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Discriminant analysis can be used to precisely classify membrane proteins as integral or peripheral and to 
estimate the odds that the classification is correct. Specifically, using 102 membrane proteins from the 
National Biomedical Research Foundation (NBRF) database we find that discrimination between integral 
and peripheral membrane proteins can be achieved with ~ reliability. Hydrophobic segments of integral 
membrane proteins can also be distinguished from interior segments of globular soluble proteins with better 
than 95% reliability. We also propose a procedure for determining boundaries of membrane-spanning 
segments and apply it to several integral membrane proteins. For the limited data available (such as on 
transplantation antigens), the residues at the boundaries of a membrane-spanning segment are predictable to 
within the error inherent in the concept of boundary. As a specific indication of resolution, seven 
membrane-spanning segments of bacteriorhodopsin are resolved with no information other than sequence, 
and the predicted boundary residues agree with the experimental data on proteolytic cleavage sites. Several 
definitive but yet to be tested predictions are also made, and the relation to other predictive methods is 
briefly discussed. A computer program in FORTRAN for prediction of membrane-spanning segments is 
available from the authors. 

Introduction 

Interest in computational methods for predic- 
ting the structure and disposition of membrane-as- 
sociated proteins of known sequence arises in part 
from difficulties in applying standard biophysical 
tools for structural analysis, and, in part, from the 
recent rapid growth in sequence information. The 
general principles that determine the environment 
and structure most favorable to a given sequence 
appear to be understood in broad outline, if not in 
detail, and can often be used to advantage in 
planning experiments [1]. Nevertheless, serious dif- 
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ficulties remain. Rigorous comparison of the most 
popular methods for predicting even relatively 
simple secondary structural categories (a-helix, fl- 
sheet or neither) against experimental data shows 
that little more than 50% of the residues in a 
sequence are predicted correctly [2,3]. The simpler 
problem of distinguishing integral (i.e., membrane 
spanning) segments, from segments in peripheral 
membrane proteins, or integral segments from seg- 
ments buried in soluble proteins is also not fully 
understood (see, for example, Ref. 4). 

In this paper we focus on primary structure 
analysis and introduce technical improvements in 
statistical methods for classifying membrane pro- 
teins. Although the development presented here is 
similar to those of previous authors in its use of 
various functions of sequence hydrophobicity as 
the primary variable for classifying the location of 



a sequence, it differs in the method of analysis 
used to arrive at allocation rules and in the size of 
the data base upon which the rules are developed. 
These differences lead to higher levels of precision 
which, we will show, in some instances, translate 
into important predictive differences. They also 
permit the assignment of estimates on the reliabil- 
ity of the predictions, and this in turn leads to a 
new procedure for distinguishing membrane-span- 
ning segments from segments buried in a soluble 
protein. Finally, in addition to comparing predict- 
ions of the method with available data, we make 
several unambiguous, but yet to be tested predict- 
ions, including positional classification of onco- 
gene sequences, the disposition of cytochrome 
oxidase subunits and segments with respect to the 
membrane, and the membrane-spanning portion 
of the T-cell receptor beta chain. 

Methods 

Discriminant analysis allows the classification 
of any membrane protein as integral (intrinsic, I )  
or peripheral (extrinsic, E) according to the char- 
acteristics of its sequence. The characteristics are 
sometimes simple such as maximum local hydro- 
phobicity, or they might be more subtle and ob- 
tained by a Fourier analysis of sequence properties 
as indicated previously [3-5 and Refs. cited 
therein). Leaving aside for the moment their pre- 
cise nature, we let x denote the vector of their 
values, and let P(I/x)  and P(E/x) be, respec- 
tively, the conditional probabilities that a protein 
is integral or peripheral, given that it has attribute 
vector x. Further, let P(I) and P(E) denote the 
prior probabilities of intrinsic and extrinsic mem- 
brane proteins, these being estimated by the rela- 
tive abundance of each group. Then a sequence is 
assigned to E if 

e(e/x)>e(i/x). O) 

