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INTRODUCTION

a-helical transmembrane (TM) proteins constitute about 25% of the

proteome in all organisms1 and they perform many crucial functions,

such as signaling, transport across the membrane, energy production,

and catalysis. a-helical TM-proteins have been traditionally thought to

consist of long hydrophobic a-helices that span the membrane connected

through loops. However, recent studies have shown that the structural

repertoire of membrane proteins is more complex than was believed only

a few years ago.2 Structural irregularities include kinked TM-helices,3

interfacial helices,4 reentrant regions,5 and coils in the membrane.6 These

irregular structures are often directly associated with the functionality of

the membrane proteins. Reentrant regions and membrane coils are com-

mon in transporters and channels,5 while interface helices are common

in TM-proteins involved in photosynthesis and respiration.1

Water-soluble proteins have a primarily hydrophobic interior and

hydrophilic exterior, as it is energetically unfavorable to expose hydropho-

bic group to the polar aqueous solvent.7,8 In contrast, the solvent accessi-

ble surface of a-helical TM proteins face three distinct environments; a

hydrophobic lipid environment inside the membrane, a hydrophilic water

environment outside the membrane, and an interface region between

these. The energetics is, therefore, more complicated for membrane pro-

teins compared to water-soluble proteins. Early studies of the bacterio-

rhodopsin structure suggested that membrane proteins would be ‘‘inside-

out,’’ that is that they consist of a hydrophilic interior and a hydrophobic

exterior.9 However, later studies have shown that the ‘‘inside-out’’ rule is

not generally applicable to all a-helical TM proteins.10 In addition, the

existence of the irregular structural features is not consistence with a sim-

ple two-state folding process of membrane proteins.

Polar groups that are in contact with the hydrophobic tails of lipids

contribute negatively to the overall stability.11 This is why they are
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ABSTRACT

Here, we present a study of polar residues

within the membrane core of alpha-helical

membrane proteins. As expected, polar resi-

dues are less frequent in the membrane than

expected. Further, most of these residues are

buried within the interior of the protein and

are only rarely exposed to lipids. However, the

polar groups often border internal water filled

cavities, even if the rest of the sidechain is bur-

ied. A survey of their functional roles in

known structures showed that the polar resi-

dues are often directly involved in binding of

small compounds, especially in channels and

transporters, but other functions including

proton transfer, catalysis, and selectivity have

also been attributed to these proteins. Among

the polar residues histidines often interact

with prosthetic groups in photosynthetic- and

oxidoreductase-related proteins, whereas pro-

lines often are required for conformational

changes of the proteins. Indeed, the polar resi-

dues in the membrane core are more conserved

than other residues in the core, as well as

more conserved than polar residues outside the

membrane. The reason is twofold; they are of-

ten (i) buried in the interior of the protein and

(ii) directly involved in the function of the pro-

teins. Finally, a method to identify which polar

residues are present within the membrane core

directly from protein sequences was developed.

Applying the method to the set of all human

membrane proteins the prediction indicates

that polar residues were most frequent among

active transporter proteins and GPCRs,

whereas infrequent in families with few trans-

membrane regions, such as non-GPCR recep-

tors.
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rare within the membrane core.12 In general, polar

groups that are removed from the contact with water are

stabilized by interactions with other polar groups.13

Therefore, within the membrane core, polar groups do

only rarely interact directly with the hydrophobic lipid

tails. Instead, they interact with other polar groups in the

protein, or line internal water filled cavities. Further, po-

lar groups at the end of the polar sidechains can snorkel

out toward the phospholipid head-group.4 Polar residues

are also unfavourable for insertion of individual helices

into the membrane by the translocon machinery.14,15

The use of multiple sequence alignments to identify

conserved residues has provided many important clues

about the function of inividual proteins. Buried residues

are in general more conserved than exposed residues, and

it was recently observed that one reason why membrane

proteins appear to be more conserved than soluble pro-

teins is due to the fact that they bury a larger fraction of

their surface area.16 However, increased conservation is

also an important indicator of functional importance as

previously observed for coil residues within the mem-

brane core.6

In this study, we have tried to shed some light on the

roles of we have characterized strongly polar residues (D,

E, K, R, H, N, P, and Q) within the membrane core. Ini-

tially, the incidence and evolutionary conservation of

these residues in different environments was analyzed to

establish that they are rare and evolutionary conserved.

To gain insight into the increased conservation, we assess

their structural and functional roles by characterizing the

microenvironments and conduct an investigation of the

literature. Finally, a sequence-based method to identify

polar residues within the membrane core was developed

and applied to all human membrane proteins and the

distribution of these residues in different classes of mem-

brane proteins was analyzed.

RESULTS AND DISCUSSION

In this study, strongly polar residues located within the

membrane core in a-helical TM proteins were analyzed

from a structural, functional, and evolutionary perspec-

tive. The aim was to gain insight into their role within

the membrane core and to investigate the generality of

earlier observations from studies of individual proteins.

Here, we have analyzed these residues in a large high

quality dataset of membrane proteins of known struc-

tures. Finally, we use the collected information to predict

polar residues in all human membrane proteins and to

speculate about their structural and functional roles.

