
rithm is shown in Fig. 1. Analysis of the CD spectra by the
method of Yang et al. [16] gave a poorer fit (not shown)
with 11% a-helix, 66% pB-sheet, and 23% unordered struc-
ture content for the S. cerevisiae enzyme, and 20% a-helix,
55% pB-sheet, 22 unordered, and 3% B-turn structure for
the E. coli PEP carboxykinase. Saturating concentrations
of MnCl,, ATP, PEP, MnATP, MgATP or NaHCO, did
not alter the recorded spectra (not shown). The repro-
ducibility in the analysis of the CD spectra in terms of
percentage of secondary structure within each method was
approx. * 1%, that is, the last figure given.

Table 1
Deconvolution of S. cerevisiae and E. coli PEP carboxykinases CD
spectra by the convex constraint analysis method into four components

Enzyme First Seécond Third Fourth
(a-helix)  (B-sheet)  (unordered)  (other)

S. cerevisiae 20 36 14 30

E. coli 24 38 16 22
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Fig. 2. Curve-fitted deconvoluted spectra of PEP carboxykinases (pD
7.5). Top panel, E. coli; bottom panel, S. cerevisiae. (—) Experimental
data, (- - +) are the Gaussian fitted bands, and (- - ~) the sum of the
fitted bands. (The dash-dotted line is obscured due to the high quality of
the fit.)

3.2. Fourier transform infrared spectroscopy

Fig. 2 shows the curve-fitted spectra of S. cerevisiae
and E. coli PEP carboxykinases in the amide I' region. In
order to check the band decomposition procedure, the
amide I' contour was reconstituted by addition of the
component bands, showing almost superimposable spectra.
Peak maxima positions, bandwidths at half height, and
percentages of band areas are shown in Table 2. The
assignment of the individual bands to secondary structure
elements is based on FTIR data of proteins published
recently [8,19,20]. The band at 1648cm™" for the E. coli
spectrum is in a region usually assigned to unordered
structure [21,22]. However, the fact that for some proteins
it has been shown that a-helices absorb below 1650cm™"
[8,20], and also our CD spectroscopy results that indicate
24% o-helix for this enzyme, suggest that this absorption
peak may be due to non-resolved peaks originated from
unordered plus a-helix structures. No spectral changes
were observed upon addition of saturating concentrations
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Table 2

Frequencies (v), bandwiths at half-height (Av, /,), fractional band areas,
and structure assignments for S. cerevisiae and E. coli PEP carboxyki-
nases

v(em™') Av,,, (cm™") A (%) Assignment
S. cerevisiase
1629 10 21 B
1637 8 15 B
1645 11 28 unordered
1657 10 20 a
1664 7 : 4 turns
1674 12 12 turns
E. coli
1629 8 i3 B
1637 9 27 B
1648 11 27 a + unordered
1656 7 9 a
1668 20 23 turns
1688 7 1 turns

of substrates or metal ions to any enzyme (not shown). The
reproducibility of data acquired for different samples was
correct within 1%.

4. Discussion

An important assumption of methods using Fourier
deconvolution and then band-fitting or other quantitation
procedures [17,19,23,24] is that the integrated molar ab-
sorptions are equal for each type of structure. This assump-
tion is considered valid owing to the agreement between
experimental FTIR data and that derived from X-ray analy-
sis of many proteins [25]. By summing up the band areas
assigned to particular secondary structure elements, a con-
tent of 20% a-helix, 36% pB-sheet, 16% tums, and 28%
unordered structures was calculated from the FTIR data for
the S. cerevisinze PEP carboxykinase. For the E. coli
enzyme, the FTIR data indicate 40% p-sheet and 24%
turns, while the amount of a-helix shown in the 1656 cm™!
band appears somewhat low (9%). However, there are
cases where a-helix elements give rise to absorption bands
below 1650cm™! [8,20], in a region where absorption due
to unordered structures is expected. For this reason and
considering the CD data, the most likely possibility is that
the 1648cm™"' absorption band arises from both a-helix
and unordered structures. Based on these arguments, a-
helix would comprise between 9 and 36% of the protein
for the E. coli enzyme, while the unordered structures
would be less than 27%.