By invoking Bayes theorem 

e( l /x )  = P( x / I )P(  I)/[ P( x / I )P(  I) 

+P(x/E)P(E)]and 

P( e /x )  = P( x/E)P( E)/[ P(x / I )P(  I) 

+ e (x /e )e (e ) ] ,  (2) 
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condition (1) is equivalent to 

P( E)P( x/E) > P( I)P( x/I) ,  (3) 

where P(x/I)  and P(x/E) are determined from 
estimates of probability distributions of attributes 
in the two groups of proteins. If probability den- 
sity functions are known, P(x/I)  and P(x/E) 
are replaced by the values of the density functions 
f ( x / I )  and f(x/E),  respectively [6]. 

Linear discriminant rules arise when the density 
functions are multivariate normal with different 
means but equal variance matrices. When the as- 
sumption of equality of variance matrices is re- 
laxed, the discriminant function is quadratic in the 
attributes [7]. Errors are estimated by allocating 
each membrane protein according to the discrimi- 
nant rule and counting the number of misallo- 
cations. 

It is evident from the above development that 
in order to distinguish two categories on the basis 
of some set of shared properties, we need to be 
able to quantitate those properties, and to find 
their joint distribution for each of the categories. 
An example relevant to integral/peripheral dis- 
crimination will help fix ideas. Consider a protein 
of length L, and to each of the L - I + 1 blocks of 
contiguous residues of length 1, assign an average 
hydrophobicity to that block. Find the block of 
maximum hydrophobicity 

k + l - 1  
max H ( I ) =  max 1+1(1/1) i~kz Hi, (4) k~ l  ..... L -  

repeat the procedure for each membrane protein 
in the training set, and thus determine the way in 
which max H(l) is distributed within the integral 
and peripheral membrane proteins. A typical dis- 
criminant rule would be of the form: allocate a 
test protein to the peripheral category if Eqn. 3 is 
satisfied with x = max H(I), otherwise allocate to 
the integral category. 

The success of the above procedure relies on 
finding suitable parameters and a reliable method 
for quantitating them, and on an adequate training 
set of proteins upon which to develop the rules. 
We used 66 integral membrane proteins (i.e., pro- 
teins having at least one buried helical segment) 
[8-17] and 36 peripheral [10,14,18,19] membrane 
proteins (Tables I and II) from the NBRF protein 
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TABLE I 

INTEGRAL PROTEINS USED TO DERIVE EQNS. 5 AND 
6 

Numbers in square brackets indicate how many different 
sources of the same protein were taken. 

cytochrome cl 
cytochrome b [54] 
c3~tochrome b5 [5] 
cytochrome oxidase polypeptide I [4] 
cytochrome oxidase polypeptide II [5] 
cytochrome oxidase polypeptide III [4] 
cytochrome oxidase polypeptide IV 
cytochorme oxidase polypeptide VIlla 
isomaltase 
neuraminidase 
ATPase lipid-binding proteifi [5] 
ATPase lipid-binding protein (c chain) 
ATPase protein 6 [3] 
ATPase protein 3 or 6 
ATPase protein 6 (a chain) 
ATPase b chain 
Ig T-2b chain C i'egion ifiembrane-bound segment 
Ig -/-1 chain C regi0h;membrane-bound segment 
Ig'# chain C region membrane-b0und segment 
histocompatibility ~mtigen H-2Ld heavy chain 
histocompatibility antigen H-2Kb heavy chain 
histocompatibility antigen HLA-DR a chain precursor 
histocompatibility antigen-related DC1 a chain 
rhodopsin 
hepatic lectin 
acetylcholine receptor protein,.40k ct chain 
acetylcholine receptorprotein, 50k fl chain 
acetylcholine receptor protein, 60k T chain 
acetylcholine receptor protein, 65k 8 chain 
glycophorin A (human) 
glycophorin (pig) 
cytochrome b mRNA maturase 
histidine permease gene M protein 
histidine permease membrane gene Q protein 
lactose permease 
bacteriorhodopsin precursor 
light-harvesting protein 
probable colicin E1 immunity protein 
hemagglutinin precursor 
coat and membrane polyprotein 
spike glycoprotein (G) 
coat protein b precursor 