Strongly polar residues in the membrane
core are rare, buried and conserved

A comparison of the amino acid frequency at different

distances from the membrane center in the dataset con-

firmed that polar residues are less frequent within the core

of the membrane bilayer than outside the membrane, Fig-

ure 1(A). It was found that the strongly polar residues (D,

E, K, R, H, N, P, and Q) constitute only 9 % of the resi-

dues within the membrane bilayer compared to 41 % out-

side the membrane. Further, the observed difference in

preference for amino acids between inside and outside the

membrane is strongly correlated with the previously

defined biological hydrophobicity scale.15 This scale

describes the experimentally obtained free energy cost of

translocon recognition from the DG-predictor15 (R2 5
0.88) Figure 1(B). Although the correlation is high, the bi-

ological scale suggests a higher free energy cost for inser-

tion of all residues than the scale based on the residue fre-

quencies. This is in agreement with the fact that it is nec-

essary to set the DG cutoff higher than expected (zero)

when using the biological hydrophobicity scale to predict

regions that after folding will become TM-regions.17

The next feature to investigate was the substitution

rate for all sites. The analysis shows that polar residues

are clearly more conserved within the membrane than

outside, Figure 1(C). These residues also show the largest

variation in substitution rate across the membrane. It has

been noted before that polar residues are more conserved

within the membrane.18 In addition, we found that the

difference in substitution rates between the membrane

and non membrane regions of the amino acids is corre-

lated with the biological hydrophobicity scale (R2 5
0.70), Figure 1(D). One notable outlier to the observed

relationship between hydrophobicity and conservation is

cysteine, which is more conserved than expected outside

the membrane, Figure 1(D). The behavior of cysteine is

likely due to that many cysteines form conserved disul-

phide bonds outside the membrane, whereas no disul-

phide bonds are present in the membrane core in any of

the membrane proteins studied here.

The third feature to study was accessibility. It was

found that the average accessibility of polar residues

varies strongly with the position relative to the mem-

brane, Figure 1(E). Outside the membrane polar residues

are more likely to be exposed, whereas inside the mem-

brane they are more likely to be buried, Figure 1(E).

In general, conservation is an indication of structural

or functional importance. Although these features are

intimately related, we try to identify primarily function-

ally important residues by detecting residues that are

more conserved than other residues within similar micro-

environments. The most prominent structural factor

affecting substitution rate is the exposure level (accessi-

bility), so that residues buried in the protein interior are

more conserved than solvent exposed residues.16 There-

fore, it is possible that the increased conservation of po-

lar residues in the membrane core is related to the pref-

erence for them to be buried. However, by comparing

sites of similar exposure level, we found that strongly po-

lar residues are actually more conserved than other resi-
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Figure 1
Properties of different residues in membrane proteins. A, C, and E: These show the distribution of amino acids, substitution rates, and relative

surface accessibility across the membrane, respectively. B: The difference in frequency between the outside and inside of the membrane for different

amino acids and D: the difference in substitution rates at sites positioned outside and inside of the membranes plotted against biological

hydrophobicity scale. F: The substitution rate at comparable accessibility levels for different amino acid groups within the central membrane region

are shown. In all figures, the coloring differentiates between polar, intermediate, and hydrophobic residues.

Polar Residues within the Membrane Core

PROTEINS 81



dues in the membrane, even when taking the accessibility

into account, Figure 1(F). This indicates that other fac-

tors, such as direct functional importance, also contribute

to the strong conservation of polar residues. The impor-

tance suggested from the conservation is also supported

by an over-representation of these residues in disease

causing mutations.19

Strongly polar residues within the
membrane core often interacts with water

The findings above suggest that the incidence of resi-

dues at different distances from the membrane core

strongly depend on their polarity, Figure 1(A, B). How-

ever, buried residues in the protein interior show much

less dependency on the distance from the membrane cen-

ter, than residues that are solvent accessible, Figure 2(A,

B). The frequency of strongly polar residues among the

buried residues only decrease from 26% outside

the membrane to 11% inside the membrane, whereas the

corresponding fraction among exposed residues decrease

from 59% to 6%. The tendency of small differences in

amino acid distributions for the protein interior has been

noted before.20

Further, the interaction patterns of strongly polar side-

chain groups were characterized from the structures, Fig-

ure 3. The fraction of polar atoms in contact with water

molecules or putative water molecules in internal cavities

was only slightly lower inside than outside of the mem-

brane (34% and 52%, respectively, P 5 0.16, by Fischer’s

exact test). Accordingly, the fraction of polar atoms inter-

acting with other polar groups from the protein is quite

similar inside and outside the membranes (54% and

47%, respectively, P 5 0.12, by Fischer’s exact test), Fig-

ure 3. Thus, even though the strongly polar sidechains

are mostly buried within the membrane core, the polar

atoms are often located near water containing cavities.

The presence of water around polar groups is in line

with what has been observed in simulations of amino-

acid analogs within the hydrophobic membrane core.21

In addition to the strongly polar residues discussed in

the rest of the article, serine and threonine also contain

polar groups. In contrast to the strongly polar residues,

they preferably interact with the backbone (86 % and

53 %, respectively, P < 1029 by Fischer’s exact test), as

previously observed in soluble proteins.22 To create shared

hydrogen bonds within the a-helix, these sidechains often

point toward the N-termini.23 Shared hydrogen bonds

probably explain, why Ser and Thr belong to the category

‘‘weakly polar’’ when defined by insertion efficiency,

though the hydroxyl group itself is strongly polar.

