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Protein-like proton exchange in a synthetic host cavity
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The mechanism of proton exchange in a metal-ligand enzyme active
site mimic (compound 1) is described through amide hydrogen-
deuterium exchange kinetics. The type and ratio of cationic guest
to host in solution affect the rate of isotope exchange, suggesting
that the rate of exchange is driven by a host whose cavity is
occupied by water. Rate constants for acid-, base-, and water-
mediated proton exchange vary by orders of magnitude depend-
ing on the guest, and differ by up to 200 million-fold relative to an
alanine polypeptide. These results suggest that the unusual micro-
environment of the cavity of 1 can dramatically alter the reactivity
of associated water by magnitudes comparable to that of enzymes.

supramolecular | noncovalent | catalysis | proton |
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Water—mediated proton transfer in molecular cavities plays
an essential role in the function of nature’s remarkable
metabolic machinery (1, 2). Of the broad diversity of enzyme-
catalyzed reactions, those involving transfer of hydrogen are
ubiquitous and of high fundamental importance (3). For in-
stance, ATP synthase employs an internal chain of water mole-
cules to mediate proton transfer across an electrochemical
gradient (4, 5). This process drives ATP synthesis, which allows
organisms to broadly meet their basic energy needs. Recent
studies of tunneling in enzymatic hydron transfer reactions have
other far-reaching and broad implications, namely the impor-
tance of the dynamic enzyme motions in driving catalysis (6, 7).

Of the methods used to study hydron transfer, kinetic studies
of the mechanisms of amide hydrogen—deuterium exchange
(HDX) have helped to elucidate the dynamic interactions be-
tween water and protein surfaces that are central to the unique
capabilities of enzymes (8-13). Noncovalent interactions, such as
electrostatic effects and hydrogen bonding, have also been shown
to exert a significant influence on amide HDX rates. These
properties are manifest in amide HDX rate constants that can vary
by a factor of a billion for residues on the same protein (8). How
these variations arise, and how such a property could be harnessed
to drive enzyme-like reactivity, remain challenging questions.

In a growing effort to emulate the efficacy of biological re-
ceptors and enzymes, studies of the preparative, guest-binding,
and catalytic properties of synthetic assemblies have been pur-
sued (14-21). Whereas guest encapsulation has been reported in
a variety of media, association processes of organic guests are
generally more thermodynamically favorable in water (22, 23).
Central to these studies is the notion that the displacement of a
high-energy water cluster from a receptor drives guest associa-
tion, and in some cases, subsequent catalysis. However, despite
the abundance of structural data documenting diverse water
clusters encapsulated in various host cavities, mechanistic de-
scriptions of the dynamic processes between water and host are
rare (24-32).

As part of the broader field of synthetic hosts previously
mentioned, our group has developed a class of biologically in-
spired, anionic K;,GasL, assemblies that exhibit catalytic prop-
erties similar to those of enzymes (1; Figs. 1 and 24) (33, 34).
Assembly 1 exhibits 12 intramolecular amide hydrogen bonds
which, in analogy to structurally important peptide bonds found
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in polypeptides, preferentially stabilize the desired tetrahedral
supramolecular structure over other conformers (35). Com-
pound 1 and related hosts have been shown to catalyze several
important chemical reactions with sizable rate accelerations (up
to 10°) and unusual selectivity reminiscent of enzyme catalysis
(34, 36-41). Unlike most enzymes, the reactions catalyzed by 1
are functionally and mechanistically very diverse. Despite these
differences, those reactions proceeding with the largest rate
enhancements in 1 all involve proton transfer steps. Spurred by
this insight, we have investigated the fundamental mechanism of
proton transfer in 1 through amide HDX kinetics. The purpose
of these studies is twofold: first, to probe the fundamental
mechanisms of acid-, base-, and water-mediated proton transfer
in a host that is known to promote enzyme-like rate accelerations
in acid-mediated processes; second, to explore the effect of guest
binding on proton exchange, which provides insight into the in-
terplay of solvent and guest exchange for a synthetic active site.
The results of these studies are broadly relevant to the ligand—
receptor binding events involving biomacromolecules and the
development of synthetic enzyme mimics that emulate the utility
of their biological counterparts.

