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Abstract We combined systematic bioinformatics analyses
and molecular dynamics simulations to assess the conserva-
tion patterns of Ser and Thr motifs in membrane proteins, and
the effect of such motifs on the structure and dynamics of
o-helical transmembrane (TM) segments. We find that Ser/
Thr motifs are often present in f-barrel TM proteins. At least
one Ser/Thr motif is present in almost half of the sequences of
o-helical proteins analyzed here. The extensive bioinformat-
ics analyses and inspection of protein structures led to the
identification of molecular transporters with noticeable
numbers of Ser/Thr motifs within the TM region. Given the
energetic penalty for burying multiple Ser/Thr groups in the
membrane hydrophobic core, the observation of transporters
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with multiple membrane-embedded Ser/Thr is intriguing and
raises the question of how the presence of multiple Ser/Thr
affects protein local structure and dynamics. Molecular
dynamics simulations of four different Ser-containing model
TM peptides indicate that backbone hydrogen bonding of
membrane-buried Ser/Thr hydroxyl groups can significantly
change the local structure and dynamics of the helix. Ser
groups located close to the membrane interface can hydrogen
bond to solvent water instead of protein backbone, leading to
an enhanced local solvation of the peptide.
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Hydrophilic amino acids of transmembrane (TM) proteins
can have important structural and functional roles. For
example, hydrophilic amino acids can contribute to the
association of TM segments via hydrogen-bonding or salt-
bridging interactions (Hermansson and von Heijne 2003;
Zhou et al. 2000, 2001), influence the boundary of the
insertion of membrane proteins into the lipid bilayer
(Krishnakumar and London 2007), reduce (via salt bridg-
ing) the free energy of membrane partitioning of a helix
(Chin and von Heijne 2000), and can influence ligand
binding (Junne et al. 2007) or participate in chemical
reactions of the TM protein (Metz et al. 1991). Ser and Thr
groups are distinguished from other polar side chains by
their ability to compete with the backbone groups for
intrahelical hydrogen bonding. Such hydrogen bonding may
have important consequences for the structure and function
of the membrane protein. To understand the conservation
patterns of Ser/Thr groups in membrane proteins, and the
effect of Ser/Thr groups on the local protein structure and
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dynamics, here we combined extensive bioinformatics
analyses with molecular dynamics simulations.

Regardless of whether the residue is buried or solvent-
accessible, the side chains of the polar amino acids Ser and
Thr have a high propensity for intrahelical hydrogen
bonding (Gray and Matthews 1984); this intrahelical
hydrogen bonding can be either with a backbone amide or
with a backbone carbonyl group (Gray and Matthews 1984;
Presta and Rose 1988; Richardson and Richardson 1988).
Hydrogen bonding to the backbone amide is observed
when Ser/Thr are located in the position immediately
preceding the N terminus of a-helices (N-cap) (Doig et al.
1997; Kumar and Bansal 1998; Vijayakumar et al. 1999)
and in membrane proteins (Eilers et al. 2000).

The interior location preferred by Ser/Thr in membrane
proteins (Pilpel et al. 1999) was associated with the high
packing values of these amino acids (Eilers et al. 2000);
statistical analysis suggested that Ser/Thr whose hydroxyl
groups hydrogen bond to the backbone of the TM helix can
induce a small local bending of the helix (Ballesteros et al.
2000). When associated with Pro in the TM segment
sequence, a Ser/Thr can modulate significantly the struc-
tural deformation of the helix induced by Pro (Deupi et al.
2004). The preference of Ser/Thr amino acids for intrahe-
lical hydrogen bonding with the backbone could also be
responsible for the lack of a significant contribution of Ser/
Thr to the association of TM segments (Zhou et al. 2001).
But, when specific Ser/Thr motifs are present at the inter-
face of TM helices, they can drive oligomerization of
the helices via interhelical hydrogen bonding (Dawson
et al. 2002).

The competition with backbone groups for hydrogen
bonding may be related to the low propensity of these
amino acids in the middle of a-helices (Vijayakumar et al.
1999). Nevertheless, the frequency of occurrence of Thr/
Ser at buried sites within TM segments of helical is higher
than that of other polar and charged amino acids (Grat-
kowski et al. 2001). At buried sites in proteins, Ser/Thr
tend to hydrogen bond (Worth and Blundel 2008).

Given the expectation that Ser/Thr are relatively infre-
quent in a TM o-helical segment, we were intrigued by our
observations that multiple Ser/Thr are present within TM
segments of membrane proteins with different function,
particularly in functionally important regions of several
molecular transporters and receptors. In what follows we
discuss briefly several such examples.

The analysis of sequences of retinal proteins indicates
the presence of a TT motif at the heart of the protein; the
TT motif is largely conserved as TT, ST, or TC (Nack et al.
2012). In the bacteriorhodopsin proton pump the two Thr
are present at position 89 and 90 (i.e., close to the primary
proton acceptor D85), and the Thr90Ala mutation has
profound effects on the reaction cycle (Peralvarez et al.
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2001). G-protein-coupled receptors squid and bovine
rhodopsin contain several Ser/Thr motifs along the TM
segments—for example, S;9DFTg;, S5,IMT;,5 and
S263IVIVSQFLSWS,75 in squid rhodopsin (pdb 2773,
Murakami and Kouyama 2008), and TsgLIVTe,,
To, TTLYTSog, and T»97S,95 in bovine rhodopsin (pdb
1U19, Okada et al. 2004). S122 of squid rhodopsin is part
of the hydrogen-bonded network that may be involved in
signal relay (Murakami and Kouyama 2008, Jardon-Vala-
dez et al. 2010), and bovine rhodopsin T94 is involved in
controlling the protonation state of the retinal Schiff base
(Buss et al. 2003). The conserved squid rhodopsin Y315
makes potentially important hydrogen bonds with water
(Sugihara et al. 2011); Y315 is located on the cytoplasmic
side of a TM helix, near the loop segment S3;4VS3;s.

