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Introduction

Synthetic foldamers have undergone rapid development,

driven mainly by curiosity and by the hope that foldamers
could achieve functions that match or even go beyond those

of biopolymers.[1] This progress has led to the finding of varied

artificial molecular backbones that adopt well-defined folded
conformations. Among these, aromatic amide foldamers[2]

stand out owing to the following features: exceptionally pre-
dictable, tunable, and stable conformations in solution; rela-

tively easy synthesis of sequences bearing various proteino-

genic side chains, including on solid support;[3] accessibility of

secondary and tertiary-like objects as large as small proteins;[4]

and a high amenability to crystal growth and accurate structur-

al elucidation. Appending polar side chains endows these aro-

matic backbones with solubility in protic medium,[5] in which
their conformational stability may be enhanced by intramolec-

ular hydrophobic effects.[6] These features all point to aromatic
amide foldamers as potential scaffolds to construct ligands for

large protein surface areas and possible inhibitors of protein–
protein interactions or protein–nucleic acid interactions. Be-
cause of the very nature of aromatic backbones, these would

fundamentally differ from peptidic foldamers that may also
recognize protein surfaces.[7] As pioneering examples, a
number of rigid rods have been developed that are composed
of aromatic amides, ureas, or oligoaryl derivatives. For exam-

ple, aromatic a-helix mimetics may inhibit some protein–pro-
tein interactions,[5a, 8] with certain anionic sequences shown to

interact with the 37-residue islet amyloid polypeptide (IAPP).[9]

Pyrrole–imidazole oligoamides have long been known to bind
the minor groove of double-stranded DNA,[10] and helical cat-

ionic sequences specifically recognize G-quadruplex DNA.[11]

In the development of an aromatic oligoamide specific for

a particular target, obtaining high-resolution structural infor-
mation on foldamer–target interactions will yield important

advantages for iteratively improving binding affinity and selec-

tivity. A recent example of such structure-based iterative se-
quence evolution yielded a foldamer that tightly and selective-

ly recognized b-fructopyranose.[12] In a different context, the
structural characterization of anti-parallel stacked oligo-pyr-

role–imidazole dimers in the minor groove of B-DNA was also
essential for their development.[13] However, in the absence of
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sufficient starting affinity, that is, in the context of ab initio
design, obtaining structural information is not possible, reduc-

ing the hope to improve binding. To overcome this obstacle,
we surmised that tethering a foldamer to a protein surface

might allow the detection and understanding of even weak in-
teractions and provide a starting point for iterative improve-

ments.
We previously used human carbonic anhydrase II (HCA) as

a model system because this protein is known to crystallize

easily—the Protein Data Bank contains over 500 crystal struc-
tures—and because synthetically accessible nanomolar ligands

derived from aromatic sulfonamides exist that can be append-
ed to a foldamer and ensure a non-covalent yet tight linkage

to HCA. In a recent report,[14] we described the synthesis of
short helical foldamers based on quinolinecarboxamides, each

having an appended HCA ligand.[15] The foldamers did not con-

tain any stereogenic center and initially existed as racemic mix-
tures of right- (P) or left-handed (M) helices. However, when

the foldamers were confined to the HCA surface through bind-
ing of the ligands to the HCA active site, interactions were de-

tected by circular dichroism (CD), which revealed a helix hand-
edness bias for some foldamers, induced by preferential inter-

actions of either the P or M helix with the inherently chiral

protein surface.[14, 16, 17] By using this method, compound 1
(Figure 1) was identified as having a strong preference for P-

handedness when linked to HCA.
The HCA–1 complex was successfully crystallized, and its

structure in the solid state was solved.[14] The structure re-
vealed a dimerization process through which two foldamers

and two HCA molecules assemble into a larger (HCA–1)2 struc-

ture, stabilized by 1) a number of foldamer–protein interac-
tions, including a Zn2 + bridging complex; 2) foldamer–folda-

mer hydrophobic contacts; and 3) new HCA-HCA interactions.
The structure also confirmed the P helicity of the bound folda-

mer. This foldamer-mediated dimerization of HCA somewhat
relates to the dimerization of other proteins, achieved by ap-

pending a peptide known to dimerize,[18] or through the use of

ditopic protein ligands.[19] The dimerization process and the fol-
damer–HCA interactions, as revealed by the crystal structure,
could not otherwise have been predicted, highlighting the po-
tential of the tethering approach. The solid-state structure con-

stitutes the basis of further design and improvements which
are in progress and will be reported in due time.

The prime objectives of the present study are to assess
whether the unanticipated foldamer-mediated dimerization of
HCA observed in the solid state also occurs in solution and to

gain insights into the solution structure of the complex. The
(HCA-1)2 crystals were grown in an extremely zinc-rich medium

(100 mm zinc acetate), leading to abundant Zn2+ in the crystal
structure, including at places that suggest a possible contribu-

tion to dimerization (foldamer–protein contacts and protein–

protein contacts within the dimer). In contrast, the initial CD
screening in solution revealed that the preferred P helicity of

the HCA–1 complex was present without any added Zn2 + . We
now report that 1 does mediate HCA dimerization in solution

in the absence of added Zn2 + and that this process is buffer-
dependent and also selective for the sequence of 1. Neverthe-

less, the (HCA-1)2 dimer formed in the absence of Zn2 + in solu-

tion is structurally less well defined. We also report that hand-
edness induction does not require dimerization; thus, folda-
mer–protein interactions other than those observed in the
solid state exist in 1:1 HCA–1 complexes. These solution stud-

ies provide important insight into the behavior and molecular
details of foldamer–protein interactions in solution.

Results and Discussion

NMR spectroscopy of protein–foldamer interactions

In order to characterize the behavior of HCA–1 in solution, we

first pursued a biophysical approach by using NMR spectrosco-
py to provide protein residue-specific information on intermo-

lecular HCA–foldamer and HCA–HCA interactions.[20] For this
purpose, we prepared samples of 13C,15N-isotopically enriched

HCA ([13C,15N]HCA) in two biological buffers and assigned the
protein backbone 1H, 13C, and 15N chemical shifts based on pre-

Figure 1. Foldamers and HCA–foldamer complex. A) Crystal structure (left) of
the (HCA–1)2 dimer,[14] and schematic view (right) of the foldamer–protein
interface. Proteins are represented as ribbons (left) or as solvent-accessible
surfaces (right). Foldamers are shown in the same color (green or yellow) as
the color to which their ligand moiety is attached. Zinc ions at the bottom
of the ligand binding pocket and at the foldamer–protein interface are
shown as purple spheres. B) Formulae of compounds 1–3.

