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ABSTRACT: The Folding of Membrane-Associated Peptides (FMAP) MGINTRELFLNFTIVLITVILMWLLVRSYQY
method was developed for modeling a-helix formation by linear peptides in 300°K, pH=7
micelles and lipid bilayers. FMAP 2.0 identifies locations of a-helices in the
amino acid sequence, generates their three-dimensional models in planar
bilayers or spherical micelles, and estimates their thermodynamic stabilities
and tilt angles, depending on temperature and pH. The method was tested for
10 723 peptides (926 data points) experimentally studied in different environ-
11 ments and for 170 single-pass transmembrane (TM) proteins with available
12 crystal structures. FMAP 2.0 detected more than 95% of experimentally
13 observed a-helices with an average error in helix end determination of around
14 2, 3, 4, and S residues per helix for peptides in water, micelles, bilayers, and
15 TM proteins, respectively. Helical and nonhelical residue states were predicted
16 with an accuracy from 0.86 to 0.96, and the Matthews correlation coefficient had-an-acceuracy, from 0.64 to 0.88 depending on the
17 environment. Experimental micelle- and membrane-binding energies and tilt angles of peptides were reproduced with a root-mean-
18 square deviation of around 2 kcal/mol and 7°, respectively. The TM and non-TM states of hydrophobic and pH-triggered a-helical
19 peptides in various lipid bilayers were reproduced in more than 95% of cases. The FMAP 2.0 web server (https://membranome.org/
20 fmap) is publicly available to explore the structural polymorphism of antimicrobial, cell-penetrating, fusion, and other membrane-
21 binding peptides, which is important for understanding the mechanisms of their biological activities.
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2> l INTRODUCTION frequently do not have a unique folded structure. Their 4s
conformations are highly flexible and strongly dependent on 49

23 Membrane-interacting peptides play important roles in many
environmental conditions, such as solvent, temperature, and so

24 vital cellular processes, including cell defense, molecular

25 transport, membrane fission and fusion, enzymatic regulation, pH. Many peptides are unstructured in aqueous solutions at s1
2 and signaling." They belong to different classes, such as physiological conditions but can fold into a-helices or other s2
27 antimicrobial,” cell-penetrating3 and fusion* peptides, toxins,” structures upon binding to proteins, micelles, or membranes.® s3
28 and others. To perform their biological functions, these Formation of f-structures usually requires peptide aggregation s4
29 peptides usually form a-helices and multihelical complexes. in water or on the membrane surface or stabilization by ss
30 For example, transmembrane (TM) a-helices of signal disulfide cross-linking. 56
31 peptides direct localization and translocation across mem- In addition to experimental approaches, diverse computa- s7
3 branes of secreted and numerous integral membrane proteins.’ tional methods for de novo structure prediction of peptides ss
33 Individually stable TM a-helices of single-pass (bitopic) and small proteins (up to SO amino acids) have been so
34 membrane proteins constitute their membrane-anchoring developed.” Despite the apparent progress in peptide 6o
3s domains which play important functional roles in the modeling, the currently available web servers and software, 61
36 formation of signaling complexes and TM pores and in such as PEPstrMOD,"" Bhageerath—H,ll PEP-FOLD3,'? and &
37 guiding protein sorting and intracellular localization.” RosettaMP,"? are aimed at generating a unique structure of a 63

38 The quickly expanding universe of biologically active
39 peptides requires the advancement of experimental and
40 computational methods for their structural studies. Such
41 methods are needed for understanding the molecular
42 mechanisms of peptide activities and for the development of
43 peptide-based drugs. Experimental studies have produced a
44 vast set of data, including peptide secondary and three-
45 dimensional (3D) structures, energies of membrane binding,
46 and spatial arrangements of peptides in micelles and lipid
47 bilayers. These studies demonstrated that linear peptides

peptide of interest without considering the environment- ¢4
dependent equilibrium of multiple alternative structures and s
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Figure 1. Two steps of the computational procedure of the FMAP 2.0 method. (1) Calculation of stabilities of helical and coil states for every
segment of a polypeptide chain using eqs 5—13. (2) Identification of experimentally detectable a-helical and coil regions of a peptide, calculation of
the peptide binding energy to the membrane or micelle, and generation of the 3D structures of a-helices (excluding coil segments) positioned in

lipid bilayers or a spherical micelle.

66 the unfolded state. In contrast, the thermodynamic theories of
67 the helix—coil transition, such as modified Zimm-—Bragg,
68 Lifson—Roig'* or AGADIR'® models, operate with free energy
69 and can reproduce a-helix formation depending on the ionic
70 strength, temperature, and pH. However, these methods have
71 been developed and parametrized to analyze a-helicity only in
72 aqueous solutions but not in membrane-like environments.
73 The structural flexibility of peptides in lipid membranes can be
74 explored using molecular dynamics (MD) simulations with
75 explicit lipids or continuum models of lipid bilayers.” However,
76 MD simulations are rather complex for general use by
77 nonexperts, highly computationally expensive, and not
78 available as online resources.

79 To overcome the limitations of existing computational
g0 methods, we previously developed Framework,'® a thermody-
81 namics-based method for predicting a-helices in peptides in
82 aqueous solutions, in the protein molten globule state, or in the
83 presence of micelles, depending on the temperature and pH.
s4 However, Framework did not allow the generation of 3D
ss models of peptides. More recently, we developed the first
86 version of our FMAP (Folding of Membrane-Associated
87 Peptides) software to predict TM a-helices of bitopic proteins
g8 using a whole-residue approximation.'” FMAP 1.0 generated
89 approximate 3D models of TM but not surface a-helices
90 without optimization of the a-helix geometry and side-chain
91 conformers. Therefore, it did not allow for accurate evaluation
92 of the thermodynamic stabilities and spatial arrangement of a-
93 helices in membranes and micelles.

94 Here, we present version 2 of the FMAP method and a web
9s server for the modeling and structural analysis of a-helical
96 peptides in lipid membranes and membrane mimetics. The
97 method was significantly advanced by employing an all-atom
98 approximation to enable, for the first time, the following new
99 features: (a) predicting stable a-helical segments in peptides
100 depending on the experimental system, temperature, and pH,
101 (b) generating all-atom 3D models of a-helices with proper
102 adjustment of the a-helix geometry and optimization of side-
103 chain rotamers simultaneously with a-helix positioning in
104 planar membranes or spherical micelles; (c) accurate
10s estimation of helix tilt angles and binding free energies of
106 peptides to such systems; (d) calculating peptide properties in
107 four types of micelles, four types of artificial membranes, and
108 seven types of natural membranes. The performance of FMAP
109 2.0 was tested for a-helical peptides studied in water, micelles,
110 and lipid bilayers (118, 460, and 348 data points, respectively)

and for 170 bitopic membrane proteins with known crystal 111
structures. 112

—

B METHODS 113

Overview of FMAP 2.0. The FMAP 2.0 method employs a
thermodynamic model of a-helix formation with an empirical 115
parametrization of various free energy contributions that have 116
been previously implemented in the Framework,'® PPM,"® 117
TMDOCK," and FMAP 1.0"” methods. Framework defines 118
the a-helix stability in an aqueous solution as the sum of the 119
free energy contributions arising from formation of backbone 120
hydrogen bonds, a-helix propensities, capping and other 121
structural motifs, and interactions of side chains with each 122
other and helix macrodipoles.'® The contributions have been 123
previously derived primarily from experimental data, similar to 124
that in the AGADIR method."” The improved PPM method 125
calculates the transfer energy of an a-helix from water to a 126
planar lipid bilayer or a spherical micelle using an empirical 127
parametrization of the first-shell solvation effects, long-range 128
electrostatic contributions of dipole moments and charges, and 129
a deionization penalty. The parameters of the solvation model 130
were derived from a large set of partition coefficients of small 131
molecules,'®*” while the distributions of various lipid segments 132
along the normal of the lipid bilayer were taken from X-ray 133
scattering studies."®' Parameters of interatomic potentials for 134
the local energy minimization in condensed media were 135
derived from stabilities of protein mutants.” 136