In the GlpG intramembrane protease, helix TM3 that
interconnects distant hydrogen-bonding clusters contains the
sequence S;7;GKLIVITLISALS;gs (Bondar et al. 2009);
another intramembrane protease, FlaK, also has a TM helix
that contains three closely spaced Tht/Ser groups
(T710LSYLVT746) (pdb 3S0X, Hu et al. 2011). In the Ther-
motoga maritima SecY TM7, a helix thought to be critical for
the translocon function (Plath et al. 1998; van den Berg et al.
2004; Du Plessis et al. 2009), contains the sequence
S,77AIVSIPSAIASIT ,90; the hydroxyl groups of the four Ser
amino acids and of the Thr hydrogen bond to backbone car-
bonyl groups of other TM7 amino acids (Bondar et al. 2010).
The corresponding region of the Escherichia coli translocon
contains three Ser and one Thr groups in the sequence
SzglszgzllLFPAngglA82gl (Bondar etal. 2010) Mutation of
the E. coli S282 to Arg leads to the priA401 phenotype
(Osborne and Silhawy 1993) thought to be characterized by
the destabilization of the closed state of the translocon (Smith
et al. 2005); adding one more Thr that replaces 1290 reduced
export of staphylokinase by the translocon (Sako 1991;
Osborne and Silhavy 1993). Arrangements of Ser/Thr sepa-
rated by two or three residues, with the Ser/Thr side chains
largely on one side of the TM helix, are also observed in the
P-type proton pump AHA2 from Arabidopsis thaliana—
T(,gGIMT(,gg, S762IIS765’ or ng7IVT830 (pdb 3B8C, Pedersen
et al. 2007); the TggslMTgg9 segment within TM6 is very
close to the primary proton donor/acceptor D684. The
membrane-embedded region of the o subunit of the nicotinic
acethylcholine receptor consists of four helices, each with at
least one Ser/Thr motif; helix M2 contains three Thr and six
Ser groups (Unwin 2005). Finally, the TM segment of the
amyloid precursor protein has two Thr amino acids separated
by two VI pairs, the N-terminal Thr being at the y42 cleavage
site (see e.g., Munter et al. 2007).

Because Thr/Ser have positive free energies of insertion in
the membrane hydrophobic core (Hessa et al. 2005; Moon and
Fleming 2011), and weakly inhibit membrane insertion (Xie
et al. 2007)—although the context of the amino acid in the
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TM segment is also very important for its recognition by the
protein translocon (Hessa et al. 2005), itis indeed plausible, as
some of the examples above may suggest, that the presence of
Ser/Thr motifs in TM segments may be important for the
structural and/or functional role of the protein.

We revisit here the presence of Ser/Thr amino acids in
TM proteins and their effect on the local structure and
dynamics of model TM protein segments. We performed
systematic bioinformatics analyses of a data set consisting
of 339 unique sequences of protein chains that contain o-
helical and f-barrel TM segments. We find that, within the
data sets analyzed here, about half of the sequences of the
o-helical membrane proteins have at least one Ser/Thr
motif, although sequences containing a large number of
motifs are a minority. In the o-helical membrane proteins,
Ser/Thr motifs can be present not only along the TM
helices, but also in solvent-exposed regions of the pro-
tein—which may contain f-strands. On the basis of the
bioinformatics analyses and visual inspection of protein
structures we could identify membrane transporters that
have a remarkable number of Ser/Thr groups along TM
helices (see examples in Fig. S1). To assess how various
Ser/Thr motifs affect the local structure and dynamics of
a-helical TM segments, we carried out molecular dynamics
(MD) simulations of four model single-spanning «-helical
TM segments, including TM7 of T. maritima SecY. The
MD simulations indicate that presence of Ser/Thr motifs
can affect the local structure, dynamics, and solvation of
TM helices. We thus conclude that the presence of multiple
Ser/Thr motifs along the TM helices of a protein, although
a relatively infrequent event, likely has significant impli-
cations for the structure and dynamics of the protein.

Methods
Bioinformatics Analyses

TM protein sequence chains were selected from the Protein
Data Bank of Transmembrane Proteins (PDB_TM, Tus-
nady et al. 2005a), which is based on scanning all PDB
entries with the TMDET algorithm (Tusnady et al. 2005b).
Only nonredundant sequences were selected from the
complete PDB_TM data set. The sequences are classified
into two subsets: chains containing «-helical TM segments,
and chains containing ff-barrel TM segments; these two
data sets are denoted here as, respectively, data-o (291
unique sequences) and data-f§ (48 unique sequences).

For the protein sequences in the both data-o and data-f
sets, we analyzed the presence of the following specific
motifs (denoted in what follows as Signatures) containing
Ser/Thr amino acids: SS, ST, TT, SxxS, SxxxS, SxxT,
SxxxT, TxxT, and TxxxT, where “x” denotes any amino

acid. For the Signature analysis of the protein sequences,
we used the program Preg (Rice et al. 2000). The search for
Signatures included the entire protein chain—that is,
regions of the protein that may not be within the lipid
membrane region are also included in the search.

