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Abstract: Heteronuclear NMR in combination with isotope labelling is used to study folding of polypeptides in-
duced by metals in the case of metallothioneins, binding of the peptidic allosteric modulator p-TIA to the human
G-protein coupled o, adrenergic receptor, the development of therapeutic drugs that interfere with the biosyn-
thesis of the outer membrane of Gram-negative bacteria, and a system in which protein assembly is induced
upon peptide addition. NMR in these cases is used to derive precise structural data and to study the dynamics.
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Peptides often perform important biological functions that are
mediated by specific contacts between them and their receptors
and hence a detailed understanding of their structure is of prime
importance. Herein, we briefly present four examples from our
lab that comprise: i) metalation of a small metalloprotein with
defined metal clusters, ii) a peptide that acts as an allosteric modu-
lator to a human G protein-coupled receptor (GPCR), iii) peptide
antibiotics with a novel mode-of-action, and iv) peptide-induced
and controllable formation of protein-protein complexes.

1. Metal Uptake in Gastropod Metallothioneins

Metallothioneins (MTs) are polypeptides with the capability
of binding a large number of metal ions, thereby allowing cells
to efficiently immobilize toxic heavy metal ions such as Cd.[l
Through the uptake of metal ions, MTs adopt a defined fold, while
they are unfolded in the apo-state. Most MTs described so far are
organized into two domains that are separated by a short linker.
These domains are roughly 30 amino acids in length and bind
3 or 4 divalent metal ions by coordination to 9 or 11 cysteines,
respectively.

MTs in gastropods, which include snails and slugs, some-
times possess one to eight extra domains due to duplications
of the N-terminal domain,2! which provides these MTs with an
increased metal-loading capacity. In the common periwinkle
(Littorina littorea) MT (LIMT) the two N-terminal domains dis-
play 79% sequence identity. The center and the C-terminal do-
mains are tightly coupled, whereas the N-terminal domain seems
to be less restricted.l3l We have followed incorporation of Zn and
Cd ions into the protein by [°N, '"H]-HSQC experiments. These
titrations revealed that the metal ions are preferably bound by the
C-terminal domain, with little difference in affinity for the homol-
ogous two N-terminal domains.[*l Metals are bound in a coopera-
tive fashion, and no partially metallated domains are detected in
the spectra. However, additional signals indicate the presence of
partially folded LIMTs with only one or two metallated domains.

In the gastropod lineage Heterobranchia, different MT iso-
forms evolved to cope with different metal ions. For example,
the roman snail (Helix pomatia) has three isoforms, each with
a different metal binding preference (one specific for Cd**, one
for Cu*, and one that is unspecific).[5! Measuring '*N transverse
relaxation rates (R2) we could demonstrate that the Cd-selective
Helix pomatia MT (Cd-HpMT) evolved to bind Cd ions more
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efficiently than Zn ions (Fig. 1),/ as increased T2 rates due to
conformational exchange processes are observed in the Zn-loaded
species. We suspect that the transition between environments with
different metal exposure during the evolution of gastropods was
the driving force behind shaping this type of metal binding prefer-
ences.!4
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Fig. 1. The differences in N T2 relaxation rates between Cd and Zn
coordinating Helix pomatia metallothioneins. Positive values indicate
increased conformational exchange in the Zn loaded MT. Rates were
measured at 600 (red) and 700 (blue) MHz. The structure of HoMT high-
lights the N-terminal (blue) and the C-terminal domains (red).

2. The Conopeptide p-TIA is an Allosteric Modulator of
the GPCR o, -Adrenergic Receptor

The venom of cone snails consists of up to 200 different cono-
peptides that are highly specific for many different targets, includ-
ing multiple ion channels and receptors.[®l The conopeptide p-TIA
from the cone snail Conus tulipa is 19 amino acids in length and
forms two disulfide bonds. It acts as allosteric inverse agonist on
o -adrenergic receptors (¢.,-ARs), which belong to the rhodopsin-
like class of G protein-coupled receptors (GPCRs).I”l By targeting
these receptors, p-TIA leads to a strong drop in blood pressure of
the fish preyed upon by the snail. This conopeptide is further able
to distinguish between the different subtypes of o -ARs,3 which
might help to improve the design of drugs selective for specific
receptor subtypes. We have studied the interaction of p-TIA with
the o, -AR by solution NMR. Since GPCRs are thermally un-
stable and express badly, it was necessary to introduce 13 muta-
tions and to truncate the termini as well as the intracellular loop
3 to produce a construct of the o -AR that can be investigated
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by NMR.I! This construct was optimized for the expression in E.
coli, which allows straight-forward labeling schemes for methyl
groups and backbone amides.

Small orthosteric ligands bind inside the helix bundle at the
extracellular half of the receptor, whereas p-TIA binds allosteri-
cally at the extracellular ends of helix 6 and 7. Binding of p-TIA
to o, -AR increases the stability of the receptor and improves the
quality of the spectra when compared to the apo receptor (Fig. 2).
The better signal dispersion and the reduced line widths obtained
with p-TIA indicate that the peptide is able to reduce the dynamic
behavior of the apo o -AR by locking the receptor in an inactive
conformation.
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Fig. 2. [*C,"H]-HSQC spectra of ILV-labelled o, -AR in deuterated MNG
micelles in the apo state (blue) and binding p-TIA (red). Spectra were
recorded at 700 MHz, and at 27 °C and 47 °C for the apo and the p-TIA
sample, respectively. The structure model shows p-TIA in black with
cysteines highlighted in yellow.

