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Summary of proteins studied

Membrane proteins studied

TABLE 1
PDB ID Protein name # of res. cofactor/ligand present?
2BG9 SD of nicotinic acetylcholine receptor 91 no
1J4N SD of aquaporin water channel AQP1 116 no
1PY6SD SD of bacteriorhodopsin 123 yes
2BL2 SD of V-type Na+-ATPase 145 no
1RHZ SD of SecYE protein-conducting channel 166 no
1IWG SD of multidrug efux transporter 168 no
2IC8 GlpG 182 no
1PV6 SD of lactose permease transporter 190 no
1OCC SD of cytochrome C oxidase aa3 191 yes
1KPL SD of H+/Cl- exchange transporter 203 no
1QLA SD of fumarate reductase complex 217 yes
1PY6 Bacteriorhodopsin (full length) 227 yes
1U19 Rhodopsin 278 yes
2RH1 2-adrenergic GPCR 285 yes

For each membrane protein used in the study, the original PDB ID, protein name, length of subdomain simulated, and
information about the presence of cofactors/ligands present are included in the above table.
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Summary of structure prediction results - combinatorial extension alignments

Fig. 1. Summary of combinatorial extension (CE) alignments of high quality structures found during simulated annealing simulations to the corresponding experimentally

determined structure from the PDB. The CE score indicates the root-mean-square-deviation of the simulated structure from the experimentally determined structure (y-axis)

over a fraction of the protein that could be aligned (x-axis). Points in the lower right of this plot correspond to high quality predictions.
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The Vmembrane implicit membrane potential

We model the effects of membrane using the implicit VMembrane potential:

VMembrane = VPerisplasmicδzpred,periplasmic

+ VCytoplasmicδzpred,cytoplasmic [1]

+ VTransmembraneδzpred,transmembrane

VPeriplasmic = −
X

i

γPeriΘPeri(zi) + γCytoΘCyto(zi)

− γMembΘMemb(zi)

VCytoplasmic = −
X

i

γPeriΘPeri(zi) + γCytoΘCyto(zi)

− γMembΘMemb(zi)

VTransmembrane = −
X

i

−γPeriΘPeri(zi) − γCytoΘCyto(zi)

+ γMembΘMemb(zi)

ΘPeri(zi) = 0.5[1 + tanh(k(zi −
α

2
))]

ΘCyto(zi) = 0.5[1 + tanh(k(−
α

2
− zi))]

ΘMemb(zi) = 0.5[tanh(k(zi +
α

2
)) + tanh(k(

α

2
− zi))]

VMembrane is a function of the z-coordinates of the Cα atoms of all residues (indexed by i). It is composed out of several
switching functions which favor sorting residues into their assigned regions, and thereby helps to establish the correct topology.
Each residue is assigned to be periplasmic, transmembrane, or cytoplasmic. Set to 30Å, α is the (static) length of the
hydrophobic membrane layer. k controls the steepness of the switching functions. The Kronecker δ functions ensure that
VPerisplasmic, VCytoplasmic, and VTransmembrane influence only the residues assigned to each respective environment. γPeri,
γCyto, and γMemb can be used to adjust the degree of stablization within each the respective environments, and in this study
we used γPeri = γCyto = γMemb = 1.

The VRgCyl cylindrical radius of gyration potential

In addition to sequestering hydrophobic amino acids into the hydrophobic bilayer, the lipid membrane also imposes other
preferences on membrane protein structures. One striking feature of transmembrane protein structures is that, for the most
part, transmembrane helices run perpendicular to the membrane surface although this is not always the case. These orientations
of the helices are consistent with the liquid-crystal ordering of the lipids in the membrane. This effect is absent in our implicit
membrane model Vmembrane. To account for this the model also contains a cylindrical radius of gyration bias, VRgCyl, that is
used to supplement Vmembrane by discouraging conformations that would disrupt the liquid-crystal ordering of the membrane
by, e.g., having a helix extend outward from the structure parallel to the membrane plane. VRgCyl has a nearly identical
functional form to the familiar radius of gyration bias commonly employed in molecular dynamics, but is applied only in the
x-y plane (ρi = (xi, yi)). mi is the mass of the atom i. M is the total mass of the atoms to which the bias is applied. K sets
the strength of the harmonic bias. In this study we used a weak bias (K = 0.01) to zero cylindrical radius (RgCylo = 0).