The statistical analysis of the sequences was performed
using the R software (R Development Core Team 2010).
Using R, we first tested the normality of the data-« and data-
f samples using the Shapiro—-Wilk normality test (Shapiro
and Wilk 1965; Royston and Remark 1995). To compare the
results for the different Signatures in data-o and data-f3, we
used the nonparametric (i.e., distribution-free) statistical
hypothesis Mann—Whitney U-test, also called the Wilcoxon
rank-sum test (Mann and Whitney 1947).

To cluster the data-o and data-f8 Sequences according to
the number and type of Signatures, we proceeded as fol-
lows. The results of the Signature analysis described above
were used to derive the Signature number information per
sequence (that is, the number of SS, ST, TT, SxxS, SxxS,
TxxT, TxxxT, SxxT and SxxxT per sequence) for each data
set. For each Signature, all counts were normalized
between O (no Signature) and 1 (the highest number of
Signatures in each column). The Signature data were
analyzed using unsupervised cluster learning methods. We
used two distinct clustering methods: hierarchical cluster-
ing (Mitchell 1997; Jain et al. 1999), and k-means clus-
tering (MacQueen 1967). The hierarchical clustering was
performed using the Euclidean distance and the complete
linkage approach. The number of clusters was calculated
using the inconsistency threshold and coefficient (Bezdek
and Pal 1998) as validity indices. The Euclidian space was
used for the k-means clustering. In order to reduce the
sensitivity of the algorithm to the initial random cluster
centroids, we repeated each of the k-means runs 10 times
and chose the best solution. We used the silhouette method
(Rousseeuw 1987) to estimate the number of clusters. The
potentially optimal number of k-means clusters was then
chosen in order to maximize the average distance between
silhouette means. Unless indicated otherwise, all functions
used are part of the Matlab Statistics Toolbox (Jones 1993).

Molecular Dynamics Simulations

We investigated the structure and dynamics of four model
peptides that contain different types and numbers of Ser/Thr
Signatures (Table 1). The peptide in Siml1 consists of the
seventh TM helix of the SecYEG protein translocon from
T. maritima (Zimmer et al. 2008), and a fragment of the loop
that connects the seventh and eighth TM helices of the
T. maritima translocon (for a total of 27 amino acids); there
are four Ser groups and one Thr in this peptide, separated by
one, two, or three amino acids that are hydrophobic (lle,
Phe, or Val), or mildly hydrophobic (Ala). Sim2 and Sim3

@ Springer



720

C. del Val et al.: Ser/Thr Motifs

Table 1 Summary of the MD simulations performed

Simulation Peptide sequence Simulation length (ns)* Average RMSD (1&)b
Siml VIPIIPAS,77;ATVS,5IPS 5,A 34 2.7 +£0.1°
TAS 85I T290AAET 94K
Sim2 (L)5-(SL)>-(L)3 49 2.0+ 0.1
Sim3 (L)5-(SL)4~(L)o 34 1.8 £ 0.1
Sim4 L-(SLL)4~(L)7 34 1.8 £ 0.1

? The simulation length denotes the length of the trajectory without any constraints

" The average RMSD and standard deviation values were computed from the last 20 ns of the trajectory without constraints (2000 frames). Time
series of the RMSD values computed from Sim1-Sim4 are provided in Fig. S10

¢ For the TM helical segment of the peptide in Siml, the average RMSD is 1.3 £+ 0.2 A (see also Fig. S2A)

are on peptides that contain two (Sim2) or four (Sim3)
SerLeu stretches. In Sim4 we consider a model peptide that
has four Ser groups within three SLLS repeats. The
sequences of all peptides used in the MD simulations are
given in Table 1. The simulation systems contained the TM
peptide embedded in the center of hydrated palmitoyloleoyl
phosphatidylethanolamine (POPE) hydrated lipid mem-
brane, for a total of ~72,600 atoms (~ 280 lipid molecules,
and ~ 12670 water molecules).

Coordinates for the peptide in Sim1 were taken from the
crystal structure of Zimmer et al. (2008). The helical model
peptides investigated in Sim2-Sim4 were constructed using
the CHARMM software (Brooks et al. 1983). The pro-
tonatable amino acid residues in Siml were considered in
their standard protonation states (Glu—negatively charged,
and Lys—positively charged).

MD simulations were performed using the NAMD
software (Kalé et al. 1999; Phillips et al. 2005) with
the CHARMM?22 force field for the protein atoms
(MacKerell et al. 1998), CHARMM?27 for lipids (Feller
and MacKerell 2000), and the TIP3P model for the water
molecules (Jorgensen et al. 1983). We cut off the short-
range real-space interactions at 12 A using a switching
function between 8 and 12 A. The smooth particle mesh
Ewald summation (Darden et al. 1993; Essmann et al.
1995) was used to compute the Coulombic interactions.
To maintain a constant temperature of 310 K and the
pressure at 1 barr we used a Langevin dynamics scheme
and a Nosé-Hoover Langevin piston (Feller et al. 1995;
Martyna et al. 1994).

In the initial stages of the MD simulation the system was
subject to weak harmonic constraints, as follows. During
minimization, heating, and the first 1.5 ns of the equili-
bration, we used harmonic constraints of 5 kcal mol~' A2
for the peptide atoms, and 2 kcal mol ™ A~ for the lipid
and water molecule atoms. The constraints on the lipid
atoms were then switched off, and we continued with 1 ns
of equilibration with the constraints on the peptide and
water atoms unchanged. The constraints on the peptide
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atoms were set to 2 kcal mol~' A™2 for the subsequent
1 ns of the equilibration. We then switched off the con-
straints on the peptide, and continued the equilibration with
a constraint of 2 kcal mol~" A=2 on the water atoms only.
All harmonic constraints were switched off for the
remaining part of the simulations.

