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Abstract: The recognition of S-barrel membrane proteins based on their sequence is more
challenging than the recognition of a-helical membrane proteins. This goal could benefit from a
better understanding of the physical determinants of transmembrane j-barrel structure. To that
end, we first extend the IMM1 implicit membrane model in a way that allows the modeling of
membrane proteins with an internal aqueous pore. The new model (IMM1-pore) gives stable
molecular dynamics trajectories for three S-barrel membrane proteins of different sizes and
negative water-to-membrane transfer energies of reasonable magnitude. It also discriminates
the correct fold for a pair of 10-stranded and 12-stranded transmembrane j-barrels. We then
consider a pair of g-barrel proteins: OmpA, which is a membrane S-barrel with hydrophobic
residues on the exterior and polar residues in the interior, and retinol binding protein, which is
a water soluble protein with polar residues on the exterior and hydrophobic residues in the
interior. By threading the sequence of one onto the structure of the other we make two pairs of
structures for each sequence, one native and the other a decoy, and evaluate their energy.
The energy function discriminates the correct structure. By decomposing the energy into residue
contributions we examine which features of each sequence make it fold into one or the other
structure. It is found that for the OmpA sequence the largest contribution to stability comes
from interactions between polar residues in the interior of the barrel. The major factor that
prevents the retinol binding protein sequence from adopting a transmembrane fold is the presence
of polar/charged residues at the edges of the putative transmembrane S-strands as well as the
less favorable interior polar residue interactions. These results could help design simplified scoring
functions for fold recognition and structure prediction of transmembrane S-barrels.

Introduction nutrients, energy dependent export of toxins, and cell
The known membrane protein structures belong to two adhesion.
categories: allo-helical and transmembrang-barrels Discriminating TMBBs from solublg-proteins based on

(TMBB). TMBBs occur in the outer membrane of Gram sequence is more challenging than discriminating helical
negative bacteria and presumably also of mitochondria andmembrane proteins because TMBBs lack the 20-residue
chloroplasts. They have from 8 to Z2strands (always an  hydrophobic stretches that characterize the latter. Early work
even number). Their N and C termini are on the periplasmic utilized the alternate hydrophobicity of TM strands®3
side and the loops on that side are short while those on thehowever, this approach gives a lot of false positives. Over
extracellular side can be very loAg-hese proteins perform  the past few years a number of bioinformatic approaches
a wide range of functions, such as allowing passive diffusion have been developed for the prediction and discrimination
of ions and hydrophilic molecules, specific import of of TMBBs based on either neural netwoti&’ or Hidden
Markov model$ 1! The accuracy of these methods is
* Corresponding author phone: (212)650-8364; fax: (212)650- typically around 80%. Wimle}¢ developed an empirical
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in TMBBS. Liu et al. attempted to discriminate TMBBs from combination of values for water and for cyclohexane (which
solubles sheet proteins based on their amino acid composi- models the nonpolar core of the membrane)

tion.13 Other methods utilize a wider variety of propertiés, o ofwat o chex
including the presence of a signal peptife. AGT(2)=HZ)AG™ ™+ (1 — f(2))AG™ 3)

While the above methods can be successful in recognizingwherez = |2l/(T/2) andT is the thickness of the nonpolar

a sequence as a TMBB or predicting the numper of strandsCore of the membrane. The functid(z) describes the

a_nd the_topology, they do not produce an atomlc—le_vel three'transition from one phase to the other:

dimensional model. The methods available for doing so are

homology modeling and fold recognition. Application of z"

homology modeling requires significant sequence identity f(z) = 1+ 2" (4)

between the sequence under investigation and a protein of

known structure, which is not often the case in TMBBs. Fold The exponent controls the steepness of the transition. A

recognition appears more promising for TMBBs because value of 10 gives a regiorf 6 A over which the environment

these proteins have a limited number of folds. goes from 90% nonpolar to 90% polar. The midpoint of the
The first goal of the present work was to develop an transition (.=O.5) corresponds to the hydrocarbon-polar

atomic-level energy function that can discriminate the native Neadgroup interface (roughly the level of the ester carbonyls

state of TMBBs. We do this by modification of IMM1, an I phqsphol|p|ds). The s’Frengthenmg of electr_o_stanc_ mtera_c-

