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ABSTRACT Several polypeptides have been found to adopt an unusual domain structure known as the parallel b-helix.
These domains are characterized by parallel b-strands, three of which form a single parallel b-helix coil, and lead to long,
extended b-sheets. We have used ATR-FTIR (attenuated total reflectance-fourier transform infrared spectroscopy) to analyze
the secondary structure of representative examples of this class of protein. Because the three-dimensional structures of
parallel b-helix proteins are unique, we initiated this study to determine if there was a corresponding unique FTIR signal
associated with the parallel b-helix conformation. Analysis of the amide I region, emanating from the carbonyl stretch
vibration, reveals a strong absorbance band at 1638 cm21 in each of the parallel b-helix proteins. This band is assigned to
the parallel b-sheet structure. However, components at this frequency are also commonly observed for b-sheets in many
classes of globular proteins. Thus we conclude that there is no unique infrared signature for parallel b-helix structure.
Additional contributions in the 1638 cm21 region, and at lower frequencies, were ascribed to hydrogen bonding between the
coils in the loop/turn regions and amide side-chain interactions, respectively. A 13-residue peptide that forms fibrils and has
been proposed to form b-helical structure was also examined, and its FTIR spectrum was compared to that of the parallel
b-helix proteins.

INTRODUCTION

The rather unusual parallelb-helical fold was discovered
when the crystallographic structure of pectate lyase C
(PelC) was solved (Yoder et al., 1993). In this motif the
polypeptide chain is coiled into a large, right-handed helix
composed of three parallelb-sheets connected by three
regions (variously called loops, turns, or bends) leading to
three very large parallelb-sheets (Fig. 1,B andE). We will
designate each “circuit” of the polypeptide chain in the
b-helix a coil, rather than a turn, to prevent confusion with
the “turns” (or loops) connecting theb-strands. Additional
proteins have since been found to have a very similar fold,
including other members of the pectate lyase superfamily
(Heffron et al., 1998), the P22 tail-spike protein (TSP) from
Salmonella typhimurium(Fig. 1, C andF) (Steinbacher et
al., 1994), andBordetella pertussisP.69 peractin (Emsley et
al., 1996). In addition, a left-handed parallelb-helix is
found in UDP-N-acetylglucosamine acyltransferase (LpxA)
from Escherichia coliand its homologs (Fig. 1,A and D)
(Raetz and Roderick, 1995). There are also reports ofb-roll
proteins with twob-strands per coil, as observed in alkaline
protease (Baumann et al., 1993), or fourb-strands per coil,
as in rhamnogalacturonase A (Petersen et al., 1997).

The interior of the parallelb-helices is predominantly
hydrophobic, with stacks of aliphatic or aromatic residues
lined up. Each coil consists of threeb-strands with a distinct
repetitive pattern of hydrophobic residue preferences at
specific positions, corresponding to the side chains forming

the interior of the helix (Heffron et al., 1998; Raetz and
Roderick, 1995). For the right-handed parallelb-helix, of
nine such preferences, six are for valine, leucine, isoleucine,
or alanine. The number of coils in theb-helix varies from 7
to 16 (Fig. 1).

The right-handed parallelb-helices have an elongated
cross section, whereas the left-handed parallelb-helices
have a triangular cross section (Fig. 1). The diameter of the
b-helices ranges from 11 to 27 Å; this variation is observed
even within the same molecule, e.g., TSP (Fig. 1F). It is
important to note that the parallelb-helix structure under
discussion is quite different from the anti-parallelb-helix
structure observed for gramicidin (Langs, 1988;Wallace and
Ravikumar, 1988).

The extendedb-sheet structure arises from hydrogen
bonding between theb-strands in the corresponding strands
in the coil above and below. Interestingly, in contrast to the
other right-handed parallelb-helices, in the P22 TSP the
hydrogen-bonding pattern extends into the connecting turns/
bends to generate an almost uniformb-helix (Steinbacher et
al., 1994). Monomeric parallelb-helical subunits in both the
P22 TSP and LpxA are involved in forming a trimer in
which adjacentb-helices form ab-sandwich, giving rise to
a hydrophilic interior of the oligomerized protein (Stein-
bacher et al., 1994; Raetz and Roderick, 1995).