ChemBioChem 2016, 17, 727 – 736 www.chembiochem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim728

Full Papers

http://www.chembiochem.org


viously reported values.[21] Well-resolved 2D 1H,15N TROSY and
1H,15N HSQC spectra, combined with nearly complete amide

annotation, demonstrated that HCA in buffered solutions con-
taining 50 mm Tris (2-amino-2-hydroxymethyl-propane-1,3-diol)

pH 8.0 or 50 mm sodium phosphate pH 7.4 (Figure S1) were
equally suitable for detailed analysis by NMR spectroscopy.

The 1H,15N chemical shift values of protein backbone amides
are exquisitely sensitive to changes in their local environ-
ment[22] and thus serve as simple but informative reporters for
protein regions involved in ligand binding. We therefore
added the modified aromatic sulfonamide inhibitor 3 to 15N-la-

beled HCA and observed the resulting 1H,15N amide chemical
shift perturbation of [15N]HCA in Tris and phosphate buffers

(Figure S2). Using the titration in Tris as an example, the addi-
tion of saturating amounts (1.3 molar equivalents) of 3 resulted

in significant perturbation of a number of amide crosspeaks

(selected region shown in Figure 2 A). Calculation of the com-
bined 1H,15N perturbation (DdH,N) revealed residues most affect-

ed by the inhibitor (Figure 2 B), which we have classified as
amides with no apparent movement (<0.25 ppm) as well as

residues with increasing perturbation.
The DdH,N values were mapped onto the three-dimensional

structure of HCA, with each measured amide crosspeak shown

as a sphere (Figure 2 C) using the color gradient from Fig-
ure 2 B. Residues with DdH,N greater than 0.25 ppm precisely

mapped to the central cavity region of HCA. This region, iden-
tified in solution to be in close proximity to bound inhibitor 3,

reassuringly coincided with backbone amides located within
6 æ of the inhibitor within the crystal structure of (HCA–1)2 (cir-

cled regions in Figure 2 C and D). Measurements in phosphate

buffer revealed the same pattern of residues affected by inhibi-
tor binding (Figure S3 A–C).

The next step was to determine which residues were adja-
cent to the foldamer moiety when appended to the HCA

ligand. In the crystal structure, the quinoline oligoamide por-
tion of compound 1 is involved in dimerization; thus, we

would expect significant DdH,N values for residues in contact

with either of the two quinoline moieties in the dimer com-
plex, as well as residues contacting the second HCA protein. A
saturating amount of compound 1 was therefore added to
[15N]HCA, and calculation of DdH,N was used to identify residues
that experience a change in chemical environment induced by
1. In this case, the spectrum of HCA–1 was compared with

HCA–3 in order to eliminate the contribution of the inhibitor
and obtain information only on those peaks affected by the
foldamer itself (Figure S4). Importantly, these experiments were
carried out in the absence of any added Zn2 + . Indeed, addition
of a molar equivalent of Zn2 + induced significant precipitation,

preventing detailed study by NMR spectroscopy
Again using Tris buffer samples as an example, several

amide crosspeaks were shifted when comparing the
1H,15N TROSY spectra of HCA–1 with HCA–3 (Figure 2 E and F).
When mapped to the structure of HCA, perturbation specific

to the addition of the foldamer primarily was observed around
one side of the entrance to the inhibitor-binding cavity (Fig-

ure 2 G). In the previous crystal structure, several amides were
within 6 æ of either of the two bound quinoline oligoamide

Figure 2. Intermolecular contacts identified by NMR spectroscopy in Tris
buffer. A) Region of 1H,15N TROSY spectra (Figure S2 A) from samples of un-
bound 300 mm [15N]HCA without (black) and with (blue) 1.3 molar equiva-
lents of compound 3 added. B) DdH,N of HCA–3 compared to HCA, calculated
as the root mean square deviation, ((DdH/0.14)2 + (DdN)2)0.5.[22] C) Each ob-
served amide nitrogen atom in the 1H,15N TROSY is represented as a sphere
on the structure of HCA (chain A from PDB ID: 4LP6)[14] and colored as in (B).
The top orientation is the same as for the green HCA protein in Figure 1 A.
D) Amide nitrogen atoms (spheres) of residues located less than 6 æ from
the sulfonamide inhibitor atoms within the crystal structure. E) Region of
1H,15N TROSY spectra (Figure S4 A) of HCA–1 (red) and HCA–3 (blue) in Tris
buffer. F) DdH,N of HCA–1 compared to HCA–3, calculated as in (B). G) Each
observed amide is represented as a sphere on the structure of HCA and col-
ored as in (F). H) Amide nitrogens (spheres) of residues located within 6 æ
of the foldamer moieties of compound 1 in the HCA–1 complex structure
(blue) or along the HCA–HCA dimer interface (yellow).
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moieties (blue spheres, Figure 2 H) or along the newly formed
HCA–HCA dimer interface (yellow spheres, Figure 2 H). In con-

trast to the previous analysis with compound 3, there was only
partial overlap between the binding region identified in solu-

tion and the intermolecular contacts in the crystal structure of
(HCA–1)2. Instead, the contact region identified by NMR spec-

troscopy (circled in Figure 2 G) appeared to mainly occupy an
area between the crystal structure contact regions (circles in
Figure 2 H). This discrepancy was also observed in the compari-

son of HCA–1 with HCA–3 in phosphate buffer (Figure S3 D–F).
In this latter buffer, however, we clearly noted line-broadening

in the 1H,15N HSQC spectrum of HCA–1 that could be indicative
of a significant increase in molecular size. This latter finding

supports a shared ability of compound 1 to induce dimeriza-
tion both in solution and in the crystal, despite the otherwise

different surfaces involved in intermolecular contacts. To better

analyze the oligomerization state of HCA under various condi-
tions, we used NMR spectroscopy methods sensitive to the

overall molecular size.

