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Abstract: Metal-binding scaffolds in-
corporating a Trp/His-paired epitope
are instrumental in giving novel in-
sights into the physicochemical basis of
functional and mechanistic versatility
conferred by the Trp—His interplay at a
metal site. Herein, by coupling bio-
metal site mimicry and 'H and
BCNMR spectroscopy experiments,
modular constructs EDTA-(L-Trp, L-
His) (EWH; EDTA =ethylenediamino
tetraacetic acid) and DTPA-(L-Trp, L-
His) (DWH; DTPA =diethylenetri-
amino pentaacetic acid) were em-
ployed to dissect the static and transi-
ent physicochemical properties of hy-
drophobic/hydrophilic aromatic inter-
active modes surrounding biometal
centers. The binding feature and identi-
ties of the stoichiometric metal-bound
complexes in solution were investigat-
ed by using 'H and *C NMR spectros-
copy, which facilitated a cross-valida-
tion of the carboxylate, amide oxygen,
and tertiary amino groups as the pri-

mary ligands and indole as the secon-
dary ligand, with the imidazole (Im)
N3 nitrogen being weakly bound to
metals such as Ca** owing to a multi-
valency effect. Surrounding the metal
centers, the stereospecific orientation
of aromatic rings in the diastereoiso-
merism is interpreted with the Ca**—
EWH complex. With respect to per-
turbed Trp side-chain rotamer hetero-
geneity, drastically restricted Trp side-
chain flexibility and thus a dynamically
constrained rotamer interconversion
due to & interactions is evident from
the site-selective ?C NMR spectroscop-
ic signal broadening of the Trp indolyl
C3 atom. Furthermore, effects of Trp
side-chain fluctuation on indole/Im ori-
entation were the subject of a 2D
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NMR spectroscopy study by using the
Ca®*-bound state; a C—H2(indolyl)/C—
H5(Im") connectivity observed in the
NOESY spectra captured direct evi-
dence that the N—H1 of the Ca**-Im*
unit interacted with the pyrrole ring of
the indole unit in Ca**-bound EWH
but not in DWH, which is assignable to
a moderately static, anomalous, T-
shaped, interplanar nt—m stacking
alignment. Nevertheless, a comparative
BCNMR spectroscopy study of the
two homologous scaffolds revealed that
the overall response of the indole unit
arises predominantly from global at-
tractions between the indole ring and
the entire positively charged first coor-
dination sphere. The study thus demon-
strates the coordination-sphere/geome-
try dependence of the Trp/His side-
chain interplay, and established that =
interactions allow ?C NMR spectrosco-
py to offer a new window for investi-
gating Trp rotamer heterogeneity near
metal-binding centers.

Introduction

Our understanding of the importance of side-chain-specific
interactions in proteins is being significantly advanced
through investigations of the aromatic interaction interface,
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which plays crucial roles in protein structure and func-
tions.?! Aromatic side-chain interactions also serve as me-
diators or form a complementary interface in protein—pro-
tein and protein-ligand interactions."?) With respect to met-
alloproteins, active-site aromatic interactions significantly
tune the metal-site reactivity due to subtle structural or elec-
tronic alterations.’! For example, & stacking of a second-co-
ordination-sphere Trp (W) residue in metalloenzymes has
profound effects on active-site geometric and electronic
structures and functions. However, aromatic interactions
around metal sites are incompletely understood. As more
discrete roles for second-sphere aromatic residues in met-
alloprotein active sites become apparent (of particular inter-
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est currently are the cation—m and m—x interactions associat-
ed with second-sphere aromatic ligands),***# so has the
need for well-characterized biomimetic structural/mechanis-
tic models for in-depth investigations.

Although it is realized that Trp/His side chains play nu-
merous functional roles in metalloprotein active sites, the
physicochemical basis of such functional roles have re-
mained poorly understood. The indole and imidazole moie-
ties are structurally and functionally among the most versa-
tile side-chain groups present in proteins. Indeed, uniquely
paired Trp/His- or Trp/His-rich motifs embedded in proteins
are pivotal to a variety of biological functions.*® The in-
trinsically multifunctional significance of a Trp/His pair is
often a major constituent of structural/mechanistic hotspots
implicated in the functions of diverse important proteins in-
cluding Mn- and Fe-superoxide dismutase,”™#% galactose
oxidase,! ion channels,® interleukins,®! and human Trp
dioxygenase,®™! and notably, in an elusive function and etio-
logical role of prion octarepeats (Pro-His-Gly-Gly-Gly-Tirp-
Gly-GlIn).! 1t is, therefore, evident that the metal-site Trp/
His pair plays multifaceted roles in proteins, and under-
standing these roles requires a detailed appreciation of how
the chemistry of Trp/His is modulated by the metal coordi-
nation environment. In this regard, the hydrophobic/hydro-
philic pairwise aromatic interactions of Trp/His, which are
important contributory factors to protein structure and func-
tion, have been the subject of much interest in chemistry
and biochemistry./**!

Metal-binding specificity is not only fundamental to metal
sites in metalloproteins,[gl but also a viable factor in control-
ling protein-ligand interactions,"**¥ protein self-assem-
bly,!%l and aggregation.””! The design of metallopeptides and
metal-coordinating motifs incorporating isolated functional
segments by using non-natural metal ligands can provide in-
sights into the structure and function of natural metallopro-
teins and enzymes; this could potentially lead to functional
metalloprotein mimics and spectroscopic probes for studying
protein interactions.['%¢!!

