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Chapter 1: | nt rud cau c tCioont ati meMs!l eamn d

Bi ol ogi cal Applications

1.1Introduction and evolution ofSupramolecular Containers

Interactions between atoms such as covalent bonds, ionic bonds, metallic bonds, Van Der
Waal forces, iordipole, dipoledipole are the fondation of chemistryin particular, non
covalent bonds are responsible for many interactions in natareg while weaker than covalent
bonds, they can still be strong enoughtobeusefal. t he 196006s woftk perfor
Lehn and Peters€ on the discoverand application of compounds that could selectively bind
small molecules through natovalent interactions such as spherands, cryptands and crown
ethers won them an eventual Nobel prize in chemfstry.

Despitethe discovery of cucurbitjurils (CB[n]) in 1905 byBehrend through a
condensation of glycoluril and dluidatadthed e hy de,
structure of CB[6F While earlier compounds were able to bind small molecules and ions
CBJn] are able to bind larger moleculesid bind them more selectively than earlier compounds.

This is becaus€B[n] molecules differ from their predecessor in that they have much larger and
well-defined cavitie$.This cavity can trap water moleculi@san energetically unfavorable state

by cutting them off from the hydrogen bonding
waterl®When a guest is able to enter the cavity of the CB, thesechigiyy water molecules

are released leadirig very tight binding complexést213
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Figure I1-1 Structures of various supramolecular containers.

While supramolecular containers typically have a type of guest they araldbeso
encapsulate, they can also be tuned to be more or less sdi@etivds certain types of guests.
This has allowed these host molecules to be used in a variety of applidatinnstance,
cationic PAJA hosts have been used for the prevention of biofilm formafierhile neutral
P[n]A hosts have been shownlimd affectively to cationic guests with large Aoolar

hydrophobic region¥



Each supramol ecul ar host has i tcglodextrinsengt hs
( D) are very water soluble and are easily functionalized, but they have rgl&givedinding
affinities andare very water solubl€Conversely, CBj] can form incredibly tight hosjuest
complexes and have a rigieell-definedcavity, but they are very hard to functionalize, not very
water soluble, and their rigid shape may not alllbem to accommodate larger guest molecules

in the same way that RJA or CX[n] can.

1.2 Ultratight Binding Host-Guest Complexes

One of the greatest strengths of supramolecular containers iseleativity and ability
to bind guests very stronglBiedermanrandcoworkersh ave shown t hat the fhi
water molecules inside the cavity is part of what leads to such high binding constants in aqueous
systems. When a guest is bounsidethe caity, it canpush out the watenoleculesnside
leading to an entropically favorable stat&Vhen this is combined witlargehydrophobic guests
that canenterthe hydrophobic cavity of a supramolecular host liker§B[can lead to
extremely tight conplexes. Notably work biKim, Inoue, Kaifer Isaacs, and Gilson have shown
that CB[7] and CB[8] can f d2xmO"Mdmpuleguest comp

Water13,16' 23

1.2.1 Binding Measurements of Supramolecular Containers

Theseassociation constants can be determined a variety of differesthamost
commonly either direct or competitive titrations are carried out and monitored by*either
NMR, fluorescence or UV/Vi& or isothermal calorimetry (ITC). In each instantygjcally one

molecule is monitored and is maintained at a constant concentration throughout the titration. This
3



is not always the case, as the data can still be accurately fit when the molecule being measured
does not remain constaiitEach method cagive more information that jusie binding

constants. For instancél NMR can give us information about the binding geometry by looking

at which resonances have a large chemical shift. Due to this, it is very common to use multiple
methods to investigat t he s ame h o sTyglglly, i ditect titrations, tha raosti o n .
accurate data is obtained when working at concentrations close to the dissociation cogstant (K
Ka—l).24,25

Additionally, compounds that are not able to be easily detectactbytain method(g.,
an optically silent guest measured via fluorescence) catilbiee determined through
competitive titrations. In competitive titrations, a guest with a knowwikh a given hosts
titrated with the host and a compound withustknown k.. While it does not matter if the
known guest binds more or less strongly than the unknown guests, the weaker of the two is
typically initially put in solution with the host, while the stronger guest is titrated into this
solution. When one compad is silent in the given method, but the other can be monitored, it is
known as indicator displacement. When usedrfanyunknown guests in a higthroughput
manor (typically involving a multiwell plate), it is known as indicator displacement assai (ID
and is discussed in further detail below.

Of the methods listed, ITC is unique in that it can give complete thermodynamic
information about the binding interaction. As the name suggests, the temperature of the cell
where the binding interaction(s) ocawpon titration is held at a constant temperature. Typically,
the host or protein is located in the cell and guest is titrated i(Rmure 1-2a). Upon

complexation, the change heat of reaction is measured by monitoring the amount of energy

4



required tdkeep the cell at a constant temperature relative to a reference cell that contains only
water.The change in heat is monitored asdhest is slowlyitratedinto the cell in discrete
amountsA plot of the integrated heats for each titratisrthe mohr ratio of host to guest

allows for the determination of many thermodynamic parameters of the compleXatisimown

in Figure 1-2b, the Ky can be found by taking the slope of the line integrated heats graph at the
inflection point, thee nt h a | pfygomglexdation is the difference between the initial heat of
binding and the equilibrium heat, and 8teichiometryof binding(N) can be found by

determining the X value of the inflection point of the sigmoidal c(ifigure 1-2b). These

valuescanthenbhesed t o find the Gibbs free energy

1.3 Water-soluble Molecular Containerand uses in Biological Systems

While earlier supramolecular containers were able to achievedffiigity binding, many
of them were insoluble, or only spagig soluble in watef! Recently, watesolublecontainers
that retain high binding affinitidlsave been developed suchsatfonatedccalix[n]arenes

(CX[n]),?8 sulfonated acyclic cucurbitfurils (aCB)?° and pillarp]arene sulfate (PJAS).%° In

each case, the sulfonation increases water solubility, and in some cases, also increases binding

affinity.

Oneuseofwates ol ubl e supramol ec-ayal odeCDh}tista ne( B

solubilize insoluble drugs. Supramolecular containersamngwell suited for this task as they
typically have hydrophobic cavities to interact and bind favorably with the hydrophobic drug

molecules, as well as hydrophilic portals that help solubilize the entire complex.
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Figure 1-2 a) Simplified dagram of an ITC machine gothermal Titration Calorimetry (ITC)

curve obtained through direct binding titration studies. A solutiorbgf310.025 mM) in the

cell was titrated witt2HeptNH3 (0.25mM) in the syringe at 298.0 K in 10 mM sodium

phosphate tifered saline at pH 7.4. The solid line represents the bedireanr fit of the data to

a 1:1 binding mode(Ka= (5.59+ 0.32) x 1 M'Y;, Hep(i 9.17+ 0.06) kcal molt). Annotated

to show how the dissociation constani) (lenthalpy of complexatiorg{H and stoichiometry of

binding (N) are determined. Figure also shown without annotatidrigume SIV-2.

host can bind the desired drug molecule, but low enough that it can release the drug once it gets

While solubilizing insoluble drugs, the binding affinity needbéchigh enough that the

to its desired location in the body. However, if the affinity is high enough, supramolecular

containers can act in reverse by sequegjdharmful molecules from the bodyue to the high

6



solubility and high binding affinity of supramolecular containers towards drugs of abuse, the
Isaacs group has investigated the ability of supramolecular containers to sequester drug

molecules from théody39 34

1.4 Supramolecular Sensors

Due to the selectivity and high binding affinities of supramolecular containers, they are
widely used in supramolecular sensing ar8y8There are two types of sensing arrays: fock
andkey sensors and cresmactive sensor@-igure 1-3). In lock-andkey sensing arrays, each
sensor is only able to interact or bind with one analyte. While this means it has great selectivity,
it also means that you need as many sensors as analytes you want to measure, and that you need
to create a new semnsevery time you want to detect a new analyte. Creastive sensing arrays
on the other hand@anuse sensors that have some respona# tioe analytes measured. If these
sensors are chosen carefully such that their response to each analyte differadincother, it
creates a sort of fingerprint for each analyte. This fingerprint can then be recognized by various
machine learning algorithms. While this does increase noise and reduce selectivity, it also allows
less selective sensors to be used. Adddily, through thisnethod you can use less sensors and
you do not have to make a new sensor for each analyte; the array just has to be trained on the
new analyte.

Typically, supramolecular containers are used as part of an indicator displacement assay
(IDA). In an IDA, the host molecule is bound to a dye molecule. Through this binding
interaction, the optical properties such as fluorescence are either enhanced or quenched. Upon

being put into a solution with another molecule the container can binde, aicthe dye
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Figure I-3 A mixture of analytes being detected via a lacidkey sensing array (left) or via a

crossreactive sensing array (right).

molecule is displaced causing a change in fluorescértbe. displacement of the dye upon
addition of the guest quenches thensigit is called a turoff sensor. Conversely, if the analyte
binding the host enhances the signal, it is called adarsenso(Figure 1-4). This change can
be monitored, and if done correctly, can allow for the identification and calibration ofisario
analyte molecules. To increase the accuracy,
each paring will react to each analyte differently. The resulting signals can then be put through a
variety of statistical models and machine learning @lgms to properly identify and quantify
each analyte.

In addition to IDA, naturally fluorescent or colorimetric hosts that react to the bound
analyte have been used as molecular sertdof@ind coworkers were able to synthesize
modified CX[n] molecules tht formed binary complexes with each otiwich they dubbed

8
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Figure I-4 Cartoon of a turroff sensor where the dye signal is enhanced when bound to the host

(left) but quenched once the analyte binds and displaces the dye (right).

Dimer Dyes®’ While these hosts were naturally fluorescent, that fluorescence was quenched
when they formed the dimer complex. When a guest molecule bound to one of the host
molecules the complex was broken anditizeeasen fluorescence could be measured and used
similarly to IDA creating a turron sensarThe Hof group leveraged this effect to detect
methamphetamine and other drugs in saliva.

Additionally the Isaacs and Anzenbacher groups have used naturally fluorescent aCB
containers with a mixture of biphenyaphthalene, and naphthalene based wallgphthalene
modified CB[6]to create sensing assays to allow for the detectipotehtially harmful
molecules such as over the counter ditigsd opioid<€° The Isaacs group has also used
anthracene whdd aCBaloneto differentiatebetweer23 cationic moleculegFigure 1-5).4! This
assay was also able to group the responses of each analyte into grouping according to the number

of ammonium groups on each guest as well as their substitution.
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Analytes were predicted with 1 N 2acc@acy

In each case, the high binding affinity of supramolecular containers and the quenching
effectsof thehostdye complexes were leveraged to create a sensor that was capable of visually
distinguishing between multiple analytes. The most remarlkatas that this differentiation
can be done with relatively simple and cheap Hggeed instruments. This should allow for the
detection of even more complex systems relatively easily without the need for large expensive

instrumentation. The advancenteand miniaturization in optics and the availability of kigh
10



powered computers, has started to leaalwoder range of usage amttreased usage of sensing

assays outside of a lab setting
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Chapter 2: Cucurbit[8]uril For ms
Cationic Triamantanes

Reproduced frolKi n g , D.: Gumanovac, T.; Mur kIl i, S.
Isaacs, L. Cucurbit[8]uril Forms Tight Complexes with Cationic TriamantsliegasJ. Chem.
2023 47, 53385346with permission from the Centiational de la Recherche Scientifique
(CNRS) and the Royal Society of Chemis®ynthesis and characterization of triamantane
guests were synthesized by Tatjana Gumanovac
Peter R. Schreiner. Molecular Modely was per formed by Dr. Mar i na
H NMR studies were performed by David King and Dr. Steven Murkli with assistance from Dr.

Lyle Isaacs.

2.1 Introduction

The synthesis and molecular recognition properties of the cucuiit{ CB[n]) family
of molecular container compounds has undergone rapid development since the turn of the
millennium34344 Figure 11 -1 shows the molecular structure of @Bvhich is composed af
glycoluril units connected byr@methylene bridges that formbarrel shaped macrocycle with
two electron rich ureidyl carbonyl fringed portals and a central hydrophobic cavity. Accordingly,
CBIn] hosts bind strongly to guests that feature a central hydrophobic moiety that is flanked by
two cationic groups. For exanglMock and cavorkers showed that CB[6] binds strongly to
alkanediammonium ions in aqueous formic acid solution with selectivity for perslade
hexanediammonium iong &nd2);® the CB[6}spermine 8) complex achieved &= 1.3x 10’

M (Kq= 76 nM). Later studies by Kim, Inoue, andworkers demonstrated that even higher
12



binding affinity could be achieved by working in the less competitive environment of pure
water?®

Clues from CBifi] derived seKsorting systents led us to measureerinding constants
of CB[n] (n=6, 7, 8) toward a panel of ammonium ions in pH 4.74 acetate buffered water and
discover the ultratight binding affinity of the CB[7] adamantane ammond)inorf (Ka= 4.2x
102 M1) using'H NMR competitive experimentd.The hydrophobic adamantane skeleton
contains ten carbon atoms. Contemporaneously, Kim, Inoue, and Kaifer published the binding
affinity of the CBJ[7] trimethylaminomethyl ferroceng; (hydrophobic core: ten-@toms + Fe)
complex Ka= 4 x 102MY) in pure water® In the follow up work, the Kim, Kaifer, Isaacs,
Gilson and Inoue group collaboratively explored the CBpr§)trimethylaminomethyl ferrocene
(6) complex and determined.k 2.9x 10'° M1 in pure water by competitive ITC titratiohs.
The potential of [2.2.2]bicyclooctane as a hydrophobic core (eigtib@s) €.g, 7) to construct
ultratight binding complexes was subsequently reported by the Kim, Inoue, and Gilsdfi team.
The high afinity of CB[n] -guest complexes has been traced, in part, to the presence of
intracavity 66high energy66 wat-bondsandthaarel | e s
released upon complexation as shown by DeSimone, Scherman, attf N@TheKa values
for CB[n] -guest complexes have been featured prominently in a series of blinded challenges
(SAMPL and Hydrophobe) that aim to improve computational approaches to free energy
computations in watef 52 As illustrated inFigure Il -2, the change® aqueous solvation of
both the CB#fi] host and the hydrophobic guest contribute to the thermodynamics of

complexationt?
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Figure Il -1. Structure of ultratight binding hosts GB[n = 6,7,8) and selected guests.

Figure Il -2. lllustration of the changes in the solvation of the host and the guest that occur
during the formation of CBi]-guest complexes. Aqua spheres, bulk water; Blue spheres,

intracavity 66high energy66 water.

More recently, in collaboration with Glaser and Miric-Majerski, we have explored
various cationic guests featuring diamantane (d&tdds) as the hydrophobic core and

14



demonstrated the attomolar binding affinity of the CB[7]-diamantasgrimethylammonium)

ion (8) in pure watera= 7.2x 10t M).5% The 1Q000-fold weaker binding affinity of the

CBJ7]-9 complex illustrates that the nature of the ammoniufrefsus 4 can be a very

important factor in some but not all situatids?In the CB[8] series, using the CB[&D
complexKa=5.7x 10**M* was achieved in 50 mM acetate buffered water (pH = 4%74).
CBIn]-guest complexes have also been shown to be highly responsive to suitable stimuli (e.g.,
photochemical, electrochemicahemical, and pH)* >° These high affinity, highly selective,

and stimuli responsive binding events renderrglest complexes useful as a supramolecular
latching and switching element in a variety of complex systems. Accordingly, macrocyclic
CBIn] have found numerous uses including as a component of (bio)sensing and imaging
ensembled®%%for drug formulation, delivery and sequestrattdii? creating supramolecular
organic framework&® and performing supramolecular catalySitn this paper, we further
investigate into cationic CB[-diamondoid complexation events by progressing from C14
diamantane to the larger and more hydrophobic C18 triamantane skeleton. Very recently,
Biedermann and eworkers have studied the binding of @Bfoward diamondoid (adamantane,
diamantane, and triamantane) alcohols using a combination of calorimetry and chemical
computationg® Among other results, Biedermann and coworkers found that CB[8] binds with
3,9dihydroxytriamantane with logk= 7.0 in deionized water which represents the first example
of triamantane complexation with Q| . Overall, Bi edermanndés wor k
solvationi rather than London dispersion interactions, electronic energies, or entropic factors

is largely responsible for the ultratight binding exhibited by g Bjosts.
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2.2 Results and Discussion

This results and discussion section is organized as follows. First, we describe the selection,
synthesis, and characterization of gu€xt$ G4. Next, we iwvestigate the complexation Gf1i

G4 by complexation induced changeslithNMR chemical shifts along with molecular
modelling to glean information about the geometry of thenDB{ complexes. Subsequently, we
measure the binding constants for the §Bp complexes by direct isothermal titration
calorimetry (ITC),'!H NMR competitive experiments, and competitive ITC titrations as

appropriate. Finally, we discuss the data and provide conclusions.

2.2.1 Selection, Synthesis and Characterization of GG4

As descibed above, the Isaacs group has a longstanding interest in the design and discovery of
tight binding hogtguest complexes with an emphasis on1@Bfationic diamondoid systems.
Previous investigations focused on (di)cationic adamantane (C10) and diaen@it4) derived
guests and showed that bothiidipole (G=0O---ammonium) interactions and the hydrophobicity

of the diamondoid skeleton play significant roles in determining Qasst binding

affinity. 18202267685 the next logical step toward thesation of even tighter binding guests for
CBIn], we decided to investigate cationic derivatives of triamantane (C18) which is the next
larger diamondoid homologue. Accordingly, we synthesized hydrochlorideGsa#tedG4

(Figure 11 -3) from triamantane by three step procedures (hydroxylation, modified Ritter reaction
with chloroacetonitrile, and cleavage of the formed chloroacetamide to the corresponding amine)
described in the literatuf&.’°The separate permethylation reaction§afand G4 with an

excess of Mel (15 equiv.) and NaH&QO0 equiv.) were conducted in hot () MeOH for 48 h

16



which delivered quaternary ammonium s@tsandG3in 47 and 62% yields, respectively.

High resolution mass spectrometry showed ion€&fbat 298.236 (calc. for GiHz2oN:

298.2535) and3 at 379.3100 (calc. for&4HaoN2Na: 379.8089) which are in accord with the
depicted molecular formulas. Please note @thandG3 are prepared and used as iodide salts
wherea$s2 andG4 are hydrochlorides; we do nobnsider the influence of counterions in this
paper.Cs-symmetric guest&1 andG2 feature a single mirror plane whereas guégsndG4
possess two mirror planes and are there@avesymmetric. In accord with symmetry
considerations, thEC NMR spectrm of G1 andG3 recorded in CDGICD3OD consist of 14
and 9 r esonanc e FigurerSk-8 gneSt 4)i Whielthg'H NNERSspectdim of

G1 suffers from spectral overlap, the spectrum@esymmetricG3 ( E S Figura Sl -3) is
morediagnostic and displays seven resonancesinan 18:4:4:4:6: 2 : 2 ratio; the resonance at
1.79 pm with an integral of six is caused by the accidental overlap of two resonances (4H and

2H).

2.2.2Investigation of the hostguest complexation by*H NMR spectroscopy

After having synthesized and fully characterized gu@édisc4, we decided to perform a
gualitative investigation of the hdésgfuest binding of CB[7] and CBJ[8] toward gue&si G4 by
'H NMR s pect rEgure 8lp5i S-B)SHor,edampleFigure Il -4¢c shows theH
NMR spectra recorded f@4 along with the asgnments of the resonances. Becausarid H
are diastereotopic they appear as a pair of coupled doublets. The resonangedsfcartd H

17



©NMe, ®NH, ®NMej @NHS

b, c
NMea mg NH4

G1-I G2-Cl G3-2I G4-2CI
®NH, ®NH3
E\ @NH,4 ®NMe, ®NMe,
C1-:Cl"  C2-2ClI" ®NH,4 & & g
O g ®NH; ®NMe; Cé6-2I
HzN NHz  ca-2cr c5-21
Cj°0. SHQSO4
@ NHMe, @ NHMe, @NH, ®NMeg
ew OO L I
®NHMe, C9-CI C10-I

Figure Il -3. Structures of cationic guesil-G4, competitorsC1-C3, and comparison

compound<C4-C10used in this study.

appear downfield of the other resonances due to the electron withdrawing effect of the adjacent
NHs* group. ThetH NMR spectra separately recorded for 1 : 1 mixtureS4With CB[8] and

CBJ7] are shown irrigure 1l -4b andd, respectively. As expected, all of the resonances for
guestG4 shift upfield upon formation of CB[7(54 and CB[8]G4 complexes indicating that

guest G4 is bound within the magnetically shielding environment of the] CBYity #24°At 1 :

2 CB[n] : G4 ratio (Figure Il -4aande), we observe separate resonances for free G4 and the
CBI[n]-G4 complex which evidences the slow kinetics of guest exchange oH tHBIR

timescale which is typical for ultratight CB[guest complexe® TheH NMR spectrum oDnn-
symmetric CBf] hosts shows one set of diastereotopic resonancem(HH) for themethylene

bridges. In the CB{]-G4 complex we still observe one set of doublets foahkid H which
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indicates that its time averaged geometry has a mirror plane passing through the equator of the
complex. The magnitude of the complexation induced changég ichemical shift is presented

in Figure 11 -4b andd. Protons H Hq, and H undergo substantial upfield shiftp (from 0.68 to

0.86 ppm) whereasgiH., and H undergo smaller shiftggtfrom 0.16 to 0.51 ppm) which

reflects their position withespect to the magnetically shielding @Bgavity (vide infra). To the

best of our knowledge, the inclusion of the 18 carbon triamantane skeleton inside the CBJ[7]

cavity is the largest number of heavy (Foydrogen) atoms incorporated to date. Recently,

Biedermann et al. studied the binding of CB[7] towarddt§/droxytriamantane and 9,15

di hydroxytriamantane and concluded that o606t he
of the guest i*Accortirgly, wecsricledé that tpmesency df the cationic

groups o4 provides sufficient iondipole interactions to drive the formation of the otherwise
unfavorable inclusion of the triamantane framework inside CB[7]. Sifll&dMR

measurements were performed for CBF], CB[8]-G1, CB[7]-G2, CB[8]-G2, and CB[8]G3

complexes which indicate the inclusion of the triamantane skeletonintm CBE avi ty ( ESI ,
Figure SII -57 SII -12). In contrast, théH NMR spectra recorded for mixtures of CB[7] &B8

show small upfield shifts for the NMe Hp, and Hr e s 0 n a n cFagsre I B B3l1;10

which suggests that CB[33 forms an exclusion complex where only one NMgoup enters

the CB[7] cavity and the otherNMeg r oup i s out siFkgare3llFbd.Sachvi ty (E
exclusion complexes are typically weak. In contra$tNMR results for CB[7]G1, CB[8]-G1,

CBJ[7]-G2, CB[8]-G2, and CB[8]G3( E SFigura Sll-5i SlI -12) show that the resonances for

the triamantane frameworks GfL, G2, andG3 undergo complexatiminduced upfield changes

in the chemical shift which is indicative of cavity binding. In addition, separatMR
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resonances for free and complexed guests are present at 1n]290&§t stoichiometry for
CBJ[7]-G1, CB[8]-G1, CBJ[7]-G2, CB[8]-G2, andCB[8]-G3 which indicates that the kinetics of
guest exchange are slow on the chemical shift timescale. FGgfyenmetric guestl we
observe a slight downfield shift of the NMeesonance which indicates that the NMgroup is
located in the deshieldd region just outside the=© portals*>4°In addition, upon formation of
the CB[7}1G1, CBJ[7]-G2, and CB[8]G2 complexes we observe two sets of resonances for the
diastereotopic methylenes of GB[Hx, Hy) which is due to the tepottom G=O portal

dissymmetry induced by th&s-symmetric guests.
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Figure Il -4. *H NMR spectra recorded (600 MHz,D) for (a) a mixture 064 (2 mM) and
CB[8] (1 mM), (b) a mixture 064 (1 mM) and CBJ[8] (1 mM), (c}54 (1 mM), (d) a mixture of
G4 (1 mM) and CB[7] (1 mM), and (e) a mixture G# (2 mM) and CB[7] (1 mM). Resonances

mar ked with pri mesdsG4complex.ari se from the host
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2.2.3Molecular Modeling

To gain further insight into the geometry characteristics of the[@Bf# complexes we
performed molecular modelling. The search for favorable complex geometries was done using
the ConformerRotamer Ensemble Sampling Tool (CREST) based on the GFN métfdus
applying iterative metaynamic sampling for nenovalently bound complexes, shkers or
aggregates (NCIIMTD mode). The analytical linearized Poi€Boltizmann (ALPB) solvation
model was used to account for the implicit influence of water in XTB computafigpse Il -5
shows the top and side of the found geometries of the @Bf4nd CB[8] G4 complexes.
Minimized molecular models of the CBf@1i CB[7]-G3 and CB[8}G1i CB[8]-G3

compl exes ar e Biduesins5i 3il-57).Hneacc&@ihcA with the analysis of
the complexation induced changes in chemical stigssribed above, the molecular models
show the encapsulation of the hydrophobic triamantane skeleton in the center ofrihe CBJ
cavity. The average distances of cagatbims from the mean equatorial plane defined by the
glycoluril methine Gatoms are as fiows for CB[7]- G4: Ha, 1.26; H, 3.37; H, 2.55; H;, 1.26;
He, 2.13; H, 0.07; H,0.19 A and for CB[8]G4: Ha, 1.20; K, 3.25; H, 2.41; H;, 1.22; H, 2.05;
Ht, 0.50; H,, 0.61 A. As shown iffigure Il -4b andd for CB[7]-G4 and CB[8]G4, Ha, Hd, Hr,
and Hy, which undergo substantial upfield shifts in the NMR spectrum, reside closer to the
equatorial plane running through the center of thenC&vity. In contrast, the diastereotopic
methylene resonance fok IH which shows the smallest upfield shift fath CB[7] G4 and
CB[8]-G41 is the farthest from the equator. The average distance betweeratben®on a
single glycoluril ranges from 5.95 to 6.20 A for CB[@} and from 5.77 to 5.95 A for
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CBJ[8]-G4 with averages of 6.05 and 5.87 A, respectively. Thonsistent with the expected

buttressing effect of the sterically demand@®g guest against the<D portals more

significantly for CB[7] than CB[8]. Each N#igroup in CB[7]G4 forms two Hbonds to the

ureidyl C=0 groups of CB[7] with the following NHO=C distances (2.00 A; 1.90 A),

N---O=C distances (2.89 A; 2.76 A)and NFD=C angl es (157.91;- 127.71)
atoms reside slightly outside the cavity (0.68 A) in CBB4 as defined by the distance to the

mean plane of the ureidyl-&oms. ThéH-bonding metrics for CB[8{z4 are NH--O=C

distances (1.77 and 1.80 A; 1.98 and 2.02 A); BEC distances (2.80 and 2.83 A; 2.87 and
291A)andNH-O=C angles (168.31 and 168. 4&atoms143. 41
reside slightly outside the cayi0.48 A; 0.76 A) in CB[8]G4 as defined by the distance to the

mean plane of the ureidyl-&oms. The distance of CB[@4 (CB[8]-G4) from the centroid of

the equatorial methine-@toms to those methine&oms averages 5.84 A (6.58 A) whereas the

distarce from the centroid of the ureidyl@oms back to the ureidyl-&toms averages 4.22 A

(4.80 A) which defines the width of the cavity and portals, respectively. Note that our modelling

results also point towards the preferential formation of the C8F¢xclusion complex since

the geometry where onlyone NMg@ r oup i s i nsi de FigureSll-26osst cavi t
energetically much more favorable than the hypothetical structure where full inclusion is realized

( E STabléSll -1).

