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Abstract

As a structural class, tight turns can control molecular recognition, enzymatic activity, and
nucleation of folding. They have been extensively characterized in soluble proteins but have not
been characterized in outer membrane proteins (OMPs), where they also support critical functions.
We clustered the 4-6 residue tight turns of 110 OMPs to characterize the phi/psi angles, sequence,
and hydrogen bonding of these structures. We find significant differences between reports of
soluble protein tight turns and OMP tight turns. Since OMP strands are less twisted than soluble
strands they favor different turn structures types. Moreover, the membrane localization of OMPs
yields different sequence hallmarks for their tight turns relative to soluble protein turns. We also
characterize the differences in phi/psi angles, sequence, and hydrogen bonding between OMP
extracellular loops and OMP periplasmic turns. As previously noted, the extracellular loops tend to
be much longer than the periplasmic turns. We find that this difference in length is due to the
broader distribution of lengths of the extracellular loops not a large difference in the median
length. Extracellular loops also tend to have more charged residues as predicted by the charge-out
rule. Finally, in all OMP tight turns, hydrogen bonding between the sidechain and backbone two to
four residues away from that side chain plays an important role. These bonds preferentially use an
Asp, Asn, Ser or Thr residue in a beta or pro phi/psi conformation. We anticipate that this study
will be applicable to future design and structure prediction of OMPs.
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[l. Introduction

Tight turns are often considered the third type of secondary structure after a.-helices and -
sheets. Capping other structure types, tight turns are defined by their reversal of protein
chain direction [2]. A quarter of all amino acids in proteins are engaged in this highly
hydrogen-bonded structure type [3]. Tight turns are disproportionately represented at the
surface of proteins where their high composition of charged and polar amino acids makes
them frequent sites for molecular recognition [4]. Because of their biological activity and the
stability imparted by their network of hydrogen bonds, many pharmaceuticals have been
designed to mimic tight turn structure [5]. Tight turns also play an important role in folding
and have been shown to nucleate folding of proteins [6] and nucleate the formation of -
hairpins [7].

Because of their importance in folding nucleation and their utility in molecular recognition,
the tight turns of globular proteins have been well-characterized. The three different lengths
of tight turns from four to six amino acids are called p-turns, a-turns, and m-turns. These
names are based on the number of amino acids which compose the turns, not the secondary
structures which they connect. With just 4 residues, p-turns are the most well-described of
the tight turn lengths [8-12]. B-turns should not be confused with B-hairpins which are two
antiparallel p-strands connected by a turn. Five-residue tight turns (known as a-turns) and
six-residue tight turns (known as rt-turns) have also been well characterized [13-15].

Though the tight turns of outer membrane proteins have not yet been characterized, the
utility of tight turns is no less prominent in outer membrane proteins than it is in soluble
proteins. In the outer membrane, tight turns have been shown to control channel gating [16—
18], receptor binding [19-21], outer membrane protein insertion [22] and possibly initiate
outer membrane protein folding /n vitro [23]. Outer membrane proteins share the antiparallel
B-barrel fold.

Because of the homogeneity of this topology, almost all connections (99.3%) between p-
strands in the barrel fall into the category of tight turns because they result in a reversal of
the chain direction, with a small percentage making longer plug domains (0.7%).

Tight turns are sometimes called loops, turns, or reverse turns. The precise meaning of these
terms varies from study to study. We use the previously used definition of a ‘tight turn’
where tight turns are the residues connecting other elements of secondary structure that
result in a reversal of chain direction, regardless of any distance requirement between C,
atoms or hydrogen bonding [11, 24]. Alternatively, in some studies to which we compare
data, a tight turn can be defined as a sliding window of residues [1, 10, 12, 15] of various
lengths with no other secondary structure which meets at least one other requirement. Two
requirements have been utilized 1) a distance cut off between C, atoms [1, 9, 10, 12, 15] or
2) hydrogen bonding between the terminal residues [8, 14].
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In outer membrane B-barrels (OMBBS), by convention tight turns on the extracellular side of
the membrane are called ‘loops’ and the tight turns on the periplasmic side of the membrane
are called “turns’ (Fig 1A, inset). To avoid confusion of whether we are referring to OMBBs
or soluble proteins, we will refer to the general category of tight turns in OMBBSs as ‘strand
connectors’ and use ‘tight turns’ for the tight turns of soluble proteins.

In this study, we categorize the strand connectors of OMBBs to determine what the
distribution of structures are, what amino acids create those structures, and what types of
hydrogen bonding impart stability to this fold. For strand connectors with lengths from 4-6
residues, we clustered them into groups based on the phi/psi angles of the non-terminal
residues. We then describe these structural clusters with respect to structural composition,
sequence composition, and hydrogen bonding preferences. We find different preferred
structure types in the strand connectors of OMBBSs than in the tight turns of soluble proteins.
Moreover, we find different preferred amino acid compositions in these clusters. We
anticipate that a thorough understanding of OMBB strand connectors will enable protein
design to yield better folded and more functional OMBBs.

[ll. Results

A. Length-Specific Trends

We created our dataset of 110 OMBB proteins at 50% sequence similarity. In order to
determine if the <50% sequence similarity dataset was sufficiently unbiased we compared
the overall amino acid composition of the full <50% sequence similarity dataset to the subset
at <25% sequence similarity. We find no statistically significant differences between any
random subset of the 50% sequence similarity data and the 25% dataset (see Methods). In
this 110 protein dataset, we identified 779 extracellular loops and 688 periplasmic turns. We
then rejected any incomplete strand connectors and turns that included plugs or large
periplasmic structures. 81% of the incomplete strand connectors were extracellular loops. As
a result, this leaves 663 extracellular loops and 654 periplasmic turns.

This dataset represents the largest survey of the connections between p-strands. We
characterize 1,317 strand connectors from 110 B-barrels, while the largest study of soluble
B-hairpins identified just 106 tight turns in 59 proteins [24]. However, we do not achieve the
power of previous work in soluble proteins describing 7,153 4-residue tight turns from 426
proteins [1] in which there was no restriction on the structure of the flanking residues.

