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ABSTRACT: Exendin-4 (Ex4) is a potent glucagon-like peptide-1
receptor agonist, a drug regulating the plasma glucose level of patients
suffering from type 2 diabetes. The molecule’s poor solubility and its
readiness to form aggregates increase the likelihood of unwanted side
effects. Therefore, we designed Ex4 analogues with improved structural
characteristics and better water solubility. Rational design was started from
the parent 20-amino acid, well-folded Trp cage (TC) miniprotein and
involved the step-by-step N-terminal elongation of the TC head, resulting
in the 39-amino acid Ex4 analogue, E19. Helical propensity coupled to

¥ 2 8y
Sy grf Y \g
2) 5
¥ 50

a-helix stabilization

%

— 'S,

L o—

25

&
]
-25
186 196 206 216 226 236 246
A/nm

[©lur

|

71»

tertiary structure compactness was monitored and quantitatively analyzed

by electronic circular dichroism and nuclear magnetic resonance (NMR) spectroscopy for the 14 peptides of different lengths.
Both "N relaxation- and diffusion-ordered NMR measurements were established to investigate the inherent mobility and self-
association propensity of Ex4 and E19. Our designed E19 molecule has the same tertiary structure as Ex4 but is more helical than
Ex4 under all studied conditions; it is less prone to oligomerization and has preserved biological activity. These conditions make
E19 a perfect lead compound for further drug discovery. We believe that this structural study improves our understanding of the
relationship between local molecular features and global physicochemical properties such as water solubility and could help in the
development of more potent Ex4 analogues with improved pharmacokinetic properties.

xendin-4 (Ex4), a 39-amino acid polypeptide secreted by the

lizard Heloderma suspectrum, shares common bioactivity
with the human incretin glucagon-like peptide-1 (GLP-1).' Both
Ex4 and GLP-1 bind to the GLP-1 receptor (GLP-1R) and
potentiate the secretion of insulin from pancreatic f-cells.”
Because of its high binding affinity and extended in vivo half-life,
Ex4 and its analogues have been a focus for the treatment of type
2 diabetes.*””

The structure of Ex4 has been determined by both '"H NMR
spectroscopy and X-ray crystallography.®” Because the solubility
of Ex4 in H,O is limited, its NMR spectra have been acquired in a
30% trifluoroethanol (TEE)/70% H,O mixture® while the X-ray
structure of a truncated Ex4 [Ex4(9—39)] has been determined
in a GLP-1R-bound state.” Ex4 displays significant helicity from
residue 7 to 28 with greater fraying at the N-terminus and is
stabilized by a Trp cage (TC) tertiary fold at the C-terminal part
of the helix. The comparison of the NMR and X-ray structures
reveals that the TFE/H,0O medium can mimic the receptor-
bound state as the two types of Ex4 conformers superimpose
well.

The N-terminal segment of Ex4 is 82% homologous with
human GLP-1(7—36); conserved residues include His!, Glu®,
Thr’, and Phe®, all of which are crucial for receptor activation
(Figure 1)."%7'* The affinity of Ex4 for the GLP-1 receptor’s N-
terminal domain (nGLP-1R) is governed by the central helical
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part of the molecule."® Both hydrophobic and hydrophilic side
chains are involved in the binding as revealed by the crystal
structure of the complex [Protein Data Bank (PDB) entry
3C5T].9 The binding surface of Ex4 consists of Glu®S, Val®,
Arg®, Phe?, Tle?, Leu®, Lys*, and Ser®, whereas that of nGLP-
1R involves Leu?, Thr®, Val*, Trp39, Tyr69, Tyrss, Leu®, Pro”,
Trp®!, Leu'?, Glu'?, and Glu'?®’

On the basis of recent structure—activity studies, it is known
that all peptidic ligands targeting class B G-protein-coupled
receptors (GPCRs) bind in a predominantly a-helical manner,
and for most ligands, the a-helix forms upon binding of the
extracellular N-terminal domain of the GPCR.'® These ligands,
including glucagon,16 GLP-1,*" GLP-Z,18 Ex4,} glucose-
dependent insulinotropic polypeptide (GIP)," ;ntultary adeny-
late cyclase activating polypeptide (PACAP),”® and cortico-
tropin-releasing factor (CRF),”’ show moderately ordered
structure in aqueous solution but adopt a continuous or kinked
a-helix in the presence of organic solvents (e.g., in a TFE/water
mixed solvent) or in protein crystals. The major structural
difference between Ex4 and GLP-1 is the continuity of the a-
helix: Ex4 forms a single amphipathic a-helix both in the TFE/
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Figure 1. Sequence alignment of class B GPCR ligands. Amino acids on a black background represent fully conserved residues, and amino acids on a gray

background represent four to six identical residues among the seven listed class B GPCR ligands. Residues that interact with nGLP-1R are underline

d 9,14

water mixed solvent and in the receptor-bound state, while GLP-
1 is composed of two adjacent subhelices joined by the flexible
Gly*.

Binding studies demonstrated that the isolated N-terminal
extracellular domain of GLP-1R has a low affinity for endogenous
GLP-1 but a high affinity for Ex4.>* The superior affinity of Ex4
stems from the more favorable alignment of the oppositely
charged hydrophilic residues at the receptor binding site and
from the enhanced a-helical propensity of Ex4 in solution.”*?
Previous studies found a positive correlation between the a-
helical propensity of the ligand and its affinity for nGLP-1R.** It
was proposed that the C-terminal extension of Ex4, which is
absent in GLP-1, has only a minor role in mediating receptor
binding; thus, this segment cannot be the source of the high
binding affinity. However, we suppose that the latter nine-residue
C-cap, PSSGAPPPS, has a definite role in fine-tuning the
structure of the Ex4 o-helix and in preforming the receptor-
bound conformation in solution. We propose that the extension
described above makes the TC fold an ideal C-cap of a more
stable a-helix.'>*>*+*°

Studies of the aggre§ation ability of different class B GPCR
ligands (e.g., calcitonin, 6.27 glucagon,28 or GLP-129) determined
that these peptides can form cytotoxic amyloid aggregates that
could be a drawback for their usage as protein drugs. In liquid
formulations, these peptides tend to self-associate and assemble
into transient helix bundles® and over time form aggregates.>
Of particular concern is the fact that the peptide aggregates
increase the risk of immunogenicity.>’ Therefore, chemical
modifications (e.g., site specific mutations or side-chain
conjugation) need to be considered to obtain therapeutic
candidates that are more soluble, more stable, and thus safer than
the existing drug.

Following these guidelines, we designed Ex4 analogues,
including a potential GLP-1R agonist (E19) and several
antagonists (EO—E11), using the optimized TC miniprotein as
a starting sequence.”*> The procedure incorporated the
replacement of specific residues into the Ex4 sequence to
increase the peptide’s helicity and meanwhile reduce its ability to
self-assemble. As a result of this design, E19 is now more soluble
in pure water, less prone to aggregation, and under all conditions
more helical than Ex4. Moreover, it shows an insulin secreting
activity comparable to that of Ex4.