In metalloproteins, although the Im side chain is the most
common metal-binding residue, the electron-rich indole ring
of Trp is the strongest m-electron donor and a very impor-
tant component of the aromatic nucleus residing within the
hydrophobic cluster shells outside the first coordination
sphere of metal centers in metalloproteins.>*%>781 The
outer-sphere association of a Trp indole side chain together
with the prevalence of Trp/His pairs in a wide range of
structurally defined metalloproteins suggest that it might
play even more hitherto unrecognized roles in protein func-
tion (particularly in prion proteins) beyond those that have
been recently recognized,”’ such as accelerating charge
transfer and electron transfer by multistep electron tunnel-
ing!? < or electron hopping,'*¥ facilitating hydrogen atom
tunneling,®? and stabilizing adjacent one-electron-oxidized
amino acid radicals.**

Nevertheless, the elucidation of indole/imidazole contacts
is confounded by the fact that this discrete aromatic pair
might engage in a range of contacts.® The difficulties associ-
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ated with experimental studies into these contacts arise
from the different types of alignment between the two aro-
matic rings, including a competition between the T-shaped
(edge-to-face) orthogonal arrangement preferred in nonpo-
lar solvents and the m—m parallel (face-to-face) stacking fa-
vored in water.®”! Furthermore, the imidazole side chain has
a pK, of ~6.0, and its protonation produces an imidazolium
unit, which forms cation-m and/or hydrogen bonds with
Trp-[13,14]

Moreover, metal-bound imidazolium units display signifi-
cantly different properties toward indole rings (Table 1).

Table 1. The basic chemical properties of aromatic species around Trp/
His-containing metal-binding centers.

Electronic Ht Hydrogen bonding
character
\S\(\NH strong ¢ donor
acceptor donor/acceptor
n=/ weak 7 donor P P
"
=/ 7 acceptor donor donor
@
H
T~ "NH
N= 7 acceptor donor donor
7/ ®
M
~$~7 N
strong m donor weak donor donor

Consequently, there can be three types of aromatic interac-
tive pairs incurring from a Trp/His-containing metal-binding
site, possibly featuring multiple, co-existing noncovalent in-
teractions (Scheme 1). In this regard, it can be postulated

/N“d
nt-n M H
(C*-H)n M=Cu'"
N (N"=H)n zn"
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Scheme 1. Three types of aromatic interactive pairs incurred from Trp/
His-containing metal-binding centers, possibly featuring multiple coexist-
ing noncovalent interactions.

that the unique functional and mechanistic versatility of
metal-site Trp/His side-chain interactions are achieved
through the control of the spatial and/or temporal distribu-
tion of noncovalent interactive feature./*”)

7t Interactions based on the cooperative alignment of mul-
tiple distinct aromatic side chains play an intriguing role in
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the specific metal recognition and function of proteins,/
and can also serve as the mechanistic determinants of epi-
topes in a number of viral infection/immune response inter-
active events.'”) The His/Trp pair placed at i and i+4 posi-
tions on o helices revealed that, depending on the protona-
tion state of His, cation—xt or m—nt His/Trp interactions can
act as a stabilizing factor.">'*! However, this notion involves
several unresolved ambiguities linked to conceptions of
1) whether a protonated imidazole ring interacts with an
indole ring through a cationic nitrogen atom of imidazolium
unit or by using the whole delocalized imidazolium ring,
2) how Trp side-chain fluctuations affect Im/indole pairwise
electrostatic interactions because Trp rotamers have differ-
ent electrostatic environments,” and 3)a likely stacking
mode between the Trp/His aromatic rings depending on its
microenvironment.”®! Resolution of these questions requires
a structurally more defined system coupled with appropriate
instrumentation for investigation.

To this end, we employed a modular biomimetic construc-
tion approach to examine the static and transient physico-
chemical properties inherent in the stereospecific w interac-
tion of bioaromatic rings in solution. Mononuclear metal-
binding site mimics incorporating Trp and His, which are
both multivalent ligands for metal ions, allowed us to ex-
plore the intricate properties of dynamic aromatic interac-
tions experienced by an extended coordination network,
with special attention to Trp side-chain rotamer conforma-
tion, Im/indole alignment, and interaction modes.

Herein, we demonstrate the context-dependent nature of
the intramolecular indole/Im interplanar orientation. Side-
chain rotamer oscillations affected by side-chain cation—x
interactions and possible imidazolium/indole interplanar ori-
entation are extracted from the metal-motif mimics for in-
depth inspection. In addition, we show that *C NMR spec-
troscopic study of Trp-containing molecules that engage in
cation—m interactions offers a different means of obtaining
unambiguous evidence for Trp rotamer behavior and repre-
sents a new indirect tool for revealing the rotamer confor-
mation change in the Trp side chain. This study should,
therefore, contribute to the understanding of Trp side-chain
rotamer heterogeneity associated with metal-binding sites in
proteins.

Results and Discussion
Metal-binding-site mimicry featuring Trp/His side chains

Incorporation of a rotamer Trp residue into metal-coordi-
nating constructs: Chemical modification of multidentate
aminocarboxylate ligands have now emerged as a viable
platform for noncovalent binding studies!'®'*" and engi-
neering functional ligands."’*! In this context, we employed
ethylenediamino tetraacetic acid (EDTA) and diethylene-
triamino pentaacetic acid (DTPA) as chelator platforms for
the presentation of the indole-imidazole interactions sur-
rounding metal centers. We prepared hetero-bifunctionally
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modified chelators encompassing a Trp/His motif, EDTA-(L-
Trp methyl ester, L-His methyl ester) (EWH) and DTPA-(L-
Trp methyl ester, L-His methyl ester) (DWH) by using a
three-component coupling reaction (see Scheme 2)."* The

COOCHgO OH HO 0]

H O N N 0
CO,CH34

8 )V \ / \/1<

HN HN——=H

‘ﬁ
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Scheme 2. Chemical structure of hetero-bifunctionally modified EDTA-
bisamide and DTPA-bisamide ligands, featuring a His side chain and a
rotameric Trp side chain.