There are also some specific side-chain interactions in
these parallelb-helices. The pectate lyases and LpxA and its
homologs exhibit an asparagine stack (termed an asparagine
ladder) characterized by Asn side chains forming H-bonds
with adjacent asparagine side chains or, sometimes, main-
chain amides. In addition, in pectate lyase a serine stack
forms H-bonds between the side chain and main chain.
Parallel stacking of aromatic rings is also observed in both

Received for publication 10 May 1999 and in final form 4 October 1999.

Address reprint requests to Prof. Anthony L. Fink, Department of Chem-
istry and Biochemistry, University of California, Santa Cruz, CA 95064.
Tel.: 831-459-2744; Fax: 831-459-2935; E-mail: enzyme@cats.ucsc.edu.

© 2000 by the Biophysical Society

0006-3495/00/02/994/07 $2.00

994 Biophysical Journal Volume 78 February 2000 994–1000



the interior and exterior of these proteins. LpxA also has
small polar residues (Cys, Thr, Asn) that form H-bonds to
either side chains or main-chain amides, in adjacent coils,
stabilizing the tight turns at each “corner.”

Molecular modeling suggests that alternating hydropho-
bic and hydrophilic residues can minimize the contact of
hydrophobic side chains with water by adopting ab-helical
conformation (Downing 1995). A 13-residue peptide,
KLKLKLELELELG (KLEG), was designed by Downing
and co-workers to maximize the opportunity for salt bridges
between ionized side chains; this peptide has been demon-
strated by electron microscopy to form fibrils (Lazo and
Downing, 1997). KLEG is thought to form ab-helical
structure based on its circular dichroism spectrum (Lazo and
Downing, 1997). The positions of the leucine residues in
KLEG correspond to the favored positions for Leu in the
consensus sequence for right-handed parallelb-helices
(Heffron et al., 1998), lending support to its adoption of
such a conformation. In fact, parallelb-helix proteins have
a unique sequence profile, and a search of the database for

homologs identified 19 families, of which 39% were car-
bohydrate-binding proteins and 50% were proteins contain-
ing leucine-rich repeats (Heffron et al., 1998).

In this report we have used thin-film attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR) to analyze the amide I region of three representative
parallelb-helical proteins and the peptide KLEG to deter-
mine their secondary structure. Theb-helical proteins used
in this study were pectate lyase C (Yoder et al., 1993) and
P22 TSP (Steinbacher et al., 1994), both of which form
right-handedb-helices, and LpxA, which forms a left-
handedb-helix (Raetz and Roderick, 1995). This study was
initiated 1) to determine whether there were unique peaks in
the amide I region for the parallelb-helical proteins that
would distinguish them from other types ofb-sheet struc-
ture, and 2) to look for any similarities between the spectra
of b-helical structures and amyloid fibrilb-structures, be-
cause it has been suggested (Lazo and Downing, 1998) that
amyloid fibrils, which are known to have a very high
b-sheet content, may also contain antiparallelb-helices,

FIGURE 1 The native conformations of the proteins examined, based on their x-ray crystallographic structures, using Molscript (Kraulis, 1991). Top
views (A—C) and side views (D—F) of LpxA, pectate lyase C, and P22 tailspike protein, respectively.
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although a recent report suggests that the Alzheimer’s Ab
peptide has parallelb-strands (Benzinger et al., 1998).

Hydrated thin-film ATR-FTIR was chosen over transmis-
sion FTIR because of its technical superiority. For example,
the ATR mode has a much higher signal-to-noise ratio, data
acquisition is much faster and easier, the samples can be in
H2O rather than D2O (D2O may affect protein conformation
in some cases), and analysis of the spectra is facilitated by
the absence of liquid water. Thin-film ATR-FTIR spectra of
proteins are comparable to those obtained by transmission
FTIR, and the secondary structure analysis by both methods
gives equivalent results (Goormaghtigh et al., 1990, 1999;
Oberg and Fink, 1998). Proteins in the thin films are fully
hydrated (de Jongh et al., 1996) and hence would be as-
sumed to exist in their native conformation. The thickness
of the films is such that only a very small fraction, the
monolayer in contact with the internal reflection element
(IRE) surface, undergoes conformational perturbation due
to interactions with the surface.

MATERIALS AND METHODS

KLEG, LpxA, PelC, and P22 TSPs were generous gifts from Profs.
Don Downing, Steven L. Roderick, Frances Jurnak, and Jonathan King,
respectively.

