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Abstract 

Recent advances in high-resolution structure determination of membrane 

proteins enable now the analysis of the main features of amino acids in 

transmembrane (TM) segments in comparison with amino acids in water-

soluble helices. In this work, we introduced a large-scale analysis of amino 

acid propensities using a data set of 170 structures of integral membrane 

proteins obtained from MPTopo database and 930 structures of water-soluble 

helical proteins obtained from the Protein Data Bank. Large hydrophobic 

residues (Leu, Val, Ile and Phe) plus Gly had a clear preference for TM 

helices, while polar residues (Glu, Lys, Asp, Arg and Gln) were less frequent 

in this type of helices.  The distribution of residues along the TM helices was 

also examined.  As expected, hydrophobic and slightly polar amino acids are 

commonly found in the hydrophobic core of the membrane, while aromatic 

(Trp and Tyr) and Pro together with hydrophilic (Asn, His, and Gln) residues 

are frequent in the interface regions.  Charged residues also have statistically 

preferred locations avoiding the hydrophobic core of the membrane, but while 

acidic residues are frequently found at both the cytoplasmic and extra-

cytoplasmic interfaces, basic residues cluster at the cytoplasmic interface.  

These results strongly support the experimentally demonstrated biased 

distribution of positively charged residues (that is, the so-called the positive-

inside rule) with structural data. 

Keywords 

Membrane protein; transmembrane helices; amino acid distribution; statistical 

analysis. 
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Introduction 

Although helical membrane proteins represent about one fourth of all proteins 

in living organisms (Wallin & Heijne, 1998), the rules governing its folding are 

still not completely established.  The hydrophobic effect is a dominant driving 

force to the folding of water-soluble proteins, but its contribution to the folding 

of membrane proteins is further more complex given that these  proteins  “live”  

in a biophysical environment –the membrane–, which is clearly different from 

the aqueous media.  The cell membrane is a very heterogeneous media, 

composed mainly of phospholipids that are self-organized in two leaflets 

giving rise to the formation of a bilayer.  The hydrocarbon core is the 

hydrophobic part of the membrane, covering approximately 30 Å.  The polar 

head groups of the phospholipids define the lipid/water interphase and add 

approximately 15 Å to the thickness of each leaflet (White & Wimley, 1999).  It 

is in this complex environment in which membrane proteins have to fold into 

their native conformations. 

The hydrocarbon core of the biological membranes and the interior of folded 

water-soluble proteins are hydrophobic.  In such a hydrophobic environment, 

the polarity of the polypeptide backbone is energetically unfavorable.  Thus, in 

protein structures, nearly all the polar groups of the peptide bond (carbonyl 

and amide groups) tend to hydrogen bond with one another, leading to 

secondary structure that stabilizes the folded state.  Alpha-helices are the 

commonest secondary structural elements found in water-soluble as well as in 

membrane protein structures.  However, the distribution of the helices in these 

two groups of proteins is very different.  While helices in water-soluble 

proteins can be exposed to both the hydrophobic core and the water-
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accessible surface, transmembrane (TM) helices in membrane proteins are 

surrounded by a hydrophobic lipid phase where water is essentially absent.  

Therefore, for the structural stabilization of helical membrane proteins that 

reside in this apolar (low dielectric) environment, hydrogen bonding and van 

der Waals packing forces have an increased importance. 

Although the great majority of membrane proteins integrate into biological 

membranes through the translocon (see for a recent review (Martínez-Gil et al, 

2011)), our current biophysical understanding of its folding and function is 

hampered by the scarcity of structural information.  Fortunately, the number of 

high-resolution structures of membrane proteins has increased exponentially 

in the last years (White, 2004; 2009).  Consequently, a new statistical survey 

of TM helices properties is timely.  

In this paper, we revisit the differences between helices from water-soluble 

proteins and TM helices in terms of length and amino acid composition.  In 

addition, we analyze the distribution of amino acid residues in TM segments, 

which have to energetically accommodate into the highly heterogeneous 

media of biological membranes by interacting favorably with its local 

environment.  The present study involved 170 helical membrane proteins with 

known three-dimensional structure and topology, containing a total of 792 TM 

segments and compared with 7,348 helices from 930 water-soluble protein 

structures.  About half of all amino acids are randomly distributed when 

allocated into the membrane, but the rest show a strong correlation for 

residue positions along the TM regions. 
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Methods 

Helix data sets 

Two data sets of water-soluble and TM helices were obtained from the Protein 

Data Bank (PDB) (Berman et al, 2000) and the MPTOPO databases 

(Jayasinghe et al, 2001b), respectively. 