implicit membrane effective energy function. IMM1 repre- tions in the mer_nbrane is effected by a modified dielectric

sents the membrane as a slab of nonpolar solvent. ByScreening function

embedding a cylinder of aqueous solvent into this slab we

created a function that can be applied to TMBBs. The second

goal was to use this energy function to obtain insights into wherer is the distance in A (but is dimensionless), ani

the determinants of TMBB structure, i.e., investigate the depends on the position of the interacting atoms with respect

features that make a certain sequence fold into a TMBB asto the membrane. Far from the membrafjés equal to 1,

opposed to a solub|@-protein. We do this by consideringa and we recover the linear distance-dependent dielectric

pair of 5-barrels of the same number of strands, one that is model. Forf; we employed the empirical model

a TMBB (OmpA) and another that is a soluhfebarrel

(retinol binding protein). We thread each sequence on the fi=a+(1-2a) i(z) f(z) (6)

structure of the other sequence, evaluate the energy, and . . .
examine which residues contribute most to the energy with a being an adjustable parameter. The vaiue 0.85

difference between the correct and the incorrect structure. V2> found to give membrane m;ernon or adsorption energies
of the expected order of magnitudfe.

To make IMML1 applicable to membrane proteins with
Methods aqueous channels we repldcim eq 3 and eq 6 by

e=r" )

IMM1-Pore. The origin of the energy function developed AG{E‘f z, ) =F(z, r')AG{Ef'Wat+ (1-F@Z,r) )AG{E‘W‘EX
here is EEF16 an effective energy function for soluble (1)
proteins Where

Weer, = E+ AG™ (1) F(Z, 1) =f(Z) + h(r') — fZ)h(r') (8)

mn
whereE is the intramolecular energy of the protein, given hiry=1- L r=rR, r=vVX+ v (9)
by a modified form of the CHARMM polar hydrogen force 1+

: v . .
field, andAG™" is the solvation free energy, given by whereR is the radius of the aqueous pore. The definition of

F ensures that = 0 whenf andh are zero andr = 1 when
AG™= ZAGiSN: ZAGimf B z zgi(rii)vj @) f, or h, or both of them are equal to 1. Figure 1 shows the
' ' v contour of the ling= = 0.5 on thexzplane. The same value
olv - _ L of nis used for bott andh, but that could be changed. The
whereAG™ is the solvation free energy of atomr; is code was implemented in the program CHARMM, version
the distance betweenandj, g; is the solvation free energy 3551
density ofi (a Gaussian function of;), V, is the volume of To test this energy function (IMM1-pore) we performed
atomj, andAGi”af is the solvation free energy of an isolated y,glecular dynamics (MD) simulations on the following
atom. In addition, EEF1 employs a distance—dependentproteins: OmpA (pdb code 1BXW), the translocator
dielectric constante=r in A) and a neutralized form of the domain of NalP (pdb code 1UYR), and FhuA (pdb code
ionic side chains. A more recent version with updated 1BY3?9). The extra Met residue at the N terminus of OmpA
parameters for the charged and polar side chains is referredyas omitted. The missing loop of NalP was built in an
to as EEFL.% arbitrary conformation. The paramefin eq 9 was set equal
IMML1 is a generalization of EEF1 appropriate for model- to the radius of the barrel at the level otiGtoms. In one
ing proteins in lipid bilayerd? In IMM1 AGi'ef is a linear case it was varied to identify the value that gives the lowest



718 J. Chem. Theory Comput., Vol. 1, No. 4, 2005

15 4 F=1

)

N {1 F=0 F=1 F=0

_

-15 4

T -
-5 5
X

_25 -15 15 25
Figure 1. The boundary between nonpolar and aqueous
regions in IMM1-pore (where F of eq 7 is equal to 0.5).

energy. All simulations proceeded with (a) generation of
hydrogen coordinates using HBUILD, (b) a 300-step ABNR
energy minimization, and (c) 1 ns MD simulation at 300 K
using SHAKE, the Verlet algorithm, and 2 fs time step. In
all cases the width of the membrari® (vas set to 26 A.
Generation of the DecoysTo investigate the features that
distinguish TMBBs from solublg-barrels we first identified

Lazaridis

The decoys were generated using the program MOD-
ELLER 7v72? The first hydrophobic residue of eagtstrand
of RBP was aligned with the same from OmpA. The
placement of the TM strands on RBP was adjusted slightly
to maximize the hydrophobicity of the lipid-exposed residues.
The final alignment is OMPA/RBP: 8/20, 38/39, 50/53, 78/
67, 92/82, 120/103, 136/116, and 161/131. The maximal
possible number of residues was aligned, and all insertions
and deletions were placed in the middle of the loops. The
MODELLER alignment files are given as Supporting
Information.

