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Abstract

We report the measurement and analysis of sulfonium-rc. thioether-rt and ammonium-m
interactions in a B-hairpin peptide model system, coupled with computational investigation and
PDB analysis. These studies indicated that the sulfonium-m interaction is the strongest, and

that polarizability contributes to the stronger interaction with sulfonium relative to ammonium.
Computational studies demonstrate that differences in solvation of the trimethylsulfonium
versus the trimethylammonium group also contribute to the stronger sulfonium- interaction.

In comparing sulfonium-m versus sulfur-rc interactions in proteins, analysis of SAM- and SAH-
bound enzymes in the PDB suggest that aromatic residues are enriched in close proximity to the
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sulfur of both SAM and SAH, but the population of aromatic interactions of the two cofactors
are not significantly different, with the exception of the Me-m interactions in SAM, which are the
most prevalent interaction in SAM but are not possible for SAH. This suggests that the weaker
interaction energies due to loss of the cation-m interaction in going from SAM to SAH may
contribute to turnover of the cofactor.

Graphical Abstract

R D &

sulfonium-w > ammonium-w > sulfur-w SAM-mr > SAH-r

Methyltransferase

INTRODUCTION

Cation-rt interactions, defined as the favorable interaction between a cationic species and the
electron-rich face of an aromatic ring or other m system are well established to contribute to
biomolecular structure and function.1=® Their role in mediating crucial biological processes
such as catalysis, protein folding, and protein-ligand and protein-protein interactions

has led to extensive characterization of ammonium-based cation-r interactions using
statistical analyses of protein structures, gas phase measurements, computational models,
and experimentally determined interaction energies with different aromatic residues in a
number of protein contexts.1=" Sulfonium cations, such as S-adenosylmethionine (SAM)
and S-methylmethionine (Mme) (Figure 1), are also important drivers of biomolecular
function. Thus, understanding how sulfonium-t interactions compare to both ammonium-
v interactions and thioether-t interactions is important for understanding their role in a
biological context. Recently, there have been numerous reports on sulfur based aromatic
interactions in the context of protein structures, including thioether-rc8-13, thiol-r12 14-15
sulfoxide-rc16-17 and sulfone-rc17 interactions. However their cationic counterpart, the
sulfonium-t interaction, has been less comprehensively investigated, particularly in
comparison to the isosteric ammonium-rc interaction.18-25 Herein, we compare sulfonium-
Tt interactions to both ammonium-m interactions and thioether-r interactions within a
B-hairpin model system and through computational studies. Furthermore, we analyze data
from the protein data bank (PDB) to gain insight into how the energetic differences of
sulfonium-rt and sulfur-r interactions influence structure and function of SAM-dependent
proteins.

Comparing the central atom in alkylated ammonium and sulfonium cations, sulfur is more
polarizable, and the C-S bonds are longer than C-N, such that a trialkylsulfonium has greater
surface area and polarizability than a trialkylammonium (Table 1). However, nitrogen is
more electronegative than sulfur, therefore there is a greater partial positive charge on the
N-methyls relative to nitrogen, while in sulfonium cations, the positive charge is localized on
the sulfur (Table 1). In the context of studying these interactions in an aqueous environment,
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it is also important to note that trialkylammonium has the potential to form favorable
hydrogen bonds in water, which may affect both the desolvation cost to pack against the
face of the aromatic ring, as well as the strength of the cation-r interaction itself, whereas
a trialkylsulfonium does not form appreciable hydrogen bonds.28 Each of these subtle
differences may influence the magnitude of the cation-rt interactions.

Calculations of gas phase and solvated alkali metal cation-rt interactions offer insights into
trends one may expect of the relative strength differences between alkylated ammonium- and
sulfonium-rt interactions. For gas phase calculations with alkali metals, it is well established
that as the size of the cation increases, the cation-m interaction weakens because the charge
becomes more dispersed (Li* > Na* > K*), exemplary of an electrostatic interaction.2’
However, for calculations performed in a full hydration shell, the heavier alkali metal cation-
v interaction strengths are less affected by solvation and the interaction energies are nearly
equal for Li*, Na*, and K*.28-30 \Whether the same trend holds true for alkylammonium and
alkyl sulfonium ions has not been determined.