Results and Discussion

Initial studies revealed a puzzling relationship between the ob-
served rate of amide HDX and the identity of the encapsulated
guest. In the absence of guest, 'H NMR analysis revealed that 1
undergoes first-order amide HDX relatively rapidly, as evi-
denced by the loss of a single protio amide resonance at 13.1
parts per million (ppm) (100 mM phosphate buffer, pD 8.40, 25 °C).
In the presence of a cationic guest, this rate decreases by a
magnitude that is commensurate with the binding affinity of the
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Fig. 1. (Left) Space-filing model of K;,Gasls tetrahedron 1. (Right) Rotated
image of 1, where a ligand has been removed to reveal the tetrahedron’s interior.

host—guest pair. This relationship is represented in Fig. 3, where
with excess guest, the log(kobs) of amide HDX correlates linearly
with log(K,) (42) of the encapsulated guest. Thus, although it
was clear that the presence of a strongly bound cationic guest
inhibits host amide HDX, further investigations were necessary
to explain this relationship.

To probe the influence of guest encapsulation on the mecha-
nism of amide HDX, 1 was treated with increasing concentrations
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represent ligands and spheres represent Ga** centers), and polypeptides.
(B) General scheme of solvent displacement from 1 by a guest molecule.

(A) Structurally important hydrogen bonding in tetrahedron 1 (lines
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Slope: - 0.40(5), based on two independent sets of measurements

Fig. 3. Linear free-energy relationship between log(K,) and log(kops) of am-
ide HDX. All measurements were obtained using two equivalents of guest.

of guest, and proton exchange rates were measured (pD 8.40). In
all cases, the rate of amide HDX decreased with increasing guest
concentration until one equivalent of guest had been added (Fig.
4). Increasing the concentration of added guest past one equiva-
lent did not cause as large a decrease in ks, suggesting that a
saturation limit in guest had been obtained, which binds the in-
terior of 1 and strongly inhibits proton exchange. In this manner,
rate constants for HDX could be fit to kops = kafa + kofs, Where fa
and fg are the mole fractions of species A and B, which may be
characterized by the absence or presence of encapsulated water
(Fig. 5). This fitting enabled k3 to be evaluated for G = NMe,™,
NPr,*, and PEt* (see the Supporting Information). Based on this
analysis, HDX proceeds up to 30x faster in B than A. We propose
that encapsulated solvent provides a contribution to this differ-
ence (8-10 solvent molecules are expected to be encapsulated,
based on thermogravimetric analysis) (42). It is also possible that
HDX in the presence of excess G occurs simultaneously with guest
exchange, as relevant guest self-exchange processes likely involve
ligand distortion and occur 10-1,000x faster than the observed
rates of HDX (43). Eyring analysis of HDX (G = PEt,") revealed
a large negative entropy of activation that is similar to the negative
standard entropy of guest exchange and consistent with either
hypothesis. The mechanism in Fig. 5 also provides a conceptual
link between host—guest-influenced HDX and the Linderstrgm—
Lang model of structurally hindered proton exchange by proteins
(12, 13). Taken collectively, these data support a proton exchange
mechanism involving encapsulated water, which can be modified
by the presence of a competing guest.

To assess the extent to which acid- and base-mediated proton
exchange processes are accelerated or retarded in 1, the effects
of bulk solution pD on HDX rates were investigated. Mecha-
nistic studies have revealed that amide HDX proceeds by acid-,
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Fig. 4. Effect of increasing guest equivalents on kops of amide HDX with G =

PEt,;*, NMe,* (pD 8.40; lines represent fits of experimental points to Eq. 1.
Error bars are omitted for clarity; see the Supporting Information).
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base-, and to a lesser extent, water-mediated mechanisms, of
which the dominant mechanism depends on bulk solution pH or
pD. Experimental rate constants obtained at various pD values
were fit to the logarithmic form of Eq. 2 (in Fig. 7D), from which
rate constants for exchange catalyzed by acid (kp), base (kop), and
water (kvw) were obtained. These rate constants for host containing
NMe,*, PEt,*, and solvent are tabulated in Table 1. The influences
of the host are seen in the 10°-fold acceleration of kp, in solvent-
filled host, and in the deceleration of kop by 108-fold in PEt,*-
filled host. For comparison, rate constants for a representative
alanine polypeptide are included (44). The contributions of the
various mechanisms are evident in the parabola-like relationship
observed between log(kps) of amide HDX and pD (Fig. 6).