First, a total of 4,405 structural chains deposited in the PDB (as of November 

17th, 2011) that passed the following criteria were selected: (i) their total 

secondary structure had more than 60% of D-helices and no E-strands; (ii) 

their crystallographic resolution was 2.0 Å or higher; and (iii) the word 

MEMBRANE did not  appear  in  the  “TITLE”  nor  the  “DESCRIPTION”  fields of 

the PDB file.  Furthermore, to remove redundancy, the 4,405 chain 

sequences were compared to each other with the cd-hit program (Huang et al, 

2010) and pairs resulting in sequence alignments with 80% or higher identity 

were discarded.  The final set of 930 non-redundant PDB chains was parsed 

to identify a total of 7,348 helices from  “HELIX”  fields  of  each  PDB  chain  entry.    

Thus, the data set of water-soluble helices contained 930 non-redundant and 

high-resolution protein structures, 7,348 D-helices and 108,277 amino acids. 

Second, all D-helical membrane proteins deposited in the MPTOPO database 

(last updated on January 19th, 2010) (Jayasinghe et al, 2001b), and thus with 

known membrane insertion topology, were selected.  The initial set was 

further filtered by: (i) removing any entry of unknown structure as based on 

the MPTOPO entry classification (i.e., keeping only entries described as 

“3D_helix” and   “1D_helix”); (ii) removing redundant pairs at 80% sequence 

identity by applying the cd-hit program (Huang et al, 2010). The final data set 
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of TM helices contained 170 non-redundant structures, 837 TM helices, and 

20,079 amino acids.  Furthermore, to properly analyze the amino acid 

propensities in single membrane spanning TM helices, we discarded any helix 

shorter than 17 amino acids or larger than 38 amino acids.  The resulting TM 

data subset contained 792 TM helices, and 19,356 amino acids. 

Amino acid propensity measures 

We calculated three different amino acid measures: (i) probability and percent, 

(i) Odds, and (iii) LogOdds.  The probability (pi) of an amino acid i is defined 

as: 

 

where i is the amino acid type (one of the 20 amino acids), ni is the 

observation count of the amino acid i, and N is all amino acids in the data set.  

Similarly, the percent of a given amino acid i is defined as its probability 

multiplied by 100. The Odds (Oi) of an amino acid i is defined as: 

 

where pi,c is the probability of the amino acid i in the class c (for example, TM 

helix) and pi,r is the probability of the amino acid i in the class r (for example, 

water-soluble helix).  Similarly, the LogOdds of a given amino acid i is defined 

as the logarithm in base 10 of its Odds.  Briefly, Odds higher than 1 (or 

positive LogOdds) indicate over-occurrence of the amino acid type in the 

class. Odds smaller than 1 (or negative LogOdds) indicate under-

representation of the amino acid type in the class. 

ip =
ni
N

iO =
pi,c

(1 pi,c )
pi,r

(1 pi,r )
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Results and Discussion 

Helix length in membrane and water-soluble proteins 

Length distributions for helices found in high-resolution structures deposited in 

PDB (Berman et al, 2000) are very different for TM and water-soluble proteins 

(Fig. 1). 

Helices in TM proteins are in average 24.0 (± 5.6) amino acid residues long, 

this result slightly differs from previous data obtained using databases with 45 

(Bowie, 1997) and 129 (Ulmschneider & Sansom, 2001) TM helices, where 

average helix length was 26.4 and 27.1 amino acid residues, respectively.  As 

the translation per residue in a canonical helix is 1.5Å, a stretch of about 20 

consecutive hydrophobic residues can span the 30 Å of the hydrocarbon core 

of biological membranes. Indeed, the more prevalent (~12%) length for TM 

helices in our data set was 21 residues (Fig. 1).  Longer helices can span the 

bilayer with a concomitant tilting of the helix axis respect to the membrane 

plane. Other options are also feasible ranging from lipid accommodation till 

polypeptide backbone deformation (Holt & Killian, 2009). 

Helices from water-soluble proteins have an average length of 14.7 (±8.7) 

residues, which agrees with previous studies where the more prevalent helix 

length was 10-11 residues long (Engel & DeGrado, 2004; Pal et al, 2003). 