Several previous studies have investigated sulfonium-r interactions in binding?% 23 and
catalysis.18-19. 31-32 However, little work has compared the energetics of sulfonium-r
versus ammonium-re interactions, particularly in the same alkylation state.20: 32 Comparison
of two structurally different ligands containing an ammonium or sulfonium moiety binding
to a molecular tweezer suggests that the sulfonium compound binds more tightly, but other
variations in the two structures may contribute to this difference in binding energy.2% Only
one report directly compares a sulfonium to an ammonium in the same alkylation state, in

a comparison of SAM decarboxylase inhibitors, and found that the 1Csq for the ammonium
was 1.5-5-fold more favorable than for the sulfonium, counter to trends predicted from
solvated alkali metals.2>

The studies reported herein provide new mechanistic insights into the magnitude and
driving force of the two cationic species. Using a well-established peptide model system,
we have investigated the interactions of S-methylmethionine (Mme) and its isostere, 2-
amino-4-(dimethylamino) butanoic acid (Dabme2), with Trp, Tyr, and Phe to determine

the effect the central atom has on the magnitude and driving force of the cation-r
interactions. We also measured the differences in tunability of the interaction with respect
to the chemical nature of the aromatic residue. Additionally, we have compared these
interactions to Met-m interactions, which have been previously studied in the Waters

lab with Trp and Phe8 but have expanded here to include Tyr as well. Herein, we find

that sulfonium-m interactions are more favorable than both alkylammonium-r and Met-

v interactions by nearly 1 kcal/mol. Analysis of the driving forces that contribute to

both cation-r interactions suggests that the sulfonium-rc interaction may have a greater
dispersive term than the ammonium-c interaction, consistent with other sulfur-mediated
noncovalent interactions.8-13 Our computational studies suggest that differences in solvation
of the ammonium versus sulfonium ion also contribute to the differences in interaction
energy. Furthermore, PDB analysis of SAM- and SAH-binding proteins suggests that the
difference in magnitude between sulfur-rc and sulfonium-m interaction strength influences
the mechanism of methyltransferase enzymes that use these cofactors for their biological
function. Together, these analyses elucidate the role of the central cationic atom in cation-r
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interactions and how proteins may use the difference in energy of thioether-rt vs sulfonium-
7t interactions for turnover.

RESULTS AND DISCUSSION

Investigation in a B-Hairpin Model System.

System Design.—The peptides X2M, X2Mme, and XDabme2 (where X is Trp, Tyr,

and Phe at position 2) were used to investigate the role of the central cationic atom on

the cation- interaction with an aromatic amino acid, X (Figure 2). This peptide sequence
has been used to investigate a wide range of aromatic interactions, including cation-r

and sulfur-rt interactions8, among others, and has proven to be a robust model system

for the investigation of noncovalent interactions. B-hairpins serve as good model systems
for studying biologically relevant noncovalent interactions because the sidechain-sidechain
interactions contribute to folding, and the folding equilibrium can be determined in a
straight-forward manner based on NMR chemical shifts. The residues of interest were
placed at the 2 and 9 positions to allow for a favorable diagonal sidechain-sidechain
interaction.33-34 The overall charge was +1 to +2 to provide solubility and prevent
aggregation, and an Asn-Gly type I’ turn was used to promote hairpin formation.
Additionally, B-branched amino acids were placed on the opposite face as the residues of
interest to stabilize the structure due to their high p-sheet propensity as well as cross-strand
hydrophobic interactions that bury the hydrogen bonds and stabilize the structure.3® This is
particularly important in this system, as we have shown in other p-hairpin studies in our
lab that shorter, charged sidechains, like Mme and Dabme2, have low B-sheet propensity,
so while they may provide stability to the diagonal interaction being investigated, they are
destabilizing to the overall hairpin.36

X2 and Z9 are positioned diagonally cross-strand on the non-hydrogen bonding face of

the B-hairpin, which places them in close proximity due to the right-handed twist of the
B-hairpin. Since favorable sidechain-sidechain interactions contribute to hairpin stability, the
extent of folding of a peptide is a measure of noncovalent interactions between the two
sidechains of interest. Double mutant cycles (Figure 3) were used to isolate the interaction
energy between the two sidechains by correcting for other structural effects such as p-sheet
propensity, which are particularly low for Mme and Dabme2.37 The X2 position was
substituted with Val and the Z9 position with Ser for the single and double mutants, as

has been reported previously, since both have high B-sheet propensities but no favorable
interactions (Figure 3).36

Characterization of B-Hairpin Structure.—These peptides were synthesized using
standard methods and their structures were characterized by NMR, including TOCSY,
NOESY, and variable temperature experiments. We validated that the peptides take on the
expected B-hairpin conformation based on the parent peptide8: 36: 38-41 including expected
cross-strand and sidechain-sidechain NOEs (Figure S18-20). Additionally, downfield
shifting of the Ha protons relative to random coil shifts was determined, as shifting of

> 0.1 ppm, demonstrates B-sheet conformation.*2-43As expected, the residues designed to
be in the strands exhibited significant downfield shifting, whereas the turn residues and N-
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and C-terminal residues, which are typically frayed, exhibit little change in chemical shift.
(Figure S17).

