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Contributions of pocket depth and electrostatic inter-
actions to affinity and selectivity of receptors for 
methylated lysine in water 

J. E. Beaver§, B. C. Peacor§, J. V. Bain, Lindsey I. James, M. L. Waters*  

Dynamic	  combinatorial	  chemistry	  was	  used	  to	  generate	  a	  set	  of	  receptors	  for	  peptides	  containing	  meth-‐

ylated	   lysine	   (KMen,	   n	   =	   0=3)	   and	   study	   the	   contribution	   of	   electrostatic	   effects	   and	   pocket	   depth	   to	  

binding	  affinity	  and	  selectivity.	  We	  found	  that	  changing	  the	   location	  of	  a	  carboxylate	  resulted	   in	  an	   in-‐

crease	  in	  preference	  for	  KMe2,	  presumably	  based	  on	  ability	  to	  form	  a	  salt	  bridge	  with	  KMe2.	  	  The	  num-‐

ber	  of	  charged	  groups	  on	  either	  the	  receptor	  or	  peptide	  guest	  systematically	  varied	  the	  binding	  affinities	  

to	  all	  guests	  by	  approximately	  1-‐1.5	  kcal/mol,	  with	   little	   influence	  on	  selectivity.	   	  Lastly,	   formation	  of	  a	  

deeper	  pocket	  led	  to	  both	  increased	  affinity	  and	  selectivity	  for	  KMe3	  over	  the	  lower	  methylation	  states.	  	  

From	  these	  studies,	  we	  identified	  that	  the	  tightest	  binder	  was	  a	  receptor	  with	  greater	  net	  charge,	  with	  a	  

Kd	  of	  0.2	  µM,	  and	  the	  receptor	  with	  the	  highest	  selectivity	  was	  the	  one	  with	  the	  deepest	  pocket,	  provid-‐

ing	  14-‐fold	   selectivity	  between	  KMe3	  and	  KMe2	  and	  a	  Kd	   for	  KMe3	  of	  0.3	  µM.	   	  This	  work	  provides	  key	  

insights	   into	  approaches	   to	   improve	  binding	  affinity	  and	  selectivity	   in	  water,	  while	  also	  demonstrating	  

the	  versatility	  of	  dynamic	  combinatorial	  chemistry	  for	  rapidly	  exploring	  the	  impact	  of	  subtle	  changes	  in	  

receptor	  functionality	  on	  molecular	  recognition	  in	  water.	  

Introduction 

 Biology is defined by supramolecular chemistry in water.  
However, controlling molecular recognition in water is still a 
considerable challenge in the field of supramolecular chemis-
try.1,2  This is because many of the reliable noncovalent interac-
tions that provide directionality and selectivity in organic sol-
vents, such as hydrogen bonds, are noncompetitive in wa-
ter.3,4,5,6  The hydrophobic effect, on the other hand, while 
providing a significant driving force in water, provides no se-
lectivity or directionality.7,8 Nature overcomes these issues by 
utilizing multiple noncovalent interactions in concert to achieve 
the high selectivities needed for proper biological function. 
 One biomolecular recognition event that captured our atten-
tion due to its apparent simplicity as well as its biological and 
medicinal importance is the recognition of methylated lysine 
(Lys) by aromatic pockets in so-called “reader” proteins.9  
Reader proteins bind to various sites of methylation in histone 
proteins, which make up the core of nucleosomes that package 
DNA in the nucleus.10,11 These binding events further recruit 
other proteins that control expression of the associated DNA.12  
Dysregulation of Lys methylation (and therefore aberrant gene 
expression) is associated with many types of cancer.13,14,15  Lys 
can be mono-, di-, or trimethylated (KMen, n=1-3; Fig. 1), and 
the methylation state dictates the protein that binds to it.   

 
Figure	  1.	  Methylation	  states	  of	  lysine	  in	  histone	  proteins.	  Increasing	  methylation	  
increases	  hydrophobicity	  while	  decreasing	  hydrogen	  bond	  donor	  capability.	  

