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The transmembrane parts of 16 porins of known structure were precisely annotated using Gar-

lic, the membrane protein visualization program. Transmembrane preferences were obtained

for 20 standard amino acids. The statistical data were combined with experimental knowledge

about porin insertion to prepare the model of porin insertion into the outer membrane.
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INTRODUCTION

The outer membrane of Gram-negative bacteria is rich

in porins and adhesins, the � barrel-forming integral

membrane proteins. Barrel-forming proteins are interest-

ing as channels for drug delivery into bacterial cells, as

possible targets for blocking of uptake channels which

may lead to bacterial cell starvation and as templates

for design of artificial membrane channels. Artificial �-

barrel proteins may even find applications in material

science, for example, to control the enzyme reaction

kinetics.

Porins are inserted from the periplasmic space to the

outer membrane, with polar loops on the extracellular

side of the final structure. Up to now, the theoretical

model of porin insertion into membrane was not avail-

able. It was experimentally shown that spontaneous,

thermodynamically driven insertion of a small porin is

possible, without any protein insertion machinery.1

Currently, 16 different structures of bacterial porins

and adhesins have been experimentally solved and se-

quence databases, like PIR,2 already contain more than

thousand sequences which are annotated as belonging to

bacterial outer membranes. A waste amount of data

coming from genomic projects will significantly in-

crease the number of putative porins.

A number of secondary structure prediction servers3–7

may be found on the Internet with capability to predict

the secondary structure and topology of the helix-bundle

membrane proteins. However, most of these servers are

unable to recognize the �-barrel membrane proteins and

to distinguish them from soluble proteins, due to very

similar average hydrophobicities of porins and soluble

proteins.

Most of the existing protein secondary structure pre-

diction methods require a database of precisely annotated

sequences of experimentally solved porins. Transmem-

brane sequence fragments of porins are short, thus wrong

annotations of transmembrane portions of porins may

complicate both the prediction and the comparison of dif-

ferent prediction methods. Just nine residues in extented

conformation are enough to traverse the entire membrane

thickness. The lack of precise annotations is one of the

main reasons why the prediction methods for porins are
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much less developed than prediction methods for helix

bundle membrane proteins.

While transmembrane domains of helix-bundle pro-

teins contain at least 14 residues8 and typically about 20

residues, most of which are hydrophobic residues, the

hydrophobic core of the outer membrane of Gram-nega-

tive bacteria is sometimes spanned by just 7 residues.

Further, every second side chain in a strand which takes

part in a formation of the barrel wall is oriented toward

the barrel interior and thus not necessarily exposed to a

hydrophobic environment. For this reason, the average

hydrophobicity of transmembrane segments is not very

large and in some cases five consecutive polar residues

may be found in a transmembrane part of the barrel. For

example, the polar sequence motif SSRSR may be found

in the second strand of porin from Rhodobacter capsu-

latus.

In the previous work,9 a method for determination of

transmembrane portions of membrane proteins was de-

scribed. In this work, this method was applied to 16 non-

homologous, experimentally solved beta-barrel structures.

The annotated transmembrane regions were analyzed to

obtain the distribution of residues and residue prefer-

ences across the hydrophobic portion of the outer mem-

brane. The characteristic residue patterns were combined

with the experimental knowledge about insertion of po-

rins to prepare the theoretical model for insertion of po-

rin into the outer membrane.

METHODS

The Protein Data Bank10 (PDB) contains more than 40 struc-

tures of porins and barrel-forming adhesins. However, many

of these proteins are closely related, so the total number of

structures with low pairwise sequence identity is just 16.

Table I contains the list of useful porins and adhesins.11–26

All selected proteins are inserted from the periplasmic

space to the outer membrane. In other reviews,27,28 the al-

pha-hemolysin toxin was included in the list. In this work,

the alpha hemolysin was discarded for three reasons:

(i) This toxin is inserted into the membrane from the

extracellular side;

(ii) The composition of the membrane into which the

alpha-hemolysin inserts is different from the composition

of the outer membrane of Gram-negative bacteria;

(iii) While for the selected proteins a single polypep-

tide chain forms the �-barrel, the alpha hemolysin is a mul-

timeric proteins, consisting of seven equal chains.