Characterization of B-Hairpin Stability.—To complete the double mutant cycle and
determine the sidechain-sidechain interaction energy, the stability of each p-hairpin was
determined by NMR using reported methods.#2-4% Based on these values, the Trp peptides
are the most folded, with WM found to 88% folded, WMme 64% folded, and WDabme2
57% folded (Table 2). Comparisons with the other aromatic residues at X2 follow similar
trends. Fraction folded provides insight into the net stabilities of the peptides, but it is not
indicative of the strength of the isolated sidechain-sidechain interaction, since other factors
such as B-sheet propensities also influence folding. Short, charged residues, including
Dabme2, have previously been shown to have poor B-sheet propensities,36: 46 so, further
analysis of the free energies measured from the double mutant cycle is necessary to
characterize the magnitude of the Met-, ammonium-, and sulfonium-r interactions.

Characterization of Magnitude of Diagonal Interactions between X2 and Z9.—
The magnitudes of the sidechain-sidechain interactions were determined from the double
mutant cycles as described above (Figure 3 and Table S3). The interaction energies are the
strongest for Trp, as expected for the larger, more electron-rich ring. The interactions with
Mme were strongest for all aromatic rings and the interaction energy was determined to

be 1.4 kcal/mol for WMme. The WM interaction energy is weaker than the sulfonium-mr
interaction by about 1 kcal/mol, and within error of the WDabme2 interaction (Table 3),
consistent with previous reports comparing Met S-rt (0.3 + 0.1 kcal/mol) to Lys cation-m
interactions (-0.3 + 0.1 kcal/mol).8 The trends are consistent notwithstanding changes in
the aromatic residue; the sulfonium-m interaction is still the most favorable, but Met-r,
sulfonium-rt, and ammonium-m are all weaker when diagonal from Phe and Tyr compared
to Trp. There are two important takeaways from these results: sulfonium- interactions are
stronger than ammonium-c interactions when comparing isosteric cations, and sulfonium-
Tt interactions are stronger than thioether- interactions. Each of these findings were
investigated in more detail as described below.

Characterization of Noncovalent Driving Forces Contributing to Sidechain-
Sidechain Interactions.—While cation-r interactions are driven by a significant
electrostatic component, other forces also contribute to the interactions of cations with
aromatic rings. In particular, Dougherty pointed out that for organic cations, such as NMey*,
there may be a significant dispersion term associated with the significant polarizability of
the cation. To evaluate whether the differences between the sulfonium- and ammonium-r
interactions arise from differences in dispersion forces, the interaction energy (AAG®°) was
plotted against polarizability of the aromatic residue (Figure S21B). Positive correlations
are observed for polarizability with both cations (Figure S21B). These results suggest that
both cation-rt interactions are sensitive to polarizability, which is consistent with previous
work indicating a significant dispersive term to cation-r interactions.3 Since sulfur is more
polarizable than nitrogen, this suggests that Mme may have a larger dispersive term than
Dabme2.9: 47-48
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Structural Characterization of the Sidechain-Sidechain Interactions.—The
proximity and geometry of these interactions is directly tied to the fraction folded of each
respective B-hairpin because the changes in chemical shift are indicative of the population
of folded states that has those residues in close proximity to one another. Thus, to confirm
that the differences in interaction energy result from specific noncovalent interactions, we
compared the anisotropic effects on Met, Mme, and Dabme2 arising from proximity to the
face of the Trp to assess the geometry of the sidechain-sidechain interaction. Proximity of
a proton to the face of an aromatic ring results in upfield shifting of the proton resonance

in the NMR spectrum. Examining the differences in shifting for each Z9 sidechain thus
provides insight into the proximity and preferred geometry of interaction with the X2
position. Comparing differences in WZ9 interactions, Mme experiences the most upfield
shifting, followed by Dabme2 then Met (Figure 4). The fact that Met exhibits the least
upfield shifting is surprising, since it is the most folded peptide and the degree of shifting is
not only influenced by the magnitude of the diagonal interaction, but also by the population
of the folded state. Thus, the lower degree of upfield shifting for Met strongly supports its
weaker interaction with Trp.8 These findings suggest that the cation in Mme and Dabme2
provides a stronger anchoring point for interaction with the aromatic ring, while Met
provides a weaker anchoring point, leading to smaller averaged chemical shift differences.

For Mme and Dabme2, the e-methyl groups experience the greatest upfield change in
chemical shift, 0.4 ppm and 0.3 ppm respectively, consistent with partial positive charge on
the methyls (Figure 1) interacting directly with face of Trp (Figure 4). The -y-methylenes,
which also carry a partial positive charge, show some upfield shifting as well (Figure 4).
These results indicate that the Mme-m interaction is more populated than the Dabme2-w
interaction. PDB and computational analyses for cation-r interactions define the most
prevalent geometry as the N-methyls of alkylated ammonium cations directed normal to
the aromatic ring, and that the strength of the interaction increases with more favorable
N-methyl contacts, and the same would be expected for alkyl sulfoniums.4 49-50