22



Figure 1l -5. Side and top views of the energyinimized geometries of (a) CBFG4 and (b)

CBJ8]-G4. Color codes: C, gray; H, white; O, red; and N, blue.

2.2.4 Measurement and Discussion of the Thermodynamic Parameters of

Complex Formation

The measurement of all bindilegnstants in this paper was performed in 50 mM NaOAc
buffered water at pH = 4.74 to allow comparison with binding constants for cationic adamantane
and diamantane derivatives measured previo§€R?2"3Given the bulkiness of guesBli G4
which featuwe the C18 triamantane skeleton and the fast kinetics of guest exchange observed for
CBJ7]-G3 we suspected that the CB[7] complexes with these guests would be weak.
Accordingly, we performed direct isothermal calorimetric titrations for CE{T] CB[7]- G2,
and CB[7]G4 ( E SFigura Sll -171 Sl -19). Figure 6ashows the thermogram recorded when
asolution of CB[7] (145 mM) in the cell was titrated with a solutioitsdfin the syringe. The
direct titration data were processed and analyzed using the PEAQ ITC data analysis software.

Figure 1l -6b shows a plot of the integrated heat versus CB{z] molar ratio fittedtoa 1: 1
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binding model that was used to determinekhe (1.6+ 0.1)x 10° Mt andgH =710.4+ 0.076
kcal mof* values Table Il -1). TheKa andgH values of CB[7]G2 and CB[7]G4 were
determined similarly and are presentedable Il -1 along with data for selected comparison
compoundsC4i C10drawn from the literatur&2%-22\We performedH NMR competitive
experiments using the protocols described previdtidh?>¢’to measure thé, value for
CBJ[7]-G3 (Ka= (3.0+ 0.5)x 10° M) usingC1 (Ka= (2.5+ 0.4) x 10* M) as a competitor of
known af f FigureSIy-21)(>ES1 , A

We expected the binding constants of the cationic triamantanes toward CB[8] to far
exceed theange that can be measured by direct titrations, so we elected to perform competitive

titrations
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Figure Il -6. (a) ITC thermogram recorded during the titration of CB[7] (145 mM) in the cell
with guestG1 in the syringe, (b) Fitting of the data to allbinding model with K= (1.6 £ 0.1)
x1®PMtand @l8.4+=0.076 kcal mdl
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Table Il -1 Binding constants (i M™)

and

bi

ndi

ng

e nY) rheadurpd fa the ( pH,

complexes between hosts CB[7] or CB[8] with gu&i$G4 andC1i C9. Conditions: 50 mM

NaOAc buffered HO or D;O, 298 K, pH 4.74)

G CB[7] CB[8]
Gl  (1.6+0.1)x 10° (2.1+0.1)x 104°
110.4%0.076 .
G2 (7.5+0.2)x 102 n.d.
14.98+0.034
G3  (3.0+0.5)x 10° (1.15 £0.17)x 10%f
Ga  (6.73x1.41)x10° 110.1£0.0
(1.1+0.3)x 10Me
13.790.10 (1.14 £0.21)x 10"
c1 (2.5+0.4)x 10°° 111501
) (4.3+1.1)x 101
c2 2030 (3.3+0.8)x 1013
c3 O (2.67£0.32)x 107 (1: 1)
19.23+0.04
(7.47+ 1.75)x 10° (1: 2)
C4  (1.3+0.3)x 10Mb 18.28+0.06
(8.3+2.3)x 1011
C5  (1.9+0.4)x 10'° (2.0+0.6) x 10125
C6  (8.0+19)x10M° (2.7£0.7)x 1012
c7 686b (5.7 +1.5)x 101D
csg 643 (7.8+0.8)x 101"
CO  (4.2+1.0)x 1012 (8.2+1.8)x 10°P

2 Measured by direct ITC titratioA Literature valuest Measured byH NMR competitive

experiments witlC1 as a competitof. CB[8]-G2 complex is insoluble at room temperattifre.

Measured byH NMR competitive experiments with2 as a competitof Measured by ITC

competitive experiments usirg3 as a competitor.

monitored by*H NMR or ITC. The literature Kvalues of CB[8]C1 andCB[8]-C2 are given in

Table Il -1. Initially, we performedH NMR competitive studies for CB[8b1 usingC1 (Ka =

4.3x 10" M 1) as a competitor. Experimentally, we prepared a solution of CB[8] (0.100 mM)
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andC1 (16.5 mM) and then addeall (0.110 mM) and monitored the equilibration process by
'H NMR s pect r Bgure 8lp2p). Spetifichlly, We monitor the two separate Hz
resonances for CB[8F1 and CB[8]G1 ata 5.5 ppm until equilibrium is reached. Integration of
the resonances bypeactral deconvolution, followed by application of the equilibrium and mass
balance equations as described previdfigh??¢allowed the calculation of 4= (2.12+ 0.1) x
104 M1 for CB[8]-G1. Separate experiments that approached equilibrium frerattter

direction (e.g., starting with CB[8b1 and addingC1) gave identical results. The binding
constant for CB[8]G4 ((Ka= (1.1+ 0.3)x 10*M™) ,  Eigure SA-22) was similarly
measured by competitivél NMR assays usinG2 as a competitor. Unfortunately, we were not
able to measure the binding constant for CE}3]by *H NMR competitive assays because
equilibration was extraordinarily slow and complicated by extraneous resonances due to
unknown guest decomposition products.

Given the difficulties in measuring.for CB[8]-G3 by 'H NMR competitive assays, we
turned to ITC competitive experimerits’® Biedermanret al. have previously suggested a
cationic cyclophane as a tight binding competitor for CB{®Jut becausehts compound was
not commercially available we were unable to test this approach. To avoid problems of slow
kinetics which plaguetH NMR competitive assays, after much experimentation, we selected the
tight binding CB[8]C3: ternary complex as the compité complex’® Figure 1l -7adepicts the
equilibrium binding model governing this system. Initially, we performed a concatenated series
of three direct ITC titrations of a solution of CB[8] (5 mM) in the cell with a solutio3§40
mM) from the syringeKRigure 1l -7b). Figure Il -7c shows a plot of the integrated heat data

versus molar ratio fitted to the stepwise binding model shévwgule Il -7a) using the
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Affinimeter™ software package to deliver the thermodynamic parametetisefdormation of
the CB[8}C3 and CB[8}C32 complexes. Affinimetd™ was used because the PEAQ ITC data
analysis software cannot implement the model shoviaigare Il -7a. Subsequently, we
performed the competitive ITC titration of a solution of CB[8) (M) andC3 (175 mM) in the
cell with a solution 0of53 (100 mM) from the syringe<igure 1l -7d). The DPversugstime data
were exported to Affinimeté} and then integrated to create the plotbf versus molar ratio
shown inFigure Il -7e The solid line epresents the best global fit of the data to the binding
model given irFigure Il -7ato calculate the Kvalue for CB[8]G3 (Ka= (1.15+ 0.17)x 103
M7). The complete Affinimetér eports ar e §iguredh23i 8l-58)GivenE S| A (
thatthis strategy of using a tight CB[&3z ternary complex as a competitor is new and uses a
new analysis package (Affinimet&) we decided to further validate our results by performing
related competitive titration of CB[8]32 with G4 which was measuredave by'H NMR
competitive experiments. Gratifyingly, the ¥alue measured for CB[&4 by competitive ITC
titration (Ka= (1.1% 0.3) x 10'* M) is the same as that measuredi¥yNMR competitive
experimentsa= (1.14+ 0.21)x 10 M™Y.

With acomplete dataset of CHJf G thermodynamic parameters in hand, some discussion
of the trends in the data is warranted. The magnitude of the binding constaiiszf toward
CB[7] (7.5 x 10 t0 6.7 x 10 M) is dramatically different than that toward CB[8]15 x 103
to 2.1 x 16*M™). Related effects were seen previously in the binding consta@ts 6f7, and
C8) toward CB[7] and CBI[8] which differ dramaticall¢{ : 10’ , C7: 10", C8: 10').22We

attribute this effect to the fact that the triartzare skeleton (2543 PM3 calculation) is too
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Figure 11 -7. (a) Schematic representation of binding models implemented in AffiniMeter
determine the Kvalues for the formation of CB[8]-3 and CB[8]C3: in the direct titration of

CB[8] with C3 and the competitive binding model used to determine thekie for CB[8]G3
during the titration of a mixture of CB[8] ar€B with G3. (b) Thermogram from the direct

titration of CB[8] (5 mM) withC3 (40 mM) in he syringe. Three successive titrations were
concat enat e dversugholpr raild. Tthe sola fine eppiesents the best fit of the data
to the stepwise binding model performed using Affiniméte¢d) Thermogram from the
competitive ITC titratiorof a solution of CB[8] (30 mM) an@3 (175 mM) in the cell with a
solutionofG3( 100 mM) i n t he wersusmola ratio. TheesglidliRd ot o f

represents the best fit of the data to the stepwise binding model performed using Afffifimeter
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voluminous to be comfortably encapsulated inside CBJ[7] (volumes: expanded, 272; inner, 242;
truncated 158 A*” with a packing coefficient over 100% of the inner cavity whereas
triamantane can be easily encapsulated inside CBJ[8] (volumes: expandedné?,B67;

truncated 263 A with a packing coefficient of 69% which is in line with other tight binding
CBJ[n]-diamondoid complexe¥.For comparison, the calculated volume of diamantane is 206 A
(PM3) which is known to display high affinity toward both CBJ[7] (packing coefficient 85%) and
CBJ[8].182056The observation of inclusion complexes for CB{F], CB[7]-G2, and CB[7]G4
demonstrates that the binding free energiegshiG2, andG4 are sfficiently large to pay the
energetic cost to overstuff the cavity of CB[7]. This, coupled with the observation that GB[7]
forms an exclusion complex explains the overall modest binding affinities of CB[7] t@ard

G4. In the CBJ[7] complexes there iftle difference in the binding affinity of the primary
ammoniumG2 relative to the quaternary ammoni@@i. Somewhat surprisingly, amongst the
CBJ8] complexes, the quaternary ammonium g@kbinds 18fold stronger than the

guaternary diammonium gues8 and twoefold more strongly than the primary diammonium
guestG4. Unfortunately, the strongest binding achieved an®hiG4 toward CB[8] was for
CB[8]-G1 (Ka= 2.21x 10**M™) which is lower than the diamantane diammonium compounds
(e.g, C7) measured previously. Informative comparisons can also be made across homologous
series of guests and comparat&g( adamantane vs. diamantane vs. triamantane) to tease out
the effect of enlarging the hydrophobic framework. For example, the bindingrad m
trimethylammonium ion€10, C6, andG1 toward CBJ[7] decrease in magnitude as the size of

the hydrophobic skeleton increases due to the overstuffing of the CB[7] cavity as described

29



above. Conversely, the binding constant€ 0, C6, andG1 toward CBI[§ increase by three
orders of magnitude as the hydrophobic skeleton is increased from 10 to 14-add8C
which reflects the enhanced hydrophobic effect associated with desolvation of the larger
hydrophobic residue. In a similar way, CBJ[8] prefersitaltio the primary diammonium
triamantandés4 over the diamantan@4 by a factor of 13%old which once again reflects the
influence of the larger hydrophobic residue. Conversely, CB[7] pr€E##¢ms/er G4 by over five
orders of magnitude because the packogfficient of the triamantane derivati@ is too high
for CBJ[7]. Related trends are seen when comparing the binding constants for quaternary
triamantane and diamantane diammonium iB8s2ndC5 toward CBh]. CBJ[7] prefers the
smaller diamantan€5 by nearly ten orders of magnitude whereas the larger CB[8] binés six

fold more strongly to the larger triamantane deriva®a:

2.3 Conclusions

We report the preparation and characterization of cationic triamantane deri@liv@4 which

differ in overall clarge (moneand dication) and in the degree of nitrogen substitution (primary
and quaternary). The binding behavioGifi G4 toward CB[7] and CBJ[8] was studied by a
combination ofH NMR spectroscopy, analysis of complexation induced changes in chemical
shift, and molecular modelling. Remarkably, CB[7] forms inclusion complexes with
triamantane§1, G2, andG4 which exhibit slow kinetics of exchange on theNMR

timescale. To the best of our knowledge, the encapsulation of 18 heavy (nonhydrogen) atoms
inside CB[7] is the highest number observed to date. The binding constants of CB[7] and CBJ8]

toward triamantane guesgli G4 were determined b{H NMR competitive experiments, direct
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ITC titrations, and competitive ITC titrations as appropriate based onageitmde of the

binding constants and the kinetics of guest exchange. The use of an ultratight binding ternary
complex (CB[8]C3) with fast kinetics of guest exchange represents a new method to measure
ultratight CB[8]- guest complexes. This new meth@pitalized on the ability of Affinimeté

to implement this complex binding model and perform global fits of the binding data.
Comparisons of the binding data of the homologous series of guests (e.g., adamantane to
diamantane to triamantane) showed that the large8 €iamantane skeleton delreel enhanced
binding affinity toward CB[8] whereas the smaller CB[7] cavity could not accommodate the
triamantane framework without incurring substantial energetic penalties due tpaonkang.
Overall, this work extends our knowledge of the importandbehydrophobic residue on the
binding affinity of cationic diamondoids toward GBjand delivers a new competitive ITC
method via an ultratight but fast exchanging ternary complex GB38lo measure ultratight

CBJ8]-guest complex affinity.

2.4 Experimantal

2.4.1 General Experimental

'H and*3C NMR spectra were recorded with Bruker 830, AV-400 or AV-600 NMR

spectrometers and the NMR spectra were referenced to tetramethylsilane as an internal standard.
The spectral reference for speateaorded in RO was one drop of dioxards added after

recording the original spectrum. IR spectra were recorded with 4R ABB Bomem MB 102

or FT IRATR PerkinElmer UATR Two spectrometer. MALBIOF MS spectra were obtained

in reflectron mode with an Agied Biosystems Voyager DE STR instrument (Foster City, CA).
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GCMS analyses were performed using an Agilent 7890B/5977B GC/MSD instrument equipped
with an HR5ms column. Melting points were obtained by using Original Kofler Mikroheitztisch
apparatus (Reidrt, Wien). All solvents were obtained from commercial sources and used
without further purification. Aminotriamantan&2 andG4 were prepared according to the
previously published procedufégand their permethylation afforded saB4-1- andG3-21-,

respectively.

2.4.2 General Procedure for the Permethylation Reactions

A mixture of the respective amine (1 equivalent), excess methyl iodide (15 equivalents) and
NaHCGQ; (10 equivalents) in methanol (10 mL) was heated in a sealed tube for 48 @ 2t 60
The mixture was cooled, the solvent was evaporated, and the crude product was washed with a

suitable solvent mixture to afford the corresponding permethylated salt.

2.4.3N,N,N-Trimethyltriamantane -9-aminium iodide (G1:1)

Permethylation of aminotriamatane hydrochlorideG2-Cl) (146 mg, 0.5 mmol) afforded a

solid that was washed with GEl> (20 mL). Evaporation of C#Cl> gave the crude product

which was dissolved in a minimal amount of MeOH and then an excesgb{Z mL) was

added. The solvent walecanted and the washing was repeated two more times, finally yielding
the quaternary ammonium s@f-I" as a white solid (100 mg, 47%). M.p. 2287C. IR (KBr,

cml): 3473 (br), 3006 (w), 2905 (s), 2874 (s), 2854 (s), 1635 (W), 1480 (m), 1441 (m)my18
1341 (w), 1233 (W), 1136 (W), 945 (w), 847 (1. NMR (CDCk + few drops of CBOD, 400

MHz): 1.47 (br. s, 2H), 1.52 (br. s, 2H), 1.64 (s, 2H), 11683 (m, 10H), 1.90 (br. s, 1H), 1:99

2.05 (m, 2H), 2.062.14 (m, 4H), 3.04 (s, 9H, Me¥C NMR (CDQs + few drops of CROD,
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100 MHz): 26.3 (CH, 1C), 32.2 (CH, 1C), 33.5 (CH, 1C), 34.24C&), 34.8 (C, 1C), 35.8
(CHp, 1C), 36.1 (CH, 2C), 36.5 (GH2C), 38.8 (CH, 2C), 40.9 (GHLC), 43.7 (CH, 1C), 43.8
(CH, 2C), 47.0 (CH| 3C, Me), 71.8 (C, 1G3-N). HR-MS: calcd for [GiHz:N]* 298.2535;

found 298.2536.

244N, N, N, NBexadethyNiamantane-9,15diaminium diiodide

(G3-2I)
Permethylation of 9, 8iaminotriamantane dihydrochlorid&4-2Cl') (137 mg, 0.40 mmol)
afforded a solid that was washedh CH>Cl> (20 mL). Evaporation of C¥Cl> gave the crude
product which was washed with a MeOH/{Hb/ether (0.1 : 1.9 : 8 v: v : vratio, 100 mL)
mixture, yielding the quaternary ammonium $&8:21" as a white solid (152 mg, 62%). M.p.
>350C. IR (ne&, cntl): 3421 (br), 3210 (m), 1621 (m), 1604 (s), 1045 (w), 560 MNMR
(600 MHz, DO): 1.55 (s, 2H), 1.73 (s, 2H), 1.79 (s, 6H), 220Q7 (m, 4H), 2.102.16 (m, 4H),
2.21 (s, 4H), 3.03 (s, Me, 18H) ppMC NMR (75 MHz, CROD), d: 33.5 (CH, 2C)35.8 (CH,
4C), 36.2 (CH, 1C), 39.5 (C, 1C), 39.6 (CH, 4C), 42.0 (£HC), 43.4 (CH, 2C), 49.4 (GH

Me, 6C), 73.3 (N, 2C) ppm. HRMS: calcd for [C2HaoN2 + NaJ* 379.3089; found 379.3100.
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Chapter 3: Mol ecul ar Recognition
Peptides by Pillar[ 6] MaxQ

Reproduced fronKing, D.; Wilson, C. R.; Herron, L.; Deng, C.; Mehdi, S.; Tiwary, P.;
Hof, F.; Isaacs, L. Molecular recognition of methylated amino acids and peptides by
Pillar[6]MaxQ Org. Biomol. Chem2022, 20, 74297438with pemission from the Royal
Society of ChemistryMolecular dynamics simulations were performed by Lukas Herron with
assistance from Shams Medhi and Dr. Pratyush Tiwary and initial conformations provided by
David King. Indicator displacement assays were paréat by Chelsea R. Wilson, with
assistance from Dr. FrarsHof. Synthesis of PJAS was performed by Dr. Chddn Deng with
assistance from Dr. Lyle Isaacs. All ITC aittiINMR experiments were performed by David
King with assistance from Dr. Lyle Isaads this chapter PillarfJarene (PfJAS) is referred to

as Pillarh]MaxQ (P[n]MQ) to maintain consistency with the published source material.

3.1 Introduction

The design and realization of advanced supramolecular systems for a variety of biological
(e.g.drug delivery, in vivo imaging, sequestration) and chemical (sensing, purifications,
catalysis) applications is accelerated by the ready availability of a diverse set of building blocks.
Molecular containers cyclodextrins, calixfjarenes, crown ethersydophanes, coordination
cages, molecular clips and tweezers, cucurit{ls (CB[n]), H-bonded capsules, pillararenes,
and otherg are among the most commonly employed building blé&k7®%® When
considering biosupramolecular applications, goatiewsolubility, excellent biocompatibility,

and high binding affinity in salty water are particularly imporfd@ver the past decade, the
34
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synthesis® ' molecular recognition properties, and applicatiang.drug delivery, fluorescent
materials chemical sensing, supramolecular antidotes, supramolecular catalysis, and porous
materials) of organic and water soluble piligarenes has developed rapidly and been
thoroughly reviewed. WiP(Figure 11l -1) which feature CHCO;Na solubilizing groups, gul
biocompatibility and good host-guest binding affinity are particularly popular and have been
used to recognize lysine and arginth@!'® Recently, we reported that PillajMaxQ (Pn]MQ)
which feature OS€Na groups displayed greatly enhanced bindifiimity compared to WR,
especially toward tertiary and quaternary ammonium dns.

As a new host the biosupramolecular applications jM®) have not been explored.
One important application of cation receptors like]MQ is the binding andetection of
biomarkers. Podfranslational modifications (PTMs) play an important role in the regulation of
protein function:!®’The N-methylation of lysine and arginine on the tail of histonei3)(is
an important class of PTMs. These methylasmmatures have the potential to act as biomarkers
in various diseaséd®1%For example, high levels $f3K4 trimethylation H3K4Mes) have

beenassociated with a poor patient outcome in hepatocellular carcitf8iftaese methylations

N'N CB[n] NN

WPn (R = CH,CO,Na)
P[NMQ (R = SO;Na)

Figure 11l -1. Chemical Structures of CBJ and pillararenes receptors.
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commonly occur inside the nucleus where methyl transferase and demethylase enzymes
orchestrate the degree of methylation resulting in distinct chromatin structure, function, and
ultimately biologcal outcomée'?¥122 To study the methylated states of lysine and arginine,
chemical tools are needed that can selectively recognize the methylated ouwszthglated
residue. Accordingly, the molecular recognition of goahslationally methylated amino acid
residues hasden investigated using a variety of supramolecular hosts as a route toward new
diagnostics and therapeuti@d.1%® Given our collective interest in using molecular containers in
biosupramolecular applicatiott$*and the observed high selectivityR8MQ for tertiary and
quaternary ammonium iofi8we decided to explore the molecular recognition properties of
P[n]MQ toward methylateds.nonmethylated amino acids, amino acid amides, and the

methylated peptide fragments of the histone 3 tail.