A characteristic difference between periplasmic turns and extracellular loops is that the
extracellular loops are longer [25]. This difference is so stark that one can visually determine
the directional topology of an OMBB using this rule for almost all OMBB crystal structures.
By graphing the strand connector lengths, we see that the mode of the two groups are similar
while the distributions are different (Fig 1A). Turns have a mode of four amino acids and
loops have a mode of 5 amino acids. More than half the loops contain 10+ residues while
96% of the turns are shorter than 10 residues. Like the overall lengths, the distribution of
loops within PDBs is much wider than that of turns (Fig 1B); more than 80% of the PDBs in
the data set contain a 4-residue turn while nearly 60% contain a loop with 20 or more
residues. All barrels, regardless of the number of strands, have approximately the same
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average turn length (5.8 with a standard deviation of 2.7 residues, Fig 1C). In contrast, the
loop lengths are less homogeneous (14.0 with a standard deviation of 11.8 residues, Fig 1C)
with the longest loops observed in the 16-, 18-, and 22-stranded barrels. For further
categorization we refined the strand connectors to the groups of 4-6 residues. We find 510
turns (65% of all turns) of 4—6 residues and 177 loops (26% of all loops) of 4-6 residues.

To determine whether the sequence content of the loops differed from the turns, we
permuted the assignment of each sequence as loop or turn and calculated the sum of the
differences between amino acids at each position (see Methods). We find that when all
positions are considered for each length, the amino acid content of the loops and turns are
different (p ~ 1x1074, p< 1x1074, p < 1x1074 for the 4-, 5, and 6-residue strand connectors
respectively).

1. 4-residue strand connectors—BY far the largest population of strand connectors
are the 4-residue strand connectors. In our dataset, the 4-residue turns (n=264) and loops
(n=50) are distributed into 5 clusters (Fig 2A). Cluster median angles and representative
loops and turns are shown in Table S2. Of these five clusters of strand connectors, four of
these belong to the nine canonical tight turn types for soluble proteins [12]. The nine
canonical types were defined based on 3,899 4-residue tight turns where tight turns are
defined as non-helical connectors of secondary structure using a distance cut off of 7A
between terminal residues. However, five of the canonical soluble strand connector types are
never seen in our data; neither were any of these five missing types found when studying the
36 soluble 4-residue B-hairpins [24]. More than 80% of soluble p-hairpins with a four-
residue tight turn are connected by type I’ or type 11’ turns [11, 24]; however, just 58% of
loops and 39% of turns in our data fall into these two types (Fig 3A).

In addition to the type I, II, I’, and 11" strand connectors, we identified a new cluster (red, Fig
2A) which was previously unknown. This novel strand connector type is only observed in
the turns, comprising 18% of these structures. The terminal residues of this cluster of strand
connector are somewhat wider apart with an average distance of 7.8A compared to the
average distance of the other 4-residue strand connectors at 5.3A (Figure 2B).

Each cluster we found shows specific amino acid preferences at each position of the strand
connector (Fig 2C, 2D). To determine whether the amino acid composition of each cluster
was statistically different from the other clusters, we permuted the assignment of the
sequences to the clusters (see Methods) separately within the loops and within the turns. We
find that the amino acid composition of most (9/10 pairs) of the 4-residue turn clusters are
statistically different from each other while half (3/6 pairs) of the 4-residue loop clusters are
not statistically different from each other (Table S1).

It has been proposed that the high proportion of type I’ and II’ tight turns in soluble proteins
is due to the complimentary twist of the strands [9, 11], resulting in type I’ and 11’ being
energetically favorable conformations and types | and Il being energetically unfavorable
conformations [26]. For comparison with the soluble hairpins, we also analyzed all 36 pairs
of B-strands connected by a 4-residue tight turn of the 35 soluble proteins listed in Table 1D
of Sibanda et al [24]. Our analysis supports the hypothesis that different amounts of twist in
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B-strands affects turn type distribution. We find that the twist is less extreme for OMBB
hairpins connected by 4-residue strand connectors than it is in soluble 4-residue tight turns
(Fig 3B, p< 1x1074, see Methods).

We compared amino acid preferences in OMBBSs to previous reports of positional amino
acid preferences in each type of the tight turns of soluble proteins [1] (Fig 3C, Fig S1). This
study used 7,153 4-residue tight turns from 426 soluble proteins and defined tight turns
using a distance cutoff of 7A between non-helical terminal residues. The comparison
demonstrates a change in composition of the terminal positions (i and i+3) which are defined
as part of p-strands and which are often still in the membrane. Pro is consistently dis-
preferred in the i position of OMBBS, though there is a strong preference for it in the central
positions of the type I turns. The charged residues are also strongly dis-preferred in the
OMBBs turns at the i+3 position while aromatic residues are preferred in the i+3 position of
OMBSB turns in 3/4 of the turn types.

2. 5-residue strand connectors—In our OMBB dataset the 5-residue loops (n=72)
and turns (n=135) fall into 10 different clusters (Fig 4A) in contrast to only five clusters for
the 4-residue strand connectors. This doubling of clusters is due to the divergence of
structural similarity between the loop and turn clusters in the five-residue strand connectors.
We have named the clusters using the phi/psi notation previously devised [27] for the central
positions (Fig 4A). While four of five 4-residue clusters are the same between turns and
loops, only two 5-residue clusters are shared by turns and loops (AAL - blue and PLD -
purple, Fig 4A). Cluster median angles and representative loops and turns are shown in
Table S3. The largest turn cluster is the BAD cluster (orange, Fig 4A), which accounts for
nearly 33% of the turns. The largest loop cluster is the PLD cluster (purple, Fig 4A) with
28% of the strand connectors. Amino acid content of most clusters is significantly different
from the content of other clusters as determined by a permutation test (Table S1).

Unlike the 4-residue strand connectors, for which four of the five clusters have been
previously documented, the clusters of 5-residue strand connectors of OMBBSs show greater
variation from previous reports of soluble tight turns. 15 clusters are described for soluble
proteins covering 80% of the tight turns observed [15]. These 5-residue soluble tight turns
were typed using 3,725 a-turns from 531 soluble proteins using a sliding window to identify
contiguous non-helical residues with a terminal distance of less than 6.5A [15]. Of these,
only four turn types-- AAA, AAL (called AAa), BAD (called BAA), and GAD (called pAA)
-- map to any of the 5-residue strand connector clusters we identify. These previously
identified structures encompass just 38% of our structures. Therefore, it is difficult to
calculate any sequence similarity between the OMBB strand connectors and the strand
connectors of soluble proteins.