B EXPERIMENTAL PROCEDURES

Ex4 numbering is used throughout this paper. The numbers in
the names of the Ex4/TC analogues indicate the length of the N-
terminal elongation with respect to the reference TC molecule;
EO has no N-terminal elongation but an N-terminal Asn to Arg
mutation, while E19 has 19 extra N-terminal residues, all taken
from Ex4. Thus, the lengths of E19 and Ex4 are the same.
Peptide Synthesis and Purification. Peptides E0—E10
were prepared by standard solid-phase peptide synthesis
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protocols. MBHA resin was used as solid support, and the
following side-chain protecting groups were used: Boc-Ser(Bzl),
Boc-Arg(Tos), Boc-Glu(OcHex), Boc-Tyr(2BrZ), and Boc-
Lys(2ClIZ). Couplings were performed with DCC and HOBt.
Amino acid incorporation was monitored by the quantitative
ninhydrin test. The completed peptide resins were treated with a
liquid HF/dimethyl sulfide/p-cresol/p-thiocresol mixture
[86:6:4:2 (v/v)] at 0 °C for 45 min. HF was removed, and the
resulting free peptides were solubilized in 10% aqueous acetic
acid, filtered, and lyophilized. The crude peptides were purified
by reverse-phase high-performance liquid chromatography
(HPLC) on a Phenomenex Jupiter C-18 column (21.2 mm X
250 mm), using a water/acetonitrile gradient (solvent system of
0.1% TFA in water and 0.1% TFA and 80% acetonitrile in water,
gradient from 0 to 40% B over 80 min, flow rate of 3 mL/min,
and detection at 220 nm). Collected fractions were Iyophilized,
and their identities were confirmed by a Finnigan TSQ 7000
tandem quadrupole mass spectrometer equipped with an
electrospray ion source.

Peptide Expression and Purification. Peptides ES, E11,
E19, and Ex4 were produced by recombinant methods using
published protocols.”® Briefly, the cDNAs of the peptides were
ligated into a SacIl and BamHI site of the pUBK2 vector. The
plasmid encoding HI10-Ub-Peptide was transformed into
Escherichia coli strain BL21(DE3). Transformed cells were
grown in LB medium containing 0.1 mg/mL kanamycin and
incubated while being shaken at 37 °C. Cells were induced at an
ODgy of 0.6—0.8 by addition of IPTG (isopropyl B-p-1-
thiogalactopyranoside) to a final concentration of 1 mM. After
incubation for 3 h at 37 °C, cells were harvested, resuspended in
lysis buffer (300 mM NaCl, 50 mM NaH,PO,, and 3 mM NaNj),
and lysed by sonication. The pellet was removed by
centrifugation, and the target protein was dissolved in the
supernatant. All proteins were purified using a 5 mL nickel-
nitrilotriacetic acid (Ni-NTA) chromatography column. The
column was equilibrated and washed with lysis buffer, and then
the fusion protein was eluted with the same lysis buffer
containing 250 mM imidazole. The eluted fractions were
dialyzed overnight into lysis buffer, and then the fusion proteins
were digested with His-tagged yeast ubiquitin hydrolase (YUH)
for 3—4 h. The digestion efficiency was followed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis. The ubig-
uitin and YUH were separated from the peptides by Ni affinity
chromatography. Peptides were further purified by reverse-phase
HPLC on a C-18 column using a water/acetonitrile gradient
(eluent A being 0.1% TFA in water and eluent B being 0.08%
TFA and 80% acetonitrile in water). Collected fractions were
lyophilized, and their identities were confirmed by a Perkin-
Elmer Sciex API2000 mass spectrometer equipped with an
electrospray ion source.

Electronic Circular Dichroism Spectroscopy. Far- and
near-UV ECD spectra were recorded on a Jasco J810
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spectrophotometer using cuvettes with a path length of 1.0 or 10
mm with protein concentrations of 35—150 M. Typical spectral
accumulation parameters were a scan rate of 50 nm/min with a 1
nm bandwidth and a 0.2 nm step resolution over wavelength
ranges of 185—260 nm (far-UV) and 250—32S5 nm (near-UV)
with four scans averaged for each spectrum. The temperature at
the cell was controlled by a Peltier-type heating system. The
solvent reference spectra were used as baselines that were
automatically subtracted from the peptide spectra. The raw
ellipticity data were converted into mean residue molar ellipticity
units ([@]yg, degrees square centimeters per decimole).

Nuclear Magnetic Resonance Spectroscopy. NMR
spectra were recorded on a Bruker DRX 500 or 700 MHz
spectrometer or a Varian VXR 800 MHz spectrometer using ~1
mM peptide samples between pH 6.5 and 7.1, with 10% D,0 and
0.1 mM NaNj. DSS was used as the internal proton reference
standard set to 0.0 ppm for all conditions. Data sets were
processed using TopSpin (Bruker Biospin, Inc.). Proton NMR
chemical shift assignments were achieved using standard
procedures that required the recording of "H—'H TOCSY and
"H—'H NOESY spectra and were completed using Sparky.*®
TOCSY measurements were taken with spin locks of 65—80 ms,
and mixing times of 100—300 ms were used for the NOESY
spectra. The chemical shift deviations were calculated using the
reference random coil shifts determined by Bundi et al.*® The
number of overlapping peaks increased with the length of the
polypeptide chains; therefore, spectra of E9—E11, E19, and Ex4
were acquired on higher-field instruments (700 and 800 MHz).
For Ex4 and E19, heteronuclear three-dimensional (3D) HSQC-
TOCSY and HSQC-NOESY spectra were also used to facilitate
the complete resonance assignment. The NMR spectra of E0O—
E11 were recorded at S °C, those of E11 at both 5 and 27 °C, and
those of E19 and Ex4 at 27 °C. The NMR structures were
determined following standard procedures. The NOE cross-peak
intensities were converted into distance restraints and calibrated
using the covalently fixed distances of the indole side-chain
protons. Structure calculations were performed with CNS Solve
version 1.1.%7 All structural figures in this report were prepared
using Chimera.”®

Diffusion-ordered spectroscopy (DOSY) experiments were
recorded for ~0.5 mM peptides in a 10% D,0/90% H,O or 30%
TFE-d,/70% H,0 mixture at 5, 16, and 27 °C. The strength of
the By field was calibrated using the residual HDO signal of 100%
D,0. The diffusion time (A) was varied between 100 and 220
ms, while the gradient pulse duration (5) was set to 4 ms in all
experiments. The pulse gradient was incremented from 2 to 95%
of the maximal gradient strength in a linear manner in 32 steps.
Data analyses were performed using the T,/ T, relaxation routine
of Topspin version 3.2. Diffusion coeflicients were obtained by
fitting the peak intensities in the aliphatic and in the methyl
region to a single-exponential decay: I = I, exp[—7’¢*D5*(A — 5/
3)], where I is the peak intensity, y is the gyromagnetic ratio, and
g 0, and A are the amplitude, duration, and separation of the
gradient pulses, respectively. The obtained diffusion coefficients
were converted to standard conditions (20 °C, water)*’ using the
viscosity of water (1.002 X 107> N s m™2) and a 30% TFE/70%
H,O solution (1.606 x 10~ N s m~2).** From the diffusion
coefficient, apparent molecular masses (M,,) were derived using
eq 4 of ref 39, assuming a prolate ellipsoid with an axial ratio (p)
of 0.33, a partial specific volume (v,) of 0.72 X 107> m* kg™, and
a hydration number (§;) of 0.4.