HCA–1 dimerization in solution

The rotational correlation time (tc) of a protein or protein com-

plex is a function of the hydrodynamic radius and is therefore
related to the molecular size and shape. Higher oligomeric spe-

cies of a protein are reflected by a predictable increase in the
value of tc. One method to measure protein tc and to address

the oligomeric state of HCA–1 in solution, is by the combined

determination of the backbone amide 15N longitudinal (T1) and
transverse (T2) relaxation rates for a 15N-labeled protein

sample.[23] Starting with the unbound [15N]HCA at 295 K and
a field strength of 700 MHz, we determined residue-specific

values for T1 and T2 in phosphate buffer (Figure 3 A and B).
These values are in excellent agreement with T1 and T2 values

of monomeric HCA, as predicted using the program HYDRO-

NMR[24] (grey circles in Figure 3 A and B), based on the atomic
structure of HCA (PDB ID: 4CAC).[25] Measurement of heteronu-

clear {1H}15N NOE values greater than 0.6 (Figure 3 C) indicated
that most observable backbone amides were conformationally
rigid with respect to the HCA molecule. The measured T1 and
T2 values of these rigid amides thus primarily relate to the
overall motion of the protein instead of localized dynamics.
Based on the T1:T2 ratio of these residues, we obtained a tc

value of 16.4 ns for HCA using TENSOR version 2.0.[26] This ex-
perimental value correlated extremely well with the prediction
from HYDRONMR (16.4 ns). We next attempted to obtain 15N

relaxation measurements of [15N]HCA–1. Unfortunately, the sig-
nificant line-broadening in the required 2D spectra precluded

a similar residue-based analysis. As a result, we elected to per-
form a simplified estimate of correlation time based only on

1D 1H NMR spectra.

In this simplified approach to determine tc, a series of 1D
1H NMR spectra were collected to correlate signal reduction of

the backbone amide 1HN with increasing relaxation delays.[27]

Although the accuracy is diminished as compared to 15N-based

determination of tc, this method is rapid, suitable for large pro-
teins, and 15N-labeling is not required. We collected spectra on

the same phosphate sample of 500 mm HCA as in Figure 3 A,
with delays of 1, 2, 4, 6, and 8 ms (Figure 3 D). The spectra and

delays were converted to a 1HN amide T2 value of 13.7�0.6 ms
(Table 1).[28] As an accurate tc value for this sample was deter-

mined by 15N relaxation to be 16.4 ns (data in Figure 3), we
were able to establish a specific conversion equation of tc =

(4.45·T2)¢1. The next step was to look at a sample of 500 mm
HCA–1 in the same buffer and at the same temperature and
field strength. The observed 1HN amide T2 value of 7.8�0.5 ms

corresponds to a tc of 28.8 ns. This approximate doubling of

Figure 3. Correlation time determination of HCA in phosphate buffer. Resi-
due-specific measurement of the 15N relaxation parameters A) T1 and B) T2

and C) the heteronuclear {1H}15N NOE on a sample of 500 mm [15N]HCA in
phosphate buffer at 295 K. Gray circles are the predicted values of 15N T1

and T2 by using HYDRONMR[24] with the monomeric structure of HCA (PDB
ID: 4CAC).[25] D) Approximation of tc on the same phosphate sample of
500 mm 15N-HCA by using a 1D 1H NMR series with increasing relaxation
delays of 1, 2, 4, 6, and 8 ms (Table 1).

Table 1. Molecular size of HCA, HCA–1, and HCA–2 in solution by using
1D 1HN NMR T2 relaxation measurements to estimate the correlation time.

Sample Conc. [mm] Buffer[a] 1HN T2 [ms] tc [ns][b]

HCA 500 phosphate 13.7�0.6 16.4
HCA–1 500 phosphate 7.8�0.5 28.8
HCA 70 phosphate 14.5�0.9 15.5
HCA–1 70 phosphate 7.4�0.8 30.4
HCA 300 Tris 13.8�1.1 16.2
HCA–1 300 Tris 11.0�0.6 20.4
HCA–1 200 Tris 11.5�0.7 19.5
HCA–1 100 Tris 12.7�0.7 17.7
HCA–2 500 phosphate 12.1�0.6 18.6
HCA–2 300 Tris 12.2�1.4 18.4

[a] Phosphate, 50 mm sodium phosphate (pH 7.4); Tris, 50 mm Tris
(pH 8.0). [b] Estimate of correlation time (tc) by using the equation tc =

(4.45·T2)¢1.
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the correlation time is fully consistent with the formation of
a dimer and supports the presence in solution of the (HCA–1)2

found in the crystal structure. We next repeated the analysis
with diluted samples of 70 mm HCA and HCA–1, with no signifi-

cant changes in tc values (15.5 ns and 30.4 ns, respectively,
Table 1). The results indicate that, in phosphate buffer, the HCA

monomer and HCA–1 dimer is maintained within a seven-fold
protein concentration range and that dissociation of HCA–1
might only occur at lower concentrations.

We then analyzed samples in Tris buffer, starting with a
sample of 300 mm HCA. Again, a clear protein monomeric state

was observed, as evidenced by a 1HN amide T2 value of 13.8�
1.1 ms and a tc value of 16.2 ns (Table 1). When we analyzed

the effect of compound 1, only a 50 % increase in tc was de-
tected over unbound HCA (20.4 ns compared to 16.2 ns). This

finding is in contrast to the clear dimer formed in phosphate

buffer, possibly due to a shift in equilibrium towards mono-
meric HCA–1. Serial dilution of HCA–1 to 200 and 100 mm was

accompanied by a steady decrease in tc (19.5 and 17.7 ns, re-
spectively) towards the value observed for the HCA monomer.

The association of the HCA–1 dimer in Tris is therefore weaker
than in phosphate, implying a buffer-dependent effect on

HCA–1 dimerization. To further investigate the process of

dimer formation, a modification of compound 1 was sought
that could not self-associate.

By using the crystal structure to suggest changes to the fol-
damer that could disrupt the ability to dimerize, we designed

and synthesized compound 2 (Figure 1 B). The modification in-
volves an extension of the foldamer terminus by adding one

extra quinoline bearing an acidic side chain. There is insuffi-

cient free space in the (HCA–1)2 structure to accommodate the
added quinoline without having the extension protrude into

the HCA protein. It was therefore predicted that this small ad-
dition would be enough to prevent dimerization of HCA–2.