3. 6-residue strand connectors—L.ike the 4- and 5- residue strand connectors, we
find differences in sequence and structure between 6-residue loops (n=55) and 6-residue
turns (n=111). Cluster median angles and representative loops and turns are shown in Table
S4. Of the 7 clusters we identified, only one cluster (green, Fig 5A) is shared between the
loops and the turns, accounting for 44% of the loops and 19% of the turns. The other 6-
residue clusters contain only turns; the ADAD (blue, Fig 5A) cluster is the largest turn
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cluster with 21% of the structures. We find that the amino acid content within most clusters
is statistically different than the other clusters as determined by a permutation test (Table
S2).

These 6-residue structural clusters show some similarity to previously described soluble
tight turns [13] with 2 of the 9 reported soluble tight turn types appearing in our OMBB
strand connector clusters. The m-turns were typed using 5,675 turns from 1,539 proteins
using a sliding window to identify contiguous non-helical residues with a terminal distance
of less than 6.5A [13]. These two structure types comprise 30% of our total OMBB strand
connectors. Specifically, the shared clusters are APBL (AEEa) and AAAL/AADL(AAAa,
green). However, the small number of counts with 30% overlap is not enough to compare
sequence similarity between soluble and membrane proteins at any level of statistical
significance.

B. Backbone-backbone hydrogen bonding, terminal positions

Backbone-backbone hydrogen bonding is not a requirement to be considered a strand
connector. However, since the strand connectors connect two adjacent p-strands in a p-sheet,
there are a high proportion of bonds between the last residue of the first strand (i) and the
first residue of the last strand (i+n—1). The carbonyl oxygen of the first residue is often
ideally placed to hydrogen-bond to the nitrogen of the terminal loop position and vice versa
(abbreviated i O:i+3 N and i N:i+3 O in the 4-residue loop connectors, for example),
although this preference is less pronounced in the longer strand connectors (Fig S2). The
presence of this double or single backbone hydrogen-bond has been used to differentiate and
categorize soluble tight turns [24]. For all treatments of hydrogen bonding below, statistical
significance is calculated using permutations tests as reported in the supplemental file
HBondsByCluster_PValues.xIsx. In the 4-residue loops and turns, between 75%-100% of
the structures in all of the clusters contain a double backbone hydrogen bond between the
terminal residues. The notable exception is the previously unknown BA cluster (Figure 2A,
red) which has no terminal backbone-backbone bonding (p < 1x1074) but instead
participates in extensive sidechainbackbone hydrogen bonding (discussed below). The lack
of terminal position backbonebackbone hydrogen bonding is likely because of the longer
distance between these two amino acids.

The 5- and 6-residue loops and turns are more varied containing single hydrogen bonds,
double hydrogen bondsthe LLD cluster (pink, Fig S2) generally have double bonds-- 92% i
O:i+4 N and 92% i N:i+4 O (p~1x 104 Oto Nand p ~ 5.7 x 1073 N to O). The BAD
(orange, Fig S2) usually have single bonds and never have double bonds—no i O:i+4 N and
61% i N:i+4 O (p <1 x 1074 O to N and p ~ 0.341 N to O). In the six-residue strand
connectors, the LLLA turn cluster (red, Fig S2) and AADL loop (green, Fig S2) are mostly
double bonded with p < 1 x 10~ in both directions for both clusters. The equivalent green
turn cluster AAAL (also green, Fig S2) more single bonds (76% i O:i+4 N vs 43% i N:i+4 O
bonds; p < 1x10™# Oto N, p ~ 1.86 x 1072 N to O). The remaining 6-residue turn clusters
have almost no (<5% in every cluster) backbone:backbone hydrogen bonds between
terminal residues.
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C. Backbone-backbone hydrogen bonding, non-terminal positions

In our strand connectors, backbone-backbone hydrogen bonding patterns also exist outside
the terminal amino acids. In fact, these bonds are especially common in the 5- and 6-residue
strand connectors, which show more variable patterns of bonding than the 4-residue strand
connectors. In the 4-residue strand connectors more than a third (35% of turns and 42% of
loops) of the structures contain a bond between the carbonyl oxygen of the i position and the
backbone nitrogen of the i+2 residue (abbreviated i O:i+2 N); this is most common in the
type 11’ and type 1l strand connectors. In the 5- and 6-residue strand connectors, the carbonyl
oxygen of the first position most often hydrogen bonds to residues that are two to four
positions away (i O:i+2 N through i+4 N). Like terminal bonding, these patterns can be
heavily dependent on the particular cluster; for example, the 5-residue LLD cluster (pink,
Fig S2; p < 1x10™* between i and i+3) and PLL cluster (brown, Fig S2; p < 1x10™4 between
i+1 and i+4) clusters have extensive backbone bonding within the loop. Other clusters have
almost no backbone-backbone bonding but the lack of bonding is not statistically significant.

D. Side chain-backbone hydrogen bonding

Positions within clusters that have phi/psi angles in the P and B region (Fig 4A) dominate
the side-chain-backbone hydrogen-bonding. These positions include the 4-residue
previously unknown BA cluster (red, Fig 2A) i+1 position (p < 1x1074), 5-residue BAD
(orange) i+1 position (p < 1x1074), and 6-residue PGAB (purple), position i (Fig 6C; p <
1x1074). In these positions, sidechain-backbone hydrogen bonding correlates to the
probability of the presence of polar amino acids Asn, Thr, Ser, or negatively charged Asp
(Fig 6A, R? = 0.686). These side chains most frequently hydrogen bond with the oxygen or
nitrogen of backbones that are two to three positions towards the C-terminus from them
(47% of sidechain-backbone hydrogen bonds; Fig 6C). In rare cases the side chains form
hydrogen bonds with backbones that are 4 positions away from them (4.9% of sidechain-
backbone hydrogen bonds) or that are towards the Nterminus (17.6% of sidechain-backbone
hydrogen bonds).

A notable exception to the correlation between side chain-backbone hydrogen bonding and
the proportion of NTSD residues is the i+1 position of the PLL (brown) 5-residue loop
cluster. This position, which falls into the P region, contains 89% N, T, S or D and yet shows
no sidechain-backbone hydrogen bonding. Upon inspection of the structure the reason is
clear - the sidechain of the i+1 position points outwards rather than towards the middle of
the loop, preventing the possibility of any hydrogen bond forming.

We also investigated if the van der Waals volume [28] of the side chain determines whether
hydrogen bonding is possible. We find no correlation between the average van der Waals
volume at a position and the proportion of hydrogen bonding (Fig S3).

