Protein-like proton exchange in a synthetic host cavity
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ater-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 enzymecatalyzed reactions, those involving transfer of hydrogen are
ubiquitous and of high fundamental importance (3). For instance, ATP synthase employs an internal chain of water molecules 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 importance 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 between 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 receptors and enzymes, studies of the preparative, guest-binding,
and catalytic properties of synthetic assemblies have been pursued (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 association, and in some cases, subsequent catalysis. However, despite
the abundance of structural data documenting diverse water
clusters encapsulated in various host cavities, mechanistic descriptions 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 inspired, anionic K12Ga4L6 assemblies that exhibit catalytic properties similar to those of enzymes (1; Figs. 1 and 2A) (33, 34).
Assembly 1 exhibits 12 intramolecular amide hydrogen bonds
which, in analogy to structurally important peptide bonds found
www.pnas.org/cgi/doi/10.1073/pnas.1515639112

in polypeptides, preferentially stabilize the desired tetrahedral
supramolecular structure over other conformers (35). Compound 1 and related hosts have been shown to catalyze several
important chemical reactions with sizable rate accelerations (up
to 106) 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 interplay 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 observed rate of amide HDX and the identity of the encapsulated
guest. In the absence of guest, 1H NMR analysis revealed that 1
undergoes first-order amide HDX relatively rapidly, as evidenced 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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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 watermediated proton exchange vary by orders of magnitude depending on the guest, and differ by up to 200 million-fold relative to an
alanine polypeptide. These results suggest that the unusual microenvironment of the cavity of 1 can dramatically alter the reactivity
of associated water by magnitudes comparable to that of enzymes.

Fig. 3. Linear free-energy relationship between log(Ka) and log(kobs) of amide HDX. All measurements were obtained using two equivalents of guest.
Fig. 1. (Left) Space-filling model of K12Ga4L6 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(Ka) (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 mechanism of amide HDX, 1 was treated with increasing concentrations

Fig. 2. (A) Structurally important hydrogen bonding in tetrahedron 1 (lines
represent ligands and spheres represent Ga3+ centers), and polypeptides.
(B) General scheme of solvent displacement from 1 by a guest molecule.
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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 equivalent did not cause as large a decrease in kobs, suggesting that a
saturation limit in guest had been obtained, which binds the interior of 1 and strongly inhibits proton exchange. In this manner,
rate constants for HDX could be fit to kobs = k3fA + k2fB, where fA
and fB 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 = NMe4+,
NPr4+, and PEt4+ (see the Supporting Information). Based on this
analysis, HDX proceeds up to 30× faster in B than A. We propose
that encapsulated solvent provides a contribution to this difference (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 10–1,000× faster than the observed
rates of HDX (43). Eyring analysis of HDX (G = PEt4+) 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 Linderstrøm–
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. Mechanistic studies have revealed that amide HDX proceeds by acid-,

Fig. 4. Effect of increasing guest equivalents on kobs of amide HDX with G =
PEt4+, NMe4+ (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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Fig. 6. Influence of bulk solution pD on kobs of amide HDX. Varying the
presence and type of guest affords order-of-magnitude changes in kobs,
whose minimum pD values are shifted up to 6 pD units relative to poly-DLalanine (PDLA). Lines represent fits of experimental kobs values to Eq. 2 (Fig.
7D; see Table 1 for rate constants).

show that this is because both kD and kOD are decreased 40- to
100-fold for NMe4+ and 400- to 1,000-fold for PEt4+. This effect is
not simply electrostatic, as it operates on both kD and kOD. Instead, when the interior of 1 is blocked by G, both acid- and basemediated 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 kW is hardly affected by the presence of G.
The range of variation is only about 10-fold, and kW is nearly the
same as for a representative polypeptide. It is unusual for kW to
be detectable above the errors in measuring the contributions of
kD and kOD. 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 mechanism. Water-mediated HDX is highly unlikely to proceed simply
through NH removal by D2O, as this process would have a
maximum rate constant of 10−5 s−1, based on an amide pKa
Table 1. Rates of amide H/D exchange in 1
Rate constant
−1 −1

Fig. 5. (A) General guest-dependent mechanism for amide H/D exchange at
constant pH and (B) rate law describing this process, where fA and fB are the
fractions of host existing as A and B, respectively, and guest self-exchange is
faster than k2, k3 (42).
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logkD M ·s
logkOD M−1·s−1
logkW s−1

PEt4+⊂1

NMe4+⊂1

(D2O)n⊂1

PDLA*

2.80 ± 0.03
0.16 ± 0.02
−3.62 ± 0.01

3.81 ± 0.14
1.15 ± 0.09
−2.84 ± 0.03

5.41 ± 0.04
3.16 ± 0.04
−2.25 ± 0.02

0.0171
8.48
−3.04

*Rate constants (298 K) for PDLA were calculated using Arrhenius parameters from ref. 44.
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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 (kD), base (kOD), and
water (kW) were obtained. These rate constants for host containing
NMe4+, PEt4+, and solvent are tabulated in Table 1. The influences
of the host are seen in the 105-fold acceleration of kD in solventfilled host, and in the deceleration of kOD by 108-fold in PEt4+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(kobs) 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 polypeptides in aqueous solution. This minimum is where the dominant mechanism of amide HDX switches from acid to base
catalysis. The shift of the minimum for 1 corresponds to a 200,000fold increase in kD and decreases in kOD [compare (D2O)n⊂1;
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) micelles (9).
In the presence of a guest (NMe4+ or PEt4+), the pD-dependent
curves in Fig. 5 are lowered and flattened. The data in Table 1

Fig. 7. Acid- (A), base- (B), and water- (C) mediated amide H/D exchange
mechanisms, which can be described by (D) Eq. 2.

of 1010 M−1·s−1 for deprotonation by OD−. However, here the
negative charge on the host can raise the pKa of the O-protonated
amide up to 4 units (46), and retard encounter only slightly,
leading to an estimate consistent with the observed kW. However,
we cannot explain why the steric effect that retards kD and kOD is
not also operative on kW.
In summary, the observed rates of amide HDX in biologically
inspired, anionic K12Ga4L6 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, justifying 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 polyanionic 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 understanding 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 envisioned 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.

of ∼15 and an encounter-controlled reverse rate constant of
1010 M−1·s−1. We instead propose the mechanism shown in Fig. 7C.
Ordinarily this path too is unlikely, with a rate constant of 10−6 s−1,
based on a pKa of about −1 for the O-protonated amide, a pKW
of ∼15 in D2O, and an encounter-controlled rate constant
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