3.2 Reslts and Discussion

This results and discussion section is organized as follows. First, we present the
measurement of the binding affinity of P5SMQ and P6MQ toward a series of (methylated) amino
acids and amino acid amides by isothermal titration calorimetry and discussitrémelslata.
Subsequently, we present investigations of the geometry of the stronger host-guest complexes by
'H NMR spectroscopy. Given the high binding affinity of P6GMQ toward methylated amino
acids, we next used indicator displacement assays to méasuni@ding of P6MQ toward a

series of postranslationally modified peptides derived from the tail of histone 3. Finally, we
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present the results of adltom explicit waté’ molecular dynamics (MD) simulations to gain

insight into the geometrical feas and the driving forces for the P6MQ complexation events.

3.2.1Selection of amino acids and amino acid amides

As described above, we have previously studied the bindinghf¥@[toward a series
of cationic and dicationic guests that also differ indegree of alkylation of the cationicN
atoms3® We observed that RIMQ preferentially binds to quaternary over primary diammonium
ions and that monocations bind more weakly than dicatfodscordingly, we selected a series
of amino acids, amino atiamides, and Mcetyl amino acid amideBigure Il -2) that allow us
to assess the importance of: (1)ii@mm interactions€.g.HT Ki OH vs.HT Ki NH2vs.Aci KT
NH2), (2) the degree of methylation of the cationic side chains on lysine and arginiii@) trel

nature of the hydrophobic residue on the complexation strength.

g N, ﬁ;‘) N NH HN__NH \N
AN =N 2 2 2 2 H-H- NH
L N
HN
p NH
b) o HRNH Ac-R-NH, 2
n 0 O H-F- NH2
H,N'm % HoN NH, )LN NH,
o) o) H o
H-R-OH R=R' =R"=H
H-R(Me)-OH R =Me, R'= R"= H
Sym-H-R(Me,)-OH R =R”" = Me, R'=H
Asym-H-R(Me,)-OH R =R’'=Me, R" = H o} HYNHz O H-W-NH,

Figure 11l -2. Chemical Structures of: (a) lysine derivatives, (b) arginine derivatives, and (c)

other amino acids used in this study.
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3.2.2Measurement of thermodynamic parameters { isothermal titration

calorimetry (ITC)

We first decided to measure the thermodynamic parameters of complexation|KQP[
with the panel of amino acid derivatives showirigure Il -2. Given the known ultratight
binding of Ph]MQ toward cationic guesf we expected that the strength of some of the
P[n]MQ-amino acid complexes would exceed the range that is measured accurak¢yIdR
titrations Ka> 10* M" 3.24 Accordingly, we elected to use ITC as the main analytical technique.
Figure Il -3ashows the thermogram recorded when a solution of P6MQ (0.1 mM) in the cell
was titrated with a solution ¢f1 K(Me3)i OH (1.0 mM) from the syringe. Integration of the data
inFigurelll-3aal | ows the construction Fghreld-3lpl ot of ol
which was fitted to a standard 1 : 1 binding isotherm using the PEAQ data analysis software to
extractKa=(3.39+0.15) x 1OM' 'land o@H = 1 5. 9 4!THe reBultstolreldted al mo |
direct titrations of P5SMQ and P6MQ with the panel of amino acid derivatiugarg Il -2)
were performed similarly and the results are collectélchivie 111 -1. For the weaker complexes
(e.9.Ka< 10* M' 3, the working concentratioref host and the guest were increased in order
sample a larger portion of the binding isotheeny(more appropriate ITC-galug).”*’® The
binding constants for the PSMQ-guest complexes span from 92®M.42 x 10M' whereas
those of P6MQ-guest span from 1740 kb 3.20 x 16M' ! All of the complexes are driven by
favorabl e changes in enthalpy (@H) upon compl
known for macrocyclic host®(g.cyclodextrins, cyclophanes B, pillararenes) where it is
known as the noglassical hydrophobic effect which is due to the release of water molecules

from the cavity of uncomplexed host upon host-guest complexitidfi+?
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Figure Ill -3. (a) ITC thermogram recorded durifgé  t i t rati on of P6MQ (10
with HT K(Me3)i OH (1.0 mM) in the syringe. (b) Fitting of the data to a 1 : 1 binding model

with Ka= (3.39 + 0.15) x 10M" ! Conditions: phosphate buffered saline, pH 7.4, 298.0 K.

Table 1l -1 Thermodynamic paraeters (K[M' 1 ,  oHA '[Hidetantinedar the

P5MQ guestand P6MQguestcomplexes by ITC. Conditions: 298K, PBS buffere®DHpH 7.4

P5MQ P6MQ

Guest Ka(M™) qH (kcal mol'}) Ka(M') qH (kcal mol')
Hi Ri OH (3.7740.24)x 10° 16.57+0.18 (5.85+0.13)x 1C° 76.65+ 0,06
HiR(Me)i OH (5.87+0.17)x 10° 15.50£0.19 (1.15+0.04)x 10 15.42£0.05
Sym-Hi R(Me,)i OH (5.35+0.16) 10° 14,84+ 005 (6.45+ 0.36)x 10" 14.78+0.10
Asym-Hi R(Me,)i OH (3.25£0.34)x 10° 13.36£0.16 (1.71£0.06)x 10° 16.64£0.12
Hi Ri NH (2.12+0,06) 10° 78.01+0.13 (1.16+0.03) 10° 7111.2£00
Aci Ri NH; (3.27+0.29)x 10* 14.94£0.30 (4.51+0.17)x 10 18.49+£0.11
Hi Ki OH (9.26+2.67)x 10 11.70£0.38 (1.74£0.09)x 10° 14.84:£0.14
Hi K(Me)i OH (1.24+0.23)x 10° 7479061 (9.19+0.18)x 10° 75.13+0.03
Hi K(Me,)i OH (6.13+0.18)x 10° 17.31£0.20 (2.52+0.05)x 10° 18.10£0.04
Hi K(Me )i OH (1.76+0.07)x 10 7110.8+03 (2.89+0.13)x 10° 16.44+0.02
Hi Ki NH; (5.42+0.10)x 10° 19.67£0.11 (3.20+0.19)x 1¢° 110.5£0.0
Ac-Ki NH (7.19+0.28)x 10" 17.99+0.20 (9.29+ 0.46)x 10" 79.37+0.11
HiHV NH, n.b. n.b. (9.01+ 2.49)x 10° 16.09£0.04
Hi Fi NH;, n.b. n.b. (4.43£0.25)x 10¢ 19.54£0.03
ACi Fi NH, 3 3 (5.99+ 1.89)x 10" 12.39+ 003
HiYTNH; n.b. n.b. (2.66+0.30)x 10* 112.0£0.2
Hi Wi NH, n.b. n.b. (8.20+ 1.28)x 10° 17.62£0.02

n.b = no heat detected= not measured.
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3.2.3Influence of ioni ion interactions on themolecular recognition of

P[n]MQ toward amino acids and amino acid amides

The data infable Il -1 allows us to discern the influence of ioion interactions on the
binding of the polyanionic PSMQ and P6MQ hosts toward ionic guests. For example, lysine
(HTK7OH) and arginineT Ri OH) are expected to be overall cationic at neutral pH although
they conain two cationic and one anionic grodggure Ill -4ashows a cartoons of the proposed
geometry RfIMQ-Hi Ki OH derivative complexes and highlights the attractive;NH 03SO
and repulsive COE ' O3S0 ionion interactions. In contrast, lysine amidé Ki NH2) ard
arginine amideHT Ri NH2) are dicationic at neutral pH and do not suffer the unfavorable
CO, E'03S0 interactions. Conversely-atetytysine amide Aci Ki NH2) and NAcetyl-
arginine amideAci Ri NH2) are monecationic at neutral pH and should bené&fim favorable
NHs" E" O3S0 interactionsFigure 11l -4ashows the differences in binding free energy of the
P[N]MQ-Hi KiOH versusthe PhIMQ-Hi Ki NH2 complexes and the fMQ- Hi Ki NH
versusP[n]MQ-Aci Ki NH2 complexes. The elimination of the unfavorable & 0sSO
interactions results in complexes that are su
mol ! P6MQ: ompG mell ywHeredsihe élimiaation of favorable NE ' OsSO
interactions is energetical ’!P6MQ:sstdpG (P5MD.:1ap
mol' 3. Values for the RJMQ-HiRiOH to Ph]MQ-HiRiINH2( P5 MQ: @mpG = 12. 38
mol? P6MQ: ommpG mel yargl PHMQ-H Ri AlH2 to Pn]MQ-Aci Ri NH>
( P5MQ: ompG mol+#+1 .P6AVQk ¢ agpG mel )edmpléx@s sHow siithr
trends for similar pairwise comparisons. We conclude that favorable electrostatic interactions

(catiorE anion) provide an important driving force fomy1Q-amino acid derivative
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a)

P5MQ P5MQ
AAG = AAG =
-3.78 kcal mol! +1.20 kcal mol!
[ — | e—
PEMQ PEMQ
AAG = AAG =
-4.45 kcal mol™! +2.10 kcal mol'! ‘
Q. ‘ ; o ‘
f Q *HaN
‘HaN™ "COy” )/ "HsN"™ "CONH, AcNH™ ~CONH, 3 2
P[MMQ-H-K-OH P[AIMQ-H-K-NH, P[AIMQ-Ac-K-NH, P6MQ-H-K(Mez)-OH  ||P6MQ-Asym-H-R(Me,)-OH
- cation-x interactions cation-z and nt-nt
[O = OSOa'][ = favorable ion-ion interaction ][, 4 = unfavorable ion-ion interaction] with aromatic walls with aromatic walls

Figure Il -4 (a) Cartoon of the interaction of MQ with lysine, lysine amide, and-Ncetyl-
lysine amide. The green and red double headed arrowdigpbbtfavorable and unfavorable
electrostatic interactions, respectively. (b) lllustration of the proposed geometries of the

P6MQHT K(Me3)i OH and P6MQAsym-Hi R(Me2)i OH complexes.

complexation and that unfavorable (arficamion) electrostatic interactions can result in large

free energy penalties.

3.2.4Influence of the degree of methylation on the molecular recognition of

P[n]MQ toward amino acids and amino acid anides

The panel of amino acid derivatives contains a series of [yding€{OH, Hi K(Me) i
OH, Hi K(Me2)i OH, Hi K(Me3)i OH) and arginineli R OH, Hi R(Me)i OH, Sym-Hi
R(Me2)i OH, AsymHi R(Me2)i OH) derivatives that differ in the degree and pattern of
methylation. As thelegree of methylation increases across the series of lysine derivatives, we
observe thaKa values toward PSMQ and P6MQ increasedd@ and 166fold, respectively
(Table 11l -1). Similarly, along the series of methylated arginine derivativegbserve a 29
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fold increase in binding affinity for PEM@sym-Hi R(Me2)i OH compared to PEMMT Ri

OH. The increased affinity of P6MQ toward the more highly methylated amino acid derivatives

is consistent with the previously reported binding oflAR toward akane diammonium ion,

and also with other macrocyclic host systems. We believe that the more hydrophohic NMe

group enhances both the hydrophobic effect and the €atiort o mponent s of bi ndi 1
allows the P6MQHT K(Me3)i OH complex to assume the gaetry shown irFigure Il -4, and

which in turn reduces the unfavorable electrostatic interactions EC03SO) upon binding.

3.2.5 Influence of the Nature of the Hydrophobic Residue on Binding

The P6MQ host features two equivalent hax#nic portals sepated by a hydrophobic
cavity which explains the tight binding exhibited toward derivatives of lysine and arginine which
feature hydrophobic and cationic sidechains. To gain insight into the importance of the nature of
the hydrophobic side chain, we detarad the binding between®MQ and the four aromatic
amino acid amidedHi HT NH2, HT Fi NH2, H7 YT NH2, Hi Wi NH2) which feature imidazole,
phenyl, hydroxyphenyl, and indole ringgaple Il -1). We find that all four PEMQ-aromatic
amino acid amid&, values cluster in the range of 82@@,300 M ! In contrast, no heat was
detected during the titration of P5MQ (100 &M
indicative of weak bindingia < 10* M" 3. This weak binding of these aromatic amino acid
derivatives arise due to the narrower cavity of P5SMQ which recognized linear alkyl chains
preferentially over aromatic rings. Related ITC titrations of PEMQ and methionine amide,
leucine amide, or glumaine amide did not show any heat evolved indicating even weaker

binding for these amino acid amides. Taken together, these results suggest that the presence of an
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aromatic side chainiprombéeereactbmpsewnt tonhhbyw
the presence of a cationic and preferably methylated sidechain (e.g. lysine or arginine) is needed

to achieve submicromolar binding in PBS buffered water.

3.2.6 Qualitative'H NMR Host-Guest Recognition Study

Having determined the thermodynamic paransetébinding, we proceeded to glean
information on the geometry of the tighter host guest complexes (P&&@-Hi R(Me2)i OH
and P6MQHT K(Me3)i OH) by *H NMR spectroscopyFigure 1l -5ashows theéH NMR
recorded foHT K(Me3)i OH in PBS using the labelling same given inFigure Il -1 andlIl -2.
Figure 11l -5¢ shows théH NMR spectrum of an equimolar mixture of P6MQ afick(Me 3)i
OH. We observe that the methonium group;(H qpd = 17T 1. 9 ppm) and the m
(H; i = 12.0 ippaijil.ash dp pm)uredergo Kibbtantial upfield shifts
upon formation of PEBMT K(Me3)i OH whereas the protons closer to the carboxylate
substituent&.g.Hs, Hg, Hh) undergo small to no change in chemical shift upon binding. This
pattern of changes in cherai shift establishes that the BACH>CH> group is located within
the anisotropic magnetic shielding environment of the P6MQ cavity whereas the carboxylate
terminus is located outside the cavity. The resonancessfandHH, of P6MQ do not undergo
significant (@i O 0.1 ppm) changes in chemical s hi
of P6BMQH1 K(Me3)i OH is presented ifrigure Il -4b. This geometry allows for maximization
ofthecatioAn anid GHht eractions bet ween:Nf@®Hegroed ect r ost
and the electron rich aromatic walls of the caviigure 11l -5b shows théH NMR spectrum of

a 1l : 2 mixture of P6MQ andi K(Me3)i OH; the presence of a single set of resonancedifor
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K(Me3)i OH at chemical shifts in between those of uncompléxeld(Me3)i OH and
P6MQH1 K(Me3)T OH establishes fast kinetics of exchange on the chemical shift timescale.
Figure Ill -5& h shows a similar set 3H NMR spectra recorded férsym-Hi R(Me2)i OH.

Formation of tke P6MQAsym-HT R(Mez2)i OH complex results in substantial upfield shifts for

methylated guanidinium group¢H @u = T . puppmi 1HO ppm) and
the protons closer to the carboxylate groug,(H qpi = +4) . tplip ©OmQY,. Heplp p m;
T0.15 ppm). The direction and magnitude of

P6MQ-Asym-Hi R(Me2)i OH complex indicated that the dimethyl arginine unit is bound within
the magnetic shielding environment of the P6MQ cavity where itbsneft r om cat i on’

interactions with the walls of the P6MQ host as illustratdeigure 1l -4b.

3.2.7 Molecular Recognition of H3K4 Peptides by P6MQ Monitored by

Fluorescence Titrations

The high binding affinities of P6MQ towatd-R-NH2, HT K(Me 3)i OH, Asym-Hi R(Me2)i OH
andSym-Hi R(Me=)i OH prompted us to study the interaction of P6MQ towards a peptide
fragment of the histone 3 (which will be referred tdH8&4) and the various Mnethylated

states of arginine at position R2) or lysine at position 4K4) (Figure 11l -6). Given the high

binding constants observedde infrg and the small quantities of the peptides available, we
decided to use direct and competitive fluorescence titrations to measure the binding constants for
the P6MQ-peptideomplexes. Through the screening of various host cdyglexes we found

4 Ngiaénidino2-phenylindole DAPI) was a suitable fluorescent guest for indicator

displacement assalpAPI is well known to bind to Adrich regions of DNA and undergo an
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Figurelll-5'"H NMR spectra recorded (600 MO,pH
7.4) for: (a)HT K(Me3)i OH (1.0 mM), (b) a mixture o1 K(Me3s)i OH (1.0 mM) and P6MQ
(0.5 mM), (c) a mixture oHT K(Me3)i OH (1.0 mM) and P6MQ (1.0 mM), (d) a mixture laf
K(Me3)i OH (1.0 mM) and P6MQ (2.0 mM), (&sym-Hi R(Me2)i OH (1 mM), (f) a mixture
of Asym-Hi R(Me2)i OH (1 mM) and P6MQ (0.5 mM), (g) a mixture Abym-Hi R(Me2)i OH
(2.0 mM) and P6MQ (1.0 mM), and (h) a mixtureAdym-Hi1 R(Me2)i OH (1.0 mM) and

P6MQ (2.0 mM).
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& 2-lld enhancement of fluorescent® DAPI also binds to other macrocyclic cation receptors

(e.g. CB[7])}**First, we performed a direct titration of a solutiorD#PI (100nM) with a

solutionof PEMQ (02 € M) and monitored t hiatioeahd866mem. on at -
Figure lll -7ashows a plot of fluorescence (RFU) versus concentration fitted to a standard 1 : 1
host: guest binding model ( ESIgA)5+xwhMforh al | owed
P6MQDAPI in PBS. Subsequently, we implemented andattir displacement assayising

DAPI as a fluorescent indicator to determine the binding of P6MQ towaltd3ipeptides. For

this purpose, we titrated a solution of P6MQ (125 nM) A&1 (100 nM) with a solution of

H3 peptide and monitored the fluoresce emission at 450 niFfigure Il -7b shows a plot of

change in fluorescence versiBK4Me] fitted to a competitive binding model which allows

for the determination of &= 230 £ 40 nM for the P6M®3K4Me2 complex. The binding

constants for the remairgrP6MQH3 peptide complexes were measured analogously and the

results are presentedTiable Il -2. Interestingly, we find thati3K4, H3K4Me, andH3K4Me:2

bind with submicromolar affinity to P6MQ by factors of >1000, >300, antbl’stronger than

the coresponding amino acid$i Ki OH, Hi K(Me)T OH, andH1 K(Me2)i OH, respectively.

This enhancement of affinity can be rationalized by the removal of the unfavorableaartan

interactions (C@ E ' 0sSO, Figure Il -4) and by the additional cationic residues on the guest
(N-terminus and side chain residue). Hi#&K4Mes peptide is the strongest binder in the series
(P6MQH3K4Mes, Kq = 16 nM) and binds Hbld stronger than the unmodified peptide as

expected based on theeference of P6MQ for quaternary ammonidftishe nanomolar affinity

of P6MQ towards the known biomarkdBK4Mes in a salty media (137 mM NacCl) indicates
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the potential of P6MQ to be used in biological systems. To our knowledge P6MQ has the
strongest nported affinity toH3K4Mes of any supramolecular host. Additionally, the
H3R2Meza andH3R2Mezs peptides also bind P6MQ withgkalues of 50 nM and 70 nM,
respectively. These binding constants are-fbld and 223fold stronger than for the analogous
aminoacid complexes P6M@sym-H-R(Me)2-OH and P6MQSym-H-R(Me)2-OH which

again shows the loss of unfavorable £ OsSO interactions. Encouraged by the high levels of
binding affinity and good selectivity for the methylatdd peptides, we decided to delve into the

complexation geometries and driving forces computationally.

H eR

N H3R2Me,s R = R’ = Me, R" = H H3K4Me R = Me, R*=R” = H

MR onmg H3R2Meja R = H, R'= R = Me H3KaMe, R = R’ = Me, R" = H

HN H3K4Me3F! R =R"=Me OH

y O
H3N\)J\ N N\)'I\ N\)'L NH, HsN\)L \)J\ N\.)LN NH;
H o : H o

(H3K4 R=R'=R"=H) 0 NH, 0 NH,

Figure Il -6. Structure of the historté3K4 peptides used in this study.

Table Il -2 P6MQ peptide dissociation constant&§, n M) measured by puor e:c

indicator displacement assax@spH7€ondi ti ons: 10
Guest Kd (nM)

Hi K(Me3s)i OH 430+ 70

H3K4 540 £ 70

H3K4Me 340 £50

H3K4Me:> 230 £40

H3K4Mes 16 +3

H3R2Meza 50+ 6

H3R2Mezs 70+ 10
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of P6MQ (125 nM) andAPI (100 nM) with a solution off3K4Mez2i n phosphate bu
saline at pH 7.4. Reported dissociation constargghe average of six measurements, curves

andRof exemplary triplicate data (see ESI A).

3.2.8 Investigation of the Binding Processes of P6MQ Toward Amino Acids,
Amino Acid Amides, and H3 Peptides by Molecular Dynamics Simulations
The high binding affinities of PEMQ towakdii Ri NH2, Hi K(Me 3)i OH and especially
theH3 peptides prompted us to perform molecular dynamics simulations to better understand the

geometry and the molecular determinants behind the complexation driving forces. A total of

eight systems were studied: uncomplexed P6MQ, P&M&T OH, P6MQHT Ki NH2,

48

o

e



P6MQ-Hi K(Me3)i OH, PEMQH3K4 (lysine bound), PEM3K4 (arginine bound),
P6MQH3K4Mes (KMe3 bound), and P6M@t3K4Mes (arginine bound). All the systems were
initialized in a physically reasonable configuration, using Spartan féd3reomplexes?® The
compkxes were parameterized using the AMBER GAFF2 force field and each system was
neutralized with Naand Cl counterions at a concentration of 0.15 M to reflect the nature of the
PBS buffer used experimentalff. The equilibration and production simutatis used the Nose
Hoover thermost&t’ and the ParrinelidRahman barostdf held at 298 K and 1 bar, placing the
simulation under the constant number, pressure, and temperature (NPT) ensemble. In all cases
the GROMACS* simulation engine was useal perform the equilibration and production
simulations, and calculations were performed using PLUMEBelow, we separately report
our observations derived from these MD simulations separately for uncomplexed P6MQ,
P6MQ-amino acid (amide), and P6M4B peptide complexes.
3.2.4.1 Uncomplexed P6MQ

The (in)ability of water to solvate the hydrophobic cavity of uncomplexed macrocyclic
hosts has been shown to provide an important enthalpic driving force for high affinity
hosts!?138142 Accordingly, we pedrmed MD simulation of uncomplexed P6MQ to explore its
agueous solvation. We analyzed the number of hydrogen bonds (nHB) that each water molecule
participates in within a distance r of the center of mass of P6MQ usindiledh \Where the
function HbondsX, Y) counts the number of hydrogen bonds formed between the groups X and
Y. Inegn (lIl-1) P6MQ and LIG represent the hydrogen bond acceptors and donors atoms of the

host and bound ligand which accept and donate hydrogen bonds (N, O, HYCanadrtl HOex:
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respectively refer to water molecules within and outside of the region of interest defined by r.

For uncomplexed P6MQ, no ligand is considered (vide infra for liganded systems).