A method to identify strongly polar residues
in the membrane core

A limitation of studying only membrane proteins of

known structures is that many functional classes of TM-

proteins, like receptors, are only sparsely represented in

such datasets. To overcome this, we examined the possi-

bility of developing a method to identify polar residues

within the membrane core directly from the protein

sequence.

Initially, it was found that by predicting the distance

from the membrane center by Zpred24,25 and setting the

cutoff to 10 Å, it is possible to accurately identify a large

fraction of all polar residues in the membrane core.

Among structurally determined proteins, Zpred predicts

that the core contains 7.0% polar residues, compared to

Figure 2
The distribution of amino acids across the membrane. A: The subset of residues that have accessibility values larger than 25% (solvent accessible),

whereas in B: the subset of residues that have accessibility value lower or equal to 25% (solvent inaccessible) can be seen. The sum of the values in

the two figures would result in Figure 1A. In all figures, the coloring differentiates between polar, intermediate, and hydrophobic residues.
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the observed 9.5% and, additionally, 58% of the polar

residues in the core were correctly identified and the cor-

responding accuracy was 95% (Matthews Correlation

Coefficient 5 0.64), see Table I.

Thereafter, the method for predicting the polar resi-

dues in the membrane core was applied to all human

membrane proteins. The estimated overall frequency was

found to be 7.6%. It should be remembered that quite a

few strongly polar residues in the membrane core are

probably missed by the predictions. However, it is

encouraging that the identified residues are generally pre-

dicted to have similar properties to the ones in the data-

set of known structures. For instance, the polar residues

that are predicted to be in the core or outside the mem-

brane, respectively, have average frequency, solvent acces-

sibility, and substitution rate that correspond quite well

to the ones in the structural dataset, Table I. Thus, the

predictions also point to the fact that polar residues are

less frequent in the core compared to the outside of the

membrane, and that they are evolutionary conserved as

well as buried in the protein interior.

After establishing that the method can identify polar

residues that have similar properties to the ones in the

dataset of known structures, we wanted to investigate the

structural and functional properties of these residues.

First, we wanted to investigate whether the polar residues

in the core regions are evenly distributed in the sequence.

This seems not to be the case. The first TM-helix are

predicted to contain on average fewer polar residues in

the core than later TM-helices (5% vs. 7.6%), Figure

4(A). This finding is in agreement with the observation

that the N-terminal TM-region is required to be more

hydrophobic than subsequent regions to be recognized by

the translocon machinery.17 The predicted set of polar

residues in the membrane indicates that proteins with

few transmembrane regions contain a lower number of

polar residues, see Figure 4(B). This is in contrast to

what has been shown in spherical water-soluble pro-

teins,27 but could be expected as the volume to surface

area decreases with size and polar residues are rare at the

surface. However, a larger dataset of membrane proteins

of known structures is needed to finally verify these

observations.

Fraction of strongly polar residues in
different proteins

To gain further insight in the functional role of

strongly polar residues in the membrane core, we present

here a first large-scale comprehensive study of their fre-

quency in different protein families, see Tables II and III.

Table I
Estimated Frequency, Accessibility, and Normalized Substitution Rate of

Polar Residues Position Inside and Outside the Membrane in

Membrane Proteins

Dataset Frequency Accessibility Subst.rate

Dataset Estimation Inside Outside Inside Outside Inside Outside

Human pred 7.6 % 46.0 % 20.4 % 44.0 % 20.59 0.12
OPM pred 7.0 % 45.4 % 17.8 % 41.6 % 20.66 0.20
OPM struct 9.5 % 41.2 % 20.5 % 41.0 % 20.67 0.18

The residues found <510 Å from the membrane center are regarded as ‘‘inside’’

the membrane, and residues >22 Åfrom the the membrane center as ‘‘outside’’

the membrane. The distances are predicted by Zpred, top two lines, or determined

from the Z-coordinate from the structures oriented as in OPM, third line. The

accessibility of each protein is determined with Naccess or predicted using

MPRAP.26 The relative substitution rate is measured by rate4site. Two datasets

are used, either all human membrane proteins (Human) or the homology reduced

dataset of membrane proteins of known structures (OPM).

Figure 3
The distribution of the environment around the polar groups inside (Mem) and outside (NonMem) the membrane. The environment around a

polar group is divided into five groups; backbone, sidechain, prosthetic group, structural water, or ‘‘no molecule’’. A: This shows the fraction of

groups involved in hydrogen binding to protein backbone or protein side-chain. B: This shows the fraction of groups interacting with structural

water or not having any polar interaction partner (‘‘No molecule’’).
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Among the proteins of known structure, the highest frac-

tions of strongly polar residues were found in transport-

ers (10.1%) and receptors (9.5 %), Table II. From the

analysis of the larger dataset of all human membrane

proteins, the high frequency in these groups could be

traced to G-protein Coupled Receptors (GPCRs) and

active transporters, Table III.