RgCyl =
1

M

N
X

i

mi

“

ρi −
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M

N
X

j

mjρj

”2

VRgCyl = K(RgCyl − RgCylo)2

The VFM fragment memory potential

Because of the coarse-grained nature of the backbone representation and the lack of sidechains in AWSEM, it is useful to
supplement the potential with local-in-sequence structure signals. The fragment memory potential, VFM , is used to guide
local-in-sequence structure formation. It is a sum of gaussian interactions between two atoms in residues that are close in
sequence. The interactions are centered on the pairwise distance of the analagous atoms in an aligned “memory” structure,
which are obtained using bioinformatic sequence-sequence alignments. The interactions are summed over m = 20 memories.
These aligned memories were obtained by BLASTing every contiguous 9 residue segment in the target sequence against sequences
in a database of PDB structures. Details of how the non-redundant database was constructed are provided in [8]. The database
from which the memories were obtained possesses structures from both globular and membrane proteins. In order to improve
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the quality of fragments, we introduce a fragment filtering protocol based on predicted secondary structure of the query sequence
and exact secondary structure assignment (from STRIDE) of the aligned fragment [10].

Each residue is assigned to be either H, E, or C, (helical, beta, or coil, respectively). We then classify each fragment as
either being helical, beta, or coil based on the most frequent residue assignment. If two residue assignment types occur at
equal frequency in a fragment, we use the following scheme: if H and C occur at equal frequency, we assign the fragment to
be helical; if E and C occur at equal frequency, we assign the fragment to be beta; if H and E occur at equal frequency, we
assign the fragment to be coil. We then filter out fragments by comparing the secondary structure assignment of both the
query fragment and aligned fragment. A fragment is discarded if the query fragment is helical and the aligned fragment is
beta. A fragment is also discarded if the query fragment is beta and the aligned fragment is helical.

VFM = −λFM

X

m

X

ij

γij exp

»

−
(rij − rm

ij )2

2σ2
IJ

–

σIJ = a|I − J |α

a = 1.0Å

α = 0.15

For a complete description of the details of VFM , refer to [8].

The Vhelix α-helical hydrogen bonding potential

The alpha-helical hydrogen bonding potential is an i, i + 4 interaction (an ordinary backbone α-helical hydrogen bonding
interaction), which has the same functional form as described in [8]. The strength of any given interaction is scaled by the sum
of two terms, f(ai) and f(ai+4). f(ai) is simply the probability of finding amino acid type ai in a helix. We recomputed these
frequency-based strengths using the membrane protein database described in the main text. Due to the inability of proline to
act as a hydrogen bond donor, we use f(ai) = 0 if the i + 4 residue is a proline. The results of the reparameterization based
on the membrane protein database are shown below:

ai ALA ARG ASN ASP CYS GLN GLU GLY HIS ILE
f(ai) 0.79 0.62 0.49 0.44 0.76 0.61 0.57 0.57 0.63 0.81

ai LEU LYS MET PHE PRO SER THR TRP TYR VAL
f(ai) .81 0.56 0.80 0.76 0.44/0.00 0.60 0.67 0.74 0.71 0.79

Definitions of Qw and Qc

Qw =
2

(N − 2)(N − 3)

X

|i−j|>2

exp

"

−
(rij − rN

ij )2

2σ2
ij

#

σIJ = a|I − J |α

a = 1.0Å

α = 0.15

Qw is defined as the fraction of Cα pairwise distances within 1 Å of their corresponding native distance. N is the total
number of residues, I and J denote residue indices, rij and rij denote the pairwise distances of the target structure and native
structure, respectively.

Qc =
1

Ncontacts

X

|i−j|>9

exp

"

−
(rij − rN

ij )2

2σ2
ij

#

σIJ = a|I − J |α

a = 2.0Å

α = 0.15

Qc calculates the fraction of native contacts within 2 Å of their corresponding native distance. Note the sequence separation
constraint for each pair of residues is the same for Vcontact, |i − j| > 9. The function sums over all Cα pairs defined as native
contacts, the pairs of Cα atoms with a distance < 9.5Å in the native structure.