(ATTAO ! 3 (ATTADO h )
(1-1)

Figure Ill -8ashows a free energy plot of the number of hydrogen bonds formed within 6
A of the P6MQ center of mass for bulk water, P6BMQ, and various P6MQ-ligand complexes. We
find that the number of hydrogen bonds formed per mwitiin 6 A of the center of mass of
uncomplexed P6MQ (1.93) is substantially smaller than the number formed per water in bulk
water (3.5). The Fbond deficiency of waters encapsulated inside other hosts have been tabulated
previously Biedermann, Nau,afdc hnei der and range from 1. 00 f c
for CB[8].1* What disrupts the Hhonding network for P6MQ? We find that waters between 4 A
and 6 A from the center of mass of P6MQ (e.g. near the portals) tend to fbomdd to the
sulfate goups of P6MQ, orienting thei® bonds outward and pointing theg®oms inwards
with a deficiency of FBonds. In contrast, for # molecules in the core of the P6MQ cavity (r <
4 A), we find two distinct populations of water depending on whether* @Nas present in the
core of the P6MQ cavity. In the presence of ias Figure 11l -8b andc), water molecules
orient themselves such that thea@ms coordinate to the Nan at the center of the P6MQ
cavity resulting in large deficiency of-bbnds. In the relatively rare event that an Na+ ion is not
present inside P6MQ, 2.15Ibbnds are formed on average betwee® kholecules and different
H-bond topologies arise due teetconfinement inside P6MQ. For example, a cychisdAding
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Figure 11l -8. Characterizing Fbonding in and around P6MQ and complexes. (a) Plot of the free
energy (see ESI f orversusayeragemumbear & hydrogen bonksea watgrs t e m
moleaile participates in. (b and c) The coordination of water molecules by sodium ions in
uncomplexed P6MQ, with front side of P6MQ not shown for clarity in panel. Red lines

correspond to Fbonds and water molecules are depicted in blue. (c and d) An exantipte of

hydrogen bonding network in bulk water. We calculate the hydrogen bonds (red lines) formed
within a region of trFéA smcludinghpdiogeo bondsacrossthe y n e d
surface of the region; solid blue molecules are located withiretfien and transparent ones are

outside. (e) Cyclic Fbonded water network observed in the absence af Na
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network comprising five or six water molecules is observed in the MD simulation as shown in
Figure Il -8e

We also computed local density plots dedvrom radial distribution functions which
aim to quantify the structure of water around the cavity. Since the radial distribution function g(r)
is related to the | ogalr),wtmaysliredtlyintgrpfet g(r) asther o u g h
localden s i t ¥'We( exami ned | ocal densities around th
r O 7 i), hBigureplr9esantedean the P6MQ center of
The local density of water molecules for uncomplexed P6MQ shows a eakdqr 2.78 A < r
< 3 | (consideriOnglirst@n4&ej) waltagras:;i nOESI A) whe
waters with 4 §j O r O 6 | shows a sharper pea
peak at 2.78 A. The broad peak seenforP6MQ (r4 i) i s consistent with
hydrogen bonds are formed in the core of P6MQ as establiskéglire 111 -8c andd. When
Na' is present in the P6MQ cavity, water molecules are oriented such that hydrogen bonding is
less likely, resulting in a broader distribution df@distances.

From the regions of high local densityHigure 11l -9awe identify two populations of
water moleales. There are two regions of high local densitlgigure Il -9a. The leftmost peak
in local density corresponds to water molecules which are hydrogen bonded g 80
integral of this peak suggests that most sulfate oxygens-bométed to a water otecule é.g.
Figure Il -9b). A single water molecule can form either one or two hydrogen bonds tg OSO
and the inteloxygen distance between water and sulfate corresponds to the leftmost (2.78 A)

peak. The integral of the first peak indicates each H§M@up forms 3.51 Hbonds with water
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Figure 11l -9. Characterizing the radial location of waters from the center of mass of thé OSO
groups. (a) The local density of waters less than 7 Angstroms from P6MQ sulfate oxygens,
where the dashes line indicatbe local density of bulk water. The local density is averaged over
all oxygens. Note that the density of water is largely independent of the bound ligand. (b) The
leftmost peak of (a) is explained by water maleles (depicted in blue) that are hydrogen

bonded (depicted as red lines) to P6MQ. (c) The broader peak around 5 A includes water
molecules which are not hydrogen bonded to @ich are typically coordinated by Nens

(not pictured, seBigure lll -8and ESI A) .

molecules on averagsuggesting that water molecules sacrificbdhds with one another to
preferentially form Hbonds with P6MQ.

The results of the local density and hydrogen bonding analysis suggest that the presence
of sodium in the core of the binding cavity of PEMQ cawsater molecules to reorient such that
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they are not able to form hydrogen bonds with one another as effectively as in bulk. Similarly,
the intense negative charge of the portals of P6MQ causes water molecules to preferentially form
hydrogen bonds with OSQover other waters. Our findings unequivocally show that water
structure plays an important role in the high affinity binding of P6MQ.
3.2.4.2 P6MQ-Amino Acid (Amide) Complexes

Snapshots of a representative geometry of PGM®BIK(Me 3)i OH is shown inFigure
lll -10aand snapshots of P6MRi Ki OH and PEMQHiKiNHz2ar e gi ven in the E:
computed the depth of bindingsgghg for these amino acid (amides) by considering the position
of the center of mass of each amino acid (amide) relative to P6BMQ as described he ESI1 . A
find that the PEBMQH1 K1 OH and P6MQHT KT NH2 complexes showwduindav @l ues i n t he
to +0.6 | range wiarborhmainiy plotrutes (pesgivedihd feom the h e U
P6 MQ p o r-tagbbn;sontetime pradrudes further (negatihwung. The amino acid (amide)
NHs" groups form iorion/H-bonds to the sulfate groups on P6MQ. In contrasiadafor
P6MQHi K(Me3)i OH is +0.4 A reflecting that the MB* group is bound in the center of the
P6MQ cavity and the alpb@arbon protrudes dm the sulfated portal. These results are in accord
with the complexation induced changeshhNMR chemical shift discussed above and the
geometries depicted Figure Il -4b andlll -10a In all three cases, the MD simulations show
that complex formationesults in exclusion of water from the central cavity of P6MQ which
constitutes an important driving force for complexatiig(re 11l -8a).

3.2.4.3 P6MQ-H3 Peptide Complexes
We did not find any differences in the dbound values for PGH8&4 versus

P6MQH3K4Mes when a common residue is bound (e.g. arginine at position 2 or lysine residue
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Figure 11l -10. MD simulation structures. (a) P6MRi K(Me3)i OH. PEMQH1 K (Me3)i OH

has only one bound conformatidfj K(Me3)i OH is bound at an angle withiP6MQ with

MesN* i n the center of the cavity. P6MQ pexes to
P6MQH3K4Mes (KMes bound). P6MQH3K4Mes (KMes bound) has a distinct conformation

in which the backbone and ntwound sidechains #13K4Mes form H-bonds with P6MQ. The

H-bonds formed between OSGind ar gi nine stabilizes arginine
the P6MQ aromatic walls. In both panels water molecules are depicted in Hioedsl as red

lines, and the ligand in magenta.

at position 4). It appears that sedary interactions between P6MQ and peptide play

significant roles in complex geometry. For example, when K or ¥Mleosition 4 is bound by

P6MQ, we find: (1) that the frminus NH*" undergoes backfolding to the sulfate portal to

engage inionon/H-b o n d s , (2) that the arginiiie sdtacgko qigt
interactionsFigure lll -10band ESI A) with the aromatic wall C
backbone amide iNH groups form Hbonds to the sulfate groupsSigure 11l -10b). Related H

bonding of peptide NH groups back to portal<€D groups has been seen with CB[&]These

additional modes of interaction that are not available to the amino acids (amides) are likely
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responsible for the enhanced binding affinities determined fdd 3hgeptides. And yet the
solutionphase preference for binding methylated peptides shown in the ITC data establishes that
the engagement of methylated side chains is an important pacbghigon in the context of

whole peptides.

3.3 Conclusions

In summary, we have measured the thermodynamics of binding of PEMQ toward a series
of methylated derivatives of the amino acids lysine and arginine by ITC in PBS. We also
measure th&, values fomine amino acid amides to quantify the energetic benefits (costs) of
favorable (unfavorable) electrostatic interactions upon complexation. We find a 4.45 Kcal mol
energetic penalty for COE " O3S0 interactions and a 2.1 kcal mébenefit for NHE ' 03SO
interactions for P6MQ. The geometry of the complexes were established on the Hddi8viR
complexation induced changes in chemical shift and by MD simulations. The PBMQ-

K(Me3z)i OH and P6MQAsym-Hi R(Me2)i OH complexes feature the Niffeand NMe*

groups located in the center of the P6MQ cavity. Fluorescence competition assays demonstrated
that P6MQ recognizdd3K3Mes, H3R2Meza, andH3R2Mezs with Kq values below 70 nM

which is attributed to the presence of setary ioni o ', , ~ albowd intéractions of the
remainder of the peptide with the portals and outer surface of PEMQ. The MD simulations show
that the structure of water in the core cavity of P6MQ and near the sulfated portals are unusual in
that a defieency of Hbonds is observed, in part due to the presence of sodium in the binding
cavity. In addition, we find that water molecules preferentially forpadds with P6MQ rather

than other waters due to the intensely negative charges of the sulfatesl @réahbll, the work
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established P6MQ as a promising new host for the recognition efrpastational modifications
in salty media with potential future application as reagents for enzyme assays, analyte detection,

and proteomics enrichment strategies.

3.4 Experimental

3.4.1 General Experimental

Chemicals were purchased from commercial suppliers and used without further
purification or were prepared by literature procedd?é®NMR spectra were measured on
commercial instruments operating at 600 MHz#glusingRO as sol vent . Chemic
are referenced relative to the residual resonances for HOD (4.80 ppm). ITC data were collected
on a Malvern Microcal PEAQTC instrument and analyzed using the software provided by the
vendor. The fluorescence titrations were performed using a BioTek Cytation5 multimode plate

reader.
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Chapter 4: WA®Oteacntneodn Soufbst ances

Urine UsimgMaax (PiBlalsaerdf] Ass ay

4.1 Introduction

Sports are enjoyed in various forms by people all over the world. Due to this widespread
admiration, there is a large amount of money involved both at the player level, and team
ownership levelDue to this large incentive to perform at thghest level no matter the cost, it
is imperative that safety measures are in place to help makinatitbe athleteare competing
fairly andnot taking drugs thatould harm thenor give them an unfair advantatfé To put it
mildly, this has proven to hdifficult 1% 357 with scandalsicross many sports from steroid use in
MajorLeagueBasebali n t h e ethatléay to Cdh@résonal hearifefto the state
sponsored doping of Russian athléf@dvost recently,in 2021 the International Olympic
Committee announced that weightlifting was removed from the list of events for the 2028
Olympics with the press release namingithistorical incidence of dopirgas a contributing
factor6®

While the mostaccurate and precisiug testing is currently performed usiteghniques
such agjaschrometography:°¢1¢tand ultra higkperformance liquid chromatograpfiy*6*
among other methods, they are expensive and are not very mobile. Advancementbaskght
sensor®?and sensing assays such as enzimked immunoassays allow for the relatively
quick detection of prohibited substanéest>®n addition to enzymdinked immunoassays,

indicator displacement assays (IDAY®""with supramolecular hosts have been effective at the
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detection and differentiation of compounds such as offtatisgamphetamine§in biologically
relevant mediums.

We have previously studied the binding interactionBibar[n]MaxQ (P[n]AS) towards
a variety of cationic and dicationic guests, including some biologically relevant molecules such
as amino acid¥®neuromuscular blocking agerffsand drugs of abuse such as
methamphetamine and fentai§To investigate further the selectivity P[n]AS towards
catioric andbiologically relevant targets, we identified compounds listed on the World Anti
Doping Agency (WADA) Prohibited List*as possibly useful targets.

We report here the successful implementation of a sensing assay basst guelst
interactions with RjJAS that is able to detect and differentiate 13 compounds that are either on

the 2023 WADA Prohibited List*or are structurally similar to those on the list.

4.2 Results and Discussion

The information in thisection is organized as follows. First, we present and discuss the
binding affinity of Ph]AS towards a panel of WADM&anned drugs as measured via isothermal
titration calorimetry (ITC) and indicator displacement. Then, we'dS¢MR spectroscopy to
probedeeper into the structural relationships in the dgosist binding interactions for the more
structurally similar guests. Having established the selectivity@AB[we leverage this
selectivity to create a sensing assay in phosghafered saline (PBS3p accurately identify
each target at micromolar concentrations. Finally, we use the same conditions used to assay to
guantify two targets in simulated urine to obtain a limit of quantification (LOQ) for each

substance below the threshold required fogdasting.
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4.2.1 Selection of World AnttDoping Agency (WADA) Banned Substances

As PIn]AS has been previously found to bind cationic guests more strdmagly t
neutral or anionic guests, we have selected mostly cationic stimulants as we believe they
will be most readily boundVe observed that RJAS is able to effectively bind cationic guests
with P5ASin particularpreferring linear aliphatic cations over cyclic catiéh¥°To further
probe this selectivity, we chosfee compounds shown Figure IV -1. In particular we wanted
to includebranched and linear monocationic stimulants to determine how much of an effect the
length, and branching location, play in determining the association constant. Conversely, P6AS
shows a preference for larger guests that can more completely fill the ¥&¥Myith this in
mind, we chose a selection of larger cationic stimulantsaweraheutral steroidal compounds
to determine if the selectivity remains even for4oationic compoundsdditionally, we added
betablockerto determine if our sensirggsaycandifferentiate compounds based on their role in
the body Finally, two compounds that are not explicitly stated as WAR»Aned substances
were includedXHeptNH3 andHCort) to show that the assay can differentiate structurally

similar substance$at are not banned to reduce the chance of a type 1 error (false positive).

4.2.2 Measurement of Binding Constant for the Panel with RJAS

4.2.2.1 Determination of thermodynamic parameters by isothermal titration
calorimetry (ITC)
First, we decided to meare the thermodynamic variables of binding for the pan@l/ADA -

banned compounds with®AS (n = 5,6). Given the relatively tight bindirstpown previously
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1HeptNH3 1,3dmButNH3

)Niz/\/\/,\tz)\/

2HeptNH3 1,3dmPentNH3

/’\tz/\)\)Niz/Y

1,56dmHexNH3 1 4dmPentNH3

?H H OH H
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o N7 NH
~

Hoechst * 3HCI

Figure IV -1. Chemical sructures oicompounds used in this study.

for P[n]AS with linearamines3®1%we felt comfortable that the binding interactions would be
strong enough to probe via ITEigure IV -2a shows the thermogram recorded when a solution
of 2HeptNH3 (2 5 0 ) ia RBS buffer (pH 7.4) was titrated into a similarly buffesetution of

P5AS @ 5 . 0). Fer Bach guest th@uocentrations of hosts and guests were chtusssample a
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Figurelv-2. (a) |1 TC thermogram recorded during the

with 2HeptNH3( 250 € M) i n Plohoéthesniegrated beats of dabh)titratisrthe
molar ratio with the solid line representing the best fihefdata to a 1:binding model with K

= (5.59 N "¢ pB=2-6.384 0.03 Ktal moMt ConditionsPBS pH 7.4, 298.0 K.

large portion of the binding isotherra.¢, more appropriate Wisemarvalug.”# 76 By

i ntegrating the r aswnolareatiaFigurealV -ab) carabe grdateditting f  oH
this plot to a standard 1:1 binding isotherm using PEAQ data analysis software allowsitite K

H values to be direct | yredobetindriplitaedesultinghireaske me a s

=(5.59+032x1 0 ‘taMd gH7+0.06 kcal moiafter error propagatidff for the
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Table IV-1. Thermodynamic parametersa(#11], qH° [kcal mol?]) determined for the

P5AS-Guest andP6AS-Guest complexes in PBS bufferegDHpH 7.4, 298 K.

Guest
1HeptNH3"
2HeptNH3
1,3dmButNH3
1,3dmPentNH3
1,4dmPentNH3
1,5dmHexNH3
Epi

Pseudo
Labetalol

Hcort

Cort”

Hoechst 33258

Lucigenin

PSAS

Ka( M 1)

(1.12+£0.06)x1 0
(5.59+£0.32x 10
(4.64+£034% 10
(2.95+0.15%x 1 0
(9.90 £ 0.28) 103
(1.53+£0.08%x 1 0
n.b.
n.b.
(9.65 £ 0.27)X 103
n.b.
n.b.

(2.83 £ 0.14)% 10°2

PHA (kc

-6.84 +0.03
-9.17 + 0.06
-5.29+0.13
-5.70+0.13
-5.08 £ 0.23
-9.87 £ 0.08

n.b.
n.b.

-10.6 0.1

n.b.
n.b.

Ka( M

(3.65+0.22)X 1 0
(1.82+0.06)X 1 0
(7.89+0.17% 1 0
(1.89+0.05% 1 0
(355+0.13X 1 0
(6.37£0.43% 1 0
(4.39+0.17%X 1 0
(3.76 £ 0.05X 1 0
(9.26 £0.13X 1 0
(2.78+0.18X 1 0
(1.84+0.09% 1 0

(3.49 + 1.88)X 10 (1:1) [H:G]
(1.18 + 0.33)X 10° (2:1)"

P6AS

)

pHA
(kcal/mol)

-7.68 = 0.07
-6.38 + 0.03
-6.43 +0.02
-7.11+£0.02
-8.01 +0.04
-7.88 £ 0.05
-9.44 +0.14
-7.94 £0.02
-11.0+0.0

-12.7+0.4

-14.1+0.2

a) Measured via change in fluorescencéu€igenin fitted to a 1:1 binding model; b) Measured

via change in fluorescence ldbechst33258fitted to a sequential 2:1 (H:G) model; n.b.) No

heat detected via ITC; %) Not explicitly a WABRanned SubstanceNot measured

P5AS 2HeptNH3 binding interaction. Similar direct titrations were completed for most of the

remaining guests with both P5AS and P6&fl e results are shown Trable IV-1.

Thebinding constant of thevo dyes eventually used in the IDBycigenin and

4.2.2.2 Determination of Binding via Fluorescence Basadeasurements

Hoechst33258 were measuredirectly with PSAS and P6AS respectivdly monitoring the

fluorescence of each dye with varying concentrations of bstdata from three replications

for each host concentration was then fitted to a binding model using Sci¥nmtile
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Lucigenin fit a 1:1 biding modelHoechst33258was fit using asequential:1 binding model.
Interestingly hefluorescence intensitipr P6ASHoechst33258increased roughly 8tbld at
1:1 (H:G) ratio before decreasing slowly until it was roughhfd@ more intense than the
uncomplexed dye. Tsequential:1 binding interaction wittHoechst33258has previously
been reported with CB[#’ and CB[8}°® by Barooahand coworkers.

4.2.3 Influence of Length and Branching of Aliphatic Stimulants on Rj]JAS

Binding

We knew from previous studi€ghat P5AS preferentially bound linear alkane
moleculesThis can be seen once again here as the tightest binding complex of all of the
WADA -bannedsubstancemeasured is that of P5SAB-eptNH3. With this in mind, let us first
focus on the set difranchedonstitutional isomer§lHeptNH3, 2HeptNH3, 1,3dmPentNH3
and1,4dmPentNH3 to examine the effedhe number of branches and branching location has
on binding affinity towardd5AS We can see thaegerally, the more linear the molecule, the
higher the asxiation constanfThis can be seen dasleptNH3 bindstwo-fold stronger than
2HeptNH3, 380fold stronger thaii,3dmPentHN3 and over 1100old stronger than
1,4dmPentNH3 We can also see thatenthe linear portiorbetween the ammonium group and
the branbed methyl group is lengthened by one cardg8dmPentNH3 vs.1,4dmPentNH3
the binding affinity becomes roughly thrésd weaker.

Moving our attention to the other alkyl stimulants measured, we can see that when the
additional methyl spacer lengthens the moleddi&dmHexNH3vs.1,4dmPentNH3 the
binding affinity actually increases by over 1tsdd. When theadditional methyl spaceés added
after the branched methyl gro(h3dmPeniNH3 vs.1,3dmButNH3) the binding affinity
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towards P5AS decreases slightly but largely remains the Jdrese results, taken with our

previous findings that alkyl diammonium guest have a positive cooelaetween P5AS

binding affinity and chain length (from@& carbon chains¥ suggest that the location of the

branched methyl group may affect how much of the guest is able to enter the binding cavity, thus
reducing the effect of the increase in cHaimgth.These resultare in agreement with trel

NMR spectra obelected guests explained below.

These trends largely exist for P6AS kgt binding strength remains relatively agnostic
of chain length and branching location for the guests meaddfit@te the difference between the
weakest and strongest binding of guests mentioned abowver a 1,000old difference, it is
only about ar8-fold difference for P6ASConverselyfor P6AS, lengthening the alkyl chain
results in an enhancement in binding affinity regardless of if it is before or after the branched
methyl groupThis suggests thabtal chain length is the most important fadmrP6AS binding
strength. This is most likely because P6AS is able to accomntbeatetirety of the bulkier
branchednethyl group throughout the entiretyitd bindingcavity. This isalsoin agreement

with theH NMR dataas explained below.

4.2.3Sdectivity of Aliphatic vs. Aromatic Stimulants and Effect of Hydroxide

Groups on Binding Affinity of Stimulants

Two aromatic stimulants, namdipi andPseudq were measured in this study. In both
cases, P5AS was not found to have noticeable binding tewe#tder stimulanivhich, is similar

to what has been previously reported with a similar stimulant, methamphefminig is

consistent with the idea that P5AS is not able to effectively encapsulate these larger guests.
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However, P6AS was able to bind both guests, but at lower affinities compared to the other
stimulants. This is most likely due to thgdrophilic hydroxylgroups close to theationic
ammonium grouresent ircachmoleculesWhen comparinghe Ka for P6AS Pseudo(Ka =

(3.76+ 0.05) x 1 M) to P6AS methamphetamine @& (9.90 + 0.39x 10°M™),*it is clear

that thepresence of theydrophilic hydroyl group is the driving factor for the relatively low
affinity of Epi andPseudo Similarly, when comparingpi to Pseudq it is not surprising that

Epi, which hagwo additional hydrryl groups at the meta and para positions of the ring relative
to the alkyl chain, binds almost an order of magnitude weakeP$eumdodespite the added

steric bulk near the ammonium groupRsfeudo

4.2.4 Influence ofFunctional Group on P[n]AS Binding Naturally Occurring

Steroids

Previously the Isaacs group has investigated the binding affinitynpA®with modified
cationic steroids and found that both PSAS and P6AS were able to bind the various cationic
steroid analogues with affinities ranging fro®r-1L.e° M for PSAS and 19102 M for P6AS
in 20 mM phosphate bufféf.Nauand coworkers have similarly investigated the binding of
naturally occurring steroids with CB[7] and CBJ[8] in various biologically relevant solutfons.
Both of these studies suggest tthe largeiP6AS may be able bind naturally occurring steroids.
While P5ASwas not found to have noticeable binding towards any of the steroids fe6f8
was able to bind each of them and showed ssetextivty. When looking aHcort, we can see
it bindsroughly 6.6 timesthanCort. The only difference between thesempounds is the

hydroxyl group orcarbon 17 of the steroid backbdioe Hcort versus just hydrogeior Cort.
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4.2.6 Qualitative'H NMR Host-Guest Recognition Study

With the association strengths now establishedcanducted qualitative investigations
with selected guests to further investigateliimeling geometry for fp]AS and selected
ammonium compounds, vial NMR spectroscopy. In particular, we were interested in the
penetration of each branched chain in® ¢avity of PRJAS. To this end, we measured the
spectra oP5AS 2HeptNH3, P5AS 1,3dmButNH3, P5AS 1,3dmPentNH3
P5AS1,4dmPentNH3 P6AS-2HeptNH3, P6AS-1,3dmButNH3, andP6AS-1,3dmPentNH3
each in 12, 1:1, and 2:1 (H:Gdatios Figure 1V -3 shows1,3dmButNH3 with varying
concentrations of eithé?5ASor P6AS.
Most notably, we can see the large upfield shift in the signal for the proton located on the alpha
carbon to the amine group{HU -£2 ppm) for P6ASL,3dmButNH3. Conversely, the signal
for same poton for the P5ASL:,3dmButNH3 complex shows almost no change in chemical shift
(Hopt =0.1ppm). The signal for the adjacent methyl shows a similar effect for
P6AS1,3dmButNH3 (Hapt -£1 ppm)vs.P5AS1,3dmButNH3(Hapd = < +0. 1 ppm).
Taken togethe this establishes that the cationic head of the amine is not able to enter the cavity
of P5AS, but it is able to enter the cavity of P6AS. If we then turn our attention to the resonances
of the methyl H protons at the tail, we can see that there isgelapfield shift for both P6AS
(Henpu -E7, Hnpu -E9) and P5AS (EinlG -E£3, Hapl  -£8). Additionally, the hydrogens
become chemically neaquivalent upon complexation. The large upfield shift establishes that

t he di met hyl e§isableto@nteoihtothecavity whailentherdisparity between the

ni for P5AS suggests that while one methyl groc
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Figure IV -3. *H NMR spectra recorded for (600 MHz, RABS buffered-0, pD 7.4) for: a)
P5AS (1.0 mM)b) a mixture ofL,3dmButNH3 (0.5mM) and P5AS 1.0 mM), ¢) an equimolar
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P6AS (1.0mM), g) an equimolar mixture df,3dmButNH3 and BAS (1.0 mM), and) a

mixture of1,3dmButNH3 (0.5mM) and BBAS (1.0 mM),i) P6AS (1.0 mM).
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pointed outside of theavity. This pattern can be seen for all of the branched aliphatic amines

(Figures SIV-211 SIV-25).

