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ABSTRACT Three equivocal amino acid sequences were
synthesized that are predicted to be a-helical from amino acid
preference but are found to be primarily #-strand from x-ray
diffraction of their respective proteins. In some solvent systems
we recover the a-helical structure predicted by amino acid
preference, whereas in other systems we mimic the interior of
the protein and produce a N-strand. These results are exper-
imental proofthat the environment is important in determining
the secondary structure formed by an amino acid sequence;
therefore schemes that predict secondary structure from amino
acid sequence alone can never be totally successful.

It is generally accepted that the amino acid sequence of a
protein determines its ultimate three-dimensional structure.
In the hierarchic view, the primary structure determines
regular repeating secondary structures, which in turn fold up
into a tertiary structure. Researchers have noted that certain
amino acids have preference for a given secondary structure,
and a number of schemes have been developed that use
amino acid preference to predict secondary structure from
primary structure (1-4). There are also predictions of sec-
ondary structure based on homology (5-9), linear optimiza-
tion of predictors (10), and neural networks (11, 12). The
results of methods for predicting secondary structure from
amino acid sequence were initially impressive but have failed
to improve substantially; generally, about 60o ofthe residues
can be classed correctly as a-helix, (-strand, (-turn, or other.
Here we view the protein folding problem in reverse and

ask the question: Why is each amino acid found in every type
of secondary structure? We investigate three equivocal se-
quences of amino acids that are predicted to be in one
secondary structure from amino acid preferences but are
actually found in another secondary structure. These are the
interesting sequences, because they are the demonstrated
failures of the prediction methods. For all three equivocal
sequences we recover the predicted secondary structure in
some solvent systems. We then follow the secondary struc-
ture as a function of the solvent, ultimately mimicking the
environment inside a protein and producing the observed
secondary structure. Our research demonstrates experimen-
tally that the environment is important in determining the
secondary structure formed by an amino acid sequence.

MATERIALS AND METHODS
Choosing the Peptide Sequence. Our first choice of an

equivocal sequence came from earlier work (13) on EcoPJ
endonuclease (ERE). We predicted residues 103-115 (ERE)
to be an a-helix by several primary sequence prediction
methods, but it is a,(-strand in the protein (14, 15). To obtain
more equivocal sequences we applied the Chou and Fasman
method (1) to the Kabsch and Sander (16) data base. Some
sequences that were predicted to be an a-helix were shown

primarily as a (3-strand in the data base. We chose the two
sequences that were predicted to be the longest a-helices,
77-90 from y-chymotrypsin (CMT) and 5-19 from liver
alcohol dehydrogenase (ADH; liver apoenzyme). The se-
quences we synthesized (Table 1) are the three predicted to
be an a-helix. The portions found to be (-strand from
inspection of the x-ray diffraction (14, 15, 17, 18) are under-
lined in Table 1.

Peptide Synthesis and Purification. Peptide sequences were
synthesized by solid-phase methods on automated Applied
Biosystems peptide synthesizer model 430A or 431A. To
avoid end effects we blocked the N terminus with acetyl and
the C terminus with amine. Position 77 in CMT was changed
to Trp so that all three peptides would have an aromatic
residue for UV detection at 280 nm. This change did not alter
the potential of the peptide for a or ( structure. The synthe-
sized peptide sequences were purified by HPLC using a
VYDAC C18 reverse-phase column, with a gradient of water
to acetonitrile in the presence of 0.1% and 0.06% trifluoro-
acetic acid. Peptide identity was verified by amino acid
analysis and mass spectroscopy.

Spectroscopy. Absorption was measured on a Cary 15
purged with nitrogen. Absorption data were obtained for the
same preparations at 280 nm and 190 nm, and extinction
coefficients at both wavelengths were established by the
guanidine hydrochloride method (19). We also used amino
acid analysis results to confirm the protein concentration.
CD spectra of freshly prepared samples were measured

from 260 to 178 nm on a McPherson vacuum UV spectro-
photometer modified for CD as described elsewhere (20).
Measurements were made using quartz cells of various
pathlengths. The instrument was calibrated using (+)-10-
camphorsulfonic acid, Ae = +2.37 M-1-cm-1 at 290.5 nm and
-4.95 M-1-cm-1 at 192.5 nm. The results were digitized at
0.5-nm intervals using an IBM-type computer system, which
collected the data at a rate of 1 nm/min. Spectra were
smoothed using a cubic spline algorithm. To monitor solu-
tions for aggregation, CD spectra from 260 to 210 nm as a
function of concentration were measured on a Jasco J-40
spectrometer. Spectra are presented on a per amide basis.
Data Analysis. The vacuum UV CD spectra from 260 to 178

nm were analyzed by using singular value decomposition
combined with variable selection as described earlier (21, 22).
We used a 26-protein basis set that contains more spectra of
all-(3 proteins. Since our CD secondary structure prediction
program is based on different combinations of secondary
structures in proteins, it is not particularly well suited for the
single secondary structure induced in our peptides. How-
ever, Ae(222 nm) x (-10) is agood estimate ofthe percentage
of a-helix, as Fig. 1 shows. Furthermore, although the
position of the bands is variable in the CD of a (-strand (23),
the overall CD magnitude from minimum to maximum is
fairly constant (15-16.5 Ae units). We compare the overall