It is apparent that the rate minimum for HDX in 1 occurs at pD
~9, considerably higher than the minimum at pH ~3 for poly-
peptides in aqueous solution. This minimum is where the domi-
nant mechanism of amide HDX switches from acid to base
catalysis. The shift of the minimum for 1 corresponds to a 200,000-
fold increase in kp and decreases in kop [compare (D,0),C1;
Table 1] relative to a representative polypeptide. These dramatic
differences can be understood in terms of the mechanisms for acid
and base catalysis, shown in Fig. 7 (45). Regardless of whether the
acid-catalyzed exchange proceeds via N protonation (more likely
in a polyanionic host) or via the imidic acid, the transition state
bears a positive charge. In contrast, the transition state for the
base-catalyzed exchange bears a negative charge. The positive
charge is stabilized and the negative charge is destabilized by
electrostatics, resulting from the polyanionic nature of 1. Similar
behavior was seen in amide HDX in anionic (and cationic) mi-
celles (9).

In the presence of a guest (NMe,* or PEty™), the pD-dependent
curves in Fig. 5 are lowered and flattened. The data in Table 1

A

B kops = ksfa+ kofg (1)

Fig. 5. (A) General guest-dependent mechanism for amide H/D exchange at
constant pH and (B) rate law describing this process, where f5 and fg are the
fractions of host existing as A and B, respectively, and guest self-exchange is
faster than k, k3 (42).
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Fig. 6. Influence of bulk solution pD on kqps of amide HDX. Varying the
presence and type of guest affords order-of-magnitude changes in kops,
whose minimum pD values are shifted up to 6 pD units relative to poly-DL-
alanine (PDLA). Lines represent fits of experimental ko, values to Eq. 2 (Fig.
7D; see Table 1 for rate constants).

show that this is because both kp and kop are decreased 40- to
100-fold for NMe4* and 400- to 1,000-fold for PEt,*. This effect is
not simply electrostatic, as it operates on both kp and kop. In-
stead, when the interior of 1 is blocked by G, both acid- and base-
mediated exchanges are retarded. We attribute this difference to a
steric effect, whereby the guest interferes with the HDX, but we
cannot be more specific as to how this operates.

It is surprising that kyy is hardly affected by the presence of G.
The range of variation is only about 10-fold, and kv is nearly the
same as for a representative polypeptide. It is unusual for kv to
be detectable above the errors in measuring the contributions of
kp and kop. What makes detection possible in the presence of G
is that both of those contributions are retarded relative to the
water-mediated pathway, leading to curves that are flattened
near the pD minimum, as can be seen in Fig. 6.

Evidence for the water-mediated pathway has historically been
tenuous, which has limited the establishment of a firm mecha-
nism. Water-mediated HDX is highly unlikely to proceed simply
through NH removal by D,O, as this process would have a
maximum rate constant of 107 s~', based on an amide pK,

Table 1. Rates of amide H/D exchange in 1

Rate constant PEt,"C1 NMe,*c1 (D,0)nC1 PDLA*
logkp M~"s7" 280 +0.03 3.81+014 541+004 0.0171
logkopo M~'s™" 016 £0.02 1.15+0.09 3.16 + 0.04 8.48
logkyy s~ -3.62 +0.01 -2.84+0.03 -2.25+0.02 -3.04

*Rate constants (298 K) for PDLA were calculated using Arrhenius param-
eters from ref. 44.
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Fig. 7. Acid- (A), base- (B), and water- (C) mediated amide H/D exchange
mechanisms, which can be described by (D) Eq. 2.

of ~15 and an encounter-controlled reverse rate constant of
10" M~".s™!. We instead propose the mechanism shown in Fig. 7C.
Ordinarily this path too is unlikely, with a rate constant of 107°s™,
based on a pK, of about —1 for the O-protonated amide, a pKw
of ~15 in D,O, and an encounter-controlled rate constant
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of 101 M~Ls™! for deprotonation by OD~. However, here the
negative charge on the host can raise the pK, of the O-protonated
amide up to 4 units (46), and retard encounter only slightly,
leading to an estimate consistent with the observed kvw. However,
we cannot explain why the steric effect that retards kp and kop is
not also operative on kyy.