ATR-FTIR measurements

All of the protein solutions were prepared by dissolving either the lyoph-
ilized powders in 10 mM sodium phosphate buffer (pH 7.5) or by diluting
concentrated stock solutions to give a final concentration of 1–2 mg/ml.
Aliquots of 50ml of the protein solution were loaded onto the germanium
IRE (surface area;7 cm2), and a hydrated thin film was formed by using
a stream of nitrogen gas to rapidly evaporate most of the solvent. We have
previously shown that this technique allows analysis of the spectrum of the
native conformation of proteins (Oberg and Fink, 1998). The IRE was then
placed in an out-of-compartment attenuated total reflectance accessory
(SPECAC), and FTIR spectra were collected using a Nicolet 800SX
instrument, with a liquid nitrogen-cooled MCT detector (Oberg and Fink,
1998). The background spectrum was collected using the same IRE before
the sample measurements. Water vapor spectra were collected by reducing
the dry-air purge with the clean IRE.

Data analysis

The spectra were analyzed using GRAMS software (Galactic Corp.). All of
the sample and water vapor spectra were Fourier transformed with medium
Norton Beer apodization and converted to absorbance, using the IRE
spectrum as a background. The water vapor component was then subtracted
from each of the sample spectra. We confirmed that contributions from
residual water vapor are not responsible for the observed bands by com-
parisons with slightly over- and undersubtracted water vapor. The region
between 1700 and 1800 cm21 (where no protein bands are present) was
found to be featureless in the second-derivative spectra, indicating satis-
factory removal of water vapor components (Oberg and Fink, 1995). As
further confirmation, the band positions of water vapor were compared to
the observed bands. Second-derivative and Fourier self-deconvolution
were used to identify components of the raw spectrum in the amide I region
between 1700 and 1600 cm21, and those peaks were then fitted to the raw
spectrum, using the curve-fit routine, by slowly increasing the width of

each peak during the fit, starting with a peak width of 15 and a maximum
width of 28 cm21. The area under each peak was then used to calculate the
percentage of each component as represented in the tables and finally used
to analyze the percentage of secondary structure components. The calcu-
lated side-chain contributions, based on the amino acid composition, were
subtracted from the amide I region (Venyaminov and Kalnin, 1990) before
the curve fitting using SAFAIR software (developed by Dr. Keith Oberg).
In these analyses it was assumed that the extinction coefficient for each
type of secondary structure is the same.

The amide I region of the infrared spectrum, 1600–1700 cm21, pre-
dominantly reflects the CAO stretching mode of the amide carbonyl.
b-Sheet structure is manifested in the amide I region of the IR spectrum by
major bands in the 1623–1643 cm21 region; furthermore, small absorbance
bands in the 1685–1695 cm21 range are also often observed fromb-sheets.
Most commonly,b-sheet conformations in globular proteins are evident as
bands in the vicinity of 1625, 1632, and 1637 cm21. Second-derivative
FTIR spectra are useful for revealing the major component bands.

RESULTS

Examination of the second-derivative spectra of the amide I
region of the FTIR spectra of theb-helical proteins in this
study (in H2O) reveals a dominant band at 1638 cm21 in
each case (Fig. 2), reflecting the highb-structure content.
The spectra of PelC and TSP also have a much smaller peak
in the vicinity of 1692 cm21, which may also reflect
b-structure, and the PelC spectrum has a second significant
band due tob-sheet at 1626 cm21. After resolution en-
hancement, curve fitting was done (Fig. 3) to allow quan-
titative analysis of the FTIR spectra. Secondary structure
assignments were based on standard amide I band assign-
ments (Byler and Susi, 1986; Jackson and Mantsch, 1995;
Dong et al., 1990; Lee et al., 1990). The results are shown
in Table 1. Interestingly, whereas the TSP has just the one
major band, at 1638 cm21, corresponding to 56%b-struc-
ture, pectate lyase C and LpxA have a smaller 1638 cm21

band but additional low-frequencyb-bands. All three pro-
teins have 13–18% turn, based on bands in the 1675–1680

FIGURE 2 FTIR spectra of theb-helix proteins and the peptide KLEG.
Second-derivative spectra of the amide I region, showing the major
b-structure components in the vicinity of 1638 cm21 for the proteins and
1623 cm21 for KLEG. z z z, PelC; – – –,LpxA; – z z –, TSP; ——, KLEG.

996 Khurana and Fink

Biophysical Journal 78(2) 994–1000



cm21 region, and 20–27% loop components, corresponding
to bands in the 1660–1666 cm21 region. Only PelC has a
distinct helical component of 21% at a band position of
1652 cm21. The band in the vicinity of 1660 cm21 in LpxA
and TSP may also contain somea-helix contributions.