E. Use of the right-handed side of the Ramachandran plot

Although 58% of our structures use the right-hand (positive phi) side of the Ramachandran
plot, very few amino acids can access these regions. The right-hand side is divided into the
G and L regions as previously shown (Fig 4A). Just Asp, Asn and Gly are capable of
occupying these regions [29]. We find that strand connector positions that occupy the G or L
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region are enriched in Gly, Asp, and Asn (Fig 7). Positions that fall into the G region contain
more than 70% Gly residues (Fig 7, left bars). The L region is more equally distributed
between these three amino acids (Fig 7, right bars), containing approximately 1/3 Gly
residues in both the loops and turns (32% in loops 39% in turns) and nearly 14% Asn.
However, the loops contain a higher proportion of Asp than the turns likely because of the
charge out rule [30].

F.  Amino acid preferences at terminal positions

Specific amino acid preferences are found at the terminal positions. Because the terminal
positions are frequently located in the membrane, both the loops and turns show an
enrichment of nonpolar and aromatic residues (Fig 8A). This trend is exaggerated in the
terminal positions of the turns, which contains 55% of these amino acids while the loops
only have 1/3 nonpolar and aromatic residues. The terminal positions also contain a
decreased proportion of positive or negative amino acids; terminal positions have ~10%
charged residues, while the nonterminal positions contain nearly three times the charged
residues. Finally, there is an absence of proline residues due to the p-strand nature of these
positions. All three of these features reflect these positions’ secondary structure and their
frequent localization in the membrane. Similar trends are observed if the residues are
grouped by van der Waals volumes of the side chains. The nonterminal positions are
dominated by the small amino acids while the terminal positions contain more of the
medium and large residues (Fig 8B).

V. Discussion

Here we document structural, sequence and hydrogen bonding trends of strand connectors in
OMBBs and compare those trends to the trends of tight turns in soluble proteins. We find
preferences in structure, sequence, and hydrogen bonding for loops and turns of strand
connectors in OMBB. We have compared loops to turns and structures from soluble proteins
with structures from OMBBs to better understand the characteristics of the strand connectors
in OMBBs.

In OMBBs we find that extracellular loops have a much broader distribution of lengths than
the periplasmic turns. The mode length of a periplasmic turn is 4 amino acids and the mode
length of an extracellular loop is 5 amino acids. However, because of the broad distribution
of the loops we see much better representation of turns in the 4-, 5- and 6-residue length and
therefore see more turn cluster types for each structure length.

Upon clustering the 4-, 5- and 6-residue strand connectors, we find that the longer the strand
connector the more difficult it is to identify clusters. Of the 4-residue strand connectors, just
6% were outliers and did not fall into a cluster, while this proportion grows quickly to 24%
outliers in the 5-residue strand connectors and 34% outliers in the 6-residue strand
connectors. Lengths of 7 or more residues do not have sufficiently large populations to
identify clusters. This is likely related to the greater number of permutations available. With
6 regions of Ramachandran space (Fig 4A), a four-residue strand connector has 64 possible
combinations, a six-residue strand connector has 6% combinations, although not all of these
combinations would be sterically possible.
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A. Comparison of OMBB strand connectors to soluble protein tight turns.

1. Structural differences—Structurally, outer membrane B-barrels put unique
restrictions on strand connectors. The strands of OMBBs almost always lie 40° to the barrel
axis [31] tilting rightward while the next strand is positioned leftward. This structural
uniformity limits and changes the distribution of sequences and structures used to form
connections between strands.

In comparing 4-residue soluble tight turns and OMBB strand connectors we find that there is
a different distribution of structure type. Specifically, soluble tight turns most commonly
contain the type I’ and type II’ tight turns [11, 24] followed by type I tight turns [1]. In
contrast, we find that in OMBBSs strand connectors contain 20-30% each of the type I, type
I’ and our newly described cluster, typed BA (Fig 2A, red) based on its Ramachandran
regions (Fig 4A). The difference in turn type distribution is likely a result of the difference in
twist distribution. Extreme twist favors the type I” and type 11’ turn types. OMBBs have a
more homogeneous and less extreme twist which allows the more even distribution of tight
turns we observe in the OMBBs. Although we find differences between 4-residue strand
connectors in soluble and OMBB proteins, the bigger differences are found in the longer
strand connectors where we observe almost completely different sets of structures compared
to the soluble tight turns [13, 15]. Even in a survey specifically of soluble p-hairpins, half of
the 5-residue turns are defined as ADL [24], which isn’t a cluster we observe in the OMBB
strand connectors.

2. Sequence differences—The amino acid preferences in terminal positions of OMBB
strand connectors differ from terminal positions in soluble protein tight turns. The origin of
the divergence of amino acid preferences is likely the localization of these terminal positions
in the membrane of the OMBB strand connectors. These positions are defined as the last
residue of the first strand and the first residue of the next strand. In soluble proteins,
nonpolar and aromatic residues are not preferred in terminal positions and polar and charged
residues are preferred. Due to the membranelocalized nature of the terminal positions, we
find the opposite trend holds for OMBBs — nonpolar and aromatic residues are heavily
favored while charged residues are much less preferred. Nonpolar amino acids are preferred
in the membrane [32] and aromatic residues have previously been shown to prefer the
headgroup region of the outer membrane [33]. That small amino acids are preferred in the
non-terminal regions of both loops and turns is most likely attributed to the flexibility that
these residues impart [34].

B. Hydrogen bonding

The presence of hydrogen bonds in the terminal residues of soluble tight turns has been
implicated increasing the rate of folding in soluble proteins [6] and we similarly find these
bonds in OMBB strand connectors. OMBB strand connectors are capable of forming
multiple hydrogen bonds, utilizing either the backbone or the sidechain hydrogen bond
donors and acceptors. Side chain interactions of soluble tight turns have also been strongly
implicated in the nucleation of beta hairpins [7]. We anticipate that the formation of tight
turn hydrogen bonds might nucleate the bolding of OMBB hairpins as well.
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Finally, we find side chain-backbone hydrogen bonding is dominated by the amino acids
NTSD in the B and P regions of the Ramachandran plot.

V. Conclusion

In OMBBs strand connectors are involved in molecular recognition, channel gating, and
membrane insertion. Here we find differences in sequence, structure, and hydrogen bonding
between OMBB strand connectors and previously characterized soluble tight turns. We also
compared periplasmic turns and extracellular loops of OMBBs and find differences between
these two groups.