In summary, the observed rates of amide HDX in biologically
inspired, anionic K;,GasL¢ supramolecular assemblies 1 were
correlated to the affinities of alkylammonium and phosphonium
cations for the host interior. Guest titration experiments and
modeling suggest that amide HDX proceeds through two different
pathways contingent on the presence or absence of a guest, jus-
tifying this correlation. The rates of HDX catalyzed by acid and
base are shifted by a factor of up to 200 million relative to those of
an alanine polypeptide, an effect that we attribute to the poly-
anionic nature of 1. Collectively, these experiments suggest that
amide HDX occurs through encapsulation of water and that the
unique electrostatics of the host dramatically alters reactivity of
this transient hydrate. These results improve both our under-
standing of water in molecular recognition, and contributions
of proton transfer to multistep acid catalysis in supramolecular
cavities. Knowledge of these properties may enable the more
judicious development of both synthetic and biomolecular
microenvironments. More broadly, these insights are envi-
sioned to link the fundamental processes of hydron transfer
and enzyme-mimic structure, thereby providing a significant
step toward the development of catalysts that rival the utility of
biological enzymes.

ACKNOWLEDGMENTS. The authors are grateful to Drs. Derek Dalton,
Kaking Yan, Chen Zhao, Tiffany Pham, David Tatum, and Michael Nippe,
as well as Cynthia Hong, Rebecca Triano, and David Kaphan for helpful
discussions. This research was supported by the Director, Office of Science,
Office of Basic Energy Sciences, and the Division of Chemical Sciences,
Geosciences, and Biosciences of the US Department of Energy at Lawrence
Berkeley National Laboratory (DE-AC02-05CH11231).

20. Murase T, Nishijima Y, Fujita M (2012) Cage-catalyzed Knoevenagel condensation
under neutral conditions in water. J Am Chem Soc 134(1):162-164.

21. Habicher T, Diederich F, Gramlich V (1999) Catalytic dendrophanes as enzyme mimics:
Synthesis, binding properties, micropolarity effect, and catalytic activity of dendritic
thiazolio-cyclophanes. Helv Chim Acta 82(7):1066-1095.

22. Houk KN, Leach AG, Kim SP, Zhang X (2003) Binding affinities of host-guest, protein-
ligand, and protein-transition-state complexes. Angew Chem Int Ed Engl 42(40):4872-4897.

23. Leung DH, Bergman RG, Raymond KN (2008) Enthalpy-entropy compensation reveals
solvent reorganization as a driving force for supramolecular encapsulation in water.
J Am Chem Soc 130(9):2798-2805.

24. Wang L-Y, Yang Y, Liu K, Li B-L, Zhang Y (2008) A new “opened-cube” (H,0)1¢ cluster
and undulated water chain in porous metal-organic frameworks. Cryst Growth Des
8(11):3902-3904.

25. Lakshminarayanan PS, Suresh E, Ghosh P (2006) A hybrid water-chloride structure
with discrete undecameric water moieties self-assembled in a heptaprotonated oc-
taamino cryptand. Angew Chem Int Ed Engl 45(23):3807-3811.

26. Hazra A, Kanoo P, Mohapatra S, Mostafa G, Maji TK (2010) A flexible supramolecular
host with a crowned chair octameric water cluster and highly selective adsorption
properties. CrystEngComm 12(10):2775.

27. Li Y, Jiang L, Feng X-L, Lu T-B (2008) Anion dependent water clusters encapsulated
inside a cryptand cavity. Cryst Growth Des 8(10):3689-3694.

28. Mandal S, et al. (2010) An unusual (H(;)0)(50) discrete water cluster in the supramo-
lecular host of a charge transfer platinum(ii) complex: Cytotoxicity and DNA cleavage
activities. Dalton Trans 39(40):9514-9522.

29. Kurotobi K, Murata Y (2011) A single molecule of water encapsulated in fullerene Ceo.
Science 333(6042):613-616.

30. Wang X, Lin H, Mu B, Tian A, Liu G (2010) Encapsulation of discrete (H(20)(;,) clusters
in a 3D three-fold interpenetrating metal-organic framework host with (3,4)-con-
nected topology. Dalton Trans 39(27):6187-6189.