Computational Procedure. Different a-helical and coil 137
segments in a peptide molecule can compete with each other 138
for binding to a micelle or a lipid bilayer. This can be described 139
as an equilibrium of various partltlons of a polypeptide chain 140
into a-helical and coil segments.'® Assuming that a-helical and 141
coil segments do not interact with each other, the energy of an 142
a-helix—coil partition I (AG)) is the sum of the energies of the 143
corresponding membrane- or micelle-bound a-helical and coil
segments 145

mem = Z AGfold mem(kﬂ m) + 2 AGI?E:S j m])

—

14

U —

e

U

e

5 5

(1) 146

1
mlC = Z AGfold l’rl.lC(kl’ Wl) + Z AG§$d j? m;)
2) 147
where k; is the number of the first residue in segment i and m;

is the number of residues in the segment. The AG, value
defines which set of a-helical segments will have a relatively
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Figure 2. FMAP 2.0 features. (A) Modeling of peptides in spherical micelles: purple color indicates a predicted a-helix and its aromatic and
charged residues (shown by sticks). (B) Identification of TM a-helices of bitopic proteins (purple) and their positioning in planar lipid bilayers,
extramembrane helices of bitopic proteins (from X-ray structure) are colored gray, and other structural elements of polytopic proteins are shown by
thin gray lines. (C) Evaluation of the peptide binding energies to lipid bilayers (black circles) and micelles (red circles). Correlation coefficient (R?)
is 0.39 for both sets combined. (D) Calculation of helix tilt angles for peptides in lipid bilayers. R* is 0.84 for sets 9 and 10 combined. Number of

peptides is indicated in parentheses.

low energy or a significant statistical weight and therefore can
be experimentally detected. The folding free energy of a-
helices, AGg4(k,m), and energies of bound coil segments in
eqs 1 and 2 are defined relative to the coil in water, which is
considered as the reference state.

The stabilities of a@-helices are defined relative to the
corresponding bound coil segments

A sat!ab,mem = AGgld,mem(k) m) - AGlglijxild,mem(k) m) (3)
a a coil
AG(stab,mic) = AG(fold,mic)(k’ m) - AG(bind,mic)(k) m) 4)

Thz first step of the computational procedure includes
calculating the stabilities of the a-helical and coil states for
every segment of a peptide using eqs 5—13 (Figure 1).

The folding free energy of a membrane- or micelle-bound a-
helix (first term in eqs 3 and 4) is calculated as the sum of its
folding energy in water and the energy of its transfer from
water to a membrane or a micelle

AGf(Zld,mem(k’ m) = AGf(Z)ld,wat(k’ m) + AGt{:ansf,mem(kf m)
(8)

AGgld,miC(kl Wl) = AGfild,wat(k’ m) + AGta

ransf, mic

(k, m)

(6)
The transfer energy of an a-helix from water to a membrane or
a micelle in egs 5 and 6 is calculated using either the whole-
residue or the all-atom approximation as described in the next
two sections. The folding free energy of an a-helix in water is
calculated as the sum of the backbone free energy changes, a-
helix propensities of residues (the backbone—side-chain
interactions), and energy of interactions between side chains

AGg)ld,wat(kl m) = (m - Z)Abe - mTASbb
+ Z AAGiPYOP + Z Z AAG;Ch_SCh
i i j

(7)

where k is the number of the first residue in the a-helix, m is
the total number of residues in the helix, and T is the
temperature (K). The backbone energy includes the enthalpy
of hydrogen bonds between peptide groups in the poly-Ala a-
helix (AH,,) and conformational entropy loss per residue
during the helix—coil transition (ASy,). The AAGP™ term is
calculated as the sum of the experimentally determined free
energy changes to the a-helix stability due to replacement of
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185 the host Ala by different amino acid residues in the a-
186 helix,”*~** “N-capping”, “C-capping”, and “hydrophobic staple”
187 positions, and from interactions between charged side chains
188 and helix microdipoles.”*™® The stabilizing energies of the
189 ions pairs and interacting hydrophobic side chains (AAG
190 values) were taken from experimental studies””””° or
191 estimated from the calculated buried nonpolar surface areas
192 between different types of residues in the a-helix.'®

193 The binding free energy of a micelle- or membrane-bound
194 coil segment (second term in eqs 3 and 4) is calculated as

AGgﬁﬂi(kr m) = Z (AGEES:I,: - AGlSiC;ild,ref
195 i (8)

196 where AGf,‘i’,illd‘i are the membrane-binding free energies for
197 different types of amino acid residues in the unfolded state and
198 AGE?;ld’ref is the binding energy of the reference Ala residue.
199 These energies (Table S 1) were chosen based on studies of
200 peptide binding to 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
201 choline (POPC) bilayers®"”* and sodium dodecyl sulfate
202 (SDS) micelles.>

203 The second step of the computational procedure (Figure 1)
204 includes identification of experimentally detectable a-helices in
205 the amino acid sequence, generation of the final 3D structures
206 of stable a-helices positioned in a planar lipid bilayer or a
207 spherical micelle (Figure 2 A), calculation of the membrane- or
208 micelle-binding energies (Figure 2 C) for the whole peptide
209 containing all a-helical and coil regions, and estimation of the
210 tilt angles of the a-helices in the lipid bilayer (Figure 2 D).
211 In the second step, two different approaches to identifying
212 a-helices are used. In the first approach, FMAP 2.0 calculates
213 the energies of different helix—coil partitions (eq 1 and 2) and
214 performs their statistical (Boltzmann) averaging as described
215 previously.'® This allows calculation of the average a-helix
216 occupancy for every residue, P, which varies between 0 and 1,
217 similar to the AGADIR method."® Then, the NMR-detectable
218 a-helices are identified as continuous segments with the
219 occupancy of all helix turns P; larger than a cutoff (P;). We
220 found that solution NMR data for peptides in water, micelles,
221 and bicelles were reproduced best with P; = 0.2. However, to
222 analyze the membrane binding energies and tilt angles of
223 peptides in membranes, we used only a-helices calculated with
224 P;=0.5. The total binding energy of a peptide to a lipid bilayer
225 (AGEE) nem) or a micelle (AGEE; ;) is calculated as the sum
226 of the binding energies of the identified a-helical and coil
227 segments.

28 It the second approach, the lowest energy partition (LEP) of
229 a polypeptide chain containing M residues into a-helical and
230 coil segments was calculated in a recurrent manner using the
231 dynamic programming algorithm, ie, by considering its
232 fragments growing from the C- to the N-terminus, [M — 1,
233 M], [M — 2, M],~, [M — n, M],~~-, [1,M], and calculating the
234 corresponding LEP for each fragment, as previously
235 described.'® This approach is preferred when the locations of
236 the a-helices in the amino acid sequence are not dynamic, but
237 uniquely defined, as in protein structures. We are using this
238 method for detecting a-helices in bitopic proteins and very
239 long peptides (>50 residues).