R

basic chemical structure of the biomimetic constructs con-
sists modularly of an EDTA-bisamide and a DTPA-bis-
amide, each of the individual bisamide bearing two different
types of peptidyl functionalities incorporating a Trp/His
pair. Both the constructs were shown to be capable of mo-
nonuclear biometal binding. Each Trp/His-containing bis-
amide features amide oxygen(s), a His imidazole ring, and
bi- and tridentate aminocarboxylate groups, all of which are
important ligands in the first coordination sphere of biomet-
als, thereby providing Trp and His peptidyl aromatic side
chains that mimic protein—metal binding sites.

In general, amino acids have side-chain rotamer preferen-
ces that depend on the backbone and side chain groups
(Schemes 2 and 3).%' Due to the large size of the indole ar-
omatic ring, Trp rotamers are susceptible to different elec-
trostatic environments,” and the Trp rotamer conformation
is significant to the structure and function of the protein.
Indeed, certain higher-energy rotameric states due to local
steric and pairwise electrostatic interactions have a potential

COOGH; SNH i
H H Ho H H
~ ~
NHT O SH H” | ~COOCH; CHs00C NH—
| a a z
HN HN E
xX1=—060° ¥ 1=+180° % 1=+060°

Scheme 3. Newman projections of the three y; rotamer structures along
the C,—Cg bond of Trp. Each y; rotamer has a major y, rotamer.
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in regulating protein function.”! Therefore, it is anticipated
that the above-described scaffolds might provide a novel ve-
hicle for the spectroscopic observation of rotamer conver-
sion as it is perturbed by metal-binding-induced electrostatic
interactions.””

Rotamers are generally defined as low-energy side-chain
conformations, and the backbone conformation changes the
occurrence of rotamers. Rotation about the C,—C;; bond of
Trp gives rise to the three y; rotamer forms (1, g%, g7) de-
picted as the Newman projections in Scheme 3, in which y,
is defined by the internal rotation around bond C,—Cg and
%> by the bond Cz—C,. There are six low-energy rotamer
conformations that are defined by the torsional angles about
the C,—C; (y;==x60 and 180°) and Cy;—C, (x,==+90°)
bonds."”?! Reduced Trp rotamer flexibility is observable on
enzyme-substrate binding,”! and recently the role of the
side-chain fluctuations in pairwise electrostatic interactions
has received particular attention in protein design and struc-
tural mimicry of a G-protein-coupled receptor.?><!

In our structural/mechanistic models, independent varia-
bles incorporated into the metal-binding site mimic include
various combination of aminocarboxylate groups, aromatic
side-chain groups, negative charge (Scheme 2), and the
length and flexibility of the scaffolds, which might affect
side-chain rotameric states and side-chain interactions. Most
importantly, the widely considered Trp/His peptidyl aromat-
ic pair, in conjunction with the charge of divalent metal
complexes, is integrated into the designed architecture.

The scaffolds comprised of a His/Trp pair present paradig-
matic models for the investigation of Trp side-chain rotamer
fluctuation under intramolecular cation—r interactions in the
environment of peptidyl metal-binding sites. In the design,
we took the advantage of multivalency effect of the multi-
aminocarboxylate ligand to enhance the metal-ion affinity
of an Im ring, and we exploited such enhanced metal-bind-
ing ability of Im to fix the Im™ state, which is placed at vari-
able distance with respect to an indole ring. By coupling 'H
and C NMR spectroscopy experiments and Molecular Me-
chanics Force Field (MMFF) calculations, we characterized
the metal-binding properties of EWH and DWH, with spe-
cial attention to the electronic adaptation of the first and
secondary coordination spheres of metal ions. Consequently,
the scaffolds permit a manipulation of spatial orientation of
aromatic side chains to alter the sterics encompassing metal
centers. Divalent main-group and late first-row transition-
metal ions were selected for a demonstration of the metal-
motif design tactic in illuminating characteristic noncovalent
interaction within the second coordination sphere.

A solution-phase NMR spectroscopy study

A comparative study of Trp side-chain fluctuations by using
'H and “C NMR spectroscopy: Solution-phase NMR spec-
troscopy has become a powerful technology for the investi-
gation of site-specific interactions and biomolecular dynam-
ics.’! Chemical shifts depend on the electronic environment
of nuclei, and thus hold valuable information about the
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local structure. Extraction of semiquantitative structural in-
formation from chemical shift data is commonly used to
derive three-dimensional structure elements.”!! Recently, re-
newed interest in *C NMR spectroscopy has revealed struc-
ture—chemical shift relationships for the elucidation of the
supramolecular structure of biomolecules.””!