Our analysis from the predicted set of polar residues

in the human membrane proteins shows that the signifi-

cant enrichment of polar residues in GPCRs compared to

all others is largely constituted by histidines, asparagines,

and prolines, Table III. The function of GPCRs is to rec-

ognize molecules outside the cell and activate signal

transduction pathways and cellular responses inside the

cell.28,29 The GPCRs of known structures have two clus-

ters of polar residues in the membrane core, which are

related to these functions. The first is the binding site for

the ligand located in a deep crevice. The second cluster is

likely involved in the conformational changes that occur

upon activation and deactivation. Additionally, several

prolines probably also play an important role for the

flexibility.3

It was also found that active transporters in the human

dataset are enriched in polar residues, especially in pro-

lines and glutamines, Table III. This is in agreement with

our observations from the structural dataset. Active

transporters are in humans dominated by two protein

families, the ABC transporters30 and P-type ATPases.31

Figure 4
The fraction of polar residues (D, E, K, R, H, N, P, and Q) within the membrane core region. A: Thus shows the distribution as a function of

transmembrane segment position and B: as a function of number of transmembrane regions in the protein chain. The two datasets are all human

membrane proteins (Human) and the homology reduced dataset with membrane proteins of known structures (OPM).

Table II
Incidence of Polar Residues (D, E, K, R, H, N, P, and Q) within the Membrane Core of Proteins of Known Structure

Main group Sub group #Chains #TMs %D %E %K %R %H %N %P %Q %All

All 85 4.4 0.8 0.7 0.6 0.9 1.6 1.5 2.5 0.8 9.4
Enzymes All 29 3.0 0.8 0.6 0.5 0.7 2.3 1.2 2.0 0.6 8.8

Others 6 4.2 0.7 0.7 0.5 1.2 1.9 1.9 1.7 0.5 9.0
Oxidoreductase(Respiration) 23 2.7 0.8 0.6 0.5 0.5 2.5 0.9 2.2 0.6 8.7

Photosynthesis All 18 3.3 0.0 0.2 0.1 0.5 4.7 0.8 1.6 0.3 8.3
Transporters All 32 6.7 1.0 0.9 0.8 1.0 0.5 1.7 3.0 1.0 10.1

Active transporters 11 7.0 0.8 1.0 0.6 0.8 0.9 1.5 3.4 0.8 10.0
Channels 11 3.1 0.7 0.9 0.3 1.0 0.3 1.7 2.1 1.2 8.2
Potential driven 9 10.9 1.3 0.9 1.1 1.2 0.3 1.8 3.1 1.1 10.9
Unclassified 1 5.0 1.2 0.0 1.2 1.2 0.0 3.8 2.5 0.0 10.0

Receptor All 2 4.0 2.6 0.9 0.0 0.0 0.0 3.4 2.6 0.0 9.5
GPCR 1 7.0 1.9 1.0 0.0 0.0 0.0 3.9 2.9 0.0 9.7
Others 1 1.0 7.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.7

Miscellaneous All 4 1.2 0.0 0.0 0.0 0.0 0.0 0.0 1.7 1.7 3.3

Number of polypeptide chains and transmembrane regions (TMs), as well as the percentage of polar residues of different types is shown for proteins classified into dif-

ferent functional groups. All values that are significantly (P < 1025) diverging from the average are marked in bold.
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Both groups convert energy by ATP hydrolysis and

undergo large conformational changes during their reac-

tion cycle. The structurally variable ABC transporters

transport a wide variety of substances, whereas P-type

ATPases transport ions. In both cases, prolines might be

important for conformational changes in the transporta-

tion cycle, and polar residues are common at binding

sites or internal cavities.

In summary, the high fraction of polar residues in

some groups of proteins can partly be related to func-

tional need of the proteins in those groups. Another fac-

tor related to the incidence of polar residues in the mem-

brane core is the number of TM regions (see above). For

example, the non-GPCR receptor subgroups contain sig-

nificantly less polar residues than GPCRs. Often these

proteins only contain a single TM region.

Analysis of functional residues

To gain a more detailed insight into the functional

roles of individual strongly polar residues within the

membrane core, we classified the environment and the

functional role of all these residues based on literature

and structures. Although this survey is certainly not com-

plete, nor unbiased, it might nonetheless provide some

ideas about the functional roles of strongly polar resi-

dues. It could also give an indication of the generality of

earlier observations.

In transporter proteins, most of the functionally anno-

tated residues are involved in ligand binding,32–34 but

various other annotations were also found, including

gating,35 flexibility,36 sensors and proton transfer,37 see

Table IV. The role of Proline is often described to provide

flexibility for conformational changes during the transport

cycle of polar substances through the membrane. Most

functionally annotated polar residues are buried, as in

the voltage sensor domain of the potassium channel,

Figure 5(A). However, some were partly exposed to large

internal channels, Figure 5(B) and in a majority of these

residues the actual polar group was exposed to small

cavities, see Figure 5(C).

A relatively large fraction of proteins in the structural

dataset are involved in photosynthesis or a part of the re-

spiratory electron transport chain. These proteins have dis-

tinct structural and functional features compared to other

membrane proteins. To some extent, these structures can

be described as cages whose main function is to orient the

prosthetic groups correctly, and in many cases, to power a

proton pump using the energy from oxidoreduction or

photosynthesis. The total number of histidines in mem-

brane core is significantly higher in photosynthetic pro-

teins than in other membrane proteins (4.7% vs. 1.6%,

Fisher’s exact test P < 4 * 10211) and histidines are over-

represented also in oxidoreductases from respiration, see

Table II. Accordingly, a large number of functionally im-

portant histidines that bind heme or chlorophyll exist in

these proteins,43,44,53 Figure 5(D).