3. Development of Peptide Antibiotics Targeting LPS
Biosynthesis

Antibiotic resistance is an emerging problem due to the wide-
spread (mis)use of antibiotics in the treatment of infections. The
World Health Organization (WHO) has defined a list of patho-
gens known as ESKAPE (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.) for which ma-
ny antibiotic-resistance strains have been observed worldwide.[10]
These pathogens are responsible for many hospital-acquired in-
fections. Unfortunately, no antibiotic with a novel mode-of-action
has been marketed since the introduction of the topoisomerase
inhibitors such as ciprofloxacin in the 1960s. The group of John
Robinson from our institute and in collaboration with the Basel-
based drug discovery company POLYPHOR published a study
in 2010 describing the discovery of a cyclic peptide based on the
scaffold of the naturally occurring peptide protegrin.['!l The pep-
tide, developed under the name Murepavidin, selectively binds to
the LptD-LptE complex. LptD is an outer membrane beta-barrel
protein that is part of the lipopolysaccaride (LPS) transport path-
way. LPS is the most abundant component on the cell surface of
Gram-negative bacteria. The LPS transport (Lpt) protein family
consists of seven proteins, LptA-LptG, which facilitates the trans-
fer of LPS from the inner membrane to the outer membrane (Fig.
3A).[121 Addition of Murepavedin to growth media resulted in ac-
cumulation of membrane-type materials such as LPS and lipids
in intracellular compartments triggering cell death. Unfortunately,
Murepavadin was stopped in phase III of a clinical trial due to

high incidence of acute kidney injury. The drug has since been
developed as an inhaled formulation to treat people with cystic
fibrosis.[13.14]

thanatin

Fig. 3. A: Protein bridge of the Lpt system. B: complex of LptA (cyan)
bound to Thanatin (red). C: CSPs upon binding to Thanatin mapped as
the spline radius and with color-coding on LptA.

In a follow-up study, Robinson and coworkers discovered that
the already known peptide Thanatin from the spined soldier bug
binds to LptA (Fig. 3B,C).lI51 LptA forms oligomers with itselfin a
head-to-tail fashion and thereby bridges the periplasmic space.[!2]
Our group solved the NMR structure of the LptA-Thanatin com-
plex, and proposed that Thanatin replaces LptA-LptA or LptA-
LptC interactions and thereby disrupts the protein bridge forma-
tion.'5! Thanatin cannot be used as an antibiotic due to its pro-
teolytic instability, unfavorable pharmacokinetic properties and
rapid formation of bacterial resistances. In collaboration with
POLYPHOR, we currently study synthetic Thanatin-inspired de-
rivatives with significantly improved antimicrobial activity, phar-
macokinetic properties and resistance profiles. The new antibiotic
candidates show an attractive antimicrobial profile by covering the
WHO priority 1 carbapenem- and third generation cephalosporin-
resistant Enterobaceriaceae family. Furthermore, they show no
cross-resistance with standard of care antibiotics. Chemical shift
perturbation (CSP) data of these new peptides reveal the same
binding mode as Thanatin.

4. Playing Protein Origami

Peptides often serve as ligands to proteins. We have recently
exploited this function in order to trigger peptide-induced assem-
bly of protein complexes.['] The protein system is based on the
observation that Armadillo repeat proteins, a class of proteins with
repetitive amino acid sequence that contains a number of structur-
ally almost identical modules, assemble, when expressed in two
pieces, into the same structure as the single chain protein.['7] We
have then engineered the two fragments to reduce the affinity to
bind to each other.!'618] As a result they only form the protein com-
plex when a peptide ligand is present that binds to both fragments
in the complex. Using amino-acid specific isotope labelling[!%]
and heteronuclear NMR experiments we could then demonstrate
that in a mixture of one C-terminal with a number of different
N-terminal fragments addition of a peptide ligand selects for for-
mation of the complex with the highest affinity for the peptide
with surprisingly high selectivity (Fig. 4).1'61 Such a system allows
to create macromolecular structures reminiscent of DNA origami
in a controlled fashion. By fusing the peptide ligand to other pro-
teins, in particular to generic binders of other molecules, we are
now developing this system into a macromolecular assembly of
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defined composition that allows to place proteins in defined dis-
tances to one another.

A B

Fig. 4. A: Structure of a single internal repeat of ArmRPs. B: Structural
model of the complex between (KR), (red sticks) and a NM,C ArmRP.
C: Mixing of a target peptide fused to an N-terminal fragment with vari-
ous C-terminal fragments results in preferential enrichment of the best
target peptide binder (see text).

All the described projects involve peptides and exploit het-
eronuclear NMR in one way or another to determine folding or
the binding mode between the peptides and proteins in order to
determine structures and to derive information on dynamics of
the protein or their complexes. Using NMR and isotope labelling
in our research endeavors is crucial because many of the above-
described systems contain flexible parts and hence are inherently
difficult to crystallize.
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