Thermal Denaturation Studies.—To further evaluate the nature of the noncovalent
interactions for the X2Z9 diagonal interactions, we performed thermal denaturation studies
with the WZ9 peptides and fit the changes in fraction folded with respect to temperature

to the van’t Hoff equation (Figure 5). Compared to WMme and WDabme2, folding for

WM is less entropically unfavorable, and exhibits cold denaturation, consistent with a
greater hydrophobic driving force (Table 4). Folding of both WMme and WDabme2 is more
enthalpically favorable, entropically unfavorable, and does not exhibit cold denaturation
(Table 4). This is consistent with the contribution of an enthalpically favorable cation-r
interaction for both Mme and Dabme2.3: 38, 51

Summary of B-hairpin studies.—In summary, the experimental studies from the
B-hairpin model system indicate that both cation-r interactions with sulfonium and
ammonium contribute to folding enthalpically whereas the Met-m interaction contributes
entropically. Upfield shifting corroborates the preference for an interaction geometry that
allows for cation-rt interactions with Mme and Dabme2, but not Met. Comparison of the
two cation-r interactions indicates that the sulfonium-c interaction is stronger than the

JAm Chem Soc. Author manuscript; available in PMC 2023 February 16.
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ammonium-rc interaction and that greater sensitivity to polarizability contributes to this
preference. We then turned to computational methods to gain further insight into additional
factors that contribute the difference in sulfonium-mw vs ammonium-rt interactions.

Computational Analysis of Mme and Dabme2 with Benzene

To gain insight into the role of solvation on the difference in interaction energies between
the Mme-rt and Dabme2-rt interactions, we performed interaction energy (Ejnt) calculations
on the optimized conformers for trimethylsulfonium and trimethylammonium with benzene
in the presence of N = 0-2 water molecules in implicit solvent (Figure 6). Previous studies
of alkali metals found that aqueous solvation changed the relative stabilities of cation-r
interactions, with the larger cations becoming more favorable in water.28-30 The effects of
solvation have been previously computed for ammonium and sulfonium ions alone, but not
for sulfonium in the presence of a rt-system.52-53 |n accordance with similar studies, only
the alkylated heteroatom and a benzene ring were implemented for Ej; calculations.12: 17: 49

When N = 0 waters, the preferred geometry for trimethylsulfonium places the sulfur down,
3.2 A directly over the center of the ring and the S-methyls pointed away, ranging from
4-4.8 A from the ring (Figure 6B). For trialkylammonium, the NH is 2.1 A away pointed
directly at the center of the ring, and the N-methyls are pointed upward, 3.8 A away (Figure
6E). In both cases, the lowest energy conformer places the highest concentration of positive
charge (Figure 6A) in close contact to benzene. At N = 0, though the S of the alkylated
sulfonium ion has a greater positive charge, the sulfonium is a larger, more polarizable
cation and with the distances from the benzene ring being farther and the charge more
dispersed, the NH-rt interaction is stronger than the sulfonium-m interaction. The calculated
values of Ejn; favor the ammonium over the sulfonium by 2 kcal/mol, (-6.8 kcal/mol and
-4.8 kcal/mol respectively), and these relative differences are comparable to what has been
previously reported in the gas phase for trimethylammonium making a stronger cation-mn
interaction than the sulfonium.3 24 However, these geometries and energetic values are not
relevant in water, in which the NH is expected to be highly solvated.

To determine the impact of competitive interactions with water, explicit water molecules
were added iteratively and the lowest energy conformers and E;jn; were recalculated, as

has been similarly done for methylated ammonium and metal cations.26: 28-30, 50, 52-53
These calculations show the expected changes in geometry for the trimethylammonium that
in turn also weaken the cation-m energy, while much smaller changes were seen for the
trimethylsulfonium (Figure 6).

For N =1, when the NH is participating in a hydrogen bond with water, the geometry
changes such that the NH moves away and is directed over the edge of the ring and the
N-methyls are within 3.3-4.2 A from the center of benzene (Figure 6F). The distribution of
positive charge also changes such that the NH and N-methyls have a slightly less positive
partial charge (Figure 6A). The N = 1 lowest energy conformer favors the N-methyl-r
interaction over the NH-m, as the NH-O interaction outcompetes the NH-t interaction.
Correspondingly, the E;jn; for the cation-rt interaction is significantly less favorable than in
the absence of explicit solvent (-4.6 kcal/mol, Figure 6F) from the compounding effects

of increased distance from the ring and interaction with a more dispersed charge.26: 50

JAm Chem Soc. Author manuscript; available in PMC 2023 February 16.
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The sulfonium (Figure 6C) also moves away from benzene (3.2 to 3.3 A), but less than

the ammonium cation, and the overall geometry remains the same. The addition of one
water weakens the sulfonium-r interaction by only 0.1 kcal/mol, such that the difference
in interaction energy between the two alkylated cations favors the sulfonium-rc by 0.1 kcal/
mol.