The reduced length for helices from water-soluble proteins is due to the 

absence of the restrictions imposed by the low dielectric constant at the 

hydrocarbon core of biological membranes, which forces the polypeptide 

backbone to adopt on average larger secondary structures. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

8 

Amino acid composition of D-helices 

The amino acid composition for both, TM and water-soluble helices, have 

been examined (Fig. 2).  TM helices of lengths between 17 and 38 residues 

were selected from the MPTOPO database (Jayasinghe et al, 2001b), which 

included helical segments that do completely span the hydrophobic core of 

the membrane.  TM helices shorter than 17 residues as well as larger than 38 

residues were excluded since they may not cross entirely the membrane (Fig. 

1 inset a) or may contain segments parallel to the membrane (Fig. 1 inset b).  

Note that in the case of water-soluble helices all lengths were included in our 

analysis because no restrictions in terms of length can be assumed for water-

soluble proteins in an aqueous milieu. 

As expected, hydrophobic residues Leu, Ala, Val and Ile constitute the bulk of 

the amino acids in the TM region accounting for almost half (47.0%) of all 

residues.  Similarly, these residues are also frequently found in helices of 

water-soluble proteins (34.1%).  However, there are, as noted previously 

using smaller datasets (Bywater et al, 2001), differences in composition of the 

two types of helices.  Despite sharing the same structural features, the 

differences between the two types of helices are reflected by their preferential 

occurrences measured by the logarithm of the Odds of finding a given amino 

acid in a TM helix with respect to its frequency in a water-soluble helix (Fig. 2 

bottom panel).  For example, while charged and polar residues are much 

more frequently found in helices from water-soluble proteins, Trp, Gly and 

Phe have higher propensities in TM helices.  Interestingly, in contrast to their 

conformational preferences in water, the helical propensities of residues such 

as Val, Ile, Phe and Met are notably increased in the membrane environment, 
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where it has been suggested that their helical proclivity is primarily governed 

by their side chain hydrophobicity and by the hydropathy of the local 

polypeptide region in which the residues reside span the membrane (Li & 

Deber, 1994).  Significantly, Gly and Pro are more frequent in TM helices 

relative to water-soluble helices.  Although   commonly   considered   as   ‘helix  

breakers’  it has been reported that Gly residues occur frequently in TM helix-

helix interactions, especially in association with E-branched residues at 

neighboring positions (Senes et al, 2000), and that Pro, in addition to its role 

in signal transduction and gating across the membrane, may also play a 

significant role in these processes (Orzáez et al, 2004). 

A comparison of the amino acid frequency between TM and water-soluble 

helices confirmed that strongly polar residues (Glu, Lys, Asp, Arg, and Gln) 

are more prevalent in water-soluble helices (Fig. 3).  These residues 

constitute only 8.2 % of the residues within TM helices compared to 30.9 % in 

water-soluble helices.  Despite their lower presence, polar residues are 

evolutionary conserved in TM proteins, which has been partially explained by 

their tendency to be buried in the protein interior and also in many cases due 

to their direct involvement in the function of the protein (Illergård et al, 2011).  

Conversely, hydrophobic amino acids (Leu, Val, Ile, Gly, and Phe) are over-

represented in TM helices (Fig. 3).  Interestingly, Ala although being the 

second more abundant residue in TM helices (Fig. 2), it is not over-

represented in this type of helices likely because its higher helical propensity 

in aqueous (Blaber et al, 1993) compared to membrane-mimetic 

environments (Li & Deber, 1994).  In fact, both biological (Nilsson et al, 2003; 

Hessa et al, 2005) and biophysical (Jayasinghe et al, 2001a) measurements 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

10 

have poised Ala at the threshold between those amino acids that promote 

membrane integration of TM helices and those residues that preclude 

membrane insertion. 