Optimized transferable tertiary interaction weights for transmembrane protein domains

Optimized parameters: γdir, γprot, γmemb
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ai aj γdir γprot γmemb ai aj γdir γprot γmemb

ALA ALA -0.802 0.708 -1.012 ALA ARG -0.637 -0.164 -0.560
ALA ASN -0.553 0.207 -0.553 ALA ASP -0.293 -0.381 -0.637
ALA CYS 0.408 0.339 0.135 ALA GLN -0.155 -0.052 0.062
ALA GLU -0.248 -0.343 -1.827 ALA GLY -0.231 0.608 1.571
ALA HIS -0.793 0.428 -0.321 ALA ILE 1.102 -0.032 -0.870
ALA LEU 0.535 0.061 -1.092 ALA LYS -1.123 -0.356 -1.056
ALA MET 0.231 0.401 -0.850 ALA PHE -0.431 0.520 -1.283
ALA PRO -0.366 -0.228 0.484 ALA SER -0.388 0.453 -0.347
ALA THR 0.786 0.211 -0.690 ALA TRP -0.953 0.269 -1.179
ALA TYR -0.333 0.472 0.276 ALA VAL 0.982 0.276 -1.119
ARG ARG -0.372 0.086 0.332 ARG ASN -0.580 0.670 0.589
ARG ASP 1.440 1.383 1.054 ARG CYS -0.301 -0.142 0.064
ARG GLN -0.513 0.275 0.941 ARG GLU 0.778 0.743 -0.881
ARG GLY 0.003 -0.052 -0.944 ARG HIS -0.733 -0.217 0.079
ARG ILE 0.241 -0.316 -1.026 ARG LEU -0.261 -0.526 -0.411
ARG LYS -0.764 0.177 0.142 ARG MET 0.356 -0.315 -0.100
ARG PHE -0.810 -0.397 -0.311 ARG PRO -0.021 0.273 -0.632
ARG SER -0.524 0.031 1.612 ARG THR 0.453 -0.152 -0.028
ARG TRP -0.559 -0.264 0.143 ARG TYR 0.384 0.586 0.930
ARG VAL 0.160 -0.738 -0.831 ASN ASN 2.254 0.754 0.064
ASN ASP 1.287 0.509 0.411 ASN CYS -0.495 0.050 0.037
ASN GLN 0.889 0.757 0.329 ASN GLU 0.395 -0.031 0.557
ASN GLY 0.564 -0.263 -0.382 ASN HIS -0.165 -0.087 0.027
ASN ILE -0.083 -0.267 -0.628 ASN LEU -0.427 -0.457 -0.981
ASN LYS 0.487 0.215 0.306 ASN MET -0.095 -0.205 -0.129
ASN PHE -0.849 -0.198 -0.909 ASN PRO 0.516 -0.327 -0.318
ASN SER 1.748 -0.266 -0.739 ASN THR 0.984 0.255 -0.642
ASN TRP -0.153 -0.198 0.022 ASN TYR -0.281 -0.178 0.386
ASN VAL 0.017 -0.258 0.248 ASP ASP -0.361 0.358 0.199
ASP CYS -0.158 0.142 0.116 ASP GLN 0.839 0.192 0.576
ASP GLU -0.526 -0.321 1.774 ASP GLY 0.786 -0.285 -0.405
ASP HIS 0.270 -0.118 0.181 ASP ILE -0.047 -0.350 -1.775
ASP LEU -0.543 -0.696 -0.317 ASP LYS -0.136 0.991 0.719
ASP MET -0.396 -0.554 0.068 ASP PHE -0.589 -0.393 0.172
ASP PRO 1.286 0.053 2.022 ASP SER 1.054 0.449 -0.755
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ASP THR 0.641 -0.275 0.817 ASP TRP -1.490 -0.232 0.223
ASP TYR -1.381 0.599 0.611 ASP VAL -0.648 -0.668 -1.598
CYS CYS -0.038 0.678 0.021 CYS GLN -0.267 0.284 0.082
CYS GLU -0.334 -1.075 0.124 CYS GLY -0.714 0.485 0.088
CYS HIS -0.141 -0.718 0.027 CYS ILE 1.657 0.275 -0.000
CYS LEU 2.060 0.215 0.144 CYS LYS -0.284 -0.664 0.070
CYS MET 3.057 -0.478 0.014 CYS PHE 0.225 0.331 0.044
CYS PRO 0.579 0.295 0.146 CYS SER 1.421 0.064 0.062
CYS THR -0.462 1.037 0.057 CYS TRP -0.433 -0.777 0.036
CYS TYR 1.707 0.094 0.059 CYS VAL 1.558 -0.102 0.042
GLN GLN 0.642 0.737 0.198 GLN GLU 0.304 0.096 0.907
GLN GLY -0.033 0.109 2.392 GLN HIS -0.863 1.093 0.219
GLN ILE -0.061 -0.455 -0.798 GLN LEU -0.767 -0.430 -1.307
GLN LYS -0.406 -0.167 0.483 GLN MET 0.378 -0.393 0.078
GLN PHE 0.160 0.208 -1.640 GLN PRO -0.085 0.574 1.648
GLN SER 0.598 0.323 1.332 GLN THR 0.504 0.519 0.816
GLN TRP -0.624 -0.043 0.243 GLN TYR 0.706 0.005 0.482
GLN VAL -0.230 -0.755 -1.063 GLU GLU -0.830 -0.123 0.377
GLU GLY 0.004 0.137 1.376 GLU HIS -0.629 0.506 0.192
GLU ILE -0.033 -0.312 -1.736 GLU LEU -0.236 -0.516 -1.208