During the equilibration with harmonic constraints, and
for the first 1 ns of the MD simulation without constraints,
we used an integration step of 1 fs. For the remaining part
of the simulation we used the reversible multiple time-step
algorithm (Grubmiiller et al. 1991; Tuckerman and Berne
1992) with time steps of 1 fs for the bonded forces, 2 fs for
the short-range nonbonded forces, and 4 fs for the long-
range electrostatic forces. The lengths of the bonds to
hydrogen atoms were constrained using SHAKE (Ryckaert
et al. 1977).

We used VMD (Humphrey et al. 1996) for molecular
graphics, inspection of selected structures (e.g., Fig. S1),
and trajectory analysis.

Results

Bioinformatics Analysis of the Sequences of TM
Proteins

The statistical analysis of the sequences showed that they
mostly did not follow a normal distribution; this made nec-
essary the use of nonparametric tests to address the differ-
ences in the number of Signatures in data-o and data-f5. The
nonparametric tests showed significant differences in the
number of Signatures appearing in data-o. and data-f§ when
using the Wilcoxon rank-sum test (Table 2, Figs. 1, S2-S4).
The meaning of the box plots is illustrated in Fig. la. A
summary of the statistical analyses of the sequences is given
in Fig. S4. The Shapiro test is summarized in Fig. S5.

On average, most proteins from data-f§ contain Ser/Thr
Signatures (Table 2, Figs. S2 and S3). Only 15-25 % of
these sequences do not have any Signature (Table 2). We
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Table 2 Summary of the percentage of data-o and data-f§ sequences that contain given numbers of specific Signatures *
Motif No. of Signatures
0 1 2 3 4 5
Data-o
SS 47.4 23 13.4 8.9 1.7 3.1
SxxS 55 22 9 8 4 1
SxxxS 45 29 13 7 3 1
ST 52.9 25.1 12 4.8 3.1 0.7
SxxT 49 22 17 7 3 1
SxxxT 58 23 12 4 2 1
TT 553 25.1 13.1 3.8 0.3 0.7
TxxT 53 30 11 4 1 1
TxxxT 57 25 9 2 0
Data-f8
SS 5 16 11 23 23 9
SxxS 20 25 35 12 4
SxxxS 23 21 15 9 8 8
ST 7 21 16 12 21 15
SxxT 19 25 17 21 14 2
SxxxT 15 21 29 6 13
TT 12 12 19 14 11 14
TxxT 25 31 6 15 11
TxxxT 19 21 13 21 8 6

? For a graphical representation of the Signature analysis here summarized, and for further details, see Figs. S2 and S3

note significant differences between the distributions of
Ser/Thr Signatures separated by two amino acids. Two
SxxS Signatures are present in a large part of the sample
(35 %), whereas TxxT is present in just 6 %; the presence
of SxxT has an intermediate value of 17 % (Table 2; Fig.
S3B, E, H).

The number of Signatures in data-o is significantly
smaller than in data-f (Fig. 1). In data-o SxxxS (55 %) and
SxxT (51 %) remain prevalent, although most often just
one Signature is present (Fig. S2C, E); TxxT, SxxxT,
TxxxT, and SxxS are found in, respectively, 47, 42, 43, and
45 % of the sequences (Table 2; Fig. S2H, F, I, B).

For a certain Signature, the amino acid sequence
encompassed by Ser/Thr can be different for the two
classes of TM proteins sequences considered here.
Whereas in data-oo SxxxS appears most often as SLxxS or
SVxxS—that is, with a bulky hydrophobic amino acid (Fig.
S6g-i), in data-f the preferred SxxxS sequences are SYxxS
and SAxxS (Fig. S7b). Leu and Val are also associated
with most of the TxxxT Signatures in data-« (Fig. S6p—s);
in data-f5, most common TxxxT motifs are TGxxT and
TSxxT (Fig. S7e). Signatures SxxxT, SxxT, and SxxS have
the same motifs in the both data sets, respectively, SAxxT
and SLxxT, SVXT and SGxXT, and SSxS and STxS (Figs.
S6d-f, j—e, a—c, S7a, c, f) (Fig. 2).

Our preliminary analysis of a possible relationship
between noticeable numbers of Signatures and the molec-
ular function of the protein indicates that, within the data
sets considered here, the proteins with large numbers of
Signatures tend to be transporters or receptors. Below we
discuss briefly several such examples.

Identification of Molecular Transporters and Receptors
with Significant Numbers of Ser/Thr Motifs

Visual inspection of data-o. molecular transporters with a large
number of Signatures (Fig. S8) indicates that the Signatures
can be present not only in the membrane-embedded region of
the protein, but also on solvent-exposed regions—Iloops, or
larger soluble domains. The inclusion in the analysis of sol-
vent-exposed parts of TM proteins is a limitation of the data
sets used for the current analysis that leads to an over-esti-
mation of the number of Ser/Thr Signatures. Below we discuss
briefly examples of molecular transporters that contain large
numbers of Signatures in the TM and/or solvent-exposed
domains. In the discussion and in the Supplementary Infor-
mation files the proteins are identified by the Protein Data
Bank (PDB, Berman et al. 2003) chain used in the bioinfor-
matics analysis; for example, 1f6g A indicates that we used
chain A from PDB 1f6g.