Table III
Predicted Incidence of Polar Residues (D, E, K, R, H, N, P and Q) in Membrane Core of Human Membrane Proteins

Main group Sub group #Chains #TMs %D %E %K %R %H %N %P %Q %All

All 5737 3.8 0.7 0.7 0.4 0.6 0.8 1.5 2.3 0.9 7.7
Enzymes All 532 2.7 0.4 0.6 0.5 0.7 0.9 0.9 2.1 0.8 7.1

Hydrolases 181 2.1 0.5 0.3 0.3 0.9 0.5 0.5 2.4 0.7 6.1
Isomerases 8 2.6 0.7 0.7 0.4 0.7 1.5 1.1 1.8 0.0 6.9
Ligases 7 1.3 0.6 1.3 0.6 0.6 1.3 1.3 1.9 1.3 9.0
Lyases 17 6.9 0.3 0.9 0.6 0.3 1.0 1.3 1.0 1.1 6.5
Oxidoreductases 126 2.7 0.4 0.9 0.6 0.8 1.1 1.3 2.6 0.6 8.2
Transferases 193 2.8 0.3 0.5 0.5 0.7 1.1 0.9 1.9 1.1 7.1

Transporters All 817 7.7 0.7 0.8 0.4 0.7 0.5 1.5 2.2 1.0 7.7
Active transporters 81 9.8 0.7 0.8 0.5 0.6 0.6 1.4 2.9 1.6 9.0
Auxiliary transport unit 42 3.6 0.1 0.7 0.4 0.5 0.5 0.9 1.4 1.0 5.5
Channels 246 6.4 1.1 1.1 0.5 0.7 0.4 1.9 1.5 0.7 7.9
Potential driven (SLC) 393 9.1 0.5 0.6 0.4 0.7 0.4 1.3 2.4 1.0 7.3
Others 55 3.9 0.3 0.4 0.7 1.0 1.0 0.7 1.7 1.3 7.0

Receptors All 1350 5.0 0.9 0.7 0.3 0.5 1.1 2.1 2.6 0.8 8.9
GPCR 899 6.7 1.0 0.7 0.3 0.5 1.2 2.3 2.6 0.8 9.4
IG 149 1.2 0.1 0.3 0.3 0.4 0.2 0.2 2.5 0.2 4.3
Kinase 72 1.7 1.4 0.9 0.1 0.5 0.2 0.1 2.1 0.5 5.8
SCAR 63 1.3 0.0 0.2 0.3 0.5 0.1 0.3 1.0 0.2 2.7
Others 167 2.1 0.4 0.3 0.4 0.7 0.7 0.5 2.2 0.6 5.7

Miscellaneous All 684 2.5 0.1 0.7 0.3 0.6 0.7 1.0 1.6 0.8 5.8
Ligand 57 1.6 0.0 0.1 0.1 0.7 0.1 0.9 1.6 0.3 3.8
Other 271 2.5 0.1 0.8 0.3 0.6 0.6 1.0 1.6 1.0 6.0
Structural And Adhesion 187 2.1 0.1 0.7 0.2 1.2 0.2 0.6 1.3 0.9 5.3
Unknown 169 3.2 0.2 0.7 0.4 0.3 1.2 1.1 1.7 0.8 6.4

Unclassified All 2354 2.3 0.5 0.6 0.4 0.7 0.8 0.9 2.2 0.8 6.7

Average number of polypeptide chains and transmembrane regions (TMs), as well as the fraction of polar residues is shown for different functional groups. All values

that are significantly (P < 1025) diverging from the average are marked in bold.
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Table IV
Functionally Important (according to literature annotations) Polar Residues (D,E,K,R,H,N,Q,P) within the Membrane Core and Depicted by

Authors to be Directly Involved in the Function

Group Protein name PDB id Residue function Residues

Oxidoreductases
from respiration

Formate dehydrogenase38 1kqfC Heme binding H57, H155
Cytochrome bc139 1pp9P Heme binding H97, H196

Substrate binding D228
Respiratory Nitrate Reductase40 1q16C Heme binding H56, H66, H187
Mitoch. Cytochrome c oxidase41,42 1v55A Heme binding H61, H376, H378

CuB binding/Proton pathway H240
Proton pathway E242, K319, H413

Succinate dehydrogenase43 1yq3C Heme binding H98
1yq3D Heme binding H46

Fumarate reductase44,45 2bs2C Heme binding H44, H143, H182
Coupling E180

Other enzymes Glutathione S-transferase 146 2h8aA Catalytic E80
Protease glpG47,48 2ic8A Catalytic H150, H254

Gating H145, N154
Metallo protease S2P49 3b4rB Catalytic H54, E55, N140, D148

Photosynthesis Photosystem I50 1jb0A Chlorophyll binding N604, H680
Chlorophyll binding H76, H79, H199, H200, H313, H396

H397, H443, H454, H540, H547, H734
1jb0L Chlorophyll binding E49, H54

Light harvesting complex LH251 1nkzA Chlorophyll binding H31
1nkzB Chlorophyll binding H30