4.2.7Detection of WADA Banned Substances in PBS Buffer

4.2.7.1 Determination of the Conditions for Assay

Initially a series ohostdyecomplexesvere tested against a panetiod tighter binding
andstructurally similarstimulants(Blank, 2HeptNH3, 1HeptNH3, 1,3dmButNH3,
1,3dmPentNH3 1,4dmPentNH3, 1,5dmHexNH3) ata concentration of 8 Mo determine
which hostdye complex would yieldhe greatest change in sigfad the indicator displacement
assay (IDA. This should in turn tell us whiatonditionswould result in the largest separation
between molecules in the final assByeviously, we have usédNgiadnidino-2-phenylindole
(DAPI) with P6AS effectively as a way of measuring the binding constant of modified
peptidest® In addition toDAPI, we tested thioflavin T, proflavine, rhodamine &@gigenin,
andHoechst 33258ndividually in equimolar mixtures of either P5AS or P6/&Mce
Leucigenin and Hoechst 33258, when bound to P5AS and P6AS respectively, had the largest
signal changes allowing us to separate the compounds the most effectively. We also found that at
the @mncentrations we were testingxtures of P5SAS_ucigenin, and P6ASHoechst each at
concentr atandbn £ Mo fwe2 ee M h eNobudahertoptiminatioth was caoieds .
out when the guest concentration was increased for the sensing assay becstiseanted to

maintain as much differentiation at low concentrations as possible.
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4.2.7.2 Implementation of Linear Discriminant Analysis (LDA) to Detect and
Differentiate WADA Banned Substances in PBS Buffer

Once we had settled on the dyes and conatoirs, the next step was to determine the
best emission wavelengths to moniftwo conditions involving P5A%ucigenin (equimolar at
2¢ Mand 5¢ M, and two conditions involving P6ABeechst33258(equimolar ak € Mand 5
€ M were usedThe emission sp&@ of each conditiomweremeasured every 5 nm from 43%0
nm and 335135 nm respectivelyl'ypically, in order to increase the predictive accuracy as much
as possiblsimilar differential sensing assalyavebeenconducted in pure watéf;*! andat
relatively high concentrations of gue$tThese strategiéacrease the predictive accuracy as
much as possible hipcreasing the total amount of dye displaced, thus maximizing the change in
spectroscopic signar.o showa more representative view of the predictive power of thpASF
based assay asmethodor drug testing, welecided tausea more competitivand hologically
relevantPBS buffer (1 7.4) as our medium. We then chose the lowest concentadtguest
that yielded over a 90% accura®pe M with 15 separate measurements of each analyte.

To prevent overfitting, thereby increasing the generalizalafithe resulting modethe
number of dimensionsMavelengthaised was reducedFirst, unhelpful and extraneous
wavelengths were removetio determine the best wavelength® usedanalysis of variance
(ANOVA) on the data to help seldbie 15 best wavehgths To do this, for each wavelength
measured, the variance in signal within each compound was compared to the overall variance at
that wavelengthAn additional 3 wavelengths that were best adénguish guests like the
aromatic amines and steromere addedesulting ina total of18 variablesThen new variables

which explain the data more efficienttalledfeaturesor linear discriminant¢LD), were found
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usingthefeature extraction algohim linear discriminant analysis (LDA§>1°LDA is a
supervised learning technique that finds new variables that are a linear combination of the
original variables that both reduce the variance within each class (compound) while maximizing
the variance between each class. To do this, IBfugh ths techniquel.D1-LD3 were able to
include 8.5% of the total variangeorinformation contained in thd 8 variablesremainingafter
feature extractionThese LDs not only more efficiently explain the data, but they are also
carefully chosen to reduce tepreadwithin of each group whilenaximizing the separation
betweergroups.These new variabledsotheoretically describe underlyimginciplesthat
di fferentiate each c-plotspbthe first hiee LD pre shownkgure T h e
V-4

LDA can also be used as a predictive tool. To find the predictive power asshg
stratified K-fold cross validation (CV) with K=15 was us&d.To do thisthe data for 2
different guests at 5§ Mwere separated into 15 different grogpsh that a single measurement
of each compound was randomly assigned to each gbmepof the 15 groups were haldt as
the remaining data were used to train a LDA mo#fter the LDA was trainedn the 14 groups
the heldout group was then used st the accuracy of the model. This was repeated for each of
the 15 groups, with a new model trained each tiimea total of 15 models)sing this method,
in total, themodek were able to predict the hetuit data witH92.3 + 6.9 % accuray. By making
a chart of the predicted identity for each compound on on axis, and the actual identity on the
other axis, you can create @ndusion matrix Figure SIV-30) whichallows us to easily seghat
compounds were the easiastdhardest to accurately predictwsll as what the model

consistently confusethis gives us an idea of what the model determines théomossimilar.
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Figure IV -4. Cross sections of the threéémensionalLinear Discriminant Analysis (LDA) plot
for thediscrimination of 2 WADA-bannedanalytesat5 0 ¢ Bhchguest. The predive
accuracy was determined to 23+ 6.9% as determined via stratifiedidld (K = 15) cross

validation.

If the model perfectly predicts every compound, the diagonal wehdd/ 15/15 in this case,
while every other place in the table would show 0/15. Looking at the confusion matfirdw
that compounds with similar binding constants are rofteh confused for each other. Most
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notably we see th&ipi was predicted with #nlowest accuracyl(¥15) and was most often
confused forCort. Both of these analytes do not bind strongly to P5AS and have similar
association constant with P6AI& order to furthermprove the model and the accuracy score f
this proofof-concept assa the following things can be donk) increase the concentrations of
guest 2) use a less competitive buffer to get a larger signal chaBgese more data points so
that the model can pick out the pattern more easil) addmoreconditiors, particilarly one
that is adepat differentiating between the compounds that are currently the hardest to
differentiate betwee(steroid in this instanceAs a notecondition that fulfills criteriad would
be helpful even if it cannot differentiate any of tither guests from each other.

An interesting feature that we recognized was that the plot separated chemicals of
different pharmacological classes from each ofhie. steroidsvere separateflom the
stimulants along a boundary that extends from the blank todatdmPentNH3 which can be
seen readily in the LD¥s.LD3 plot (Figure IV -4c). The LDA function appears to plot all of the
stimulant and steroid data points along the same plarfepwly the betdlocker, labetalol,
located in another plane. This should mean that if aurdimown analytevere to be introduced
and detected, the assay shduddable to suggest which to which pharmacological subgroup the
analyte belongslo test thigheoryEstradiol, new steroidhat was not used in creating the
classifier was measuredsing the same protochen the classifier was then asked to predict
what the compound wathe LDA classifier predicted it was a ster@d% of the timgDexi 8,
Hcort i 4) and it was twice confused for the blaBkacepharmacologicallysimilar compounds
are able to be grouped togethrs assayffers useful information even when analyzing novel

analytes
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Since each LD theoretically represents some underisangble, it is worthwhile totake
a momento attempt to determine whiitoseunderlying variable (LD1 and LD2)might be
since theyshouldbe able to tell us more about the nature of each bindiegartion It is natural
to think that LD1 and LD2nightcorrespond to the binding constants of each guest with P6AS
and P5AS. This can be easily checked by plotting each LD vs the binding constants and looking
for a trend Figure SIV-3171 SIV-34). The logof theKa values for PSAS and P6AS show a
parabolic correlation towards LDa&s LDL becomes more positive, the for both P6AS and
P5AS increasingly approaches 0. This increase is sharper for P6AS than for P5AS. Interestingly,
LD2 appears to contain infaration regarding the entropy for the binding interaction of the linear
stimulants with P5AS as there is a slight positive correlation between the two values. This would
help to explain why the value for labetalol in LD2 is so different compared to eVvenyhaist
since labetalol is the only guest to have a posifivepSralue. Unfortunately, since the binding
interactions are too weak to probe via ITC effectively, accurate entropy values could not be

obtained for all guests to see if this correlation &dtd all guests.

4.2 8 Quantitative Detection of Epinephrine and Pseudoephedrine in

Simulated Urine.

With the conditions now optimized for the separation of each compound, the ability of
the assay to determine concentraiiosimulated urinevas determined/Ve chose simulated
urine for two reasons: 1) of ttad1,430samples tested and entered intoAné-Doping
Administration & Management SysteqfADAMS) in 2021, over 90% were conducted on urine

samples,/! 2) we wanted to remove the use of a biohaZBoddo this, simulated urine was
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spiked with various concentrations of eitligri or Pseudo The aimwas to be able to accurately
detectEpi andPseudobelow thethresholdimits for competitions defined by WADA.27¢ M
and908s Mrespectively:’?>1"3The calibration measurements for concentrations fret&aD
¢ Mof Pseudoand G100 & MEpiavere collected using the samenditions and wavelengths
as abovavithout further optimization

This data was then run througimew LDA algorithmfor each analytéo prevent
overfitting. The first discriminant asthen fitted to a regression support ie@anachine
(rSVM).1%°rSVM works similarly to traditional linear regression curves with a few notable
exceptionsin this instance the main advantage is,thettead of fitting a line with infinitely
small thickness, it fits a line with a tunattedth, UJ on either side of the central lingny point
inside this width is essentially assumed to lie along the line and no penalty is applied to these
data points when fittingllowing the fitting curve to be influenced less by outliéf$er looking
at thedata, it was clear that the concentrationBsdudowere nonrlinear with respect to LD1,
so the data was transformed into a plot of M31he natural log of the concentrations. After the
line was fit, the concentrations were transformed back to thaalispace by taking the
exponent of the calibrated y valugsgure SIV-31). After calibration two previously
unmeasuredoncentrations were chosen to test the accuracy of the &ss@seudoone of
these two concentrations wastween the limit of LODf our modeland theWADA -defined
threshold limif andthe other wasbove the WADAhreshold limit For Epi it quickly became
apparent that theurrent assay would not be able to mea&ieat concentrations close to the

WADA -threshold.Theresults of the calibratioand predictiorcan be seen iRigure IV -5. The
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Figure IV -5. Calibration plots for a)-2500¢ M Psewdoand b) 0100 & MEpf i r

simulated urineEach concentration was measured 10 times af@KCV (K-10) was used to
minimize the error of the training concentratiofnke calibrations were able to achieve LOD of
28.6e Mand LOQ 0f31.8¢ Mfor Pseudq and LOD of 5. Mand LOQ of 19.k Mfor Epi.

The red lines represent the standard deviation of the predicted concentrations. The solid black
line represents a perfect correlation between predicted and actual concenfratmtest
concentrations (grey) used for each compound with one above andlonetive WADA

threshold limit

LOD and LOQ for each model were defined according to previously defined Vdloids 1, di
1 Opliespectivelyplus the predicted blank concentration w h ygapresenis the standard
deviation of thepredictedblankconcentration

The calibration plotyielded an LOD of 28.6 Mand LOQ of 31.& Mfor Pseudo For

the Epi calibration plots, the LOD was 5¢7 M and the LOQ was 191 M For Epi

concentrations 3¢ M41.3¢e M wer e tested, and t he&6yB8r2edi ct ec

e M, 48.814.0¢ M r e s p e cRseudgedngentratiors df86e M alk08e M wer e
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tested, and the predicted concentrations W82+ 7.0¢ Mand1270+t21¢e M r esp.ecti vel
As stated previously, the assay is not sensitive enough at the moment to detect concentrations of

Epi near the WADAthreshold. However, the assay is able to fairly accurately predict the
concentrations dPseudonot only around the WADAhreshold, but ihas a remarkable range as

it has a LOQ 3@old lower than the WADA threshold while still being able to predict

concentrations above millimolar concentrations with less than 6% error. Taken together, this

suggests that this preof-concept assay, with ftlrer optimization, could be useful as a quick

and cheap way to screen athletes for banned stimulants.

4.3 Conclusions

In summary we have measured the thermodynamics of the bindi®{g]AS toward a
panel ofstimulants908steroids, and a betdocker by ITC in PBS buffer. We also use those
measurements to make conclusions about the favorability of various small structural changes to
the guest molecule such as alkyl chain length and branching location. The geometryusf vario
complexes were established through the uselddMR analysis to study the changes in
chemical shift induced by the formation of ashguestcomplex Namely, the smaller P5AS is
not able to fully encapsulate tbationic head of the branched alkyl ammon groups while
P6AS is large enough to encapsulate the entire molecule into its cavity. Additionally, we were
able to show that an indicator displacement assay made from Rizgnin and
P6ASHoechst33258complexes is able to differentiate structurgdl s i mi | ar compound
concentrations of guest with over 90 % accuracy in PBS. This was then taken one step further

and we were able to show that using the same conditions, the assay is able to accurately calibrate
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Pseudoin simulated urine with aQQ well below the WADA threshold level for drug testing.
Overall we have establishednAS as a promising container family for use in an IDA and
provided a proabf-concept drug testing assay for the detection and differentiation of

structurally similar ompounds.

4.4 Experimental

4.4.1 General Experimental

Chemicals were purchased from commercial suppliersised without further
purification or were prepared by literatymoceduresSimulated urine was purchased from Flinn
Scientific (AArtificial Urine, Nor mal 6 Lot #29
Biomedicals brand tablets (Lot#S7091) in HPLC grag® HEnd using minimal NaOH or HCI to
adjust the pH as needéti NMR spetra were measured on commercial instruments operating
at 600 MHz for usingodium phosphate buffer&}bO saline (pD 7.4ps the solvent. Chemical
shifts (U) are referenced relative to the res
collected on aMalvern Microcal PEAQTC instrument and analyzed using the software
provided by the vendoAll fluorescence measurements were performed ugiagGreiner Bie
One black, flatbottomed, polystyrene 96 well plate and measured wgpextraMax
multimode plate readeData analysis and machine learning algorithms weptementedn
Python usingrandas,”*numPy,*’® and scikitlearn'’® libraries.All data analysis filegind csv
files for the calibration curveand LDA plotcan be found on GitHub:

https://github.com/dakingl1/WADA _sensot.gi
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'H and ¥*C NMR spectra recorded for new compounds (G1 and G3)
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Figure Sl -1. '"H NMR (400 MHz,CDCl; + few drops ofCDsOD) recordedor N,N,N-trimethyltriamantand-aminium iodide(G 11A.
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'H NMR binding studiesfor CB[7] and CBJ[8] toward triamantanesG1i G4
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Figure Sl -5. 'H NMR spectra recorded (600 MHz, R0 mM NaQCCDs, pD 4.74) for: a)51 (0.5 mM), b) CB[7] (0.2 mM), c) an
equimolar mixture o661 and CB[7] (0.2 mM), and d) a mixture GflL (0.4 mM) and CBJ[7] (0.2 mM).
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Figure Sll -6. 'H NMR spectra recorded (600 MHz, R0 mM NaQCCDs, pD 4.74) for: a)52 (0.5 mM), b) CB[7] (0.2 mM), c) an
equimolar mixturegs2 and CB[7] (0.2 mM), and d) a mixture 62 (0.4 mM) and CBJ[7] (0.2 mM).
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Figure SlI -7. 'H NMR spectra recorded (600 MHz, RS0 mM NaQCCDs, pD 4.74) for: ajG1 (0.5 mM), b) CB[8] (0.2 mM), ¢) an

equimolar mixture o661 and CB[8] (0.2 mM), and d) a mixture GfL (0.4 mM) and CBJ[8] (0.2 mM).
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Figure Sl -8. 'H NMR spectra recorded (600 MHz, RT;@ for: a)G2 (0.5 mM), B CB[8] (0.2 mM), ¢) an equimolar mixture G2
and CB[8] (0.2 mM), and d) amixture82( 0. 4 mM) and CB]J[ 8]G2¢omplex preciditates fronhselutionBbiit 8ah A
be made temporarily soluble by heating to obtain the NMR spectra given above.
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Figure SII -9. *H NMR spectrarecordedor (600 MHz, RT, D20) for: a) G3 (1.0mM), b) CB[7] (1.0 mM), c) an equimolarmixture
of G3 and CB[7] (1.0 mM), and d) a mixture &3 (2.0 mM) and CB[7] (1.0nM).
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Figure Sl -10. The expanded guest region f6t NMR spectra recorded for (600 MHz, RTz@) for: a)G3 (1.0 mM), b) an equimolar

mixture of G3 and CBJ[7] (1.0 mM), and c) a mixture 63 (2.0 mM) and CBJ[7] (1.0 mM).
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Figure Sl -11. *H NMR spectrarecordedor (600 MHz, RT, D-20) for: a) G3 (1.0mM), b) CB[8] (0.5 mM), ¢) anequimolarmixture

of G3 and CB[8] (0.5 mM), and d) a mixture &3 (1.0 mM) and CB[8] (0.5nM).
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Figure Sll -12. The expanded guest region fét NMR spectra recorded for (600 MHz, RTz@) for: a)G3 (1.0 mM), b) an equimolar
mixture of G3 and CBJ[8] (0.5 mM), and c) a mixture 63 (1.0 mM) and CBJ8] (0.5 mM).
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Figure SII -13. *H NMR spectrarecordedor (600 MHz, RT, D20) for: a) G4 (1.0mM), b) CB[7] (1.0mM), c) anequimolarmixture
of G4 and CB[7] (1.0 mM), and d) a mixture 6# (2.0 mM) and CB[7] (1.0nM).
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Figure Sl -14. The expanded guest region féf NMR spectra recorded for (600 MHz, RTz@) for: a)G4 (1.0 mM), b) an equimolar
mixture ofG4 and CBJ[7] (1.0 mM), and c) a mixture G4 (2.0 mM) and CBJ[7] (1.0 mM).
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Figure Sl -15. *H NMR spectrarecordedor (600 MHz, RT, D20) for: a) G4 (1.0mM), b) CB[8] (0.5mM), c) anequimolarmixture
of G4 and CB[8] (1.0 mM), and d) a mixture 64 (2.0 mM) and CB[8] (1.0nM).
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Figure Sl -16. Theexpandedyuestregionfor *H NMR spectrarecordedor (600MHz, RT, D20) for: a) G4 (1.0mM), b) anequimolar
mixture of G4 and CBJ[8] (1.0 mM), and c) a mixture G4 (2.0 mM) and CBJ[8] (1.0 mM).
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Determination of Kaof Cucurbit[7]uril towards G1, G2 and G4 using
Isothermal Titration Calorimetry (ITC).

Thebinding datawasfitted usingthe singlesetof sitesbindingmodelin MicroCalPEAQ-ITC
analysis software.
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AH (kcal/mol)

-TAS (kcal/mol) = 3.24

Time (min)

T

T
15

Molar Ratio

Figure Sl -17. a) Plot of change in DP vs time from the titration of CB[7] (0.145 mM) Bith
50

(0-0.362m M)

n

mM NaOAc
molar ratio of CB[7]G1. The solid line represents the best-tiarar fit of the data to a 1:1 binding

buf f er ed HR&EuUnctipntbf

model Ka = (1.6 +0.1) x TOM'Y; Hep (i 10.4 + 0.076) kcal mbt).
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4 SM-02-41 TAANH3CI 2mM into 0.2mM CB7 NaOAc Buffer 1.3
-0.5—4 Model: One Set of Sites

-4 [Cell] (M) = 168e-6 + 497e-9

-1— [Syr] (M) = 2.00e-3

< N (sites) = 1.00

-1.54 KD (M) = 13.2e-6 + 357e-9

7 AH (kcal/mol) = -4.98 + 3.4e-2

-2 Offset (kcal/mol) = -3.5e-2 + 1.3e-2
AG (kcal/mol) = -6.66
-TAS (kcal/mol) = -1.67

AH (kcal/mol)

0 0.2 04 0.6 0.8 1 1.2 14 16
Molar Ratio

Figure SlI -18. a) Plot of changan DP vstime from the titration of CB[7] (0.168mM) andwith

G2 (071 0.375 mM) in 50 mM NaOAc buffered-B, pH = 4.74.b )

Pl o tH aaffundtidne

ofmol ar

r at G20 Thesolid he feprdséehts the best Hlioear fit of the data to a 1:1

binding model Ka= (7.5 + 0.2)x 10* M'%; qH = (1 4.98 + 0.034) kcal mb¥).
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T

0.2

-037

DP (pcal/s)

-0.5-

0.6

Time (min)

0‘_ DK-2-24_1.0mM _Bis-ada-NH3_0.1mM_CB7_NaOAc
054 Model: One Set of Sites
J [Cell] (M) = 100e-6

-1 [Syr] (M) =1.00e-3
4 N{(sites)=0.874 +1.3e-2
-15- KD (M)=1.29¢-6 + 315e-9
7 AH (keal/mol) = -4.16 £ 0.129
-2 Offset (kcalmol) = 1.5¢-4 + 7.3¢-2
7 AG (keal/mol) = -8.04
"] -TAS (keal/mol) = -3.88

AH (kcal/mol)
T

Molar Ratio

Figure Sl -19. Isothermal Titration Calorimetry (ITC) curve obtained through direct binding
titration studies. A solution of CB[7] (0.100 mM) in the cell was titrated @i#H1.00 mM) inthe
syringe at 298.0 K in 50 mM sodium acetate buffered water at pHK.Z4(7.75 + 1.89) x 10
ML Average of 3 measurement& = (6.73 + 1.41) x 10OM'%; gH = (13.79 + 0.10) kcamol' *:

i TqB = (i 4.16+ 0.15kcalmol™); oG = (i 7.96+ 0.11)kcal mol'L.
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Determination of Ka of CB[7] and CB[8] towards 1, 7, and 8 using*H NMR Competition

2 +2500000
in 1000000

|

1

M1

2400000
2300000

—5.5546

,5000,,1, 2200000

2100000
2000000
Competition between CBI8] & | — -0 1900000
1800000

T T
| 560 555 550 545
NG NHp 1 (op

f1 (ppm) +1700000
1600000
CHs Name: M1
H From: 5.442 ppm 1500000

3C To: 5.640 ppm
Residual Error:3,24e+09 1400000

N 3-HCI i i
14l # ppm  Height  Width(Hz) UG Area 1300000
15,5546 331056.71 7.1 0.00 15977511.350
2 5.51B8 666193.54 5.2 -0.00 23721563.347 1200000

1100000
1000000
CB[8]3 900000
CBigl1 800000
700000
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v 500000

+400000
300000
Vl 200000
J\\""’\M ~100000
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r-100000
F--200000

Wy

6:5 é‘.O 5:5 5:0 4:5 4:0 35 - (ppm)ln 2:5 ZI.D 1:5 1:0 OI.S 0:0
Figure SlI -20. *H NMR spectra recorded (600 MHz, RT, 50 mM NaOAc Buffere®pH = 4.74) for a competitive mixture of CB[8]
(0.200mM), C1 (16.5mM), andG1 (0.11mM) atequilibrium Krel = 493.8(Equilibrium wasstudiedstartingfrom bothdirectionsand

gave the samke value).
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M 280
260
Name: ML M1 2 b 100
From: 5.426 ppm 240
To: 5.642 ppm
Residual Error:88 |
# ppm  Height Width(Hz) L/G Area | \ 50
1 5.5601 32.93 2.18 -0.13 780.506 /A 220
2 5.5441 54.98 3.06 -0.44 1911.036 /u “\
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Competition between CB[7] &
| L
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CH
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HsC N\—
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1 (ppm

T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Figure SIl -21. *H NMR spectra recorded (600 MHz, RT, 50 mM NaOAc Buffere@,[pH = 4.74¥or a competitive mixture of CB[7] (0.100
mM), C1 (0.22 mM), and53 (0.11 mM) at equilibriumKrer = 11.99 (Equilibrium was studied starting from both directions and gave
the samerel value).
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1 3000000
Name: M1 -2800000
From: 5.469 ppm
To: 5.668 ppm 2600000
Residual Error:1.59e+08
' _ | 2400000
# ppm Height Width(Hz) L/G Area
1 5.5881 1140514.97 1.87 0.65 20797898.083 -2200000
2 5.5698 944619.22 1.87 0.69 17177130.073 | 5000000
3 5.5455 13352.77 2.29 0.49 306141.758
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Figure Sl -22. 'H NMR spectraecorded 600MHz, RT, 50 mM NaOAcBufferedD20, pH = 4.74)for acompetitivemixtureof CB[8]
(0.100mM), C2 (0.33mM), andG4 (0.11mM) atequilibrium Kre = 3.46(Equilibrium wasstudiedstartingfrom bothdirectionsand
gave the samié.e value).
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Affinimeter Output Filesfrom the Competitive Titration of CB[8] + C3 with
G3or G4.

