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Protein Sequence and Structure Relationship ARMA Spectral Analysis:
Application to Membrane Proteins
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ABSTRACT If it is assumed that the primary sequence determines the three-dimensional folded structure of a protein, then the
regular folding patterns, such as a-helix, 1-sheet, and other ordered patterns in the three-dimensional structure must correspond
to the periodic distribution of the physical properties of the amino acids along the primary sequence. An AutoRegressive Moving
Average (ARMA) model method of spectral analysis is applied to analyze protein sequences represented by the hydrophobicity
of their amino acids. The results for several membrane proteins of known structures indicate that the periodic distribution of
hydrophobicity of the primary sequence is closely related to the regular folding patterns in a protein's three-dimensional structure.
We also applied the method to the transmembrane regions of acetylcholine receptor a subunit and Shaker potassium channel
for which no atomic resolution structure is available. This work is an extension of our analysis of globular proteins by a similar
method.

INTRODUCTION

Membrane proteins play an important role in modulating the
activities of many cellular functions. Despite considerable ef-
forts, very few membrane proteins have yielded crystals that
diffract x rays to high resolution. A large number of predictive
algorithms for the secondary structural topology of membrane
proteins have been proposed (see Fasman, 1989; Fasman and
Gilbert, 1990 for reviews), including statistical methods (Chou-
Fasman, 1978; Gamier et al., 1978; Biou et al., 1988), Kyte-
Doolittle hydropathy plots (Kyte and Doolittle, 1982), hydro-
phobic moment analysis (Eisenberg et al., 1984), hydrophobicity
analysis (von Heijne 1991; Jdhnig 1989), and direct Fourier
transformation-based hydrophobicity analysis (Finer-Moore
et al., 1989). New hydrophobicity scales developed for mem-
brane proteins have also been proposed (Argos et al., 1982;
Engelman et al., 1986).

It is physically understandable that the periodic distribution
of physical properties of amino acids (such as hydropho-
bicity, charge, dipole moment, etc.) along the primary se-
quence may be one of the important factors determin-
ing the regular folding patterns, such as a-helix, 13-sheet, and
other ordered patterns, in the three-dimensional structure of
a protein.
A primary sequence of a protein of length N amino acids

can be represented by the physicochemical properties of
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individual amino acid along the chain,
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where i is the index for the sequence number, and p' is the
mth kind physical property of the amino acid at ith position
along the primary sequence. The physicochemical property
Pm can be the hydrophobicity index, charge density, volume,
etc., of an amino acid. We assume that the ordered folding
patterns observed in the protein crystal structures, such as
secondary and tertiary structures in most of proteins, should
be characterized, to a large extent, by the periodic distribu-
tion of these quantities along their primary sequences. The
question then is how to compute the hidden periodicity of
these physicochemical properties from a given protein se-
quence. Instead of working with a vectorial physicochemical
quantity in the computation of periodicity, the simplest
approach is to represent a primary sequence by a scalar
sequence, for example, the hydrophobicity sequence of a
protein. The hydrophobic interaction has been identified as
one of the most important interactions in determining the
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three-dimensional structures of proteins (Kauzmann, 1959;
Dill, 1990). Although similar method can be developed in
parallel for vectorial computation, we will only focus on the
computational method for the scalar representation of protein
primary sequence.

Spectral analysis methods compute the frequency domain
representation of sequential signals. The peaks in the fre-
quency domain spectrum correspond to the periodic oscil-
lations of signal components in the original sequence. Direct
Fourier analysis of the hydrophobicity sequence of a protein
to reveal the possible regular folding patterns has been em-
ployed by several authors (McLachlan and Stewart, 1976;
Finer-Moore et al., 1989; Sun and Parthasarathy, 1990). This
method usually produces low resolution spectra because the
hydrophobicity sequence of a protein is commonly a noisy
sequence (Sun, 1993). Although filtering methods can be
used in the direct Fourier analysis to partially remedy this
sequence noise problem, it is well know that the computed
spectra may be distorted by the addition of filters. Furthermore,
the direct Fourier transform analysis uses a windowed sampling
method, assuming zero data outside the window and, therefore,
the unestimated autocorrelation sequence values outside the
window are implicitly zero, normally an unrealistic assumption.
In doing so, both the resolution and reliability of the estimated
spectrum are sacrificed (Sun, 1993).

In a recent study, we proposed (Sun and Parthasarathy,
1993) an AutoRegressive Moving Average (ARMA) model
method (Marple, 1987; Jenkins and Watts, 1968; Kay, 1987)
to analyze the periodic distribution of hydrophobicities along
the primary sequences of proteins. The ARMA model
method of spectral estimation does not make a direct Fourier
transform of the original hydrophobicity sequence data.
Rather, it uses the hydrophobicity sequence to construct a
mathematical model. The model is required to approximate
the distribution that generated the observed hydrophobicity
sequence data. The frequency-domain spectrum of a given
sequence is computed from the parameters in the fitted
ARMA model. It is well known that (Marple, 1987; Jenkins
and Watts, 1968; Kay, 1987) ARMA-computed spectra have
better resolution than classical periodograms or correlograms
based on direct Fourier transforms. In this method of spectral
analysis, the random component in the hydrophobicity se-
quence is filtered out automatically. Unlike spectral estima-
tion by either periodogram or correlogram, the ARMA
method overcomes this problem, because the power spectral
density function of the sequence is totally described in terms
of the model parameters and the variance of the white noise
process (see Theory). Application of this spectral analysis
method to a set of representative globular and fibrous proteins
with different folding patterns (Sun and Parthasarathy, 1993;
Sun, 1993) demonstrated that this method can produce spectra
of much higher resolution than the direct Fourier transform
method. We have found that there is a pronounced correlation
between the ordered folding patterns in the three-dimensional
structure of a protein and the computed ARMA spectrum of its
hydrophobicity sequence. In the present study, we demonstrate
that similar results hold for membrane proteins as well.