Results
MD Simulations and Membrane Insertion Energies of
TMBBs. Two criteria are used for testing the IMM1-pore
energy function. First, MD simulations of TMBBs should
give stable structures with small root-mean-square deviations
(RMSDs) from the experimental structure. Second, the
energy of insertion of a TMBB structure into the membrane
(W in the membrane- W of the same conformation in
water) should be negative.

The smallest TMBBs are 8-stranded. The best studied of
these is OmpA?8 The insertion energy of OmpA calculated
by the standard IMML1 is positive, due to the unfavorable

the closest possible water soluble analogue of OmpA, which change in solvation free energy of the polar and charged

seems to be retinol binding protein (RBP, pdb code 1ARB
This protein has @-strands and an additional helix at the C

residues in the interior of the barrel, which IMM1 treats as
nonpolar. As a result, upon MD with the standard IMM1

terminus (Figure 3). The structure is less regular than OmpA the protein moves out of the membrane. Using IMM1-pore,

(the strands are shorter and more bent). &hkelix was
omitted in this study, i.e., only residues—141 were
simulated. No disulfide bridges were built, to avoid having

the protein remains stably in the membrane. The energy in
the membrane depends on the valudraind is lowest for
R= 11 A, which is close to radius of the cylinder formed

different numbers of bonds in the native structure and the by the @5 atoms of the lipid-exposed residues. Using this

decoy.

value, the membrane insertion energy of the minimized

a) 1K24 (10 strands)
Wmin =-7371 kcal/mol
Wamin =-7771 keal/mol

b) IUYN (12 strands)
Win =-7702 kcal/mol
Witmin =-8002 kcal/mol

¢) 1K24on1UYN
Wmnin=-6961 kcal/mol
Wmin =-7624 kcal/mol

d) ITUYNonl1K24
Winin =-7236 kcal/mol
Wamin =-7864 kecal/mol

Figure 2. Native states and decoys for the fold recognition test: (a) native 1K24 (10 strands), (b) native 1UYN (12 strands), (c)
the sequence of 1K24 threaded onto the structure of LTUYN, and (d) the sequence of LUYN threaded onto the structure of 1K24.
The structures shown are after 50 ps dynamics and minimization. Wmin are energies after minimization and Wdmin are energies

after dynamics and minimization.
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\ ( a) OmpA

Wanin=-4765 keal/mol

b) RBP
Wmin=-4353 kecal/mol

.. ¢) OMPAonRBP
Wiin=-4460 kecal/mol

d) RBPonOMPA
Wnin=-4047 keal/mol

Figure 3. Native states and decoys: (a) native OmpA, (b) native RBP, (c) the sequence of OmpA threaded onto the structure
of RBP, and (d) the sequence of RBP threaded onto the structure of OmpA. Wmin are energies after minimization.

OmpA structure is—14 kcal/mol A 1 ns MD simulation Discrimination of TMBB Folds. Another important test
with the same value dR gave a backbone RMSD of 2.9 A of an effective energy function is whether it can discriminate
(0.63 A for the TM region only). These are comparable to the correct fold of a protein. For this test to be meaningful,
previous explicit solvent results. Simulations of OmpA in one has to be able to create good-quality decoys. In the case
an explicit lipid bilayer gave a € RMSD of abot 2 A for of TMBBS, the sequence and the template must be of similar
all residues and 0.75 A for the TM regi8hSomewhat larger  length, the lipid-exposed sides of gtstrands must be
deviations (3.8 A loops, 1.5 A TM region) were found in a hydrophobic, and the extramembranous portions must be
more recent simulation of spontaneous DPC micelle forma- plausible. One pair where these conditions are met is the
tion around OmpA&* A simulation of OmpX, another  10-stranded OpcA adhesin (pdb code 1K24) and the 12-
8-stranded TMBB, in water gave aliozi A RMSD for all stranded NalP (pdb code 1UYN, without the internal helix).
Ca atoms and abdul A for the TM regior?® The 1 ns To convert OpcA into a 12-stranded TMBB we looked
simulation of OmpA with IMM1-pore took 12.2 CPU h on for two additional plausible TNS-strands, i.e., 10-residue
a 3GHz Xeon processor. This is about 20 times faster thanstretches with good one-sided hydrophobicity. The best were
the explicit solvent simulations of Ompk. found in the long loop between strands 3 and 4. The lipid-