The addition of a second water further weakens the interaction for trimethylammonium and
trimethylsulfonium, but more subtly for the sulfonium species. Again, the overall geometry
of the trimethylsulfonium-benzene interaction does not change, and the distance to the

ring increases slightly from 3.3 t0 3.4 A (Figure 6D). The Ejp; for the sulfonium-benzene
complex in N = 2 waters is —4.5 kcal/mol. The changes in geometry for the alkylammonium
are more dramatic upon the addition of a second water molecule (Figure 6G). The NH

is pointed away from the ring such that the N-methyls are pointed down towards the

face of the ring, but only one makes contacts to the centroid of benzene (Figure 6G) As
previously discussed, the number of N-methyl contacts directly influences the strength of an
alkylammonium-rt interaction.#® With the loss of the NH-m interaction, plus the increased
distance for the single CH-m interaction with the N-methyl, the E;j.: in N = 2 waters for
trimethylammonium is —4.0 kcal/mol, 0.5 kcal/mol weaker than its sulfonium counterpart.

In sum, the experimental results from the p-hairpin studies coupled with the computational
studies suggest that the increased polarizability as well as differences in solvation result in a
stronger cation-r interaction for sulfonium relative to ammonium ions.

PDB analysis of SAH and SAM Bound Structures

To gain insight into how the energetic differences of sulfonium-r and sulfur-rc interactions
impact the binding and function of SAM and SAH in SAM-dependent enzymes, we
carried out an analysis of SAM- and SAH-bound proteins in the PDB. Analysis of
preferred geometries and distances of Lys/Arg-aromatic contacts observed in the PDB

has been key to understanding the role of cation-r interactions in biomolecular structure
and function. 54-56 These propensities have also been well described for Met and
Cys,%-10. 15,57 byt few studies have compared sulfonium- to thioether-r interactions in
SAM- and SAH-bound enzymes.21-22

Ab initio Investigation into Trimethylsulfonium-Benzene Interaction Energies.
—Before describing the statistical distributions of these interactions in the PDB, we first
calculated the changes in E;jn; for varying distances and angles between trimethylsulfonium
and a benzene ring (Figure 7A). The most favorable conformation was calculated to be —4
kcal/mol when the sulfonium cation is at 5° and 3-3.5 A away from the ring. As the angle
moves away from normal to the ring (0°), the interaction becomes weaker and the most
favorable geometry moves to greater distances, with interaction energies between -0.2-0
kcal/mol beyond 5 A (Figure 7A). These regions have been previously defined as en-face
(6 < 30°), intermediate (30° < 6 < 60°), and edge (60° < 6 < 90°) (Figure 7B).%6 These
ranges are similar to what has been previously reported for H,S, Me,S, and Me,SO-benzene
complexes as well as guanidinium and ammonium-benzene complexes®®, thereby providing
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a guide and cutoff for determining what are nonrandom, enriched contacts within the PDB
structures described below.

Aromatic Residues are Enriched and Nonrandomly Oriented in SAM/SAH
Binding Sites.—To analyze the sulfonium-rt and thioether-t interactions in SAM/SAH
binding sites, we compiled a non-redundant set of structures that were bound to either SAM
or SAH from the PDB (Table S15). Distances and angles were measured from the Me of
SAM, and S, C5’, and CG of SAM and SAH to the centroid of nearby aromatic residues, as
each of these positions carries a 6+ charge (see Figure 1 for structures and partial charges).
We analyzed aromatic residues whose ring centers were within 15 A of the atoms listed
above to maintain consistency with previous analyses on S-r interactions in the PDB.9% 15
The number of aromatic residues for each atom contact are listed in Table S16. All unique
sequences have at least 2 aromatic residues within 15 A to the aforementioned specified
atoms of either cofactor (Figure S26A and B), in agreement with previous reports on the
frequency of S-t interactions per structure in the PDB.? Additionally, comparison of the
aromatic residues His, Tyr, Trp, and Phe indicate that none is preferred in SAH versus SAM
binding sites in the investigated structures (Figure S26C).%8

To evaluate whether aromatic contacts are enriched within SAH/SAM binding sites, we
measured how frequently atoms from SAH/SAM make contact (< 4 A) with an atom from
an aromatic residue. The measured values are expressed as percentages, where the value
for each atom indicates the percentage of that position that contacts at least one aromatic
residue. We compared the sulfur atoms of SAH and SAM and the methyl carbon of SAM
against nonpolar amino-acid atoms that are in similar steric environments to our ligands but
that are not expected to form specific interactions with an aromatic residue (Figure 8A).
The sulfur atom of SAM was compared to the CG atom of Leu. The sulfur atom of SAH
was compared to the sulfur of Met and to the CG1 atom of lle (Figure 8A). We find that
SAM S is enriched in aromatic contacts relative to Leu CG, supporting the fact that it forms
a specific, favorable interaction (Figure 8B). The S atom of SAH is enriched in aromatic
contacts relative to both Ile CG1 and the sulfur of Met in more buried environments (>24
neighbors, Figure 8B, Figure S27), also in agreement that the S of SAH forms specific S-r
interactions. Indeed, SAH exhibits differences relative to Met though both contain thioethers
that are expected to form equally favorable thioether-r interactions. Such a difference is
consistent with SAH-binding proteins having evolved to bind SAM and continuing to hold
aromatics in place for that purpose even in SAM’s absence.