The general molecular recognition motif used by reader pro-
teins to differentiate between the methylation states of Lys ap-
pears to be fairly simple: aromatic sidechains provide cation-pi 
interactions with NMe groups and amides or carboxylates form 
hydrogen bonds or salt bridges with -NH groups (Fig. 2),.16,17 

 (a) (b)  
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Figure	   2.	   	   Exemplary	   binding	  pockets	   of	   reader	   proteins	   for	  methylated	   lysine.	  	  
(a)	  BPTF	  bound	  to	  KMe3;	  pdb:	  2F6J;	  (b)	  53BP1	  bound	  to	  KMe2;	  pdb:	  2IG0.	  	  Green	  
is	  KMen,	  gray	  is	  the	  aromatic	  pocket;	  orange	  is	  Asp.	  	  The	  hydrogen	  bond	  between	  
KMe2	  and	  Asp	  is	  shown	  in	  yellow.	  

 We aimed to replicate this binding motif with synthetic re-
ceptors, using dynamic combinatorial chemistry (DCC) to iden-
tify promising candidates,18 with the dual goals of understand-
ing molecular recognition of this class of guests and developing 
new tools for sensing these modified amino acids.19 To this end, 
we first reported a receptor, rac-A2B (referred to as A2B 
throughout the remaining text), which binds KMe3 in the con-
text of a histone peptide sequence with a Kd of 2.6 µM in wa-
ter.20,21 Subsequent redesign resulted in the receptor meso-A2N 
(referred to as A2N throughout the remaining text), which has a 
deeper pocket and binds KMe3 in the same sequence with a Kd 
of 0.3 µM.21  Herein, we describe more extensive variation of 
the X building block in dynamic combinatorial libraries (DCLs) 
that gave rise to a set of receptors, A2X, each of which bind to 
methylated Lys.  We find that the position of the charged 
group, number of charged groups, and depth of the binding 
pocket all influence affinity and/or selectivity in predictable 
ways, providing insight into approaches for achieving high af-
finity and high selectivity in water.  This work also highlights 
the utility of DCC in structure/function studies and receptor 
optimization for molecular recognition in water. Finally, these 
simple receptors demonstrate some of the same principles used 
by reader proteins to achieve selectivity for the different meth-
ylation states of Lys.  

Results	  and	  Discussion	  

System Design 

DCC was used to conduct a structure function study of the X-
subunit of A2X by incorporating various monomers into the X-
position.  DCC using disulfide exchange is a reversible process 
that relies on the thermodynamic templating of favorable recep-
tors by binding guests.22,23 This allows for both affinity screen-
ing and preparative synthesis of complex macrocyclic species. 
The A2X structure was chosen for this study because the A2-
cleft persisted in previous receptors that bind to KMe3 identi-
fied by DCC.20,21,24  DCC is advantageous for structure-
function studies as variation of monomer X allows one to inves-
tigate the influence of one component of the macrocycle with-
out having to develop a new synthetic approach to each modi-
fied macrocycle.  
 Dynamic combinatorial libraries (DCLs) were biased to-
ward the formation of A2X in which monomers A and X (where 
X is a monomer shown in Fig. 3 or 5) were mixed in a 2:1 ratio 
in sodium borate buffer (50 mM, pH 8.5) with a total monomer 
concentration between 0.75 and 7.5 mM.  To amplify hosts that 
interact primarily with the intended target, the monomers were 
mixed with an equimolar quantity of a tetrapeptide guest, Ac-
KMenGGY-NH2, where n is the degree of methylation, and Tyr 
is used as a concentration tag.‡ In addition, one library was left 
untemplated to study the baseline thermodynamic state of the 

library. These peptides were chosen to promote the amplifica-
tion of species that specifically interact with the side chain of 
interest and also to remove the influence of electrostatic interac-
tions, which would arise if the zwitterionic amino acid was 
used as guest. The libraries were monitored by analytical re-
verse phase HPLC for the amplification of any species in the 
presence of one guest over any other guests.  Those amplified 
species were resynthesized (as a mixture of stereoisomers) us-
ing biased, preparative libraries and isolated for characteriza-
tion and binding studies with histone H3 peptides. 