sequence da t abase  [13] to derive the rules, and  
add i t iona l  167 pro te ins  to test them. In  o rder  to 
avoid  in t roduc ing  biases  that  would  result  f rom 
too  many  similar  sequences f rom different  species, 
we d id  not  include all known  m e m b r a n e  pro te ins  

TABLE II 

PERIPHERAL PROTEINS USED TO DERIVE EQNS. 5 
AND 6 

Numbers ins square brackets indicate how many different 
sources of the same protein were taken. 

cytochrome c [5] 
ribonuclease 
ribonuclease T1 
ribonuclease U2 
a-lactalbumin [3] 
ATPase fl chain [2] 
ATPase 8 chain 
ATPase ~ chain [3] 
ATPase T chain (version 1) 
ATPase "t chain (version 2) 
desmin [21 
myosin heavy chain, skeletal muscle 
actin 3 (fruit fly) 
actin [3] (yeasts and soy bean) 
myosin A1 and A2 catalytic fight chains, skeletal muscle 
myosin L1 (A1) and L4 (A2) catalytic light chains, skeletal 
muscle 
myelin basic protein [2] 
myelin basic protein S 
sulfate-binding protein 
phosphocarrier protein HPr 
LIV-binding protein 
L-arabinose-binding protein 
o-galactose-binding protein 

in the t ra ining set. The  test set, however,  d id  
con ta in  some pro te ins  homologous  to those in the 
t ra in ing  set (and  is therefore  not  fully o r thogona l  
to the t ra ining set) as well as add i t iona l  non-ho-  
mologous  proteins.  

Results 

Allocation rules 
Various  methods  have been  p roposed  for as- 

s igning hyd rophob ic i t y  values, each having its own 
s t rengths  and  l imi ta t ions  (see for example  the re- 
view by  Edsal l  and  McKenz ie  [20]). W e  used and  
c o m p a r e d  four of  these: the scales of  Nozak i  and  
T a n fo rd  [21], H o p p  and W o o d s  [22], Ky te  and 
Dool i t t l e  [23] and Eisenberg  et al. [24] (Table  III) .  

The  abi l i ty  to develop a rule that  will c leanly 
pa r t i t ion  all membrane-assoc ia ted  pro te ins  into in- 
tegral  and  per ipheral ,  depends  only  sl ightly on  the 
choice of hyd rophob ic i t y  scale and  on whether  the 



TABLE III 

ERRORS OF DISCRIMINATION WITH DIFFERENT ATTRIBUTES 
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Attribute Hydrophobicity 
scale 

Error (%) 
Discriminant analysis 

Quadratic Linear 

(1) max H(17) 
max H(19) 
average hydrophobicity 

(2) max H(17) 
max H(19) 
average hydrophobicity 

(3) max H(17) 
max H(19) 
average hydrophobicity 

(4) max n(17) 
max H(19) 
average hydrophobicity 

Kyte-Doolittle [23] 0 1 
1 3 

22 25 

Nozaki-Tanford [21] 3 3 
2 5 

12 12 

Hopp-Woods [22] 2 5 
5 5 

16 15 

Eisenberg et al. [24] 0 2 
3 2 

20 26 

discriminant function is linear or non-linear, but it 
is heavily dependent on the particular function of 
hydrophobicity used (Table III). The training set 
of 102 proteins can be partitioned into integral 
and peripheral categories with no misallocations 
using the Kyte-Doolittle scale and a quadratic 
function of max H(17). Thus, a protein is alloc- 
ated to the peripheral category (E) if 

1.05 x 2 -12 .30  x +17.49 > 0 (5) 

where x is max H(17) according to the scale of 
Kyte and Doolittle; otherwise it is allocated to the 
integral category (1). The odds, P(E/x): P(I/x), 
are given by e b where b is the left-hand side of the 
inequality 5. When the discrimination error is 
plotted against block length (Fig. 1), we find that 
there is also no error when the block of length 9 is 
used. We chose a length of 17 because it is closer 
to the minimum length of an a-helical membrane- 
spanning segment, and provides us with better 
estimate of the residues at the boundaries, as dis- 
cussed below. 