At present, there is no detailed theoretical model for

porin insertion into the membrane. The precise information

about the transmembrane, extracellular and periplasmic por-

tions for a number of porins was used to build the theoretical

model of porin insertion. Some of the previous works18,27–29

with annotations of porin structures were based on subjec-

tive estimate of the transmembrane portion of porins.

In this work, a previously described method,9 imple-

mented in a molecular visualization program Garlic, was ap-

plied on a set of 16 selected porins, available from the Pro-

tein Data Bank. This data set was inspected twice. In the

first passage, the thickness of the hydrophobic part of the

outer membrane was estimated, based on a distance be-

tween two rings of aromatic residues, which are common

among porins. The value of 2 nm was found to be suitable

for the second passage.

In the second passage, the built-in command MEM-

BRANE was used to attach the membrane model to each

porin. The transmembrane parts of strands were carefully

inspected. For each porin, a separate spreadsheet was pre-

pared, listing the transmembrane portions, the periplasmic

loops and from three to seven residues on the extracellular

side from each strand.

As some extracellular loops and loops which are resid-

ing in barrel interior are quite long, only parts of these long

strands and loops were included (up to seven residues), to

preserve the clarity and to reduce the size of the schemes.

The complete extracellular loops may be easily obtained

from the protein sequences, because each scheme contains

both the residue name and serial number.

The most important difficulty in the assignment of porin

secondary structure comes from the fact that in almost every

porin, one side of the barrel consists of longer strands which

are usually highly ordered, while the other side consists of

shorter strands which are often distorted by �-bulges. Fur-

ther, the strands which make distorted part of the barrel wall

are also displaying a larger tilt angle. As a consequence, the

number of residues required to traverse the hydrophobic

part of the outer membrane is larger for distorted (shorter)

side of the barrel. While only seven residues are typically

required to traverse the hydrophobic part of the membrane
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TABLE I. Selected porins of known structure

PROTEIN SOURCE PDB

CODE

STRANDS

Porin Rhodobacter capsulatus 2POR 16

OmpF Escherichia coli 1OPF 16

Porin Rhodopseudomonas blastica 1PRN 16

OmpK36 Klebsiella pneumoniae 1OSM 16

Omp32 Comamomonas acidovorans 1E54 16

Maltoporin Escherichia coli 1MAL 18

ScrY Salmonella typhimurium 1A0S 18

OmpA Escherichia coli 1BXW 8

OmpX Escherichia coli 1QJ8 8

FhuA Escherichia coli 2FCP 22

FepA Escherichia coli 1FEP 22

FecA Escherichia coli 1KMO 22

OMPLA Escherichia coli 1QD5 12

OmpT Escherichia coli 1I78 10

OpcA Neisseria meningitidis 1K24 10

apoBtuB Escherichia coli 1NQE 22



on the ordered side of the barrel, on the other side eleven

residues are typically required.

As the output data were written to a rectangular scheme

(spreadsheet), with strands placed in vertical columns, it was

impossible to simultaneously align the aromatic residues in

the upper ring (extracellular side) and the aromatic residues

in the bottom ring of aromatic residues. For convenience,

only the top ring was properly aligned.

RESULTS AND DISCUSSION

Figure 1 shows the secondary structure and topology as-

signment for OmpA adhesin from Escherichia. This ex-

ample was chosen just because this protein is relatively

small; the assignments for all 16 proteins are too exten-

sive to be presented here. The complete data set may be

found on the web page: http://garlic.mefos.hr/porins in

two formats: .html and .xls (for downloading). Both ver-

sions are suitable for printing. Each barrel is »unwound«

and shown as a separate scheme. Transmembrane strands

are listed from right to left, with the periplasmic loops at

the bottom of each scheme and extracellular loops at the

top. Most of the extracellular loops are truncated to re-

tain the simplicity of the scheme. Cork regions and loops

which reside in the barrel interior are not shown.

The sequence numbers match the serial numbers in

the corresponding PDB entries. There are no deletions

and insertions: some serial numbers are missing and

some other serial numbers are used more than once be-

cause some of the original PDB files have homologous

numbering.

The inner leaflet of the outer membrane of Gram ne-

gative bacteria is made mostly of phospholipid molecules,

while the outer leaflet is made mostly of lipopolysaccha-

rides (LPS), The thick, horizontal blue line shows the

border between the hydrophobic core (hydrophobic tails

of fatty acids) and the polar part of the outer leaflet (po-

lar heads of fatty acids and polysaccharide chains). It is

assumed that this border is close to the upper ring of aro-

matic residues. Two such rings are characteristic for

porins: one on the extracellular (upper) side and another

one on the periplasmic (bottom) side.