Several methods can be used for secondary structure
determination using protein CD spectra. The helical con-
tent can be estimated directly from molar ellipticity at
222 nm, whereas analysis of protein structure in terms of
the proportion of a-helix, B-sheet, B-turn, and other struc-
tures can be obtained by decomposing the measured CD

spectrum in terms of a set of basis spectra representing the
four individual secondary structures [9]. However, it is
well known that deconvolution of circular dichroism spec-
tra, because of its inherent limitations and assumptions
[16,26-28] is a procedure which gives secondary structure
estimations which should not be treated as accurate abso-
lute values, but are extremely useful to detect changes [29].
In the present case the values of secondary structure
content are shown to depend on the method employed (see
Section 3, Table 1). However, the enzyme from E. coli
contains more a-helix (6 +2%) than the enzyme from
yeast, irrespective of the method of analysis employed.
The fact that the percents of a-helix and B-strand esti-
mated for the yeast enzyme by the CD and FTIR methods
are coincident suggests that these values may be reason-
able estimates of the average secondary structure of this
PEP carboxykinase. For the a-helix content there is very
good agreement between these two methods ‘for the S.
cerevisiae enzyme (20%), while the amount estimated by
FTIR from the 1656cm™! for the E. coli PEP carboxyki-
nase is lower than that determined from the CD experi-
ments. However, considering the arguments given in the
first paragraph, the amount of a-helix determined by FTIR
may be underestimated. Hence, we believe that the a-helix
content given by CD represents a better measure of this
particular secondary structure element for this enzyme.

The observation from both spectroscopic methods that
these two microorganism PEP carboxykinases are highly
structured (i.e.. more than 55/60% a-helix or B-strand) is
consistent with their resistance to trypsin attack [13,30].
Dill and co-workers [31,32], on the basis of the theory for
polymer chains, have predicted that helices, sheets, and
turns should increase with the compactness of the molecule.
Preliminary inspection of the predicted secondary struc-
tures of the E. coli and S. cerevisiae PEP carboxykinases
did not permit assignment of the difference in the average
secondary structure content to the extra extension of the
yeast enzyme. The secondary structure percentages derived
from the two spectroscopic techniques do not agree well
with the predominant a-helix and low B-strand content
predicted for both enzymes by secondary structure predic-
tion algorithms based on amino-acid sequence. For exam-
ple, the recently described method of Rost and Sander [33]
predicts 26-27% a-helix and 24-21% p-sheet for E. coli
and S. cerevisiae PEP carboxykinases, respectively. Dis-
crepancies with predictive secondary structure methods
have been reported before [22,34].

The lack of alteration on the CD or FTIR spectra of
these two carboxykinases upon substrate binding indicates
that the changes in the intrinsic fluorescence previously
detected upon Mn** or MgATP binding to the E. coli
enzyme [4] or upon CO, binding to the S. cerevisiae
carboxykinase [30], are due to changes in the local mi-
croenvironment of tryptophanyl residues, and do not in-
volve major changes in the secondary structure of the
proteins. For the yeast PEP carboxykinase, it has been
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proposed that the decrease in the intrinsic fluorescence of
the protein that follows CO, binding may be due to
changes of the microenvironment around Trp-88 and Trp-
89 [30]. There are proteins where relatively large changes
in the secondary structure are produced upon the addition
of substrates, inhibitors, or metal ions. For example, by
using FTIR, Arrondo et al. [35] have reported that ATP or
P!, P°-di(adenosine-5')pentaphosphate (a competitive in-
hibitor against ATP) binding produce a decrease in the
content of B-strands and an increase in the amount of turns
on E. coli adenylate kinase. Similarly, significant differ-
ences in the secondary structure of the Ca’*-bound (holo)
and the CaZ*-free (apo) forms of a-lactalbumin have been
detected by Prestrelski and Thompson [36] by the same
technique.

In conclusion, using two complementary Spectroscopic
techniques we have analyzed the secondary structure of S.
cerevisiae and E. coli PEP carboxykinases, two proteins
that share 42% amino-acid identity. The results indicate
that the bacterial enzyme has more secondary structure
elements than the yeast carboxykinase, and that their global
secondary structure does not change upon substrate or
metal ion binding.
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