Elongation to a sequence comprised of more than five quino-
line units was not considered, as longer helices require exces-

sive amounts of time to shift the equilibrium between right-

handed and left-handed helices, particularly in water,[6, 29] pre-
venting the ability to measure handedness induction in later
experiments.

Consistent with the predicted ability to disrupt dimerization,
1HN T2 relaxation measurements on samples of HCA–2 demon-
strated a size reduction in both phosphate and Tris buffers

(Table 1). In addition, detailed analysis of backbone amide 15N
T2 relaxation of [15N]HCA–2 in phosphate at 295 K and a field
strength of 700 MHz (Figure 4 A) yielded average rates that

were comparable to the unbound [15N]HCA (Figure 3 B). Finally,
we tested the oligomerization state of HCA–2 by using size-ex-

clusion chromatography (Figure 4 B). Samples of 500 mm HCA,
HCA–1, and HCA–2 in phosphate buffer were analyzed by

using a Superdex 75 size-exclusion chromatography column.

Both HCA and HCA–2 eluted at a similar volume, whereas
HCA–1 eluted at an earlier volume, consistent with the larger

molecular size of the dimer. Taking advantage of HCA–2 as
a confirmed monomer, we were able to investigate whether di-

merization is a requirement for helix handedness induction.

Induction of foldamer right-handedness by the protein
surface

The results in Table 1 and Figure 4 B indicate the dimerization

of HCA–1 at micromolar concentrations in the same medium
(phosphate buffer without Zn2 +), in which induced CD was ob-

served in the original characterization of HCA–1.[14] This pre-
ferred right-handedness was confirmed in the crystal structure

of (HCA–1)2. Several questions then arose: is handedness in-
duction in HCA–1 reliant on dimerization of the complex? In

other words, were we observing the dimerization of HCA–1
complexes in which 1 was already P-helical, or were we ob-
serving dimerization-promoted handedness induction of 1?

And what is the behavior of the monomeric 2 bound to HCA?
We began to address these questions using CD spectrosco-

py to determine if compound 2 within the monomeric HCA–2
complex was also shifted towards a single enantiomer. CD

spectra of 34 mm HCA–2 in Tris or phosphate both indicated

a surprisingly strong induction of a P helix (Figure 5 A), similar
to that of (HCA–1)2. Furthermore, the molar circular dichroism

(De390) per residue of HCA–2 was 12.4 L mol¢1 cm¢1 res¢1 (Tris)
and 12.7 L mol¢1 cm¢1 res¢1 (phosphate), which was comparable
to the previously reported value of 11.5 L mol¢1 cm¢1 res¢1 for
34.5 mm HCA–1 in phosphate.[14] The molar circular dichroism

per residue for HCA–2 does not depend on concentration, as
measurements at 6.8 and 200 mm have comparable values (Fig-
ure 5 A). As HCA–2 is a monomer, this suggests that dimeriza-

tion is not a required factor in handedness induction of com-
pound 2. Instead, induction must be due to direct interaction

between the foldamer moiety and the surface of HCA. If this is
the case for 2, then it is possible that compound 1 is also al-

ready in a preferred enantiomeric state, independent of HCA–

1 dimer formation.
Results in Table 1 revealed that dimerization of HCA–1 in Tris

buffer was strongly diminished. Nevertheless, measurement of
CD spectra in samples of HCA–1 at 200, 34, and 6.8 mm
showed induced CD bands indicative of a preferred right-hand-
edness (Figure 5 B). The results indicate that, even under condi-

Figure 4. Monomeric state of HCA–2. A) Residue-specific determination of
15N T2 relaxation on a sample of 500 mm [15N]HCA–2 in phosphate buffer at
295 K. B) Analysis of HCA (cc), HCA–1 (a), and HCA–2 (c) by size-
exclusion chromatography. The vertical axis is absorption at 280 nm, normal-
ized to the maximum value.
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tions in which HCA–1 was essentially monomeric (i.e. , 6.8 mm),

handedness induction was still effective. Dimer formation of
(HCA–P-1)2 was therefore the result of the dimerization of
HCA–P-1 and not the P-handedness induction of HCA–racemic-

1 upon dimerization. This indicates pre-existing diastereoselec-
tive interactions between HCA and 1 in HCA–P-1 that are not

seen in the crystal structure of (HCA–P-1)2, in which each folda-
mer interacts with the protein surface to which the other fol-

damer is bound. However, we noted that the De390 values in

Tris of 7.9, 7.5, and 5.9 L mol¢1 cm¢1 res¢1 for 200, 34, and
6.8 mm HCA–1, respectively, were smaller than the correspond-

ing measurements in phosphate (Figure 5 C). This suggests
that enhanced dimerization in phosphate buffer might act to

further stabilize the pre-existing enantiomer preference. In
order to shed light on the underlying protein–foldamer inter-

actions that give rise to helix handedness, we then focused
our attention onto the characterization of HCA–P-2.

Foldamer–protein interactions in HCA–2

To gain insight into enantiomer selection for HCA–P-2, we col-
lected 1H,15N TROSY and HSQC spectra on the [15N]HCA–2 com-

plex in Tris and phosphate buffers, respectively (Figure S5).

Due to a number of chemical shift changes in keeping with an
efficient formation of the HCA–2 complex (Figure 6 A), we first

confirmed the identity of the crosspeaks by using 3D HNCA
and HNCO spectra. Similar to the analysis of HCA–1, we calcu-

lated DdH,N values compared to the chemical shift values of
the inhibitor-bound HCA–3 (Figure 6 B). There was a prominent

Figure 6. Intermolecular contacts within HCA–2. A) Selected region of the
superimposition of 1 H,15N TROSY spectra of HCA–2 (green) and HCA–3
(blue) in Tris buffer (Figure S6 A). B) DdH,N of HCA–2 compared to HCA–3, cal-
culated as in Figure 2 B. C) Each observed amide is represented as a sphere
on the structure of HCA (chain A from PDB ID: 4LP6)[14] and colored as in (B).
The circles highlight clusters of amides with significant chemical shift pertur-
bations. D) Surface representations of HCA in the same orientation as the
bottom image of (C). Hydrophobic side chains are colored orange and are
annotated with residue type and number (left). A model of compound 2 is
placed on the surface of HCA, illustrating the putative position of the five
quinoline monomers (see Figure 1 B for the atomic structure of compound
2). Surface representation colored by calculated charge (PyMOL Molecular
Graphics System, version 1.7.4, Schrçdinger) is shown at right, with acidic re-
gions in red and basic regions in blue. Selected charged residues are anno-
tated with residue type and number.