Backbone "N longitudinal (R,) and transverse (R,) relaxation
rates and the heteronuclear 'H—'SN cross-relaxation rate
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constant (NOE) of TC, ES, and E11 were measured at 500
MHz and 27 °C, while that of E19 was measured at 27 °C at 500
and 700 MHz using published pulse schemes.***" Relaxation
rates were recorded at eight different relaxation delays between
10 and 1100 ms for R, and 15 and 400 ms for R,. '"H—'N NOE
were obtained from two spectra recorded with or without proton
saturation. R, and R, rates were estimated by fitting the cross-
peak intensities with a two-parameter exponential decay: I(T) =
I, exp(TR), where I(T) is the peak intensity, T is the relaxation
delay, I is the intensity at zero time, and R is the relaxation rate.
"H—'>N NOE values were determined from the I.,/I ; ratio,
where I, and ¢ are the peak intensities with and without proton
presaturation, respectively.*” All relaxation parameters are given
in the Supporting Information.

Reduced spectral density mapping was performed using
published methods with an amide bond length of 1.02 A and a
chemical shift anisotropy of the N nucleus of 160 ppm.***~*

Cell Culture. Rat f-cell line INS-1E was a kind gift of P.
Maechler (University of Geneva, Geneva, Switzerland). INS-1E
cells were cultured in a humidified atmosphere containing 5%
CO, in complete medium composed of RPMI 1640
supplemented with 10% heat-inactivated fetal bovine serum, 1
mM sodium pyruvate, 50 M 2-mercaptoethanol, 2 mM
glutamine, 10 mM HEPES, 100 units/mL penicillin, 100 ug/
mL streptomycin, and 250 ng/mL Amphotericin-B.*® Cells were
between passages 100 and 120 at the time of the experiments.

Insulin Secretion. The secretory response of INS-1E cells
was tested in response to Ex4, E19, and E10. Simulated insulin
secretion experiments followed the protocol of Merglen et al.**
In brief, cells were maintained for 2 h in glucose-free culture
medium before the experiments. The cells were then washed
twice and preincubated for 30 min at 37 °C in Krebs-Ringer
bicarbonate HEPES buffer (KRBH) that consisted of 2.5 mM
glucose, 135 mM NaCl, 3.6 mM KCl, S mM NaHCOj3, 0.5 mM
NaH,PO,, 0.5 mM MgCl,, 1.5 mM CaCl,, 0.1% bovine serum
albumin, and 10 mM HEPES (pH 7.4). The cells were washed
once with glucose-free KRBH and then incubated for 30 min in
KRBH containing 15 mM glucose and the respective GLP-1
receptor agonist at 20 nM. After the 30 min incubation,
supernatants were collected for insulin secretion analysis (Ex4,
E19, and E10). Insulin concentrations of the collected
supernatants were determined by the rat insulin enzyme-linked
immunosorbent assay (Alpco Diagnostics, Salem, NH). In the
absence of peptide (1S mM glucose), the measured insulin
concentration of the collected supernatant served as a baseline.
The stimulated insulin release is expressed as the fold change in
insulin concentration in response to various GLP-1 receptor
stimuli (Ex4, E19, and E10) as compared to basal stimulatory
conditions (15 mM glucose). Values are given as means + the
standard error of mean, and n values refer to the number of
experiments. The significance of the differences was assessed by a
one-tailed ¢ test.

B RESULTS

The parent molecule of our study was the 20-residue Trp cage
miniprotein (NLYIQ WLKEG GPSSG RPPPS), originally
derived from Ex4 by truncating its first 19 N-terminal residues
and by modifying the remaining sequence at five structurally
essential positions.*>***’ During the design process, we applied
this structurally optimized TC motif now as part of Ex4, to
enhance the overall helicity and water solubility of the nGLP-1R
agonist. Rational protein design involved the insertion of a
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Figure 2. Far-UV ECD spectra of (a) EO—E11 (measured in H,0) and (b) TC, E19, and Ex4 (measured in H,O or 30% TFE) at S °C. The inset in panel
a displays the molar ellipticity values at 222 nm for each peptide (E0O—E11, E19, and Ex4, all in H,0).
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Figure 3. (a) NOE connectivity chart of E19 displaying short- and medium-range NOEs. The thickness of the lines is scaled with the distance restraints.
(b) Ha chemical shift deviations from their random coil values of E19, E10, E8, E6, E4, E2, and EO in the E*~E*® segment. The corresponding Ha CSD
plot of E11, E9, E7, ES, E3, and El is displayed in Figure S2 of the Supporting Information.

Glu®®—Arg® salt bridge” and the replacement of Phe** and Glu**
with Tyr** and GIn**, respectively.

The N28E and A3SR modifications of the Ex4 sequence have
multiple benefits. (i) The salt bridge stabilizes the overall
structure, thereby increasin§ the folded population and
improving the helicity.>>*>*”** (ii) The side chains of the salt
bridge-forming residues cover the indole ring of Trp*; thus, they
reduce the water-accessible hydrophobic surface area. (iii) The
charged side chains of Glu® and Arg® improve the peptide’s
water solubility. The F22Y modification improved the 77—z
stacking interaction with Trp> and increased the hydrophilicity
of the peptide.*” This modification also allowed the monitoring
of the compactness of the hydrophobic core (Trp — Tyr
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interaction) with near-UV ECD measurements. Although Phe*
is a highly conserved residue that directly interacts with the
receptor, we surmise that the phenolic OH will not undermine
the peptide’s affinity for nGLP-1R because other class B GPCR
ligands (e.g., VIP and PACAP) have a Tyr residue at this position
(Figure 1).* The E24Q mutation was incorporated to avoid an
unfavorable electrostatic interaction between GIn** and Glu?® in
the a-helix.”

In our study, we first analyze the ECD and NMR spectra of Ex4
and 14 TC elongated variants to assess the structural
consequences of the introduced sequence modifications. Next,
we evaluate the structural changes as a function of backbone
mobility via '*N relaxation measurements. Subsequently, we
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present the results of the diffusion-ordered (DOSY) NMR
measurements and compare the self-association property and
thus the water solubility of Ex4 and E19. Finally, we analyze the
preliminary data regarding the in vivo insulin secreting ability of
Ex4, E19, and E10 peptides.

E19 Is More Helical Than Ex4. Panels a and b of Figure 2
show the far-UV ECD spectra of all the investigated
polypeptides. The Trp cage elongated variants (EO—E11) were
measured at § °C in pure H,O, while Ex4 and E19 were measured
in both H,O and a 30% TFE solution.

The comprehensive ECD spectral analysis revealed unexpect-
edly large structural changes as a function of the length of the
polypeptide chain (E0O—E19). The ECD spectra of Ex4, TC, and
all the elongated variants from E4 to E19 display a C-type ECD
curve with a positive maximum at around 190 nm and two
minima at 208 and 222 nm. This characteristic ECD spectrum is
often associated with a- and 3,4-helices as well as with repeated
type I (or IIT) f-turns. On the other hand, the ECD spectra of
E0—E3 indicate a decreased C-type and an increased U-type
ECD curve propensity. The U-type curve indicates a structural
ensemble of elevated internal dynamics. The ECD studies
suggest that the apparent change in the helical propensities
among different peptides is more the consequence of the shift
between conformational populations (folded = unfolded) than
the change of the structure types in the dynamic ensemble. Thus,
the more intense the C-type ECD curve, the larger the peptide’s
folded fraction.

