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A Simple Calixarene Recognizes Post-translationally Methylated Lysine

Cory S. Beshara, Catherine E. Jones, Kevin D. Daze, Brandin J. Lilgert, and Fraser Hof*®

The methylation of amino acid side chains is a post-
translational modification (PTM) important for sever-
al gene regulation and developmental signaling
pathways."™ Lysine residues that are specifically
mono-, di-, and trimethylated by methyltransferase
enzymes carry out their signaling function by acting
as recruitment points for new protein-protein inter-
actions.” Histone methylation, in particular, is con-
trolled by histone lysine methyl transferases (HKMTs)
and lysine-specific demethylases (LSDs).”” Growing
interest in methylation pathways has recently driven
efforts at therapeutic intervention through the dis-
covery and synthesis of HKMT and LSD inhibitors.
The first members of these enzyme inhibitor families
are being pursued as novel cancer therapies®'” and
as chemical agents for the generation of pluripotent
cells from differentiated cell lines."" " The various
effector domains that recognize and bind to di- and
trimethylated lysine residues share a common recog-

nition motif referred to as an “aromatic cage”.”
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Figure 1. A) The aromatic cage binding motif of heterochromatin protein 1 (HP1) chro-
modomain bound to a trimethylated lysine side chain from histone 3.2° B) Host p-sulfo-

natocalix[4]arene (1). C) Methylated lysine derivatives used in this study. D) Other amino
acids used in this study; MMA: monomethylarginine; aDMA: asymmetric dimethylargi-

These motifs consist of a highly preorganized cluster
of aromatic side chains that bind the cationic
Lys(Me,;;) side chains through cation-mt interac-
tions."™ Aromatic cage residues are often accompanied by car-
boxylate side chains that provide an additional electrostatic
driving force for binding (Figure 1A).>"

There exist no synthetic molecules that can distinguish be-
tween post-translational methylation states. We hypothesized
that Lys(Me;) sites might be selectively recognized on the basis
of their methylation state by an appropriate concave host mol-
ecule. The well-known host p-sulfonatocalix[4]larene (1, Fig-
ure 1B) imitates the rigid multiaromatic cavity and charge
complementarity of natural aromatic cages, and has been re-
ported to bind ammonium ions in pure water."*?? We first ex-
amined its affinity for the free amino acid lysine with all possi-
ble degrees of side-chain methylation (Lys, Lys(Me), Lys(Me,),
and Lys(Mes)) using NMR titrations in D,O (40 mm Na,HPO,/
NaH,PO,, pD 7.0=pH 7.4%). Fitting the chemical shift data to
1:1 binding isotherms provided K, values for each host-
guest pair, and the 1:1 stoichiometry was confirmed by Job
plot (Figure S1 in the Supporting Information). The affinity of 1
for lysine derivatives increases with increasing methylation,
with an overall 70-fold selectivity for Lys(Me;) versus Lys
(Table 1).
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nine; sDMA: symmetric dimethylarginine.

Isothermal titration calorimetry (ITC) was also carried out in
order to confirm K, values and to determine thermodynamic
parameters for the binding events. The K, values and stoi-
chiometries (N=0.67-1.33 across all guests studied) deter-
mined by ITC agree well with the NMR spectroscopy results
(Table 1). The complexation of each lysine derivative by 1, as
measured by ITC at 303 K, has a large favorable enthalpic com-
ponent and a smaller favorable entropic component. Increas-
ing methylation of lysine is accompanied by significant increas-
es in enthalpic driving force and smaller favorable changes in
entropy.

The binding of host 1 to other free amino acids in water has
been previously studied."®?*?**! The maximum reported affini-
ty of 1 for any free amino acid under similar buffered condi-
tions is for Arg (K,c=1520m~", pH8, 10 mm phosphate
buffer®). Whether comparing to this literature value or to the
value we observe under our slightly more competitive experi-
mental conditions (K,,.=330m"", pH 7.4, 40 mm phosphate
buffer), the affinity of 1 for Lys(Me,) is far higher than for any
other amino acid. We further explored this selectivity by com-
parison to other post-translationally modified lysines and argi-
nines. We found, unsurprisingly, that the biologically important
product of post-translational lysine acetylation (Lys(Ac))*® dis-
plays only very weak binding to 1 (Table 1). The weakness of
this interaction is almost certainly due to the fact that this
modification renders the side chain neutral—prior studies of 1
have generally demonstrated weak binding of neutral amino
acids in phosphate buffer.*?
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Table 1. Thermodynamic parameters for the binding of 1 to amino acids and peptides.