Position dependent distribution of amino acid residues in TM helices 

A comparison of the amino acid frequency at different positions in a TM 

segment, taking as reference the TM center, confirmed that about half of the 

natural amino acid residues have similar distributions at positive positions 

(towards inside the cell) than at negative positions (towards outside the cell) 

(Fig. 4).  It was found that not only the strongly hydrophobic residues but also 

Gly and the hydroxylated residues Ser and Thr are equally distributed along 

the hydrophobic core of the membrane. It is important to note that Gly is a 

residue type that is normally regarded as being conductive to turn (Williams et 

al, 1987), yet it is a common residue in TM helices (Fig. 2).  There are 

important folding reasons for incorporating Gly into TM helices.  The absence 

of side-chain of the Gly allows for bulkier groups to be accommodated close 

to the polypeptide backbone of the TM helices.  This might be important for 

intramolecular helix-helix packing, for homo-oligomerization, or for recognition 

of other membrane proteins, among other factors.  Indeed, it has been 

observed that Gly has the highest overall packing value in membrane proteins 

(Eilers et al, 2002). Ser or Thr residues within TM helices participate in 

hydrogen-bonding networks through hydrogen bond linking of the side chain 

oxygen atom to acceptor side chain or peptide bond groups.  These effects, 

intimate packing (Gly) and hydrogen bonding (Ser and Thr), can be relevant 

at any position along the TM region, which would explain the absence of 

position preference for these residues in TM helices.  Met or Cys are also 
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frequent at different locations within the hydrophobic core, but a relative 

prevalence can be observed in a region that would correspond with the initial 

portion of the polar headgroups of the phospholipids, consistent with the 

slightly amphipathic nature of these residues and in agreement with its 

distribution in the lipid bilayer recently obtained from molecular dynamics 

simulation (MacCallum et al, 2008).  

While Phe has a flat distribution in TM helices, behaving as a hydrophobic 

residue, Trp, Tyr and Pro residues are distributed in a biased manner: they 

are found preferentially at the ends of the bilayer (i.e. at the interface between 

the hydrophobic core of the bilayer and the bulk water).  At this location, 

aromatic residues may serve as anchors for the TM helices into the 

membrane.  In fact, Trp and Tyr positioned 7 to 9 residues away from the 

center of a TM segments result in a reduction in free energy (Hessa et al, 

2007), which nicely correlates with the present statistical distribution from 

three-dimensional structures (Fig. 4).  The biophysical reason for the 

observed distribution of Trp and Tyr residues could rely on the relatively 

amphipathic nature of their side chains, which can form hydrogen bonds as 

well as exhibit hydrophobic character.  Actually, this preferred location has 

previously been observed not only for D-helical but also E-barrel membrane 

proteins (Ulmschneider & Sansom, 2001).  A similar distribution is observed 

for Pro residues, although an increased presence is detectable towards the 

center of the bilayer, which can be associated with the fundamental and 

subtle role that Pro residues play in the dynamics, structure and function of 

many membrane proteins by inducing the formation of molecular hinges 

(Cordes et al, 2002).  Indeed, thirteen TM helices with known structure have a 
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Pro residue at the 0 position, which in all cases results in a kink in the helix.  

Nevertheless, it should be noted that the interfacial preference of these three 

residues is somehow more pronounced at the non-cytoplasmic interface.  This 

was also observed in the case of aromatic residues (Trp and Tyr) in a 

membrane protein prediction analysis using sequence information from 107 

genomes (Nilsson et al, 2005). 

The distribution pattern for Asn, His and Gln, corresponds to an interfacial 

preference close to the end of the TM regions, which is consistent with the 

amphipathic nature of these molecules. This pattern was previously reported 

for His residues (Ulmschneider & Sansom, 2001), which is in good agreement 

with our data.  Interestingly, in more recent studies using computer 

simulations, it has been noted that small molecule analogs of Asn (MacCallum 

et al, 2008) and Asn, His, and Gln (Johansson & Lindahl, 2007) result in an 

energetic minimum for partition into model lipid bilayers. 

Since the energetic cost of inserting an ionizable group in the hydrophobic 

environment of the membrane is very high (White & Wimley, 1999), charged 

amino acids should generally be excluded from the hydrophobic core of the 

TM helices. Interestingly, nearly all membrane proteins with six or more 

predicted TM helices contain at least one ionizable residue (Arkin & Brunger, 

1998). However, charged amino acids consistently clustered at the TM 

flanking regions (Fig. 4).  For example, acidic (Asp and Glu) residues result in 

an increased distribution at both cytoplasmic and extra-cytoplasmic side of the 

membrane, although with some prevalence for the cytoplasmic region. 