Investigation of Receptors with Varied Electrostatic Interactions 

Amplification of Receptors A2C and A2E. We previously 
reported the receptor A2B, which binds to KMe3 (Kd = 2.6 ± 
0.1 µM) in the context of a histone H3 peptide centered around  
lysine 9, with > 8-fold selectivity over unmethylated lysine.20,21 
This binding event is driven primarily by cation-π interactions 
between the CH3(δ+) groups and the aromatic groups in the 
receptor, with selectivity proposed to come from the increased 
cost of desolvation for each of the lower methylation states 
coupled with the loss of favorable CH-π interactions. Based on 
these observations, we wanted to explore the effect of carbox-
ylate positioning as well as the contribution of multiple carbox-
ylates. In isolation, electrostatic interactions are often negligible 
in water, but coupled with another binding event, such as the 
cation-π interaction between KMe3 and the aromatic cage of 
A2B, the carboxylate may contribute more significantly.4 
Moreover, it may contribute differently to the various methyla-
tion states of Lys, as has been seen in KMen reader proteins.9,17 
To this end we used two new monomers, C and E, in explorato-
ry DCLs to create the A2X macrocycle platform, as shown in 
Fig. 3.  

 
Figure	   3.	  Monomers	   synthesized	   to	   explore	   the	   effect	   of	   electrostatic	   interac-‐
tions	  in	  the	  A2X	  framework	  

 Monomer C was synthesized to determine the role of car-
boxylate position on selectivity. Specifically, positioning the 
carboxylate between the thiols in C holds it closer to the interi-
or of the macrocycle of A2X, while also rotating the carbox-
ylate out of the plane of the benzene ring (Fig. 4).  This may 
direct the carboxylate into the receptor binding pocket, thus 
mimicking the favorable hydrogen bonding and electrostatic 
interactions seen in several reader proteins for KMe2.9,17  

CO2-

HS SH

CO2-

SH

HS
CO2-

CO2-

HS SH

B EC

HS
SH

-O2C

CO2- CO2-

HS

SH

+
S

S

-O2C

CO2-

CO2-

-O2C

S

S

CO2-

S

S

CO2-

HS

SH

X A2XA

=

X

Page 2 of 7Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal	  Name	   ARTICLE	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  2012	   J.	  Name.,	  2012,	  00,	  1-‐3	  |	  3 	  

 
Figure	  4.	  Molecular	  modelling	  of	  A2C	   (A	   in	  gray	  and	  C	   in	  cyan)	  bound	  to	  butyl-‐
dimethyl	   ammonium	   (green)	   as	   a	   model	   for	   KMe2.	   The	   position	   of	   the	   thiols	  
ortho	  to	  the	  carboxylate	  rotates	  it	  out	  of	  the	  plane	  of	  the	  aromatic	  ring	  and	  into	  
the	  binding	  pocket,	  allowing	  for	  a	  salt	  bridge	  with	  the	  NH	  group.	  

