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ABSTRACT: The GxxxG motif is frequently found at the
dimerization interface of a transmembrane structural motif called
GAS,ighy which is characterized by a short interhelical distance
and a right-handed crossing angle between the helices. In GAS ;..
dimers, such as glycophorin A (GpA), BNIP3, and members of
the ErbB family, the backbones of the helices are in contact, and
they invariably display networks of 4 to 8 weak hydrogen bonds
between Ca—H carbon donors and carbonyl acceptors on
opposing helices (Ca—H:--O=C hydrogen bonds). These
networks of weak hydrogen bonds at the helix—helix interface
are presumably stabilizing, but their energetic contribution to
dimerization has yet to be determined experimentally. Here, we
present a computational and experimental structure-based
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dimers of different predicted stabilities, which show that a combination of van der Waals packing and

Ca—H hydrogen bonding predicts the experimental trend of dimerization propensities. This finding provides experimental
support for the hypothesis that the networks of Ca—H hydrogen bonds are major contributors to the free energy of association
of GxxxG-mediated dimers. The structural comparison between groups of GAS,;y, dimers of different stabilities reveals distinct
sequence as well as conformational preferences. Stability correlates with shorter interhelical distances, narrower crossing angles,
better packing, and the formation of larger networks of Ca—H hydrogen bonds. The identification of these structural rules
provides insight on how nature could modulate stability in GAS g, and finely tune dimerization to support biological function.

B INTRODUCTION

Oligomerization is critical for the biological function of many
membrane proteins. In particular, oligomerization is important
for the bitopic or “single-pass” proteins [i.e., those that span the
membrane bilayer with a single transmembrane (TM) helix],
which are the largest class of integral membrane proteins.'
Over 2300 single-pass proteins are predicted to exist in the
human proteome alone, including oligomerizing systems such
as receptor tyrosine kinases,4_8 cytokine receptors,g’10 integ-
rins,""'* cadherins," apoptotic regulators,14_16 enzymes, 7
immunological complexes,'® and many more."” The TM
helices often have a critical role in driving and modulating
the oligomerization of these systems, frequently acting in
cooperation with the proteins’ soluble domains. Deciphering
the rules that govern TM helix oligomerization in these systems
is critical to understanding function and mechanisms of disease
in a broad array of biological events.

The oligomerization of TM helices is often mediated by
structural motifs that are evolutionarily optimized for protein—
protein interactions.”””' One of the most prevalent dimeriza-
tion motifs for single-pass proteins is the fold of the
glycophorin A dimer (GpA), which is named GAS,y, from
the right-handed crossing angle between the helices (near
—40°), and the presence of small amino acids (Gly, Ala, Ser:
GAS).”® These small residues are arranged to form GxxG and

-4 ACS Publications  © 2017 American Chemical Society

GaoxxG-like sequence motifs (GroxG, GaoxA, SxoxG, etc.)>
typically found at the GAS,y, dimerization interface (Figure
la). As extensively reviewed by Teese and Langosch, GxxxG
sequence motifs are prevalent in biology, and they are
frequently associated with parallel, right-handed GASg,
structures (although GxxxG can also be found in antiparallel
or left-handed dimers and even at lipid-binding sites).'” The
sequence context surrounding the GxxxG motif can modulate
stability,zs’26 and thus, the versatile GAS;g motif can be found
both in proteins that form very stable “structural” dimers (such
as GpA”’ and BNIP3'®), as well as in weaker and dynamic
systems in which changes in conformation or oligomerization
state are necessary for supporting function (such as signaling in
members of the ErbB receptor tyrosine kinase™”**™** and
integrin families®' ~**). Despite its common occurrence and
importance, however, the fundamental physical rules that
determine the strength of GAS,;, dimerization are yet not well
understood.

The major unknown is the contribution of weak hydrogen
bonds that occur at the interface of GAS,;y, dimers to the free
energy of dimerization. GAS ;g invariably displays networks of
hydrogen bonds formed by Ca—H carbon donors and carbonyl
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Figure 1. The GAS,,;, dimerization motif. (a) The GAS, ;g motif is a

right
right-handed helical %limer with a short interhelical distance (6.3—7.5
A) and a right-handed crossing angle of approximately —40°. The
GxxxG sequence pattern at the crossing point (red) allows the
backbones to come into contact. (b) The contact enables formation of
networks of weak interhelical H bonds between Ca—H donors and
carbonyl oxygen acceptors (shown in detail in c).

acceptors (Ca—H:-O=C), occurring in four to eight instances
between atoms on opposing helices at the association interface
(Figure 1, panels b and ¢).”" In general, hydrogen bonding can
be a stabilizing force in membrane proteins, and it has been
shown that “canonical” hydrogen bonds (ie., those formed by
oxygen or nitrogen donors) can drive the interaction of TM
helices.”” > Carbon is a weaker donor than oxygen or
nitrogen, but Ca—H groups are activated by the flanking
electron-withdrawing amide groups in the peptide backbone,
and thus the strength of Ca—H hydrogen bonds has been
estimated to be as much as one-half of the N—H donors in
vacuum.’”*" Therefore, it is plausible that multiple Ca—H
hydrogen bonds occurring at the dimerization interface would
contribute significantly to the free energy of association in
GAS g dimers.”*** Nevertheless, experimental demonstration
of this hypothesis has, so far, remained elusive.