@ Springer
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Fig. 1 Box-and-whisker plots illustrating the distribution of Signa-
tures in data-o and data-f. Box-and-whisker plots are nonparametric
representations of the distribution of the data within the sample
assessed. The principles of a box plot are illustrated in (a). For
example, the yellow box in (b) (for SS Signatures in data-o) indicates
that (1) the median number of SS Signatures in the data-o set is 1; (2)
approximately half of the sequences have no Signature; (3) about a
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quarter of the sequences have one SS Signature; and (4) outliers more
than 5 SS Signatures are not normal within the data-o set. For
information about the number of specific Signatures for each of the
data-o. and data-f sets, see Figs. S2-S5. Details of the statistical
analyses and the results of the Shapiro test are given in Figs. S6 and
S7
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Fig. 2 Schematic
representations of Sims1—4.
Coordinate snapshots from the
end of Sim1 (a), Sim2 (b), Sim3
(¢), and Sim4 (d) are shown as
cutaway views with heavy
atoms of lipid glycerol,
phosphate, and choline groups
depicted as van der Waals
spheres scaled down by 40 %,
and solvent water oxygen atoms
depicted as transparent van der
Waals spheres (also scaled
down by 40 %). Water oxygen
atoms within 6 of any Ser/Thr
atom are shown as large spheres
(van der Waals spheres enlarged
by 20 %). The Ser/Thr side
chains are shown as bonds.
VMD (Humphrey et al. 1996)
was used to prepare molecular
graphics images

Sim1

Sim3

The AMPA subtype ionotropic glutamate receptor
(Sobolevsky et al. 2009) has numerous Ser/Thr groups
that give rise to sixteen SxxxS Signatures, nine SxxT,
and smaller numbers of other Signatures—although most
of the groups are solvent exposed (3kg2_A, Fig. S1A).
The full-length potassium channel KcsA (1f6g_A; Cortes
et al. 2001) (Fig. S1B), and the P-type ATPases AHA2—
proton pump (3b8c_A, Pedersen et al. 2007) (Fig. S1C),
sarcoplasmic reticulum Ca®* pump (Obara et al. 2005)
(2agv_A, Fig. S1D), and the Neurospora proton pump
(1mhs_A; Kiihlbrandt et al. 2002) (Fig. S1E) have Ser/
Thr Signatures in the both TM and solvent-exposed
regions.

Solvent-exposed domains of the TM protein may con-
tain f-strand domains where most of the Ser/Thr Signatures
are found, such as entry 3h9v_A, corresponding to the
ATP-gated P2X4 ion channel from Kawate et al. 2009)
(Fig. S1F). The structure of the KirBac3.4 potassium
channel from Gulbis et al. (n.d.) (pdb entry 1XL4) has
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Signatures in the both TM helices and solvent-exposed
p-strands (Fig. S1G). The polysaccharides translocon Wza
(2j58_A; Dong et al. 2006) has 12 Signatures, of which
three (two TXT and one SxxxT) are within the C-terminal
D4 helical segment thought to be embedded in the outer
membrane, and the remaining Signatures are in solvent-
exposed a-helical or f-strand segments (Fig. S1H). A
stunning example of a molecular transporter with solvent-
exposed helical and f-strand segments and a large number
of Signatures is mouse P-glycoprotein (3g5u_A; Aller et al.
2009), which has numerous SxxxS and ST Signatures, and
at least one from each of the other Signatures (Figs. S1I,
S8-1).

There are other examples of data-o transporters con-
taining a remarkable number of Signatures within the TM
region. In the putative ammonium channel Nitrosomonas
europaea Rh50 (data-o entry 3b9w_A; Lupo et al. 2007),
some of the Ser/Thr amino acid residues are part of TT
(4), SxxS (2), TxxT (16), or TxxxT (1) Signatures, and a
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single TM helix can have up to five Ser/Thr groups (Fig.
S1IR). Alignment of the sequences of N. europaea Rh50
and the E. coli ammonium transporter AmtB (Lupo et al.
2007) indicates that some of the Ser/Thr Signatures are
conserved, whereas others are present only in N. europaea
Rh 50. For example, the S44AT46T47GT49YLV Rh50
segment of TM2 corresponds to S4;3sMLT46QVT4VTs; in
AmtB. In Rh50, F86 and F194 are thought to form a gate
in the substrate transport path (Lupo et al. 2007). F194 is
part of a SF;g4AT segment in TM6, and this sequence is
present as SFNS in human Rhesus RhD and RhAG—two
membrane proteins whose molecular function is not
entirely clear, though RhAG may participate in ammo-
nium transport (van Kim et al. 2006). TM6 of Rh50 also
contains the SxxxS Signature S;50MLGS;g4 (Lupo et al.
2007) S;go being part of the pore-lining amino acid resi-
dues (Hub et al. 2010). The arginine-agmatine antiporter
(AdiC, data-o entry 3hgk_A; Fang et al. 2009) has a total
of 14 Signatures, of which four are SS, and the remaining
are one or two of the ST, TT, T/SxxxT/S or SxxT Sig-
natures (Fig. S1J). Aquaporin AQP1 (data-o entry
1JAN_A; Sui et al. 2001) has Ser/Thr Signatures (mostly
with Ser) both along TM helices and solvent-exposed
loops (Fig. S1K).