Abbreviations: ERE, EcoRI endonuclease; CMT, y-chymotrypsin;
ADH, liver alcohol dehydrogenase; TFE, 2,2,2-trifluoroethanol.
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Table 1. Equivocal peptide sequences that are predicted to be
a-helical but are observed with the underlined portion as A-strand

Sequence Residues Notation

Acetyl EWAVVLVAEAKHQ amide 103-115 ERE
Acetyl WGKIQKLKIAKVFK amide 77-90 CMT
Acetyl KVIKCKAAVLWEEKK amide 5-19 ADH

magnitude of our ,8-strand CD to that of poly(L-lysine) (24) as 6 -

an alternate estimate of the percent X3-structure. 4 i
2-

RESULTS AND DISCUSSION 0

The isolated peptides are randomly structured in aqueous
solution, as based on their CD spectra (Fig. 2). However, we
have been able to find a variety of solvents that will recover -6-
the predicted a-helix secondary structure. Methanol, etha- -8-
nol, acetonitrile, 1,1,1,3,3,3-hexafluoroisopropanol at low -
pH, a mixture of octanol and other alcoholic solvents, 170 180 190 200 210 220 230 240 250 260
2,2,2-trifluoroethanol (TFE), and high concentrations (about 20
25 mM) of sodium dodecyl sulfate (SDS) all show a typical 18 B
a-helical CD. We analyzed our CD spectra for a-helix,
antiparallel and parallel p-strand, 3-turn, and other structure 16 -

by using the variable selection algorithm and a 26-protein 14
basis set (22). The highest percentage of a-helix was found in 12
100% TFE, 0C (Fig. 2 and Table 2), and these values are 10
confirmed by the depth of the 222-nm band. TFE has a 8-
reputation for promoting a-helix (25-27). Nevertheless, there 6 -

are many reports of stable p-strands in TFE (28-31). TFE is 4 -

a hydrophilic and hydrogen-bonding solvent that stabilizes 2
peptides in the structure expected from the amino acid 0'
preferences used to predict secondary structure. It appears to -2
stabilize the secondary structure for which a sequence has
propensity.
To check whether the helical structure in each peptide is -6

unimolecular or results in aggregation, CD spectra were -8v
measured versus concentration. The dependence ofAe at 222 -10
nm on concentration is shown (Fig. 3A) for the three peptides 17 1 19 20 21 22 23 24 25 260
at 5hC. No dependence on concentration is observed over a
200-fold range for ERE or CMT. However, for ADH the CD 18
changed with concentration, demonstrating that aggregation 16 CC
is part of the solvent system stabilizing the a-helix. As the
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g* FIG. 2. CD of the equivocal amino acid sequences as a random
2. * coil in 10 mM sodium phosphate buffer at pH 7.0 (. * , as an a-helix2 - * ./ in 100% TFE ( ), and as a f3-strand in 2-4 mM SDS (---). (A)

* ERE. (B) CMT. (C) ADH.

0 - helix in ERE and CMT unfolds with increasing temperature,
0 20 40 60 80 1007the presence of an initial tight association at low temperature

% a-helix should be revealed as a dependence of the unfolding on

FIG. 1. CD at 222 nm for 26 proteins as a function of their a-helix peptide concentration (32). Neither ERE (Fig. 3B) nor CMT
content from x-ray studies. (not shown) showed CD that depended on the peptide con-

Biophysics: Zhong and Johnson



4464 Biophysics: Zhong and Johnson

Table 2. Analysis of secondary structure of CD of equivocal peptide sequences in 100%6' TFE or
2-4 mM SDS
Peptide Solvent H A + P T 0 Total

ERE TFE 0.77 ± 0.01 0.08 ± 0.04 0.15 ± 0.01 0.03 ± 0.01 1.03
CMT TFE 0.65 ± 0.04 0.12 ± 0.10 0.21 ± 0.07 0.02 ± 0.02 1.03
ADH TFE 0.66 ± 0.03 0.07 ± 0.07 0.26 ± 0.03 0.00 ± 0.03 0.99
ERE SDS 0.00 ± 0.00 0.60 ± 0.07 0.01 ± 0.01 0.39 ± 0.04 1.00
CMT SDS 0.38 ± 0.03 0.51 ± 0.06 0.07 ± 0.03 0.07 ± 0.04 1.03
ADH SDS 0.16 ± 0.02 0.54 ± 0.07 0.01 ± 0.01 0.31 ± 0.02 1.03