A major technical challenge in measuring the contribution of
Ca—H hydrogen bonds to TM helix association in GAS,g,
dimers is the fact that both the donor and acceptor groups are
part of the backbone, making a rational mutation strategy
difficult to implement. To date, there have been only two
experimental studies that have probed the contribution of Ca—
H hydrogen bonds in membrane proteins. One of these studies
was not performed on a GAS,, dimer but rather on the 7-TM
helix membrane protein bacteriorhodopsin.*> The study
focused on the interaction between a Ca—H hydrogen bond
donor and a threonine hydroxyl group acceptor and found that
the removal of the side-chain acceptor group by mutation did
not destabilize folding. However, it should be noted that the
study targeted one isolated Ca—H hydrogen bond that occurs
in the context of a large, multispan membrane protein. A
second study investigated the energy of interaction of a Ca—H
hydrogen bond in a GASy, dimer by IR spectroscopy,
estimating a favorable interaction energy of —0.88 kcal/mol
between the Ca—H donor of Gly 79 and the carbonyl of Ile 76
of GpA.** This result supports the notion that Ca—H hydrogen
bonds are likely significantly stabilizing. However, it is
understood that geometry can play a significant role in

determining the strength of Ca—H hydrogen bonds,* and
this study is limited to a single specific bond among the many
found in GpA. Moreover, the study measured hydrogen
bonding strength but not its contribution to the free energy
of dimerization, which has not been yet directly assessed.

The hypothesis that Ca—H hydrogen bonds are major
contributors to the free energy of GAS,;y;, dimerization remains
compelling, particularly given by the unique ability of the
structural motif to form this unusual feature. In fact, among all
possible symmetric homodimeric configurations, GAS gy, is the
only one that promotes the formation of a large number of
concurrent Ca—H hydrogen bonds.* This ability arises from
three unique aspects of the geometry of GAS,y,: (1) a crossing
angle that precisely aligns Ca—H donors and carbonyl
acceptors across two helices, (2) the presence of Gly at certain
specific positions (producing the GxxxG pattern), where they
are necessary to prevent clashing between the close helices, and
(3) the ability of those same Gly residues to increment the
number of Ca—H bonds by donating their second Ha.
Therefore, GAS;y, appears to be a structural motif optimized
for the formation of Ca—H hydrogen bond networks.

We found that an algorithm (CATM) based on the
simultaneous optimization of van der Waals forces and Ca—
H hydrogen bonding was able to predict the small database of
known three-dimensional structures of GAS,;,,. homodimers to
near atomic precision,42 another finding that indirectly
reinforces the importance of these forces in dimerization. The
CATM algorithm was later successfully applied to predict the
interface of a previously uncharacterized GxxxG-containing
dimer, ADCK3, a mitochondrial protein that plays an essential
role in the biosynthesis of coenzyme Q.'” CATM can capture,
with remarkable accuracy, the structural features of a variety of
GAS,;g,e dimers. The success in predicting structure raises the
question of whether the underlying energetic model can also
capture, at least in part, the energetics of GAS,,, dimerization.

To address this question, here we have combined CATM
with a high-throughput biological assay to examine the
relationship between structure and stability of GAS,;y, dimers
of various geometries. We have applied CATM to the over
2300 sequences of TM domains of single-pass proteins present
in the human genome, predicting the structure of hundreds of
potential GAS,g, dimers. We then selected candidates that
represent a range of predicted dimerization stabilities and
assessed their association propensity with TOXCAT, a widely
used in vivo reporter assay that is sensitive to the relative
association of TM dimers in a biological membrane.*® After
several steps of experimental validation, we obtained computa-
tional and experimental measurements for 26 well-behaved
candidate GAS,g, homodimers. We observe a significant
correlation in the overall trend of energies predicted computa-
tionally and the dimerization propensities measured exper-
imentally. These data provide the first experimental evidence
for a model in which a combination of van der Waals forces and
Ca—H hydrogen bonding acts as a primary source of stability,
modulating the strength of GAS;, association.

B RESULTS AND DISCUSSION

Structural Prediction of GAS,y, Homodimers. The
CATM algorithm is designed to predict the structure of
potential GAS,;,, homodimers from the amino acid sequence
of a TM domain by docking the two helices and simultaneously
optimizing van der Waals interactions, weak and canonical
hydrogen bondings, and an implicit membrane solvation model.
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Figure 2. Energy distribution of CATM predicted GAS;;g,

dimers in human single-pass sequences. (a) Histogram of calculated energies of human

GAS,;g; dimers. CATM identified 1141 sequences that produced a model with a negative (favorable) energy of association. (b) Extensive
complementary packing, as well as (c) the characteristic networks of Ca—H hydrogen bonds displayed by the lowest energy structures, chondroitin

sulfate glucuronyltransferase (Uniprot accession Q9P2ES).