31. Yoshizawa M, et al. (2005) Endohedral clusterization of ten water molecules into a
“molecular ice”within the hydrophobic pocket of a self-assembled cage. J Am Chem
Soc 127(9):2798-2799.

32. Massera C, Melegari M, Ugozzoli F, Dalcanale E (2010) Formation of tetrameric water
clusters driven by a cavitand template. Chem Commun (Camb) 46(1):88-90.

33. Caulder DL, Powers RE, Parac TN, Raymond KN (1998) The self-assembly of a prede-
signed tetrahedral MylLg supramolecular cluster. Angew Chem Int Ed 37(13-14):
1840-1843.

Hart-Cooper et al.


www.pnas.org/cgi/doi/10.1073/pnas.1515639112

34.

35.

36.

37.

38.

39.

40.

Zhao C, et al. (2013) Chiral amide directed assembly of a diastereo- and enantiopure
supramolecular host and its application to enantioselective catalysis of neutral sub-
strates. J Am Chem Soc 135(50):18802-18805.

Janser |, Albrecht M, Hunger K, Burk S, Rissanen K (2006) Formation of triple-stranded
dinuclear helicates with dicatecholimine ligands: The influence of steric hindrance at
the spacer. Eur J Inorg Chem 2006(1):244-251.

Zhao C, Toste FD, Raymond KN, Bergman RG (2014) Nucleophilic substitution cata-
lyzed by a supramolecular cavity proceeds with retention of absolute stereochemistry.
J Am Chem Soc 136(41):14409-14412.

Hart-Cooper WM, et al. (2015) The effect of host structure on the selectivity and mecha-
nism of supramolecular catalysis of Prins cyclizations. Chem Sci (Camb) 6(2):1383-1393.
Hart-Cooper WM, Clary KN, Toste FD, Bergman RG, Raymond KN (2012) Selective
monoterpene-like cyclization reactions achieved by water exclusion from reactive
intermediates in a supramolecular catalyst. / Am Chem Soc 134(43):17873-17876.
Pluth MD, Bergman RG, Raymond KN (2009) Proton-mediated chemistry and catalysis
in a self-assembled supramolecular host. Acc Chem Res 42(10):1650-1659.

Fiedler D, van Halbeek H, Bergman RG, Raymond KN (2006) Supramolecular catalysis
of unimolecular rearrangements: Substrate scope and mechanistic insights. J Am
Chem Soc 128(31):10240-10252.

Hart-Cooper et al.

4

42.

43.

44.

45.

46.

47.

48.

. Hastings CJ, Pluth MD, Bergman RG, Raymond KN (2010) Enzymelike catalysis of the

Nazarov cyclization by supramolecular encapsulation. J Am Chem Soc 132(20):6938-6940.
Sgarlata C, et al. (2010) External and internal guest binding of a highly charged su-
pramolecular host in water: Deconvoluting the very different thermodynamics. J Am
Chem Soc 132(3):1005-1009.

Davis AV, et al. (2006) Guest exchange dynamics in an Myle tetrahedral host. J/ Am
Chem Soc 128(4):1324-1333.

Bai Y, Milne JS, Mayne L, Englander SW (1993) Primary structure effects on peptide
group hydrogen exchange. Proteins 17(1):75-86.

Perrin CL (1989) Proton exchange in amides: Surprises from simple systems. Acc Chem
Res 22(8):268-275.

Pluth MD, Bergman RG, Raymond KN (2007) Making amines strong bases: Thermo-
dynamic stabilization of protonated guests in a highly-charged supramolecular host1.
J Am Chem Soc 129(37):11459-11467.

Glasoe PK, Long FA (1960) Use of glass electrodes to measure acidities in deuterium
oxide. J Phys Chem 64(1):188-190.

Covington AK, Robinson RA, Bates RG (1966) The ionization constant of deuterium
oxide from 5 to 50°. J Phys Chem 70(12):3820-3824.

PNAS | December 15,2015 | vol. 112 | no.50 | 15307

CHEMISTRY