240  Calculating the Transfer Energies of a-Helices with a
241 Whole-Residue Approximation. A whole-residue approx-
242 imation is used for TM a-helices of bitopic membrane proteins
243 to assess their transfer energies from water to the lipid bilayer.
244 In such an approximation, the transfer energy term in eqs S
245 and 6 is calculated as the sum of the membrane-depth (z)-

[

dependent transfer energies of the residues (AG{(z;)) and the 246
energy of membrane deformation (AGy,) due to structural 247
changes in response to a hydrophobic mismatch and a TM 248

helix tilting 249
k+m—1
AGtorlansf(kf m) = Z AGia(Z,‘) + AGdef
i=k 9) 250

where i is the number of the amino acid residue, k is the 251
number of the first residue in the helix, m is the number of 252
residues in the helix, and AG{(z;) are the energy profiles for 253
different types of residues which were precalculated and 254
tabulated with a step of 0.5 A for different residues scanned 255
along of the poly-Ala TM a-helix immersed into the 1,2- 256
dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayer.'® 257

The bilayer deformation energy is calculated as 258
AGyetres = f i ID — Dol + £, L sin(t) (10)

where D; and D represent the hydrophobic thicknesses of a 260
lipid bilayer in equilibrium and after deformation, respectively, 261
L is the length of the hydrophobic TM segment of an a-helix, 262
and 7 is the helix tilt angle with respect to the bilayer normal. 263

The linear dependence on the extent of mismatch (D — D) 264
was taken based on experimental studies of the protein—lipid 265
interaction energy dependence on the lipid acyl chain length.”* 266
The Lsin(r) expression was chosen because the deformation 267
energy is expected to depend on the projection of the tilt 268
vector to the membrane plane.”> The optimal values of the 269
adjustable parameters fy, (0.04 kcal/mol A%) and f,;m (0.8 or 270
0.03 kcal/mol A? for negative or positive mismatch, 271
respectively) were determined in our previous work'’ by 272
minimizing the average helix boundary deviation for a set of 273
bitopic proteins with known 3D structures. 274

For each TM a-helix, the value of AG{,,(k,m) is optimized 275
by a grid scan with respect to three variables: the shift of the 276
first residue of the helix along the membrane normal (z,), 277
membrane thickness (D,), and helix tilt angle (7). The 278
optimization is constrained by values of 7 < 30° and D = Dy + 279
5 A with D, = 30 A. 280

This fast whole-residue approach is also used for peptides in 281
micelles in two cases: (1) to analyze peptides longer than 35 252
residues (in web server version) and (2) to identify the 283
micelle-buried arc of each a-helix for selecting the initial side- 284
chain conformers. The size of the buried helix arc is 285
determined by minimizing the sum of the water—micelle 286
transfer energies of the residues located in the arc, as 287
previously described.'® These energies were taken from our 2ss
previous work as those representing the transfer from water to 289
the bilayer center for all residues except Tyr and Trp, where we 290
used transfer energies from water to the membrane interface'® 201
(Table S1). 202

Calculating the Transfer Energies of a-Helices with 293
an All-Atom Approximation. To improve the accuracy in 294
calculating the transfer energies of the a-helices from water to 295
a micelle or a lipid bilayer, all-atom models of a-helices are 296
generated during both steps of the computational procedure 297
(Figure 1). First, each a-helix is generated with the initial side- 298
chain conformers, optimized in the space of the torsion angles, 299
and positioned in a micelle or a lipid bilayer. Subsequently, the 300
side-chain conformer with the lowest transfer energy is selected 301
individually for each residue. Then, the helix geometry and its 302
spatial position are optimized once more. To speed-up 303
calculations, only side-chain conformers that are energetically 304

289
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305 preferred in the a-helix and represent distinct combinations of
306 ' and y* torsion angles are used during the optimization. The
307 initial rotamers are chosen to provide orientations of nonpolar
308 side chains (Leu and Met) toward the hydrophobic core of a
309 bilayer or a micelle and “snorkeling” of polar side chains (Asn,
310 Gln, Asp, Glu, Lys, Arg) toward water or the interfacial region.
311 Three-dimensional models of a-helices are generated and
312 optimized in the space of the ¢, y, and y torsion angles using
313 modules from ConforNMR with the modified ECEPP/2 force
314 field implemented in TMDOCK." Spatial positioning of the
315 a-helices in membranes and micelles is performed using a new
316 version of the PPM program'®*® and the anisotropic solvent
317 model for the bilayer'®”' and micelles. The advanced PPM
318 method has several new features: (1) positioning in spherical
319 micelles; (2) including the membrane deformation penalty due
320 to helix insertion; (3) a faster simplified optimization of the
321 transfer energy (including deformation) by a grid scan with a
322 gradually decreasing step.

323 The deformation energy due to insertion of a peptide into a
324 lipid bilayer is calculated as

2
AGdef,all—atom = Cs Z ASAi + NIfmism (D - Do)

s + Nif, (D tan(z))* (11)

326 where C, is the effective solvation parameter, ASA; is the
327 accessible surface area of an atom i inserted into the
328 hydrocarbon core of the bilayer, and Nj is the number of
329 annular lipids in two leaflets around a TM domain (for a TM
330 a-helix, N} = 10); all other parameters are defined in eq 10.
331 Only the first, ASA-dependent term in eq 11 is used for
332 micelles. The optimal values of adjustable parameters f ;m
333 (0.02 kcal/mol/A*) and fy, (0.0005 kcal/mol/A?) were
334 determined in this work by minimizing the deviation of the
335 experimental and calculated tilt angles for a subset of model
336 peptides studied by solid-state NMR. We found that the
337 quadratic dependence reproduces the experimental data better
338 than the linear one, as expected from theoretical considerations
339 of membrane deformations.*”’

340 As described previously,'® PPM calculates the free energy of
341 transfer of a molecule from water to the anisotropic
342 membrane-like environment. This energy is a sum of short-
343 range ASA-dependent contributions for all atoms (H bonds,
344 van der Waals, and hydrophobic interactions with solvent),
345 long-range electrostatic contributions of dipole moments and
346 charged groups, and the ionization penalty for ionizable groups

AG':ansf(z) — Z qwat—»bil(zl)ASAi + Z nwat—»bil(zj)’uj
d j

—

—

+ Z min{Eion) El?eutr}
k (12)

348 where the z coordinate defines the position of each atom along
349 the bilayer normal, a!"*~"(z,) is the solvation parameter that
350 depends on the type of atom and describes its transfer energy
351 (per A%) from water to point z, 4 is a group dipole moment,
352 nwat_’bﬂ(zj) is the energy cost of transferring the dipole moment
353 of 1 D from water to point z;, and E°™ and E}*™ are the
354 energies of ionizable group k in ionized and neutral states,
355 respectively.