The ATR-FTIR data for KLEG show a major peak at
1623 cm21 (Figs. 2 and 3 and Table 2), indicative of

b-structure with very strong hydrogen bonds, which consti-
tutes 91% of its secondary structure. We attribute this band
to the presence of intermolecularb-structure. A minor peak
at position 1692 cm21 is also associated withb-structure.
Minor bands, at 1673 cm21 (2.5%) and 1646 cm21 (2.7%),
may be due, respectively, to turn and extended chain in an
unusual local environment. This kind of “pure” all-b struc-

TABLE 1 Secondary structure analysis of the amide I peaks in three naturally occurring parallel b-helical proteins, LpxA,
pectate lyase C, and P22 tail-spike protein

LpxA PelC P22 tail-spike protein

Protein structure
assignment

Peak
position % peak

Peak
position

%
peak

Peak
position % peak

1692 1 1694 10 1690 11 b or turn
1676 18 1678 13 1674 13 Turn
1659 26 1665 20 1659 20 Loop/turn/bend ora-Helix
1649 2 1651 21 Disordered/a-helix
1640 31 1638 26 1638 56 b-Sheet (parallel)
1630 9 b-Sheet
1622 13 1626 10 b-Sheet

The analysis is based on curve-fitting following band deconvolution (see Materials and Methods). The errors are61 cm21 for the band positions and65%
for the peak areas.

FIGURE 3 The spectra for the amide I region are shown by solid lines for LpxA (A), pectate lyase (B), P22 tail-spike protein (C), and the peptide KLEG
(D). The dotted lines in each panel are the sums of the individual curve-fit components (dashed lines) (see text).
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ture ($95%) is quite unique and is not observed with
proteins, as even all-b-sheet proteins also have substantial
unordered and turn components. Moreover, the structure of
KLEG was unchanged regardless of the conditions. The
solid peptide, was analyzed using attenuated total reflec-
tance (ATR) FTIR or KBr pellets, and suspensions in water
or up to 100 mM NaCl (as hydrated thin films for ATR); all
gave identical spectra.

DISCUSSION

As expected, the FTIR spectra of the polypeptides studied
are dominated by theirb-components. For the three parallel
b-helix proteins the main component in each case is located
at 16386 2 cm21. That the major secondary structural
component in all three proteins is the parallelb-sheet sug-
gests that the amide I band position for parallelb-sheet may
be at this frequency, i.e., 1638 cm21. This is a position that
has previously been attributed to parallelb-sheet conforma-
tion (Bandekar and Krimm, 1988; Susi and Byler, 1987);
however, it is very important to note that parallelb-sheet
may also be observed at various other frequencies in the
1643–1623 cm21 region and, furthermore, that antiparallel
b-sheet may also be observed at 1638 cm21 (see discussion
below). In contrast, the spectrum of the peptide KLEG
showed the main component at 1623 cm21, reflecting in-
termolecular b-sheet structure (Jackson and Mantsch,
1995). The spectra of all three proteins showed the presence
of substantial loop structure with bands around 1660 cm21,
consistent with the crystallographic structures, which show
relatively long loops connecting theb-strands. A notable
difference between the spectra of the parallelb-helix pro-
teins and that of the peptide KLEG is that the three proteins
show significant amounts of non-b-sheet secondary struc-
ture, whereas the peptide is essentially “pure”b-sheet.

The major factors contributing to the frequency of the
amide I carbonyl stretching IR vibrational mode are the
nature of the hydrogen bond (the stronger and shorter the
H-bond, the lower the frequency) and the transition-dipole
coupling. It is the latter factor that makes it very difficult to
make unambiguous secondary structure assignments in ei-
ther the amide I or III regions, because the specific envi-
ronment around a given amide bond may cause significant
shifts in the vibrational frequency (Bandekar and Krimm,

1988). It is generally accepted that IR cannot distinguish
between parallel and antiparallelb-sheet structures; for ex-
ample, a comparison of the spectra of proteins with parallel
and antiparallelb-strands showed similar components in the
1639, 1634, and 1624 cm21 region (Susi and Byler, 1987;
Krimm and Bandekar, 1986; Bandekar and Krimm, 1988).