THEORY

In this section, we will define anARMA process and provide
the formulae for the power spectral density function ex-
pressed in terms of the ARMA model parameters. We will
explain further how the model parameters and model orders
can be chosen properly for a given set of data (in our case
the hydrophobicity sequence). We refer readers to several
standard textbooks (Marple, 1987; Jenkins and Watts, 1968;
Kay, 1987) for further technical details.

Let x[n], n = 1, . .. , N denote the hydrophobicity index
of a protein primary sequence of length N amino acids ac-
cording to a chosen hydrophobicity scale. This sequence can
be modeled mathematically by a filter linear difference equa-
tion (Marple, 1987):

p q

x[n] = -E a[k]x[n - k] + , b[k]u[n - k]
k=l k=O

= I h[k]u[n -k],
k=O

(1)

where p, q are called the autoregressive order and moving
average order, respectively, a[k], k E [1, p] and b[k], k E [1,
q] are the autoregressive coefficients and moving average
coefficients, respectively (the assumption b[O] = 1 can be
made without loss of generality because the input u[n] can
always be scaled to account for any filter gain). u[i] is a white
noise sequence of zero mean and variance pw. (Obviously
h[k] = 0 for k < 0). The model parameters p, q, a[k], k E
[1, p], b[k], k E [1, q], and pw are determined by the given
hydrophobicity sequence derived from protein primary se-
quence. This ARMA model equation, with the determined
model parameters, describes an infinite data process that has
all of the characteristics of the finite observed data sequence
(the hydrophobic sequence in our case). The ARMA power
spectrum is computed from this model equation rather than
directly computed from the original hydrophobicity se-
quence (as it would be in the direct Fourier transform
method). This is why the ARMA spectrum can achieve a
much higher spectral resolution than the direct Fourier trans-
form method.
To compute the power spectral density function for the

ARMA model equation, the system function H(z) between
the input and the output,

B(z)
(z) A(z)'

has to be used, where
p

A(z) = 1 + I a[k]z k,
k=l

q

B(z) = 1 + I b[k]z k,
k=l

H(z) = 1 + Y h[k]z-k
k=l

(2)

(3)

(4)

(5)

The z-transform (Oppenheim and Willsky, 1983) of the out-
put sequence x[n] is related to the z-transform of the input
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random process u[n] by

PX(z) = P..(z)H(z)H*(l/z*)
B(z)B*(l/z*)

- A(z)A(*(l/z*).

using Eq. 1 to yield

(6) r. [i] = e{u[n + i]x*[n]}

We will assume further that the sequence u[i] is a white noise
process of zero mean and variance p,, so that PUU(z) = p..
The ARMA power spectral density function, PAsmA(f) is
obtained by substituting z = exp(i2nfT) into Eq. 6 and scal-
ing by the sample interval T (T = 1 in our case):

)= (f) 2 eH(f)bbHeq(f )
= Tp- ( HpfPAm(f)= Tp' AUf) ep(f)aa~e()

in which the polynomials are defined as

p

A(f ) = 1 + E a[k]exp(-i2iifkT)
k=1

q

B(f) = 1 + I b[k]exp(-i2'rfkT)
k=1

and

1

exp(i2ifT)
epff) = . ,

exp(i2'nfpT) /

1

exp(i2fT)
eq(f)= I *

exp(i2rfqT) /

a[l]
a=

(a[p]

/1

(b[l]
b==

b[q] /

= u[n + i](u* [n] + Y. h*[k]u*[n k])

( ( ~~~ ~~k=l)

= ru.1i] + Y h*[k]ruu[i + k].
k=l

Assuming u[k] is a white noise process, then

(7)
r. li] = Pw

pwh*[-i]

for i >0
for i = 0.

for i <0

The final relationship between the ARMA parameters and
the autocorrelation sequence of the hydrophobicity sequence

(8) x[n] is

rxw[m]

(9)

TheARMApower spectral density function is evaluated over
the range - 1/2T ' f 5 1/2T, and is symmetric for the real
hydrophobicity sequence.