It is conceivable that when the indole moiety of a struc-
turally defined Trp side chain is involved in & interactions,
the noncovalent contact engaged by the indole ring could
become constrained to an otherwise free rotamer intercon-
version of the natural Trp side chain.['®"]

Prior to this work, *C NMR spectroscopic investigations
demonstrated that m interactions involving indole side
chains lead to a dynamic change in the Trp side-chain tor-
sion angle.'® 3C NMR spectroscopy offers a window on dy-
namic changes in Trp side-chain torsion angle upon cation—
indole bonding, and has the additional advantage of directly
providing interaction information from different molecular
scaffolds for comparison.'"® In this work, structural change
details associated with binding of diamagnetic metals were
explored by 'H and “C NMR spectroscopic studies, which
permit the Trp side-chain dynamic interactions to be moni-
tored in situ, including the His/Trp side-chain noncovalent
contacts between the primary and secondary coordination
spheres.

In the presence of one equivalent of metal ions at pH 7.1,
'"H NMR spectra showed that metal binding caused a down-
field shifting of H2 and H5 of the Im ring (Figure 1) as com-
pared with the otherwise protonated form ImH™ in the apo
form of the scaffolds. This downfield shift is accompanied by
the upfield shifting of Im C(4) in the “CNMR spectra
(Figure 2). Because the positively charged metal centers are
essentially coordinated by multivalent anionic carboxylate
groups, the metal-bound imidazolium ring becomes less
electron deficient than the ImH* ring. The shifted reso-
nance for both the protons (H2, H5) and carbon Im C(4) of
the imidazole ring yields evidence that the metal is bound to
the N3 imidazole nitrogen of the His residue,““! which is
indicated by the substantially smaller positive charge charac-
ter on the N3 position of the Im-M" ring in comparison to
its protonated form Im-H*.*

Stable binding complexes of Ca’* and Mg** ions coordi-
nated with six and three imidazole rings, respectively, have
been recently reported.* The multivalency effect of the
multiaminocarboxylate chelation framework within the pep-
tidomimetic scaffolds might have further assisted the partici-
pation of an imidazole ring in the binding of Ca** and Mg**
ions.

Concurrently, site-selective broadening of the Trp indolyl
C3 resonance of both EWH and DWH in the presence of
metal ions was apparent in the *C NMR spectra (Figure 2),
whereas the chemical shifts and signal pattern for the other
indolyl carbon resonances remain nearly intact. This distinc-
tively broad distribution of isotropic chemical shifts of
equivalent carbon atoms (e.g., the Trp indolyl C3) is unam-
biguously diagnostic of drastically decreased mobility and
restricted rotational motion of the indole side chain,!'®
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Figure 1. The H2 and HS protons of the Im ring in metal-bound scaffolds
M"-EWH (top graph) and M"-DWH (bottom graph) undergo downfield
shifts as compared to the protonated Im ring of the apo-scaffolds in the
absence of metal ions. See Scheme 2 for the atom numbering system.

which displays a slower rotamer interconversion rate (a fre-
quency of <10*s™') of Trp observed on the NMR spectros-
copy timescale. The similar indole side-chain conformational
fluctuation observed for both EWH and DWH suggests that
cation—m interactions predominantly arise from global inter-
actions of the indole ring with the first coordination sphere
(see below). In the absence of metals, a sharp singlet of in-
dolyl C3 indicates fast averaging of the side-chain conforma-
tion on the NMR timescale when m-interaction is unavail-
able.

The signal broadening of the indole C3 together with
small perturbations of the chemical shifts for the rest of aro-
matic carbon atoms of the indole moiety are indicative of
the second-sphere indole ring being confined within a cer-
tain spatial orientation due to indole-L?*-M" electrostatic
interactions,** 1% rather than rapidly alternating rotamers
between diverse orientations. Such cation-indole interac-
tions resulted in energetically high Trp rotamers.?

*C NMR signals of aromatic carbons and carbonyl car-
bons and the "H NMR spectrum allowed cross-validation of
the participation of the imidazole, carboxylate, amide
oxygen, and tertiary amino groups as primary metal ligands
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Figure 2. Site-selective broadening of the Trp indole C3 resonance in the
3C NMR spectra of M"-EWH and M"-DWH. The upfield shifting of Im
C4 strongly indicated metal binding at the N3 of the Im ring, resulting in
a transformation from ImH* into Im-M". See Scheme 2 for the atom
numbering system.

and indole as the secondary ligand in the binding of Ca®*.
The two ester carbonyl groups (COOCH;) were shown to
be uninvolved in the metal-binding event (see the Support-
ing Information).

Stereoisomerism and stereospecific orientation of aromatic
rings: Despite only one set of both “C and '"H NMR spec-
troscopic signals clearly suggesting only one type of struc-
ture for an individual metal-bound scaffold and no linkage
isomerism being observed, stereoisomerism of the metal-
bound scaffolds can be exemplified by using the Ca’t*-EWH
complex in solution.**!

In natural Ca®"-binding sites of proteins, the Ca** ion is
primarily coordinated by oxygen atoms;**¢l nevertheless,
because the multivalency effect of the multiaminocarboxyl-
ate moiety substantially facilitates metal coordination by the
imidazole ring N3 nitrogen, amide carbonyl oxygen, and
backbone tertiary amino nitrogen groups, four diastereo-
meric pairs of conformers are possible for the octacoordinat-
ed Ca?* complex 22321
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Upon Ca** binding, two additional chiral centers are gen-
erated. Because the formation of a five-membered chelate
ring is more favorable than a six-membered ring, which is in
turn more favorable than a seven-membered ring, an octa-
coordinated structure in favor of the N,ImO,(H,0) coordi-
nation pattern can rationally be proposed for octacoordinat-
ed Ca?* with EWH through two tertiary amino group nitro-
gen atoms, two monodentate carboxylate oxygen atoms, two
monodentate amide carbonyl oxygen atoms, one imidazole
ring nitrogen (N3), and one exchangeable (putative metal-
bound) water molecule (Scheme 4).24<!