 Initial DCLs with monomer C at 7.5 mM total monomer 
concentration suggested that selectivity between the methyla-
tion states is lost, based on amplification of A2C by all methyla-
tion states of Lys20,25 However, when the monomer and guest 
concentration were decreased 10-fold, A2C was found to be 
amplified to a greater extent in the presence of KMe2 and 
KMe3 relative to Lys and KMe, suggesting that moving the 
carboxylate may alter the selectivity between KMe2 and KMe3 
(Fig. S2).  Thus, A2C was isolated and its binding affinity and 
selectivity were investigated, as described below. 
 Monomer E was incorporated into the macrocycle to inves-
tigate the contribution of multiple anions toward binding affini-
ty and selectivity. The addition of multiple anionic residues has 
been shown to result in cooperative binding and thus increased 
affinity, an event that we hypothesized monomer E would mim-
ic.26 Similar to A2C, A2E (Fig. S3) was amplified as the major 
species in each library that contained a Lys guest (0.75 mM 
total monomer), but it was amplified approximately 2-fold 
greater in the presence of KMe3 than each of the other methyla-
tion states of Lys.  Thus, this receptor was also isolated and its 
binding affinity and selectivity were investigated as described 
below. 
 
Characterization of Binding.  Binding studies of each recep-
tor with the histone H3 peptide Ac-WGGG-QTAR-KMen-STG-
NH2 (KMen, where n = 0-3) were performed by Isothermal Ti-
tration Calorimetry (ITC) in 10 mM sodium borate buffer, pH 
8.5.  The WGGG sequence was appended to the N-terminus of 
each peptide as a tag for concentration determination by UV. 
Control experiments performed with the same peptide lacking 
positively charged residues, Ac-WGGG-QTAGGSTG-NH2, 

showed no interaction, though there is a possibility that the 
peptide sequence contributes some to the binding events with 
methylated lysine. The results of ITC experiments for A2B, 
A2C, and A2E are shown in Table 1. 
 
Binding To Methylated Lysine.  ITC revealed that moving the 
carboxylate from the meta-position in monomer B to the ortho-
position in monomer C, between the two thiols, had no influ-
ence on binding of A2C to KMe3, KMe, or Lys relative to A2B.  
In contrast, the binding affinity for A2C to KMe2 is more fa-
vorable than for A2B by a factor of 2.3, amounting to a differ-

ence of 0.5 kcal/mol, which nearly abolishes the selectivity 
between KMe3 and KMe2. The fact that only the binding affin-
ity for KMe2 is improved suggests a binding motif in which the 
two methyl groups of KMe2 form CH(δ+)-π interactions with 
the aromatic pocket, while the N-H can form a hydrogen bond 
with the carboxylate of C, as it is perpendicular to the plane of 
the benzene ring, and thus directed into the pocket.  Binding of 
KMe3 is not influenced by the position of the carboxylate be-
cause it cannot form a hydrogen bond.  A likely reason that 
binding to KMe and Lys is unaffected is because they do not fit 
well in the pocket and thus do not bind with a specific geome-
try, so that once again the position of the carboxylate is not 
important. 
 Adding the extra carboxylate in A2E improved binding to 
KMe3 by more than an order of magnitude (Kd = 0.191 ± 0.002 
µM), and provides an extra 1.3-1.5 kcal/mol binding energy for 
KMe, KMe2, and KMe3, compared to A2B. Thus, while 
providing increased binding affinity, the extra carboxylate has 
little effect on binding selectivity between the methylated ly-
sines. This observation is similar to that seen in Dougherty’s 
receptor, where increasing the charge allowed for increased 
binding to well-solvated, polar guests through cooperative in-
teractions, namely cation-π and electrostatic effects.27 Supris-
ingly, however, A2E increases the selectivity between KMe3 
and Lys nearly two-fold.  This arises from the fact that the 
binding affinity is only improved by 0.7 kcal/mol for A2E with 
Lys relative to A2B, while it is improved by 1.5 kcal/mol for 
KMe3.  