Positively charged (Arg and Lys) residues distribution is even more strongly 

asymmetric between opposite sides of the membrane, in good agreement 
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with the positive-inside rule (Heijne, 1992).  Moreover, it has been 

experimentally demonstrated that basic residues act as stronger topological 

signals compared to acidic residues (Nilsson & Heijne, 1990; Saurí et al, 

2009), which is reflected by their different statistical preferences on either end 

of the TM segments. Nevertheless, when considered globally, charged 

residues cluster preferentially near the cytoplasmic end of the TM segments 

(Fig. 5, orange line).  This effect was already noted in a previous structure-

based analysis that included a lower number of structures available at the 

time (Ulmschneider et al, 2005).  On the contrary, although polar residues 

(Gln, His, and Asn) mimic the distribution pattern of charged residues avoiding 

the more hydrophobic region of the bilayer, they show a preference for the 

extra-cytoplasmic region (Fig. 5). Trp, Tyr and Pro are more abundant about 8 

to 9 residue positions away from the center of the membrane, that is, within 

the interface region, but with some bias toward the extra-cytoplasmic interface.  

The rest of natural amino acids are more abundant at the center of the bilayer, 

within 7 amino acid positions on both sides of the membrane normal, but they 

are also very frequently found beyond this boundary as noted by their overall 

proximity to the Odd value of 1 for positions >10 on both sides of the center of 

the membrane (Fig. 5).  Interestingly, the amino acid distribution patterns at 

both interface regions are slightly different.  There is a sharper transition from 

mainly hydrophobic to charged, polar and aromatic residues at the 

cytoplasmic side of the membrane (positions 6 to 8) compared to that at the 

extra-cytoplasmic side (positions -5 to -9).  The different lipid composition 

between the two lipid leaflets in biological membranes and the strong 

electrochemical potential over the prokaryotic inner cell membranes can exert 
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an important effect, which may be reflected by this difference.  For instance, it 

has been recently reported an asymmetry in the distribution of amino acid 

residues within TM segments from plasma membrane proteins (Sharpe et al, 

2010), which has been attributed to an asymmetry in the state of lipid order in 

the membrane.  Such an asymmetry is likely due to the enrichment of lipids 

such as sterols and sphingolipids in the extra-cytoplasmic leaflet, where a 

more gradual amino acid distribution can be expected. 

Finally, we analyzed and plotted the odd ratio for each amino acid in three 

regions in a membrane, that is, taking the hydrophobic TM region as the 

central 19 positions (~30Å) and 9 residue positions (~15Å) on both sides as 

the extra-cytoplasmic (from -10 to -18 residues) and cytoplasmic (from 10 to 

18) flanking regions (Fig. 6).  Hydrophobic amino acids (blue colored) 

populated preferentially the hydrophobic center. However, this trend is not 

observed for the more prevalent residues in TM segments (for example Leu, 

Fig. 2), which are also frequently found at the flanking regions.  Trp, Tyr, and 

Pro (green) have a minor increase for the extra-cytoplasmic flanking region.  

The absence of higher differences for the distribution of these residues is 

probably due to their precise location at the interface between the 

hydrophobic core and the flanking hydrophilic environment.  Polar (orange) 

residues (Gln, His, and Asn) have a preference for both flanking regions since 

they are energetically unfavorable within the membrane core.  These residues 

do not ionize at the physiological pH and are able to donate and accept 

hydrogen bonds simultaneously. Such an effect translates into a higher 

preference of Gln, His and Asn for the rich hydrogen bond network 

environment of the interface.  Charged residues (red) are underrepresented at 
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the hydrophobic core and resulted in preferences for the cytoplasmic flanking 

region being acidic residues more prevalent at the extra-cytoplasmic flanking 

region.  Furthermore, basic residues are strong topological determinants that 

heavily populate the cytoplasmic flanking region.  The effect of positively 

charged residues located near the cytoplasmic end of hydrophobic segments 

has been in fact estimated to be approximately -0.5 kcal/mol to the apparent 

free energy of membrane insertion (Lerch-Bader et al, 2008).  This energetic 

contribution can be extremely relevant to precisely anchor hydrophobic 

regions into biological membranes. 