The algorithm only considers potential GAS,;g, conformations,
and it does not explore the entire conformational range of a
generic TM helix dimer, which makes it efficient and capable of
searching for potential GAS,y, dimers in high-throughput in
large databases of TM sequences.

To create a diverse set of predicted GAS ), dimer structures
to be tested experimentally, we drew sequences from the
human proteome. The Uniprot database of annotated protein
sequences currently identifies 2383 human proteins containing
a single TM domain.”” When these TM domain sequences
were run through CATM, they produced 1141 potential
GAS, g, dimers with a negative (ie., favorable) energy score
(dimer energy—monomer energy). The CATM scores assume a
broad range of association energies, from —70 to 0 kcal/mol,
with a skewed bell distribution (Figure 2a). The left tail of the
distribution contains sequences enriched in well-packed
structures with extensive Ca—H hydrogen bonding networks
that are predicted to be very stable (Figure 2, panels b and c).
The top 10% of the predicted structures form an average of 6.0
+ 1.7 Ca—H bonds. The predicted structures represent a rich
repertoire of potential GAS ;. dimers covering a wide range of
predicted stabilities for follow-up experimental analysis.

For the subsequent experimental phase, we did not consider
any sequence whose dimer interface contained strongly polar
residues (Asp, Glu, Arg, Lys, His, Asn, and Gln) or Pro. We
chose to exclude these residues because proline has a tendency
to form kinks in helices that are difficult to predict,***’ while
strongly polar residues have a propensity to drive TM
association through the formation of interhelical hydrogen
bonds.>’*>*° Their inclusion would have increased the
probability of dimers mediated by nonspecific interfaces,
breaking the desired structural correspondence between the
model predicted by CATM and the constructs in experimental
conditions. These exclusions reduced the number of available
sequences to 668. We also excluded sequences with predicted
marginal stability (a score higher than —5 kcal/ mol). From the
remaining 604 sequences, we randomly selected 65 diverse
candidates for experimental analysis (Tables S1—S4).

Experimental Strategy: TOXCAT Assay Using Stand-
ardized Sequences. To experimentally assess the dimeriza-
tion of the 65 predicted GAS,;g;, dimers and their mutants, we
used TOXCAT, a widely adopted assay that measures TM
homo-oligomerization in biological membranes.*® This system
is based on the in vivo expression of a chimeric protein in the
inner membrane of Escherichia coli in which the TM domain of
interest is fused to the ToxR transcriptional activator.
Dimerization of the TM helices brings together two ToxR
subunits, which bind to a specific promoter, activating the

expression of the reporter gene chloramphenicol acetyltransfer-
ase (CAT). Quantification of CAT thus provides an indication
of the extent of TM helix—helix association in a biological
membrane (Figure 3a).
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Figure 3. Experimental design. (a) TOXCAT is an in vivo assay based
on a construct in which the TM domain under investigation is fused to
the ToxR transcriptional activator. TM association results in the
expression of a reporter gene in E. coli cells, which can be quantified.
(b) To reduce variability in TOXCAT, the eight interfacial amino acids
identified by CATM in the wild-type sequences (top) were “stitched”
into a standardized poly-Leu sequence (bottom). Standardization of
the predicted constructs retains the geometry of the interface while
controlling the length of the TM helix, the position of the crossing
point, and the hydrophobicity of the TM segment.

The general relationship between reporter gene expression in
TOXCAT and thermodynamic stability of any given dimer is
likely complex, but reasonable correlation has been found for
collections of point mutants of GpA and their energy of
dimerization in detergents.“’52 In these studies, the constructs
are homogeneous, having identical length of the TM region,
nearly identical sequence, and comparable hydrophobicity.
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Because TOXCAT’s response may be dependent on these
variables,"”**** controlling them is likely to simplify the
comparison between constructs. The predicted lengths of the
TM domains of the 2383 human single-pass sequences in
Uniprot range widely,”* and their estimated AG of membrane
insertion ranges from —6.7 to +11.9 kcal/mol (using the
biological AG,, predictor’). To reduce heterogeneity as much
as possible, we adopted a strategy of “stitching” the 8 positions
predicted by CATM to be at the helix—helix interface of a
standardized TM helix of 21 amino acids consisting of a poly-
Leu backbone (LLLxxLLxxLLxxLLxxLILI, where the x
represents the variable interfacial positions).

As illustrated in Figure 3b, this stitching strategy ensures that
all constructs have the same TM domain length and that the
predicted interface is centered in the middle of the membrane.
Perhaps most importantly, the standardized sequence reduces
the variability in hydrophobicity. Because the noninterfacial
residues in all the constructs remain constant, the AG,,, range
for membrane insertion is reduced to —6.6 to —2.9 kcal/mol,
likely leading to a more consistent expression of the constructs
in the E. coli membrane. Another important reason for
standardizing all noninterfacial positions is that the strategy
removes potential alternative dimerization interfaces that may
be present within the wild-type sequence because only the
amino acids involved in the predicted GASy, interfaces are
carried over into the standardized constructs.