Although the three parallelb-helix proteins show sub-
stantial amounts ofb-sheet structure at 1638 cm21 (26–
56%), this characteristic is insufficient to provide aunique
signature indicative of a parallelb-helix protein. In fact, the
FTIR spectra of the three parallelb-helix proteins are ef-
fectively indistinguishable from those of many globular
proteins rich inb-structure. The fact that the majorb-sheet
IR band in parallelb-helix proteins overlaps that of “nor-
mal” b-sheets indicates that the hydrogen bonding patterns
in b-helical proteins are very similar to those in theb-sheet
structures found in typical globular proteins. It is important
to note that antiparallelb-sheets can also give bands at 1638
cm21; for example, the antiparallelb-helix in gramicidin
has an IR band at 1638 cm21 (Naik and Krimm, 1986).

The x-ray crystallographic structures of the three parallel
b-helix proteins reveal that the fraction of secondary struc-
ture in theb-sheet conformation ranges from 22% to 37%.
However, the quantitative analysis of the deconvoluted
amide I spectra suggests much higher contributions of
b-structure when they are determined by IR (Table 3). What
is the source of this apparent discrepancy? We believe it is
due to the increased hydrogen bonding in theb-helical
proteins, due to two types of interaction, namely those
involving hydrogen bonds among side chains, forming as-
paragine ladders, and between side chain and main chain,
observed in LpxA and PelC (Raetz and Roderick, 1995;
Yoder et al., 1993), and tob-sheet-like H-bonding in the
turns/loops connecting theb-strands in the coils observed in
TSP (Steinbacher et al., 1994).

For the TSP many main-chain H-bonds between coils are
observed in the turn (loop) regions, leading to a continuous
or uniformb-sheet; i.e., the H-bonding pattern of ab-sheet
is continued through the turn/loop connecting the parallel
b-helix segments (Steinbacher et al., 1994). These residues
would not be assigned tob-sheet secondary structure in the
crystallographic structure, because their dihedral angles are

TABLE 2 Secondary structural analysis of the amide I peaks
for the peptide KLEG

Peak position
(cm21)

Percentage
peak

Protein structural
component

1692 3.8 b or turn
1673 2.5 Turn
1646 2.7 Unknown
1623 91.0 b-Sheet

The errors are61 cm21 for the band positions and65% for the peak areas.

TABLE 3 Comparison of b-sheet composition (%) from x-ray
crystallography and FTIR

X-ray 1638 cm21 1624–1630 cm21 ;1692 cm21

LpxA 27 31 23 1
PelC 29 26 10 10
TSP 37 56 0 11

The three regions of the amide I spectral region in whichb-structure is
observed are shown. For LpxA and PelC the data suggest that the contri-
butions at frequencies other than 1638 cm21 may be due to the non-b-
strand regions of theb-helix. In the case of the tail-spike protein these
contributions, especially the turns/loops, are also found at 1638 cm21.

998 Khurana and Fink

Biophysical Journal 78(2) 994–1000



different, but would be classified asb-structure in the anal-
ysis of the amide I region of the FTIR spectrum, because the
position of the corresponding amide CAO stretch fre-
quency would be very similar to that of the amide residues
in the b-helix regions.

In contrast to the P22 TSP, in PelC the main chains in the
connecting loops/turns do not form H-bonds with the main-
chain atoms of the coils above and below; instead there are
some unusual short H-bonds between side chains and side
or main chains. Many of these involve the asparagine lad-
ders on the interior of the helix, or in some cases the exterior
of the b-helix. Because both LpxA and PelC form aspara-
gine ladders as well as participate in other stacked side-
chain interactions, which might be expected to result in
lower frequencies of the amide I frequencies, these H-bonds
could be the source of the low-frequency (1622–1630
cm21) bands observed with these proteins, accounting for
10–20% of the observed amide interactions. In light of
these considerations, with reference to Table 3, for LpxA
there is good agreement between the amount ofb-sheet
observed at 1638 cm21 and that determined from the crystal
structure; thus the 23% additionalb-structure observed by
FTIR at lower frequencies can be ascribed to the side-chain
interactions, such as the asparagine ladders, and possibly
additional H-bonding in the loop/turn regions. This would
also hold true for pectate lyase C. For the TSP the situation
is a bit more complex. In this case, we attribute the extra
20%b-sheet structure corresponding to the 1638 cm21 band
to the hydrogen bonding between the coils in the loop/turn
regions. Interestingly, the predicted amount of loop-like
structure by the PHD secondary structure prediction algo-
rithm corresponds reasonably well to the additionalb-struc-
ture observed by FTIR over that seen by crystallography,
namely 27% for LpxA, 32% for PelC, and 27.5% for TSP.