We compared the methyl group of SAM to the two methyl groups of Leu, which are

in a similar steric environment but provide neutral controls (Figure 8A). In this case, no
statistically significant difference was observed (Figure 8B). These findings suggest that
aromatic interactions with the sulfur atom of SAM are more favorable than interactions with
the methyl group, which is consistent with our computational results described above.

After confirming that there is an enrichment of aromatic residues in the neighborhoods
surrounding the sulfonium and thioether of SAM and SAH, we examined the angular
preferences for aromatic contacts by measuring contact densities, the average number of
aromatic-ring centers per A3, for each of the Me, S, C5’°, and CG groups. We divided

JAm Chem Soc. Author manuscript; available in PMC 2023 February 16.
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conformation space into the three angle bins described above (en-face, intermediate, & edge)
and into three distance bins: 3-5, 5-8, and 8-15 A and further divided each of these 9 bins
with a distance step size of 0.5 Aandan angular step size of 5° (Figures S28-S34). This

fine binning better emphasizes geometrically improbable conformations, such as those at
very close distances or at angles very near 0°, where the volumes of the bins are very small.
Average contact density for a large bin was computed as the average of the contact densities
of each of the small bins it contained. The large bins facilitate comparison with previous
PDB and computational analyses characterizing S-rt interactions.12 15 17, The percentage of
observed average contact densities in the PDB (Figure 9A) in the 3-5 A range (Figure 10A)
indicate a preference for en-face and intermediate geometries at each of the positions of
SAM and SAH, with some variation depending on position. Edge interactions (angles > 60°)
(Figure 9A, Figures S28-S34) are the least common orientation for all for positions in SAM
or SAH, as expected for contacts driven by cation-r and sulfur-m interactions, which require
an en-face or intermediate geometry.3: 15 In particular, Figure S35, which evaluates the entire
15 A range, shows that the average contact density is significantly higher for distances below
5 A where sulfonium-m and thioether-rt interactions are favorable, and that smaller angles
are also preferred.

While this is suggestive of more favorable interactions at smaller angles, we wanted to
evaluate whether sterics could also explain the low probability of edge interactions, given
that the minimum collision-free distance increases as the angle increases. To evaluate the
contribution of sterics to the contact density of en-face, intermediate, and edge interactions,
we sampled random orientations between the four aromatic amino acids and each ligand,
SAM and SAH, and measured the distances and angles, excluding conformations that
contained clashes (Figure 9B).

When compared, the observed preferences for en-face and intermediate geometries in the
PDB (Figure 9A, Figure S35) are greater than predicted for random interactions (Figure
9B) and are consistent with the idea these interactions are not random, but prefer specific
geometries. Furthermore, the observed preference for en-face interactions agree well with
the most favorable geometries predicted by our ab initio studies (Figure 8). The random
average contact densities were found to be between a six- and eight-fold greater (depending
on the atom) for en-face over edge geometries at distances < 5 A for each atom (Figure 9B),
which is smaller than the 6- to 26-fold increases (depending on the atom) of en-face over
edge geometries observed in the PDB (Figure 9A, Table S17), indicating that sterics alone
cannot explain the angular preferences. In particular, SAM Me and C5” show the strongest
preference for en-face over edge geometries. Additionally, comparison of S, C5’, and CG

in both SAM and SAH indicate that these atoms make more en-facecontacts to SAM in all
cases (Figure 9A, white bars). Figure 10 displays representative geometries for each of these
interactions.

In comparing SAM to SAH, we wanted to account for the difference in number of atoms
surrounding sulfur. Therefore, we computed the average contact density per atom (the
sum of average contact densities for each atom in the cofactor divided by the number

of cofactor atoms) for all fine bins within 3-5 A for SAM and SAH. We find that even
when accounting for the number of atoms, average contact density per atom is 21% higher
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for SAM than for SAH (Table S17). We considered that the Me group is more sterically
accessible than the other three groups in SAM, so perhaps its steric accessibility is the
source of this greater density. We again employed the random-orientation, collision-free
model to answer this question. With this model, which only evaluates steric clashes, the
SAM average-contact-density per atom was 27% lower than to SAH, indicating that steric
clashes disfavor aromatic interactions with SAM relative to SAH. This suggests that the 27%
greater interactions to SAM versus SAH reflects a greater energetic preference for favorable
aromatic interactions to SAM.