Most of the differences between OMBB strand connectors and soluble tight turns originate
from the sequence constraints imposed by the membrane or the structure constraints
imposed by the beta barrel fold. OMBB beta-strands are less twisted than soluble beta-
strands which correlates with a difference in the distribution of previously described tight
turn types that they can access. We find differences in sequence that are affected by
localization in or near the membrane, e.g. more membrane proximal positions have a higher
proportion for non-polar and aromatic amino acids. We also find sequence differences that
are rooted in the structural differences because different backbone angles favor different
amino acid identities. Finally, the hydrogen bonding preferences that we find are a product
of both the sequence and structural components—backbone-backbone hydrogen bonding is
dependent on structure type, but side chain to backbone hydrogen bonding is favored by
Asn, Asp, Thr, and Ser residues in the beta or pro phi/psi regions.

Though we were able to find physical origins or consequences for some of the statistically
significant differences found, some differences while significant remain unexplained. For
example, the differences between OMBB loops and turns are somewhat linked to the
different distribution of sizes of these structures though the underlying reason for this
difference in size remains unclear. We hope continued investigation will lead to further
understandings of these important structures.

Finally, we anticipate that this data could next be used to benchmark the various loop
building and loop prediction software options for better application to outer membrane
proteins. Function in these loops could be correlated to maintenance or divergence from the
common structures and sequences. Ultimately, we hope the delineation of outer membrane
protein tight turn hallmarks will lead to the design outer membrane proteins with novel
functions.

VI. Methods

A. Loop Definitions

Our set of loops was extracted from the previously described set of 110 OMBBSs at <50%
sequence similarity [31]. All amino acids were categorized by their phi/psi values. p-sheet
amino acids were defined to have psi angles between —100° and 50° and the phi angles less
than —100° for single-chain barrels and < —90° for multi-chain barrels. We also included
amino acids with phi angles >0° and psi angles >150° as -sheet amino acids.
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To determine the strands, a combination of hydrogen bonding and a pattern of p-sheet
residues was used. Because hydrogen bonds are often observed in loops of various lengths,
DSSP definitions [35] were checked at the ends of each possible strand to ensure we hadn’t
over- or under-extended the strand; residues defined as hydrogen-bonded turns (type “T")
were removed from strands while residues defined as extended strand (type “E”) were
added. Following the convention for tight turns connecting soluble B-strands, loops were
defined as the residues between the last residue of one strand and the first residue of the next
strand, inclusively [11], regardless of the presence of any secondary structures. Because we
are surveying OMBBs, we will refer to periplasmic tight turns as turns and extracellular tight
turns as loops. Each OMBB contributes n/2 loops and (n/2)-1 turns where n is the number of
strands in the barrel. This results in 779 loops and 688 turns for a total of 1458 strand
connectors. Incomplete strand connectors and turns that formed plugs or large periplasmic
structures were removed leaving 663 extracellular loops and 654 periplasmic turns.

The twist of strands was calculated using the definition of Murzin et al, 1994 [36], in which
the twist is the dihedral angle between two residues in adjacent strands connected by a
backbone hydrogen bond. The vectors are formed by four residues on two strands—two on
each strand. On the first strand, we define the first residue. The second residue is the residue
preceding the first residue on the peptide chain. On the second strand we define the residue
hydrogen-bound to the first residue on the neighboring strand as the third residue. The fourth
reside is the next residue on the peptide strand from the third residue. Together, the four
residues form a U-shape. Within an OMBB, the neighboring strand can either be defined as
the previous strand or the next strand. This results in two twist angles for each pair of
residues — a forwards-looking and reverse-looking dihedral angle. Since the kernel density
estimates of the distribution are similar, the data shown here uses the previous strand as the
neighboring strand.

B. Strand Connector Analysis

Strand connectors with missing residues in the structure file were designated as incomplete
and excluded from further analysis. There are 143 incomplete strand connectors; just 27 of
these are turns. We also excluded turns with more than 20 amino acids that contained more
than two contiguous regions of 5+ residues classified as E, H or G by DSSP. This removed
intra-barrel plug domains and the long periplasmic helices found in the efflux pumps such as
TolC.

Strand connectors were then sorted by length and the strand connectors of 4-6 residues were
analyzed further. We used the sum of the chord distances between the phi/psi angles of the
central, non-terminal residues to cluster each strand connector length in a similar fashion to
North, et al. in their survey of antibody loops [27]. Residues are labeled from i to i+(n-1),
where n is the number of residues of the strand connector.

For each turn/loop length, the strand connectors were clustered using HDBSCAN [37] and
DBSCAN in the scikit-learn package for Python [38]. Conventionally, the terminal residues
are excluded from clustering and describing the groups of any length. Values of eps (a
minimum cluster density parameter) for DBSCAN were explored for each length and type.
These two algorithms were chosen because they do not force all points into a cluster but
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exclude outliers as necessary. The optimum clustering algorithm was selected based on the
silhouette score [39], Calinski score [40], and visual inspection of the clusters and number of
outliers. The silhouette and Calinski scores were used because they require no knowledge of
the “true” clusters. 4-residue clusters were named according to the 9 canonical turn types
[12]. 5- and 6-residue clusters were named according to the regions in which the non-central
phi/psi angles of the cluster centroid lie, following the delineation of North, et al (2011) (Fig
4A). The cluster assignments and phi/psi values for each sequence of 4-6 residues are in the
supplemental file ClusterAssignments4_6Res.xlIsx; the individual amino acid proportions by
cluster are in the supplemental file AACompositionByCluster.xIsx.

C. Amino acid groupings

Aromatic residues were defined as Phe, Trp and Tyr; nonpolar residues are defined as Ala,
Ile, Leu, Met, and Val; polar residues are defined as Asn, Cys, His, Gln, Ser, and Thr;
positive residues are defined as Arg and Lys; negative residues are defined as Asp and Glu.
Proline and glycine are always considered separately because of their unique ability to
access different regions of the Ramachandran plot.

Values for van der Waals volume of the side chains was taken from Darby and Creighton
[28]. We divided these into three groups — small (<100 A - G, A, S, C, P, D, T, N), medium
(>100A and <125A -V, E, Q, H, I, L, M), and large (>125A - K, F, Y, R, W).

D. Comparison of different groups

Permutation test and bootstrapping are common methods of analyzing data for significance.
However, bootstrapping is most useful when a confidence interval for a parameter is desired,
while permutation tests are especially powerful for determining the difference in
distributions with a null hypothesis that the groups are the same. Since we are primarily
concerned with determining whether the amino acid content of two groups is different, a
permutation test is the best method.