The translocator domain of the bacterial autotransporter exposed residues on these two additional TM strands were
NalP is a TMBB with 125-strands. It has been crystallized N, I, L, T, Eand K, V, L, T, and V. The Lys and Glu fall
with an a-helix inside the lumen of the barrl.The helix on the edge of the membrane, which is commonly observed.
was omitted from this studyA 1 ns MD simulation of this The two threonines are unfavorable in the hydrophobic core
TMBB gave a backbone RMSD of 1.9 A for the TM region. of a membrane but not excessively so. To convert NalP into
The RMSD including the mobile loops was 4.2 A (3.4 A a 10-stranded TMBB we removed the last two TM strands
excluding the missing loop that was built in an arbitrary and built them into an extramembranaudelix (when left
conformation). The membrane insertion energy for the unfolded, the effective energy was somewhat higher). Three-
minimized structure after dynamics wasdl5 kcal/mol. dimensional models for the decoys were built using MOD-

A much larger TMBB is the FhuA receptor (pdb code ELLER. The decoys and the native structures were energy-
1BY3), which has 695 residues, 22 strands, and an N- minimized and then subjected to a short (50-ps) MD
terminal domain inside thg-barrel A 1 ns MD simulation simulation.R was 11 A for the 10-stranded structures and
of this system witlR = 25 A gave overall backbone RMSD 12 A for the 12-stranded structures.
3.9 A. The backbone RMSD of the N-terminal domain alone  Figure 2 shows the native and decoy structures after MD
was 3.4 A and that of the Ti-barrel region 2.1 A. For the  and minimization together with their energies after minimi-
final minimized structure, the optim& is 28 A and for that zation or after MBFminimization. They all remained folded
value of R the membrane insertion energy-igt kcal/mol. in the membrane. Both the minimized and Mbinimized

In summary, IMM1-pore shows the desired behavior: energies clearly discriminate the correct fold.
stable MD simulations, modest RMSDs, and favorable = OmpA vs Retinol Binding Protein. Understanding of the
membrane insertion energies for TMBBs of different sizes. sequence features that dictate the formation of a TMBB could
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be enhanced by comparison of sequences that form TMBBsTable 1. Contributions of Selected Residues to the

and sequences of similar length that form solyblearrels. Difference in Effective Energy Going from Native to Decoy
TMBBs have nonpolar residues on the exterior and a mixture for the OmpA Sequence (kcal/mol)?

of polar and nonpolar residues in the interior. The opposite SELF INTE GREF total type
is true for water-solublgg-barrels. For O_mpA .the_ closest OTHR 152 75 6.4 0.0 140

water soluble analogue seems to be retinol binding protein ,qy 145 26 0.2 98 70 E
(RBP). It forms an eight-strande@-barrel and has an LYS 12  -03 01 04 —08 |
additional helix attached on the exterior of the battdh ASP 56  -0.8 35 01 27 |
this work the helix was omitted. The first hydrophobic | gy 83 0.3 4.0 27 7.0 E
residue on eacfi-strand of RBP was approximately aligned  GLN 78 2.0 6.4 -0.7 7.7 I
with the first hydrophobic residue on each strand of OmpA. GLN 142 0.5 9.2 0.0 9.6 I
The alignment was provided to the program MODELLER TYR 55 5.1 7.1 -15 10.7 E
to create two decoys: one for the sequence of OmpA total 81.2 2515  -27.8 305
adopting the structure of RBP (OMPAonRBP) and the other E 45.4 48.4 11.4 105

for the sequence of RBP adopting the structure of OmpA ! 382 1223 =257 135
(RBPoNnOMPA). The energetics of the decoys was then L —2.4 808  —135 65

compared to the energetics of the native structure for each #E and I denote barrel residues facing the lipid and the interior,

sequence. The membrane-embedded forms (OmpA anorespectlvely. All qtheljs are loop (L) residues. These va_lues are based
. . on the energy-minimized structures. A complete version of this table