With the extension of EO (resulting in E1, E2, etc.), the folded
fraction gradually increases; however, the latter increase is not
monotonic. Three constructs, namely, ES, E9, and E11, seem to
be more helical than their N-terminal elongated partners, E6,
E10, and E19, respectively (see the inset of Figure 2a). While E11
is the most helical construct among all 15 studied peptides
([©]"" = 49.5 X 10* deg cm* dmol ™, [@]** = —24.2 X 10° deg
cm® dmol ™, and [©]*® = —21.3 X 10° deg cm® dmol™"), E19
presents a helicity similar to that of E7. E19 is less helical (or
apparently less stable) than E11 because of the elevated internal
mobility of the first eight N-terminal residues that were added in
one step to E11 to make E19. Note that the latter eight residues
must be unstructured to successfully activate the GLP-1 receptor,
and thus, they will decrease the overall helicity of any agonist.*’

Because Ex4 shows a modest level of aggregation in aqueous
solution,® we also measured its ECD curve in a 30% TFE solution
and compared it to that of E19 (Figure 2b). Clearly, E19 has
superior helicity in the presence and absence of the added fluoro
alcohol medium; the relative increase in helical content is 21% in
H,O and 31% in 30% TFE (measured as [©]33/[@]22 — 1 and
expressed in percent). The ECD study implies that the optimized
TC motif can indeed be used to stabilize the overall fold and
increase the a-helical propensity of Ex4-related peptides.

The Optimized TC Motif Stabilizes the a-Helix of Ex4.
The results of the ECD spectral analysis were supplemented with
homonuclear NMR measurements; similar stability differences
were observed throughout the studied sequences now obtained
and analyzed at the atomic level of detail.

Figure 3 and Figures S2 and S3 of the Supporting Information
display the Ha chemical shift deviation (CSD) plots of the
studied peptides together with the NOE connectivity chart of
E19 (all other NOE charts are displayed in the Supporting
Information). Generally, the negative Ha CSDs and the dense i,
+ 3 and ii + 4 NOE network indicate a-helical secondary
structure for all peptides for almost all residues in the D*—E*
segment. However, there are three Ha protons (EY, L*, and
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Q**) with remarkably downfield chemical shifts and one (L*)
with upfield chemical shifts. L?, Q*, and L* Ha CSs are
perturbed by the ring current effect of the neighboring W**
aromatic residue because the two former protons lie in the plane
of the indole ring while L?* Ha lies right above it. On the
contrary, for spatial reasons E'” Ha must be unaffected by the
W? ring current because the distance between E'” Ha and the
closest indole carbon (W* Cy) is ~13 A; therefore, the close to
zero CSD indicates that the continuous a-helix has a kink point at
this residue.

Division of the central a-helix into two helical subsets is in
excellent agreement with the GLP-1 structure'” where the N-
terminal random coil segment (residues H'—S'*) is followed by
two helical segments (N-helix of S'*—E?! and C-helix of A*—
G*) that are connected by a linker region (G**—A2*). This linker
provides flexibility for the long a-helix to access the nGLP-1R
binding site.'* Therefore, in Ex4 and E19, E'” has a role similar to
that of the linker region in the GLP-1(7—37) a-helix.'” Here, the
N-helix spans residues D°—E'®, while the C-helix spans A'8—E?,
Residues in the C-helix show much larger Ha chemical shift
deviations than the residues in the N-helix (Figure 3). Via
inspection of the structure of E19 (Figure 4m), it is evident that

(f) ES (g) E6 (h) E7

() E9

(k) E10

(1) E11 (m) E19

Figure 4. Ribbon representations of the NMR structural ensembles of
the N-terminally elongated Trp cage variants.

as the C-terminal PPII helix folds back to W*® it interacts with the
C-helix (several NOEs connect the two regions), while it has a
minor direct effect on the N-helix (no NOEs are found between
the C-terminal segment and the N-helix). The C-helix and the
PPII helix together form the TC motif (A'®—S$*’), and thus, the
TC motif serves as an ideal C-cap for the helical core.

The helix inducing ability of the TFE/water mixed solvent was
studied by comparing the Har CSDs of E19 measured in H,0 and
in 30% TFE and that of Ex4 measured in 30% TFE (Figure S3 of
the Supporting Information). There is less difference between
the spectra of E19C%TFE) and Ex43%%TFE) than between E19H:0)

dx.doi.org/10.1021/bi500033c | Biochemistry 2014, 53, 3540—3552
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Table 1. Folded Fractions of the N-Terminally Elongated Trp Cage Variants

folded fraction
name sequence T (°C) CSDcage CSDpeiiy XF(cage) XF(helix)
Ex4 (30% TFE) HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS 27 8.46 1.63 0.74 0.77
E19 (30% TFE) HGEGTFTSDLSKQMEEEAVRLYIQWLKEGGPSSGRPPPS 27 10.25 1.77 0.89 0.87
E19 HGEGTFTSDLSKQMEEEAVRLYIQWLKEGGPSSGRPPPS 27 10.09 1.80 0.88 0.89
El1 DLSKQMEEEAVRLYIQWLKEGGPSSGRPPPS 27 9.99 1.80 0.87 0.89
El1 DLSKQMEEEAVRLYIQWLKEGGPSSGRPPPS S 10.56 1.85 0.92 0.92
E10 LSKQMEEEAVRLYIQWLKEGGPSSGRPPPS S 11.10 1.96 0.97 1.00
E9 SKQMEEEAVRLYIQWLKEGGPSSGRPPPS S 10.80 1.78 0.94 0.88
E8 KQMEEEAVRLYIQWLKEGGPSSGRPPPS S 10.84 1.80 0.94 0.89
E7 QMEEEAVRLYIQWLKEGGPSSGRPPPS S 10.83 1.80 0.94 0.89
E6 MEEEAVRLYIQWLKEGGPSSGRPPPS S 10.79 175 0.94 0.86
ES EEEAVRLYIQWLKEGGPSSGRPPPS S 10.57 172 0.92 0.83
E4 EEAVRLYIQWLKEGGPSSGRPPPS S 9.60 1.74 0.84 0.85
E3 EAVRLYIQWLKEGGPSSGRPPPS S 731 131 0.64 0.55
E2 AVRLYIQWLKEGGPSSGRPPPS S 3.69 1.08 0.39 0.40
E1l VRLYIQWLKEGGPSSGRPPPS S 1.10 1.00 0.30 0.35
EO RLYIQWLKEGGPSSGRPPPS S 1.79 0.94 0.25 0.30
TC NLYIQWLKEGGPSSGRPPPS S 9.89 1.63 0.86 0.78
TC NLYIQWLKEGGPSSGRPPPS 27 3.88 125 0.54 0.51
folded reference EEECVRLYIQWLKDGGPSSGRPPPC 15 11.49 1.96 1.00 1.00
unfolded reference NLYIQWLKDGGPSSGRPPPpS 15 0.5 0.57 0.05 0.05

and E1900%TFE) implying that the four mutations that distinguish
E19 from Ex4 have a weaker effect on the overall structure than
the solvent composition does. Remarkably, the Ha CSD pattern
of the C-helix of E19 is slightly perturbed; the Ha CSDs of Y,
%, W%, and L* are reduced by ~0.1 ppm, while that of K’ is
increased by ~0.05 ppm as the TFE is added to the solution.
Also, a change can be observed in the helicity of the N-helix,
where S'', M™ E', and E'® become more helical (Ha CSD
reduced by ~0.08 ppm). These effects are ascribed to the ability
of TFE to stabilize helical conformations in peptides while
disrupting the hydrophobic interactions of native proteins.”"