Photosynthetic reaction center52 1rzhL Chlorophyll binding H173
1rzhM Chlorophyll binding H202

Photosystem II53 2axtA Chlorophyll binding H118, H198
2axtB Chlorophyll binding H23, H26, H100, H142, H201,H202, H455, H466
2axtC Chlorophyll binding H53, H56, H118, H164, H251, H430, H441
2axtD Chlorophyll binding H117, H197
2axtE Heme binding H23

Light harvesting complex II54 2bhwA Chlorophyll binding H68, E139, N183
Active transport Bacteriorhodopsin55 1m0lA Proton pathway R82, D85, D212

Retinal binding K216
Preprotein translocase SecY56 1rh5A Gating E122, N268
P-type Ca21 ATPase34,57 1wpgA Ion binding N768, E771, N796, D800, D908

Gating/Ion binding E309
Flexibility P308

V-type Na1 ATPase58 2bl2A Ion binding Q65, Q110, E139
Molybdate transp. ModC (ABC)59 2onkC Gating P94, P98, R195, E199
Maltose transporter Malf (ABC)60 2r6gF Substrate binding N376, N437

Potential driven transport Mitoch. ATP/ADP carrier32 1okcA Substrate binding K22, R79, R187, R279
Gating R137

Glycerol-3-P transporter GlpT61–63 1pw4A Substrate binding R45, K80, H165, R269
Flexibility P172 P364

Na1/H1 antiporter I NhaA64 1zcdA Ion binding D163, D164
Flexibility P129, P265

Leu transporter LeuT35 2a65A Ion binding N27, N286
Gating R30, Q250, E290, D404

Lactose permease36 2cfqA Proton pathway R302, H322, E325
Coupling E269
Flexibility P28, P123, P327

Multidrug transporter EmrD65 2gfpA Proton pathway E227
Multidrug transporter AcrB37 2gifB Proton pathway D407, D408, K940
Glu transporter homolog33 2nwlA Substrate binding D394, R397, N401

Ion binding D405
Channels Clc chloride channel66 1otsA Gating E148

Aquaporin Aqpm67,68 2f2bA Selectivity N82, N199,R202
Acid sensing ion channel69,70 2qtsB Ion binding D433
Voltage gated K1 channel71 2r9rB Voltage sensing R293, R296, R299, K302
Cor A Mg21 transporter72 2bbjA Flexibility P303

Unclassified transp. Mg21 transporter MgtE73 2yvxA Ion binding N329, N332, D432
Receptors Beta2-adrenergic receptor (GPCR)28,74 2rh1A Substrate binding D113, N312

Flexibility/Regulation N51,D79,N322
Flexibility P88, P211, P288

T cell receptor dimeris. domain75 2hacA Dimerisation D6

Buried residues (accessibility < 25 %) that have polar group next to the internal cavity are shown as bold. Buried residues with polar group next to membrane are

shown as italic. Exposed residues (accessibility > 25 %) are underlined. Histidines are highlighted in gray.
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Finally, it should not be forgotten that residues that

appear not to be directly involved in the function might

have important structural roles. They may, for example,

stabilize functional residues, Figure 5(E), form polar inte-

riors of the channels, Figure 5(B), or anchor TM regions

to the membrane with long charged sidechains that can

snorkel to the water–lipid interface, Figure 5(F). Further,

helix-breaking prolines can bring mainchain polar groups

into use,6 as for example in aquaporin.67,68

In addition to the literature analysis of functionally

annotated polar residues, a semi-manual classification of

the microenvironment, interactions, and functional impor-

tance was performed for all 545 strongly polar residues in

our dataset. The full data are available as Supporting In-

formation and a summary is presented in Table V. All resi-

dues were placed in one out of six microenvironments:

exposed to cavity; buried, polar group toward cavity; bur-

ied; buried, polar group toward membrane; exposed to

the membrane; and polar group near the interface. In

addition, the functional annotation from the literature

analysis and a classification if the polar group had a

proper binding partner present was included in the analy-

sis. The roles of Histidines and Prolines is quite different

from the other residues, and it was found that they had

other environmental preferences than the other residues.

As mentioned above, most of the polar groups are buried

in the protein and, in particular, many (60%) of the polar

groups in D, E, K, R, Q, N are lining an internal cavity, and

�40% of such residues have been annotated to be directly

involved in function. The cavity exposed polar residues

mainly create surfaces for water filled cavities, and about one

fifth of these have been annotated to be functional. In con-

trast, many of the histidines are fully buried as they are in

contact with prosthetic groups. It is also clear that very high

fraction (�70%) of the histidines has been annotated in the

literature as functionally important. A large fraction of the

kinks introduced by prolines induce membrane exposed

main chain carbonyls. Most probably the reason for this is

that flexible hinges are needed in all parts of the structure

and they cannot all be hidden from the membrane core.

Finally, membrane exposed polar groups are rare (<10%)

and only seldom annotated to be functionally important

(only three examples were found). However, it would be

surpising if such destabilising residues exist without a clear

functional role, so their roles remain unexplained.