The corresponding linear inequality which al- 
locates 101 out of 102 membrane proteins cor- 
rectly is 

- 9.02 x + 14.27 > 0 (6) 

The odds are again given by the exponential func- 
tion of the left-hand side of this inequality. 

Of the 167 membrane proteins in the test set 
(not shown), the linear rule correctly allocates 83 
of the 84 proteins believed to be integral, and 81 
out of the 83 believed to be peripheral. 

The odds parameter turns out to play a useful 
role in discriminating between integral membrane 
segments and other hydrophobic segments, pre- 
sumably those buried in the interior of soluble 
proteins. This becomes apparent when Eqn. 6 is 

o \\ p 
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~ -  ~ -  - ~  - - _ . ~ ' / , . ~  

o ~ I l "v" i i 
9 11 13 15 17 19 21 

SEGMENT LENGTH 

Fig. 1. Dependence of discrimination error on segment length 
using linear (0) and quadratic ( 0 )  diseriminant analysis. 
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Fig. 2. The number of proteins classified as integral as a 
function of odds of correct allocation. Integral proteins (un- 
hatched bars) are from Table I. The remaining proteins (hatched 
bars) were obtained by a systematic search of some 2000 
proteins in the NBRF database, excluding proteins believed to 
be membrane-associated. 

applied to all proteins in the NBRF database. The 
few soluble proteins that classify as integral mem- 
brane do so with low odds (Fig. 2). In particular, 
the two distributions (number of integral proteins 
as a function of odds and number of non-mem- 
brane-associated proteins classified as integral as a 
function of odds) overlap very little. If, for in- 
stance, we require odds of at least 1 :10  for a 
protein to be classified as integral, only two mem- 
brane proteins out of 66 from Table I do not 
satisfy this requirement, and only 9 soluble pro- 
teins (seven lactate dehydrogenases and two hemo- 
globins) from the entire NBRF database do satisfy 
it. 

For the purpose of completeness, we note that 
the discriminant rules themselves have a statistical 
uncertainty in their numerical coefficients. Specifi- 
cally, for the linear rule which can be formulated 
as x < 1.58, 95% confidence in the numerical fac- 
tor occurs at 1.3 and 1.9. 

There are two previous methods which bear a 
strong relation to different aspects of the work 
presented here, one by Kyte and Doolittle [23] and 
one by Barrantes [19]; we comment on these briefly 
to provide perspective. Barrantes developed a dis- 
criminant function based on amino acid composi- 
tion rather than sequence properties, and hence it 
is, not unexpectedly, considerably less accurate 
than those presented here. In particular the alloc- 

atioan error for the proteins in Tables I and II is 
larger than 10%. Kyte and Doolittle, on the other 
hand, did not use discriminant analysis, but arrived 
empirically at a rule by comparing the most hydro- 
phobic regions of 9 membrane spanning segments 
and 9 soluble globular proteins. Their suggested 
rule is x < 1.6 where x is max H(19) rather than 
our max H(17). The resemblance to Eqn. 6 is 
striking, though perhaps fortuitous, since the two 
protein categories used to obtain it (integral and 
buried), are different from the categories used to 
obtain Eqn. 6. 