356 Parameters " ?!(z,) and 5 ) are functions of the
357 polarity of the environment. They are defined by transbilayer

358 profiles of the hydrogen-bond donor and acceptor capacities

347

—

wat—bil ( Z,-

and the dielectric constant, a,;(z), Pii(z), and &,(z), 359

respectively. For example 360
wat— bil 0 1 1
G; (Z) =06 - e{ - _] + ui(abﬂ(z) - awat)
ebil(z) Eat
+ bi(ﬁbﬂ(z) - ﬂwat) (13) 361

where @,y P and €, are the corresponding values in water. 362
The coefficients o7, ¢, a, and b; were derived for different types 363
of atoms from the partition coefficients of small organic 364
compounds between water and 19 organic solvents durin% 365
development of the corresponding universal solvation model.” 366

The transbilayer profiles of the polarity parameters were 367
calculated based on the distributions of different lipid groups in 368
the DOPC bilayer determined by X-ray scattering.” These 369
polarity profiles were also applied to micelles using the 370
spherical coordinate system, i.e., as functions of the distance r 371
from the center of a micelle instead of the distance z from the 372
middle plane of the bilayer. The values of the equilibrium 373
hydrophobic thickness (D,) of planar phosphatidylcholine 374
(PC) bilayers were taken as 28.8 A for DOPC and POPC, 25.7 375
A for 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 376
and 21.7 A for 1,2-dilauroyl-sn-glycero-3-phosphocholine 377
(DLPC) bilayers.”*” On the basis of the experimental studies 37
of micelles, the hydrophobic diameters were fixed as 37 A for 379
SDS, 26 A for 1,2-dihexanoyl-sn-glycero-3-phosphocholine 3s0
(DHPC),*”*" and 39 A for n-dodecyl-phosphocholine 3s1
(DPC) micelles.*” 382

Performance Evaluation Measures. To estimate the 383
performance of FMAP 2.0 for a-helix prediction, we used 384
several standard measures,"”** such as the precision of helix 385
prediction (PREy) and the recall of helix prediction (RECy,) 386

that are defined as 387
no. of correctly predicted o-helices
PRE,; = 100 X
no. of predicted a-helices (14) 344
no. of correctly predicted a-helices
REC,, = 100 X
no. of observed a-helices (15) 380
The residue-based precision (PREg, %) and recall (RECy, %) 390
are defined as*™* 391

no. of correctly predicted helical residues
PRE, = 100 X

no. of predicted helical residues
(16) 392

no. of correctly predicted helical residues

REC, = 100 X
no. of observed helical residues

(17) 393

To measure the quality of binary classification into helical and 394
nonhelical residues, we use the accuracy (ACC) and the 395
Matthews correlation coefficient (MCC)** 396

ACC = (TP + TN)/(TP + TN + FP + FN)) (18) 397

MCC = (TP x TN — FP X FN)

//(TP + FP)(TP + EN)(TN + FP)(TN + FN)
(19) 398
where TP, TN, FP, and EN represent the numbers of true 399

positives, true negatives, false positives, and false negatives, 400
respectively. 401
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Table 1. Performance of the FMAP 2.0 Method for Predicting a-Helices in Different Environments

SDS or DPC
system water micelles various micelles various micelles various micelles lipid bilayers” bitopic proteins

approximation whole residue all atom all atom all atom all atom all atom whole residue
helix detection Boltzmann Boltzmann Boltzmann LEP Boltzmann Boltzmann LEP

method
data set 1 2a 2b 2c 2a—2b 3 11
no. of peptides” 118 (65,49,4,0,0) 255 (3,230,22,0,0) 152 (12,91,49,0,0) 10 (0,1,5,3,1) 407 (15,321,71,0,0) 34 (3,31,0,0,0) 170 (0,170,0,0,0)
no. of observed 57 274 189 24 463 31 170

a-helices

prediction of a-helices

PREy (%) 100 98 95 92 96 100 95
RECy; (%) 95 100 99 96 100 100 100
helix end errors 2.1 2.0 3.4 S.5 2.6 4.0 4.8

(residue/helix)

prediction of a-helical state per residue (HR and NHR")

no. of residues 2239 5255 4014 675 9269 916 20458
no. of observed HR 659 3988 2741 503 6729 634 4951
a-helicity (%) 294 759 68.3 74.5 72.6 69.2 24.2
PRE, (%) 88 90 84 92 88 90 90
REC, (%) 88 96 92 80 94 79 92
ACC 0.93 0.89 0.83 0.80 0.86 0.86 0.96
MCC 0.82 0.69 0.59 0.55 0.64 0.70 0.88

“Including bicelles, high-density lipoprotein nanodiscs, and lipid vesicles. “Number of peptides with zero, one, two, three, and four a-helices
(shown in parentheses). All short (<5 residues) unstable (AGS%,, > 0) a-helices were excluded from this analysis for sets 2a, 2b, 2¢, and 3. “HR,
residue in helical state; NHR, residue in nonhelical state. NHR corresponds to a coil for sets 1—3 and to extramembrane domains of bitopic

proteins (set 11).

402 FMAP 2.0 Web Server. Public access to our method is
403 provided through the FMAP 2.0 web server (Figure S1)
404 located at the Membranome database Web site (https://
405 membranome.org/fmap). The server predicts the formation of
406 individually stable a-helices by peptides and proteins under
407 different experimental conditions and produces their all-atom
408 3D models oriented in membrane-like environments.

409 The FMAP input includes an amino acid sequence of a
410 protein or a peptide of interest (with free or modified termini),
411 experimental conditions (pH and temperature, K), and a
412 choice of one of five modeling options: (1) peptides in water;
413 (2) peptides in micelle; (3) peptides in membrane; (4) TM
414 protein; (5) a water-soluble protein (molten globule). The all-
415 atom approximation is employed for modeling of peptides in
416 micelles and lipid bilayers (options 2 and 3), but the whole-
417 residue approximation was implemented for fast identification
#18 of TM a-helices in bitopic membrane proteins (option 4) and
419 for long peptides in micelles. The “peptide in water” and the
420 “molten globule” options are the same as in Framework.'® The
421 server allows selection from four types of micelles with
422 predefined diameters, SDS (37 A), DPC (39 A), DHPC (26
423 A), and LPS (50 A), or submission of a user-specified diameter
424 for micelles. It also allows a choice between four types of
425 artificial lipid bilayers (DOPC; DMPC; DLPC and DEuPC)
426 and seven types of biological membranes, such as eukaryotic
#7 plasma membrane (PM), endoplasmic reticulum (ER)
#28 membrane, inner membrane (IM) of Gram-negative bacteria,
429 PM of archaeabacteria, PM of Gram-positive bacteria,
430 mitochondrial IM, and thylakoid membrane. The server uses
431 previously estimated hydrophobic thicknesses (D) for these
432 membranes”’ and the membrane deformation parameters
433 determined in this work. The server also has an option with
434 user-predefined a-helical segments to be modeled, analyzed,
435 and oriented in membranes or micelles.