CONCLUSIONS

Here, we have characterized the role of polar residues

within a-helical membrane proteins. These residues con-

stitute as much as 9% of all residues in the membrane

core of alpha-helical membrane protein structures, and a

similar fraction is predicted to exist within all membrane

proteins of the human genome. Frequently, the polar

groups form hydrogen bonds with water or border

internal cavities. In general, it can be said that the envi-

ronment that surrounds strongly polar residues in the

membrane core resembles the environment that surround

strongly polar residues in the interior of soluble proteins.

Further, it was found that the N-terminal TM-region

contains on average less polar residues than subsequent

regions. Also, predictions concluded that G-Protein

Coupled Receptors and active transporters contain more

polar residues than other membrane proteins. This could

partly be explained by their functional importance in

these protein groups.

Figure 5
A: A salt bridge in the voltage sensor domain of the potassium channel

(2r9rB) between two charged residues (E226, R299).71 B: The large

functional channel of the ATP carrier protein (1okcA) with many

charged residues (K22, E29, R79, D134, D137, R187, D231, R279) lining

the inside of the channel entrance.32 C: A buried glutamate (E908) in

calcium ATPase (1wpgA) with carboxylate group exposed to a small

cavity.34; D: Two Histidines (H66, H187) in the respiratory nitrate

reductase (1q16C) binding a co-factor.40 E: A carboxylate group in

aquaporin (2f2bA) in a glutamate (D11) that serves to stabilize a coil

segment that lines the functional pore.67 F: A lipid exposed arginine

(R63) in calcium ATPase (1wpgA) with a charged group snorkeling to

the water–lipid interface region.34
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Polar residues are unfavorable in the hydrophobic

membrane core.14 Further, functionally important resi-

dues can contribute unfavorably to the stability of the

native state76,77 and are evolutionary conserved. In

agreement with these ideas, polar residues in the core are

in general more conserved than other residues. The con-

servation can partly be explained by their tendency to be

buried in the protein interior but is also in many cases

due to do the direct involvement in the function of the

protein. The polar residues perform various functions,

including binding, transport, catalysis, gating, and pro-

viding flexibility. Heme and chlorophyll are mainly

bound by histidines, while flexibility is often provided by

prolines. We have previously shown that deep core coils

in membrane proteins are irregular structures within the

membrane that frequently are coupled with functional

importance.6 Polar residues in the membrane core are

examples of structural elements that are important for

the function of alpha-helical membrane proteins.

METHODS

Dataset

136 a-helical TM protein structures containing 601

polypeptide chains with TM segments from OPM78 was

downloaded in April 2008. Poly-alanine chains, theoreti-

cal models and obsolete entries (as defined by pdb) were

excluded. In addition, poor quality structures were

removed from this dataset. These were: fragments of full

chain structures (1D6G, 1ORS, 2AHY, 1R3J, 1S5H), very

low-resolution structures (>4.2 Å, 1IFK), miss-folded

structures (1ORQ and 2A01) and proteins with mem-

brane border boundary errors (2QFI) or problems in ge-

ometry (1YEW).

Uniprot sequences corresponding to the remaining

sequences were used to search for homologs by running

three rounds of PSI-Blast79 using a conservative E-value

cutoff of 1025 against uniref9080 from November 2007.

Chains with less than four identified homologs, mostly

consisting of short transmembrane proteins, were

removed in a second filtering step. Thereafter, the struc-

ture of highest resolution from each superfamily was

chosen as representatives. Finally, cd-hit81 was used for

homology reduction at 40% sequence identity, leaving 85

chains from 59 structures.

General analysis

As in our previous studies,4–6 all proteins were ori-

ented so that the predicted membrane core was located

at the X-Y plane, thus the proteins could easily be stud-

ied as a function of the Z-coordinate. Using the defini-

tion from our study of deep core coils,6 the OPM

method, which is based on energetic calculations, was

Table V
Micronvironments for Polar Groups within the Membrane Core

Environment D E K R N Q H P All

Number of residues in each environment
All 46 42 35 49 86 47 91 149 545
Exposed to cavity 12 3 8 7 12 5 4 4 55
Buried, polar group toward cavity 23 21 10 21 46 18 25 36 200
Buried, polar group buried 3 10 4 2 8 12 50 31 120
Buried, polar group toward membrane 3 5 0 1 2 1 3 23 38
Exposed to membrane 0 1 2 4 6 3 5 32 53
Near the interface 5 2 11 14 12 6 4 23 77

Percentage functional residues
All 37% 40% 17% 31% 22% 6% 68% 9% 28%
Exposed to cavity 25% 33% 25% 43% 8% 0% 25% 25% 22%
Buried, polar group toward cavity 57% 52% 40% 48% 37% 0% 60% 17% 38%
Buried, polar group buried 0% 40% 0% 100% 12% 17% 92% 6% 48%
Buried, polar group toward membrane 33% 20% 0% 0% 0% 100% 0% 13% 16%
Exposed to membrane 0% 0% 0% 0% 0% 0% 0% 6% 4%
Near the interface 0% 0% 0% 0% 0% 0% 0% 0% 0%

Percentage residues without proper binding partners
All 7% 7% 6% 4% 10% 19% 9% 46% 19%
Exposed to cavity 0% 0% 0% 0% 0% 0% 0% 0% 0%
Buried, polar group toward cavity 0% 5% 10% 0% 7% 6% 4% 25% 8%
Buried, polar group buried 33% 0% 0% 0% 25% 25% 2% 55% 20%
Buried, polar group toward membrane 67% 20% 0% 0% 0% 0% 67% 74% 58%
Exposed to membrane 0% 100% 50% 50% 67% 100% 80% 75% 74%
Near the interface 0% 0% 0% 0% 0% 0% 0% 4% 1%

The top part of the table lists the number of residues of each type in each microenvironment. The second section lists the fraction of residues in of a particular type that was found

to be functional in this microenvironment. The third section lists the fraction of residues without a proper binding partner present in the structure. To take the focus away from

fractions that are based on less than 10 data points these are shown in a smaller font. It should be noted that assignment of functions is dependent from authors of original papers.