Boundary predictions 
The above procedure allocates known mem- 

brane proteins to integral and peripheral cate- 
gories and provides estimates of the odds for cor- 
rect allocation, but it does not explicitly consider 
predicting the length of the membrane-spanning 
segment, nor the identification of all possible 
membrane spanning segments. With respect to the 
latter problem, if a sequence is allocated to the 
integral category, the segment of maximum hydro- 
phobicity is stored, and then, in effect, removed 
from the sequence by assigning negative values of 
hydrophobicity to all residues in that segment. The 
remaining sequence is again tested and, if it is 
integral, the procedure is repeated, with the pro- 
cess continuing until a sequence remains that is 
finally classified as peripheral. In this way, all 
membrane spanning segments (or at least their 
essential parts of length 17) are identified. The 
ends of these segments (i.e., the first and seven- 
teenth residues) can be viewed as inner boundaries 
i~, i 2 of the membrane-spanning segments, where 
counting begins at the amino terminus. In other 
words, the membrane-spanning segments are con- 
sidered to be at least 17 residues long and to 
encompass the segment of maximum hydrophobic- 
ity. To obtain a consistent upper bound on the 
length of the membrane-spanning segment (outer 
boundaries), we take the first segment of 17 to the 
left of the inner bounds (its boundaries are i 1 - 1, 
i 2 - 1 )  and calculate the average hydrophobicity. 
If this value classifies as integral, we take the next 
segment to the left and so on, until a segment is 
reached that classifies as peripheral. The left 
boundary of the last segment classified as integral 
is referred to as the outer boundary 01. By a 



similar process we obtain 02, the outer boundary 
to the right of i 2. 

We assume that the actual left-hand boundary 
falls between o 1 and i 1, and that the actual right- 
hand boundary falls between i 2 and o 2. Our expe- 
rience indicates that the inner and outer estimates 
usually do not differ by more than 6 or 7 residues 
and are often closer. Consequently, the prediction 
cannot be too far wrong if the boundary residues 
bl and b E a r e  taken as half way between the inner 
and outer estimates, with any fractional ambigui- 
ties resolved by taking the residues that maximize 
the length of the membrane-spanning segment. 

For proteins that span a membrane several 
times, the two intervals defined by outer 
boundaries of neighboring membrane-spanning 
segments could, in principle, overlap. If the inter- 
vals bounded by b] and b 2 also overlapped, we 
would shorten both membrane-spanning segments 
as little as possible to eliminate the overlap. 

One further observation is worth indicating in 
connection with this assignment. The ratio of hy- 
drophilic to hydrophobic residues in the neighbor- 
hood of oj ( j =  1, 2) shows a striking peak at 
positions 01 - 1 and 02 + 1 (Fig. 3). These strong 
peaks indicate that the most hydrophilic residues 
tend to occur just outside the lipid-polar interface, 
perhaps providing an energy barrier that stabilizes 
the segment against movement transverse to the 
membrane. These peaks suggest that ol and 02 
occur beyond rather than within the membrane 
boundaries, and, consequently, may well be re- 
garded as true outer bounds. 
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TABLE IV 

PREDICTION OF MEMBRANE LOCATION OF ONCO- 
GENE PRODUCTS 

peripheral (E)  P(E/x) 
Oncogene or integral ( I )  r = P(1/x) 

abl E 9:5 
fes (strain Gardner-Arnstein) E 8 : 1 
fes (strain Snyder-Theilen) E 8 : 1 
fps E 2:1 
v-src (strain Prague C) E 22 : 5 
v-src (strain Schrnidt-Ruppin) E 22 : 5 
c-src E 12 : 1 
yes E 10: 1 
v-fgr E 17:1 
erb-B I 1 : 10000 
v-fms I 1 : 100000 
v-raf E 58 : 1 
c-mos (human) E 71 : 1 
c-mos (mouse) E 87 : 1 
v-mos E 87 : 1 

Applications 
As an example of an application of the distinc- 

tion between integral and peripheral proteins, we 
have applied Eqn. 6 to all oncogene products that 
are believed to function as protein kinase (Table 
IV) [25]. The products of fms and erb-B, which are 
known to possess a membrane-spanning segment 
[26], are clearly classified as integral; all others are 
predicted to be peripheral. For abl and fbs, the 
odds are not, however, sufficiently high to make 
the allocation unambiguously. These observations, 