The model parameters in the ARMA(p, q) model Eq. 1 are

related to the autocorrelation sequence of the known hydro-
phobic sequence of the given protein. Multiplying Eq. 1 by
x*[n - m] and taking the expectation of the resulting equa-

tion, we have

p

E{x[n]x* [n - m]} =- a[k]E{x[n - k]x*[n - m]}
k=l

(10)

+I b[k]E{u[n - k]x*[n -m],
k=O

or

P q

r. [m] = - a[k]r.[m - k] + I b[k]r. [m - k]. (11)
k=1 k=O

The cross correlation r.[i] between the input and the output
can be expressed in terms of the h[k] parameters of Eq. 5 by

rf*I-m] form < 0

P q
- a[k]rj[m - k] +pIb[klh*[k-m]q

k=l k=m

for 0 < m ' q

~P

-E a[k]r.. [m -k] for m > q
k=l

(14)

where h[O] = 1 has been used.
It is easily seen that the autoregressive parameters of the

ARMA model are related by a set of linear equations to the
autocorrelation sequence of the known hydrophobicity
sequence. Eq. 14 may be evaluated for the p lag indices
q + 1 ' m ' q + p, for example, and grouped into the matrix
expression

/ r.x[q] r,,J[q -1] ... rxq -p + 1]\
rjq + 1] r.[q] * r,,jq-p + 2]

Krq+p-1] rj[q + p-2] ... r.[q]

(15)
(a[l] r,,jq + 1]
a[2] r,[q + 2]

a[p] rjq+p])

These equations are called ARMA Yule-Walker normal
equations. All of the diagonal elements are equal
(Toeplitz form). This indicates that the autoregressive
parameters may be found separately for the moving av-

erage parameters as the solution of the simultaneous Eq.
15. Unfortunately, the moving average parameters of an

(12)
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ARMA model cannot be found simultaneously with the
impulse response coefficients h[k], as indicated by Eq. 14,
resulting in a nonlinear relationship with the autocorre-
lation sequence.

Simultaneous estimate of the AR and MA parameters of
an ARMA model is difficult and computationally intensive.
The AR and the MA parameters are typically estimated sepa-
rately. Usually, the AR parameters are estimated first, and
then used to construct an inverse filter to apply to the original
data. The residuals out of this filter should be representative
of a moving average process, to which an MA parameter
estimator can be applied. There are three main steps involved
in this ARMA parameter estimation: 1) Estimate the autore-
gressive (AR) parameters by the least-squares modified
Yule-Walker method; 2) filter the original data sequence
with the estimated AR parameters; 3) estimate the moving
average (MV) parameters from the filtered residuals. The
selection of the autoregressive orders and moving average
orders, p and q, is determined by the Akaike information
criterion (Akaike 1974).

AR parameter a~kJ estimation

From Eq. 14, the autocorrelation sequence for an ARMA(p,
q) model satisfies the relationship

p

r. [n] =-I apEk]r.. [n - k] (16)

for n > q. If the autocorrelation sequence are known ex-
actly, then the p relations for q + 1 --: n -< q + p can be
set up as a set of simultaneous equations and solved for the
AR parameters, as indicated by the Yule-Walker normal
equations in (15). However, in practice, only finite data
samples are available, so the autocorrelation estimates
must be substituted for the unknown autocorrelation se-
quence. A least-squares modified Yule-Walker method has
been developed (Mehra, 1971; Porat and Fridlander,
1985). The method uses more than p equations for lags
greater than q and minimizes a squared error to fit the p
parameters. Assuming autocorrelation estimates F,4n] from
lag 0 to lagM are calculated, where M is the largest lag in-
dex that can be accurately estimated, the M - q equations
(such that M - q > p)

p

=x-n] ap[k]Fxx[n - k] ± E[n] (17)
k= 1

for q + 1 -< n -< M are formed. E[n] is the estimation er-
ror. The sum of squared error,

Al M

n-q+i n-q+l

the normal equations to be solved are

a[k] / 0)
where Tpis a rectangular Toeplitz matrix
tion estimates

fxxjq + 1] . .. fxx [q -p + 1

Tp FXXJM -P] . xxq+

fXXIM ... XXIM- P]

of a

(19)

iutocorrela-

(20)

Filter the original data sequence
Once the AR parameters are estimated by solving Eq. 19, the
next step is to use them to construct an inverse filter. Then
the reverse filter is applied to obtain the parameters for the
MA process. The filter system function is

p

A(z)=1±+ 4k]Z-k
k-i

(21)

in which the d[k] are the estimated AR parameters. The
ARMA system function is B(z)/A(z), so that

B~A(zY), B(z). (22)

Therefore, passing the measured data sample through the
filter with the system functionA(z) will yield an approximate
moving average process at the filter output. The filtered se-
quence of length N - p is given by the convolution

p

z[n] = x[n] + E ci[m]x[n -m]
rni

forp + 1 --- n -S N.