Figure 5. CD spectra of HCA–2 and HCA–1 complexes in aqueous phosphate
and Tris buffers. A) Molar circular dichroism per residue at 293 K for three
concentrations of HCA–2 in both phosphate and Tris. CD curves of HCA–2
in phosphate at 200 mm (c), 34 mm (a), and 6.8 mm (····). CD curves of
HCA–2 in Tris at 200 mm (cc), 34 mm (aa), and 6.8 mm (····). B) Molar circu-
lar dichroism per residue of HCA–1 in Tris at concentrations of 200 mm
(c), 34 mm (a), and 6.8 mm (····). C) Molar circular dichroism per residue
of HCA–1 in phosphate at concentrations of 200 mm (c), 34 mm (a),
and 6.8 mm (····).
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grouping of the amides experiencing chemical shift perturba-
tion by the foldamer moiety of compound 2, and three major

clusters were identified (circles 1, 2, and 3 in Figure 6 C).
From CD spectroscopy, we know that compound 2 favors

a right-handed helix within the monomeric HCA–2 (Figure 5 A).
Inspection of the surface properties of HCA can provide insight

into the origin of the main regions of chemical shift perturba-
tion. The first cluster of perturbed amides (circle 1 in Fig-

ure 6 C) co-localized with a hydrophobic region on HCA, due

to residues such as Ile91, Phe130, Val134, Leu197, Pro200,
Pro201, and Leu203 (Figure 6 D). The first quinoline monomer

of compound 2 harbors a leucine-like side chain (Figure 1 B),
and the simplest arrangement places this side chain within the

hydrophobic area. By employing a representation of the P
enantiomer of 2 onto the surface of HCA, we were able to de-
termine whether other favorable contacts could be made to

support this model (Figure 6 D). Another area of significant
chemical shift perturbation (circle 3 in Figure 6 C) was present

in a negatively charged region centered on Asp72 and includ-
ed Glu69, Asp71 and Asp129 (Figure 6 D, right). In the pro-
posed model of HCA–2, we had favorable placement of the
lysine-like side chain of monomer 3 within this acidic patch.

The hydroxy side chain in monomer 2 would thus coincide

with the perturbation of amide residues within the last major
region of chemical shift perturbation (circle 2, Figure 6 C). Mo-

nomer 4 and 5 of compound 2 were located in the second
turn of the foldamer helix and, therefore, were more distal to

the protein surface. Nevertheless, each of these acidic side
chains were located beside complementary clusters of basic

residues (Figure 6 D), and there were at least a few residues

with notable DdH,N values in the area of monomer 4 (Fig-
ure 6 C).

It is therefore reasonable that the observed P enantiomer
and regions of chemical shift perturbation both support an ori-

entation with favorable protein–foldamer contacts. Due to the
similarity between compounds 1 and 2, it is possible that the

handedness induction of HCA–1 in solution, especially in the

monomeric form when dilute, may derive from similar protein–
HCA contacts. Indeed, there are similarities between the pat-

tern of chemical shift perturbation from the analysis of HCA–
1 in Tris (Figure 2 G) and that of HCA–2 (Figure 6 C). Neverthe-
less, significant dynamics within the complex must exist in
order to facilitate the monomer–dimer transition for HCA–1.

Dynamics within the (HCA–1)2 dimer were suggested by the
broad elution peak in size-exclusion chromatography (Fig-
ure 4 B). The discrepancy between the HCA–foldamer and

HCA–HCA contacts in solution (Figure 2 G) and in the crystal
(Figure 2 H) may therefore result from a stabilization of one se-

lected structure in the crystal from the range of possible ar-
rangements present in solution. Additional contacts with Zn2 +

atoms in the crystal may be one of the stabilizing constraints.

Indeed, these have been shown to bridge each foldamer to an
HCA molecule within (HCA–1)2 and also to directly bridge the

two HCA molecules of (HCA–1)2, thus considerably restricting
dynamics, as observed in solution in the absence of Zn2 + .

Finally, we noted an intriguing time-dependent evolution of
several amide crosspeaks in 1H,15N TROSY and HSQC during

NMR spectroscopy analysis of newly prepared samples of
[15N]HCA-2. Spectra acquired immediately following the addi-

tion of compound 2 to [15N]HCA revealed the splitting of
amide crosspeaks such as Gly6, Gly25, Glu26, Arg27, Gln28,

Asn62, Gly63, Asp72, Gln74, Ile91, Lys126, Tyr127, Glu204, and
Arg245. After several days, there was a complete shift towards

a single set of peaks. Our hypothesis was that the initial peak
doubling was due to the starting racemic state of the quino-

line oligoamide portion of compound 2, with these amide

crosspeaks differentially sensitive to the M or P helices. Over
time, the enantiomer preference for the P helix was reflected

by a loss of the M-helix-specific crosspeak. To support this
hypothesis, we prepared a fresh sample of HCA–2 in Tris and

divided the sample for simultaneous measurement by CD and
NMR spectroscopy. We found by CD spectroscopy that helix
handedness formed with a half-life of 9.1 h and was nearly

complete (~95 %) by 96 h (Figure 7). The NMR spectra mirrored

this rate, with a difference in crosspeak intensities for spectra
collected at 1, 9, and 168 h (Figure 7 B). The early spectra

showed approximately equal populations of the two states,
which were further shifted at 9 h. A spectrum collected after

several days (168 h) confirmed a complete shift to a single
state. It was noted that the binding of compound 2 was al-