1.5 

0c 
o 

88 

o 

0.0 

-0.8 

~ L  INSIDE THE MEMBRANE j ~  

I 1 I I i I Oi-10 O I O1+10 Ol-10 O l Oz+10 
AMINO ACID POSITION 

Fig. 3. The logarithm of the ratio of the number of hydrophilic to the number of hydrophobic residues appearing in integral 
membrane proteins at 10 positions to the left and right of the predicted outer boundaries 01 and 0 2. Positive values indicate prevailing 
hydrophilicity, negative values prevailing hydrophobicity. The peaks are at positions o 1 - 1 and 0 2 + 1. 
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including the spread in odds, suggest pronounced 
heterogeneity in the functional kinases, some prob- 
ably residing at or near one of the membrane 
surfaces, others likely being well within the mem- 
brane. 

An important protein for which different meth- 
ods make different predictions is the T-cell recep- 
tor recently sequenced by Hedrick et al. [27]. The 
proposed membrane-spanning segment of approx. 
33 residues places a lysine well within the apolar 
portion of the membrane. An alternative predict- 

ion by the method reported here, has the 17 re- 
sidue segment between the two charged lysines 
symmetrically placed within, and transverse to, the 
apolar portion of the membrane. In an alpha helix, 
this segment, not counting the lysines, would span 
about 25-26 A, although the extension might be 
slightly longer, due to a repulsive interaction be- 
tween the two positively charged residues which 
could contribute 13 kJ/mol, assuming an interven- 
ing dielectric constant of 4. In any case, the ex- 
tended segment would likely be a few angstroms 

TABLE V 

BOUNDARIES b 1 A ND b 2 FOR MEMBRANE-SPANNING SEGMENTS PREDICTED BY OUR  METHOD COMPARED 
WITH PREVIOUS ASSIGNMENTS 

Number  in parentheses are distances from inner and outer boundaries. 

Prediction Previous Source 
assignment (Ref.) 

(5 - 1, + 2)-29( - 6, + 6) 7 -  35 13 Neuraminidase 
Histocompatibility Ag 

H-2Kb heavy chain 
HLA-DR a-chain prec.- 

related DC1 a chain 
Hepatic leetin 
Glycoprotein D 
Bacteriorhodopsin 

Band 3 anion transport 
protein fragment 

Bovine cytochrome oxidase 
subunit I 

II 

III 

IV 
Vi l la  

283( - 4, + 4)-306( - 3, + 3) 282-308 13 
2 1 6 ( -  1, + 2 ) - 2 3 9 ( -  5, + 5) 217-239 13 
194 ( -  2, + 2 ) - 2 1 8 ( - 6 ,  + 5) 195-217 13 

2 3 ( - 2 , + 3 ) -  4 8 ( - 6 , + 6 )  24-  48 13 
346( - 4, + 4)7-362( - 4, + 3) 340-364 13 

13( 0, 0 ) - 2 9 (  0, 0) 8 - 3 1  29 
45( 0, 0 ) -  6 3 ( - 2 , + 1 )  41-  64 
8 6 ( - 1 , + 1 ) - 1 0 3 (  0, 0) 78-101 

107( 0 , + 1 ) - 1 2 5 ( - ,  0) 107-130 
137 ( -  2, + 3 ) - 1 5 7 ( -  1,+ 1) 133-157 
177( 0, 0)-193( 0, 0) 167-191 
205( 0 ,+  1 ) - 2 2 3 ( -  1, + 1) 198-224 
213( - 1, + 2 ) - 2 3 2 ( -  1, 0) 211-234 13 
248( - 2, + 3)-269( - 2, + 2) 244-267 

20(  0 , + 1 ) - 3 7 (  0, 0) 
5 7 ( -  5 , + 5 ) -  7 9 ( - 1 , +  1) 