The broken red line is drawn to distinguish side chains

which are outside the barrel from side chains which are

inside the barrel. The vertical red line to the right of the

residue name marks the side chain which points out-

wards.

A column of green rectangles is used to define the

positions of residues with respect to the border between

the hydrophobic core and the polar part of the outer leaf-

let. The waste majority of side chains at the position P0

is pointing inwards. The most frequent residues at the

position P–1 are aromatic residues. Note that positions of

sides chains with respect to hydrophobic/polar region

border are always listed in direction from the periplas-

mic side towards the extracellular side, though every se-

cond strands is pointing in the opposite direction.

Figure 2 shows the statistical overview for all 16

proteins, with a total of 252 strands. A total number of

side chains of each type was counted for 14 positions,

from P–7 to P6. The seleno-methionine, which was artifi-

cially introducted into some structures, was counted as

ordinary methionine. No other exotic residues were found.

The residues are sorted alphabetically (from top to bot-

tom). Some loops were too short to fill all 14 positions,

so there are some missing residues. The most frequent

residues at a given position are marked by yellow rect-

angles and other frequent residues are marked by green

rectangles. The most frequent residue in the transmem-

brane region if glycine.

The transmembrane strands are tilted with respect to

the barrel axis. A different tilt angle results in different
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Figure 1. The secondary structure and topology assignment for
OmpA from Escherichia coli. Residue numbers match the numbers
in the corresponding PDB entry (1BXW). Thick red line outlines the
transmembrane strands. The hydrophobic membrane core is below
the thick blue line, while the extracellular polar part of the membrane
is above this line. Residue positions relative to the border between
the hydrophobic core and polar region of the membrane are given
in green rectangles.



number of residues required to traverse the hydrophobic

core of the outer membrane. The most frequent residue

facing the membrane in the central region of the hydro-

phobic core (P–3 and P–5) is leucine; valine is also very

frequent. Closer to the edge of the hydrophobic core (P–1

and P–7), tyrosine is the most frequent residue exposed

to the membrane and other aromatic residues are also

frequent. Charged and zwitterion residues are very com-

mon at positions P1 and P3, which are exposed to the po-

lar part of the outer leaflet of the outer membrane.

Glycine is the most frequent or the second most fre-

quent residue at positions in the barrel interior, over the

entire length of barrel wall (P–6, P–4, P–2, P0, P2, P4, P6).

Most leucine and phenylalanine residues are located in

the hydrophobic part of the membrane and few of these

residues are found on the extracellular side. On the other

hand, alanine is found frequently on both sides of the

barrel wall, evenly distributed over the entire length of

the barrel. The only exception is position P1, which is re-

served for polar residues. Hydrophobic residues (except

glycine) are very rarely found at position P1.

The following sequence motifs should be the most

preferred transmembrane patterns in the region which is

covers the positions from P–5 to P–1:

�YWF�-x-�LV�,

�LV�-x-�YWF�,

�YWF�-x-�LV�-x-�LVAG� and

�LVAG�-x-�LV�-x-�YWF�.

The patterns are written using PROSITE notation30

and standard one letter codes. These patterns may be

found in all 16 selected porins of known 3D structure. In

the waste majority of cases, such patterns are found in

transmembrane strands, but it is interesting to note that

the same patterns may be found in cork regions and in

long extracellular loops. These loops are long enough to

cross the membrane as complete hairpins, each consist-

ing of two strands and one turn on the periplasmic side.

This lead to the hypothesis, that some of the extracellu-

lar loops and corks were part of the barrel in some early

stage of porin insertion. The subsequent rearrangement

of the inserted structure brought them to their final posi-

tion, outside of the barrel wall, reducing the barrel size.