Guest Kassoe [M 7] AH TAS

in D,O (NMR)®! in H,0 (ITQ)® [kJmol~"1®’ [kJ mol~"]®!
1 Lys 5204300 n.d. nd.9 nd.
2 Lys(Me) 400043000 3000+ 1700 —16.4+83 35+98
3 Lys(Me,) 1620044300 1050042000 —19.9+3.0 34435
4 Lys(Mes) 37000+ 18000 35700+ 2500 —22.1406 43408
5 Lys(Ac) 12434 n.d.? nd.9 n.d.9
6 Arg 330260 n.d. n.d.© n.d.©
7 MMA 760330 n.d. n.d.© n.d.le
8 aDMA 1100 + 460 1300+ 180 —554+13 —374+10
9 sDMAM n.d.@ 1100 4 100 —13.440.49 444829
10 Ac-RKST-NH, 15200+ 4000 5500 1000 —16.4+1.5 53405
1 Ac-R(KMe,)ST-NH, =~ 10% 96600 = 10000 —232+07 56405

[a] Determined by 'HNMR spectroscopy (500 MHz) at 298K in D,O (40 mm Na,HPO,/NaH,PO, pD 7.0=
pH 7.4%)) by titration of a solution of 1 (20-300 mwm) into a solution of amino acid or peptide (1-2 mm). The
K.ssoc Values reported are the averages of values arising from all 2-5 trackable NMR signals from each of 2-3
replicate titrations per guest. Errors reported are standard deviations. See Figure S2 in the Supporting Informa-
tion for exemplary curve fits. [b] Determined by ITC at 303 K in H,0 (40 mm Na,HPO,/NaH,PO,, pH 7.4) by titra-
tion of a solution of 1 (1-10 mm) into a solution of amino acid or peptide (50-600 pm). Values reported are the
averages 2-3 replicate titrations. See Figure S3 in the Supporting Information for exemplary curve fits. Errors
are calculated by using fitting errors propagated by standard means; [c] n.d. =K. value below the limit meas-
urable by using ITC; [d] SDMA gave a complex NMR curve that could not be fit to any simple 1:1, 2:1, or 1:2
binding isotherm (Figure S5 in the Supporting Information). Satisfactory curve fitting for sDMA ITC data was
obtained by using an N value of 1.00, but in light of the problems with the NMR spectroscopy data the result-
ing thermodynamic data are suspect and are reported only for the information of the reader; [e] K, greater
than the limit measurable by NMR spectroscopy under these conditions.

dimethylated lysine counterpart
Lys(Me,), and >30-fold weaker
than observed for Lys(Me;).

Why is Lys(Me;) so much
better a guest for 1 than the
other cationic amino acid side
chains? We used both NMR
chemical shift trends and mo-
lecular modeling to understand
the structural details of each
complex. Like others before us,
we observe for unmodified Lys
significant up-field shifts for f,
v, 8, and & methylene groups
upon complexation with 1 (Fig-
ure 2A).%** These shifts arise
due to a “side-on” binding
mode that has previously been
observed in an X-ray co-crystal
structure of Lys and 1.°% We ob-
serve for Lys(Me;) significant
up-field shifts of Me and CH,e
protons and, unlike unmethylat-
ed lysine, no up-field shifts for
CH,p and CH,y protons (Fig-
ure 2B). This is suggestive of a

More interesting is the comparison to arginine, because it is
also cationic and is also subject to post-translational methyla-
tions that render it more hydrophobic than its parent unme-
thylated form.”®%") Arginine can exist in nature as three distinct
methylated forms: monomethylarginine (MMA), symmetric di-
methylarginine (sDMA), and asymmetric dimethylarginine
(aDMA; Figure 1).>%® For Arg, as for Lys, our studies of binding
to 1 show that affinity increases with increasing methylation
(Table 1). But the affinities of 1 for both dimethylated arginine
isomers remain tenfold weaker than those observed for their

different binding mode in which the —NMe,;* functionality at
the end of the Lys(Me;) side chain is bound deep within the
cavity of 1. Computational energy minimizations®" of Lys and
Lys(Me;) complexed to 1 provide models that are consistent
with our NMR spectroscopy data (Figure S4 in the Supporting
Information).

Each of the methylated Arg derivatives displays significant
up-field shifts for its N-methyl group(s) upon binding to 1. Arg,
MMA and sDMA also display up-field shifts for the side-chain
B, ¥ methylene groups. Molecular models for Arg, MMA, and
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Figure 2. 'H NMR titration data (500 MHz) from the addition of 1 to: A) Lys, and B) Lys(Me). Conditions are as described in Table 1. See Figure 1 for lettering

of resonances. Lines are added to guide the reader’s eye.
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sDMA are wholly consistent with the NMR spectroscopy data,
and show that the side-chain methylenes are engaged within
the cavity, and that their methyls are not bound as deeply
within the cavity of the calixarene as are the methyls of
Lys(Me,); see Figure S4 in the Supporting Information. Only in
the case of aDMA is the modeling, which suggests a side-on
structure with methylenes engaged within the cavity (Fig-
ure S4 in the Supporting Information), at odds with the struc-
ture suggested by the NMR spectroscopy data, in which the 3
and y methylenes experience no up-field shift at all (Figure S5
in the Supporting Information). It is also interesting that while

the K, value for aDMA is in
line with the trends observed
for other cationic amino acids
and peptides, it is the only cat-
ionic amino acid among the ex-
amples studied here to display a
large, negative AH and compen-
sating large, negative TAS of
binding to 1. The disagreement
of our gas-phase calculations
and solution-phase NMR spec-
troscopy data, taken together
with the large deviations from
the expected enthalpy and en-
tropy of binding, suggest an
anomalous solvation effect that
operates only in the case of
aDMA. We and others have
looked, and failed to find any
significant solvation differences
between aDMA and sDMA in
prior studies,”®* and the ori-
gins of the differences that we
observe for the binding of these
two isomers to 1 remain un-
clear.