Figure 7. Kinetics of enantiomer selection in HCA–2, as followed by CD and
NMR spectroscopy. A) Time series of q390 at 293 K for freshly prepared
300 mm [15N]HCA–2 in Tris. Wavelength scans for the time series are shown
in the insert. B) Region of 1H,15N TROSY at 293 K for unbound [15N]HCA (top
left), freshly prepared complex with compound 2 (top right), after 9 h
(bottom left), and after several days (bottom right). The amide for Trp208 is
adjacent to the sulfonamide moiety and confirms complete formation of the
complex. The two peaks for Asp72 correspond to the M and P enantiomers
of compound 2.
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ready complete prior to acquisition of the first spectrum, as
evidenced by the complete shift of amides surrounding the

sulfonamide moiety (such as Trp 208 in Figure 7 B).
The similar rates observed for handedness induction and dis-

appearance of the doubled amide crosspeaks support the idea
that the NMR spectra illustrate regions of the protein impor-

tant for enantiomer stabilization and thus for foldamer–pro-
tein-selective interactions. It was noted that Asp72 is located

within the acidic patch proposed to interact with the basic

side chain of monomer 3 (Figure 6 D). This region is a reasona-
ble site of discrimination between the P and M enantiomers of

the foldamer. The M helix would most likely retain hydropho-
bic contacts with monomer, but this would reverse the posi-

tions of monomers 3 and 4 such that charge repulsion would
exist between the acidic side chain of monomer 4 and the
acidic patch around Asp72.

Conclusions

Characterization of the HCA–foldamer complex in solution re-
vealed increased dynamics but an overall similarity to the crys-

tal structure description. Specifically, we confirmed the ability
of a quinoline oligoamide foldamer to induce HCA dimeriza-

tion in solution when appended to a tightly binding aromatic

sulfonamide ligand. However, the dimer affinity was buffer-de-
pendent, with a shift to a weaker dimer in Tris versus phos-

phate. The addition of a quinoline with an acidic side chain to
the C terminus of the foldamer completely blocked dimeriza-

tion. This monomeric protein–foldamer complex confirmed the
ability of HCA to induce P helix handedness in the absence of

foldamer dimerization. Surface regions on HCA comprising hy-

drophobic, acidic, and basic properties are suggested as the
basis of enantiomeric selection, independent of Zn2+ . These re-

gions were shown to contact the foldamer, based on NMR
spectra comparing amide chemical shifts in the unbound and

bound HCA. Although the high-resolution crystal structure pro-
vides key insights into the interaction between the foldamer

and HCA, the preservation of dynamics and an ensemble of
structures in solution is important for the strategic design of

foldamers intended for biological applications.

Experimental Section

Synthesis : Compounds 1 and 3 were prepared as previously de-
scribed.[14] Compound 2 was prepared using previously reported
methods.[3c, 14] The product was purified through reversed-phase
(C18 column) HPLC purification; gradient: 5–100 % solvent B in
30 min (Figure S7 A); purified yield = 62 %. Its structure and purity
were assessed by 300 MHz 1H NMR spectroscopy (Figure S8; chemi-
cal shifts are calibrated against the residual solvent signal of
[D6]DMSO [d= 2.50]), by high-resolution electrospray ionization
mass spectrometry (HR-ESI-MS), and by reversed-phase HPLC.
1H NMR (300 MHz, [D6]DMSO/1 %TFA): d= 11.72 (s, NH), 11.67 (s,
NH), 11.53 (s, NH), 9.12 (t, J = 5.9 Hz, NH), 8.49 (dd, J = 11.8, 7.7 Hz,
1 H), 8.23 (s, NH), 8.03–7.84 (m, 17 H), 7.84–7.56 (m, 7 H), 7.45–7.07
(m, 5 H), 6.88–6.63 (m, 2 H), 6.40 (s, 1 H), 6.22 (s, 1 H), 5.07–4.66 (m,
4 H), 4.45–4.30 (m, 4 H), 4.25–4.11 (m, 2 H), 3.75 (t, J = 6.2 Hz, 2 H),
3.29–3.11 (m, 2 H), 2.76–2.58 (m, 2 H), 2.46–2.20 (m, 4 H), 1.48–1.36

(m, 2 H), 1.32–1.12 ppm (m, 8 H); HRMS: (ESI¢) m/z calcd for
[C80H71N14O20S]¢ 1579.4695; found 1579.4753 (Figure S7 B).

Protein expression and purification : Production of HCA was per-
formed as previously reported.[30] Briefly, a pETlld vector containing
wild-type human HCA was transformed into E. coli BL21(DE3)pLysS.
Protein expression was induced by the addition of isopropyl b-d-1-
thiogalactopyranoside (0.6 mm) at a culture OD600 nm of 0.5, fol-
lowed by growth at 37 8C for 3–5 h in the presence of ZnSO4

(0.6 mm). Bacteria were collected by centrifugation and resuspend-
ed in Tris·H2SO4 (50 mm, pH 8.0), 0.1 % Triton X-100, and benzami-
dine (1 mm) prior to cell lysis. After clearing the lysate by centrifu-
gation, the supernatant was incubated for 90 min at 4 8C with affin-
ity resin (2 mL) containing p-aminomethylbenzene-sulfonamide.[31]

The column was washed with lysis buffer (100 mL), followed by
elution of HCA with sodium acetate (25 mL, 0.1 m, pH 5.6) and
sodium perchlorate (0.5 m). HCA was then dialyzed against
Tris·H2SO4 (50 mm, pH 8.0) to remove the inhibitor and concentrat-
ed by a centrifugation filter. Isotopically enriched protein was
produced by growing the bacteria in minimal M9 medium supple-
mented with [15N]NH4Cl (1 g L¢1 ) for 15N-labeled HCA and with
[13C]-d-glucose (2 g L¢1 ) for 13C,15N-labeled HCA.