Table 1. Thermodynamic binding data obtained for binding of A2B, A2C, and 
A2E to Ac-WGGG-QTARK(Me)nSTG-NH2 as measured by ITC.a 

Entry 

Recep
cep-
torb Peptide Kd 

c (µM) 
Selec-
tivity 

d 
ΔG c 

(kcal/mol) 
1 e A2B KMe3 2.6 ± 0.1 - -7.63 ± 0.03 
2e A2B KMe2 6.3 ± 0.3 2.4 -7.10 ± 0.07 
3e A2B KMe 13.9 ± 0.1 5.4 -6.64 ± 0.01 
4e A2B Lys 22 ± 1 8.3 -6.38 ± 0.02 
5 e A2B R8GKMe3 17.1 ± 0.1  -6.52 ± 0.01 
6 A2C KMe3 2.3 ± 0.1 - -7.69 ± 0.02 
7 A2C KMe2 2.8 ± 0.2 1.2 -7.57 ± 0.04 
8 A2C KMe 13.8 ± 0.7 6.0 -6.63 ± 0.03 
9 A2C Lys 22 ± 1 9.6 -6.34 ± 0.03 

10 A2C R8GKMe3 29 ± 3  -6.17 ± 0.05 
11f A2E KMe3 0.191 ± 0.002 - -9.16 ± 0.01 
12f A2E KMe2 0.5 ± 0.1 2.6 -8.5 ± 0.1 
13 f A2E KMe 1.6 ± 0.2 8.4 -7.92 ± 0.08 
14 f A2E Lys 6.7 ± 0.1 35 -7.05 ± 0.01 
15f A2E R8GKMe3 2.7 ± 0.3  -7.59 ± 0.06 

(a) All data determined by ITC, fit to one-site binding model; Conditions: 26 
°C, in 10 mM sodium borate buffer, pH 8.5. (b) All receptors are mixtures of 
isomers except rac-A2B.  (c) Errors are from averages of three trials, unless 
noted otherwise. (d) Selectivity is calculated as the fold difference in affinity 
for KMe3 over the designated methylation state of the peptide in that row. (e) 
Data reported by Pinkin and Waters.21 (f) Average of two trials. 
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Influence of Neighboring Arginine (Arg) on Binding to 
KMe3. Previous work had shown that a neighboring charge in 
the peptide can influence the binding of methylated lysine to 
A2B (Table 1, entry 5).21 Mutating the neighboring arginine 
(R8) to a neutral glycine (R8G) removes the adjacent cationic 
residue, revealing binding interactions more specific only to 
KMe3. This mutation results in around a 13-fold drop in affini-
ty for both A2C and A2E with KMe3, which correlates to a 1.5 
kcal/mol decrease in binding energy, indicating that arginine 
contributes to the binding event. A2B exhibits a smaller drop in 
binding affinity for the mutated peptide, decreasing the binding 
affinity 7-fold, or 1.1 kcal/mol. This suggests that by moving 
the carboxylate or introducing an extra charge, the receptor has 
become more sensitive to neighboring charge in the peptide 
sequence.  
 Taken together, this data shows that for a series of receptors 
with similar binding pockets, the positioning and number of 
carboxylates at the benzene-derived B building block can pro-
vide significant improvement in binding affinity, but only sub-
tle changes in selectivity. Furthermore, changing the charge on 
the peptide rather than the receptor led to a similar change in 
magnitude of the binding affinity, with a magnitude of 1-1.5 
kcal/mol. 