To see if these lessons in affin-
ity, selectivity, and structure ex-
tended to the binding of 1 to
Lys(Me,) in the context of a pep-
tide, we used the histone tail
peptides  Arg-Lys-Ser-Thr and
Arg-Lys(Me;)-Ser-Thr (each syn-
thesized as N-terminal acet-
amides and C-terminal primary
amides), taken from the se-
quence of histone 3A around
Lys9. This region near the N ter-
minus of histone 3 is a known
methylation site of importance
in gene silencing.**? The K.
value measured by ITC for
1-Arg-Lys-Ser-Thr is 5500Mm~",
somewhat less than the value
determined by averaging K,
values arising from the fit of dif-
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ferent NMR resonances. This type of discrepancy can arise
when multiple binding modes are present; the ITC measures
the heat arising from all binding modes, while the limitation
that only clearly resolved NMR resonances can be used in
curve fitting can lead to an unavoidable bias in the NMR-de-
rived K, value. Indeed, the addition of 1 equiv of 1 to Arg-
Lys-Ser-Thr produces significant up-field shifts of NMR resonan-
ces for both the lysine- and arginine-derived 'H resonances;
this is suggestive of competing inclusion of both cationic side
chains within the cavity of 1 (Figure 3A). In contrast, the addi-
tion of the first equivalent of 1 to the methylated peptide
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PN /\ . LJVMJFE‘J'3 equiv
AN g'}‘L)fL\i* Y A ‘N\k 3.6 equiv
A W_J\\____/\A_J \_JNVW/W” 0.8 equiv
L ' ‘ ) DM\,‘M( 2 equiv
A A Jk M:;Y\f\q, U 20 eauiv

T
39 3.7 3.5 33 3.1 29 27 25 2.3 21 1.9 17 15 1.3 ppm

ﬁ 0 equiv
L__,,...N"N\’\a.m T . d

N K 0.15 equiv
*———A s SEUSSNP e S P /

0.45 equiv

k\
PN A SU—— /
. R i 5.25 equiv
LN A STV NI
‘\ ‘ 9.0 equiv
fMJl AL \-JLJL-«M__J\K.__,/ ! \JLL
33 31 29 27 25 23 21 19 17 15 13 ppm

Figure 3. A) 'H NMR titration data for addition of 1 to unmethylated Arg-Lys-Ser-Thr. Up-field shifts of both Arg-
and Lys-derived resonances suggest competing inclusion of both side chains. B) Addition of 1 to methylated pep-
tide Arg-Lys(Me;)-Ser-Thr shows exclusive up-field shifts for Lys(Me;) side chain resonances up to saturation at
~1.6 equiv, followed by the up-field shift of the Arg side chain resonances after ~ 1.6 equiv; trace EtOH is indicated
*).
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causes striking up-field shifts for the lysine’s Me and CH.e reso-
nances and no detectable shift for arginine resonances or any
other peptide resonances (Figure 3B). The arginine signals
begin to shift only after the response of the Lys(Me;) side
chain is saturated. We conclude from the chemical shift data
that the first equivalent of 1 binds to this peptide by engaging
the Lys(Me;) side chain with high site selectivity. The K,
value measured by ITC for 1-Arg-Lys(Me,)-Ser-Thr is 96600 m~",
a ~threefold increase over the affinity for free Lys(Me,); this
suggests that the other nearby amino acids, while not included
within the cavity, might assist binding by making contacts with
the upper rim sulfonates.

As a whole, the NMR chemical shift data demonstrate that
methylated lysines bind to 1 by an “end-on” binding mode
that operates both on the free amino acid and on a simple his-
tone-tail peptide. The high affinity of 1 for Lys(Me;) suggests
that this side chain has the combination of size, shape, and
charge that complements the anionic, aromatic binding pocket
of 1 better than all other cationic amino acid side chains.
While it is clear that tetraanionic host 1 can also bind strongly
to other highly cationic protein surface sites,"*2"2>*! we find
that 1 has an affinity for Lys(Me;) that is at least 30-fold higher
than any other unmodified or methylated individual amino
acid. Despite its simplicity, the affinity of 1 for the histone-tail
peptide Arg-Lys(Me;)-Ser-Thr is on the same order of magni-
tude as the affinities of the highly evolved effector proteins
that bind to such Lys(Me) sites on histone tails.*¥ We are
working to improve the affinity and specificity of calixarenes
for these biochemically important targets.
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