GLU LYS 1.298 0.515 1.664 GLU MET 0.018 0.174 0.015
GLU PHE -1.178 -0.229 -1.319 GLU PRO 1.404 0.039 1.050
GLU SER 0.904 -0.175 1.278 GLU THR 0.940 -0.452 -0.444
GLU TRP -0.345 0.161 0.316 GLU TYR 0.147 0.393 1.214
GLU VAL -0.210 -0.629 -0.793 GLY GLY 1.109 0.854 -0.874
GLY HIS 1.110 -0.114 -0.136 GLY ILE -0.181 -0.082 -0.706
GLY LEU -0.117 0.014 -0.110 GLY LYS -0.152 -0.093 1.841
GLY MET -0.493 0.209 -0.497 GLY PHE -0.346 0.087 -0.652
GLY PRO 0.853 -0.024 1.643 GLY SER -0.010 0.267 -1.105
GLY THR 0.051 0.050 -0.544 GLY TRP -0.375 0.076 -1.188
GLY TYR -0.305 0.244 -0.317 GLY VAL 0.489 0.194 -0.145
HIS HIS 0.006 1.757 0.011 HIS ILE 0.361 -0.671 -0.356
HIS LEU 0.287 -0.166 -1.447 HIS LYS -0.484 -0.764 0.107
HIS MET -0.080 0.557 -0.077 HIS PHE -0.821 -0.099 -1.325
HIS PRO -0.755 0.043 0.250 HIS SER -0.290 0.982 0.055
HIS THR 0.553 -0.324 -0.105 HIS TRP -0.456 0.026 -0.034
HIS TYR 0.141 0.496 0.122 HIS VAL 0.841 -0.141 -0.230
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ILE ILE 1.304 -0.121 -0.525 ILE LEU 0.470 0.263 -1.290
ILE LYS 0.273 -0.452 -1.846 ILE MET 0.402 0.070 -2.224
ILE PHE 0.067 0.251 -0.683 ILE PRO 0.316 -0.532 0.640
ILE SER 0.135 0.018 -1.475 ILE THR 1.074 -0.159 -1.040
ILE TRP -0.119 0.023 -0.821 ILE TYR 0.124 -0.090 -1.738
ILE VAL 1.352 -0.273 -0.661 LEU LEU 0.021 0.471 -0.635
LEU LYS -0.497 -0.605 -1.642 LEU MET -0.194 0.226 -0.931
LEU PHE -0.090 0.336 -1.015 LEU PRO 0.120 -0.237 -0.686
LEU SER -0.451 -0.251 -1.551 LEU THR 0.218 -0.046 -0.970
LEU TRP -0.507 0.062 -0.446 LEU TYR -0.287 0.130 -1.034
LEU VAL 0.791 0.051 -1.168 LYS LYS -0.782 -0.485 0.229
LYS MET -1.185 -0.646 0.007 LYS PHE -0.102 -0.763 -1.626
LYS PRO 1.214 -0.325 0.896 LYS SER 0.703 0.164 0.556
LYS THR -0.304 -0.122 0.743 LYS TRP -0.482 0.047 0.126
LYS TYR -0.385 0.139 0.547 LYS VAL 0.353 -0.236 -0.894
MET MET -0.874 0.854 -0.112 MET PHE -0.262 0.288 -1.197
MET PRO 0.013 0.139 -0.856 MET SER -0.264 0.457 -1.295
MET THR 0.988 0.677 -1.067 MET TRP -0.874 0.946 -0.170
MET TYR 0.027 0.260 -0.033 MET VAL 0.291 0.333 -0.326
PHE PHE -0.602 0.859 0.226 PHE PRO 0.312 -0.153 -0.539
PHE SER -0.799 0.196 -0.811 PHE THR -0.635 -0.024 0.488
PHE TRP -0.179 0.121 -0.264 PHE TYR -0.668 0.519 -0.516
PHE VAL -0.158 -0.008 -1.144 PRO PRO 1.548 -0.236 0.386
PRO SER 0.254 0.006 1.533 PRO THR 0.863 -0.331 -1.046
PRO TRP 0.697 0.504 0.192 PRO TYR 0.564 0.044 1.058
PRO VAL 0.897 -0.169 -0.401 SER SER 0.079 0.678 0.309
SER THR 1.041 0.229 -0.255 SER TRP -1.387 0.368 -0.518
SER TYR -0.081 0.827 -0.288 SER VAL 0.360 -0.052 -1.153
THR THR 0.742 0.010 -0.100 THR TRP 0.357 0.496 -1.638
THR TYR -0.203 0.262 -0.402 THR VAL 1.387 -0.191 -1.508
TRP TRP -2.088 0.100 -0.003 TRP TYR -0.140 0.674 0.151
TRP VAL -0.287 0.067 -0.982 TYR TYR 0.338 0.869 0.108
TYR VAL 0.384 -0.039 -0.816 VAL VAL 1.783 -0.456 -1.494
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The 630 optimized parameters, γdir, γprot, and γmemb (direct additive, protein mediated, and membrane mediated interac-
tions, respectively) where ai, aj is the interacting residue pair are included in the above table.
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Fig. 2. Structure prediction result of Cytochrome C oxidase aa3 SD (1OCC) simulations using input topology and secondary structure information derived from bioinformatic