436 The output consists of a list of stable a-helical segments
437 (only TM a-helices for option 4), the stabilities of a-helices

—

~

relative to a coil in water and to a membrane-bound coil 438
(AGE,q and AGY%,, respectively, kcal/mol) in the specified 439
environment (water, micelles, or lipid bilayers) under the 440
defined experimental conditions (temperature and pH), the 441
binding energy of a peptide (AGEE;, kcal/mol) to membranes 442
or micelles, and the helix tilt angle (7, degrees) relative to the 443
normal of a lipid bilayer. The server also generates down- 444
loadable coordinate files (in PDB format) of all-atom 3D 44s
models of a-helices positioned with respect to the lipid bilayer 446
or micelle and provides visualization of individual or multiple 447
a-helices using iCn3D or GLmol. The computational efficiency 448
of the server is relatively high: modeling of a 20-residue 449
peptide requires about 20 min on a single CPU. 450

Data and Software Availability. Experimental data sets 4s1
used for method development and testing are available in the 452
Supporting Information. The software is incorporated into the 453
public web server at https://membranome.org/fmap. The 454
source code of FMAP 2.0 for using it as a standalone program 4ss
in batch mode and all libraries are also available for download 4s6
as defined in the instructions for the web server. 457

N

B RESULTS AND DISCUSSION 458

Database of Experimentally Studied Peptides. To 4so
thoroughly test the method, we created a database that 460
collected, various published structural data for peptides in 461
water, micelles, bicelles, and lipid bilayers, including locations 462
of oa-helical segments in amino acid sequences, spatial 463
arrangement of peptides in lipid bilayers, and their binding 464
energies to PC bilayers and micelles. The database centains 14 465
tables containing experimental and FMAP-generated data and 466
references for 723 linear peptides (1107 data points) studied 467
by solution and solid-state NMR, oriented circular dichroism 468
(OCD), attenuated total reflection-Fourier transform infrared 469
(ATR-FTIR) spectroscopy, fluorescence, and X-ray scattering 470
(see the Microsoft Excel file in the Supporting Information). 471
However, the following cases were excluded: (a) peptides 472
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473 studied in the presence of trifluoroethanol or other organic
474 solvents; (b) peptides forming oligomers of aggregates; (c)

475 peptides forming a-helices upon binding to proteins, (d) cyclic
476 peptides with disulfides or other covalent bonds; (e) peptides
477 with metal clusters. The database also included a set of 170
478 TM bitopic proteins with structures determined by X-ray
479 crystallography.

430 A significant fraction (55%) of the peptides in our database
481 were unstructured in the aqueous solution. However, only
482 around 4% of peptides did not form any a-helices upon
483 binding to micelles. Nevertheless, a significant part (up to
484 30%) of the amino acid residues in micelle-bound peptides
485 remain unfolded or form nonhelical structures. Therefore, we
486 evaluated the performance of the method at the residue level
487 by calculating the accuracy of a-helical state prediction (ACC)

488 and the Matthews correlation coefficient (MCC) after
489 identifying residues as helical (HR) or nonhelical (NHR)

490 within every studied peptide.

491 The results of the calculations depend on the temperature
492 and pH. The pH value affects the intrinsic stability of the a-
493 helices througﬁ electrostatic interactions of ionizable residues
494 with helix macrodipole (included in the third, propensity term
495 in eq 7) and also through the transfer energy of ionizable
496 groups from water to the micelle or membrane (last term in eq
497 12). The temperature is included in eq 7 and significantly affects
498 the a-helix stability.

499 Peptides in Water. The FMAP 2.0 method and web server
so0 provides several options for modeling linear a-helical peptides
so1 in different environments. The “peptide in water” option was
s02 developed previously,'® but retested here using the same
s03 parameters for a larger set of peptides studied by NMR
504 spectroscopy in aqueous solutions at different temperatures
sos and pH (Table S_waterl). We found that FMAP 2.0 correctly
so6 predicted the presence or absence of stable a-helices in water
507 in 54 of 57 (95%) and 63 of 65 (97%) cases, respectively,
sos falsely predicted 2 a-helices, and did not predict 3 a-helices
s09 (Table S2). For the 54 correctly identified a-helices, the
s10 average error in prediction of helix ends was 2.1 residues per
si1 helix (Table 1). This helix prediction accuracy was similar to
si2 that in our previous assessment for the smaller set of
513 peptides.'® At the residue level, ACC was 0.93, MCC was
s14 0.82, the precision of helical residue prediction (PREy) was
s1s 88%, and the recall of helical residue prediction (RECy) was
516 88%.

s17  Peptides in Micelles. The computational method for
518 modeling peptides in micelles in this work is different from our
519 previous “whole-residue” approach that was tested only for 36
520 peptides.'® To date, much more experimental data are
s21 available. These data were separated into 4 sets based on
522 data quality and micelle type. Set 2a (Table S micelles2a)
523 included 255 peptides with unequivocally defined a-helices
524 that were studied by solution NMR in the presence of SDS or
s2s DPC micelles. Set 2b (Table S micelles2b) included 152
526 peptides studied in various micelles with a more ambiguous
527 interpretation of NMR data. Set 2c (Table S micelles2c)
528 contained 10 long peptides (with more than SO residues)
529 studied in micelles, most of which have long-range NOEs, i.e.,
530 some tertiary structure. Set 2d included 31 peptides studied by
531 solution NMR in the presence of LPS aggregates (Table S-LPS
s32 2d).

533 Having a more advanced method and much more
s34 experimental data, we decided to refine a few adjustable
535 parameters of our previous model'® using set 2a. The refined

parameters were used in the calculations for all peptides in s36
micelles and membranes. These parameters were as follows: 537
(1) the enthalpy of a main-chain H bond in the helix (AHy,); s38
(2) the conformational entropy per residue due to fixing the s39
main-chain torsion angles in an a-helix (AS,,); (3) the helix s40
detectability cutoff (P;), ie., the minimal a-helix turn s4
occupancy that can be usually detected in solution NMR s42
studies; (4) the binding energy to a micelle of the reference Ala s43
residue in a coil (AGEL ). To describe the mechanical s44
deformation of a micelle due to peptide insertion, we s4s
introduced an additional parameter, C,y, (eq 11). These s4s
parameters were determined by minimizing the deviations of 547
the calculated and experimental helix boundaries by grid scan s48
with a gradually decreasing step for peptides from set 2a. 549

The refined values of parameters AH,, and AS,; describe sso
formation of an a-helix in water. They were found to be close ss1
to those previously determined for smaller sets of peptides in ss52
water'® and bitopic proteins.'” The value of AHy, (—1.30 ss3
kcal/mol) was in between the enthalpy of the helix—coil ss4
transition determined by calorimetry (around —1 kecal/mol)* sss
and the energy of the H bonds buried in the protein interior as 556
follows from analysis of protein-engineering data (around —1.5 ss7
kcal/mol).”” The obtained helix detectability cutoff (P4 = 0.2) ss8
indicates that a-helices with predicted occupancy greater than ss9
20% can usually be detected based on the presence of the s6o
corresponding medium-range NOEs and other data. The se1
optimal value of C ¢ for micelles was found to be 0.003 kcal/ s62
mol A2, The refined values of the adjustable parameters (Table s63
S3) were used in all subsequent calculations. 564

The performance of FMAP 2.0 for a-helix prediction was s6s
assessed using different subsets of peptides in micelles: 2a, 2b, s66
2¢, and a combined 2a—2b set (Table 1). The performance s67
was better for set 2a containing peptides characterized by high- ses
quality NMR data and worse for set 2b with more ambiguous s69
NMR data and for set 2c containing long peptides with tertiary s70
interactions. The combined 2a—2b set included 407 peptides, s71
where 462 of 463 of the experimentally detected a-helices were 572
identified in the calculations, even though 17 of them were 573
merged to a single helix, while 17 long a-helices were predicted 574
to be broken into two shorter a-helical fragments (Table S2). s7s
The average error in determination of the helix ends was 2.6 576
residues per helix. False positive predictions of a-helices 577
occurred for 2 of 15 nonhelical peptides and for 15 of 393 578
helical peptides. At the residue level, the performance of s79
FMAP 2.0 in the prediction of the a-helical residue state was sso
satisfactory with ACC = 0.86, MCC= 0.64, PRE; = 88%, and ss1
RECy = 94%. Noteworthy, the ends of the a-helices are ss2
commonly determined in solution NMR studies with an error ss3
of a few residues per helix that can be close to the error in the ss4
calculations. Moreover, it is sometimes difficult to exper- sss
imentally distinguish one continuous kinked helix from two ss86
adjacent helices. 587