Circular dichroism investigations of PelC, and its close
relative PelE, revealed a shape for the far-UV spectra sim-
ilar to that of other all-b proteins, but with a much larger
amplitude for the trough at 216 nm and maximum at 195 nm
(Sieber et al., 1995). It was on the basis of a similar CD
spectrum for the peptide KLEG that its conformation was
assigned as parallelb-helix, based on the spectrum calcu-
lated for 100%b-helix (Lazo and Downing, 1997). How-
ever, it is known that far-UV CD may not be the best
technique for deciphering the differences between different
kinds of b-structures (Venyaminov et al., 1991; Manning,
1989; Johnson, 1990), because quantitative analysis based
on changes in the intensity and shifts in peak positions is not
yet very clearly understood. In fact, calculations have
shown that the intensity of the circular dichroism spectrum
of a b-sheet is sensitive to the nature of the side chains
involved in theb-sheet formation (Manning et al., 1988).

The spectrum of the peptide KLEG revealed ab band at
a frequency (1623 cm21) significantly lower than that ob-
served for theb-helix proteins, a position potentially more
consistent with the presence of stronger hydrogen bonding,

and one that has been attributed to intermolecularb-strand
interactions in aggregated proteins, such as thermally dena-
tured gels (Dong et al., 1995), inclusion bodies (Fink et al.,
1999), and amyloid fibrils (Bauer et al., 1994; Caughey et
al., 1991).

The other unusual feature of the KLEG spectrum is the
absence of components corresponding to both turns (1675–
1680 cm21) and loops (1660–1665 cm21) that were ob-
served to make significant contributions to the spectra of the
b-helical proteins (see Tables 1 and 2). In fact, the spectrum
of KLEG is unique, suggesting that the peptide is solely in
the extended conformation, with no turns, loops, or disor-
dered structure. This is in contrast to typical “all-b-pro-
teins,” which actually have very significant amounts of
non-b-sheet secondary structure due to the chain topology.
Interestingly, the spectrum of KLEG is very similar to that
obtained for theb-strand component extracted from a ref-
erence set of protein IR spectra (Cabiaux et al., 1997) by
principal component analysis (PCA).

Given that KLEG exists in an extended conformation,
without turns or loops, the simplest model for the aggre-
gated peptide chains is one in which the strands are arranged
in an antiparallel fashion, involving dimers with comple-
mentary electrostatic interactions between the side chains,
and hydrophobic interactions between the dimer subunits.

Lazo and Downing (1997) have proposed that because
the far-UV CD spectrum of KLEG exactly matches that of
PelC, KLEG and, by extension, other amyloid fibrils are
likely to haveb-helical structure (in the sense of theb-helix
proteins investigated in this study). However, the far-UV
CD spectra of some amyloid fibrils are very similar to those
of a typical globularb-sheet protein (Cascio et al., 1989).
Peptides with leucine-rich repeats form fibrils and have
several properties similar to those ofb-helices; however,
fiber diffraction studies show that they are not composed of
b-helix structures (Symmons et al., 1997). In studies to be
reported elsewhere, we have examined the FTIR spectra of
amyloid fibrils from several proteins and peptides (Khurana
and Fink, unpublished results). These show the major
b-sheet band at a variety of different frequencies, ranging
from 1638 to 1622 cm21. Thus there is certainly no strong
evidence, from the secondary structure analysis by FTIR,
for b-helix structure in amyloid fibrils.

In summary, we conclude that parallelb-helix proteins
do not have a uniquely distinctive IR spectrum, although
they are characterized by a major amide I component at
1638 cm21 corresponding to parallelb-sheet structure. In
fact, the spectra are similar to those of other globular
proteins of highb-sheet content, such as the immunoglob-
ulin fold. We also conclude that the associated state of the
peptide KLEG has a structure distinct from that of the
parallelb-helix proteins.

We are grateful to Hector Rodriguez and Lydia Gregoret for their assis-
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discussions.

This research was supported by a grant from the National Science Foun-
dation.

REFERENCES

Bandekar, J., and S. Krimm. 1988. Normal mode spectrum of the parallel-
chainb-sheet.Biopolymers.27:909–921.