Experimentl: Measuringhe bindingaffinity of C3 andCB[8]

+A
( : i MA ( ) MA2
Species

Figure SlI -23. Cartoonrepresentatioof the stepwisel :2 bindingmodelusedin AffinimeterE
for both titrations ofc3 (A) and CBJ[8] (M) outlined in FigureSII -247 SlI -29.

Results

- Global x?: 2.76e+00
° )(2 for curve [1]: 4.15e+00

Table 1: Correction parameterst fittedparameters in blue

AHgi; [cal-mol™l] Qap [cal] v Ta s

(1.1029 £ 0.0081)e+03 (9.8192 * 0.0309)e-01

Table 2: Reaction parametersf fited parameters in blue

Reaction K [M™] AH [cal-mol~l]

[1] Free species & M;A; (2.6699 + 0.3224)e+07 (-9.2300 + 0.0419)e+03
[2] MjA; + A; & MiA; (7.4697 + 1.7486)e+06 (-8.2808 + 0.0638)e+03

Figure Sl -24. Resultsfrom thetitration of C3 (A) titratedinto CB[8] (B) asapartof theglobal
fit for experimentl. op Hi = heatof dilution; ra = % of active C3 concentratiorfor titration 1.
Cell: CBJ[8] (0.02 mM); SyringeC3 (0.350 mM); Number of Injections: 18.

Figure 1:  Fitted Isotherm and Residuals * Exp Figure 3: Distribution of chemical species M
~Fit

| Ao
x 100 1 *MA,
—y—— {
0.0e400 |- 4 | *maA
B 210400 L
3 £
c" -4.28000 &
a 8 so0
=3
-6.40400 g
X 8
LT
st
850000 |- -
o}
0 06 1.2 18 24 3 36 04 08 12 .6 2 24 28 32
AUML

AUML

Figure SlI -25. Left) Integrated signal from titration 1 and best fit line frglobal fit (top) and
the residualsf thefit (bottom).Right) Percentoncentratiorof eachspeciegpresenin thecell

overtime with respect to the total CB[8] concentratiorn{llor totalC3 concentration (Aee,
M1A1, M1A2).
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Figure 2: Contributions to the Binding Isotherm MA, Figure 4: Thermal Footprints l AG
T M A,

AH
oo : S
| , = B s
243 4
0.00400
T - / 3
£ £
3 § =
= 456400 [ 3 4 =
(o] > =
a w
-9.00400 |- 4 10 1
-1.40401 . R 873
04 OB 12 6 -2 24 28 OF
AUME Reaction {#1] Reaction {#7]

Figure SlI -26. Left) Total contribution of each complexation reaction to the overall integrated
signalovertime for titration 2. Right) Graphicalrepresentationf o GgpHand-T g #r each
complexation reaction.

Results

- Global ¥?: 2.76e+00
o ¥* for curve [2]: 2.29e+00

Table 3: Correction parameters? !Medpaametors i bive

AHgjy [cal-mol™}) Qqp [cal] Iy A rs

(-2.9819 + 0,0212)e+03 (1.0325 % 0.0023)e+00 1.

Figure Sl -27. Resultsfrom thetitration of C3 (A) titratedinto CB[8] (B) asa partof theglobal
fit for experimentl. op Hi = heatof dilution; ra = % of active C3 concentratiorfor titration 1.
Cell: CBJ[8] (0.005 mM); SyringeC3 (0.040 mM); Number ofjections: 54.

Figure 5:  Fitted Isotherm and Residuals * Exp Figure 7:  Distribution of chemical species e
............................. —Fit LU e - A,

0.004+00 “A 100 F - MA,

M A2

—  3)0.00

= t

e m

n 620000 3

g g

a g

< -9.3e.00 s 50
8

-1.20401

Figure S28.Left) Integrated signal from titration 2 and best fit line from global fit (top) and the
residualsof thefit (bottom).Right) Percentoncentratiorof eachspeciegpresenin thecell over
time with respect to the tot@lB[8] concentration (Mee) or totalC3 concentration (fee, M1A1,
M1A2).
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Figure 6: Contributions to the Binding Isotherm m, A, Figure8: Thermal Footprints l AG

M Az
g

T T T T T T
R 0.00
3.90.00 F N\ . .
/ X Tas
7 A i
/ \
{
/ e 28 1
0.00:00 + J i o
-3.96400 ; 4 2 496 ]
f
-78e.:00 F [/ 1 4 720 b 4

) 08 1.6 2.4 3.2 4 4.8 56 . . v - . v
At/Mt Reaction [#1] Reaction [02]

20, [keal mol]

Energy [«cal/mal]

Figure Sl -29. Left) Total contribution of each complexation reaction to the overall integrated
signalovertime for titration 2. Right) Graphicalrepresentationf o GgpHand-T g #r each
complexation reaction.

105



Experiment2: Measuringthe binding affinity of G3 and CB[8]by usingC3 asa competitor.

+A
. : i MA ) ) MA2
Species

Figure Sl -30. Cartoonrepresentationf the stepwisel:2 bindingmodelusedin AffinimeterE
for both titrations of23 (A) and CBJ[8] (M) outlined in FigureSII -317 SlI -36.

Results

- Global x?: 2.81e+00
° XZ for curve [1]: 4.09e+00

Table 1: Correction parametersf fitedparameters in blue

AH4;q [cal -mol™1) Qap [call Iy Ta rp

(1.1023 * 0.0061)e+03 0.000e+00 1.000e+00 (9.8076 = 0.0224)e-01 1.000e+00
Figure SII -31. Resultsfrom thetitration of C3 (A) titratedinto CB[8] (M) asa partof theglobal
fitf or e x p erd ¥rheat of dilRtion; sgxH6 of activeC3 concentration for titration 1.
Cell: CB[8] (0.02 mM); SyringeC3 (0.350 mM); Number of Injections: 18.

Figure 1: Fitted Isotherm and Residuals " Exp Figure 3: Distribution of chemical species Miree
=Fit T Avso

<A 100 T M Ay

M Az

0.08+00

-4.20+00

A0, [keal - mol ]

040400 [

concentration {%]

I

B

-8.50+00 =

Figure Sl -32. Left) Integrated signal from titration 1 and best fit line from global fit (top) and
the residualef thefit (bottom) Right) Percentoncentratiorof eachspeciegpresenin thecell
overtime with respect to the total CB[8] concentratior{lior totalC3 concentration (Aee,
M1A1, M1A>).
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Figure 2: Contributions to the Binding Isotherm G el Tisal Foowdots S
T T T ~M, A,
- l AH
- 000 - . . -
. , . = .
3 243 b ]
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Figure Sl -33. Left) Total contribution of eacbomplexation reaction to the overall integrated
signalovertime for titration 1. Right) Graphicalrepresentationf o GgpHand-T g #r each
complexation reaction.

Results

- Global yx“: 2.8le+00
o x* for curve [2]: 2.27e+00

Table 3: Correction parameteysf  iedparameters in blie

AHg;) [cal -mol™!] Qap [cal] Iy A Ts

(-2.9759 £ 0.0157)e+03 100e+( 1.000e+ (1.0323 £ 0.0017)e+00 I, e+00

Figure Sl -34. Resultsfrom thetitration of C3 (A) titratedinto CB[8] (B) asapartof theglobal
fit for experiment2. qo Hi = heatof dilution; ra = % of active C3 concentratiorfor titration 2.

Cell: CBJ[8] (0.005 mM); SyringeC3 (0.040 mM); Number of Injections: 54.

Figure 5:  Fitted Isotherm and Residuals * Exp Figure 7:  Distribution of chemical species Mhre
“Fit Y Av"u
0.08+00 g b “a o M A,
o 1zt 33 s
TadiEiags 5° -~ A
11 ts *

-3.18400

~
o

-6.2e400

A0, fkeal - mol ')

9.3¢+00 |

concentration [%)
2

.
1.2¢+01 : 3

4 5 6 o 1 2 4 5

3 3
AUML AUML

Figure Sl -35. Left) Integrated signal from titration 2 abest fit line from global fit (top) and
the residualsf thefit (bottom).Right) Percentoncentratiorof eachspeciegpresenin thecell
overtime with respect to the total CB[8] concentratiorwéllor totalC3 concentration (Aee,
MiA1, M1A)).
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Figure 6: Contributions to the Binding Isotherm “"M;A; Figure8: Thermal Footprints
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Figure SlI -36. Left) Total contribution of each complexation reaction to the overall integrated
signalovertime for titration 2. Right) Graphicalrepresentationf o GgpHand-T g #r each
complexation reaction.

* +B
Fre.e <~ MB < MB>
Species
*
MA

Figure SII -37. Cartoon representation of the stepwise competition binding model used in
Affinimeterk for thetitration of G3 (A) into amixtureof CB[8] (M) andC3 (B) outlinedin
FiguresSll -38 - Sl -40.

Results
Global )(j": 2.81let00
° x" for curve [3]: 2.93e+00
Table 5: Correction parameterst fitedpaamoters in bl
DHgi, [cal -mol™?] Qan [cal] Ty ra rg
(-8.3660 * 0.1136)e+02 1. 000e+00 1.000e+0¢ (8.5858 * 0.0145)e~01 (1.4040 * 0.0115)e+00

Table 6: Reaction parameters?fiedparameters inbue

Reaction K [M™™) AH [cal-mol™l)
[1] Free species e M;B; (2.6496 %= 0.2385)e+07 (-9.2416 £ 0.0310)e+03
[2] M;B; + By = M;B, (7.4659 + 1.2976)e+06 (-8.2917 % 0.0472)e+03
[3] Free species & MjA; (1.1486 * 0.1689)e+13 (-1.0076 * 0.0045)e+04

Figure Sl -38. Results from the titration @3 (A) into a mixture of CB[8] (M) an3 (B) as a
partof theglobalfit for experimen®. gp Hi = heatof dilution; ra = % of activeC3 concentration
for titration 3. Cell: CBJ[8] (0.030 mM)C3 (0.175 mM); SyringeG3 (0.100 mM); Number of
Injections: 54.
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Figure 9: Fitted Isotherm and Residuals *exp Flgure 11:  Distribution of chemical species Meoo
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Figure Sl -39. Left) Integrated signal from titration 3 and best fit line from global fit (top) and
the residualef thefit (bottom).Right) Percentoncentratiorof eachspeciegpresenin thecell
overtime with respect to the total CB[8] concentration:£8 total C3 concentration (Bee,

M1B1, M1B>), or totalG3 concentration (Aee, M1A1).

Figure 10:  Contributions to the Binding Isotherm *M:B, Figure 12: Thermal Footprints l AG
170:01 P - - - A B, v S AU U L —
My Ay . a &
. . TAS
11801
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= =
2 5.60:00 | 2
g. .§. 455
] 5
= 0.08400 ®
uw
-1283
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A7
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Figure SlI -40. Left) Total ontribution of each complexation reaction to the overall integrated
signalovertime for titration 3. Right) Graphicalrepresentationf o GgpHand-T o #r each
complexation reaction.
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Experiment3: Measuringthe binding affinity of G4 and CB[8]by usingC3 asacompetitor

Free | > o MA <2 MA,

Species

Figure Sl -41. Cartoonrepresentationf the stepwisel:2 bindingmodelusedin AffinimeterE
for both titrations of23 (A) and CBJ[8] (M) outlined in FigureSlI -42 - SlI -47.

Results

- Global x?: 3.98e+00
o x? for curve [3]: 1.22e+01

Table 5: Correction parameterst /#edpaameters in bue
AHgs; [cal -mol™t) Qan [cal] Iy A s
(1.4547 + 0.0191)e+03 0.000e+00 1.000e+00 (9.7919 + 0.0324)e-01 1.000e+00

Figure Sl -42. Resultsfrom thetitration of C3 (A) titratedinto CB[8] (B) asapartof theglobal
fit for experiment3. op Hi = heatof dilution; ra = % of active C3 concentratiorfor titration 1.

Cell: CBJ[8] (0.02 mM); SyringeC3 (0.350 mM); Number of Injections: 18.

Figure 9: Fitted Isotherm and Residuals *Exp Figure 11:  Distribution of chemical species Mireo
T T “Fit T T T Aide

“A 100 M A,
M Az

|
0.00400 |
|

o

AQ; [keal - mol 1)
concentration [%)
£

2

.....

Figure S43.Left) Integrated signal from titration 1 and best fit line from global fit (top) and the
residualsof thefit (bottom).Right) Percentoncentratiorof eachspeciegpresenin thecell over
time with respect to the total CB[8] concentration£Mor totalC3 concentration (Aee, M1A1,
M1A2).
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Figure 10:  Contributions to the Binding Isotherm MA, Figure12: Themal Pootprints |
M Ay
I AH
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820400 g s
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0.00+00
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Figure SlI -44. Left) Total contribution of each complexation reaction to the overall integrated
signalovertimefor titration 1. Right) Graphicalrepresentationf o GgpHand-T o r each
complexation reaction.

Results
Global x*: 3.98e+00
Table3: Correction parameters/ /ittedpaametors in bue
2Hg;; [cal -mol™t] Qap[cal) Iy A rs
(-2.7148 % 0.0169)e+03 = 0.000e+00  1.000 (1.0176 £ 0.0017)e+00

Figure SlI -45. Resultsfrom thetltratlon of C3 (A) tltratedlnto CBJ8] (B) asa partof theglobal
fit for experiment3. op Hi = heatof dilution; ra = % of active C3 concentratiorfor titration 2.

Cell: CB[8] (0.005 mM); SyringeC3 (0.040 mM); Number of Injections: 54.

Figure 5: Fitted Isotherm and Residuals * Exp Figure 7: Distribution of chemical species M
----------------------------- -Eit T ——————
i o S A 100 - 4 TMA,
My Az
—  31ew00 F
2 s
= 628400
3
g 0.30:00

concentration [%]
8

-1.2e401

T SR O SIDUNUS S EPEISIE SIS |

Figure Sl -46. Left) Integrated signal from titration 2 and best fit line from global fit (top) and
the residualsf thefit (bottom).Right) Percentoncentratiorof eachspeciegpresenin thecell
overtime with respect to the total CB[8] concentratiorwéllor totalC3 concentration (Aee,

MiA1, M1A)).
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Figure 8: Thermal Footprints
Figure 6: Contributions to the Binding Isotherm M A, ‘0 i - 'AG
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Figure Sl -47. Left) Total contribution of each complexation reaction to the overall integrated
signalovertime for titration 2. Right) Graphicalrepresentationf o GgpHand-T g #r each
complexation reaction.
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Fre,e <> MB<— MB>
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MA

Figure SII -48. Cartoon representation of the stepwise competition binding model used in
Affinimeterk for thetitration of G4 (A) into amixtureof CB[8] (M) andC3 (B) outlinedin
FiguresSIl -497 SlI -54.

Results
Global x“: 3.98e+00
o x? for curve [1]: 4.38e+00
Table 1: Correction parametexrs! /e paameters in bive
AHgyq [cal-mol™l) Qap [cal] " Ta s
(=1.4297 % 0.0316)e+03 0.000e+00 1.000e+00 (9.2598 £ 0.0330)e-01 (1.0598 = 0.0060)e+00
Table 2: Reaction parameters?/Medpaamelers in be
Reaction K M) 2H [cal-mol™l)
[1] Free species & M;B; (4.9349 %= 0.3942)e+07 (-9.4436 * 0.0416)e+03
[2] M;B; + By &= M;B, (5.4213 = 0.6600)e+06 (-9.2195 + 0.0661)e+03
[3] Free species « MjA; (1.1418 = 0.2161)e+14 (-1.1501 * 0.0050)e+04

Figure Sl -49. Results from the titration d&4 (A) into a mixture of CB[8] (M) an®C3 (B) as a
partof theglobalfit for experimenB. ip Hi = heatof dilution; ra = % of activeC3 concentration
for titration 3. Cell: CBJ[8] (0.020 mM)C3 (0.015 mM); SyringeG4 (0.070 mM); Number of
Injections: 54.
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Figure 1: Fitted Isotherm and Residuals * Exp Figure 3: Distribution of chemical species Mye,
1 ~Fh " Avee
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Figure Sl -50. Left) Integrated signal from titration 3 and best fit line from global fit (top) and
the residialsof thefit (bottom).Right) Percentoncentratiorof eachspeciegpresenin thecell
overtime with respect to the total CB[8] concentratior{8] total C3 concentration (Bee,

M1B1, M1By>), or totalG4 concentration (Aee, M1A1).
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Figure Sl -51. Left) Total contribution of each complexation reaction to the overall integrated
signalovertime for titration 3. Right) Graphicalrepresentationf o GgpHand-T o #r each
complexation reaction.

Results

- Global x?: 3.98e+00
° )(2 for curve [4]: 2.68e+00

Table 7: Correction parametersg! fited parameters in bve
Mldn[cal-mol'll Qap [cal] Ty Ta s
(-4,8798 * 0.0191)e+02 0.000e+00 1.000e+00 (7.9695 * 0.0300)e-01 (8.8648 % 0.0244)e-01

Figure Sl -52. Results from the titration d&4 (A) into a mixture of CB[8] (M) an®C3 (B) as a
partof theglobalfit for experimenB. ip Hi = heatof dilution; ra = % of activeC3 concentration
for titration 4. Cell: CBJ[8] (0.020 mM)C3 (0.040 mM); SyringeG4 (0.150 mM); Number of
Injections: 54.
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Figure 13:  Fitted Isotherm and Residuals * Exp Figure 15:  Distribution of chemical species Miree
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Figure Sl -53. Left) Integrated signal from titration 4 and best fit line from global fit (top) and
the residualef thefit (bottom).Right) Percentoncentratiorof eachspeciegpresenin thecell
overtime with respect to the total CB[8] concentratior¢8] total C3 concentration (Bee,

M1B1, M1B>), or totalG4 concentration (Aee, M1A1).

Figure 16:  Thermal Footprints AG
Figure 14:  Contributions to the Binding Isotherm M, B, . ; ; ; ’ ; ’ .
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Figure SlI -54. Left) Total contibution of each complexation reaction to the overall integrated
signalovertime for titration 4. Right) Graphicalrepresentationf o GgpHand-T g 8r each
complexation reaction.
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Figure SlI-55. Representationsf the minimized geometriesof C B [ @1] (#ip) andC B[ 81 A
(bottom). Color coding: C, gray; H, white; O, red; N, blue.
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Figure Sl -56. Representationsf the minimized geometriesof C B [ @7 (hp) andC B[ 87 A
(bottom). Color coding: C, gray; H, white; O, red; N, blue.
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Figure Sl -57. Representationsf the minimized geometriesof C B [ @3 (#p) andC B[ 83 A
(bottom). Color coding: C, gray; H, white; O, red; N, blue.
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Table SI -1 Electronic energies, zeqmoint vibrational energies, enthalpies and Gibbs energies of
guests51i G4, CB[7] and CBJ8], and the corresponding complexes in Hartree computed using the
GFN2xTB method. The interaction energies (diffece between the energy of the complex and
the energy of the guest and the host molecules) for the complexes in ktakraogiven in

parentheses.

compound E ZPVE H G
Gl -64.055694 0.495235 -63.544051 -63.599693
G2 -54.570637 0.410876 -54.146303 -54.196330
G3 -77.160562 0.607646 -76.531822 -76.595677
G4 -58.192044 0.438754 -57.738041 -57.790919
CB[7] -251.174100 0.923189 -250.186362 -250.339766
CBJ[8] -287.050977 1.055132 -285.921884 -286.093340
CB[ 7] AG -315.272746-27.0) 1.424573 -313.76754%-23.3) -313.947474-5.0)
CB[ 7] AG -305.78394Z2-24.6) 1.339440 -304.36750%-21.9) -304.54073§-2.9)
CB[ 7 Judstalde -328.32261%7.6) 1.539372 -326.69833712.5) -326.88491q31.7)
CB[ 7 ]ekciBsbon -328.361297-16.7) 1.535884 -326.73871%-12.9) -326.9311292.7)
CB[ 7] AG -309.42282%-35.6) 1.369077 -307.97583%-32.3) -308.149194-11.6)
CB[ 8] AG -351.159694-33.3) 1.554003 -349.514316-30.4) -349.71746@-15.3)
CB[ 8] AG -341.674384-33.1) 1.469324 -340.117704-31.1) -340.312876-14.6)
CB[ 8] AG -364.265517-33.9) 1.668273 -362.501204-29.8) -362.71185%-14.3)
CB[ 8] AG -345.307439-40.4) 1.497598 -343.72090%-38.3) -343.91908%-21.9)
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Table S2Geometries of guesB1i G4, CB[7] and ¢
CB[8], and the corresponding complexes iR

Cartesian coordinates in A obtained using tIT
GFN2xTB method and from CREST sampling.