A distribution of membrane-exposed side chains in

the transmembrane region shares some similarity with a

simple hydrophobic hexapeptide, acetyl-Trp-Leu5, which

was shown to insert spontaneously into lipid bilayer

membranes, forming �-sheet aggregates.31

In every porin, there are at least two strands which

have four hydrophobic side chains exposed to the hydro-

phobic core followed of preceded by two polar side

chains exposed to the polar part of the outer leaflet. In

this work, threonine is counted as hydrophobic when ex-

posed to the hydrophobic core. However, the same motif

may be found in corks or long extracellular loops, even

in the smallest proteins from the set of 16 proteins. This

explains the failure of simple secondary structure predic-

tion methods with porins, which consistently gave seri-

ous over-predictions.32

In a final conformation, every second side chain is

placed inside the barrel interior. Depending on the local

environment, these side chains may be exposed to the

polar environment or protected from polar molecules. It

is interesting to note, that positive side chains are rarely

found at position P–2, preferring positions P–4 and P–6.

On the other hand, negative side chains which are inside

the barrel are most frequently found at position P–2. Two

positive side chains, separated by a single residue, may

be found in each porin. This motif takes part in LPS

binding.33

If looking from the extracellular side, the hydropho-

bic core is traversed by a number of hairpins. Each hair-

pin is made of two strands and a single turn. The length

of a single hairpin may be calculated starting with the
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Figure 2. The number of residues
of a given type at 14 positions
(from P–7 to P6). Position P0 defines
the border between the hydropho-
bic core of the outer membrane
and the polar part of the outer
leaflet. Position P–7 is close to the
periplasmic space, while P6 is close
to the extracellular space. Some
strands were too short so there are
missing residues at positions close
to the edge.



residue at position P–1 from the first strand and ending

with the residue at the same position from the second

strand. As the first and the last strand from each struc-

ture are not involved in hairpins which have turns on peri-

plasmic side, the total number of hairpins from 16 struc-

tures is 110.

The shortest hairpin found in data set consists of 12

residues, while the longest consists of 31 residue. The

number of hairpins of a given length, for each possible

length between 12 and 31, is given in Table II. Most of

the hairpins have the length between 18 and 25 residues.

It is interesting to investigate the average hydropho-

bicity of a porin, using a simple rectangular sliding win-

dow of 18 residues. This window width is suitable for

most of the hairpins with turns on periplasmic side. The

experimental hydrophobicity scale, based on whole-resi-

due free energies of transfer from water to bilayer inter-

face, was chosen to calculate the average hydrophobicity

values.34

Figure 3 shows the average hydrophobicity for porin

from Rhodobacter capsulatus. Small arrows are used to

mark the positions of periplasmic turns in 3D structures.

There is strong experimental evidence that porins have

little ordered structure before insertion, thanks to the for-

mation of the complex with chaperones and lipopolysac-

charide molecules35. The sections of the unfolded chain

which favor spontaneous insertion into the bilayer inter-

face are visible as prominent peaks in Figure 3. There is

no need to make any assumptions about sided hydropho-

bicity to predict the position of most periplasmic turns,

using extremely simple model. This is valid for most po-

rins, except the largest (consisting of 22 strands).

Porin Insertion Model

It was proven that porins pass through the periplasm be-

fore insertion to the outer membrane.36 Experiments with

OmpA showed that insertion of this porin is a multi-step

proces, characterized by three partially inserted, mem-

brane-bound intermediates.37 The sequential insertion

(hairpin by hairpin) is not possible as a spontaneous pro-

cess, because this mechanism would require the translo-

cation of hydrogen bond donors and acceptors from po-

lar to hydrophobic environment.
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TABLE II. Hairpin lengths

Hairpin length �residues� Number of hairpins

12 2

13 0

14 1

15 1

16 3

17 0

18 12

19 13

20 6

21 15

22 6

23 15

24 5

25 13

26 1

27 7

28 3

29 6

30 0

31 1

TOTAL: 110

Figure 3. Average hydrophobicity for
porin from Rhodobacter capsulatus.
Black arrows are marking positions of
periplasmic turns in 3D structure. Res-
idue numbers of turn centers are writ-
ten above arrows. The sliding window
width was 18 residues.