NMR spectroscopy : Samples were prepared in either sodium
phosphate (50 mm, pH 7.4) or deuterated Tris (50 mm, pH 8.0),
with 10 % D2O added for the lock. Complexes were formed by the
addition of compound 1, 2, or 3 (10 mm) dissolved in DMSO. NMR
experiments were conducted at a temperature of 298 or 293 K on
a triple resonance Bruker Avance 700 MHz spectrometer or a cryo-
probe-equipped Bruker Avance 800 MHz spectrometer. For 1 H,15N
heteronuclear 2D spectra, samples in Tris were measured by
1H,15N TROSY spectra at 800 MHz using a cryoprobe, whereas opti-
mal spectra for samples in phosphate used 1H,15N HSQC spectra at
700 MHz. Spectra were processed by using NMRPipe/Draw[32] and
analyzed by using Sparky 3 (T. D. Goddard and D. G. Kneller, Univer-
sity of California, San Francisco, USA). Sweep widths for recorded
3D HNCA were 12 019 (1H) Õ 2500 (15N) Õ 5640 (13C) Hz at 700 MHz
and 11160 (1H) Õ 2000 (15N) Õ 6450 (13C) Hz at 800 Mhz. Sweep
widths for recorded 3D HNCO spectra were 12 019 (1H) Õ 2500 (15N)
Õ 3888 (13C) Hz at 700 MHz and 11160 (1H) Õ 2000 (15N) Õ 6451 (13C)
Hz at 800 MHz. Both 1H,15N HSQC and 1H,15N TROSY spectra were
used with selective 90 gauss water flip-back pulses and were re-
corded with sweep widths of 18 028 (1H) Õ 3333 (15N) Hz or 14 077
(15N) Õ 2500 (15N) Hz at 800 MHz or 700 MHz, respectively, with 2–
32 scans per fid, depending on sample concentration.

Relaxation measurement : Amide 15N relaxation data were mea-
sured at 700 MHz and 295 K according to a previously described
method.[23] Steady-state heteronuclear {1H}15N NOE spectra were
collected with and without 3 s of 1H saturation. Relaxation rates
and error calculations were determined using NMRViewJ (One
Moon Scientific, New Jersey, USA).[33] Amide proton T2 values were
measured at 700 MHz and 295 K by a series of jump–return spin
echo experiments[27] with delays (d4) of 1, 2, 4, 6, and 8 ms, repeat-
ed at least two times. TopSpin 2.1 was used to determine the spec-
tra intensity ratio (IA/IB), obtained for each comparison of two dif-
ferent delays. Amide proton T2 relaxation rates were then calculat-
ed as described,[28] using equation T2 = 2 Dd4 Õ ln (IA/IB)¢1 for each
possible combination of Dd4 and IA/IB. The values of 1HN T2 were
calculated as the average value of each delay comparison, with the
error value equal to the standard deviation. Correlation times (tC)
were calculated from the equation tC = (T2k), where k is approxi-
mately equal to five but can be indirectly determined for a sample
series at a given temperature and field strength.
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Circular dichroism : CD spectra were recorded on a Jasco J-815 Cir-
cular Dichroism spectrometer using quartz cells of 1, 2, or 5 mm
optical path length. Scans were measured at 20 8C over a wave-
length range of 300–500 nm, with a response time of 0.5 s and
a scanning speed of 50 nm min¢1. All CD spectra were baseline-cor-
rected for signal contributions due to the buffer containing HCA
(using solutions with matching concentrations of HCA with 2 %
DMSO in sodium phosphate buffer (50 mm, pH 7.4) or in Tris
(50 mm, pH 8.0). Samples were prepared by adding 1 equiv of the
foldamer (dissolved in DMSO at a concentration of 10 mm) to a so-
lution containing HCA in sodium phosphate (50 mm, pH 7.4) or Tris
(50 mm, pH 8.0). CD experiments were carried out to follow the in-
teraction of the foldamers with the protein and helix handedness
preference as a function of time or concentration. For the kinetic
study, CD spectra were recorded starting immediately after the ad-
dition of the foldamer to the protein over 96 h (one scan per spec-
trum). For the concentration study, samples with different protein
concentrations, each containing 1 equiv of foldamer, were incubat-
ed for sufficient time to reach equilibrium (24 h for the HCA–1 com-
plex, 48 h for HCA–2 in phosphate, and 92 h for HCA–2 in Tris). CD
spectra were obtained as an average of 2–6 scans, depending on
concentration. Protein concentrations were calculated based on
UV/Vis spectroscopy (Eppendorf Biophotometer Plus) at 280 nm
with an extinction coefficient (e280) of 50 420 m¢1 cm¢1. Foldamer
concentrations were determined by UV/Vis spectroscopy (Nano-
Drop ND-1000) at 325 nm with e280 values of 2676.8 m¢1 cm¢1 for
1 and 3346 m¢1 cm¢1 for 2.

Size-exclusion chromatography : Samples (500 mL) of HCA, HCA–
1 or HCA–2 (500 mm) in phosphate buffer (pH 7.4) were analyzed
by using a Superdex 75 10/300 GL column (GE Healthcare Life
Sciences) using phosphate buffer (pH 7.4) with a flow rate of
0.4 mL min¢1 and detection at 280 nm.
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[27] V. Sklen�ř, A. Bax, J. Magn. Reson. 1987, 74, 469 – 479.
[28] J. Anglister, S. Grzesiek, H. Ren, C. B. Klee, A. Bax, J. Biomol. NMR 1993,

3, 121 – 126.
[29] N. Delsuc, T. Kawanami, J. Lefeuvre, A. Shundo, H. Ihara, M. Takafuji, I.

Huc, ChemPhysChem 2008, 9, 1882 – 1890.
[30] P. Y. Hu, A. Waheed, W. S. Sly, Proc. Natl. Acad. Sci. USA 1995, 92, 2136 –

2140.
[31] X. L. Zhu, W. S. Sly, J. Biol. Chem. 1990, 265, 8795 – 8801.
[32] F. Delaglio, S. Grzesiek, G. W. Vuister, G. Zhu, J. Pfeifer, A. Bax, J. Biomol.

NMR 1995, 6, 277 – 293.
[33] B. A. Johnson, Methods Mol. Biol. 2004, 278, 313 – 352.