We also identified membrane proteins with signal-
transducing activities that have Ser/Thr Signatures in
regions of the protein known to be critical for function, or
have numerous Signatures. Thus, we found that bovine
rhodopsin has 14 Signatures, four of which TT (Fig. SIL;
3cgl_A, Stenkamp 2008). The muscarinic M3 receptor
(2amk_A, Han et al. 2005; Li et al. 2005), has numerous
Ser/Thr along the TM helices (Fig. SIM).

From the data-f set, the outer membrane heme trans-
porter ShuA (data-f entry 3fhh_A, Brillet et al. n.d.) is
loaded with Ser and Thr groups: the structure depicted in
Fig. SIN has 111 Ser/Thr groups, which is approximately
18 % of the 621 amino acids. This significant number of
Ser/Thr gives rise to 11 SS Signatures and 29 other Sig-
natures, SxxT being the least represented—just one Sig-
nature. Another example of a data-f protein with
numerous Signatures is the hemophore receptor (and
transporter) HasR (Krieg et al. 2009) (data-f entry
3csl_A, Figs. S10, S9); this protein structure has 115 Ser/
Thr groups, accounting for 15 % of the total amino acids.
The protein has seven SS Signatures, eight SxxS, and
between three and six from each of the other Signatures.
At the other extreme in terms of number of Signatures for
a data-f§ protein we mention the outer membrane porin
OmpG (data-f§ entry 2flc_X; Subbarao and van der Berg
2006). Out of the 286 amino acids, 27 (~9 %) are Ser/
Thr (Fig. S1P), but there are only six Signatures: one ST,
one TT, two TxxxT, one SxxxT, and one TxxT Signature
(Fig. S9).

@ Springer

Structure and Dynamics of Model TM Peptides

The root mean squared differences (RMSD) relative to the
starting coordinates has reached plateau values for all four
model peptides considered here (Table 1; Fig. S10). The
MD simulations (Sim1-Sim4) indicate that the presence of
Ser/Thr amino acids within the membrane-embedded
peptide segment has a significant effect on the structure and
dynamics of the TM helix.

In Sim1, T290 and each of the four Ser amino acids
hydrogen bond to the carbonyl group of the fourth amino
acid downstream the sequence; in addition to the stable i-4
hydrogen bond, each of the two central Ser groups have a
transient hydrogen bond with the carbonyl group of amino
acid i-3 (Fig. 3a, c—e, g). Competition of the Ser hydroxyls
with the amide groups for hydrogen bonding to the car-
bonyl groups (Fig. 3d, g) induces local kinks in the helix
(Fig. 3b, d), and an enhanced dynamics of this region.
Indeed, the root-mean-squared-fluctuation (rmsf) profile
indicates high mobility for the groups close to S281 and
S284, in particular upstream the sequence where the
backbone hydrogen bonding is most perturbed (Fig. 3d—f).

SecY-TM7, the TM peptide investigated in Siml, con-
tains four Ser/Thr Signatures in which Ser/Thr are sepa-
rated by 1, 2, or 3 amino acid residues (Table 1; Fig. 3a);
of the amino acids that separate Ser/Thr in these four
Signatures, Ile and Ala are each present in three Signatures
(Ile: S273xxxS277, S281xxS5284, S284xxxS288, and S288
xS290; Ala: S273xxxS277, S284xxxS288, and T290xxx
T294) (Table 1; Fig. 3a). The presence of Ile in the Ser
Signatures of SecY-TM?7 is consistent with the observation
from the bioinformatics analysis above that in data-o; these
Signatures are often associated with a bulky hydrophobic
amino acid. In Sim2-Sim4 we explore further the structure
and dynamics of Ser-containing TM segments by consid-
ering peptides with different numbers of Ser amino acid
residues, and with different numbers of Leu separating the
Ser groups (Table 1).

The results on the three Ser-containing poly-Leu model
peptides tested in Sim2-Sim4 indicate that the dynamics
and hydrogen-bonding interactions of the peptides depend
on the number and location of the Ser groups. In Sim2, the
two Ser at positions 4 and 6 in the sequence (Table 1;
Fig. 4a) hydrogen bond to, respectively, the i-3 and i-4
backbone carbonyls (Fig. 4f, g); S4 can also interact with
water (Fig. 4a).

Compared to Sim?2, the peptide in Sim3 has two addi-
tional Ser groups at positions 8 and 10 in the sequence
(Table 1; Fig. 4b). Hydrogen bond dynamics of S4 is
similar in Sim2 and Sim3—during the first ~30 ns of the
simulations the S4 hydroxyl: L1 backbone hydrogen bond
breaks and reforms, and then stabilizes to ~3.4 A. S10,
located deep in the membrane core, is mostly hydrogen
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Fig. 3 Intrahelical hydrogen bonding in Siml. a Each of the Ser
amino acids from the TM helical part of peptide 1 (Table 1) engages
in at least 1 intrahelical hydrogen bond. Ser/Thr groups are shown as
bonds, and Leu backbone groups that hydrogen bond with Ser/Thr are
shown with atoms as small spheres. b Overlap of 10 snapshots of the
last 10 ns of Sim1 taken at every 1 ns. Co atoms of the Ser/Thr amino
acid residues at the end of Sim1 are shown as Van der Waals spheres.
¢ Average distances between Ser/Thr hydroxyl oxygen atoms and
their interaction partners. Average and standard deviation values were
computed from the last 10 ns of Sim1 (1000 coordinate sets). d Close
view of hydrogen bonding in the middle segment of peptide 1. Thin
lines with numbers indicate hydrogen bonding and the corresponding

bonded to the S6 backbone carbonyl (Fig. 4g); S8 hydro-
gen bonds to the S4 carbonyl (Fig. 4b). The presence of S8
and S10 in Sim3 is associated with the middle segment of
the peptide being more flexible than in Sim2 (Fig. 4e).