There is an existing precedent for such a strategy with
GAS,;ge homodimers: it has been shown that the interfacial
residues of GpA in a leucine backbone behave similarly to the
wild-type sequence.* In addition, a pure poly-Leu sequence has
a relatively low propensity for self-association in TOX-
CAT,”*”° which is important for reducing the risk of
alternate interfaces. To ensure that the interfaces of the
standardized sequences were consistent with those initially
predicted for the wild-type sequences, the standardized
sequences were also evaluated with CATM (Tables S1—S4).
We found that CATM consistently predicts nearly identical
interfaces for wild-type and standardized constructs. The
computed energies that we report for our analysis below
correspond to those calculated using the standardized poly-Leu
construct and not the original wild-type sequences.

Experimental Validation of the Predicted Structures.
To partially validate the predicted structural models, we
adopted a mutagenesis strategy. Saturation mutagenesis has
been commonly used to identify or confirm the interface of TM
dimers.">"”*"7>? Because it would be impractical to perform
saturation mutagenesis of all 65 candidate constructs, we opted
to introduce in each construct a single mutation predicted to be
highly detrimental, selecting the most sensitive interfacial
position of GAS;,,. homodimers, the so-called “C1” position, as
defined in our previous work.”” The C1 position is one of the
residues near the crossing point of the helical dimer. In GAS,;g,
homodimers, C1 is required to be occupied by Gly in order to
allow contact between the backbones of the two helices.*
Substitution of Gly at C1 with a large hydrophobic amino acid,
such as Ile, would push the helices apart and completely
eliminate any potential association mediated by the predicted
interface. We computationally verified that all models of
Clgly—pe variants contained significant clashes. Introduction of
this control enabled the removal of constructs that retained
significant association in TOXCAT after the Clgj,_.jj. mutation,
since these results suggest that the dimerization observed
experimentally was not mediated by the predicted GAS,g,

structural model (or, alternatively, that a second possible
dimerization interface is also present in the construct, which is
not disrupted by the Clgy,_y, mutation).

To confirm proper membrane insertion, each of the 65
constructs and their Clg,_y. variants was tested for its ability
to support growth in minimal medium containing maltose as
the only carbon source, as standard practice in TOXCAT.** A
total of 15 constructs (wild type or C1 variant) did not fully
grow in these conditions (Table S2). These constructs were not
further considered in the study. We then eliminated constructs
whose TOXCAT signal was below the minimal threshold of a
pure poly-Leu construct because we would not be able to
differentiate specific GAS,g,-mediated dimerization from
background association. A pure poly-Leu construct displays
approximately 30% of the CAT expression level of the GpA
standard, therefore any construct below the 30% threshold was
eliminated (10 constructs, Table S3).

Finally, any constructs whose Clgj,_y control variant scored
above 30% of relative CAT expression level were also
eliminated from the analysis because they did not match our
expected model, as explained earlier (14 constructs, Table $4).
As an exception to this rule, if a Clg,_, mutation reduced the
“wild-type” CAT activity by at least 75% we retained it for
analysis, even if it was above the 30% threshold, because of the
dramatic reduction in dimerization (3 constructs). The final 26
GAS,ge constructs are listed in Table SI. Their predicted
structural models are illustrated in Figure S1. The progression
from the 2328 genomic sequence to the final 26 experimental
constructs is summarized in Table S5. We verified the
expression of the ToxR-TM-MBP chimeras of the 26 constructs
by Western blots: the constructs displayed rather homogeneous
levels of expression, with a standard deviation of 22% (Figure
S2).

Ca—H Hydrogen Bonds and vdW Predict Experimen-
tal Association Propensities. The comparison of association
energies calculated with CATM and dimerization propensities
assessed by TOXCAT for the 26 selected constructs is shown
in Figure 4a. The plot shows a statistically significant
correlation (R* = 0.441, p < 0.0008, ¢ test of linear regression
slope). One clear outlier is present in the plot (the TNRI12
construct, TOXCAT 119%, CATM —6 kcal/mol, highlighted in
gray): if this point is excluded, the R* increases to 0.647 (p <
0.000005). The correlation is also statistically significant by
rank order correlation coefficient analysis, which does not
assume a linear model (r = —0.683, p < 0.00S, and r = —0.827, p
< 0.000001, with and without TNR12, respectively).”” Some of
the variance is likely due to the biological nature of the
TOXCAT assay, some to imprecision by CATM in predicting
the structures, and the remaining variance can be attributed to
the limitations of the energy model, which was constructed
solely on its ability to predict structure. However, the energetic
model is clearly able to capture the trend of dimerization
propensities observed experimentally.