In particularly, many conserved prolines probably playing role for flexibility were not noted in literature and thus not included here. In contrast, residues binding prosthetic groups

(mainly histidines) could be reliably picked from structures and thus they have most complete classification. This biases the statistics for functional importance.
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used to define the orientation.78 The Z-coordinates were

used to classify all residues into three main groups: glob-

ular (Z > 22Å), lipid–water interface (10 Å < Z < 22

Å), and membrane core (Z < 10Å). The final dataset

contained 21,264 residues, with 5,487 in the core, 6,945

in the lipid–water interface, and 8,832 outside the mem-

brane region. The residues were grouped by hydropho-

bicity15 into hydrophobic [A, C, F, I, L, M and V],

weakly polar [G, Y, W, S and T] and strongly polar [D,

E, K, R, H, N, P and Q]. This resulted in 545 strongly

polar residues in the membrane core.

The functional classification of the proteins in this

study was mainly based on the enzyme (EC) and trans-

porter (TC) classification systems. The information was

extracted from PDB82 and TCDB,83 respectively. As the

majority of enzymes were oxidoreductases involved in

respiration, they were grouped as a separate class in

order not to bias the enzyme group. Further, photosyn-

thesis related–proteins were grouped together as they

have many common features in their structure and func-

tion. Remaining proteins were assigned as receptors or

others based on PDBsum.84

The amino acid substitution rates were estimated as

described in,6 by using the PSI-BLAST derived multiple

sequence alignments (mentioned above) as input to

rate4site.85 The residue values from rate4site were nor-

malized for each protein.

Surface accessibility was calculated by Naccess 2.1.186

with probe size 1.4 Å, corresponding to the size of water,

over the whole structure. The relative accessible surface

area (RSA) was obtained directly from Naccess, where the

accessible surface area of a residue is normalized by an

extended Ala-X-Ala tri-peptide conformation. The mean

relative surface accessibility was then 30.8, with 24.9 in the

core, 31.6 in the lipid–water interface, and 34.1 outside the

membrane. All residues exposed to less than 25% were

referred to as buried and all others as exposed.

Atom–atom distances for all pairs within 6 Å were cal-

culated using the program contact from the CCP4 6.0

package87 with following settings: mode ALL, limits 0

and 6 Å. For each polar atom in the sidechain of stand-

ard residues, the closest polar atom within 3.6 Å was

selected. No angle restraints were used. All atoms except

C, H, and S were defined as polar atoms. However, here

Cys residues were considered as polar, if they do not par-

ticipate in disulphide bonds. Polar atoms without an

interaction partner were classified as putative solvent.

Functional annotations

A ‘‘key reference’’ article was selected for each of the

59 protein structures according to recommendations by

PDBsum.84 For several proteins, the literature study was

extended by including articles of earlier structures and

recent reviews. Functional importance was assigned to

residues that were depicted by authors to be directly

involved in the function or to the ones that bind key

part of prosthetic groups. Residues that ‘‘only’’ stabilize

structure of active site or form polar inner surfaces were

not assigned as directly functional.

Assignment of local environment

As described above, all residues exposed to less than

25% were referred to as buried and all others as exposed.

In addition to that the local environment around the polar

residues in the membrane core were assigned based on vis-

ual inspection of the structures. The polar groups were

defined as cavity exposed, if at least one polar atom of the

residue was in contact with at least one water or at least

one polar atom is located next to the cavity. Similarly, po-

lar residues were defined to not have proper bonding part-

ners, if at least one polar atom was not having polar con-

tact nor lining a water filled cavity. For prolines unpaired

mainchain carbonyls were defined as its ‘‘polar groups.’’

Predictions in human membrane proteins

The sequences and functional classification of all

human membrane proteins were obtained from Almen

et al. (2009).88 Homolog identification were performed

by blast and conservation analysis with rate4site with

same parameters as given for the OPM-dataset. Zpred24

was used to predict the distance from membrane core

and the number of TMs was estimated using octopus.89

Accessibility was predicted by MPRAP.26 For calculation

of accuracy and MCC values the following assignments

were used: true positives have Z-coordinate <5 10 and

Zpred <5 10, false positives have Z-coordinate > 10

and Zpred <5 10, true negatives have Z-coordinate > 10

and Zpred > 10 and false negatives have Z-coordinate <5
10 and Zpred > 10. P-values for over-representation of

polar rich proteins were calculated using Fisher’s exact

test in R.90

Data analysis and visualization

The molecular illustrations were created with PyMol

(DeLano, W.L. The PyMOL Molecular Graphics System

(2002) DeLano Scientific, Palo Alto, CA, USA). The remain-

ing figures as well as the statistical tests were generated in R.90
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