RBPonOMPA) were simulated with IMMl—port_a and the g given as Supporting Information.

water soluble forms (RBP and OMPAonRBP) with EEF1.1 o )

(which is equivalent to IMM1-pore far from the membrane). 7able 2. Contributions of Selected Residues to the

Native RBP gave a backbone RMSD of 2.65 A upon 1 ns Difference in Effective Energy Going from Native to Decoy
MD simulation with EEF1.1. for the RBP Sequence (kcal/mol)2

SELF INTE GREF total type

Figure 3 shows the decoys and the native structures. The

loops in OMPAoONRBP are clearly longer than those of a ASN 66 -1.8  -10.0 00 -118 [
typical globular protein. In contrast, the loops of RB- ASP 131 05 22 4.5 7.2 E
PonOMPA are a bit too tight. The minimized energies are PHE 20 4.1 9.0 2.8 7.7 E
shown in Figure 3. The native structures clearly have much TRP 24 0.4 6.5 10 7.9 E
lower energy than the decoys. The energy difference between LYS 30 25 4.4 6.2 81 E
natives and decoys may be exaggerated because the decoy4SP 39 Lo =3l 127 107 E
are generated by an imperfect modeling procedure and may AP~ %6~ -18 =30 173 125 E
be unrefined compared to actual, crystallographic protein ARG 139 —26 5 222 271 E
structures, especially in the loop regions. To examine the total :1‘11'3 1:?2 1322 igg

impact of this we made a model for OmpA based on the 35 112 386 a1

structure of another 8-stranded TMBB, NspA (pdb code | 68 1103 19.6 123

1P4T). The energy of the model-4613 kcal/mol) was - - — —

. . . aE and | denote barrel residues facing the lipid and the interior,
higher than that of native OmpA but still much lower than  respectively. All others are loop (L) residues. These values are based
the energy of the soluble decoy4460 kcal/mol). on the energy-minimized structures. A complete version of this table

Unconstrained MD simulations of the decoys gave large 'S 91Vén as Supporting Information.
RMSDs from the initial structure. RBPonOMPA moved of the system. In practice, it is more convenient to include
completely out of the membrane in 0.5 ns and gave a desolvation effects in the pairwise interactions. In that case,
backbone RMSD of 10.5 A. OMPAonRBP gave a backbone the third term is theeferencesolvation free energies of all
RMSD of 6.1 A. The final energies after dynamics were still the atoms in the residue (GREF). The latter make a
higher than the energy of the native structure subjected to contribution when membrane proteins are considered because
the same simulation protocol. the reference solvation free energies are not constant (see