MA parameter b[k] estimation

(23)

The most obvious approach to estimate the MA parameters
would be to solve the nonlinear Eq. 14 for P = 0 using the
autocorrelation estimates made from the original sequence.
Unfortunately, the solutions are very involved (Box and
Jenkins, 1970). However, there is an alternative method
based on a high-order AR approximation to the MA process
that uses only linear operations (Kay, 1987; Marple, 1987).
An MA(q) process has a system function

q

B(z) = 1 + I b[k]z k
kil

(24)

is minimized with respect to the p AR parameters a[k], and AnRo)prcsthtieqvantoaMAqpoeshs
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a system function of the form 1IA.(z), where

00

Ax(z) = 1 + E a[k]z k (25)
k=-

Therefore, we have

B(z)Ao(Z) = 1. (26)

An inverse z-transform of the Eq. 26 yields a convolution
relation of the MA parameters with the AR parameters

q 1, ifm =O;a[m] + b[n]a[m - n] = 8[m] = o, ifm#°* (27
n=1

where, by definition, a[0] = 1 and a[k] = 0, for k < 0. Thus,
the moving average parameters can be determined from the
parameters of an equivalent infinite-order AR model by solv-
ing any subset of q equations formed by (27). In practice, one
can calculate a high-orderAR(M) (M >> q) estimate from the
filtered residual sequence given by (23). From the high-order
AR(M) parameters estimates 1, am[l], * m[M], one can
construct

q

Em= aM[m] + E b[n][m -n]. (28)
n=1

So the estimates ofMA parameters are obtained by the mini-
mization of the squared error variance

Pq = E EMA12/M (29)
0m-M+q

Eq. 29 is solved by a least-squares technique described in the
determination of the AR parameters.

Determination of the model orders (p, q)

Selecting the order for an ARMA model is not a simple
procedure. One of the most frequently used techniques is
Akaike information criterion (AIC) (Akaike, 1974). The AIC
determines the model order by minimizing an information
theoretic function

AIC(p, q) = N ln(ppq) + 2(p + q), (30)

in which Ppq is an estimate of the input white noise variance
of the assumed ARMA(p, q) model, andN is the number of
sampled data. One could also check the whiteness of the
residual output of the inverse filter with system function
B(z)/A(z) using the estimated AR and MA parameters. The
estimated autocorrelation of the residual sequence should be
approximately zero except at lag zero.

SPECTRAL ANALYSIS FOR MEMBRANE
PROTEINS

The ARMA spectral analysis method presented in Theory

primary sequence as the only input. The periodicities of the
hydrophobicity distribution along the primary sequence are
then calculated from the ARMA model equation with the
model parameters computed from the original hydrophobic-
ity sequence. The ARMA spectral peaks correspond to the
dominant periodic hydrophobicity distribution along the pri-
mary sequence. These dominant periodic hydrophobicity
distributions correspond to possible regular folding patterns,
such as a-helix, f3 strand, and other ordered folds.

Application of the ARMA method of spectral analysis to
globular proteins with different folding patterns (Sun and

) Parthasarathy, 1993) reveals the following typical features
that seem to appear in the membrane proteins studied here.

1) Global folding patterns: low frequency, 0.10-0.05 cycle/
residue (10-20 residue/cycle), peaks in the spectral den-
sity function correspond to the large scale orders in the
folded structures.

2) The a helix peak: the spectral peaks around 0.30-0.25
cycle/residue (3.3 to 4.0 residues/cycle) and their
higher harmonics correspond to a possible a-helix
conformation.

3) The 3 strand peak: the spectral peaks are typically greater
than 0.35 cycle/residue (around 2.0 to 2.7 residues/cycle).

4) A randomly shuffled sequence of known protein se-
quences has no significant spectral peaks.

In this section, we will examine the computed ARMA power
spectral density function (PSDF) for hydrophobicity se-
quences of several membrane proteins, and compare their
spectral characteristics with their known structures. We will
also discuss the structural implications of the computed
ARMA PSDF for the transmembrane regions of the acetyl-
choline receptor a subunit and the Shaker potassium channel
protein. In this study, the hydrophobicity scale of Rose et al.
(1985) has been used. The Rose scale is derived from the sol-
vent accessibility of amino acids in 23 x-ray crystallography-
determined protein structures.

Melittin

The crystal structure of melittin (Terwilliger and Eisenberg,
1982), a 26-residue membrane bound protein, shows a bent
a-helical structure. The bending appears at the middle of the
helix due to a proline residue. Each of the helical section
contains about 12 residues. Fig. 1 A is a stereo backbone plot
of the x-ray crystallography-determined structure of melittin.
Fig. 1 B plots the computed ARMA power spectral density
function (PSDF) for the melittin primary sequence. The
melittin PSDF has an a-helix peak at 0.277 cycle/residue
(3.61 residue/cycle), indicating that melittin adopts an
a-helical conformation. There are also two small peaks in the
melittin PSDF plot. One peak at around 0.075 cycle/residue
(13 residue/cycle), with a peak amplitude about 6.7% of the
major one, corresponds to the segment length of the two
ra-helices. This is indeed true in the crystal structure as one

2096 Biophysical Journal
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Melittin

dency in this C-terminal segment. Fig. 2 D shows the PSDF
for the sequence segment 227-301. There are four peaks. The
two major peaks at 0.465 and 0.353 cycle/residue (2.15 and
2.83 residue/cycle) indicate that this segment is a 3-sheet
structure. The peak at 0.059 cycle/residue (17 residue/cycle)
suggests an ordered folding pattern at about 17 residues in
length. This pattern can been seen clearly in the three-
dimensional crystallographic structure of porin. Fig. 2E plots
the ARMA PSDF for the sequence segment corresponding
the loop region (74-116) in the three-dimensional structure
of porin. There is a clear peak at 0.394 cycle/residue (2.54
residue/cycle), indicating a /-sheet-like structure. The crys-
tal structure of this segment shows it is indeed a /3-sheet like
loop, running against the inner wall of the /-sheet barrel of
porin.