Structural and Sequence Analysis of Groups with
Distinct Stability. Interesting differences in structural and
sequence features are observed among constructs with different
dimerization propensities. To appreciate these structural and
energetic properties that distinguish strong from weaker dimers,
we grouped the data according to five levels of TOXCAT
signal, using five 25%-wide bins, from very weak (25—50%
GpA) to very strong apparent dimerization (>125% GpA). We
first confirmed that the energy model is sensitive enough to
distinguish between the five stability groups. Indeed,
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Figure 4. Comparison of CATM energies with apparent TOXCAT dimerization. (a) Comparison of CATM energy score of 26 sequences and their
TOXCAT signal (measured as the enzymatic activity of the reporter gene CAT). The points are color-coded according to the grouping in (b). The
error bars represent the standard deviation among replicates. The dashed line represents the linear regression fit of the data, with the exclusion of the
outlier point highlighted in gray (R = 0.647, p < 0.000005). (b) Same data as in (a), grouped and averaged in five bins based on CAT activity from
weak (>25%, magenta) to very strong (>125%, blue), in 25% intervals. The error bars represent the standard error of the average. The dashed line is
the linear regression of the data (R* = 0.931, p < 0.01). The groups are the base of the analysis reported in Figure 5.

proportionality is retained after TOXCAT and CATM values
are averaged within each groups (Figure 4b). Linear regression
of these averaged values produces a significant fit (p < 0.01),
with a R? value of 0.931 if the TNRI12 outlier is excluded, and a
R? value of 0.883 when TNRI2 is included (p < 0.05, Figure
S3). The regression analyses of Figure 4 (panels a and b)
produce two distinct equations of the line, which is an expected
mathematical outcome of averaging. However, it should be
noted that a linear relationship is likely not the correct physical
model and is not necessarily expected.’’ What is important is
that there is proportionality between TOXCAT and CATM
outcomes, and that the energetic model is able to clearly
differentiate among the five sets of constructs. Therefore, the
grouping is suitable for a comparative analysis of sequence and
structural features that characterize constructs with increasing
apparent stability. Statistical analysis of the trends independent
of grouping is also provided.

Stability Correlates with Sequence Biases. The results
of the sequence and structural features of the five groups are
summarized in Table 1 and Figure 5. Some sequence biases at
the interface of the predicted dimers were already present in the
initial pool of 604 sequences, as expected for a selection of
GAS,igp,c dimers (Figure S4). Most notably, the sequences are
enriched with GxxxG and GxxxG-like motifs, and Gly is nearly
absolutely preserved at position C1, where this amino acid is
required for interhelical backbone contact (the nomenclature of
the positions is defined in Figure 5b).*” However, on top of
these biases, a number of interesting trends emerged within our
experimental pool that correlate statistically with their stability.

The first trend is the frequency of the GxxxG motif, which
increases from the least to the most stable groups (Figure Sc,
orange symbols, and Table 1). In particular, the three more
stable groups (>75%, >100%, >125%) contain GxxxG motifs in
all but one construct, formed by the C1 Gly and a second Gly
either at N1 (the position at i-4 from C1) or at CS (the
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Table 1. Energetic and Geometric Properties of Groups of Constructs of Different Apparent Dimerization and Statistical

Significance of the Distributions”

TOXCAT range (% GpA) 25—-50% 50—-75%
number of constructs 7 7
average TOXCAT (% GpA) 37+1 S8 +2
CATM energy score (kcal/mol)b —147 £ 2.5 —-271 + 25
van der Waals (kcal/mol) —262 + 5.3 —33.7 £ 45
Ca-H hydrogen bonding (kcal/mol) =52+ 1.1 —-8.0 + 1.9
solvation (kcal/mol) 167 + 1.9 142 + 1.9
crossing angle (deg) 51+ 4 —47 £ 6
number of Ca-H hydrogen bonds 4.6 £ 1.0 S1+ 1.1
interface surface area (A%) 4810 =+ 490 4660 + S00
interhelical distance (A) 7.1+ 02 6.7 + 0.3
van der Waals/interface surface area —0.0054 —0.0073

(kcal/(mol A%)] + 0.0012 + 0.0015
sequences with GxxxG 2/7 4/7
sequences with Sm-xxx-Sm* 6/7 7/7
sequences with Gly at N1 0/7 3/7
sequences with Gly at C1 7/7 7/7
sequences with Gly at CS 2/7 1/7

correlation with

75—100% 100—125% 125+% TOXCAT
4 4 3
88 + 4 118 + 2 141+ 7
-30.0 + 2.0 —39.1 + 238 —417 + 7.5 p < 0.000001¢
-33.6 + 2.1 393 + 24 -390 + 11.1 p < 0.0057
9.7 + 0.5 —-12.0 +23 —13.0 + 0.8 p < 0.0000017
133 + 2.0 117 + 2.4 10.6 + 2.7 p < 0.00005"
—49 +2 -41+7 -39+7 p <0019
6.0 + 0.0 75 + 1.0 8.0 + 0.0 N/A®
4630 + 190 4770 + 540 4510 + 280 -
65+ 0.1 64 + 0.1 6.5 + 0.0 p < 0.00005"
—0.0073 —0.0083 —0.0086 p < 0.001¢
+ 0.0005 + 0.0008 + 0.0021
3/4 4/4 3/3 p <00
4/4 4/4 3/3 -
3/4 4/4 3/3 p < 0.0007
4/4 4/4 3/3 -
0/4 2/4 1/3 -

“All values are reported as averages + standard deviation unless noted. The outlier TNR12 was excluded from the 100—125% group. “Values are
reported as averages + standard error as in Figure 4. “Sm-xxx-Sm are defined by any combinations of Gly, Ala, Ser, and Cys at the first and last

position. “Rank order (Spearman) correlation analysis.*" ©

. . 62
Correlation analysis.