102( 0, 0)-118( 0, 0) 
152( 0 ,+1) -169(  0, 0) 
184( - 4, + 4)-208( - 4, + 4) 
242( 0 ,+1) -259(  O, O) 
270( O, + 1)-289( - 2, + 1) 
338( - 3, + 4 ) - 3 6 0 ( -  2, + 1) 
373( 0, 0)-389( 0, 0) 
454( - 1, + 2)-475( - 3, + 3) 

2 6 ( - 1 , + 2 ) -  4 7 ( -  3,+ 3) 
6 3 ( -  3 , + 4 ) -  8 6 ( -  3,+ 2) 
81( O, + 1 ) - 1 0 0 ( -  2, + 2) 

159( 0 ,+1) -176(  O, O) 
202( (0, + 1 ) - 2 2 1 ( -  2, + 2) 

8 0 ( -  1,+ 1)- 9 8 ( - 1 , +  1) 
23( 0 , + 1 ) - 4 0 (  0, 0) 



shorter than the commonly used value of 30 ,~ for 
the apolar portion of the membrane. This would 
leave both lysines just inside the apolar portion, 
where they would, however, be up against nega- 
tively charged phosphates. Such a location con- 
tributes very favorably to the overall free energy of 
the system. While it is not our intention here to 
at tempt a calculation of the energetics of poly- 
peptide segments in different environments, we 
note that with three angstroms between a positive 
and negative charge (and hence a dielectric con- 
stant in the vicinity of 1) each pair can contribute 
over 418 kJ /mol .  This difference is undoubtedly 
an upper bound since the low local dielectric en- 
vironment in which the charges interact is bounded 
by a high dielectric polar environment which can 
set up an opposing field. Simple models of cavities 
in dielectrics indicate that such effects might at- 
tenuate the actual field by a factor of two or three 
[28]. Notwithstanding the absence of a rigorous 
calculation, the estimate indicates the potential 
importance of electrostatic effects in considering 
the assignment of a segment. In any case, the 
difference in predicted locations is striking and 
provides an unambiguous distinction between two 
methods of assigning segment locations. 

Finally, we have summarized in Table V loca- 
tions and boundaries of membrane-spanning seg- 
ments assigned subjectively on the basis of amino 
acid sequence and other information [13] (no exact 
boundaries are known to date), and those predic- 
ted by our method. Of these, little is known about 
the disposition of cytochrome oxidase, but a rela- 
tively large amount of experimental information is 
available for bacteriorhodopsin. The former mole- 
cule, therefore, provides a prospective, and the 
latter a retrospective, test of the method. With 
respect to cytochrome oxidase, 5 out of 7 
subunits - I ,  II, III ,  IV and VIIIa  (also denoted as 
VII)  - are believed to be integral [11]. Which seg- 
ments are in the membrane, however, is not cur- 
rently agreed upon; our predictions are listed in 
Table V. 

Electron scattering and electro microscopy indi- 
cate that bacteriorhodopsin is composed of seven 
membrane spanning stalks, each believed to con- 
sist of one or more alpha helices, more or less 
transverse to the plane of the membrane. The 
resolution of the data is not, however, sufficient to 
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determine which residues are in which stalks, and, 
consequently, a number  of investigators have ap- 
proached this ques t ionby  us ing  various types of 
computational analyses [29,30,23]. Most of these 
methods start from the experimental observation 
that seven stalks exist, whereas the metod reported 
here appears to be the only one which, in addition 
to assigning residues to each stalk, predicts that 
seven stalks exist. We also did not use the availa, 
ble pronase digestion data [14] in the predictions, 
but find that such data is completely in accord 
with the predicted assignment, which places amino 
acids 1-4, 65-73, 161-162 and 230-247 outside 
the apolar portion of the membrane. Finally, the 
Schiff-base linkage to lysine 216 is predicted to be 
well within the apolar portion of the membrane,  
also in agreement with experiment, and strongly 
suggesting that the retinal ring is centered in the 
membrane [31]. 
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