Colicin

Colicins are antibiotic proteins produced by Eschericia coli,
active against sensitive E. coli and closely related bacteria.
The largest group of colicins comprises those that can form
voltage-dependent channels in membranes, thereby destroy-
ing the the cell's energy potential. The pore-forming activity
seems to be located at the carboxy terminus, which comprises
about 200 residues (389-592 in the primary sequence of co-
licin A). This fragment is soluble in aqueous media, but nev-
ertheless spontaneously inserts itself into lipid membranes.
The crystal structure of this fragment shows (Parker et al.,
1989) that colicin forms 10 a-helices (Fig. 3 A).

l The ARMA PSDF (Fig. 3 B) for this sequence fragment
0.0 0.1 0.2 0.3 0.4 0.5 (389-592) shows that it is exclusively a-helical. There is

only one strong peak in the PSDF at 0.263 cycle/residues
Frequency (Cyc/rsidues) (3.80 residue/cycle), which is a typical a-helix peak. We also

computed the ARMA PSDF for the sequence fragment 389-
(A ) Melittin crystal structure (backbone); (B) ARNIA PSDF. optdteAM SFfrtesqecrget39

433, which corresponds to helices one and two in the crystal
structure. The PSDF (Fig. 3 C) for this smaller sequence
fragment shows a very strong a-helix peak at 0.273 cycle/

early ina Fig. 1roundA.4Wehavle/norexplanation fresidue (3.66 residue/cycle), indicating that this smaller frag-nall peak at around 0.4 cycle/residue. ment is in an a-helical conformation. A very minor peak at

0.1 cycle/residues (10 residue/cycle), which can hardly be
seen in the linear scale (about 1% of the major peak), indi-
cates a very week hydrophobicity oscillation along this

found in the outer membranes of gramnegative smaller fragment.
bacteria, mitochondria, and chloroplasts. They form chan-
nels for small hydrophilic molecules that are in most cases
weakly ion-selective. Porins are trimeric and consist pre-
dominantly of /3-pleated sheet structures determined by x-ray
crystallographic diffraction (Weiss et al., 1991) (Fig. 2 A).

Fig. 2 B shows the computed ARMA power spectral den-
sity function (PSDF) for the entire porin primary sequence.
There is a very strong and sharp peak at the frequency 0.375
cycle/residue (2.67 residue/cycle), which indicates the pre-
dominant content of /3-sheet. This is in agreement with the
crystal structure of porin. The ARMA spectral analysis
method can also be applied to a part of a protein primary
sequence. Fig. 2 C shows the PSDF for the porin sequence
fragment 1-41. It has a predominant peak at 0.5 cycle/residue
(2.0 residue/cycle) indicating a strong 3-sheet structure ten-

Bacteriorhodopsin

The structure of bacteriorhodopsin was first elucidated by
high resolution electron microscopy of two-dimensional
crystals (Herderson and Unwin, 1975; Henderson et al.,
1990). The 3-A resolution-refined structure shows that bac-
teriorhodopsin contains seven transmembrane a-helices
(Fig. 4 A). The ARMA PSDF for the bacteriorhodopsin se-

quence (Fig. 41B) shows two spectral peaks at 0.10 and 0.256
cycle/residue (10.0 and 3.9 residue/cycle), respectively. The
major peak at 3.9 residue/cycle indicates that bacteriorho-
dopsin forms mostly a-helical structure. The minor peak at
around 10 residue/cycle corresponds to a typical hydropho-
bicity periodicity in these a-helical segments. If only the
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FIGURE 2 (A) Porin crystal structure (backbone); (B)ARMAPSDF for the entire Porin sequence; (C)ARMA PSDF for Porin sequence 1-46; (D)ARMA
PSDF for Porin sequence 227-301; (E) ARMA PSDF for Porin sequence 75-116.

sequence segments of the transmembrane portion are used in
the PSDF computation, we obtain similar spectral charac-
teristics (Fig. 4 C), in which the two peaks are at 0.11 and
0.277 cycle/residue (9.0 and 3.6 residue/cycle). The ampli-
tude of the minor peak is only about 2.5% of the major peak

amplitude. The a-helical peak of the transmembrane se-

quences appears much stronger (plotted in logarithmic scale)
than the a-helical peak for the entire sequence. The spectral
density function clearly suggests that the transmembrane
portion of bacteriorhodopsin is an a-helical structure.
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A
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FIGURE 3 (A) Colicin crystal structure (backbone, transmembrane portion);
PSDF for Colicin sequence 389-433.

Photosynthetic reaction center L, M, and H
domains
The photosynthetic reaction center is a complex of integral
membrane proteins and cofactors (Deisenhofer et al., 1985)
that use light energy to transport electrons across the mem-
brane. The reaction center from the purple bacterium Rho-
dopseudomonas viridis consists of four protein subunits: L,
M, H, and c-type cytochromes with four covalently linked
haem groups (Prince et al., 1976). The structure of photo-
synthetic reaction center was determined by Deisenhofer
et al. (1984, 1985). Consisting of mainly a-helical structures,
subunits L and M form the major transmembrane portion of
this protein complex. The amino-terminal helical segment of
H subunit forms the only transmembrane portion of H sub-
unit. Using the primary sequences of L, M, and H subunits,
we calculated their corresponding ARMA spectral density
functions. The results from the spectral analysis are in good
agreement with the crystal structure.