Bauer, H. H., M. Muller, J. Goette, H. P. Merkle, and U. P. Fringeli. 1994.
Interfacial adsorption and aggregation associated changes in secondary
structure of human calcitonin monitored by ATR-FT-IR spectroscopy.
Biochemistry.33:12276–12282.

Baumann, U., S. Wu, K. M. Flaherty, and D. B. McKay. 1993. Three-
dimensional structure of the alkaline protease ofPseudomonas
aeruginosa: a two-domain protein with a calcium binding parallel beta
roll motif. EMBO J.12:3357–3364.

Benzinger, T. L., D. M. Gregory, T. S. Burkoth, H. Miller-Auer, D. G.
Lynn, R. E. Botto, and S. C. Meredith. 1998. Propagating structure of
Alzheimer’s beta-amyloid(10–35) is parallel beta-sheet with residues in
exact register.Proc. Natl. Acad. Sci. USA.95:13407–13412.

Byler, D. M., and H. Susi. 1986. Examination of the secondary structure of
proteins by deconvolved FTIR spectra.Biopolymers.25:469–487.

Cabiaux, V., K. A. Oberg, P. Pancoska, T. Walz, P. Agre, and A. Engel.
1997. Secondary structures comparison of aquaporin-1 and
bacteriorhodopsin: a Fourier transform infrared spectroscopy study of
two-dimensional membrane crystals.Biophys. J.73:406–417.

Cascio, M., P. A. Glazer, and B. A. Wallace. 1989. The secondary structure
of human amyloid deposits as determined by circular dichroism spec-
troscopy.Biochem. Biophys. Res. Commun.162:1162–1166.

Caughey, B. W., A. Dong, K. S. Bhat, D. Ernst, S. F. Hayes, and W. S.
Caughey. 1991. Secondary structure analysis of the scrapie-associated
protein PrP 27–30 in water by infrared spectroscopy.Biochemistry.
30:7672–7680.

de Jongh, H. H., E. Goormaghtigh, and J. M. Ruysschaert. 1996. The
different molar absorptivities of the secondary structure types in the
amide I region: an attenuated total reflection infrared study on globular
proteins.Anal. Biochem.242:95–103.

Dong, A., P. Huang, and W. S. Caughey. 1990. Protein secondary struc-
tures in water from 2nd-derivative amide-I infrared spectra.Biochemis-
try. 29:3303–3308.

Dong, A. C., S. J. Prestrelski, S. D. Allison, and J. F. Carpenter. 1995.
Infrared spectroscopic studies of lyophilization- and temperature-
induced protein aggregation.J. Pharm. Sci.84:415–424.

Downing, D. T. 1995. Molecular modeling indicates that homodimers form
the basis for intermediate filament assembly from human and mouse
epidermal keratins.Proteins.23:204–217.

Emsley, P., I. G. Charles, N. F. Fairweather, and N. W. Isaacs. 1996.
Structure ofBordetellapertussis virulence factor P.69 pertactin.Nature.
381:90–92.

Fink, A. L., K. A. Oberg, and S. Seshadri. 1997. Discrete intermediates vs.
molten globule models of protein folding: characterization of partially-
folded intermediates of apomyoglobin.Folding and Design.3:19–25.

Fink, A. L., S. Seshadri, R. Khurana, and K. A. Oberg. 1999. Determina-
tion of secondary structure in protein aggregates using attenuated total
reflectance (ATR) FTIR.In Infrared Analysis of Peptides and Proteins.
B. R. Singh, editor. American Chemical Society, New York.

Goormaghtigh, E., V. Cabiaux, and J. M. Ruysschaert. 1990. Secondary
structure and dosage of soluble and membrane proteins by attenuated
total reflection Fourier-transform infrared spectroscopy on hydrated
films. Eur. J. Biochem.193:409–420.

Goormaghtigh, E., V. Raussens, and J. M. Ruysschaert. 1999. Attenuated
total reflection infrared spectroscopy of proteins and lipids in biological
membranes.Biochim. Biophys. Acta.1422:105–185.

Heffron, S., G. R. Moe, V. Sieber, J. Mengaud, P. Cossart, J. Vitali, and F.
Jurnak. 1998. Sequence profile of the parallel beta helix in the pectate
lyase superfamily.J. Struct. Biol.122:223–235.

Jackson, M., and H. H. Mantsch. 1995. The use and misuse of FTIR
spectroscopy in the determination of protein structure.Crit. Rev. Bio-
chem. Mol. Biol.30:95–120.