Having confirmed that the IMM1-pore energy function eq 7). This term accounts for the change in background
discriminates the correct structure for the OmpA and the RBP environment. The residues are split into three categories:
sequences, we proceed to analyze the contributions to theexterior (E, facing the lipid), interior (I, facing the aqueous
observed energy difference. The energy function, like its pore), and loops (L). The contribution of each category is
predecessors EEF1 and IMM1, is pairwise additive. There- also reported. For this analysis the minimized structures were
fore, one can decompose the total energy into contributionsused because the decoys are unstable upon MD simulations.
from atoms, residues, or groups of residues. Here we consider Tables 1 and 2 show the contributions of selected residues
residue contributions, including both side chain and backboneto the AW for the two sequences (the results for all residues
atoms. The contribution of a residue to the effective energy are given as Supporting Information). The contributions are
is equal to the sum of three terms: the intraresidue energysorted from negative (favoring the decoy) to positive
(SELF), one-half of the interaction energy of the residue with (favoring the native structure). For the OmpA sequence the
all other residues (INTE), and the solvation free energy of largest contributions come from the | residues, then the E
all atoms in the residu®.The sum of the residue contribu- residues, and finally the loop residues. The | contribution
tions defined this way is equal to the total effective energy comes primarily from interactions and secondly from self-
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energy. The L contribution also comes primarily from makes it best for cylindrical molecules. Other pore shapes
interactions. Interactions and self-energy make equal con-could be accommodated by changing the definition of the
tributions for E residues, with a smaller contribution coming function h(r') in eq 9. For example, the pore cross section
from the change in environment (GREF). Overall, interac- could be made elliptical, or it could be made to vary along
tions make the largest contribution AV, followed by self- the z axis.
energy, while the change in environment favors the water  One limitation is that the aqueous pore is static. Therefore,
soluble decoy (polar residues are much “happier” in water). the energy function cannot be used to study, for example,
For the 1AQB sequence the largest contributions to concerted protein insertion and aqueous pore formation. This
discrimination come from the E residues, followed by the L problem could conceivably be addressed by making the pore
residues, with only a small contribution from the | residues. shape and size a dynamic variable in the MD simulation, in
The E contribution comes from interactions and change in much the same way as the piston in constant pressure
environment. The L contribution comes primarily from simulations’ or the titration variables in constant-pH simula-
interactions. The | contribution comes primarily from change tions?28
in environment. One important application of IMM1-pore stems from its
For a more in-depth analysis we can look at individual ability to discriminate the native state of TMBBs. Because
residue contributions. For the OmpA sequence, Tyr55 makesit is based on physics, it can be used to obtain insights into
the largest positive contribution, primarily because it hydro- the features that drive or do not drive protein sequences into
gen bonds to GIn75 in the native (N) structure and makes TMBB conformations. A first attempt to do so was made
no such interactions in the decoy. The value of this here by comparing OmpA with RBP. The major conclusions
contribution is probably exaggerated by the use of a single, from this comparison are the following:
energy-minimized conformation. A number of | residues (1) The interior residues make a significant contribution
make positive contributions because they lose favorable to TMBB stability by engaging in favorable interactions with
interactions from N to decoy. For example, GIn142 interacts other interior residues. This effect may be largest for small
with GIn78, Lys12, and Asp56 inside the pore in the N state parrels, where the interior residues are in contact with
but lacks such interactions in the decoy. Several E residuesresidues across the pore.
make positive contributions too, which come from a mixture (2 polar and charged residues at the edges of the exterior
of SELF, INTE, and GREF terms. For example, Leu83 10Ses face of the-strands destabilize the putative TMBB fold.
some backbone interactions because the BBReetis less oy the positively charged residues this effect will depend
regular at the edges. It also loses some GREF energy becausgy the nature of the lipids (zwitterionic or anionic).
it goes from a position exposed to lipid to a position thatis 1 resyits have implications for bioinformatic approaches

partly eqused to Wat.er (Fhere is a cavity in the_ interior of to TMBB structure prediction. Neural networks and Hidden
the barrel in RBP which is presumably filled with water). ;-4\ Models recognize amino acid composition and

The largest negative contriputions are frpm loop residues perhaps certain sequence patterns. Wimley's analysis of
that ha:pper;] to forhm better: mteractloni n tr;]eddecoy. lfor amino acid abundance at exterior and interior positions is
example, Thrl52 has a chance to make a hydrogen Ondessentially a one-body term. None of these approaches

with Asn14s Inb the qu(I)y but not 'Q the N ?tracture._ includes the effect of specific interactions between residues.
Asn145’s contribution is also negative because of change iny ,ohear that inclusion of a pairwise score (as, for example,

environment; it goes from the edge of the membrane 0 anj, oy ple protein structure predict®) should improve
aqueous environment. the discrimination.

For the RBP sequence, the largest positive contribution

comes from Arg139, primarily due to change in environment.  aAcknowledgment.  This work was supported by the
In the decoy Arg139 is close to the edge of the membrane, National Science Foundation (MCB-0316667). Some com-

whereas in the N structure it is exposed to water. Large pytational resources were provided by an RCMI grant from
positive contributions are made by other charged E residuesy|H (5612RR003060).

that are on the edge of the membrane (e.g. Asp126, Asp39,

Aspl31, and Lys30). Some nonpolar E residues, such as Supporting Information Available: MODELLER
Trp24 and Phe20, also make positive contributions becausealignment files and the complete versions of Tables 1 and
of favorable interactions in the soluble N state. Many of the 2. This material is available free of charge via the Internet
large negative contributions are from | residues that happenat http://pubs.acs.org.

to make good interactions in the TMBB decoy structure.
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