Following Barua et al., we use CSD,, and CSDyg;, values to
compare the relative stabilities of the different TC variants.>
Table 1 and Table S1 of the Supporting Information list the
calculated CSD values and the derived relative folded fractions
A
On the basis of the CSDyy;, and yg(peliy) Values, the most helical
studied peptide is E10 with an apparent 100% helix population
(same helicity as the folded reference construct). This seemingly
contradicts the ECD data where E11 was the most helical
peptide; however, the two methods measure the helicity in two
different ways: ECD measures an ellipticity value to which the
whole molecule contributes (n — z* band of the amide bonds),
while the CSDy,;-derived yi value reports on the helicity of the
TC motif itself. In general, we conclude that the overall helicity of
these peptides gradually increases from EO to E11, while the
further elongation (E11 — E19) does not further improve the
helicity. In fact, E19 has a fold stability [fp(cage) and ¥r(helin)]
similar to that of El1, originating from the similar helical
propensity as discussed above.

In EO, the N-terminal Asn — Arg substitution strongly
destabilized the structure: yp(cyge) and ¥p(heli) decreased from 86
to 25% and from 78 to 30%, respectively (Table 1). In the NMR
spectra of EO, some slowly exchanging additional peaks appeared
beside the main set of resonances (e.g,, Y>> He#, W* Hé1, and
W?3 Hel). The presence of peaks associated with the TC minor
conformer was observed before under acidic conditions.****
Many characteristic NOEs (Y** Ho#—P** Hy#; W H51-R*
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Hp#Hy#, W2 HyHO2—P3' Hy#; W2 Hel—P° Ha; etc.)
indicate, however, that the folded 3D structure is still preserved
in EO, but highly destabilized. The destabilization stems from the
repulsion between the partial positive charge of the helix
macrodipole at the N-terminus co-located with the positively
charged Arg residue. On the other hand, the introduction of a
negatively charged aspartate at the N-terminus of the Trp cage
(e.g, as Asp' in Tcl0b, DAYAQWLKDGGPSSGRPPPS) is
highly favorable.>* This is in line with the general observation
that the helical content of model peptides (e.g., NH,-XAKAA-
AAKAAAAKAAGY-CONH,) decreases as the N-terminal
amino acid becomes more positive.>

The TC fold stability is restored during the gradual N-terminal
elongation. Both the helix [fpgei] and the cage [)(F(Cage)]
populations increase by ~5—10% for each of the added residues,
resulting in E1—E3 (Table 1). Although E3 is stabilized by the N-
terminal negatively charged glutamate (Glu'”), it s still less stable
than the shorter TC. However, the tendency is clear, and the
stability is fully restored by the addition of the next glutamate
(Glu'®) to the N-terminus, resulting in E4. In E4, Glu'® acts as an
N-cap while Glu'” as a salt bridge-forming side chain interacting
with Arg®. XF(cage) increases further in ES and reaches ~90%. The
next five constructs (E6—E10) have similar NMR spectral
properties in terms of CSD and NOE patterns. The helix
extension does not affect the folded population further: yg(c,g.)
ranges between 92 and 97%. In E8, the positively charged N-
terminal Lys'? does not destabilize the a-helix as Arg*® did in EO:
it rather forms a salt bridge with either Glu® or Glu'¢, and the
interaction shields the unfavorable positive charge at the
terminus. Interestingly, E10 seems to be especially stable in
comparison to E9 or Ell; its helix population reaches the
theoretical maximum [}ghely) = 1; i.e., E10 has the same helicity
as the folded reference molecule], and the cage population is
97%. However, this exceptional stability was not apparent in the
ECD measurements, as the latter method measures the content
of the secondary structural elements (e.g., a-helix) rather than
the fold compactness.
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Table 2. Numbers and Types of NOE Constraints and rmsds of the Structural Ensembles of the Reference TC as Well as Its 13 N-

Terminally Elongated Analogues

NOE constraints rmsd”
ii i+ 1 iLi+2 ii+3 ii+4 i+nn>S > backbone all atom
TC 170 106 25 31 18 67 415 0.05 1.78
EO0 111 31 1 8 S 17 173 1.96 3.10
El 126 3 0 3 12 146 2.37 3.63
E2 136 37 2 S 19 203 1.24 2.16
E3 140 65 7 14 9 30 265 1.90 1.03
E4 154 77 9 23 12 33 308 0.90 1.66
ES 176 100 17 29 15 41 378 0.58 2.21
E6 166 92 15 24 15 38 350 0.89 1.89
E7 187 88 10 35 16 37 373 0.82 242
E8 197 87 9 37 16 36 382 0.70 1.45
E9 203 106 20 48 32 61 470 0.69 1.49
E10 203 110 14 44 19 47 437 0.76 1.57
Ell 174 61 3 46 21 53 358 1.37 2.28
E19 284 185 26 114 78 87 774 033" 115"

“Calculated using the Ca, CO, and N atoms, or all atoms of 34-8%. bCalculated using the Ca, CO, and N atoms, or all atoms of D*—S*.

Via comparison of the folded fractions of Ex4**TFE) and
E196%%TFE) it becomes apparent that E19 has a stabilized fold
with superior helicity and compactness [¥p(cige) a0d Ye(hein)s a8
these values increase by ~10% in E19C*TFE) with respect to
those in Ex43%TFE)]: 074 < X¥(cage) < 0-89, and 0.77 < Yp(cage) <
0.87. Note that there is only minor difference in the Jp(q) and
XE(helix) Values between the E19 spectra recorded in water and in a
30% TFE solution. This implies that the TFE induces TC
formation only in those molecules in which the TC fold is less
stable in aqueous solution (Ex4); on the other hand, it has no
effect on variants in which the TC fold is already compact enough
in water (E19).

These findings corroborate the results of the ECD measure-
ments.

The Designed Variants Preserve the TC Structure. All
N-terminally elongated variants have the same TC fold, differing
only at the N-termini. The TC fold is characterized by a compact
tertiary structure that consists of an N-terminal a-helix, followed
by a 3p-helix (Gly*—Gly**) and a short polyproline II helix
(Arg*—Ser®), all organized around the central Trp* residue.
Here, we summarize the observed minor structural differences of
E0—E11 while a more comprehensive analysis is given for E19.
The structure refinement statistics and the number of constraints
employed in the ensemble calculations are listed in Table 2.

EO—E4. As discussed earlier, the Asn* — Arg20 mutation
highly destabilizes the TC structure because of the repulsion
between the positive charge of Arg” and the partially positive
charge of the a-helix macrodipole at the N-terminus. In
accordance with such stability loss, the total number of assignable
NOE:s is lower than the number of TCs (Table 2). The lower
number of NOE:s results in poorly defined structural ensembles
for EO—E3. A ribbon representation of 10 superimposed
structures with rmsds of 1.96, 2.26, 1.23, and 1.90 A for
backbone atoms are shown in panels a—d of Figure 4,
respectively. Although the variation of the structures is large,
the TC fold is apparent, as a handful of a-helix- and Trp cage-
defining NOEs are observed in the NOESY spectra, e.g,, Y>
Ha—W?* HB1,HB2; W* HO2,Hn2—P3' Hy#; W» HS1-R*
Hy#; or W> H{2—P* Hé1 side-chain protons.