-1.977600000
-2.723300000
-2.329800000
-2.345300000
-0.451700000
-2.699500000
-1.959800000
-2.356600000
-0.090100000
-0.852200000
-0.444400000
1.060900000

1.805300000

1.416000000

-0.473600000
1.431500000

-0.827600000
-0.077200000
-2.327200000
2.885400000

-2.260900000
-3.803800000
-2.869400000
-1.813900000
-3.417000000
-0.133000000
0.119000000

-3.778700000
-2.427200000
-2.897100000
-2.645700000
-0.366900000
-0.592000000
-0.976700000
1.332400000

1 NMAAANNNNN

1.142300000
-0.191200000
-0.945200000
1.970300000
0.935200000
-0.131100000
1.213700000
-1.009200000
0.056100000
-1.270500000
-2.043100000
-2.303100000
-0.969100000
-0.199200000
0.874900000
-0.150200000
-1.222500000
0.111500000
2.043800000
-1.153500000
1.707700000
-0.009700000
-1.897900000
2.917700000
2.157700000
0.365100000
1.861600000
0.011400000
-0.725100000
-1.958800000
-0.469200000
0.611100000
-1.858100000
-3.001600000
-2.898300000

sl alnialV FaVaVaVaVel

-1.092500000
-1.083800000
0.185500000
0.143000000
1.381700000
1.429700000
1.421500000
-2.318900000
-2.359900000
-2.331200000
-1.074900000
-1.079100000
-1.106000000
-2.367000000
-1.126100000
0.128600000
0.157900000
0.140000000
2.676200000
-1.109400000
-1.986800000
-1.085200000
0.220500000
0.070500000
0.102800000
2.253200000
1.336300000
1.417600000
2.300500000
-2.311900000
-3.223800000
-3.264300000
-3.219200000
-1.052700000
-1.954200000

oY NaVYatriaVaVaVaVal

-1.971300000 1.339900000  3.925700000

-0.903500000 1.155100000  3.976500000

-2.508100000 0.400900000  4.008900000
1 -2.246900000 1.962600000  4.773500000
1 -4.094300000 2.911900000  1.881100000
1 -3.981800000 2.911900000  3.635900000
1 -4.351300000 1.413400000  2.793300000
1 -1.895600000 3.946000000  1.837500000
1 -0.551900000 3.206900000  2.727500000
1 -1.921300000 3.888700000  3.594600000
G2
6 -1.977000000 1.150300000 -1.094800000
6 -2.723300000 -0.186100000 -1.075900000
6 -2.331700000 -0.950600000 0.191200000
6 -2.341900000 1.975700000  0.141800000
6 -0.440300000 0.934300000  1.384200000
6 -2.698000000 -0.134900000 1.433700000
6 -1.943700000 1.191000000  1.388800000
6 -2.359600000 -1.004200000 -2.312100000
6 -0.091500000 0.059000000 -2.356400000
6 -0.855200000 -1.266800000 -2.326100000
6 -0.446100000 -2.041000000 -1.070900000
6 1.058500000 -2.305400000 -1.081900000
6 1.807400000 -0.973900000 -1.112800000
6 1.414000000 -0.200400000 -2.370500000
6 -0.470600000 0.878500000 -1.121100000
6 1.441500000 -0.155100000 0.123600000
6 -0.825000000 -1.220500000 0.163700000
6 -0.065500000 0.111600000  0.143600000
7 -2.296500000 1.995000000  2.604800000
1 2.886800000 -1.162100000 -1.122300000
1 -2.255700000 1.705200000 -1.996400000
1 -3.803500000 -0.004100000 -1.076500000
1 -2.865500000 -1.906000000 0.214200000
1 -1.812700000 2.928300000  0.100300000
1 -3.414900000 2.169400000  0.133600000
1 -0.140900000 0.378600000  2.273800000
1 0.112000000 1.874600000  1.358300000
1 0.033500000  1.441000000

A~ A~AA~AA~AAA

A AAAsAAA~AAA



1 0.070300000 1.831200000 -1.156200000 1 -0.545500000 -1.795400000 1.042900000
1 1.736300000 -0.701300000 1.022400000 6 -1.584200000 3.331000000  2.691900000
1 1.988300000 0.790400000 0.109100000 6 -3.738500000 2.328300000  2.741400000
1 -0.540500000 -1.786400000 1.058300000 6 -1.932800000 1.326100000  3.916600000
1 -1.800700000 2.894400000 2.596000000 6 3.793200000 -2.038000000 -2.296900000
1 -3.306500000 2.179400000 2.630700000 6 4.145800000 0.015600000 -1.154200000
1 -2.035600000 1.487000000 3.458500000 6 3.807800000 -1.986100000 0.078900000
1 -0.864300000 1.147000000  3.968000000
G3 1 -2.468400000 0.386400000  3.999800000
6 -1.971000000 1.134200000 -1.103000000 1 -2.210000000 1.944400000 4.767100000
6 -2.718300000 -0.198400000 -1.092900000 1 -4.059800000 2.915900000 1.887400000
6 -2.322600000 -0.953300000 0.175100000 1 -3.939600000 2.906900000 3.640200000
6 -2.331000000 1.961400000 0.135700000 1 -4.320900000 1.414900000 2.794300000
6 -0.429400000 0.922000000 1.365400000 1 -1.842100000 3.930900000 1.825700000
6 -2.683500000 -0.138300000 1.421600000 1 -0.510000000 3.187000000 2.733800000
6 -1.938100000 1.203600000 1.411600000 1 -1.883200000 3.882400000 3.580300000
6 -2.352800000 -1.016300000 -2.328900000 1 3.922200000 0.588300000 -2.047900000
6 -0.083000000 0.042600000 -2.367000000 1 5.207200000 -0.220500000 -1.166100000
6 -0.849200000 -1.279100000 -2.344600000 1 3.946800000 0.615400000 -0.272700000
6 -0.434900000 -2.045100000 -1.089200000 1 3.319200000 -2.952800000 0.138300000
6 1.074000000 -2.311900000 -1.095700000 1 3.608800000 -1.416500000 0.980200000
6 1.846600000 -0.985600000 -1.122400000 1 4.880100000 -2.157400000 0.020700000
6 1.428200000 -0.211500000 -2.380300000 1 3.562900000 -1.519100000 -3.221600000
6 -0.467800000 0.866300000 -1.139800000 1 3.317400000 -3.013100000 -2.298300000
6 1.445200000 -0.163500000 0.110700000 1 4.869200000 -2.190100000 -2.257000000
6 -0.821300000 -1.232400000 0.144900000
6 -0.069000000 0.097800000 0.119600000 G4
7 -2.292400000 2.033500000 2.669400000 6 -1.926400000 1.165400000 -1.057900000
7 3.372800000 -1.244100000 -1.123500000 6 -2.672000000 -0.171600000 -1.040200000
1 -2.259300000 1.702100000 -1.993700000 6 -2.282100000 -0.936100000 0.227500000
1 -3.798200000 -0.016700000 -1.093200000 6 -2.291700000 1.990300000  0.179200000
1 -2.866500000 -1.902900000 0.213500000 6 -0.390700000 0.949900000 1.424700000
1 -1.805400000 2.911900000 0.061000000 6 -2.648900000 -0.120300000 1.470100000
1 -3.402900000 2.148100000 0.102600000 6 -1.894500000 1.206100000 1.427200000
1 -0.116400000 0.353700000 2.239500000 6 -2.304800000 -0.989900000 -2.275800000
1 0.134800000 1.851900000 1.320400000 6 -0.039000000 0.075400000 -2.316900000
1 -3.761900000 0.009700000 1.413600000 6 -0.800700000 -1.252200000 -2.288300000
1 -2.416200000 -0.733900000 2.292900000 6 -0.394200000 -2.025800000 -1.031300000
1 -2.896200000 -1.964100000 -2.322100000 6 1.113700000 -2.291800000 -1.038800000
1 -2.645900000 -0.476500000 -3.232400000 6 1.848000000 -0.953900000 -1.068800000
1 -0.348300000 0.597400000 -3.273000000 6 1.470100000 -0.182100000 -2.330400000
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PR RPRRP R RRRR

-0.600000000
-0.956200000
1.294800000
1.310000000
1.924100000
1.656300000
0.063900000
1.693600000
1.947100000

-1.866100000
-3.007800000
-2.914100000
-2.890500000
0.756200000
-0.774500000
1.823300000
-0.696600000
0.802500000

-3.234900000
-1.066200000
-1.975200000
-0.204200000
-2.433600000
-3.283700000
-1.172100000
1.026700000

0.109800000

PR R, N~NOOO O

-0.419900000
1.491900000

-0.775600000
-0.018700000
-2.245500000
3.325400000

-2.208300000
-3.752000000

0.895600000
-0.136700000
-1.205900000
0.128200000
2.009000000
-1.204200000
1.721600000
0.009400000

-1.082000000
0.169100000
0.203600000
0.184200000
2.642700000

-1.071400000

-1.957300000

-1.043300000

-2.819500000 -1.889200000 0.251300000
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PR R R RPRRPRRPRRPRRPRRPRRPRRPRRRPRPRPRRRRRRLRESR

-1.767000000
-3.364600000
-0.098900000
0.154900000
-3.726300000
-2.382100000
-2.848700000
-2.596700000
-0.317500000
-0.550900000
-0.927900000
1.363500000
1.380700000
1.994900000
1.723400000
0.111000000
1.766500000
2.020300000
-0.502400000
-1.753200000
-3.255100000
-1.988000000
3.594700000
3.842200000
3.606000000

2.945600000
2.184900000
0.396500000
1.893800000
0.048300000
-0.688400000
-1.937600000
-0.450700000
0.629600000
-1.839100000
-2.981100000
-2.889000000
-2.859800000
0.773000000
-0.754700000
1.852700000
-0.680200000
0.817200000
-1.769800000
2.910600000
2.194000000
1.502500000
-1.753400000
-0.316600000
-1.725000000

0.139300000
0.170600000
2.318000000
1.402600000
1.477200000
2.362100000
-2.270600000
-3.180400000
-3.218700000
-3.178500000
-1.009700000
-1.916400000
-0.146900000
-2.372200000
-3.223300000
-1.114800000
1.073900000
0.158800000
1.101600000
2.636400000
2.669900000
3.498600000
-1.896200000
-1.092500000
-0.231600000

CB7

-0.920900000
-3.709300000
-3.685700000
-0.879400000
2.611500000
4.140900000
2.566900000
-0.896900000
-3.694600000
-3.701800000
-0.901100000
2.583900000
4.143500000
2.597800000

3.982900000
1.785700000
-1.736500000
-3.920800000
-3.143900000
0.030100000
3.196000000
3.912000000
1.707500000
-1.813500000
-3.987500000
-3.174000000
0.002000000
3.164500000

2.927900000
2.947700000
2.979000000
2.997900000
2.996400000
2.962100000
2.933300000
-2.997100000
-2.979800000
-2.948300000
-2.927600000
-2.932300000
-2.960900000
-2.995800000

OO R R OORRPROODRREPODORRPROORREOONNNNSN~NSNS~NS~N~N~N ~N ~N~N N NN~ N
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4.094400000
5.159900000
5.142000000
4.065300000
2.312200000
-0.046400000
-2.206000000
-4.110600000
-5.091800000
-5.088100000
-4.106300000
-2.191300000
-0.025800000
2.337800000
4.082400000
5.147800000
5.156200000
4.079000000
2.323500000
-1.043400000
-3.497200000
-3.323600000
-4.171300000
-4.220100000
-5.621100000
-5.344100000
-6.709300000
-4.201300000
-3.460100000
-3.280600000
-4.129300000
-1.005100000
1.281400000
1.218300000
1.522100000
2.958500000
5.105600000
6.083200000
4.858000000
4.716100000
5.076300000

-3.262000000
-1.083200000
1.131400000
3.304400000
4.658200000
5.160900000
4.667300000
3.165700000
1.180100000
-1.245000000
-3.230100000
-4.718200000
-5.183700000
-4.638400000
-3.273500000
-1.094900000
1.119800000
3.292800000
4.643300000
4.529200000
4.371400000
4.160100000
5.225500000
2.023200000
0.001800000
0.014900000
-0.003100000
-2.004500000
-4.349500000
-4.109500000
-5.211100000
-4.492800000
-5.397800000
-5.103300000
-6.462200000
-3.599200000
-2.402400000
-2.881200000
-2.273800000
0.026000000
2.456300000

1.239500000
1.223800000
1.205900000
1.189100000
1.173600000
-1.260300000
-1.260600000
-1.247900000
-1.227700000
-1.200600000
-1.179500000
-1.166600000
-1.166400000
-1.173200000
-1.187600000
-1.203900000
-1.221800000
-1.238200000
-1.253000000
1.852200000
1.729400000
2.791000000
1.597600000
1.874000000
1.772500000
2.833100000
1.644000000
1.914800000
1.823800000
2.878300000
1.719100000
1.936000000
1.827400000
2.881400000
1.724400000
1.927400000
1.791200000
1.664700000
2.851300000
1.894700000
1.758800000



N NN NN NN NN

-0.055500000
-2.216900000
-4.121400000
-5.092700000
-5.085600000
-4.096000000
-2.181400000
-0.017700000
2.348100000

5.185700000
4.701500000
3.200000000
1.209700000
-1.215400000
-3.196800000
-4.685600000
-5.160700000
-4.624400000

1.166200000
1.166100000
1.178900000
1.200200000
1.227300000
1.247500000
1.260200000
1.260200000
1.253400000

P OO R P OOR R
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6.052200000
4.820300000
2.921700000
1.241300000
1.175500000
1.478800000
-1.027900000
-3.481600000
-3.299300000

2.939400000
2.337400000
3.642900000
5.436600000
5.158900000
6.500100000
4.483900000
4.321700000
4.081200000

1.635800000
2.818100000
1.863300000
1.732800000
2.791200000
1.613600000
-1.935900000
-1.825300000
-2.879100000



oropFrororrorrororrorroorpPrPoorroOoOOPRPPLPOOERL,PEPOORER,REPOOEPR

-4.156800000
-4.211100000
-5.622300000
-5.345900000
-6.710400000
-4.211300000
-3.474300000
-3.302900000
-4.142300000
-1.019200000
1.272700000
1.204900000
1.518300000
2.941100000
5.088900000
6.067300000
4.832000000
4.717700000
5.095800000
4.850500000
6.070500000
2.941200000
1.251000000
1.483200000
1.190500000
-0.530500000
-0.288900000
-2.042900000
-2.722500000
-4.894500000
-5.576900000
-5.577500000
-6.675800000
-5.569200000
-6.667400000
-4.879500000
-5.557800000
-2.011300000
-2.683600000
-0.496100000

5.179000000
1.973100000
-0.039500000
-0.051300000
-0.039300000
-2.053800000
-4.397600000
-4.185800000
-5.256200000
-4.535400000
-5.424100000
-5.145400000
-6.485900000
-3.619000000
-2.419900000
-2.898100000
-2.301900000
0.008700000
2.438900000
2.309500000
2.922900000
3.622200000
5.408300000
6.474600000
5.113600000
5.786900000
6.858400000
5.444500000
6.307200000
3.194700000
4.055300000
1.802700000
1.815600000
-1.840300000
-1.858600000
-3.229000000
-4.092800000
-5.460400000
-6.328900000
-5.789900000

-1.722800000
-1.915300000
-1.772600000
-2.833400000
-1.643400000
-1.874500000
-1.729500000
-2.791300000
-1.596500000
-1.852300000
-1.733300000
-2.791300000
-1.615500000
-1.862400000
-1.757200000
-1.634600000
-2.816400000
-1.893000000
-1.788700000
-2.849300000
-1.660400000
-1.926600000
-1.827100000
-1.723800000
-2.881200000
-0.055300000
-0.065300000
-0.057000000
-0.072300000
-0.038000000
-0.053100000
-0.021500000
-0.022100000
0.021400000

0.022800000

0.037400000

0.052000000

0.056100000

0.070500000

0.054500000

1 5218500000 4.555600000 -0.024200000
6  3.011100000 5.005600000 -0.038600000
1 3.243000000 6.079200000 -0.044200000
CBS

7 17.607200000  9.939000000 3.565200000
6 18.041400000  8.884100000 4.445200000
1 19.029900000  8.518600000 4.135400000
7 18.062200000  9.243200000 5.842000000
6 16.364000000  9.707900000 3.037600000
8 15.784100000 10.417900000 2.24340000(
6 17.110900000 8.581200000  6.57280000(
8 16.955400000 8.656100000  7.77320000(
7 15.940600000 8.480600000  3.47700000(
6 16.889700000 7.849200000  4.36140000(
1 17.168500000 6.861000000  3.97090000(
7 16.446300000 7.733100000  5.72690000(
6 14.843000000 7.784700000  2.86380000(
1 15.189900000 6.795300000  2.53910000(
1 14.526600000 8.393400000  2.00870000(
6 15.590100000 6.682400000  6.20270000
1 15.707100000 6.655100000  7.29210000(
1 15.906200000 5.737000000  5.74490000(
7 13.684100000 7.616600000  3.69690000
6 13.559300000 6.574200000  4.68620000(
1 13.945800000 5.627000000  4.28620000(
7 14.189200000 6.871700000  5.94690000(
6 12.488300000 8.225200000  3.41730000(
8 12.306900000 9.089300000  2.58570000(
6 13.284100000 7.116300000  6.94580000(
8 13.549400000 7.354100000  8.10510000(
7 11517000000 7.607700000  4.16080000(
6 12.047100000 6.587600000  5.02920000(
1 11.515800000 5.640200000  4.86540000(
7 12.028300000 6.929500000  6.43020000(
6 10.115600000 7.767500000  3.88780000(
1 10.040200000 8.345800000  2.95970000(
1 9.665500000 6.773300000  3.773700000
6 10.869000000 6.792400000  7.26810000(
1 10.373100000 5.842200000  7.03290000(
1 11.231800000 6.804600000  8.30240000(
7 9.378900000 8.498000000  4.881600000
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8.911000000
8.493000000
9.905500000
8.812800000
8.992300000
9.666700000
10.327400000
7.921600000

7.919500000
6.920900000
7.852400000
9.718200000
10.388000000
8.739700000
8.859400000
9.991100000

6.117100000
5.930800000
7.157500000
4.620900000

3.62590000(
8.174200000

9.18430000(
5.624800000
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7.907600000
6.882000000
8.489300000
6.936400000
5.948800000
6.993600000
7.778800000
6.755200000
8.322500000
7.144000000
6.765900000
5.776300000
7.718000000
7.494400000
7.813500000
8.344800000
9.143500000
7.305800000
6.858500000
5.920500000
7.827400000
7.288400000
6.346400000
7.365900000
8.014400000
7.031500000
8.514200000
8.853400000
8.402400000
7.411100000
8.379700000

8.976300000

8.617000000

9.386000000
11.031400000
10.602800000
11.413500000
10.140100000

9.750900000
10.002100000
12.157700000
12.178900000
11.719500000
11.556900000
13.395200000
13.658400000
12.460000000
12.194000000
14.299400000
13.681100000
14.144400000
13.700800000
15.717000000
16.126800000
15.854000000
14.819700000
15.241400000
14.433300000
15.867700000
16.873400000
17.242600000
16.444900000

10.071800000 16.165200000
10.647400000 15.516000000

9.357900000
9.533100000

17.038800000
16.882800000

10.467100000 17.383200000

9.543100000
9.243900000

17.923500000
18.939000000

10.029800000 17.923700000
11.540700000 18.136800000
11.177200000 19.145600000

6.647200000
6.807400000
7.901900000
5.520600000
5.730900000
4.494900000
8.897900000
8.970300000
9.839700000
6.387500000
7.777400000
7.905200000
8.664800000
5.915400000
4.775400000
9.483300000

8
6
8
7
6
1
7
6
1
1
6
1
1
7
6
1

10.356400000 7

6.927200000
8.150900000
8.485800000
9.217400000
6.695900000
7.081400000
5.611200000

D N 00 OO 0O

1

10.099500000 7
10.344100000 6
10.995300000 1

9.587900000 1
8.657800000 6
8.953700000 1
7.282300000 1
10.139500000 7
10.986900000 6
6.528400000 1
5.338400000 7
9.652600000 6
8.688400000 8
8.981400000 6
7.330600000 8
10.238200000 7
10.469500000 6
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14.058300000
13.226200000
12.999500000
14.892400000
14.394600000
14.921700000
14.461400000
16.286200000
16.331200000
16.757800000
15.638800000
16.112500000
15.306700000
17.022600000
17.556700000
17.978500000
16.613700000
17.523100000
17.267700000
16.916300000
16.317500000
18.446000000
18.569800000
19.614400000
18.080300000
19.392500000
20.405000000
19.247600000
18.845200000
19.880000000
18.377300000
19.221900000
19.712200000
20.720800000
18.853600000
18.845400000
18.449700000
18.233100000
17.495100000
19.102000000
19.610400000

16.824200000
18.524000000
18.215600000
18.186600000
19.173500000
20.126200000
18.778200000
18.003300000
17.440100000
18.988500000
18.924900000
19.885200000
18.897400000
17.243000000
17.806600000
18.800900000
17.879400000
15.995800000
15.320500000
17.017100000
16.919300000
15.695100000
16.734500000
17.067200000
16.372400000
14.623900000
15.029000000
14.218000000
15.626100000
15.989900000
15.801700000
13.525800000
13.531100000
13.964900000
14.203300000
12.277200000
11.989600000
13.337400000
13.646400000
11.394600000
12.042300000

10.648900000
6.145200000
4.994200000
8.991500000
8.065500000
8.210900000
6.681400000
9.287700000

10.227000000
9.392600000
5.870800000
6.111100000
4.826500000
8.316000000
7.102200000
7.302400000
6.013500000
8.583700000
9.558400000
4.992500000
3.942300000
7.616300000
6.623900000
6.555400000
5.318400000
7.765500000
7.642900000
8.773400000
4.358300000
4.374000000
3.382800000
6.854500000
5.498100000
5.464000000
4.556400000
7.275400000
8.385300000
3.694900000
2.783500000
6.259100000
5.076500000
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11.835800000 17.602500000
10.891700000 18.941400000
10.807400000 18.878700000
10.553900000 19.918500000
12.722200000 18.247200000
12.872200000 19.200300000
12.465400000 20.174400000
12.286200000 18.788400000
13.901900000 17.634900000

11.148600000 1

6.795300000 7
5.704100000 6
7.163600000 1
9.428400000 1
8.358700000 6
8.662300000 1
7.106700000 1
9.760600000

20.553700000
18.686300000
19.134000000
20.089400000
19.037400000
18.476600000
19.448300000
17.995900000

11.572600000
12.074000000
9.972400000
9.586100000
9.806400000
10.971600000
10.524400000
11.387300000

4.766200000
3.969900000
6.461600000
6.084700000
7.540700000
3.072700000
2.828700000
2.179500000
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0.743322385
3.855100683
4.056349559
1.182351047
-2.614977724
-4.441845938
-2.986843132
0.747113125
3.927847578
4.159355763
1.286973017
-2.337422846
-4.418376736
-2.791570169
-0.229654286
1.969213329
3.995968916
5.267207729
5.418505577
4.381573677
2.504825273
0.357625499
-2.047042137
-3.928716312
-5.149727918
-5.285848927
-4.323878961
-2.592668314
-0.217910191
1.977627291
4.027341528
5.212287353
5.362624533
4.428170018
2.548562805
0.404690621
-1.978590391
-3.828169459
-5.142673812
-5.326151928

-3.874730731
-1.865744790
1.421897645
3.727415172
3.444470444
0.261984076
-3.096274477
-4.224988232
-2.035310639
1.643712233
4.177351829
3.231924870
0.210170335
-2.942108426
-4.953882497
-4.628834141
-3.318187402
-1.501912125
0.904215364
2.862505529
4.378483850
4.952891740
4.674071857
3.498454288
1.412430520
-0.805207028
-3.023963015
-4.413271802
-5.073594451
-4.712182103
-3.393709331
-1.505807650
0.936852462
2.960362731
4.510759462
5.101963109
4.663722470
3.425922707
1.390493605
-0.820902854

3.375092227
3.295860490
3.306556674
3.356192751
3.507211960
3.435924564
3.499727455
-2.739684835
-2.763270114
-2.749282962
-2.741517073
-2.546398012
-2.699194404
-2.545961660
1.586646132
1.578161857
1.516366815
1.513097117
1.522973068
1.541853204
1.586796262
1.588085630
1.642368078
1.616886623
1.572532301
1.579030988
1.627245892
1.648827615
-0.839465201
-0.853856078
-0.908990406
-0.928684822
-0.918411341
-0.884030439
-0.841580537
-0.835544713
-0.786360481
-0.807410563
-0.865740451
-0.859469072
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6.996087897
4.540926962
3.772399066
3.585524916
4.458112265
1.325582196
-0.893311227
-0.841567108
-1.017792789
-2.825447454
-5.034545058
-5.965854698
-4.855313016
-4.886157455
-5.326235274
-6.317962642
-5.125947674
-3.254852011
-1.514130090
-1.424916724
-1.758833084
0.825128868
3.283399379
3.119304755
3.877975615
4.324592323
5.830269580
5.585662681
6.913076550
4.581472708
3.829965823
3.657653803
4.525538514
1.396271053
-0.893715848
-0.855440595
-1.094104090
-2.668191057
-4.924010761
-5.838219299

-0.404104043
1.684597887
4.010540394
3.744294402
4.864426913
4.269183310
5.327504802
5.022239115
6.414985022
3.807452932
2.734335478
3.283865469
2.610340077
0.285405844
-2.129216060
-2.563911045
-2.021710288
-3.450014362
-5.190673358
-4.897599889
-6.257173550
-4.600935682
-4.511324175
-4.304605534
-5.423545133
-2.271343137
-0.315494691
-0.296232868
-0.383098141
1.815763071
4.163503205
3.987487174
4.997754439
4.529988126
5.409059563
5.144399533
6.479556788
3.704608423
2.704255796
3.298257018

1.818299940
2.226993011
2.154712531
3.201791789
2.082074721
2.280919446
2.197702194
3.249360079
2.111908680
2.368970826
2.131009372
1.948733293
3.205367495
2.306304693
2.144122626
1.971475128
3.216610632
2.371187731
2.197456726
3.250028054
2.108009668
-1.593318387
-1.436712479
-2.500900737
-1.302223832
-1.645339182
-1.465218947
-2.533659710
-1.311526455
-1.628764465
-1.408277074
-2.476689806
-1.254940097
-1.589915872
-1.372189172
-2.435223281
-1.242142026
-1.482498766
-1.407100149
-1.294882233
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-4.281375683
-2.543151497
0.815084084
3.274719674
3.128355568
3.866152067
4.301618831
5.925431413
5.738046297

-3.005419221
-4.393243529
-4.402286398
-4.399399347
-4.121642475
-5.320241020
-2.175996447
-0.337455699
-0.330151367