 

Concluding remarks 

We have compared the length and the amino acid composition of helices in 

TM and water-soluble proteins.  Overall, significant differences are present in 

both types of proteins, which may be attributed to the biophysical differences 

between the two environments in which they fold.  First, TM helices adapt 

their length to the dimensions and constraints of biological membranes, while 

water-soluble helices are statistically shorter since they do not have to satisfy 

the demanding restrictions imposed by the complexity of the membrane 

environment.  Second, the observed differences highlight that in the lipid 

bilayer, which environment forces secondary structure formation, amino acid 

side chain hydrophobicity prevails to helicity.  Accordingly, aliphatic residues 

with a reduced helical propensity (Val, Ile, Gly, and Phe) are abundant in TM 

helices, while polar residues (Glu, Lys, and Arg) with high helical propensity 

are consistently less frequent in TM helices.  Third, half of the natural amino 

acid residues are equally distributed along the TM helices, whilst aromatic, 
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polar and charged residues plus Pro are biased toward the ends of the TM 

helices.  Fourth, as previously observed, the distribution of charged residues 

was asymmetric occurring more frequently on the cytoplasmic side of the 

membrane, which causes a net charge unevenness on both sides of the 

membrane.  In addition to this asymmetry, Trp, Tyr and Pro residues were 

found to be more frequent at the extra-cytoplasmic interface of the membrane 

and the polar residues (Gln, His, and Asn) at the extra-cytoplasmic flanking 

region of the TM helices.  Fifth, transitions between the different types of 

residues at the ends of the hydrophobic core occur in a more defined region 

at the cytoplasmic side than at the extra-cytoplasmic face, likely reflecting the 

differences in lipids composition on both leaflets of biological membranes. 

The conclusions on TM helix architecture described here should prove useful 

for constructing models of membrane proteins with desired properties, which 

could help filling in some of the many gaps in the field. 
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Figure Legends 

 

Figure 1.  Length distributions for 837 TM and 7,348 water-soluble helices 

from a set of non-redundant proteins of known structure (see Methods). 

Transmembrane helices in blue (pale blue correspond to discarded lengths) 

and water-soluble helices in orange. (a) Example of a short 9 amino acid 

length helix in the ClC chloride channel from E. coli (1KPK entry in PDB). 

Membrane boundaries were obtained from the PPM Server (Lomize et al, 

2012). The selected membrane is shown in rainbow coloring from N- (blue) to 

C-terminal (red) ends. (b) Example of a large 43 amino acid length helix in the 

chicken cytochrome BC1 complex (1BCC entry in PDB), which N-terminus of 

the helix (blue) lies at the membrane/water interface. Representation as in 

inset (a). 

 
 
Figure 2.  Amino acid type distribution from 792 TM and 7,348 water-soluble 

helices from a set of non-redundant proteins of known structure (see 

Methods). (Upper plot) Amino acid type distribution for TM helices in blue and 

for water-soluble helices in orange. (Lower plot) LogOdds values for 

comparing the relative abundance of each amino acid type in TM and water-

soluble helices. Amino acid types are ordered by its LogOdds 

 
 
Figure 3.  Amino acid type percentage comparison between TM and water-

soluble helices. Blue colored amino acids are over represented (difference > 

3 % points) in TM helices compared to water-soluble helices.  Orange colored 

amino acids are over represented (difference > 3 % points) in water-soluble 
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helices compared to TM helices. Dashed grey lines indicate a cut-off of 3 % 

difference points. 

 
 
Figure 4.  Amino acid type and position distribution in TM helices.  Each 

amino acid type and their positioning in the TM helix is represented by their 

positional normalized Odds (that is, for each column the Odds are normalized 

to an average of zero and standard deviation of one). The amino acids are 

clustered based on their positional normalized Odds within the helices. 

Positively labeled positions refer to the cytoplasmic side of the membrane and 

its flanking region whilst negatively labeled positions refer to extra-cytoplasmic 

regions. 

 
 

Figure 5.  Amino acid groups positional preferences in a membrane.  Thin 

lines represent the positional Odds for each amino acid individually, whilst 

thick lines represent the averaged positional Odds for each group of amino 

acids obtained from Figure 4. Amino acid types are grouped as in the 

dendogram in Fig. 4. That is, charged residues (red, KRED), polar residues 

(orange, QHN), aromatic residues plus Pro (green, PYW), and the rest of 

residues (blue, CMTSGVFAIL). 

 
 
Figure 6.  Amino acid location preferences in a membrane. Letter size is 

proportional to the odds (relative preference) of finding a given amino acid in 

the three regions in a membrane (i.e., from top to bottom outer, membrane, 

and inner regions). Amino acids colored as in figure 5. 
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