As indicated in Scheme 4, the two amino nitrogen atoms
of the scaffold become chiral upon chelation, resulting in
four diastereoisomers (anti-diamide/syn-diaromatic side
chains; anti-diamide/cis-diaromatic side chains; syn-diamide/
syn-di-side chains; frans-diamide/anti-di-side chains). More-
over, two enantiomers (wrapping isomers) exist for each dia-
stereoisomer, resulting in eight stereoisomers for the Ca®*-
EWH complex. Within all the diastereoisomers, mutual ori-
entations of the Im and indole side chains are stereospecifi-
cally confined through binding and noncovalent interactions.

Because the site-selective broadening of the Trp indolyl
C3 resonance observed on the NMR timescale is accompa-
nied by unchanged chemical shifts and signal pattern for the
other indolyl carbons, the isotropic distribution of the other-
wise equivalent Trp indolyl C3 resonance cannot be attribut-
ed to the above stereoisomerism, but to a restricted indole
side-chain fluctuation (a frequency of <10°s!) due to
metal-indole attractions.

Stereospecific & interactions and transient physicochemical
properties: Amino acid side-chain conformations can be de-
scribed by their torsion angles. The preferred dihedral con-
formation for a residue type is termed a rotamer, which has
been characterized as possessing configurations that repre-
sent a local minimum in potential energy and being associat-
ed with local, most favorable conformational entropy.[!*2%27

This study demonstrated the Trp side-chain conformation-
al heterogeneity in metal-coordinating environment in aque-
ous solution. *C NMR spectra offer a different method of il-
luminating the susceptibility of Trp side-chain rotamer inter-
conversion to metal-coordination environment. Elucidating
the role of dynamics and backbone and side-chain depen-
dence of Trp rotamers may greatly benefit protein engineer-
ing experiments aimed at altering the metalloenzyme activi-
ty and function of metalloproteins.®!

A Trp residue has six preferred rotamers: three y; rota-
mers (+60 and 180°) each with two 1y, rotamers
(£90°).2%#1 The conformational heterogeneity of Trp in
native proteins due to Trp rotamers and the sensitivity to
the secondary structure of the polypeptide main chain have
been evidenced by X-ray crystallography, fluorescence life-
times, NMR spectroscopy, and molecular dynamics model-
ing.'%?] Rotamer distributions are perturbed by the posi-
tion of a Trp residue in a polypeptide.”*! Marked deviations,
which exist between NMR spectroscopic and X-ray datasets,
are attributed to different rotameric states due to crystal-
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Scheme 4. Four diastereoisomeric pairs of Ca>*~EWH in idealized geom-
etries (the P-carbon in Trp residue aligns toward the metal center):
1) anti-diamide/syn-diaromatics, II) anti-diamide/cis-diaromatics, III) syn-
diamide/syn-diaromatics, and IV) trans-diamide/anti-diaromatics.

packing effects and to conformational equilibria between
multiple y,; rotamers.*)

Because the fluorescence decay of Trp is a sensitive indi-
cator of its local environment within a peptide or protein,
the three %, rotamers of the Trp side chain can be identified
by their respective lifetime differences in the nanosecond
range in fluorescence, with fluorescence lifetime heterogene-
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ity being controlled by at least three ground-state rotamers
with different lifetimes, with relative proportions of the life-
time components being related to the population and distri-
bution of Trp ¥, rotamers about the C,—Cy bond.**~

To date, however, direct observation of Trp rotamer con-
version has been impeded by a lack of spectroscopic mea-
surements in which a visualization timescale is required to
be comparable to rotamer interconversion rate. Herein
BCNMR spectra provided an unprecedented window for
displaying Trp side-chain rotamer interconversion under
cation—x interactions in solution. The heterogeneous NMR
Trp indole C3 signal revealed a frequency of <10%s™ for
the Trp side-chain fluctuations in the metal-bound state of
the scaffolds, which is comparable with the rate constants
for water exchange in metal-aqua ions, such as Zn?*.' In
this respect interconversion between rotamers under cation—
7 interactions are much slower than the nanosecond range
of the fluorescence timescale, but comparable to the NMR
spectroscopic timescale. Thus, *C NMR provided a useful
adjunct to other biophysical techniques for investigating
Trp-containing biomolecules engaged in cation—m noncova-
lent interactions.

The secondary structure and disposition of the Trp residue
relative to the metal ions in the metallo complex can affect
the local environment of Trp and influence the distribution
of side-chain rotamers. The *C NMR singlet of indolyl C3
for both EWH and DWH in the absence of metal ions dis-
plays the intrinsic rotamer distribution. In aqueous solution,
the peptidomimetic scaffolds are unstructured, and EWH
and DWH have flexible backbones, leaving natural side-
chain rotamers as the only source of conformational hetero-
geneity. In this respect, the NMR spectra of either EWH or
DWH in the absence of metal did not show signal broaden-
ing of the Trp indolyl C3, which is suggestive of signal
broadening in the metal-bound state arising from a per-
turbed rotamer-conversion rate due to noncovalent interac-

L-Tryptophan + Ca®*
J_ [ ) n \ l\

DWH + Ca™* e
N &
l | ,—
YTV [ UTIY W SRV PO N Y N U | e
HI
EWH + Ca* lL J
I L T ¥ T ' T . T L 1
150 140 130 120 110 100

& (ppm)

Figure 3. A comparison of the aromatic regions of the >*C NMR spectra
of the Ca’*-bound states of EWH, DWH, and L-tryptophan in D,0O/
[D¢]DMSO 1:1 (v/v), 25.0°C. Ca** binding resulted in site-selective
signal broadening of the Trp indolyl C3.
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tions (Figure 3). The reduced Trp rotamer flexibility is a par-
allel to the observed binding of the enzyme inhibitor acetyl-
pepstatin to HIV-1 protease."!