The NOESY spectrum of E4 contained an adequate number of
interresidual NOEs for deriving a structural ensemble with a low
backbone rmsd (0.71 A) (Figure 4e). Most of the characteristic
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long-range NOEs are observed. The N-terminal a-helix is one
turn longer than that of TC, and a favorable Glu'’—Arg® salt
bridge can stabilize this extended a-helix.

E5—ET1. All of these peptides show the same overall structure
displaying the characteristic TC features (Figure 4f—1). The N-
terminal a-helix gradually extends, while the TC motif remains
quasi unchanged. The NOE patterns are consistent with a
continuous a-helix: many of the expected He'—Hf™** and Ha'—
H/"* NOEs are seen spanning the a-helix from the second N-
terminal residue to Glu®. The kink at Glu'” found by the CSD
analysis is not apparent from the structures; several NOEs
connect the C-terminal segment of the a-helix (C-helix) with the
N-terminal part of it (N-helix). Interestingly, the aromatic side-
chain resonances of Tyr** in E10 were broadened, indicating that
the rotation about the Cff—Cy axis slowed to the microsecond to
millisecond time scale, while for all other peptides, this rotation
was fast enough to give rise to single, degenerate Tyr** Ho# and
He# resonances.

E79. The sequences of E19 and Ex4 differ at four positions
only; namely, Y2, Q* E*® and R* replace F?2 E** N?® and A%,
respectively, of Ex4. All other residues are the same. In the PDB,
both NMR and X-ray structures are available for Ex4; the NMR
structure (PDB entry 1JR]) was determined in a 30% TFE
solution,® while a truncated Ex4 [Ex4(9—39), PDB entry 3CST]
was crystallized together with the N-terminal domain of the
GLP-1R”

In our study, the NMR structure of E19 was determined using
774 NOE constraints (PDB entry 2MJ9); 114 + 78 define the a-
helix (i,i + 3 and i,i + 4 NOEs), and 87 define the overall structure
(i,i + n,n > 4). However, no interresidual NOE was observed for
residues of the N-terminal tail (H'—T7), fully supporting the idea
that this segment is highly dynamic. Because of the high NOE
density, the calculated structural ensemble is of good quality,
represented by a small rmsd; the pairwise rmsd for residues 9—39
was 0.33 A for the backbone atoms and 1.15 A for all heavy atoms
(Table 2).

The presence of exchange cross-peaks of the amide protons of
residues 3—16 with water in the NOESY spectrum suggests that
in time average these amides are partially or completely solvent
exposed, which agrees well with the CSD data suggesting that the
N-terminal segment (H'—T’) is disordered and the N-helix
(D°—E") is less stable than the C-helix (A*—E?®). These data
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are well-reflected in the 10 conformers representing the 3D
structure of E19 (Figure 4m). Continuous CO' — NH"*
hydrogen bonds are observed for residues M'*—E**, while no
single secondary structure is observed for the N-terminal tail
(H'-T). As found in the TC motif, residues G**—G>* prefer to
be a 3,y-helix rather than an a-helix conformer supported by the
presence of HW'—=HN™*? NOEs and the absence of Ho'—Hf'"**
NOEs. Of special interest are the salt bridges connecting residues
D’ K'2, E', and R?; the side chain of K** and E'6 can alternate to
interact with the oppositely charged residues downstream or
upstream on the o-helix face, thereby largely stabilizing the
overall helical fold.

The superpositions of the backbone atoms of the NMR
structure of E19 with the NMR and X-ray structures of Ex4 are
shown in panels a and b of Figure 5. Although the overall

Figure S. Ribbon representation of E19 [PDB entry 2MJ9 (coral)] with
(a) the Ex4 NMR structure [PDB entry 1JRJ (blue)] and (b) the Ex4 X-
ray structure [PDB entry 3CST (orchid)]. Y?2/F*, W, P>, and P*® are
displayed in all-atom representation. For the sake of clarity and a better
comparison in panel b, the H atoms have been omitted from the E19
NMR structure.

structures of these compared molecules are similar [backbone
rmsds of residues 15—39 between E19 and Ex4™M® and
between E19 and Ex4X™) of 0.74 and 0.81 A, respectively],
some differences also emerge. The major distinction between the
NMR structure of E19 and Ex4 is the apparent mobility and
orientation of residues 5—14; Ex40%%TFE) seems to be more rigid
and helical here than E19%:©) The helix of E19 is less defined
because of the minimal helix-positioning NOEs between T* and
M. The a-helix stretches between T° and N*® in Ex4 and
between D® and E*® in E19. In both peptides, the N-terminal tail
is disordered, which is a prerequisite for bioactivity.>

The differences between the E1I9™™Y and Ex4 ™) structures
become apparent when the side-chain orientations of some helix-
forming residues are anal}fzed, particularly those of D?, K'2, E,
and R®. In the Ex4X™ structure, D’ is the first N-terminal
residue with a high B factor showing no polar contact with the
surrounding side chains. In E19 [and in Ex4™™N], D° forms a
helix-stabilizing salt bridge with K'2. Similarly, E'” has no direct
intermolecular interaction in Ex4 ™) , while it forms a salt bridge
with R® in the E19™® gtructure. On the other hand, in
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Ex4(X'“‘Y), the side chain of R interacts with the side chain of E'*
of nGLP-1R.

Fold Fluctuation Determined by NMR Backbone
Dynamics. Local backbone dynamics of TC, ES, Ell, and
E19 samples were investigated using '*N longitudinal (R;) and
transverse (R,) relaxation rates and steady-state heteronuclear
NOEs (Figure S8 of the Supporting Information) at 27 °C.
These relaxation parameters were analyzed with the reduced
spectral density mapping (RSDM) approach***~* (Fisgure 6).
The more widespread Lipari—Szabo model-free analysis>*** was
not applied because its assumptions do not hold for this system,
particularly at marginal structural stability (e.g, TC at 27 °C),
and the time scales of internal and overall motion are not
independent; moreover, if dimerization or oligomerization
occurs, then a single 7, rotational correlation time or rotational
diffusion tensor cannot describe the overall motion. The RSDM
approach does not use any assumption regarding the time scale of
motions or the shape and size of the molecule; therefore, it can
confidently be applied to characterize even highly flexible
polypeptides.

As the length of the N-terminal a-helix increases so does the
average J(0) value. This phenomenon is a result of the altered
form of the rotational diffusion tensor. Starting from a globular
TC fold, the molecule adopts the shape of a prolate rotor; then, it
forms higher-molecular weight oligomers (vide infra). Besides,
an elevated J(0) indicates sites with slow time scale backbone
motion (R,,). Some residues (e.g, E'>, G, and $**in E11 or E',
Y%, and K¥ in E19) show exceptionally increased J(0) values that
could refer to microsecond to millisecond dynamic processes at
those sites (Figure 6).

The J(wy) value does not seem to change substantially with
the overall shape of the molecule (i.e., the length of the a-helix).
Therefore, very similar J(wy) values were measured for ES, E11,
and E19, especially in the core a-helical region (Y**~G™). The
apparent decrease in the J(wy) of TC with respect to ES, E11,
and E19 reflects the fact that at 27 °C the folded fraction of TC is
only ~54% while that of E11 and E19 is ~90% (see Table 1).
Interestingly, for the residues in the 3;y-helix, the J(wy) values
increase with the length of the molecules (TC — ES — E11 —
E19), which indicates that motions around S0 MHz become
more prevalent here.