Permutation tests with n=10,000 were performed by permuting group assignments of
sequences to determine whether two groups of strand connectors were different. For each
pair of groups, we calculated the sum of the differences between each amino acid at each
position

i+(n—1) val
Z |AA, - AA2|Z, Equation 1
T AA= Ala

(Eq 1), where AA; and AA, represent the proportion of the same amino acid in two groups,
i is the first position within the strand connector, and n is length of the loop.

Permutation tests were performed to determine whether the amino acid composition of loops
and turns of each length were statistically different (p<=0.05) and to determine if the
individual amino acid composition of clusters of a length and type were different from each
other. Permutation test results are reported as less than the power of the test (p < 1 x 1074) or
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as approximate values (p ~ value). Approximate values are used because the stochastic
nature of permutation tests doesn’t determine exact p-values.

For the differences between clusters, p-values <= 0.05 were considered statistically
significant with a Holm-Bonferonni correction to minimize false positives.

To compare the loops to the turns, the assignment of strand connector type was permuted.
For comparison of the Guruprasad and Rajkumar (2000) data, the amino acids within each
position was permuted rather than the sequences and the sum differences were calculated as
above. To determine whether the clusters within a strand connector type and length differed,
the assignment of structures to a cluster was permuted. Finally, to determine if the
distribution of twists in the soluble p-hairpins differs from the twist of OMBBs, we
permuted the assignment of soluble or OMBB (n = 10,000) and calculated the shared area
under the resulting histograms with a bin size of 10°.

To determine whether the amino acid proportions were significantly different between our
dataset at <50% sequence similarity and the subset of our dataset at <25% sequence
similarity we used a variation on a jackknife test. Equation 1 was used to determine the sum
differences between the <50% sequence similar dataset and a random subset of the <50%
sequence similar dataset with the same size as the <25% subset. This was repeated 10,000
times to obtain an approximate p-value for the true sum differences in both the loops and
turns of 4-6 residues in length. In all cases, we find no position is statistically different from
the <50% sequence similar dataset.

E. Determination of hydrogen bonding

For each atom within each residue of each strand connector, possible hydrogen bonding was
considered for any atom within +- 3 residues of the loop, inclusive. Within this distance-cut
off, a geometry-based definition was used to determine whether two atoms (atom1 and
atom?2) could be hydrogen-bonded. The definition relies on the definition of two ‘previous
atoms’, one to each of the other two atoms of interest. For the backbone nitrogen, the
previous atom was set to the C; for the C, the previous atom was set to the backbone
nitrogen.

Three conditions are necessary for two atoms to be considered hydrogen-bonded. First, the
angle formed by atom1, atom2, and the previous atom to which atom2 was bonded (with
atom2 at the center) is > 90°. Secondly, the angle formed by atom2, atom1, and the previous
atom to which atom1 was bonded (with atom1 at the center) is also > 90°. Finally, the
distance between atom1 and atom2 must be < 4A. Hydrogen atoms and all carbon atoms
(except the C,) were excluded from consideration.

To determine which positions had statistically significant hydrogen bonding, we permuted
the assignment of the clusters as above and then re-tallied the hydrogen bonding incidence
identified within that cluster. This generated a distribution for each position and partner from
which p-values for both the greater than and less than null hypotheses were calculated.
Statistically significant p-values were determined using a Holm-Bonferonni correction based
on the total observations for a particular type of bonding i.e. the sidechain:backbone
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hydrogen bonding for just the loops under both null hypotheses constitutes a single set of p-
values while the sidechain:backbone hydrogen bonding for just the turns under both null
hypotheses is a separate set. All incidences and both p-values are listed in the supplemental
file HBondsByCluster_PValues.xIsx.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

Professor Eric Deeds for helpful discussions, Ryan Feehan for generating aesthetically pleasing alignments, and
members of the Slusky lab for helpful edits. NIH awards DP2GM128201, P20GM103418, P20GM113117, T32-
GMO008359, NSF MCB160205, The Gordon and Betty Moore Inventor Fellowship, KU-startup.

References

[1]. Guruprasad K, Rajkumar S. Beta and gamma-turns in proteins revisited: A new set of amino acid
turn-type dependent positional preferences and potentials. J Biosci. 2000;25:143-56. [PubMed:
10878855]

[2]. Chou K-C. Prediction of Tight Turns and Their Types in Proteins. Anal Biochem. 2000;286:1-16.
[PubMed: 11038267]

[3]. Song Q, Li T, Cong P, Sun J, Li D, Tang S. Predicting Turns in Proteins with a Unified Model.
PLOS ONE. 2012;7:e48389. [PubMed: 23144872]

[4]. Rose GD, Gierasch LM, Smith JA. Turns in peptides and proteins. Adv Protein Chem. 1985;37:1~
109. [PubMed: 2865874]

[5]. Kee KS, Jois SD. Design of beta-turn based therapeutic agents. Current pharmaceutical design.
2003;9:1209-24. [PubMed: 12769748]

[6]. McCallister EL, Alm E, Baker D. Critical role of p-hairpin formation in protein G folding. Nature
Structural Biology. 2000;7:669-73. [PubMed: 10932252]

[7]- Munoz V, Thompson PA, Hofrichter J, Eaton WA. Folding dynamics and mechanism of beta-
hairpin formation. Nature. 1997;390:196-9. [PubMed: 9367160]

[8]. Venkatachalam CM. Sterochemical criteria for polypeptides and proteins. V. Conformation of a
system of three linked peptide units. Biopolymers. 1968;6:1425-36. [PubMed: 5685102]

[9]. Lewis P, Momany FA, Scheraga HA. Chain reversals in proteins. BBA - Pro Struct. 1973;303:211~
29.

[10]. Chou PY, Fasman GD. Beta-turns in proteins. Journal of Molecular Biology. 1977;115:135-75.
[PubMed: 592361]

[11]. Sibanda BL, Thornton JM. Beta-hairpin families in globular proteins. Nature. 1985;316:170-4.
[PubMed: 4010788]

[12]. Hutchinson EG, Thornton JM. A revised set of potentials for beta-turn formation in proteins.
Protein Science. 1994;3:2207-16. [PubMed: 7756980]

[13]. Dasgupta B, Chakrabarti P. pi-Turns: types, systematics and the context of their occurrence in
protein structures. BMC Struct Biol. 2008;8:39. [PubMed: 18808671]

[14]. Rajashankar KR, Ramakumar S. Pi-Turns in proteins and peptides: Classification, conformation,
occurrence, hydration and sequence. Protein Science. 1996;5:932—-46. [PubMed: 8732765]

[15]. Dasgupta B, Pal L, Basu G, Chakrabarti P. Expanded Turn Conformations: Characterization and
Sequence-Structure Correspondence in Alpha-Turns With Implications in Helix Folding.
Proteins: Structure, Function, and Bioinformatics. 2004;55:305-15.