Rank correlation statistics not applicable to noncontinuous variable. "Point Biserial

position at i+4); conversely, in the two less stable groups
(>50% and >25%) GxxG is found in just 43% of the
sequences. The biased distribution of GxxxG containing
sequences is confirmed, independently from the grouping
scheme, using Point Biserial correlation statistics, which
measures correlation between a continuous variable (TOXCAT
signal) and a binary variable (occurrence of GxxxG)
(correlation coefficient r = +0.63, p < 0.001).°” The fact that
GxxxG is present in the most stable constructs is not surprising.
However, it should be noted that some low-stability sequences
also contain GxxxG, further demonstrating that the presence of
the sequence motif is not the sole determinant of stability.”>*°
Notably, all sequences that do not contain a GxxxG motif
contain a Small-xxx-Small motif (i.e., GxxxA, SxxxG, etc.), with
the exception of one low affinity construct (1A32-2).

The GxxxG motifs in the sequence can be formed by the
invariable Gly at C1 together with a second Gly at either N1 or
CS. However, the marked increase of GxxxG in the most stable
constructs is primarily due to the presence of a Gly at position
N1 (Figure 5d). In the three most stable groups 10 out of 11 of
the sequences have a Gly at N1, whereas Gly occurs rarely at
the same position in the lower stability groups (p < 0.0001).
Conversely, Gly at Cl is rarer and its presence does not
correlate with apparent stability.

Stability Correlates with Structural Features. These
trends suggest that distinct sequence biases occur among
GAS ;g dimers of different stabilities. To understand their
physical basis, we looked at how structural parameters varied as
a function of apparent stability. We observed numerous
structure-related differences, which are summarized in Table
1 and Figure S. The analysis indicates that as stability increases,
(i) the distance between the helices becomes increasingly
shorter, (ii) the crossing angle becomes smaller, (iii) the
structural models become increasingly better packed, and (iv)
they display larger networks of Ca—H hydrogen bonds.

The interhelical distance (measured between the helical axes)
progressively decreases from an average of 7.1 A for the lowest
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stability set, down to 6.5 A for the most stable group, which is
near the closest two helices can approach before their
backbones would sterically clash (Figure Se). The correlation
between TOXCAT and interhelical distance is statistically
significant (rank order spearman correlation coefficient r =
+0.74, p < 0.000S, Table 1). We also observe a reduction of the
interhelical angle, which progressively decreases toward —40°
(p < 0.01, Figure Sf). These geometric changes are favored by
the presence of Gly at N1, as discussed in the previous section.

The tighter interhelical contact in the most stable constructs
leads to an increase of favorable van der Waals interactions
between the helices (p < 0.005), which improve by 49% from
the lowest to the highest dimerizing groups from —26.2 to
—39.0 kcal/mol. These improved van der Waals interactions do
not originate from a larger dimer interface (which remains
relatively constant across the sets), therefore they are
attributable to better packing. The more intimate interhelical
contact also favors a very significant change in hydrogen
bonding: the number of interhelical Ca—H hydrogen bonds
increases from 4.6 to 8.0 on average (Figure Sg). Correspond-
ingly, the average contribution of hydrogen bonding to the
binding energy more than doubles from —5.2 to —13.0 kcal/
mol (p < 0.000001). Finally, we observe a reduction of the cost
of desolvating the helices (from +17 kcal/mol to +11 kcal/mol)
that also contributes to the better energy score computed in
CATM for the more stable dimers (p < 0.00005).

To further investigate these sequence and geometry biases,
we performed a similar analysis on the entire set of 604 poly-
Leu predicted structures, grouping the results by decreasing
CATM energy (blue symbols in Figure S and Table S7). We
observe very similar trends across all examined variables. A
progressive reduction of the crossing angle and interhelical
distance is observed as the energy score decreases, along with
an increased number of Ca—H hydrogen bonds and improve-
ment of the packing. Similarly, presence of a GxxxG motif
increases, reaching 100% in the lowest energy groups. The
trend mirrors the presence of Gly at position N1, whereas the
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a

Sequences of experimental constructs

N1 c1 c5

N1 c1 3

b Nomenclature
of key positions

Group #5 11LGFLLGCLIGMLIGALIL LLiLVLLGALLGLIALLIL ”
H >1259 | PWLLLGALLGALLAVLIL Group #2 11LLCLIMT11GGLLSALTL N terminus
’ >50% LiLVLLLAVLLGALLAALIL
°l 12 TGLLALLLGLLIGVLIL
HGroup#4 LLLAVLLGFLLGWLIGLLIL LLLLLLLGGLLGALLVWLIL
>100% | .LLVLLLGALLGLLIGFLIL LLLLLLtALLLGLILGALIL
LLLSLLLGALLGL LI AALIL LLLIILiLVLLGALLFALIL _ N1
LLIMVLLGALLGALLVVLIL Group #1 crossing 2
Group #3| LLLVLLLAMLLGALLAALTL H 80, point = > AG)—C1
>75%| LY LiLGS1LGGLLTALIL ° AV
1 LVLLGVLLGS 11 AGLIL : @ C5
[ LLLS, LLLLLLSALLGILIGALTL @'
LiLFItiGVLLGIniCTrIL ’
¢ terminus
C Fraction of sequences with GxxxG motifs d Fraction of sequences with Gly at N1 position
120% 120%
100% J 100% J
;\? 80% :\3 80%
S 0% § 60%-
B kst
o Y
I 40%- w 40%-
L
20%‘ 20%
0% T T T 0% T T T
Group #1 Group #2 Group #3 Group #4 Group #5 Group #1 Group #2 Group #3 Group #4 Group #5
e 74 Average inter-helical distance f 20 Average inter-helical crossing angle
7.2
_ 7.0 -30 b
< 6.8 >
[0} 172}
© 66 & 0 p
§ 2
2 6.4 g
6.2 -50
6.0
5.8 T T T -60 T T T
Group #1 Group #2 Group #3 Group #4 Group #5 Group #1 Group #2 Group #3 Group #4 Group #5
g 9 Average number of Ca—H hydrogen bonds
LEGEND