The sequence dependence of the J(0.87wy;) values corrobo-
rates the observations made for J(wy) described above. TC is the
most flexible molecule among the studied elongated variants;
thus, it has the highest average J(0.87wy;). As the length of the a-
helix increases, the stability of the molecules increases and their
J(0.87@y,) value decrease. Apart from the N-terminal tail of E19,
the amides of $** and G33 are the most flexible in all constructs,
usually more flexible than the C-terminal S¥.

The potential R, contributions of E19 relaxation was
examined by combining the J(0) values measured independently
at two spectrometer frequencies (500 and 700 MHz), and the
proportionality factor (¢, R, = ¢wy*>) was derived using
published methods.*® A plot of the ¢ values versus the protein
sequence (Figure 6d) indicates that there is a general increase in
almost all J(0) values with increasing field with typical values
between 10 X 10~ and 30 X 107 ns rad™. This reflects a
widespread exchange process that affects the whole molecule
such as a slow time scale dimerization or oligomerization. The
highest ¢ values were observed for Y% K%, and G* in the range
of 40—60 x 107° ns rad™', which corresponds to R,
contributions of 8.9 + 6.8, 6.8 = 4.2, and 10.8 + 4.6 57!,
respectively. The slow exchange of K*” and G* could be in

dx.doi.org/10.1021/bi500033c | Biochemistry 2014, 53, 3540—3552



Biochemistry

| Article |

e TC e E5 e E11 E19

3.+

251 }
T‘o 2.1 1 { ¢ } 1
®
b l T
g 1.5 u*{ Tti $ { "
s, A
= ¥ o® Ii' ?

LI
05f - ety H'

 J S T S T S S S S S S
135 7 91113151719 2123 2527 29 3133 3537 39

Sequence
(a)
e TC e E5 e E11 E19
0.14f
< 012F
©
S o1t {
€ 0.08f } {
S 0.06} $ f
s i, [ e { e s
S 0.04+ ¥ L CI..|I =
- * . ! B _/. e
0.02} L] S 1L L. ¥oe
0 13 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 30
Sequence
(©)

e TC e E5 o E11 E19
08f
[ {

_ osf 1 [
‘(-% l T i ¥§¥_ wiiﬂ i >I
; i1 *i f!f x
£ o4f
=
S .
02 .

ol v v v
135 7 911131517 1921232527 29 31 33 3537 39

e
'
-y ”} {]HH {h{ {ﬁh b

b
Wk
ok

7 9 11131517 19 21 23 25 27 29 31 33 35 37 39
Sequence

(d)

Figure 6. (a) J(0), (b) J(wy), and (c) J(0.87cw;;) spectral density values of TC, ES, E11, and E19 measured at 27 °C at a By field strength of 11.74 T. (d)

Exchange parameter ¢ vs the primary sequence of E19.

Table 3. Diffusion Coeflicients and Apparent Molecular Masses of E19 and Ex4 in 10% D,0/90% H,O and 30% TFE-d,/70% H,O

Mixtures at S, 16, and 27 °C

10% D,0/90% H,0

30% TFE-d,/70% H,0

T (°C) Dy, (X107 m?/s) D, (x107"' m?/s)
E19 S 744 + 0.07 123 £ 0.12
16 10.8 +£ 0.5 133+ 0.6
27 162 + 0.4 13.7 £ 0.3
Ex4 5 6.99 + 0.02 11.56 + 0.03
16 10.22 + 0.06 12.6 + 0.08
27 143 + 0.3 12.6 + 0.3

M¥P (kDa) Dy, (X107 m?/s) D, (X107 m?/s) M¥P (kDa)
8.5 3.55 + 0.05 9.41 + 0.08 19.0
6.7 6.05 + 0.01 11.96 + 0.02 9.2
6.1 9.84 + 0.07 13.8 £ 0.1 6.0
10.2 3.25 + 0.06 8.61 +0.11 24.9
7.9 591 + 0.05 11.69 + 0.06 9.9
8.0 9.46 + 0.06 13.27 + 0.09 6.8

connection with the rearrangement of the 3;y-helix region, which
is the initial step of TC unfolding.>*

The backbone relaxation measurements confirmed the
observations of the Ha chemical shift deviation analysis. We
found a correlation between the magnitude of the Ha CSD and
the rigidity of the backbone NH vector (compare Figures 3 and
6¢c and Figure SOf of the Supporting Information). Both of these
methods identified the N-terminal tail (H'—S®) as a flexible,
unstructured segment, the N-helix (D°—E') as a moderately
stable, structured segment with increased mobility, and the C-
helix as rigid, stable, helical segment. The NOESY-based
structure calculation does not pick up the interface between
the N- and C-helix; however, as NOE-based calculations reflect
the average structure, fast local confined backbone fluctuations
are ignored. Thus, a combined study of chemical shifts, structure,
and dynamics is needed to characterize the complex conforma-
tional dynamics of a protein. These studies can be complemented

3548

with temperature-dependent folding measurements, and hence,
the energetic aspects of the protein’s stability and flexibility can
be evaluated.

Ex4 Forms Higher-Order Associates Than E19 Does.
Previous studies reported that both GLP-1 and Ex4 show
significant self-association in vitro at close to physiological pH
and temperature, resulting in amyloid-like fibrils (GLP-1)**’
and broadened NMR signals (Ex4).%*>%® The self-association
number of the 2 mM Ex4 sample at 298 K was approximated to
be three (trimer) in water and between two (dimer) and three
(trimer) in a 30% TFE/70% H,O solution.*®

To obtain the translational diffusion coefficients (D) and the
apparent molecular mass (M¥P) of Ex4 and E19, we performed
pseudo two-dimensional DOSY experiments at three different
temperatures (S, 16, and 27 °C) in an aqueous solution and in a
30% TFE/70% H,O solution on 0.5 mM peptide samples. To
take into account the differences in temperature and viscosity
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among different conditions, we converted the measured diffusion
coefficients to standard conditions (20 °C, water).*® The
measured diffusion coefficients (D), the calculated standard
condition diffusion coefficients (D), and the apparent molecular
masses of E19 and Ex4 are compared in Table 3. As monomers,
Ex4 and E19 have molecular masses of 4.2 and 4.3 kDa,
respectively; thus, the calculated 6—28 kDa M? implies that
both of these molecules exist in equilibrium between multiple
states with different self-association numbers.

As listed in Table 3 (and shown in Figure S4 of the Supporting
Information), E19 exhibits a somewhat larger diffusion
coeflicient and thus a lower apparent molecular mass than Ex4
under all six measured conditions. This difference is rather small,
implying that only a small perturbation occurred in the
intermolecular interactions that hold together the complexes.
As expected, the self-association propensity decreases with an
increase in temperature; in water at 5 °C, the majority of the
molecules form dimers, and at 27 °C, the equilibrium is shifted
toward the monomer. This is in line with the observed narrowing
of the NMR signals at higher temperatures. The self-association
is weak and transient and occurs relatively fast on the NMR time
scale (intermediate exchange regime); therefore, the observed
diffusion coeflicient appears as the population-weighted average
of the diffusion coefficients of the monomer, dimer, trimer, etc.