Fig. 5 A is the stereo backbone plot for the L subunit. It
has five transmembrane helices as well as several other non-
transmembrane helical segments. Fig. SB shows the ARMA
PSDF function for the entire L subunit sequence. The spec-
trum has a sharp peak at 0.256 cycle/residue (3.9 residue/
cycle), indicating that the L subunit contains predominantly

Frequencyt(ycbhokdum)

(B) ARMA PSDF for the transmembrane portion of Colicin; (C) ARMA

a-helical elements. We also plotted the spectrum (Fig. 5 C)
for the transmembrane sequence segment L80-111. The
ARMA spectrum for this segment clearly shows that it is an
a-helical structure. The spectrum peaks at 0.278 cycle/
residue (3.6 residue/cycle). This transmembrane segment
corresponds to the second helix from the left in Fig. 5 A.

Fig. 6A is the stereo backbone plot for theM subunit. Like
the L subunit, it also has five transmembrane helices and
several other nontransmembrane helical segments. Fig. 6 B
shows the spectral density function for the entire M subunit
sequence. The spectrum has a strong peak at 0.263 cycle/
residue (3.8 residue/cycle), suggesting predominant a-helix
content in the M subunit. Fig. 6 C shows theARMA spectrum
for the sequence segment M113-166. It has a sharp peak at
0.244 cycle/residue (4.1 residue/cycle), suggesting an

a-helical structure for this transmembrane segment. In Fig.
6 A, the segment Ml 13-166 corresponds to the second and
the third transmembrane helices from the right.
The subunitH contains mainly sheet and extended struc-

tures. It has only one transmembrane segment, which is
a-helical in the crystal structure (Fig. 7 A). Fig. 7 B shows
the the ARMA PSDF function for the entire H subunit se-

quence. There are three peaks in the spectrum at 0.0763
cycle/residue (13.1 residue/cycle), 0.20 cycle/residue (5.0
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FIGURE 4 (A) Bacteriorhodopsin crystal structure (backbone, transmembrane portion); (B) ARMA PSDF for the entire Bacteriorhodopsin sequence; (C)
ARMA PSDF for Bacteriorhodopsin transmembrane portion sequence.

residue/cycle) and 0.385 cycle/residue (2.6 residue/cycle),
respectively. The major peak at 0.385 cycle/residue (2.6 resi-
due/cycle) and the peak of its higher harmonics at 0.20 cycle/
residue (5.0 residue/cycle) seem to suggest that the H subunit
contains predominantly f3 sheet and extended structures. The
peak at 13.1 residue/cycle suggests an average folding length
scale. The ARMA spectrum for the transmembrane segment
H11-38 (Fig. 7 C) shows a strong a-helix peak at 0.294
residue/cycle (3.4 residue/cycle). This is in full agreement
with the crystal structure of the H subunit (the long helix at
the bottom of Fig. 7A). Fig. 7D shows the ARMA spectrum
for the sequence segment H124-211, a peripheral part of the
H subunit on the cytoplasmic side of the membrane. There
is a strong and major peak at 0.50 residue/cycle (2.0 residue/
cycle) in the spectrum, suggesting a 8 sheet structure. Two
small peaks (less than 5% of the major one in amplitude) are

also shown in the spectrum. The peak at 0.385 cycle/residue
(2.6 residue/cycle) suggests (3-sheet conformation. This se-

quence analysis result agrees with the crystal structure very
well. The segment H124-211 corresponds to the ,8-sheet re-

gion in the top of Fig. 7 A.
OurARMA spectral analyses of the primary sequences of

the photosynthetic reaction center complex are consistent
with the crystal structures of these proteins.

Nicotinic acetylcholine receptor a subunit

The nicotinic acetylcholine receptor is a cation-selective,
ligand-gated ion channel involved in signal transduction at
the chemical synapse. It is composed of five homologous
membrane-spanning subunits (a, at, (3, y, and 8). The se-

quence homology among different species is very high for
each subunit. There is no high-resolution structure available
for this receptor at the present time. It was proposed, based
on the hydrophobicity plot and on the direct Fourier trans-
form analysis (Stroud and Finer-Moore, 1985; Stroud et al.,
1990; Galzi et al., 1991), that the transmembrane portion of
each subunit has four transmembrane helices. Using the ARMA
model, we have computed the spectra for these transmembrane
sequence segments in the a-subunit (human). Here we assume

that previous studies have correctly located the transmembrane
region in the primary sequence of the a-subunit.

Fig. 8 A shows the ARMA PSDF for the entire human
acetylcholine receptor a-subunit. It indicates the presence of
both a-helix and 3-sheet structures. Both of the characteristic
spectral peaks are found in the PSDF. Fig. 8 B-E show
the ARMA PSDF for M1(231-257), M2(263-281), M3-
(297-318), and M4(429-447) transmembrane segments,
respectively. There are two peaks in the PSDF for the Ml
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FIGURE 5 (A) Photosynthetic Reaction Center L subunit, crystal structure (backbone); (B) ARMA PSDF for the entire L sequence; (C) ARMA PSDF
for transmembrane segment L80-111.