Taken together, the greater en-face aromatic contacts to SAM vs SAH overall and the
prevalence of Me-r interactions at en-face geometries (Figures 9A and S35, Table S17),
may reflect the role of sulfonium-m vs sulfur-m interactions in enzymatic turnover of SAM-
dependent enzymes. For SAM-dependent enzymes to function catalytically, they need to
unload SAH and reload SAM to transfer another methyl group to the next substrate.59-61
To do so, the cofactor binding site must have a weaker affinity for SAH relative to SAM.
The difference in magnitude between the sulfonium-rt and S- interactions of SAM and
SAH, as well as the difference in contact density of aromatic interactions between the two
cofactors, may contribute to the driving force for product release. From our B-hairpin results,
we calculated the WMme sidechain-sidechain interaction to be ~ 1 kcal/mol more favorable
than that of WM. Our PDB analyses demonstrate that direct contacts to the Me of SAM
make up the greatest percentage of interactions to the cofactor within 3-5 A, thus, upon
transfer of the methyl group of SAM, SAH will have both fewer and weaker interactions,
thus weakening binding and promoting turnover of the cofactor. Figure 11 displays an
overlay of SAM and SAH in the same protein, demonstrating such a loss of aromatic
interaction with SAH.

CONCLUSIONS

Herein we utilize a peptide model system, computational studies, and analysis of the protein
data bank to evaluate the chemical and biological relevance of sulfonium-r interactions

as compared to ammonium-rt and sulfur-r interactions. Experimental determination of
interaction energies in aqueous solution indicates that sulfonium-r interactions are stronger
than the isosteric ammonium-r interactions as well as the neutral sulfur-m interactions.
Computational studies indicate that differences in solvation of the ammonium and sulfonium
groups contribute to the differences in magnitude of interaction. Analysis of the protein

data bank provides insight into how the difference in sulfonium-r and sulfur-r interaction
energies contribute to biological function in SAM-dependent methyltransferases. We find
that SAM and SAH are enriched for aromatic contacts relative to control residues that
interact nonspecifically, and that the preferred geometries are consistent with those expected
for energetically favorable cation-r and sulfur-m interactions, respectively. The prevalence
and geometries of aromatic interactions at S, CG, and C5’ are similar between SAM and
SAH, with the exception the Me-rt interaction in SAM, which is the most prevalent of all
the interactions, and is not possible with SAH. These findings suggest that sulfonium-r
interactions are an important driver in SAM recognition and that weakening and/or loss of
sulfonium-c interactions when SAM is converted to SAH weakens binding and aids in the
turnover of the cofactor in SAM-dependent methyltransferase enzymes. In sum, the well
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correlated results between our B-hairpin model system, computational analysis, and PDB
investigation provide both general trends with respect to the magnitude and driving force of
ammonium-r, sulfonium-r and sulfur-r interactions, while also providing specific insights
into the mechanism by which differences between sulfur-r and sulfonium-r interactions
influence enzymatic activity of SAM-dependent methyltransferases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Structures of S-adenosyl-methionine (SAM), S-adenosyl-homocysteine (SAH), Met,

Mme, and Dabme2. Sum of Charge Model 5 (CM5) charges of SAM and SAH were
calculated at the M06-2X/6-311+G(d,p) level of theory from coordinates extracted from
PDB ID: 3DCM and 3G5T. CM5 partial charges of Met, Mme, Dabme2 calculated at the
M06-2X/6-311+G(d,p) level of theory. (B) Trp-SAM interaction (PDB ID: 3BMTE) and
Trp-SAH interaction (PDB ID: 4NEC).
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The 12-amino acid model system (Ac-RX2VEVNGOZ9ILQ-NH,), where O is ornithine.
The diagonal interaction residues are highlighted in red and blue. Peptides are referred to by

the diagonal residues X279 in the text.
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Double mutant cycle used to measure the interaction energy between the X2 and Z9

residues. X2 and Z9 are replaced with Val and Ser respectively.
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Figure 4.
Upfield shifting of WZ9 sidechain protons relative to random coil values. Met chemical

shifts are colored in blue, Mme orange, and Dabme2 grey. Values calculated from data
obtained at 293 K, 50 mM sodium acetate-ad3, pD 4.0 (uncorrected), referenced to DSS.
Error in chemical shift is estimated to be +0.01 ppm.
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Thermal Denaturation of WZ9

300 320 340 360 380
Temperature (K)

Thermal denaturation plot of WZ9. The fraction folded is determined from
reference compounds. The fitting of the curve was accomplished by using the
following equation: fraction folded = (exp[X / RT])/1 + exp[X / RT]), where x=

A Sr8°+ A C;m[%” — A Hyg°+ A Cp°[T - 298]. Error is £0.5 K in the temperature

and 1-2% in the fraction folded. The estimated error in the fit is 15%.
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Figure 6.

(A) CMS5 partial charge calculations for trimethylsulfonium, trimethylsulfonium interacting
with water, trimethylammonium, and trimethylammonium hydrogen bonding with water.
Optimized geometries of benzene with trimethylsulfonium (B-D) and trimethylammonium
(E-G) with N =0, 1, and 2 water molecules calculated at the M06-2X/6-311+G(d,p),
CPCM (Water) level of theory. Interaction energy calculations were performed at the same
level of theory.
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Figure 7.