H, a-helix; A, antiparallel ,8-sheet; P, parallel (3-sheet; T, (-turn; 0, other secondary structure.

centration at any point in the unfolding, demonstrating that
helix formation by these two peptides is not the result of
aggregation.
Many of the solvents that one might expect to mimic the

environment inside a protein caused precipitation of these
equivocal sequences, but low percentages of TFE at pH 11,
0.08% digitonin/0.016% cholate with 10 mM phosphate
buffer at pH 7.4, 50 mM octyl glucoside, and 1 M sucrose in
25 mM Mops at pH 7.4 gave CD spectra typical of a N-strand
for some sequences. The hydrophobic environment created
by SDS at 2-4 mM when the ratio of SDS to peptide is 2:1 to
4:1 consistently gave a large percentage of (8-strand (Fig. 2).
Here we cannot test for aggregation because the structure
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FIG. 3. CD at 222 nm in TFE as a function of concentration. (A)
Peptides ERE (o), CMT (n), and ADH (e) at 50C. (B) Peptide ERE
at 50C (o), 250C (-), 450C (e), and 60"C (o).

depends on SDS concentration and the ratio of SDS to
peptide. Analysis of the CD (Table 2) for ERE (250C), CMT
(450C), and ADH (450C) gives 60%, 51%, and 54% (-strand,
respectively, which is lower than that found in the proteins
(86%, 73%, and 56% (3-strand). If we compare the overall
magnitude of the /3-strand CD for our three equivocal se-
quences to the overall magnitude of poly(L-lysine) as a
(-strand, we obtain 62% for ERE, 97% for CMT, and 76% for
ADH.
SDS is a surfactant that can provide a hydrophobic envi-

ronment for polypeptides in proteins. At high concentrations
it forms micelles, and it is well documented that these
conditions usually stabilize a-helical structure (33-38). Yang
and coworkers (35, 36) successfully used low concentrations
(2-4 mM) of SDS to induce (-structure. We followed their
methods and dissolved our peptides in aqueous solution
without salt, the solutions being self buffering because of the
high concentration of peptide. In the absence of salt the low
SDS concentration is far below the critical micelle concen-
tration (39). Our equivocal sequences assume the expected
a-helical structure in the hydrophilic solvent TFE. The
interior of a protein is usually hydrophobic, so we would
expect that a hydrophobic environment would create the
(-strand structure for our equivocal sequences, as is found
from inspection of the x-ray diffraction for the parent pro-
teins. The nature of this solvent system is unknown, but we
do have two to four SDS molecules for each amino acid in the
sequence. We presume that the hydrophobic tail of the SDS
interacts with the equivocal sequence to mimic the hydro-
phobic environment found in the interior of the parent
protein, whereas the hydrophilic end of the SDS molecule
keeps the (-strand in solution.
Our results are consistent with recent work (40), which

showed that the inverse protein folding problem can be
effectively attacked by finding sequences that are most
compatible with the environments of the residues in the
three-dimensional structure. Here we show that equivocal
sequences can be made to assume the a-helix and the
(-strand conformation by proper choice of solvent system.
The results indicate that there is a common thread in the
behavior of these equivocal sequences, since they all can
form a stable a-helix in 100% TFE at0C and a (-strand in low
concentrations of SDS.
Our results demonstrate that the solvent is in control;

therefore schemes that predict secondary structure from
primary structure alone can never be totally successful.
Tertiary structure must be taken into account so that we
know what solvent the peptide sequence effectively sees
when protein folding is complete. Since the environment can
indeed change the secondary structure, the hierarchic model
will have to be modified to take folding feedback into
account: (i) primary structure determines secondary struc-

ture, (ii) secondary structures fold into a tertiary structure,
(iii) some secondary structures change as a result oftheir new
environment, and (iv) minor rearrangements occur in the
tertiary structure. On the other hand, these results fit in with
Dill's nonhierarchic model (41) that involves random con-
densation and then segment rearrangement and would con-

A

° n v °
0 Op0
O

u° ua

B

O
0 OgO

o

0 nCam mLo-

M o

6 a

Proc. Natl. Acad. Sci. USA 89 (1992)



Proc. Natl. Acad. Sci. USA 89 (1992) 4465

tribute to folding simulations (42, 43). If we are going to
understand how proteins fold, we must understand the en-
vironmental effects as well as the sequence effects.

It is a pleasure to acknowledge Ping-Jung Chou for his smoothing
program that uses the cubic spline algorithm and Dean Malencik for
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Medical Sciences.
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