Time-resolved distance determination by fluores-

cence quenching showed that the barrel forms as it is in-

serted.1 The �-sheet content increases as porin inserts

deeper into the membrane. In the final structure, the se-

quence stretches rich in polar residues will be placed on

the extracellular side. For example, a motif �RK�-x-�RK�

is very polar, so it is should be permanently screened from

the hydrophobic environment during the translocation

through the hydrophobic core. The following theoretical

model was designed to explain the insertion of porin into

the outer membrane (Figure 4):

(i) Porin approaches the outer membrane complexed

with other protein molecules (like Skp chaperone) and

LPS, in almost unfolded form. This assumption is based

on experimental evidence;35

(ii) The most hydrophobic loops are leading the in-

sertion of porin into polar bilayer interface. A ring of short,

hydrophobic loops forms around a molten disc. Some of

these loops (Figure 3) will play the role of periplasmic

loops in the final structure. For a typical porin, it is easy

to recognize these loops by drawing a simple average hy-

drophobicity plot, using a sliding window of seven resi-

dues. A shallow penetration of the most hydrophobic loops

corresponds to the second step of the multistep insertion

process experimentally discovered by Kleinschmidt et

al.;37

(iii) A shallow but wide barrel begins to form around

the molten disc, by establishment of hydrogen bonds be-

tween the hydrophobic loops, thus being suitable to pen-

etrate into the hydrophobic core. It was experimentally

shown that barrel formation is synchronized with inser-

tion;38

(iv) The barrel becomes deeper, penetrating further

into the hydrophobic core. During the insertion process,

the interstrand hydrogen bonds are created in the grow-

ing barrel wall. Free hydrogen bond donors and accep-

tors interact with solvent and neighboring side chains in-

side the barrel cavity, being protected from the hydro-

phobic core;

(v) The most polar loops migrate through the barrel

interior to the polar region of the outer leaflet. During the

entire insertion process, these loops are not exposed to the

hydrophobic core. This explains one of the most peculiar

facts about porins: porins may be spontaneously inserted

from the periplasmic side, yet the most polar parts of

porins are on the extracellular side of the final structure.

The migration of polar loops through the barrel interior is

consistent with the experimental facts that insertion is a

spontaneous, thermodynamically driven process,1 because

these loops are permanently screened from the hydropho-

bic core. The external migration will require some other

screening mechanism, like another protein;

(vi) Part of the barrel wall collapses, due to the sur-

face tension forces and thermal agitation. The net surface

tension forces may transiently become strong because

the barrel is open for a short period of time, allowing the

leakage of solvent. The strands which remain inside the

barrel wall form new hydrogen bonds, while the collaps-

ed loops interact with solvent molecules and polar side

chains in the barrel interior. The barrel becomes narrower

but the central opening is closed by one or more loops.

The breaking of hydrogen bonds which held collapsing

loops in the barrel wall is initiated on the periplasmic side.

The ends of collapsed loops are close to the extracellular

end of the barrel wall. It is important to note that most of

the loops in the barrel interior of experimentally solved

porins are long enough to fit into the barrel in a form of

two strands connected with a periplasmic turn. The same

is valid for many external occlusion loops.

The exposed model is consistent with the most in-

triguing facts about porins: spontaneous insertion with no

insertion machinery, presence of charged side chains and

very polar sequence stretches on the extracellular side of

the final structure and formation of secondary structure

during insertion.

It should be noted that glycine is very abundant on

the inner side of the barrel wal. It is generaly thought to

be a consequence of steric constraints, but in the model

exposed above glycine and other small residues are fa-
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Figure 4. Theoretical model of porin insertion.



vored because of flexibility, which allows sharp bending

of loops during barrel formation. It also explains why

beta-branched residues are rare in barrel interior, though

they are smaller than tyrosine, which plays important

role in the barrel interior of some porins. The model ex-

plains the failure of simple secondary structure predic-

tion methods with porins: the over-predictions and un-

der-predictions may be, in fact, correct predictions of a

transient state of the porin. The barrel rearrangement

causes some hairpins to be excluded from barrel walls

and some other hairpins to become partially rearranged.

The oligomerization may also induce some rearrange-

ment of the barrel.
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SA@ETAK

Ozna~avanje transmembranskih dijelova eksperimentalno rije{enih struktura
bakterijskih porina i adhezina

Damir Zuci}

Transmembranski dijelovi 16 porina poznate strukture precizno su ozna~eni pomo}u programa Garlic, na-
mijenjenog vizualizaciji membranskih proteina. Ispitane su transmembranske sklonosti 20 standardnih amino-
kiselina. Statisti~ki podaci kombinirani su s eksperimentalnim podacima o ugradnji porina, radi izrade modela
ugradnje porina u vanjsku membranu.
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