[16]. Yildiz O, Vinothkumar KR, Goswami P, Kithlbrandt W. Structure of the monomeric outer-
membrane porin OmpG in the open and closed conformation. The EMBO Journal.
2006;25:3702-13. [PubMed: 16888630]

J Mol Biol. Author manuscript; available in PMC 2019 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franklin and Slusky

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].
[25].
[26].
[27].
[28].
[29].
[30].
[31].
[32].

[33].

[34].
[35].

[36].

[37].

[38].

Page 15

Zahn M, Bhamidimarri SP, Basle A, Winterhalter M, van den Berg B. Structural Insights into
Outer Membrane Permeability of Acinetobacter baumannii. Structure. 2015;24:221-31.

Perez-Rathke A, Fahie MA, Chisholm C, Liang J, Chen M. Mechanism of OmpG pH-Dependent
Gating from Loop Ensemble and Single Channel Studies. Journal of the American Chemical
Society. 2018;140:1105-15. [PubMed: 29262680]

Fox DA, Larsson P, Lo RH, Kroncke BM, Kasson PM, Columbus L. Structure of the Neisserial
Outer Membrane Protein Opa60: Loop Flexibility Essential to Receptor Recognition and
Bacterial Engulfment. Journal of the American Chemical Society. 2014;136:9938-46. [PubMed:
24813921]

Bond PJ, Derrick JP, Sansom MSP. Membrane Simulations of OpcA: Gating in the Loops?
Biophysical Journal. 2006;92:L.23-5. [PubMed: 17114231]

Structural Koebnik R. and Functional Roles of the Surface-Exposed Loops of the beta -Barrel
Membrane Protein OmpA from Escherichia coli. J Bacteriol. 1999;181:3688-94. [PubMed:
10368142]

Héhr AIC, Lindau C, Wirth C, Qiu J, Stroud DA, Kutik S, et al. Membrane protein insertion
through a mitochondrial B-barrel gate. Science. 2018;359. [PubMed: 29700239]

Kleinschmidt JH, Tamm LK. Time-Resolved Distance Determination by Tryptophan
Fluorescence Quenching: Probing Intermediates in Membrane Protein Foldingt. Biochemistry.
1999;38:4996-5005. [PubMed: 10213602]

Sibanda BL, Blundell TL, Thornton JM. Conformation of B-hairpins in protein structures. Journal
of Molecular Biology. 1989;206:759-77. [PubMed: 2500530]

Schulz GE. The structure of bacterial outer membrane proteins. Biochimica et Biophysica Acta
(BBA) - Biomembranes. 2002;1565:308-17. [PubMed: 12409203]

Chothia C Conformation of twisted beta-pleated sheets in proteins. Journal of Molecular Biology.
1973;75:295-302. [PubMed: 4728692]

North B, Lehmann A, Dunbrack RL. A New Clustering of Antibody CDR Loop Conformations.
Journal of Molecular Biology. 2011;406:228-56. [PubMed: 21035459]

Darby NJ, Creighton TE. Protein Structure. Oxford: Oxford University Press; 1993.

Beck DAC, Alonso DOV, Inoyama D, Daggett V. The intrinsic conformational propensities of the
20 naturally occurring amino acids and reflection of these propensities in proteins. Proceedings
of the National Academy of Sciences. 2008;105:12259-64.

Slusky JSG, Dunbrack RL. Charge Asymmetry in the Proteins of the Outer Membrane.
Bioinformatics. 2013;29:2122-8. [PubMed: 23782617]

Franklin MW, Nepomnyachiy S, Feehan R, Ben-Tal N, Kolodny R, Slusky JSG. Efflux Pumps
Represent Possible Evolutionary Convergence onto the Beta Barrel Fold. bioRxiv. 2018.

Moon CP, Fleming KG. Side-chain hydrophobicity scale derived from transmembrane protein
folding into lipid bilayers. Proceedings of the National Academy of Sciences. 2011.

Jackups R, Jr, Liang J. Interstrand Pairing Patterns in p-Barrel Membrane Proteins: The Positive-
outside Rule, Aromatic Rescue, and Strand Registration Prediction. Journal of Molecular
Biology. 2005;354:979-93. [PubMed: 16277990]

Ragone R, Facchiano F, Facchiano A, Facchiano AM, Colonna G. Flexibility plot of proteins.
Protein Engineering, Design and Selection. 1989;2:497-504.

Kabsch W, Sander C. Dictionary of protein secondary structure: pattern recognition of hydrogen-
bonded and geometrical features. Biopolymers. 1983;22:2577-637. [PubMed: 6667333]

Murzin AG, Lesk AM, Chothia C. Principles determining the structure of beta-sheet barrels in
proteins I. A theoretical analysis. Journal of Molecular Biology. 1994;236:1369-81. [PubMed:
8126726]

Campello RIGB, Moulavi D, Sander J. Density-Based Clustering Based on Hierarchical Density
Estimates. In: Pei J, Tseng VS, Cao L, Motoda H, Xu G, editors. Advances in Knowledge
Discovery and Data Mining: 17th Pacific-Asia Conference, PAKDD 2013, Gold Coast, Australia,
April 14-17, 2013, Proceedings, Part 11. Berlin, Heidelberg: Springer Berlin Heidelberg; 2013 p.
160-72.

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikitlearn:
Machine Learning in Python. JMLR. 2011;12:2825-30.

J Mol Biol. Author manuscript; available in PMC 2019 September 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Franklin and Slusky

Page 16
[39]. Rousseeuw PJ. Sihouettes: a graphical aid to the interpretation and validation of cluster analysis.

J Comput Appl Math. 1987;20:53-65.
[40]. Calinski T, Harabasz J. A dendrite method for cluster analysis. Comm Statist. 1974;3:1-27.