Manuscript received: November 17, 2015

Accepted article published: January 25, 2016

Final article published: March 4, 2016

ChemBioChem 2016, 17, 727 – 736 www.chembiochem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim736

Full Papers

http://dx.doi.org/10.1002/anie.200901694
http://dx.doi.org/10.1002/anie.200901694
http://dx.doi.org/10.1002/anie.200901694
http://dx.doi.org/10.1002/ange.200901694
http://dx.doi.org/10.1002/ange.200901694
http://dx.doi.org/10.1002/ange.200901694
http://dx.doi.org/10.1039/c3cc41452c
http://dx.doi.org/10.1039/c3cc41452c
http://dx.doi.org/10.1039/c3cc41452c
http://dx.doi.org/10.1016/j.chembiol.2015.01.006
http://dx.doi.org/10.1016/j.chembiol.2015.01.006
http://dx.doi.org/10.1016/j.chembiol.2015.01.006
http://dx.doi.org/10.1016/S0959-440X(03)00081-2
http://dx.doi.org/10.1016/S0959-440X(03)00081-2
http://dx.doi.org/10.1016/S0959-440X(03)00081-2
http://dx.doi.org/10.1021/ar030287f
http://dx.doi.org/10.1021/ar030287f
http://dx.doi.org/10.1021/ar030287f
http://dx.doi.org/10.1002/asia.201402331
http://dx.doi.org/10.1002/asia.201402331
http://dx.doi.org/10.1002/asia.201402331
http://dx.doi.org/10.1002/asia.201402331
http://dx.doi.org/10.1021/ja073775h
http://dx.doi.org/10.1021/ja073775h
http://dx.doi.org/10.1021/ja073775h
http://dx.doi.org/10.1002/cbic.201402439
http://dx.doi.org/10.1002/cbic.201402439
http://dx.doi.org/10.1002/cbic.201402439
http://dx.doi.org/10.1002/cbic.201402439
http://dx.doi.org/10.1038/nchem.2195
http://dx.doi.org/10.1038/nchem.2195
http://dx.doi.org/10.1038/nchem.2195
http://dx.doi.org/10.1126/science.282.5386.111
http://dx.doi.org/10.1126/science.282.5386.111
http://dx.doi.org/10.1126/science.282.5386.111
http://dx.doi.org/10.1021/ja964314r
http://dx.doi.org/10.1021/ja964314r
http://dx.doi.org/10.1021/ja964314r
http://dx.doi.org/10.1021/ja0001198
http://dx.doi.org/10.1021/ja0001198
http://dx.doi.org/10.1021/ja0001198
http://dx.doi.org/10.1002/anie.201309160
http://dx.doi.org/10.1002/anie.201309160
http://dx.doi.org/10.1002/anie.201309160
http://dx.doi.org/10.1002/anie.201309160
http://dx.doi.org/10.1002/ange.201309160
http://dx.doi.org/10.1002/ange.201309160
http://dx.doi.org/10.1002/ange.201309160
http://dx.doi.org/10.1021/ja00091a005
http://dx.doi.org/10.1021/ja00091a005
http://dx.doi.org/10.1021/jm00039a023
http://dx.doi.org/10.1016/j.chembiol.2005.08.018
http://dx.doi.org/10.1002/cbic.201000556
http://dx.doi.org/10.1002/cbic.201000556
http://dx.doi.org/10.1021/ja038799c
http://dx.doi.org/10.1021/ja038799c
http://dx.doi.org/10.1021/ja047557p
http://dx.doi.org/10.1021/jo1019442
http://dx.doi.org/10.1021/jo1019442
http://dx.doi.org/10.1021/jo1019442
http://dx.doi.org/10.1002/ejoc.201402247
http://dx.doi.org/10.1002/ejoc.201402247
http://dx.doi.org/10.1002/ejoc.201402247
http://dx.doi.org/10.1002/ejoc.201402247
http://dx.doi.org/10.1002/pola.21621
http://dx.doi.org/10.1002/pola.21621
http://dx.doi.org/10.1002/pola.21621
http://dx.doi.org/10.1021/jacs.5b05527
http://dx.doi.org/10.1021/jacs.5b05527
http://dx.doi.org/10.1021/jacs.5b05527
http://dx.doi.org/10.1021/jacs.5b05527
http://dx.doi.org/10.1016/S1074-5521(00)00109-5
http://dx.doi.org/10.1016/S1074-5521(00)00109-5
http://dx.doi.org/10.1016/S1074-5521(00)00109-5
http://dx.doi.org/10.1016/S1074-5521(00)00109-5
http://dx.doi.org/10.1073/pnas.100101997
http://dx.doi.org/10.1073/pnas.100101997
http://dx.doi.org/10.1073/pnas.100101997
http://dx.doi.org/10.1073/pnas.100101997
http://dx.doi.org/10.1021/cr8002888
http://dx.doi.org/10.1021/cr8002888
http://dx.doi.org/10.1021/cr8002888
http://dx.doi.org/10.1021/cr8002888
http://dx.doi.org/10.1016/j.chembiol.2013.03.010
http://dx.doi.org/10.1016/j.chembiol.2013.03.010
http://dx.doi.org/10.1016/j.chembiol.2013.03.010
http://dx.doi.org/10.1039/C4OB02066A
http://dx.doi.org/10.1039/C4OB02066A
http://dx.doi.org/10.1039/C4OB02066A
http://dx.doi.org/10.1006/jmbi.1996.0699
http://dx.doi.org/10.1006/jmbi.1996.0699
http://dx.doi.org/10.1006/jmbi.1996.0699
http://dx.doi.org/10.1006/jmbi.1996.0699
http://dx.doi.org/10.1016/j.pnmrs.2013.02.001
http://dx.doi.org/10.1016/j.pnmrs.2013.02.001
http://dx.doi.org/10.1016/j.pnmrs.2013.02.001
http://dx.doi.org/10.1021/bi00185a040
http://dx.doi.org/10.1021/bi00185a040
http://dx.doi.org/10.1021/bi00185a040
http://dx.doi.org/10.1021/bi00185a040
http://dx.doi.org/10.1002/prot.340040406
http://dx.doi.org/10.1002/prot.340040406
http://dx.doi.org/10.1002/prot.340040406
http://dx.doi.org/10.1002/prot.340040406
http://dx.doi.org/10.1023/A:1008305808620
http://dx.doi.org/10.1023/A:1008305808620
http://dx.doi.org/10.1023/A:1008305808620
http://dx.doi.org/10.1023/A:1008305808620
http://dx.doi.org/10.1002/cphc.200800310
http://dx.doi.org/10.1002/cphc.200800310
http://dx.doi.org/10.1002/cphc.200800310
http://dx.doi.org/10.1073/pnas.92.6.2136
http://dx.doi.org/10.1073/pnas.92.6.2136
http://dx.doi.org/10.1073/pnas.92.6.2136
http://www.chembiochem.org