sequence based predictions (Qc = 0.14) The experimental structures are shown on the left, and the simulated structures are shown on the right. Color is used to indicate

the amino acid index along the chain.

De novo prediction of Cytochrome C oxidase aa3 SD

Figure 2 shows the poor prediciton that results from an error made in the bioinformatic topology prediction. The poor structure
prediction result of Cytochrome C oxidase aa3 SD can be attributed to the substantial error in the input de novo prediction of
topology. We see from the aligned topology assignments (below) that MEMSAT-SVM is unable to recognize the entire second
transmembrane helix region LEVPLLNTSVLLASGVSIT. Vmembrane, which depends on the topology input, excludes the second
Cyan/Green helix from the membrane during simulation. This error causes the remaining peptide to have an inverted topology
relative to the first helix.

Primary sequence of Cytochrome C oxidase aa3 SD aligned with topology input derived from experimental structure

HTPAVQKGLRYGMILFIISEVLFFTGFFWAFYHSSLAPTPELGGCWPPTGIHPLNPLEVPLLNTSVLLASGVSI

OOOOOOOOOOOOHHHHHHHHHHHHHHHHHHIIIIIIIIIIIIIIIIIIIIIIIIIIHHHHHHHHHHHHHHHHHH

OOOOOOOOOHHHHHHHHHHHHHHHHHHHHHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

TWAHHSLMEGDRKHMLQALFITITLGVYFTLLQASEYYEAPFTISDGVYGSTFFVATGFHGLHVIIGSTFLIVC

HOOOOOOOOOOOOOOOOOHHHHHHHHHHHHHHHHHHHHIIIIIIIIIIIIIIIHHHHHHHHHHHHHHHHHHHHO

IIIIIIIIIIIIIIIIHHHHHHHHHHHHHHHHHHHHHOOOOOOOOOOOOOOOOOOHHHHHHHHHHHHHHHHHHH

FFRQLKFHFTSNHHFGFEAGAWYWHFVDVVWLFLYVSIYWWGS

OOOOOOOOOOOOOOOOOOOHHHHHHHHHHHHHHHHHHHHHIII

HHIIIIIIIIIIIIIIHHHHHHHHHHHHHHHHHHHHHHHHOOO

Primary sequence of Cytochrome C oxidase aa3 SD aligned with topology input derived from experimental structure using
TMDET (2nd line) and MEMSAT-SVM (3rd line). O denotes assignment to the outer side of the membrane, H denotes a
transmembrane region, and I denotes assignment to the inner side of the membrane.

Footline Author PNAS Issue Date Volume Issue Number 9