In summary, these results demonstrate that FMAP 2.0 can ss8
identify a-helices that are stable in micelles at a specified ss9
temperature and pH. Furthermore, the locations of the helix s90
ends in the amino acid sequences of these peptides are s91
calculated with an average precision of around 3 residues per 592
helix. 593

Peptides in LPS Complexes. To evaluate the method’s s94
performance for peptides in large lipid aggregates, we tested s9s
FMAP 2.0 for peptides studied in the presence of LPS 596
complexes (set 2d). LPS aggregates are much larger than so7
typical micelles and have an uncertain shape and a negatively s98
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46,47 . .
599 charged surface. Calculations were conducted assuming

600 that an LPS complex can be approximated by a spherical
601 micelle with a diameter of 50 A. For set 2d, all 27 helices were
602 correctly identified with a helix end prediction error of 2.9
603 residues per helix. However, it also falsely predicted short low-
604 stability a-helical segments for 8 of 10 nonhelical peptides,
605 where compact nonhelical structures stabilized by tertiary
606 interactions were evident from the presence of long-range-
607 transferred NOEs. Thus, a more advanced computational
608 model should be developed to account for the formation of
609 tertiary structures by peptides in LPS complexes.

st0  Peptides in Lipid Bilayers and Bicelles. The option for
611 modeling peptides in membranes was developed in this work
612 for the first time. Therefore, we thoroughly tested this option
613 using several sets of data obtained by different experimental
614 methods for 202 natural and synthetic peptides.

615 The first step was testing the ability of FMAP 2.0 to predict
616 the locations of the a-helical segments in the amino acid
617 sequences of membrane-bound peptides. Here, we collected
618 data for 27 peptides in bicelles, 3 peptides in lipid vesicles, and
619 1 peptide in lipid nanodiscs, where the locations of the helices
620 were determined in solution NMR studies (set 3, Table
621 S_peptides_membranes). In bicelles, peptides can associate
622 with either the planar central region or the curved micelle-like
623 rim, whichever is energetically preferred. Therefore, we
624 conducted calculations for each peptide in two systems: a
625 bilayer formed by lipids with longer fatty acyl chains (such as
626 DMPC) and a micelle formed by detergents or lipids with
627 shorter fatty acyl chains (such as DHPC). Then, for every
628 calculated a-helix, we selected the type of environment that
629 provided the lowest helix energy (AGS%,;), which allows
630 assigning a-helix localization to the central or the rim region.
631 The results are shown in Tables 1, S2, and S peptides -
632 membranes. FMAP 2.0 correctly predicted 3 nonhelical
633 peptides as nonhelical and 31 single-helical peptides with a
634 helix end prediction error of 4.0 residues per helix. However, it
635 falsely predicted an additional a-helix in 3 single-helical
636 peptides and suggested that the long kinked a-helix of the
637 insulinotropic hormone was broken into two shorter fragments
638 on the bicelle surface. The performance measures at residue
639 level were as follows: ACC = 0.86, MCC = 0.70, PRE = 90%,
640 and RECy = 79%.

641  Furthermore, our calculations indicated that all predicted
642 TM a-helices of these peptides were localized in the bilayer-
643 like central region of bicelles, consistent with NMR studies of
644 such peptides,” whereas amphiphilic helices were usually
645 bound to the surface of the rim region. In this regard, S4
646 peptide from a potassium channel represents an additional
647 interesting example. According to a solid-state NMR study, S4
648 peptide adopts a TM orientation in the DMPC/6-O-PC
649 bicelles causing a ~9 A local thinning of the DMPC region."’
650 However, calculations of S4 peptide suggested its TM
651 arrangement only in the DLPC bilayer, which is ~4 A thinner
652 than that of the DMPC bilayer. At the same time, S4 peptide
653 had a lower calculated energy in micelles than that in the lipid
654 bilayer, indicating a preferred localization in the rim region.
6ss Hence, we assumed that the amphiphilic a-helix of S4 peptide
6s6 could form a TM a-helix near the rim region, where the
657 effective DMPC thickness is smaller.

658  These results demonstrate that FMAP 2.0 can correctly
659 identify a-helices in amino acid sequences of peptides in
660 membrane systems (bicelles, nanodiscs, and vesicles) with a
661 helix end prediction error of around 4 residues per helix, and it

—_

—_

—

—

—

can also identify the preferential a-helix location in the central 662
or the rim region of bicelles. 663

Estimation of Micelle and Membrane Binding ss4
Energies. The ability of FMAP 2.0 to reproduce the 66s
membrane binding energies of peptides was assessed using 666
data for 12 peptides studied in various micelles (set 4, Table 667
S_micelle binding) and 62 peptides studied in liposomes (set 668
S, Table S_liposome binding). Set S included only data for 669
peptides that bind to the surface of uncharged vesicles formed 670
by zwitterionic PC lipids. The binding energy of cationic 671
peptides to anionic membranes has an additional electrostatic 672
component that was not included in FMAP 2.0. Experimental 673
binding energies were calculated from published molar 674
partition coeficients of peptides between aqueous and lipid 675
phases.” Data for the peptides with probable aggregation in 76
water were not included. 677

FMAP 2.0 reproduced the experimental binding energies 678
with root-mean-square deviations (rmsd) of 1.45 and 2.3 kcal/ 679
mol for peptides in micelles and PC bilayers, respectively, using 6so
a deformation parameter C,, equal to 0.003 kcal/mol, as it 6s1
was defined for micelles. However, for peptides bound to ¢s2
liposomes, the consistency of the calculated and observed ¢s3
binding energies was improved (rmsd = 1.53 kcal/mol) using 6s4
the increased value of C, ¢ to 0.005 kcal/mol A* (Figure 2 C). 6ss
The larger optimal value of the deformation parameter C,,¢in 686
planar bilayers seems to be realistic, as it may reflect the 687
stronger disturbances in the lipid headgroup region caused by 6ss
insertion of surface a-helices as compared to deformations of 689
micelles. 690

While the agreement was satisfactory for surface-bound 691
peptides, the binding energies of TM a-helical states were 692
typically lower than those in the experimental studies: —8.3 693
versus —6.7 kcal/mol for TMX-3 peptide, —13.9 versus —9.0 694
kcal/mol for pHLIP peptide, and —15.6 versus —8.2 kcal/mol, 695
respectively, for (AALALAA), peptide.”’ ™ Such discrep- 696
ancies may be explained by deficiencies of our method or by 697
experimental challenges in studying highly hydrophobic 698
peptides that are prone to aggregation.”* 699

Arrangement of a-Helices in the Lipid Bilayer (TM 700
versus non-TM States). At the next step of verification, we 701
compared FMAP 2.0 predictions of TM and non-TM peptide 702
arrangements in lipid bilayers with published experimental 703
data. The test set 6 included synthetic pH-triggered membrane 704
peptides with ionizable residues within hydrophobic a-helices 70s
studied by solid-state NMR,”~°* ATR-FTIR spectroscopy,” 706
and OCD*"**~% 4t different pH values (50 data points for 32 707
peptides). These peptides were designed to examine the pH- 70s
dependent equilibrium between membrane-spanning TM a- 709
helices and surface-bound non-TM states in model PC 710
bilayers.”” The observed pH-dependent TM/non-TM inter- 711
conversions § for all of these peptides—arefound—in Table 712
S_TM_surface pH, 713