distances in A. The standard deviations for the side chain distances
are given in (c); for the backbone S281-N:S277-0, and S284-N:V280-
O distances, the standard deviations are =+0.3 A and 40.5 A,
respectively. e Co-rmsf profile of peptide 1, computed from the last
10 ns segment of Sim1. The rmsf profile and the overlap of structural
snapshots in (b) would suggest an enhanced flexibility of the Ser/Thr-
rich TM helix. f Time series of the S284-N:V280-O distance.
g Examples of distances (in A) between Ser/Thr hydroxyl groups and
backbone carbonyl groups monitored during Sim1. For all time series
presented here and in Fig. 4, the origin of the time axis corresponds to
all harmonic constraints being switched off

The 4 Ser groups of peptide in Sim4 are separated by
short LL stretches (Table 1; Fig. 4c, d). That is, unlike in
Sims 2 and 3, where the Ser side chains are distributed
approximately symmetrically around the helix (Fig. 4a, b),
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Fig. 4 Dynamics and hydrogen bonding of Ser-containing poly-Leu
peptides. a, b Coordinate snapshots from Sim2-Sim4 showing the
peptide and specific amino acids at the end of the Sims. Ser side
chains are shown as bonds; atoms of backbone groups involved in Ser
hydrogen bonding are shown as small spheres. Oxygen atoms of
water molecules within 6 A from Ser groups are shown as van der
Waals spheres for the snapshot at the of the Sims, and as small
transparent spheres for 2 coordinate snapshots taken 2 and 1 ns before
the end of the Sims, respectively. For simplicity, in panels a-¢ hydrogen
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are not shown. In Sim4, water molecules penetrate into the lipid
bilayer, forming hydrogen bonds with S8 and/or S5. d Snapshots from
the last ~1 ns segment of Sim4 illustrating hydrogen bonding
between Ser side chains and water molecules; selected hydrogen
atoms are depicted for examples of hydrogen bonding. e Rmsf A)
computed from the last 10 ns of Sim2-Sim4. f Selected Ser hydrogen-
bond distances measured during the last 10 ns segments of Sim2-
Sim4. g Examples of time series of Ser hydrogen-bond distances in
Sim2-Sim4
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in Sim4 the Ser side chains are roughly on the same side of
the helix turns, leading to an imbalanced polarity of the
helix (Fig. 4c, d). Toward the end of Sim4, we observe
water molecules penetrating the lipid bilayer, where they
hydrogen bond with S5 and S8 (Fig. 4d, c). That water
molecules enter the lipid membrane to solvate the Ser
groups in a peptide containing SLLS Signatures (Fig. 4c) is
compatible with previous experiments on synthetic
(LSSLLSL); peptides in diphytanol phosphatodylcholine
lipid membranes: such peptides oligomerized and gave rise
to ionic currents (Lear et al. 1998).

Upon hydrogen bonding to water S8 no longer hydrogen
bonds to the backbone carbonyls of L4 and S5 (Fig. 4d, g);
we also observe geometries in which the side chains of S5
and S8 are bridged via a water molecule (Fig. 4d). Back-
bone hydrogen bonding of S11 is largely stable (Fig. 4c, g).
The presence in Sim4 of more Ser side chains that can
interact with backbone or water molecules is associated
with the flexibility of the middle segment of the peptide
being larger than that observed for the peptides in Sim2 and
Sim3 (Fig. 4e).

Discussion

We have revisited the conservation patterns of Ser/Thr
motifs in a-helical and f-barrel TM proteins using a data
set of 339 unique chain sequences. The bioinformatics
analyses indicate the noticeable presence of Ser/Thr Sig-
natures in both f-barrel and a-helical membrane proteins
(Table 2, Figs. S1-S3). There is, however, a significant
difference between these two classes of proteins: whereas
just ~20 % of the f-barrel protein sequences analyzed
here do not have any Ser/Thr Signature, in the o-helical
TM proteins set the percentage of such sequences is
45-58 % (Table 2, Figs. S2, S3). The finding that within
the data sets used here, proteins having more than two Ser/
Thr Signatures are a minority (Table 2; Fig. 1) is consistent
with Ser/Thr being relatively little represented in the single
transmembrane helices analyzed in (Landolt-Marticorena
et al. 1993), and with the expectation from the kPROT
analysis that the probability of finding multiple Ser groups
within the same TM segment degreases rapidly from
~20 % for two Ser groups, to ~0 for 5-6 groups (Pilpel
et al. 1999). It is important to note here that the results on
the frequency of Ser/Thr motifs depend on the protein
sequences included in the data sets for bioinformatics
analyses. Further work is necessary to understand whether
the number and identity of Ser/Thr motifs within the TM
domain of a TM protein depend on the structural details of
the protein—e.g., on the number of TM helices or f-sheets.

Although multiple Ser/Thr motifs are relatively rare in
TM proteins, we identified intriguing examples of a-helical

TM proteins that contain multiple Ser/Thr groups within
their TM helices (Fig. S1), including in regions that are
important for function (Fig. SIR). The bioinformatics
analysis further indicates that some Signatures are clearly
preferred: compared to other Ser/Thr Signatures, the SxxS
Signatures are disfavored in the f-barrel TM proteins set;
such Signatures are also infrequent in the o-helical TM
proteins. The SxxxS Signature, present in 55 % of the data-
o TM proteins analyzed here, is often associated with a
bulky hydrophobic side chain (e.g., SLxxS or SVxxS).