Number

Group #1 Group #2 Group #3 Group #4

Group #5

=@= Experimental set (26)
=@ All predicted GAS, (670)

Group #1: least stable
Group #5: most stable

Figure S. Sequence and structural bias occur in groups with different stabilities. (a) Sequences of the 26 constructs ranked by TOXCAT signal
showing the groups, as defined in Figure 4. GxxxG motifs are underlined with a solid line, GxxxG-like motifs with a dotted line. Color coding as in
Figure 4b. (b) Nomenclature of the interfacial positions, as defined previously.* The sequence and structural biases of the groups of experimental
constructs (orange symbols) are illustrated for (c) the number of Ca—H hydrogen bonds, which increases with stability, (d) the interhelical distance,
and (e) crossing-angle, which decrease with stability, and the fraction of sequences containing (f) GxxxG and (g) Gly at the N1 position, which also
increase. Data also reported in Table 1. The same trends are observed in groups of different stabilities computed from the entire data set of 670

structures predicted from the human proteome (blue symbols).

presence of Gly at CS (the second position that can form a
GxoxG motif with C1) also increases but not as dramatically,
topping at 50% in the lowest energy group.

In summary, the model suggests that the stronger
interactions tend to be formed by helices that have a closer
distance and a smaller crossing angle. These geometries tend to
be favored by the presence of a second Gly at N1, forming a
GxxxG motif with the Gly at C1, although the precise stability
and conformation of each dimer is influenced by its entire
sequence context. It is possible that some of the observed
results may be influenced by the current experimental
conditions. For example, the optimal crossing angle could be
sensitive to the thickness of the membrane and the length of
the TM helices, which were not varied in either the
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computational or the TOXCAT experiments. Nevertheless,
these biases provide important insight into how the GAS;g,
sequence is able to modulate stability, a feature that is likely
important for a structural motif that is found in both stable
constitutive dimers, as well as in weaker “dynamic” or transient
dimers, where dissociation or conformational change is
required for the function of the protein.

B CONCLUSIONS

An unusual interaction is at the core of one of the most
common transmembrane motifs, and yet the contribution of
these Ca—H hydrogen bond networks to the free energy of
dimerization has remained uncertain. This is in part due to
scarce availability of structures, which poses a serious hurdle to
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understanding the structural basis of TM helix oligomerization.
Structure-based analysis has been possible for a few structurally
characterized dimeric systems, such as GpA”>>®* and BNIP3.'®
Conversely, large-scale comparative analyses, based either on
combinatorial libraries,””**~%® comprehensive protein fami-
lies,” or homology-based clusters of human proteins®® have
been performed primarily on sequences of unknown structure.
Computational modeling has often been applied in coordina-
tion to these approaches to aid in the interpretation of
experimental data,'"'7"°79%7077% Ap advance of the present
work is the availability of a reliable structural prediction
method, which has enabled the design of an experimental
analysis of dimers of diverse stabilities to test pre-existing
structural and energetic models.

This analysis addressed the question of whether Ca—H
hydrogen bonding and van der Waals forces are predictive of
the dimerization propensity of GAS;y,, dimers. The results
provide the first experimental support for the hypothesis that
Ca—H hydrogen bonds are indeed major determinants of
dimerization in GxxxG-mediated dimers. Our data complement
the only other experimental report in the literature that has
shown that Ca—H hydrogen bonds have the potential to
stabilize GAS ;p,, a study by Arbely & Arkin that measured the
strength of a single hydrogen bond interaction in a well-
characterized GAS ., model system;** here, we addressed the
role of Ca—H hydrogen bonds as contributor to the free energy
of dimerization, examined at the level of the entire structural
motif.

We found that a simple energy model combining Ca—H
hydrogen bonding and van der Waals already forms a good base
when tested in biological membranes, albeit in standardized
sequence conditions. The present analysis also provides initial
insight on how change in the sequence and geometry may
modulate these terms and therefore overall stability in GAS;g,.
The results also suggest that, with more data, a similar strategy
would likely support the development of a more sophisticated
energy function, which would provide further insight into the
forces involved in GAS,, association as well as improve our
ability to accurately predict structure and stability of these
dimers from primary sequence data alone.