These experimental data were reproduced by implementing 714
a smaller value of the membrane deformation parameter for 715
TM a-helices (C 1y = 0.001 keal/mol A?) than for peripheral 716
helices (Cqy¢ = 0.005 keal/mol A*). The decreased value of 717
C,rym relative to C, ¢ may reflect the smaller cost of bilayer 718
deformation by a TM a-helix, which is roughly parallel to lipid 719
acyl chains, compared to the asymmetric deformation of one 720
leaflet by insertion of a surface helix. These values of C, 1y and 721
Cssur Were used during further testing of the method for 722
peptides in bicelles (see above) and bilayers (below). 723
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724  The next two test sets included Lys-flanked peptides of
725 various lengths and hydrophobicity studied in PC bilayers of
726 different widths. Set 7 (23 data points for 7 peptides)
727 contained a peptide series studied by solid-state NMR in
728 DLPC (di12:0), DMoPC (dil4:1A9¢c), DOPC (di18:1A9c¢),
729 and DEuPC (di22:1A13c¢) bilayers.”’ In agreement with NMR
730 data,”® FMAP 2.0 predicted a non-TM state for the short
731 peptide h®10 (K,(LA)(K,) in all bilayers. For the longer
732 h®16 peptide (K,(LA)gK,), a TM state was calculated in
733 DLPC, DMoPC, and DOPC bilayers but a non-TM state was
734 suggested in the DEuPC bilayer, which agreed with experi-
735 ments.”’ Besides, FMAP 2.0 predicted a TM state in various
736 bilayers for longer peptides K;A;sK;, hd@20 (K,(LA),(K;,), and
737 h®25 (K,A(LA),K,), which was also consistent with
738 experimental observations.”””" Some discrepancies appeared
739 only for the longest peptide h®30 (K,(LA);;K,), where
740 calculations indicated formation of a tilted TM oa-helix in
741 DMoPC, DOPC, and DEuPC bilayers but suggested splitting
742 the 30-residue segment into two short 15-residue TM a-helices
743 in the DLPC bilayer. However, in experiments, a TM state was
744 observed only for a minor fraction (25—30%) of the hd®30
745 peptide in all bilayers, except the DEuPC bilayer, where a TM
746 state was observed for the major fraction of h®30 (~70%)7°
747 (see Table S TM_nonTM_ssNMR for details).

748 We also compared our predictions with experimental studies
749 of a natural peptide, a membrane-permeabilizing peptide
750 melittin. According to our calculations, melittin forms a TM a-
751 helix in DLPC, DMPC, and DOPC bilayers. This is consistent
752 with solid-state NMR studies of melittin in DLPC, DMPC, and
753 DPPC bilayers, where a kinked a-helix in TM orientation was
754 detected.”””> However, X-ray scattering studies demonstrate a
75s surface-bound state of melittin in the DOPC bilayer.”* The
756 authors of this study suggest that melittin has an interfacial
757 location in the monomeric state but adopts a TM state and
758 self-associates at higher geptide concentrations,”* thus creating
759 large barrel stave pores.””

760 Set 8 (5SS data points for 26 peptides) included peptides
761 studied by Trp fluorescence and fluorescence quench-
762 ing.”"’°”’* The membrane penetration depth of Trp located
763 in the middle of a peptide sequence was evaluated based on the
764 Trp fluorescence maximum (A,,) and the fluorescence
765 quenching ratio (Q ratio) by hydrophobic and hydrophilic
766 quenchers. For example, peptides with Q ratio < 1.5 were
767 assigned to a TM state or a mixture of TM and non-TM states,
768 whereas peptides with Q ratio >2.5 were assigned to non-TM
769 states.”' Using the Q ratio of 1.6 and A,,,, of 340 nm as cutoff
770 values to distinguish the TM and non-TM arrangements, we
771 observed a good agreement between experimental data and our
772 calculations for these peptides (see Table S TM noTM -
773 fluorescence).

774 Hence, FMAP can properly assign the overall TM or non-
775 TM arrangement of a-helices in PC bilayers for the majority of
776 a-helical peptides (in more than 95% of cases). A few
777 discrepancies can be explained by the insufficiently precise
778 evaluation of energy by our method.

779 Evaluation of the Tilt Angles of a-Helical Peptides in
780 Membranes. The ability of FMAP 2.0 to correctly evaluate
781 the tilt angles of a-helices inserted into lipid bilayers was
782 assessed using two sets of synthetic peptides studied by solid-
783 state NMR in model PC bilayers of different widths. Set 9 had
784 98 data points for 40 synthetic peptides studied by Koeppe and
785 co-workers (Table S Tiltl). It was used for method testing
786 and parametrization to optimize the value of two parameters

—

—

—

—_

—

—

(fmism and fy) that characterize the membrane deformation 787
penalty due to the helix mismatch and tilting in the lipid 7ss
bilayer, respectively (eq 11). Set 10 included 26 additional data 789
points for 14 natural and synthetic peptides (Table S_Tilt2). It 790
was used for method testing using the obtained values of two 791
membrane deformation parameters (fym = 0.02 kcal/mol A 792
and fy = 0.005 kcal/mol A?). 793

The correlation coeflicient between the calculated and the 794
experimental values of the helix tilt angles for both sets 795
combined (R* of 0.84) demonstrates the reasonable perform- 796
ance of FMAP 2.0 in the prediction of helix tilt angles (Figure 797
2 D). The rmsd values for helix tilt prediction were 6.5°, 7.5°, 798
and 6.7° for sets 9, 10, and both sets combined, respectively. It 799
is noteworthy that all peptides from these sets were correctly soo
predicted as TM or located at the surface. 801

TM a-Helices of Bitopic Proteins. We previously so2
developed a simplified FMAP 1.0 version for fast identification so3
of TM a-helices in bitopic proteins that employs the so4
transbilayer energy profiles for different types of amino acid sos
residues (i.e., the whole-residue approximation) and calculates so6
the locations of TM a-helices in sequence using the lowest o7
energy helix—coil partition (LEP) approach.'® In this work, we sos
retested FMAP 1.0 using an expanded and updated set of 170 so9
bitopic membrane proteins taken from 72 crystal structures of 810
protein complexes from the Protein Data Bank (PDB)’’ with s11
resolution < 3.2 A but excluding NMR models that were used s12
in other data sets (set 11, Table S TM_proteins). 813

Taking bitopic protein sequences from the corresponding si4
PDB files as input, FMAP 1.0 correctly detected all 170 TM a- s1s
helices with an average error in helix end prediction of 4.8 816
residues per TM a-helix (Tables 1, Figure 2 B). In addition, s17
the method identified 9 hydrophobic a-helical segments which 818
belong to water-soluble domains (Table S2). These false- si9
positive predictions can be filtered out by comparing FMAP 820
predictions with annotations of the protein domains in 821
UniProt.*” Similar results were obtained earlier while testing 22
FMAP 1.0 for a different set of bitopic proteins.' 823