J Mol Biol. Author manuscript; available in PMC 2019 September 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Franklin and Slusky

Page 17

Highlights:
. The tight turns of OMPs differ structurally and sequentially from soluble
proteins.
. Soluble and OMP turn differences are from constraints of the p-barrel and
membrane.

. Different twists in OMP and soluble B-strands results in different turn types.

. OMP turns use D,N,S, and T residues in the B or P ¢/y regions for hydrogen
bonding.

. OMP tight turn hallmarks will assist the design of novel, functional OMPs.
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Figure 1. Comparison of distribution of loop lengths and turn lengths.
Loop data are shown in red bars, turn data are shown in blue bars. Distributions exclude

incomplete structures and turns with extensive secondary structure. A) Left: distribution of
strand connector lengths. Right: The structure of OmpA (PDB: 2GE4) is shown with the
membrane-bound region approximated by the blue and red lines. B) The proportion of PDBs
in our dataset that contain a strand connector of each length. C) The average number of
residues in the strand connectors grouped by the number of strands per chain per barrel.
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Figure 2. Four residue strand connectors
A) Clustering of the 4-residue loops and turns of OMBBSs. Loops are shown with diamond

markers; turns are represented by circle markers. The plus symbols in the i+1 and i+2 plots
mark four of the previously defined ideal turn types I, I1, I’, and I’ as noted by Guruprasad
and Rajkumar (2000). Green: type I; orange: type I’; purple: type Il; yellow: type II’; red:
unknown; black: no cluster. B) Representative example of each cluster, colored as in A. The
red cluster has terminal positions spaced further apart than the other four canonical tight turn
types. C and D) Sequence logos for the 4-residue strand connectors. Each position is shown
as a column; the number of sequences in a cluster is shown in the subtitle. Amino acid
groupings are described in the methods. C) Sequence logos for the 4-residue loops. D)
Sequence logos for the 4-residue turns.
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Figure 3. Comparisons between 4-residue OMBB strand connectors and 4-residue soluble
protein tight turns.

A and B) Comparison of the B-hairpins surveyed in Sibanda et al [24] compared to the
hairpins of OMBBs. A) Proportion of each of the five different types of 4-residue strand
connectors observed in the OMBBs compared to those of the analogous 4-residue tight turns
of soluble hairpins. “Other” refers to tight turns that do not fall into any of the other
canonical B-turn types. B) Kernel density estimator of the twist of the hairpins connected by
4-residue tight turns in Sibanda et al [24] and in OMBBs. C) Statistically significant
differences in amino acid districbution between soluble tight turns as clustered by
Guruprasad and Rajkumar ([1], abbreviated G&R) and the OMBB clusters. Statistical
differences are based on a permutation test. White blocks indicate no significant difference;
pale purple blocks indicate a significant difference of zero between the proportion of of
amino acid in the OMBB vs G&R. The remainder of the colored blocks indicate a
statistically significant difference between the two. Red blocks have a higher propotion in
OMBBs, indicating a preference in OMBBs, while blue blocks are have a higher proportion
in G&R, indicating a preference in G&R. The amino acid groupings are defined in the
methods.
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Figure 4. 5-residue strand connectors

A) Clustering of the 5-residue loops and turns of OMBBSs. Loops are shown with diamond
markers; turns are represented by circles markers. The first panel shows the division of the
Ramachandran plot into regions according to North et al. 2011. The other 5 plots show the
phi/psi angles for each residue in the strand connector. B) Sequence logos for the 5-residue
loops. C) Sequence logos for the 5-residue turns. Sequence logos are colored and grouped as

in Figure 2.
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Figure 5. 6-residue strand connectors
A) Clustering of the 6-residue loops and turns of OMBBSs. Loops are shown with diamond

markers; turns are represented by circle markers. Because the i+3 residue of the green
cluster straddles the boundary between the D and A regions, the green cluster is labeled
AAAL in the loops and AADL in the turns. B) Sequence logos for the 6-residue loops. C)
Sequence logos for the 6-residue turns. Sequence logos are colored and grouped as in Figure

2.
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Figure 6. Side chain backbone bonding in strand connectors.

i+1 i+2 i+3 i+4 i+5
SC Partner

A) Proportion of Asn, Thr, Ser, and Asp (NTSD) in any position compared to the proportion
of sidechains donated to a side-chain:backbone hydrogen bond at that position. Positions
that fall outside the B or P region of the Ramachandran plot are shown in grey. B) Turn 2 of
PDB ID 3gra. The side-chain:backbone hydrogen bond between the side chain of i+1
Asn108 and the backbone of i+3 Tyr110 is shown in dotted lines. Glu109 is the i+2 residue
and its side chain points directly outward. C) The proportion of sidechain:backbone
hydrogen bonding at each pair of positions. The identity of the sidechain partner is shown
along the x-axis; the identity of the backbone partner is shown along the y-axis. “Other”
indicates hydrogen bonding to a backbone partner outside the loop. The radius of the circles
is equivalent to the proportion of structures at that position involved in bonding. Circles are
colored to match the clusters marked on the Ramachandran plots in Figs 2, 4 and 5. P-values
for each position and each bond type are reported in the supplemental file
HBondsByCluster_PValues.xlIsx.
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Figure 7. Amino acid usage of the right side of the Ramachandran plot.
Proportion of Asp, Asn, and Gly in positions that fall into the G or L region of the

Ramachandran plot. The remaining 17 amino acids are grouped into “Other”.

0.8

ion
0.6

port

Pro
0.4

0.2

0.0

J Mol Biol. Author manuscript; available in PMC 2019 September 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Franklin and Slusky Page 25

Proportion

1.0

Distribution of Amino Acids Distribution of Amino Acids By VDW Volume
in TermmallNontermmaI Positions in Terminal/Nonterminal Positions

fEEEEER

Proportion

| Aromatic 1 ® Small
Nonpolar = Medium
1 Polar @ | | Large
Positive e
Negative
| Pro © |
Gly s e
2 <
o
4 N
o
J o J

o
Termlnal Nonterminal Termlnal Nonterminal Termmal Nonterminal Termmal Nonterminal

Loops Turns Loops Turns

Figure 8. Comparison of amino acid preferences of terminal and non-terminal positions.
Proportion of residues that fall into each category in the terminal or nonterminal positions.

A) Distribution by chemical feature. Groups are colored as in Figure 2. B) Distribution by
van der Waals volume. Small -G, A, S, C, P, D, T, N; medium -V, E, Q, H, I, L, M; large —
R,K,FW,Y.
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