As shown by the ®C NMR spectroscopic study described
above, natural Trp side-chain rotamers were perturbed by &
interactions, providing definitive evidence for that back-
bone-dependent rotamers of Trp residues are sensitive to
and strongly correlated to the electrostatic microenviron-
ment. Because aromatic residue conformation and function-
ality are often intimately coupled to side-chain-specific in-
teractions, certain higher-energy rotameric states due to
local steric and pairwise electrostatic interactions have a po-
tential in regulating protein functions.”

NOE visualization of the Im-indole interplanar contact in
Ca’*-bound complexes: Nuclear Overhauser enhancement
(NOE) is useful to determine the electronic effect on intra-
molecular 7 interactions.”” Because Ca’* ions possess a
high coordination number with a flexible coordination
sphere geometry, combined with simple electronic proper-
ties with respect to routine NMR spectroscopy in a structur-
al measurement, Ca’*-bound states in solution were subject-
ed to 2D NMR spectroscopic investigation for an in-depth
inspection of the Im/indole ring interplanar orientation and
contact. The observed NOE between the Im* and indole
units requires a particular orientation of the indole ring ni-
trogen relative to the Im ring.

In this regard, prior to carrying out an NOE study the
protonation—deprotonation property of histidine Im ring in
the scaffolds was investigated by using a deuterium isotope-
exchange experiment. The APT *C NMR spectrum helped
to demonstrate that the HS of Im ring is available for NOE
examination of binding in D,0O-containing solvent (see the
Supporting Information). The H2 and HS protons of Im ring
were found to be partially deuterated, illustrating that H2 is
more susceptible to isotope exchange than HS. Both
'H NMR and APT “C NMR spectroscopy revealed that the
relative strength of proton acidity is N—H1>C-H2 > C—-HS5
in the Im ring.

The NOESY spectrum of Ca**~EWH exhibited connec-
tivity between the aromatic proton resonances of indolyl C—
H2 (Trp) and Im* C-HS5 (Im-Ca**; 6=7.25ppm; see
Figure 4), which is consistent with the indole unit being ori-
ented toward the Im ring through a severely distorted stack-
ing (see MMFF structure below), with a distance between
the C—H2(indolyl) and C—H5(Im*) being estimated to be
about 4.8-5.0 A by NMR spectroscopy. The evident NOE
cross-peak between the side-chain rings of His and Trp cor-
roborate an alignment in which the Im* moiety is perpen-
dicular (orthogonal) to the pyrrole ring of the indole moiety,
namely, a T-shaped (edge-to-face) alignment (Scheme 5), ir-
respective of the presence of polar solvent (e.g., water).[52>1
This tt—m contact is feasible because the Im™ ring is equiva-
lent to a substituted aromatic ring;[g'] moreover, this interac-
tive mode is generally consistent with a previous finding
that a metal-bound Im™ ring cation preferably contacts with
the pyrrolo subunit rather than the indole benzene ring.*"
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Figure 4. NOEs between the indole and imidazolium rings in the
NOESY spectrum of Ca’*-EWH.
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Scheme 5. Orientation-dependent w¥— interaction modes in the ideal-
ized geometries of the T-shaped, parallel, and edge-to-edge alignments,
derived on the basis of NOEs between C—H2(Indole) and C—H5(Im).

Considered together with all the energetically favorable
T-shaped and parallel stacking arrangements between the
Im and indole rings (see below), the NOE essentially sug-
gests that the N—H1 of the Im*-M" ring points towards the
pyrrole ring of the indole unit in the most likely edge-to-
face m*—m alignment (Scheme 5).®! Although the m*-m
alignment could distort from its idealized geometries, this
previously unprecedented interaction mode can be rational-
ized by the notion that the N1,3 and C2 atoms of the metal-
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bound Im ring carry partial positive charges due to reso-
nance that occurs when N3 is bound to a metal cation. This
unique T-shaped m*-m alignment can mechanistically ex-
plain an earlier finding that a Trp/His-containing metal site
can facilitate hydrogen-atom tunneling in metalloproteins.®

Thus, after the binding of Ca’* to the Im N3 in the Ca**—
EWH complex, the electron-rich indole ring comes into con-
tact with the metal-bound, positively charged Im™ ring, with
the distance between C—H2(indole) and C—H5(Im) being
within the range of noncovalent interactions.

Because the analysis of chemical shifts, especially NOEs,
is a reliable method for identifying cation—m interactions in
dynamic systems,”” the NOE and the concomitant perturba-
tions of chemical shifts and site-selective *C NMR indolyl
C3 spectroscopic signal broadening are clearly manifesting
the dynamic Im*—x electrostatic interaction across the sec-
ondary coordination sphere in the Ca’*-EWH complex.