Johnson, W. C., Jr. 1990. Protein secondary structure and circular
dichroism: a practical guide.Proteins.7:205–214.

Kraulis, P. J. 1991. MOLSCRIPT: a program to produce both detailed and
schematic plots of protein structure.J. Appl. Crystallogr.24:946–950.

Krimm, S., and J. Bandekar. 1986. Vibrational spectroscopy and confor-
mation of peptides, polypeptides, and proteins.Adv. Protein Chem.
38:181–364.

Langs, D. A. 1988. Three-dimensional structure at 0.86 Å of the uncom-
plexed form of the transmembrane ion channel peptide gramicidin A.
Science.241:188–191.

Lazo, N. D., and D. T. Downing. 1997.b-Helical fibrils from a model
peptide.Biochem. Biophys. Res. Commun.235:675–679.

Lazo, N. D., and D. T. Downing. 1998. Amyloid fibrils may be assembled
from b-helical protofibrils.Biochemistry.37:1731–1735.

Lee, D. C., P. I. Haris, D. Chapman, and R. C. Mitchell. 1990. Determi-
nation of protein secondary structure using factor analysis of infrared
spectra.Biochemistry.29:9185–9193.

Manning, M. C. 1989. Underlying assumptions in the estimation of sec-
ondary structure content.J. Pharm. Biomed. Anal.7:1103–1119.

Manning, M. C., M. Illangasekare, and R. W. Woody. 1988. Circular
dichroism studies of distorted alpha-helices, twisted beta-sheets, and
beta turns.Biophys. Chem.31:77–86.

Naik, V. M., and S. Krimm. 1986. Vibrational analysis of the structure of
gramicidin A. II. Vibrational spectra.Biophys. J.49:1147–1154.

Oberg, K. A., and A. L. Fink. 1995. Methods for collecting and analyzing
attenuated total reflectance FTIR spectra of proteins in solution.In
Techniques in Protein Chemistry. W. Crabb, editor. Academic Press,
San Diego. 475–484.

Oberg, K. A., and A. L. Fink. 1998. A new attenuated total reflectance
Fourier transform infrared spectroscopy method for the study of proteins
in solution.Anal. Biochem.256:92–106.

Petersen, T. N., S. Kauppinen, and S. Larsen. 1997. The crystal structure
of rhamnogalacturonase A from Aspergillus.Structure.5:533–544.

Raetz, C. R., and S. L. Roderick. 1995. A left-handed parallel beta helix in
the structure of UDP-N-acetylglucosamine acyltransferase.Science.270:
997–1000.

Sieber, V., F. Jurnak, and G. R. Moe. 1995. Circular dichroism of the
parallelb-helical proteins pectate lyase C and E.Proteins Struct. Funct.
Genet.23:32–37.

Steinbacher, S., R. Seckler, S. Miller, B. Steipe, R. Huber, and P. Reine-
mer. 1994. Crystal structure of P22 tailspike protein: interdigitated
subunits in a thermostable trimer.Science.265:383–386.

Susi, H., and D. M. Byler. 1987. Fourier transform infrared study of
proteins with parallel beta-chains.Arch. Biochem. Biophys.258:
465–469.

Symmons, M. F., S. G. Buchanan, D. T. Clarke, G. Jones, and N. J. Gay.
1997. X-ray diffraction and far-UV CD studies of filaments formed by
a leucine-rich repeat peptide: structural similarity to the amyloid fibrils
of prions and Alzheimer’s disease beta-protein.FEBS Lett. 412:
397–403.

Venyaminov, S. Y., I. A. Baikalov, C. S. C. Wu, and J. T. Yang. 1991.
Some problems of CD analyses of protein conformation.Anal. Biochem.
198:250–255.

Venyaminov, S. Y., and N. N. Kalnin. 1990. Quantitative IR spectropho-
tometry of peptide compounds in water (H2O) solutions. I. Spectral
parameters of amino acid residue absorption bands.Biopolymers.30:
1243–1257.

Wallace, B. A., and K. Ravikumar. 1988. The gramicidin pore: crystal
structure of a cesium complex.Science.241:182–187.

Yoder, M. D., N. T. Keen, and F. Jurnak. 1993. New domain motif: the
structure of pectate lyase C, a secreted plant virulence factor.Science.
260:1503–1507.

1000 Khurana and Fink

Biophysical Journal 78(2) 994–1000