B METHODS

Software. All calculations were implemented and performed using
MSL v. 1.1,”7 an open source C++ library that is freely available at
http://msl-libraries.org.

Prediction of GAS,g,, Structure and Dimerization Energy.
The structure of GAS,, dimers was predicted from a database of
2383 human sequences annotated as sin§le-pass membrane proteins in
Uniprot (as of November 2, 2016)." Structural prediction was
performed with the program CATM.* Side chain mobility was
modeled using the energy-based conformer library applied at the 95%
level.”® Energies were determined using the CHARMM 22 van der
Waals function,”” the IMM1 membrane implicit solvation model,*°
and the hydrogen bonding function of SCWRL 4,%' as implemented in
MSL,”” with the following parameters for Ca donors, as reported
previouslg: B=60278,D,=23A,06,=1202A a,, =74.0°%and .
=98.0°"

The CATM algorithm was described in detail previously.** Briefly,
the sequence of interest is threaded into a set of different registers at
each of 463 representative geometries. If sequence-based filtering rules
are met, the sequence is built on the backbone in all atoms and the
helices are docked by reducing the interhelical distance in steps. At
each step, the side chains are optimized and the interaction energy is
evaluated until a minimum energy is found. To further optimize the
dimer, the geometry is then subjected to Monte Carlo backbone
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perturbation cycles in which all interhelical parameters (distance, Z
shift, axial rotation, and crossing angle) are locally varied. If the final
interaction energy (calculated as the energy of the dimer minus the
energy of two monomers separated at long distance) is negative, the
solution is accepted. The solutions are then clustered using an RMSD
criterion to produce a series of distinct models. The computation
produced 1141 structures of predicted GASy, homodimers. These
structures are available at http://seneslab.org/ CATM.

Cloning and Expression of Chimeric Proteins in MM39 Cells
and MalE Complementation Assay. DNA sequences containing
the transmembrane region of interest were cut with Nhel and DpnlII
restriction enzymes and cloned into the Nhel-BamHI restriction sites
of the pccKAN vector as previously described.””” The TOXCAT
constructs were transformed into MM39 cells. A freshly streaked
colony was inoculated into 3 mL of LB broth containing 100 pg/mL
ampicillin and grown overnight at 37 °C. 50 uL of overnight cultures
were inoculated into 3 mL of LB broth and grown to an ODy, of 0.8—
1.0 at 37 °C. After recording the optical density, 1 mL of cells was
spun down for 15 min at 17000¢ and resuspended in 500 mL of
sonication buffer (25 mM Tris-HCl, 2 mM EDTA, pH 8.0). Cells were
lysed by probe sonication at medium power for 10 s over ice. An
aliquot was removed from each sample and stored in SDS—PAGE
loading buffer for immunoblotting. The lysates were then cleared by
centrifugation at 17000g, and the supernatant was kept on ice for
chloramphenicol acetyltransferase (CAT) activity assay.

To confirm proper membrane insertion and orientation of the
TOXCAT constructs, overnight cultures were plated on M9 minimal
medium plates containing 0.4% maltose as the only carbon source and
grown at 37 °C for 48—72 h. The variants that did not grow in these
conditions were not considered for this study.

Chloramphenicol Acetyltransferase (CAT) Spectrophoto-
metric Assay. CAT activity was measured as described.’”** Briefly,
750 uL of buffer containing 0.4 mg/mL 5,5’ dithiobis(2-nitrobenzoic
acid) or Ellman’s reagent and 0.1 M Tris-HCl, pH 7.8, were mixed
with 250 pL of 0.4 mM acetyl CoA and 40 uL of cleared cell lysates,
and the absorbance at 412 nm was measured for 2 min to establish
basal enzyme activity rate. After addition of 40 uL of 2.5 mM
chloramphenicol in 10% ethanol, the absorbance was measured for an
additional 2 min to determine CAT activity. The basal CAT activity
was subtracted, and the value was normalized by the cell density
measured as ODgy. All measurements were determined by at least
four independently cultured biological replicates, each of which was
measured with two technical replicates.

Quantification of Expression by Immunoblotting. Protein
expression was confirmed by immunoblotting. The cell lysates were
normalized by cell density and loaded onto a NuPAGE 4—12% bis-tris
SDS—PAGE gel (Invitrogen) and then transferred to PVDF
membranes (VWR) for 1 h at 100 millivolts. Blots were blocked
using 5% bovine serum albumin (US Biologicals) in TBS-Tween
buffer (50 mM Tris, 150 mM NaCl, 0.05% Tween 20) for overnight at
4 °C, incubated with goat biotinylated anti-maltose binding protein
antibodies (Vector laboratories) for 2 h at room temperature, followed
by peroxidase-conjugated streptavidin antigoat secondary antibodies
(Jackson ImmunoResearch) for 2 h at 4 °C. Blots were developed with
the Pierce ECL Western Blotting Substrate Kit; 1 mL of ECL solution
was added to the blot and incubated for 90 s. Chemiluminescence was
measured using an ImageQuant LAS 4000 (GE Healthsciences).
Individual bands were quantified by Image].

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
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Predicted structure of the experimental constructs;
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composition at interfacial positions; summary of
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