In contrast, no discernible NOE was observed in the cor-
responding Ca’*-DWH complex, which is however in con-
formity with the energy-minimized structure (MMFF, see
below), displaying a long-range spatial arrangement between
the two aromatic rings (Scheme 6).% The lack of NOE in

+ HN + /
H
NOE H- r' / H_/ O’
NH }/HN
1o g “H Z ™
HN2 & N H

[Ca'-DWH-H,0J

[Ca'-EWH-H,0]

Scheme 6. Coordinating modes for Ca’* binding to EWH (left) and
DWH (right). In the Ca**~EWH complex, binding of the Trp peptidyl
amide oxygen to the metal enabled the Trp side-chain indole to be
locked in a particular orientation relative to the Im* ring. NOEs were
observed in Ca’*~EWH, but not in Ca’**~DWH. The structures are de-
rived from 'H and *C NMR, and NOE spectra. "C NMR spectroscopy
showed that two methoxycarbonyl groups COOCH; do not participate in
the coordination, see the Supporting Information.

the Ca’*-DWH complex is not unexpected. This observa-
tion is due in part to the extra aminocarboxylate group in
the DWH scaffold, which ensures that not all the amide
groups of the DWH are required for binding to the metal
ions and thereby leaves the flexible Trp side chain unable to
be confined in a restricted position towards the Ca**-bound
Im* ring. Putative coordinating modes are described in
Scheme 6.

Furthermore, because there were no other NOEs arising
from either the indole protons of Trp or Im of His, it is clear
that the Trp side chain in both Ca**~EWH and Ca’*-DWH
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still attain multiple, albeit sterically constrained, rotamer
conformations in its respective sites.

In parallel to this study, we have established that, depend-
ing on the type of bound metal, the local electronic and
steric nature of neighboring aromatic residues in the second
coordination sphere not only modulate the conformational
structure of metal sites for stereospecific microenvironmen-
tal adaptation, but also transiently regulate electron-cloud
distribution in a dynamic network surrounding the first coor-
dination sphere.*!

In light of the above findings obtained from the combined
fluorescence, *C and 'H NMR spectroscopic characteriza-
tion, individual cation—s interaction components involving a
Trp side-chain indole m*-m, N*—m, (HO®*--H)-m, and
(CO>*NH)-n were accordingly suggested (Scheme 7). In ad-

Q = A
ﬁ*E‘Ig\?f'* mxgaNﬁ}( O\OE’H O,O//(i\ux
H H
@‘?g\;f\ @‘?ﬁ @z?gﬁ Q?,;;f*
' N*- (HOeesH)-n (CO® NH)-xn

Scheme 7. Individual cation—m interaction components involving a Trp
indole.

dition to the m*—m interactions identified in Ca**-EWH,
competitive noncovalent bonding modes include M™---N*—g
interactions.'¢>164>34 Ag depicted in Schemes 6 and 7, the
metal-bound tertiary ammonium entity, which acquired par-
tial positive charge as a result of M"-aminocarboxylate che-
lation, interacts with the & surface of a second-shell Trp aro-
matic side chain. In addition, charge-assisted (HO--H)**-
al*d and (CO--NH)**—nl'%¢>3] jnteractions may compete
with the M™+N*—x and n*—m interactions as the positive
charge on divalent M" became distributed among the metal-
bound tertiary nitrogen atoms, amide moiety (CONH), and
a putative, metal-bound water molecule depending on the
buffer and/or pH upon metalloscaffold formation.

MMFF calculations of an imidazole/indole orientation

An intramolecular imidazolium (n*)-indole (x) orientation
in the metalloscaffolds: Empirical potential energy calcula-
tions by using the energy minimization technique through
molecular mechanics force field calculations (Spartan’08)&*
predicted that the frameworks positioned a distal Trp indole
moiety proximal to a metal-bound Im cationic entity in the
energetically most stable conformations of the metal-bound
scaffolds (Figure 5). Variation can also be observed in the
orientation of the Trp side chain with respect to the Im ring.
Moreover, MMFF calculations demonstrate that the relative
orientation and interactions between the side-chain Im and
indole rings in the intramolecularly stacked conformers are
highly dependent on metal-ion coordination number and ge-
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Figure 5. Energy-minimized structures of [Ca’*-EWH-H,O] (left) and
[Ca**-DWH-H,O0]" (right), calculated by using MMFF (Spartan’08)."
Hydrogen atoms are omitted for clarity. The coordination numbers of

Ca’* in the two metallo-complexes are eight and nine, respective-
ly. [21a,2db.c]

ometry, and constrained by the cooperative interactions sur-
rounding the metal centers.

A comparative study using intermolecular, parallel versus T-
shaped, stacking between the free Trp/His residues: To ra-
tionalize how His and Trp side-chain aromatic rings interact
in the most favorable way from both thermodynamic and
entropic points of view, a structure-based computational
search was carried out from all types of possible intermolec-
ular alignments between the two free amino acid residues,
N-acetyl-L-tryptophane amide and the Im-protonated form
of N-acetyl-L-histidine amide. During the search, it was as-
sumed that the free energy surface of the hypothetical Trp/
His side-chain complex is defined by the angle between the
aromatic rings and by the distance between the centroids of
the aromatic rings.”

Eight types of canonical, idealized parallel stacking be-
tween Im and indole ring side chains existed that fulfilled
the NOE requirement between C—H2(indole) and C—
H5(Im). Although it was found that the most-favorable
alignment (in column 2, Figure 6) for aromatic rings is the
one in which NH of the ImH* unit points to pyrrolo N1-H,
which is in accord with the parallel stacking interactions de-
picted in Scheme 5, nevertheless, the amino acid backbones
are highly sterically hindered.