Investigation of Receptors with Deeper Binding Pockets 

 Previous efforts on the iterative redesign of A2B furnished 
the macrocycle A2N, which binds to KMe3 with high nanomo-
lar affinity (Kd = 0.30 ± 0.04 µM).21 While this affinity is com-
parative to A2E presented here, the remarkable feature of A2N 
is its selectivity. Whereas the receptors reported above all have 
between 1 and 3-fold selectivity for KMe3 over KMe2, A2N 
exhibits 14-fold better affinity for the tri-methylated mark over 
KMe2 (Table 2, entry 2). This difference in affinity is con-
sistent with the fact that receptors A2B, A2C, and A2E have 
both shallow binding pockets and electrostatic interactions in 
close proximity to said pockets, whereas A2N has a deeper ar-
omatic binding pocket and is unable to form direct electrostatic 
interactions with guests bound inside. Instead, it can form more 
favorable cation-π and van der Waals interactions to increase its 
selectivity.28,29,30  KMe3 carries a permanent positive charge, 
making strong cation-π interactions between its N-CH3 groups 
and the aromatic interior of the binding pocket.  KMe2, KMe, 
and unmethylated Lys are also cationic under physiological 
conditions, but carry well-solvated protons that require desolva-
tion in order to bind in an aromatic pocket.31 Binding of lower 
methylation states of Lys in a deep binding pocket requires 
more significant desolvation and decreases the net van der 
Waals interactions that contribute to binding.     
 We investigated three additional monomers to explore the 
effect of deepening the binding pocket by increasing the π-
surface relative to A2B (Fig. 5). Monomer F, a binol derivative, 
was synthesized to provide a flexible binding pocket and more 
possible cation-π contacts with the guests. However, explorato-
ry DCLs showed no difference in amplification regardless of 
the methylated guest, so further studies were not pursued.   

 
Figure	   5.	   Monomers	   synthesized	   to	   explore	   the	   effect	   of	   a	   deeper	   aromatic	  
pocket	  in	  the	  A2X	  framework.	  

 Monomer H was synthesized as a naphthalene-derived sur-
rogate for monomer N, capable of forming a deeper hydropho-
bic binding pocket than A2B to provide selective binding of the 
higher methylation states of Lys. However, DCC libraries bi-
ased toward the formation of A2H, regardless of the presence of 
guest, produced two A2H macrocycles almost exclusively after 
two days, suggesting that A2H is the most thermodynamically 
favorable species in the library regardless of guest (Fig. S5).  
Subsequent molecular modelling showed that the unsubstituted 
aryl ring of the naphthalene fits ideally inside the A2-cleft of 
A2H, forming four intramolecular edge-face ArH-π interac-
tions, and thus providing the self-templating effect observed in 
DCLs (Fig. 6). Binding studies by ITC confirmed that A2H 
interacts only weakly with KMe3 and shows little to no selec-
tivity for KMe3 over unmethylated Lys, suggesting that inter-
molecular interactions cannot overcome the intramolecular in-
teractions between monomer units of this receptor.   

 
Figure	   6.	  Molecular	  modelling	   of	  A2H	   self-‐templating	   through	   favorable	   ArH-‐π	  
interactions.	  A	  is	  shown	  in	  gray	  and	  H	  is	  shown	  in	  cyan.	  

 Monomer G was incorporated into libraries to investigate 
the effect of a larger binding pocket on binding. Interestingly, 
molecular modelling of A2G suggests that the macrocycle is 
able to adopt a twisted conformation (Fig. 7) with a deeper 
binding pocket than that observed for the benzene-derived 
monomers. DCLs formed two isomers of A2G that were ampli-
fied 3.5-fold greater in the presence of KMe3 than in the pres-
ence of KMe2 and no significant amplification was observed in 
the presence of KMe or Lys.  
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Figure	  7.	  Molecular	  models	  of	  A2N	  (left)	  and	  A2G	  (right)	  bound	  to	  butyl-‐trimethyl	  
ammonium	   (blue)	   as	   a	  model	   for	   KMe3.	  A	   is	   shown	   in	   gray	   and	  N	   and	  G	   are	  
shown	  in	  cyan.	  

 ITC revealed that A2G binds to KMe3 (Kd = 1.4 ± 0.1 µM) 
about two-fold tighter than A2B.  Additionally, like A2N, the 
deepened binding pocket significantly improved selectivity for 
KMe3 over KMe2 by a factor of four compared to A2B. Bind-
ing of KMe was similar to KMe2 (Table 2, Entries 7 and 8), 
which may be due to poor fit of the weaker binders inside the 
pocket. Lys binding is 40-fold weaker than binding to KMe3, 
providing the greatest selectivity yet between KMe3 and un-
modified Lys. This selectivity is proposed to come from the 
increased surface area of the pocket and significant cost of 
desolvation of unmodified Lys. 
 