(Fig. 8 B). The major peak at 0.50 cycle/residue (2.0 residue/
cycle) indicates that this segment may be a (3-sheet structure.
The minor peak at 0.217 cycle/residue (4.6 residue/cycle)
suggests a higher harmonics of a typical 13-sheet peak. The
PSDF (Fig. 8 C) for the M2 region has a major peak at 0.50
cycle/residue (2.0 residue/cycle), suggesting a 3-sheet struc-
ture. The minor peak (log scale in vertical) at 0.0476 cycle/
residue (21.0 residue/cycle) suggests a structural motif
length around 21 residues in the M2 region. The PSDF for
the M3 region (Fig. 8D) also indicates that this segment may
be a 13-sheet structure. There is a strong major peak at 0.50
cycle/residue (2.0 residue/cycle) in the spectrum. The minor
peak at 0.185 cycle/residue (5.4 residue/cycle) hydropho-
bicity periodicity may corresponding to an internal folding
length within the possible 3-sheet structure. It is interesting
to note that Ml and M2 have similar spectral shapes. The
PSDF for the M4 region (Fig. 8 E) is very different from that
of Ml, M2, and M3. It has a strong major peak at 0.313
cycle/residue (3.20 residue/cycle), a significant a-helical
peak, suggesting an a-helical structure structure for this seg-
ment. The above results, based on the ARMA spectral analy-
sis of the primary sequence, suggest that the transmembrane
portion of the a-subunit has three 13-sheet regions and one

a-helix region. These conclusions are different from the pre-

dictions based on the hydrophobicity plot and the windowed
direct Fourier transform analysis (Stroud and Finer-Moore,
1985; Stroud et al., 1990), in which all the transmembrane
segments have been assigned a-helical structures. However,
our analysis seems to be in agreement with two recent ex-

perimental studies. Results using cysteine substitution (Aka-
bas et al., 1992) in the M2 region indicate that the M2 region
probably forms a strand. Unwin has successfully carried
out an electron microscopy analysis (Unwin, 1993) of ace-

tylcholine receptor. He concluded, based on a 9 A resolution
EM structure, that there is only one transmembrane helix in
the a-subunit, and that other three-transmembrane segments
are in the 1-sheet conformation. Unwin (1993) has assigned
M2 to be the transmembrane helix. Our study suggests that
M4 is the transmembrane helical segment.

Potassium channel

Voltage-gated potassium channels are integral membrane
proteins that are fundamentally involved in the generation of
bioelectric signals such as nerve impulses (Miller, 1991).
There is presently no experimentally determined structural
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FIGURE 6 (A) Photosynthetic Reaction Center M subunit, crystal structure (backbone); (B) ARMA PSDF for the entire M sequence; (C) ARMA PSDF
for transmembrane segment M113-166.

information about these proteins. The hydrophobicity plot
for the Shaker potassium channel (Tempel et al., 1987) ini-
tially suggested that there were six transmembrane helices
(S1-S6) in this protein (Jan and Jan, 1989). Recent experi-
ments suggest that there is one more transmembrane region

between the transmembrane helices S5 and S6 (Miller, 1991)
(Fig. 9 A).

In this section, we will compute the spectral density func-
tion for all of the transmembrane sequence segments (the
locations of the transmembrane sequence segments in Fig. 9
A are assumed to be approximately correct) and compare our

results with the previously proposed model (Miller, 1991).
Fig. 9 B is the ARMA PSDF function plot for the entire

sequence of the Shaker potassium channel. It has a sharp and
strong peak at 3.23 residue/cycle, a strong indication that this
protein contains predominantly a-helical structures. This is
in agreement with the atomic model recently proposed
(Durell and Guy, 1992). Fig. 9 C plots the PSDF function for
the S1 sequence segment. The spectrum shows a very sharp
peak at 0.294 cycle/residue (3.4 residue/cycle), suggesting an
a-helical structure. The spectrum for the S2 (Fig. 9D) shows

both the j3-sheet peak at 0.50 cycle/residue (2.0 residue/
cycle), the major spectral peak, and the a-helix peak at 0.30
cycle/residue (3.33 residue/cycle) (about 10% of the major
peak in amplitude). This suggests that the current S2 location
in the sequence (279-300) is at a position of spatial structural
transition. Indeed, if we plot the ARMA spectral for the se-

quence segment 290-305 (Fig. 9 E), we find that this se-

quence segment has the characteristic spectrum of a f3 sheet
or an extended conformation because it has a sharp peak at
0.476 cycle/residue (2.1 residue/cycle). On the other hand,
the spectrum for the sequence segment 275-290 (Fig. 9 F)
indicates that this segment may be an a-helical structure,
because there is a sharp peak at 0.27 cycle/residue (3.7 resi-
due/cycle). This analysis suggests that either the current S2
location in the primary sequence has to be shifted toward
N-terminal side for about 10 residues for it to be a helical
region or it has to be shifted toward C-terminal in the se-

quence to have a (3-strand conformation to avoid structure
transition in the membrane. The spectral plots for S3 (peak
at 0.294 cycle/residue (3.4 residue/cycle)), S4 (peak at 0.33
cycle/residue (3.0 residue/cycle)), S5 (peak at 0.244 cycle/
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FIGURE 7 (A) Photosynthetic Reaction Center H subunit, crystal structure (backbone); (B) ARMA PSDF for the entire H sequence; (C) ARMA PSDF
for transmembrane segment H11-38; (D) ARMA PSDF for H124-211.