The MD simulations on model Ser-containing a-helical
TM segments suggest that SxxS motifs may be disfavored
because the energetic cost for hydrogen bonding to the
helix backbone such buried Ser hydroxyl groups may be
too high. In the simulation on the model peptide that
contains four Ser groups each separated by two Leu
(Sim4), water molecules enter the lipid bilayer and solvate
all except for the deepest buried Ser (Fig. 4c, d). Penetra-
tion of water molecules into the hydrophobic core of the
lipid bilayer had been observed in previous MD simula-
tions on the partitioning of charged and polar amino acid
models (MacCallum et al. 2008).

The side chains of all five Ser/Thr groups of the seventh
TM helix of the T. maritima translocon hydrogen bond to
the carbonyl group of the i-4 amino acid (Fig. 4a, c). In
addition to the i-4 hydrogen bond, the two central Ser
hydroxyl groups hydrogen bond transiently to the i-3
backbone carbonyls (Fig. 4a, g). Rh50 was identified here
as a transporter with Ser/Thr Signatures within the TM
region. In the 1.3 A resolution structure of Rh50 (Lupo
et al. 2007), T46 and T47 of the T4cT47XxT49 motif have the
side chains on the membrane-facing side of a TM helix,
whereas T49 faces the protein interior. Each of the three
threonine hydroxyl groups is hydrogen bonded to backbone
carbonyls from the same TM helix: T47 and T49 hydrogen
bond to the i-4 carbonyl, whereas T46 has two hydrogen
bonds, with the i-4 (2.9 10%) and i-3 (3.2 10\) carbonyl groups.
Hydrogen bonding of Ser/Thr hydroxyl groups with the
backbone carbonyl of the i-4 amino acid was also observed
in previous MD simulations on model GGPG-flanked
a-helical TM peptides in hydrated DMPC lipid bilayers
(Johansson and Lindahl 2006). Hydrogen bonding to the
backbone stabilizes the Ser/Thr hydroxyl groups within the
hydrophobic membrane environment without the need of
water entering the bilayer. That is, whether or not water
molecules penetrate into the membrane to solvate buried
hydroxyl groups depends on the sequence context.

The hydroxyl groups of Ser/Thr compete with backbone
amide groups for hydrogen bonding to the carbonyls, and
their backbone amide groups can hydrogen bond to the i-4
carbonyls (Fig. 3d). In the case of the peptide in Sim1, the
maximum perturbation of the backbone amide:carbonyl
hydrogen bond is observed for the central S284:V280
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interaction (Fig. 3d, f). Perturbation of the backbone
hydrogen bonding appears associated with an enhanced
flexibility of the peptide (Fig. 4e). Although the details are
expected to depend somewhat on how many motifs are
present and where these motifs are located within the
sequence, the computations on the model peptides con-
sidered here support a model in which Ser/Thr intrahelical
hydrogen bonding can have significant effects on the local
structure, dynamics, and water interactions of a TM
o-helix.

The influence of the Ser/Thr Signatures on the local
structure, dynamics, and solvation of the TM helices could
be interpreted to suggest that such Signatures may have
important functional roles. For example, Ser/Thr motifs
may be used by the protein to shape the local structure by
inducing local kinks (Fig. 3d), to enhance solvation
(Fig. 4a—d) or flexibility (Fig. 4e). Within the data set
considered here, proteins having significant numbers of
Ser/Thr Signatures include molecular transporters and
receptors. Examples of transporters and receptors con-
taining Ser/Thr groups that are part of Signatures and
known as functionally important include squid rhodopsin—
Si125, part of a SxxT motif, which contributes to a hydro-
gen-bonded network along the signal relay path (Jardon-
Valadez et al. 2010); bacteriorhodopsin—the Thr90Ala
mutation in the TgoTgy Signature has drastic effects on the
kinetics of the reaction cycle (Peralvarez et al. 2001); and
SecY—the E. coli S282R mutation in the S,g;S-g,11-
LFPAT,g31AS,9; sequence destabilizes the translocon
(Smith et al. 2005).

As another implication of the results here on the Ser/Thr
motifs, we suggest the possibility that the interpretation of
serine scanning mutagenesis as tool for assessing the
structure—function relationship in membrane proteins may
be complicated by the introduction, through mutation, of
Ser/Thr Signatures. A recent example of a serine-scanning
investigation in which Ser/Thr Signatures have been
introduced is the investigation by Miranda et al. (2011) of
the structure—function relationship in TM6 of the yeast H™
ATPase Pmal. The yeast Pmal has a Thr at position 733;
the A732S and A735S mutations, which introduce ST and,
respectively, TxS Signatures, led to a reduction in the
proton pumping activity (Miranda et al. 2011). In the
absence of detailed information about the structure,
dynamics, and water interactions of the mutant proteins,
the molecular origin of the mutation effect is unclear. But
the consequences of removing from or inserting a Signa-
ture-related Ser/Thr group are likely due to a complex set
of factors that would include not only the loss/addition of a
hydrogen-bonding hydroxyl group, but also modification of
the structure (e.g., releasing/promoting a kink), changes in
the local dynamics, and reducing/enhancing the local
hydration. In multipass TM proteins, Ser/Thr groups could
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also be involved in interhelical hydrogen bonds (Adamian
and Liang 2002; Dawson et al. 2002); changes in the in-
terhelical hydrogen bonds via mutation could affect sig-
nificantly the conformational dynamics of the protein.
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