Table 2. Thermodynamic binding data obtained for binding of A2N and A2G 
to Ac-WGGG-QTARK(Me)nSTG-NH2 as measured by ITC.a 

Entry 
Recep-

torb Peptide Kd 
c (µM) 

Selec-
tivity 

d 
ΔG c 

(kcal/mol) 
1 e A2N KMe3 0.30 ± 0.04 - -8.91 ± 0.07 

2 e A2N KMe2 4.1 ± 0.5 14 -7.36 ± 0.04 
3 e A2N KMe 40 ± 4 130 -6.01 ± 0.06 
4 e A2N Lys 10.5 ± 0.9 35 -6.80 ± 0.05 

5 e A2N R8GKMe3 1.3 ± 0.2  -8.05 ± 0.08 

6 f A2G KMe3 1.4 ± 0.1 - -8.00 ± 0.05 
7 f,g A2G KMe2 13.2 ± 2.4 10   -6.6 ± 0.1 
8 f A2G KMe 15 ± 1 11 -6.57 ± 0.04 

9 f,h A2G Lys >58 >40 < -5.8 

10 fg A2G R8GKMe3 5.4 ± 0.1  -7.19 ± 0.01 

(a) All data determined by ITC, fit to one-site binding model; Conditions: 26 
°C, in 10 mM sodium borate buffer, pH 8.5. (b) A2N was measured as the 
meso-species, A2G as a mixture of isomers.  (c) Errors are from averages of 
three trials, unless noted otherwise. (d) Selectivity is calculated as the fold 
difference in affinity for KMe3 over the designated methylation state of the 
peptide in that row. (e) Data reported by Pinkin and Waters21 (f) Average of 
two trials.  (g) Error determined by propagation from curve fitting and aver-
ages. (h) These values are approximate because the c-value for these experi-
ments was <1. 

 Comparison of R8GKMe3 reveals that Arg contributes 0.8 
kcal/mol of binding affinity for A2G binding to KMe3.  This is 
smaller than its contribution to binding of K9Me3 by the shal-
lower pockets of A2B, A2C, and A2E, but is consistent with 
A2N.  This suggests that the deep binding pockets are more 
selective for the targeted amino acid, while receptors with shal-

low binding pockets are more promiscuous and garner affinity 
from electrostatic contacts in close proximity to the pocket. 

Conclusions	  

In summary, we have probed a variety of structural effects in a 
conserved mercaptophane structure (A2X) to explore the contri-
bution of non-covalent interactions to molecular recognition of 
methylated Lys in water. DCC allowed for the rapid synthesis 
of several receptors that displayed one unique change to the 
structure, giving direct correlation between the functionality 
present and its effect on affinity and selectivity towards meth-
ylated lysine.  
 In receptors with electrostatic functionality close to the 
binding pocket, namely benzoic acid derivatives with one or 
two carboxylates, we found that increased charge served to 
increase the overall affinity to peptides bearing various methyl-
ation states of lysine. A2E bound to KMe3 with 200 nM affini-
ty, the best in this series, though selectivity was unchanged. 
Varying the charge on the peptide had a similar magnitude ef-
fect.   
 In receptors with a single carboxylate on X, moving the 
carboxylate to the ortho position between the two thiols in A2C 
resulted in more favorable binding to KMe2, with no effect on 
binding to KMe3, KMe, or Lys. This result is suggests a hydro-
gen bond interaction between KMe2 and C taking place inside 
the pocket, analogous to the binding motifs found in many of 
nature’s reader proteins for these marks.9,32  
 We also explored the influence of a deeper binding pocket 
as found in some reader proteins.9,32 While reader proteins with 
surface groove binding pockets often display little selectivity 
between KMe2 and KMe3, proteins with deep binding pockets 
often display higher affinity and selectivity.9,12  By increasing 
the π-surface or size of the X monomer, we were able to create 
a deepened cavity for methylated lysine in A2G and A2N. This 
motif indeed results in both higher affinity and higher selectivi-
ty for trimethyl lysine relative to the parent receptor, A2B.  A2G 
and A2N both provide an impressive > 10-fold selectivity be-
tween KMe3 and KMe2, and a >35-fold selectivity over Lys.  
This increase in both affinity and selectivity likely arises 
through a combination of increased contacts with trimethyl 
lysine and higher cost of desolvation disfavoring the lower 
methylation states. 
 These receptors recapitulate the recognition mechanisms 
found in reader proteins, and even exhibit equal or better affini-
ties despite the fact that reader proteins generally also bind the 
surrounding sequence.  The synthetic receptors do not yet 
achieve protein-like selectivity over unmodified Lys, presuma-
bly due to the greater dependence on electrostatic interactions 
in the synthetic receptors.  
 This work demonstrates the utility of DCC for thoughtfully 
exploring structural motifs and their impact on molecular 
recognition in water. The ability to rapidly prepare receptors 
with slight structural changes  allows subsequent design to in-
corporate the most advantageous structural features, fueling 
new receptor discovery and development with a focus on fur-
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ther understanding how affinity and selectivity in water arises.  
Future work includes application of these receptors to sensing 
of methyl lysine. 