Furthermore, we tested the performance of FMAP 2.0 for s24
the same set of bitopic proteins but using the more rigorous 82s
and complex all-atom “peptide in membrane” model with 826
Boltzmann averaging of the helix—coil partitions. To speed up 827
calculations, the input sequences included only residues from s28
TM a-helices previously predicted by the whole-residue s29
approach with eight additional residues from each side. The 830
calculations were initially performed for the DOPC bilayer s31
using different values (0.2, 0.35, and 0.5) of the helix s3
detectability cutoff (P;). We found that using an intermediate 833
P4 value of 0.35, FMAP 2.0 performed better in predicting the s34
ends of TM a-helices observed in crystal structures of bitopic 835
proteins (see Table S TM_proteins for details). Although the s36
average errors in the determination of helix ends were not 837
improved (Table S4), the all-atom approach decreased the s3s
number of falsely predicted TM a-helices in the set (from 9 to s39
4) and allowed one to optimize the geometry and side-chain s40
rotamers of TM a-helices. 841

The average rmsd between the FMAP-generated models and s42
the X-ray structures of bitopic protein complexes was found to 843
be 1.6 A for common Ca atoms. Hence, FMAP 2.0 correctly s
reproduced the TM a-helix geometry observed in protein 84s
complexes. However, only 58% of the side-chain conforma- s46
tions (as defined by torsion angle y') were identical in the s47
models and the corresponding crystal structures. The 848
percentage of identical y' conformers was ~70—80% for s49
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Figure 3. Comparison of the performance of FMAP 2.0 and AGADIR in the prediction of a-helices in peptides in water. (A) Distribution of helix
end prediction errors for both termini (AN + AC) in calculations by FMAP (dark gray) and AGADIR (light gray). Numbers of studied peptides
and correctly predicted (TP) a-helices are in parentheses. (B) Comparison of data experimentally obtained (black) and calculated by FMAP 2.0
(dark gray) and AGADIR (light gray): correctly predicted a-helices (TP), correctly predicted coils (TN), falsely predicted a-helices (FP), and
missing a-helices (FN). Data set includes 118 peptides: 65 nonhelical peptides, 49 peptides with 1 a-helix, and 4 peptides with 2 a-helices. a-
Helices predicted by AGADIR were defined as continuous segments of a peptide chain with the a-helicity of each residue larger than 10% cutoft.
Error bars represent standard deviations for sample sizes of 54 helices (FMAP 2.0: errors = 2.09 + 1.75 residues/helix) and 3S helices (AGADIR:

errors = 2.80 + 2.27 residues/helix).

sterically constrained f-branched side chains (Ile, Val, and
Thr) but close to 40—50% for other residues (Table SS).
Moreover, we observed only a poor correlation of calculated
and experimental tilt angles of TM a-helices for this data set
(the average deviation was around 11°). Such discrepancies
presumably appeared because our calculations were performed
for individual TM a-helices in the fluid lipid environment,
while the corresponding X-ray structures represented protein
complexes with tightly packed TM a-helices. According to our
calculations, long side chains of single a-helices may adopt a
number of isoenergetic conformations, whereas helix tilt angles
may fluctuate by up to 10° within 1 kcal/mol around the global
energy minimum. In crystallized protein complexes, the close
packing of TM a-helices represents a major factor that defines
the helix tilt angles and side-chain conformers. Therefore,
FMAP-calculated tilt angles can be properly compared only
with experimental values determined for isolated TM a-helices
(as in Figure 2D).

We also investigated whether adjustment of the membrane
deformation parameters (f i futo Cosurpy Csrar) could improve
the accuracy of prediction of TM helices in bitopic proteins
associated with different types of biological membranes. We
found that the mechanical parameters of the DOPC bilayer
perform well for predicting the ends of TM helices in
eukaryotic PM, ER, and Golgi membranes. However, these
parameters were reduced to improve the prediction of TM a-
helices in prokaryotic cell membranes (Gram-negative and
Gram-positive Bacteria and Archaea) and mitochondrial and
thylakoid membranes (Table S6).

Performance of the FMAP 2.0 Server As Compared to
Other Web Tools. The FMAP method and web tool are
difficult to compare with other in silico methods available
online because such methods were developed for a different
purpose, i.e., predicting and modeling the unique structures of
peptides and small proteins in aqueous solution rather than
exploring the structural polymorphism of peptides in micelles
or lipid bilayers under different experimental conditions. A
direct comparison can be made only with AGADIR, another
web server that implements a thermodynamics-based method
to assess the a-helicity of water-soluble pePtides depending on
the pH, temperature, and ionic strength.  Since the current
AGADIR version is applicable only to peptides in water, we

compared the performance of both web servers for 118
peptides studied by NMR in aqueous solutions. We found that
AGADIR correctly predicted only 61% of the experimentally
observed a-helices, as compared to 95% of the a-helices
identified by FMAP 2.0 (Figure 3). The average error in helix
end determination by FMAP 2.0 was better than that
calculated by AGADIR: 2.1 versus 2.8 residue per helix,
respectively.

On the basis of our results (Figure 2 B, Table
S _TM_proteins), FMAP 2.0 can be used for identifying
hydrophobic TM a-helices in amino acid sequences of bitopic
membrane proteins. Our previous validation indicated that
FMAP 1.0 performed similarly to Phobius and slightly better
than TMHMM and TopPred for a set of more than 4000
single-helical membrane proteins.'” Nevertheless, the FMAP
method was not developed for multihelical membrane proteins
where some TM a-helices may not be stable in isolation but
are stabilized by interactions with neighboring helices.

B CONCLUSIONS

The a-helix is the most common type of structure found in
membrane-bound peptides and proteins. An adequate
theoretical description of the helix—coil transition in polar
and nonpolar environments is essential for understanding the
folding of membrane proteins and for the analysis and design
of membrane-active a-helical peptides with desired biological
activity. Despite the progress in the development of web tools
for peptides, none of them can provide a fast and reliable
assessment of the highly flexible and marginally stable
structures of linear membrane-associated peptides, where
small changes in the amino acid sequences, polarity of the
environment, or experimental conditions may dramatically
change the structure of a peptide.’

Here, we developed FMAP 2.0, a unique method to explore
the structural plasticity and energetics of a-helical peptides in
various experimental conditions and different environments,
including membranes and micelles. This is a physics-based
approach that uses previously developed energy terms and
empirical parameters. Importantly, FMAP 2.0 not only
identifies stable a-helices in the amino acid sequence but
also evaluates their membrane-binding energy and generates
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932 all-atom 3D models of a-helical fragments arranged in a
933 membrane-like milieu.

93¢  The current FMAP version has a number of limitations. In
935 general, it should be used only for linear peptides that do not
936 form a tertiary structure and do not undergo aggregation. The
937 method does not account for structure-stabilizing covalent
938 bonds or metal-binding clusters, specific tertiary interactions,
939 or formation of S-hairpins or other nonhelical structures.
940 Moreover, FMAP 2.0 does not account for the influence of the
941 lipid composition. It accounts only for the differences in the
942 hydrophobic thickness and empirical deformation parameters
943 for PC bilayers and several types of biological membranes
944 (Table S6). The polarity profiles for different types of
945 biological membranes’ may be included into the future
946 version of the method.

947 Despite its limitations, FMAP was useful for modeling of
948 TM a-helices in more than 6000 bitopic membrane proteins
949 collected in the Membranome database.'” It was also included
950 in software for modeling TM a-helical dimers.'” We assume it
951 will also be helpful for modeling and analysis of a-helical
952 peptides in micelles and lipid bilayers. The provided web tool
953 will make it easier for researchers to explore the structures,
954 spatial orientations, and membrane-binding affinities of a-
9ss helical peptides in lipid membranes in different conditions,
956 which is necessary for understanding the mechanisms of the
957 biological activity of antimicrobial, cell-penetrating, fusion, and
958 other membrane-associated peptides.
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