-0.799263504
-0.780442305
2.285962136
2.131573471
3.182065862
2.047013566
2.212566976
2.035986101
3.115941087
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-0.085608289
1.749816868
2.364650706
4.785236445
5.363054597
5.636785240
6.724496429
5.866459840
6.965365666
5.183970524
5.873738500
2.385655009
3.096966515
0.889837012
0.703071122
-2.674103439
-2.822366255
-3.975499511
-4.906572043
-5.863512518
-6.824972323
-5.974559413
-7.002193398
-4.478458711
-5.464494368
-3.267940788
-3.525220748
1.069720303
1.916413134
1.046357511
0.550639703
-1.474064014
0.510855218
-0.325775382
2.458453219
0.458991249
1.308569157
0.441000605
-0.715593401
-1.558254065
-0.698569041

-6.707538312
-5.411023827
-6.322592189
-3.458411188
-4.393005826
-2.161920060
-2.319601704
1.524165259
1.545216605
2.917046678
3.771675958
5.205430645
6.042295894
5.612694838
6.694775393
5.076000222
6.165403451
4.233806536
4.816331023
1.117464148
1.651343074
-0.430154263
-0.821198334
-3.772707032
-4.258467477
-4.741561854
-5.810335487
1.209018595
-0.037943528
-1.259380235
1.242654380
0.027805493
-1.244991607
0.014521327
-0.055632903
1.185851101
-0.066698928
-1.299492138
-1.312661704
-0.057079926
1.179852410

0.457592253
0.388819359
0.425299241
0.314141208
0.353958321
0.287012910
0.266862599
0.302150844
0.281568728
0.341493881
0.392601545
0.412954762
0.474246415
0.418430469
0.485147582
0.404707626
0.399449574
0.376315383
0.324721513
0.352157893
0.347779295
0.364764752
0.387130633
0.402430349
0.385144250
0.415542463
0.405021098
-1.555582151
-1.339379171
-1.593119132
-2.992784737
-2.235778028
-3.022942972
-3.251029088
0.083238130
0.884409089
1.076853149
0.841215774
1.827819437
1.634731950
1.872042595

1 -0.009793932 2.165949286 -3.135550624
1 1.430249429 1.261413293 -3.634095583
1 -2.130664925 -0.825526170 -2.393917515
1 -2.054452360 0.941228915 -2.341395864
1 1.370346772 -1.292743618 -3.691956594
1 -0.086741261 -2.144131826 -3.152276738
1 3.073962254 -0.939581851 0.247174127
1 3.069170540 0.829029762  0.265749306
1 1.084337318 2.069716960 1.067611045
1 1.705750470 -0.087506646 2.102761248
1 1.055768160 -2.196656299 0.990489119
1 -0.343224037 -1.367430745 2.855343469
1 -1.328800937 -2.199268625 1.663019191
1 -1.302209728 2.080062393  1.743869753
1 -0.321347240 1.193176785  2.899258686
1 -0.674809509 2.119248745 -0.684318826
1 -2.739147005 -0.895474884 0.037239673
1 -2.712034951 0.876031162  0.074129393
1 -0.718397394 -2.160702456 -0.753653961
6 -1.982723031 1.005217755 -4.833950141
6 0.165594670 0.396291104 -5.658761106
6 -1.413454424 -1.287028408 -5.083385267
1 -2.079713759 -1.684296707 -4.323604191
1 -0.604034254 -1.991381078 -5.248385330
1 -1.973143413 -1.170550460 -6.007634225
1 1.058710333 -0.201490146 -5.502734178
1 0.416661321 1.448781513 -5.569705170
1 -0.208413898 0.207861617 -6.662128287
1 -1.714286332 1.967051518 -4.408460286
1 -2.879055602 0.642394801 -4.338474771
1 -2.193018553 1.135345603 -5.892019780
CB[ 7] AG2

8 -2.408241613 -3.065191700 3.704902424
8 0.637691644 -4.760649893 2.591069647
8 3.799026450 -3.102371965 1.812637582
8 4.781361200 0.603610292  1.944888541
8 2.695804029 3.567359771  2.811461020
8 -0.652694360 3.653025275  3.796446918
8 -3.001749403 0.786710817  4.268964586
8 -3.747375685 -2.310622450 -2.127733134
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-0.072713773
-2.104575897
-0.097340259
-0.947450201
-0.881809436
-2.374269967
1.697761340
2.741409581
1.650295621

1.212676660
-0.022471071
-1.271532447
-0.017715184
0.032329447
-0.066813308
2.088241077
-0.039869819
-2.159431092

-0.547374630
0.207391618

-0.588179059
-0.795506399
-4.683895359
2.363766375

-1.394525508
-2.055352844
-1.462056823

~N N N 00 00 00 00 00
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-1.079440562
1.950725988
3.136291176
1.061489876
-2.294227324
-4.624263664
-4.085521057
-2.975875106
-0.978157156

-4.122461385
-2.430147858
1.308612982
4.190025956
4.244861737
1.398754682
-2.344962294
-4.203313858
-5.358828465

-3.223134593
-3.907107669
-3.979505176
-2.937614026
-1.958242380
-1.658321233
2.296836896
1.788340082
1.061515645
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1.153520579
3.232656583
4.541711315
5.134051541
4.832922188
3.571709861
1.765840892
-0.566868039
-2.484992744
-3.951149575
-4.433052443
-4.689993414
-3.606162626
-1.660513728
0.468234615
2.551262706
3.827929123
4.445555053
4.222733441
2.925434628
1.098455535
-1.239872413
-3.157526325
-4.609573441
-5.080256919
-3.068542944
-2.095973691
-1.681058377
-2.673059960
0.305925430
2.584391936
2.793658756
2.994194970
3.834577862
5.492644480
5.526344734
6.476030598
4.877201257
4.792770969
4.867690424
5.636067603

-5.393094058
-4.279421132
-2.494753106
-0.156280765
2.020854311
3.997023997
5.112687999
5.154624253
4.118942330
2.203147051
0.032569195
-2.080501204
-3.954410287
-5.180391726
-5.170372536
-4.046141878
-2.235243386
0.114295423
2.308936604
4.264324415
5.360411785
5.414353530
4.383900103
2.454834954
0.284514949
-3.179503826
-5.331123532
-5.243257967
-6.256802464
-5.106939062
-5.383247943
-5.273203286
-6.324520721
-3.261979540
-1.504915959
-1.550394244
-1.739616605
0.798031362
3.250922303
2.976416361
3.884927671

0.437289872
-0.082156698
-0.280353390
-0.198789974
0.129228414
0.726362843
1.378117282
2.052331921
2.483585250
2.721915331
2.628362379
-0.037524528
-0.535936442
-1.270060643
-1.887353810
-2.396174030
-2.586057523
-2.514093005
-2.215056637
-1.593135654
-0.955327710
-0.278819611
0.169114387
0.388184412
0.298299095
2.693942269
1.969491696
2.980472178
1.861522362
1.478322586
0.581377106
1.651899811
0.196762945
0.611180733
0.150265757
1.245141683
-0.278682406
0.752421072
0.876089349
1.935059830
0.574586234

-4.605993356
-4.048736191
-5.675816834
-3.975458675
-3.080146766
-3.272380404
-3.590589067
-0.786208785
1.585462924
1.176411860
2.093438007
2.692632550
4.446135143
3.869138705
5.480747954
3.835193015
3.851452018
3.344940845
4.755228944
1.622426465
-0.191850821
-0.094909288
-0.497572596
-2.222137647
-4.441722584
-4.528512056
-5.224058817
-4.731784626
-5.522438558
-6.545593883
-5.491040506
-4.809229295
-5.867977679
-4.043046759
-4.636526166
-1.019160134
-1.490865713
0.468018452
0.882183072
3.624454146
4.114272211

-1.302545646
-1.351496944
-1.483544141
-2.725179633
-4.992082723
-4.686123877
-5.931755447
-4.739457979
-5.044001084
-4.732864771
-6.010541236
-2.849148708
-1.119192529
-0.928298055
-1.390481870
1.248709425
3.665940430
3.634243424
4.284893466
4.543345378
5.987569248
7.049257321
5.853253764
4.615529072
3.796224108
3.735423450
4.437356152
1.377879382
-0.939896566
-1.161020677
-0.770466001
-2.870562613
-3.007471408
-4.173295705
-5.096126099
-5.967754361
-6.958532913
-5.976446679
-6.971955244
-4.300380080
-5.255377678

3.143940620

4.086789213

3.317153189

-1.013641117
-1.385212370
-2.420090935
-1.152114225
-2.222878520
-2.785196853
-3.753225842
-2.868055511
-3.042540304
-3.260283409
-4.172662550
-3.507870559
-2.995373022
-2.521606772
-3.493557030
-2.567314554
-1.926338114
-1.082984078
-0.831739908
-2.127138553
-0.809737562
-0.108414086
-1.199871926
0.315017709

-0.454011165
-0.313929004
0.017080576

-1.396665735
1.161616641

1.423627553

0.815298456

0.881771161

-0.249298985
-0.184629752
-0.690933377
-0.905268010
-1.472247357
-1.709362259



O FP OO0 FP PO O

2.663204158
0.772337982
0.775067523
1.055818320
-1.169461808
-3.465010332
-4.312649542
-2.971857363
-3.696069669

4.141598118
5.630108877
6.724046285
5.288385430
4.225146330
3.434739730
4.108897186
3.170273141
0.980879214

1.744597884
2.281672044
2.221592123
3.283937042
2.860743809
3.287223198
3.463091117
4.230076712
3.294980649

DL OO, OOPF, O0OFLr O
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4.523943240
5.551031199
5.414374296
6.421222172
5.232144602
6.136737976
3.326072887
4.211900498
2.053485677

-3.045345077
-3.243207979
0.420076027
0.121943091
1.942461506
2.548969142
4.907015179
5.534982457
5.673924156

-1.613945914
-1.951875235
-1.490542649
-1.820438394
-1.256896813
-1.414735628
-0.367629666
-0.538474688
0.078444958



2.170790401
-1.482821660
-1.496388077
-2.824224956
-3.642767537
-5.003946038
-5.837714852
-5.339340045
-6.376882834
-1.465540804
-0.223683516
0.965471852
-1.762005776
-0.337102552
0.669764727
-0.563546671
0.066289497
-0.921784283
0.317449468
1.507153753
1.747071009
0.505932545
-0.676622884
-1.222876257
0.209405760
1.212154714
-0.032375981
-0.799031162
0.673266936
-2.309937690
-0.397323375
1.847713459
-2.665978099
-1.933396750
0.493484764
-1.237848845
0.506636670
1.521253266
0.942954039
-0.783764741

6.763224665
5.744315867
6.835712212
5.028409519
5.690128339
2.138933299
2.787780607
0.626022429
0.371295872
0.898074486
1.774487780
0.904057691
0.210436726
-1.691965254
0.222589559
-0.656314035
2.466414754
0.565798381
1.439517971
0.560113116
-0.467153157
-1.340525537
-0.459794164
-0.123009945
-2.034850438
-0.126434905
-1.004671513
-1.386448824
-2.099709510
1.536768133
2.527144329
1.542181668
-0.392210571
0.984325578
-2.343706520
-2.294747807
0.993585556
-0.376175183
3.103482482
3.083373611

0.164278402
1.103595155
1.232058776
1.413118687
1.729860607
1.737407520
2.045421108
1.672462212
1.937033213
-0.921154455
-1.056840187
-1.449169055
-2.255286567
-1.521672434
-2.780356839
-2.619878643
0.265071195
1.520875888
1.357396276
0.984871487
2.085985361
2.233766413
2.620508196
0.190868995
0.906799098
-0.347363713
-0.192656912
-3.897798562
3.007255247
-0.652092990
-1.833555796
-1.550431139
-2.177119454
-3.004468861
-1.786799068
-1.407629328
-3.534612481
-3.092645556
0.163150306
0.550815150

1
1
1
1

2.070165959
-1.488014877
-1.121515463

0.088797429

-0.757325801
-2.141556577
-0.748839086
-1.830436111

-0.615991685
-3.763762518
-4.631090333
-4.190230607

C B[ 7 JuAstalBecomplex

8
8
8
8
8
8
8
8
8
8
8
8
8
8
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7

-0.842990169
-3.507138596
-3.539224678
-0.578497544
3.025732731
4.641370141
2.703563202
-1.203365530
-4.522958087
-3.709587607
-0.637704668
2.585199626
4.028099450
2.731360559
0.031846523
-2.153544856
-4.002973912
-4.896542022
-4.800948646
-3.714118391
-1.920982906
0.163779595
2.609360030
4.268473848
5.140270916
5.096847120
4.011354154
2.344098028
-0.083652882
-2.294752321
-4.243859147
-5.137967798
-4.901598483
-3.823603082
-1.987416460
0.102119697

4.211123394
1.743424153
-1.916159158
-4.669760117
-4.021331810
-0.342974439
3.103129074
4.465903428
2.227596204
-1.639270178
-3.984872463
-3.453937697
-0.247194030
3.380786639
5.130875560
4.725473060
3.190786071
1.146485562
-1.258620694
-3.207786179
-4.859721999
-5.686007646
-5.247527950
-3.729481793
-1.430842948
0.807432783
2.976642162
4.465464401
5.125435288
4.759380645
3.315928579
1.270927121
-1.142763893
-3.096709588
-4.677371100
-5.438408371

2.879903492
2.776210821
2.854481237
2.773561327
2.726308857
2.760360510
2.686555925
-3.360106845
-3.353590767
-3.253460546
-3.209222567
-3.282445057
-3.370111729
-3.510373579
0.970270166
1.067810970
1.066832485
1.057048945
1.057238785
0.950558536
0.914408537
0.840769529
0.817709203
0.809755970
0.780889908
0.824988829
0.804739569
0.878180845
-1.456347732
-1.358298148
-1.339767260
-1.352204525
-1.353306810
-1.470479774
-1.487061272
-1.582772903



7 2.462980450 -5.022382204 -1.605652257
7 4.146463235 -3.574996851 -1.603898798
7 5.078656050 -1.362536739 -1.649340508
7 4960752810 0.862224223 -1.586531259
7 3.992631345 3.072603385 -1.618404691
7 2.256282411 4.478681757 -1.538104246
6
6

-0.974658326 4.633012481 1.759853899
-3.419291635 4.368226503 1.652231688
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P OO R RPODORRER ODORRLODORRPROORREPOODRPRRPROODORRPLPOODODREOORREROOOR R

-3.228495597
-4.119841546
-4.069789007
-5.361908778
-5.032200455
-6.457867188
-3.957645017
-3.153460052
-2.929670851
-3.901308090
-0.751736989
1.496651493
1.476728889
1.680294739
3.263740340
5.220613992
6.237848331
5.007481761
4.922065839
5.039988699
6.013452184
4.801417094
2.989096488
1.365507477
1.337198387
1.662046232
-1.194214339
-3.643633276
-3.584597656
-4.270741034
-4.625003656
-5.606653861
-5.432586202
-6.679526660
-4.096769282
-3.218561955
-2.977725576
-3.938271420
-0.806784758
1.371024625
1.308927052

4.148499431
5.207608551
1.994530485
-0.082228820
-0.074686509
-0.118194933
-2.107187212
-4.419818932
-4.201782888
-5.224681023
-5.026584174
-6.034380642
-5.876485232
-7.089245789
-4.298004572
-2.777055543
-3.163819826
-2.683258684
-0.331222695
2.131288044
2.628690240
2.015034280
3.467989055
5.330964804
5.098217501
6.377243317
4.754779689
4.529808210
4.423987181
5.392162061
2.264748973
0.006360179
0.036527872
-0.105343574
-1.935223998
-4.248879705
-3.954787661
-5.081065767
-4.620034741
-5.755193756
-5.451373446

2.709298290
1.554573059
1.744401033
1.655190172
2.701370483
1.593662082
1.746073867
1.516695207
2.568196329
1.444444760
1.643546073
1.310711667
2.395695348
1.073283762
1.586143118
1.331434172
1.174244452
2.403339988
1.593359418
1.379667576
1.257309904
2.443742097
1.576862151
1.479213826
2.550206757
1.324307446
-2.195870151
-1.844691929
-2.934547482
-1.581285622
-2.159946396
-1.874354137
-2.956799348
-1.664883508
-2.154125754
-2.093494005
-3.122301944
-2.086530880
-2.206464292
-2.176928375
-3.229524924

ooocoooooooococo00okFk,P OO OFRPOFRPORFRPOPFPOPFRPOPRFPOPRPOPRPOPFPOPRPOPREP,OPRPPREOO
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2.968910677
1.219987338
1.511533772
1.127530136
-0.481580305
-0.211632860
-2.010846901
-2.628948044
-4.897261898
-5.632471303
-5.519434156
-6.616544090
-5.302184034
-6.400659298
-4.547248719
-5.203291588
-1.881686080
-2.658041498
-0.423390213
-0.346753748
3.242689292
3.561246050
4.414596903
5.415637112
5.793144434
6.811847370
5.742110845
6.730831724
4.198970549
5.197282688
3.017098061
3.325467142
1.590494021
0.726648089
-0.739944873
1.242072524
-0.490961553
-1.134887383
-0.249244365
1.150556805
1.741558565

3.612781073
5.347600418
6.396458301
5.138733213
5.754912436
6.824383676
5.485203393
6.397430938
3.220758947
4.034396707
1.794242984
1.777705093
-1.839675368
-1.929027630
-3.194532964
-4.080793501
-5.553272256
-6.334583708
-6.093709848
-7.187088871
-5.430521862
-6.479175574
-4.403523333
-4.857290461
-1.034214747
-1.455507220
0.518164937
1.005919086
3.774701950
4.243430356
4.784512660
5.843528348
-0.674596460
-1.924860327
-1.550096805
0.124086642
1.333085961
-0.782378192
0.450950317
-2.735560301
-0.699228975

-2.357892951
-2.053297474
-1.898699595
-3.125743587
-0.220535851
-0.233532782
-0.145402673
-0.094440812
-0.056980922

0.060299477
-0.064841135

0.045927284
-0.154980947
-0.114751976
-0.231653640
-0.241578754
-0.346963389
-0.386166757
-0.416902630
-0.528762375
-0.466789964
-0.582717872
-0.458090224
-0.538397718
-0.451309389
-0.488073168
-0.427127360
-0.472051781
-0.383619672
-0.370337963
-0.348108989
-0.352863329
-0.852418573
-0.807165074
-0.674562686
-2.090993193
-0.790506681
-1.914200396
-2.062603684

0.386871426

1.634768366



RO OoOFr P O O BB

1

1.557149679
3.004236456
5.077955419
6.090600940
4.753698730
4.611570113
4.961244586
4.679077672

5.964380879 2.610526551

-6.831810343
-3.951029909
-2.679058859
-3.100503095
-2.561493746
-0.258047058
2.167684589

2.038172852

-2.086372697
-2.275595207
-2.225959061
-2.172970512
-3.267594071
-2.323414828
-2.189988405
-3.242191309
-2.110799249

(2N Mo Bie) o) B o) o) B o) i o))

0.894049705
-0.566295851
-0.764079924
0.097903208
1.570752235
1.367944138
-0.301848232
-0.957833117

-1.961570427
-1.555973141
-0.788287164
0.471627298
0.099237472
0.138317028
1.334176875
-0.720127525

1.666712284
1.789282799
3.086538778
3.080741608
2.918217795
0.416206051
1.845632375
0.579999513

-0.102130987 0.545509515 0.512402999
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PR P RPRRPRRPRRPRPRPRPRPRODODODOODORRRPRRPRRPRPEPRPRPRPRRPRRPRRRRERRRRERERER-N-N

-0.606751413
-0.089112003
2.641523646
0.869833290
-1.343920473
1.835134274
1.523527268
-1.543227010
0.105316662
-1.038831083
-2.171863966
0.616278566
2.212851389
2.781931551
1.175342654
-1.193474584
-0.482078323
-1.819711796
2.191321808
1.939129341
1.995321613
-1.346395511
0.316562382
-2.015700035
0.333041259
-0.557754518
-1.970937540
0.111879149
0.857222307
-1.436233607
-2.096771718
-2.689166182
-2.171957160
0.352182982
-0.581970898
-1.419412401
1.286596190
0.487479015
-0.073560543
1.881878649
0.623888926

1.065651252
1.176880126
-0.970089904
-2.493006322
-2.457867661
1.038505500
-0.472303081
1.614847474
2.248290063
-1.463939778
-0.466814882
-3.671451028
-2.917720313
-0.999396153
-2.577314127
-2.445491852
-1.469587501
-0.544636915
0.990046305
-0.520557515
1.038970558
1.627957379
2.230609035
-0.436878732
2.133603727
0.078566616
1.597164863
0.229504934
2.285841709
1.742256101
2.296555411
0.787070875
2.128714485
-0.514026898
0.630555879
-0.583991238
1.725436334
2.790190859
2.733604377
1.933058255
2.786734890

-3.438316835
4.457850200
-0.907474806
-1.729349327
-0.605322383
-2.101553197
-2.956918069
-0.706778119
-0.837153567
-2.754964251
-1.823374020
0.396130208
0.291762621
1.550285135
2.524632685
1.829390115
3.885329668
3.188287693
2.857187377
3.733288853
0.388172268
1.930548251
1.815755606
0.658565934
-3.799548219
-4.546448188
-3.436281146
5.577843810
4.661449200
4.631287741
-2.620453668
-3.359508546
-4.363310813
-4.522628019
-5.483946738
-4.527064386
-4.120530368
-2.953926217
-4.609756162
4.701305860
5.598774133

NN N N N N N N N N N N N N NN N N NN N NN N N N N 00 o000 0
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-0.794200000
-3.397000000
-3.638600000
-0.773100000
3.175000000
4.585900000
2.626800000
-0.962800000
-4.001400000
-3.885800000
-1.068300000
2.375600000
4.066500000
2.617300000
0.045700000
-2.107200000
-3.922600000
-4.788400000
-4.835000000
-3.957500000
-2.084800000
0.091900000
2.461300000
4.219500000
5.236600000
5.126000000
4.020900000
2.367300000
-0.039800000
-2.203900000
-4.114900000
-5.139100000
-5.085600000
-4.124700000
-2.238000000
-0.075000000
2.251600000
4.012700000
5.086700000
5.098100000
4.096900000

4.186500000
1.482600000
-2.415500000
-5.020700000
-4.107400000
-0.497700000
2.905100000
3.801600000
1.822300000
-1.688800000
-3.728100000
-2.874600000
0.175800000
3.350500000
5.098800000
4.560400000
2.966000000
0.912100000
-1.507600000
-3.541800000
-5.060700000
-5.511900000
-4.965500000
-3.592600000
-1.395300000
0.820400000
2.973000000
4.460000000
5.026500000
4.528400000
3.071000000
1.109700000
-1.283300000
-3.262500000
-4.713700000
-5.141300000
-4.584600000
-3.242200000
-1.105400000
1.098000000
3.269900000

2.303800000
2.111000000
1.965300000
1.589300000
1.439600000
1.641000000
1.855600000
-3.761300000
-3.897400000
-4.088900000
-4.407200000
-4.500900000
-4.402900000
-4.150800000
0.372900000
0.455400000
0.440000000
0.365900000
0.226300000
-0.020000000
-0.294900000
-0.492200000
-0.579600000
-0.539000000
-0.378800000
-0.161700000
0.019800000
0.189400000
-2.045000000
-1.962600000
-1.968500000
-2.026500000
-2.167300000
-2.426200000
-2.688500000
-2.886400000
-2.965700000
-2.926300000
-2.785500000
-2.564100000
-2.387700000



e e N

0.757644567
-2.204739828
-1.566585400
-1.551976007
1.029716496
-0.729493960
0.183330588

3.009823329
1.007345793
2.592837743
2.083530317
-0.338716050
-0.451983946
0.796605386

3.861538751
4.422436153
3.971773713
5.657868608
5.461028846
5.664627793
6.504363322

C B[ 7 ]edcl@ds8oncomplex

PP OOR P OO N
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2.311400000

-0.933200000
-3.356900000
-3.143800000
-4.085100000
-3.966800000
-5.281700000
-4.887200000
-6.378600000

4.566800000
4.555400000
4.149500000
3.911000000
4.965000000
1.752700000

-2.222100000
1.161800000
1.041700000
2.089500000
0.969900000
1.078700000

-0.325700000 0.923400000
-0.402500000 1.943300000
-0.302700000 0.934400000











































































































































































































































































































































