Experimental	  

 Detailed synthetic procedures for monomers H and J can be 
found in the ESI. Monomers C, E, and G were prepared follow-
ing published procedures.20, 33,34 

 DCLs were prepared from stock solutions of relevant mon-
omers in 50 mM sodium borate buffer, pH 8.5.  Library mem-
bers were combined to give final concentrations of 0.25 mM – 
5 mM for each monomer, depending on the library.  Guest con-
centration (Ac-K(Me)nGGY-NH2) was equal to the total mon-
omer concentration.  Libraries were prepared at a total volume 
of 400 µL and allowed to oxidize and equilibrate for up to three 
weeks. At various time intervals, 100 µL aliquots were re-
moved, filtered with 0.22 µm PVDF syringe filter, and moni-
tored by analytical reverse phase HPLC at 280 nm with an At-
lantis T3 4.7 x 150 mm 5 µm C-18 column and buffered mobile 
phase to ensure library member solubility.  Libraries were ana-
lyzed using optimized gradients of A and B (A: 100% H2O, 10 
mM NH4OAc; B: 90% CH3CN, 10% H2O, 10 mM NH4OAc).  
 Analytical LC/MS was performed on an Agilent Rapid Res-
olution LC-MSD system, equipped with an online degasser, 
binary pump, autosampler, heated column compartment, and 
diode array detector.  All separations were performed at 45 °C 
in optimized gradients with mobile phases of H2O (5 mM 
NH4OAc) and CH3CN (95% CH3CN, 5% H2O, 5 mM 
NH4OAc) at pH 5.5 on a Zorbax Extend C18 ( 4.6 Å 2.1 x 50 
mm, 1.8 micron).  The MS was performed using a single quad 
mass spectrometer and all peaks were identified by negative 
electrospray ionization. Data analysis was performed using the 
software Agilent ChemStation. 
 ITC titrations were performed on a Microcal AutoITC200. 
Titrations were carried out at 298 K in buffered H2O (10 mM 
sodium borate buffer, pH 8.5). The concentration of receptor 
was determined by measuring the UV absorbance using a 
NanoDrop2000 with a xenon flash lamp, 2048 element linear 
silicon CCD array detector, and 1 mm path length. A 1−2 mM 
solution of peptide was titrated into a 65−230 µM solution of 
receptor, using 2.0 µL increments every 3 minutes. Heats of 
dilution were subtracted prior to fitting using either the extrapo-
lation method of subtraction or the direct method of subtraction 
Binding curves were produced using the supplied Origin soft-
ware and fit using one-site binding models. 
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