(A) Ejn; of trimethylsulfonium-benzene as a function of distance. Calculations were
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computed at the M06-2X/6-311+G(d,p), CPCM(Water) level of theory. (B) Depiction of
a 2D slice of angle and distance classifications for these analyses. Angles were measured
relative to normal to the ring. Distances and angles were measured from the centroid of the
ring to atoms discussed in the text.
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lle

LEU SAM LEU LEU SAM
CG SD CD1 CD2 Me

(A) Structures of Leu and lle with relevant positions labeled. (B) Percentage of atoms that
form contacts < 4 A to any aromatic sidechain atom, given a buried environment (24 <

# neighbors < 27) for individual atoms in lle, Leu, Met sidechains and SAM and SAH
cofactors. Neighbors are defined based on CB-CB distances (for amino acids) or C4’-CB
distances (for cofactors) less than 10 A. The aromatic contacts to S of SAH were compared
to the electronically distinct but sterically similar CG1 of lle and S of Met. Aromatic
contacts to S of SAM were compared to CG of Leu. The aromatic contacts to Me of SAM
were compared to electronically distinct but sterically similar CD1 and CD2 of Leu.
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Percent average contact densities of en-face, intermediate, and edge interactions to atoms

in SAM and SAH contacts within 3-5 A in a) observed- and b) random, collision-free
structures. The preference for en-face over edge is visible in both datasets, but more

pronounced in the observed data. For each position, the sum of en-face, intermediate, edge
geometries totals 100%.
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Figure 10.
Side- and normal-view of representative interactions of an aromatic residue to (A) Me (of

SAM (cyan) —en-face, (B) S of SAM, (yellow) — intermediate (C) C5’ of SAM (green) —
en-face, (D) CG of SAM (magenta) — intermediate, (E) S of SAH (yellow) — en-face, (F) C5’
of SAH - intermediate (green), and (G) CG of SAH (magenta) — intermediate.
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Figure 11.
Overlay of T. thermophilus ribosomal protein L11 methyltransferase (PrmA) bound to SAM

(PDB ID: 2NXE, F99, SAM - cyan) and SAH (PDB ID: 3EGV, F99, SAH - green).
Structures overlay with RMSD = 0.33 A. F99 interacts with Me of SAM (3.5 A) but
reorients to move away (4.52\) in the SAH bound structure.
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Table 1.

Calculated polarizability values for Met, Mme, and Dabme2 sidechains.

Amino Acid Met Mme Dabme2

Polarizability (1070 m3) 479 498  49.0

Polarizability of Met, Mme, and Dabme2 calculated at M06-2X/6-311+G(d,p) level of theory.

JAm Chem Soc. Author manuscript; available in PMC 2023 February 16.

Page 27



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Albanese et al. Page 28

Table 2.

Fraction folded for -hairpin peptides.

% Folded (GIy)A % Folded (Ha)™

WM 88 84
WMme 64 62
WDabme2 57 57
YM 76 67
YMme 36 50
YDabme2 38 48
FM 67 60
FMme 21 34
FDabme2 24 42

Values calculated from data obtained at 293 K, 50 mM sodium acetate-d3, pD 4.0 (uncorrected), referenced to sodium trimethylsilylpropane
sulfonate (DSS).

fal
e,

rror is 1% as determined from the error in chemical shift. For Mme and Dabme2, error is 2%
ercent folded from Ha values is the average of the values from residues 3, 8, and 10.

1)

AG® calculated from fraction folded determined from Gly splitting.
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Table 3.

Fraction folded for -hairpin peptides.

Diagonal Interaction  ApGe (kcal/mol)[a]

WM Trp-Met -0.5
WMme Trp-Mme -14
WDabme2  Trp-Dabme2 -0.2
YM Tyr-Met -0.3
YMme Tyr-Mme -1.0
YDabme2  Tyr-Dabme2 -0.1
FM Phe-Met -0.3
FMme Phe-Mme -0.9
FDabme2  Phe-Dabme2 0.1

Values calculated from data obtained at 293 K, 50 mM sodium acetate-d3, pD 4.0 (uncorrected), referenced to DSS.
[a]Error is estimated at 0.1 kcal/mol for Met interactions, and 0.2 kcal/mol for Mme and Dabme2 due to the low degree of folding for some
peptides in the double mutant cycle.
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Table 4.

Thermodynamic parameters for folding for p-hairpin peptides.

AH®" (keal/mol)®  AS®” (cal/molK)®  ACp®” (calimolK)[
WM -2.240.3 -3.2405 ~260+40
WMme  -35:04 ~11#2 -100+20
WDabme2 -3.1+05 -1042 ~100+20

Values calculated from data obtained from 273K to 363K, 50 mM sodium acetate-a3, pD 4.0 (uncorrected), referenced to DSS.

fal

rror is estimated as 15% from error in the fit.
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