Meanwhile, six types of canonical, idealized T-shaped (or-
thogonal) spatial arrangements were obtained that fulfilled
the observed NOE requirement. All these arrangements can

Figure 6. Parallel stacking between the Im and Indole side chains in ide-
alized geometries.*
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be merged to an alignment in which NH of the ImH* unit
points to pyrrolo unit. The most energetically favorable
alignment (shown in Figure 7, column3) is actually in
accord with the suggested T-shaped arrangement as depicted
in Scheme 5.

Figure 7. T-shaped stacking between the Im and Indole side chains in ide-
alized geometries.

Conclusion

Though Trp/His side-chain interactions have held the inter-
est of chemists for years and a number of theoretical studies
have been reported on indole/imidazole orientation in pro-
teins, much is still to be learned about the physicochemical
basis of functional and mechanistic versatility conferred by a
metal-site Trp/His pair. Our work herein on Trp/His-con-
taining biomimetic constructs, which mimic mononuclear
metal-binding sites, permitted an exploration of indole-im-
idazole side-chain orientation and stereospecific & interac-
tions across the first and second coordination spheres of bio-
metal ions by 'H and C NMR spectroscopy. The binding
feature and identities of the metal-bound complexes with a
stoichiometry of 1:1 were investigated by using 'H and
®C NMR spectroscopy, which facilitated a cross-validation
of the carboxylate, amide oxygen, and tertiary amino groups
as the primary ligands and indole as the secondary ligand,
with the Im N3 nitrogen also being weakly bound to metals
such as Ca’* owing to a multivalency effect. Surrounding
the metal centers, the stereospecific orientation of the hy-
drophobic and hydrophilic bioaromatic rings is interpreted
in the diastereoisomerism, as exemplified by using the Ca**
—-EWH complex. With respect to the perturbed Trp side-
chain rotamer heterogeneity, unambiguous evidence for a
drastically restricted Trp side-chain flexibility and thus a dy-
namically constrained rotamer interconversion due to a
interaction is provided by the site-selective *C NMR signal
broadening of Trp indolyl C3. Furthermore, effects of Trp
side-chain fluctuation on indole-Im interactions were the
subject of a 2D NMR spectroscopy study of the Ca*"-bound
state in solution, coupled with deuterium isotope-exchange
experiments; a C—H2(indolyl)/C—H5(Im") connectivity ob-
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served in the NOESY spectra captured direct evidence that
the N-H1 of the Ca’*-Im™* unit interacts with the pyrrole
ring of the indole unit in the Ca?*-bound state of EWH,
which is assignable to a moderately static, anomalous T-
shaped interplanar " —x stacking alignment. This unique stt
-t alignment might form an aromatic-recognition interface
and mechanistically facilitates hydrogen-atom tunneling in
metalloproteins. Nevertheless, a comparative ?C NMR spec-
troscopic study of the two homologous scaffolds revealed
that the overall response of the indole unit arises predomi-
nantly from global attractions between the indole aromatic
ring and the entire positively charged first coordination
sphere. Through MMFF calculations, the conformational
variations and dynamic physicochemical structure involving
Trp and His side-chain interactions, which integrate the pri-
mary and secondary coordination spheres, can be shown to
be specific to the type of bound metal. The study thus estab-
lished a coordination-sphere/geometry dependence of Trp-
His side-chain interactions in forming an aromatic recogni-
tion interface surrounding metal centers. Because cation—nt
interactions drastically restrict rotational motion of the
indole side chain, thereby slowing down the Trp rotamer-in-
terconversion rate, the study demonstrated that s interac-
tions surrounding metal-binding centers enabled *C NMR
spectroscopy to offer a new, alternative method for visualiz-
ing Trp side-chain conformation heterogeneity due to re-
stricted rotamer interconversion, and illuminated that such
restricted rotamer-interconversion rates (<10°s™') are on
the NMR spectroscopic timescale (that is, approaching mi-
crosecond-timescale motions). As a result, the biomimetic
metal-motif mimicry offered a novel vehicle for spectro-
scopic observation of perturbed rotamer interconversion as
restricted by metal-induced electrostatic interactions, and
provided a previously intractable design for high-energy Trp
rotamers.

Experimental Section

Materials: D,0 (99.95%) was obtained from Acros and [Dg]DMSO was
purchased from Aldrich and both were used as received. All other sol-
vents and reagents, including CH,Cl, and Et;N, were of analytical grade
and were dried and purified before use. EWH and DWH were synthe-
sized by following our recently described procedure.'”) The analytical
purity of EWH and DWH was further ascertained by HPLC and
BC NMR identification of the six types of C=O groups in EWH and
seven types of C=O groups in DWH. For NMR spectra and MMFF cal-
culation structures, see the Supporting Information.

Spectroscopic methods: 'H and *C NMR spectra and NOE were record-
ed by using a VARIAN UNITY-plus 400 spectrometer. Electrospray ioni-
zation mass spectrometry data (ESI-MS) were collected by using a Finni-
gen LCQ-Advantage 10 grade ion-trap LC-MS, and the flow rate of the
LC pump was 4 mLmin~. Divalent ions were screened for binding under
similar conditions. Molecular mechanics force field calculations were car-
ried out by using the PC software Spartan’08.*

2D NMR (NOESY) spectra of the Ca’* complex: NOESY spectra of the
aromatic regions of Ca>*~EWH (Figure 8) and Ca’>*-DWH (Figure 9) in
D,0/[D¢]DMSO 1:1 (v/v), 25.0°C, were obtained and compared.
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Figure 9. NOESY spectrum of Ca>*~-DWH.
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