residue (4.1 residue/cycle)), and S6 (peak at 0.313 cycle/
residue (3.2 residue/cycle)) show that these four transmem-
brane segments have the characteristic spectra of a-helical
structures. The PSDF function for the transmembrane se-

quence segment 430-450 has a sharp peak at 0.385 cycle/
residue (2.6 residue/cycle), suggesting strongly a (3-sheet
conformation.
The ARMA sequence spectral analysis suggests that the

Shaker potassium channel contains predominantly a-helical
structures. The transmembrane segments S1, S3, S4, S5, S6
may be transmembrane helices. The current S2 location
seems to be a structural transition region (from helix to
sheet). Spectral analysis suggests that a 10-residue shift of
the S2 location will make it a helical or a sheet structure in
the membrane, depending on the direction of the shift in the
primary sequence. The suggested pore-forming region, se-

quence segment 430-450, has the spectral characteristics of
a 3-sheet structure. A (-sheet pore conformation has also
been proposed recently by a model at the atomic level
(Bogusz et al., 1992).

CONCLUSION

The ARMA spectral analysis of the primary sequences of
several membrane proteins shows a clear correlation between
the periodicity of the hydrophobicity distribution along the
amino acid primary sequences ofmembrane proteins and the
ordered folding patterns in their three-dimensional struc-
tures. The assessment of the secondary structure elements in

the studied membrane proteins (Melittin, Porin, Colicin,
Bacteriorhodopsin, Photosynthetic reaction center) agrees

with their crystal structures. We also analyzed the sequence

spectra for the transmembrane regions of acetylcholine re-

ceptor a-subunit and the Shaker potassium channel. Our re-

sults on the acetylcholine receptor a-subunit are different
from the predictions derived from the direct Fourier analysis
(Stroud and Finer-Moore, 1985; Stroud et al., 1990). How-
ever, they are consistent with recent mutation experiments
(Akabas et al., 1992) and low resolution EM studies (Unwin,
1993). The ARMA spectral analysis for the transmembrane
regions of the Shaker potassium channel protein confirms the
model proposed recently by other methods (Miller, 1991).
The power spectral density functions computed byARMA

method, in general, have much better resolution than those
computed by direct Fourier transforms of the original se-

quences (Marple, 1987; Jenkins and Watts, 1968; Kay,
1987). Better resolution has also been demonstrated for
hydrophobicity-represented protein sequences analyses (Sun
and Parthasarathy, 1993; Sun, 1993). This is because the
ARMA model equation, along with the model parameters,
describes an infinite length of data sequence that has the
characteristics of the original finite data sequence. In doing
this ARMA model fitting for the original sequence data, the
noise level in the estimated spectrum is much reduced and
the resolution of the computed spectrum is enhanced. This
method can be used not only to analyze the hydrophobicity
sequence but also to reveal periodic distributions of other
physical properties (or combinations of physical properties)
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FIGURE 9 (A) Current model of potassium channel topology (after
Miller 1991); (B-K) ARMA PSDF.

along the protein primary sequence, as long as a scale of
physical properties is given. A scale that correctly combines
several major physicochemical properties of amino acids will
likely yield spectra that have even better correlation with the
three-dimensional structures of proteins.
A single constant value hydrophobicity representation of

an amino acid may not be good enough to characterize its
interaction with the inhomogeneous protein environment
around it. The variety of available hydrophobicity scales
(Cornette et al., 1987) may be a reflection of this assessment.
Different scales reflect the different behaviors of amino acid
residues in inhomogeneous environments due to variations in
their structural and physicochemical properties. Therefore,
different hydrophobicity scales may result in quantitatively
different (although qualitatively similar) computed spectra
for a given primary sequence. Scales that better characterize
the folded protein environments will generate ARMA PSDFs
that correspond better to the actual three-dimensional struc-
tures (Sun, 1993). In general, if two scales have a high cor-
relation coefficient, they will generate quantitatively similar
spectra for the same protein sequence.
The current ARMA power spectral analysis method for

computing the periodic distribution of physicochemical
properties of amino acids along the primary sequence can be
used to predict the secondary structure propensity of a given
sequence. Different from the common methods of secondary
structure prediction (Chou-Fasman, 1978; Gamier et al.,
1978) that use local statistical sequence-structure informa-
tion based on the secondary structures elements in known
proteins, the ARMA power spectral analysis method does
not require any statistical information that may be biased
by the limited sampling of known protein structures. One
of the obvious disadvantages of the spectral analysis
method is that it is not sensitive enough to detect the
starting and ending points of the secondary structure el-
ements in a protein sequence, because it operates in the
frequency domain. It seems to us that this method may be
used to supplement the common methods of secondary
structure prediction.
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