A uniform dimerization with a clear interaction surface was not
captured during the NOE-based structure determination of E19.
No intermolecular NOEs define the relative orientation of the
two (or more) interacting molecules, which implies that no single
structure can represent the dimer or oligomer states. Most likely,
the long a-helix represents the interacting surface because the
NH amide resonances of the residues in the a-helix showed
relatively broader resonances than those in the N-terminal tail or
at the 3,-helix region did. The latter finding was also supported
by backbone relaxation measurements; the transverse relaxation
rate was significantly higher in this region than at the
unstructured N-terminal tail or at the C-terminal region (vide
supra). Previous medium dependence studies also established
that the segment spanning Gln'® and Leu®® could be responsible
for nons;)eaﬁc helix bundle formation in water and organic
solvents.

A TFE/water mixed medium induces a-helix formation in
polypeptides and thus facilitates the self-association of both Ex4
and E19. Most probably, the TFE cosolvent favors intermo-
lecular helix—helix interaction over intramolecular Trp cage
formation and therefore promotes oligomerization.*" In 30%
TFE at low temperatures, the equilibrium is shifted toward
higher-order associate states (trimer = tetramer for E19 and
pentamer = hexamer for Ex4) than in the absence of TFE
(dimer = trimer for both E19 and Ex4), but the decrease in self-
association number with temperature is more drastic in a 30%
TFE solution than it is in water.

E19 and Ex4 Show Comparable Insulin Stimulating
Activity. The secretory responses of INS-1E cells to various
GLP-1R agonist stimuli were tested in the presence of 15 mM
glucose, over a 30 min incubation period (see Figure 7). First, we
conducted a pilot glucose-stimulated insulin secretion study to
set the conditions for the GLP-1R agonist peptide testing. We
stimulated the cells with 15 mM glucose alone and observed a
maximal 2.35-fold increase in the level of insulin secretion
compared to that with basal 2.5 mM glucose [on average, we saw
a 1.79 + 0.17-fold increase in response to 15 mM glucose (n =
7)]. Next, as a negative control, we tested the effect of GLP-1R
agonist Ex4 at a low glucose concentration (2.5 mM) and could
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Figure 7. Relative change in insulin secretion in the presence of 15 mM
glucose and 20 nM E10, E19, and Ex4 compared to the response to 15
mM glucose alone in INS-1E cells. Values are presented as means =+ the
standard error of the mean.

not see a substantially increased level of insulin secretion, as was
expected (data not shown). In contrast, the level of insulin
secretion was markedly increased when GLP-1R agonist Ex4 was
added (20 nM) at a glucose concentration of 15 mM.

Compared with the level of insulin release at 15 mM glucose,
there was a 2.05 + 0.06-fold increase in the level of insulin
secretion in response to 20 nM Ex4 [mean + standard error of
the mean (n = 9)]. As displayed in Figure 7, the insulin secreting
ability of E19 is comparable to that of Ex4; however, it is slightly
reduced relative to that of Ex4 by 15 + 5% [statistically
insignificant (n = 6)]. The truncation of the first nine residues of
E19 converted peptide E10 to a weak antagonist or to a
nonbinding peptide as its insulin secretion ability is comparable
to that of glucose alone (p = 0.380; n = S). However, further
study is needed to test the nGLP-1R binding ability of E10.
Previous studies established that Ex4(9—39) and other truncated
variants of Ex4 bind the nGLP-1R with high afﬁnlty and thus act
as strong antagonists in competitive binding studies;> therefore,
it is likely that E10 binds the nGLP-1R and acts as an antagonist.

It is noteworthy that the level of insulin secretion in our
cultured INS-1E cell line around passage 100—120 1s
considerably lower than what was reported previously.*
Therefore, the results should be interpreted within the context
of this particular experiment.

B DISCUSSION

Much effort has been spent to improve the in vivo half-life,
binding affinity, and activity of the therapeutic antidiabetic drug
Exendin-4 (Ex4) by chemical modification, either within the
sequence, e.g., replacing a-amino acids with f- amino acids,*® or
by side-chain conjugation, e.g,, with fatty acids®” or hylauro-
nate.® In this study, our goal was to stabilize its structure,
improve its water solubility, and weaken its self-association ability
to facilitate future drug formulation.

Because the helicity of the peptides often correlates with their
affinity and bioactivity, several studies attempted to stabilize the
a-helix of different class B GPCR ligands. For instance,
intramolecular lactam bridges or p-amino acids were introduced
into the sequence of GLP-1°"% and CRF*"* to increase the
ligands” oa-helical propensity and to elucidate the optimal
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receptor-bound conformations. Constrained a-helix-favoring
linkers (AAAA or EKEK) were incorporated into the sequence
of GIP, resulting in highly potent GIP receptor antagonists.**

Our method for the stabilization of the a-helical conformation
of Ex4 is a mild mutational approach in which the structurally
optimized Trp cage (TC) miniprotein®*** serves as an ideal C-
cap. It has been demonstrated that the TC motif can be used to
stabilize moderately structured a-helices when it is introduced at
the C-terminus.”* Here we systematically increased the length of
the TC motif with the corresponding amino acid residues of Ex4
and analyzed the structural consequences (stability, dynamics,
and aggregation) of such an elongation by ECD and NMR
spectroscopy.

First, we replaced the N-terminal Asn** of TC with the
corresponding Arg® residue of Ex4 because this latter side chain
is crucial for receptor binding,'® We found that this modification
destabilized the fold because of the repulsion between the
positively charged N-terminal Arg and the positively charged
helix macrodipole. With further N-terminal elongation, the
helicity gradually increased and the peptides’ structures were
further stabilized. The 39-residue E19 is 20—30% more helical
than Ex4 in both aqueous and helix-inducing media (30% TFE).
The solution structures of Ex4 and E19 are rather similar: they
include an N-terminal, highly flexible tail (His'—Ser®), an a-helix
spanning Asp’—Lys”’, and a well-formed C-terminal Trp cage
motif in the segment of Ala'®—Ser’”. The only noteworthy
difference appears at the N-terminal tail: in the 30% TFE
solution, the a-helix of Ex4 begins one turn earlier than that of
E19 in water.

The nine C-terminal residues of Ex4 have very weak electron
density in the nGLP-1R-bound X-ray structure (PDB entry
3CST), which suggests that this segment might be in an
undocked, highly fluxional state, and the presence of Trp cage is
not necessary for the optimal receptor—ligand interaction.” On
the other hand, fluorescence studies of free and receptor-bound
Ex4 implied that the Trp cage motif can be present at least
partially in the nGLP-1R-bound state.”® These concerns raise the
question of whether it is necessary to have a ligand with a flexible
C-terminal tail (as in Ex4) or no tail at all (as in GLP-1) or
whether the flexibility of the C-terminal segment affects the
binding affinity. Because Ex4 and E19 show comparable insulin
secreting ability, we speculate that the nine C-terminal residues
only help the preformation of the a-helix and have no role in the
receptor—ligand interaction.

Previous studies established that structurally destabilized TC
variants (e.g., serine-phosphorylated variants) easily polymerize
into amyloid fibrils when highly concentrated samples are
incubated at 37 °C.%® Similarly, at higher concentrations (1—30
mM), E0, ES,and E10 analoégues display an irreversible a-helix —
f-sheet folding transition,” indicating that self-association is a
general process among Trp cage and related polypeptides. For
Ex4, the extreme, residue specific line broadening observed in the
NMR spectra and the concentration-dependent change in its far-
UV ECD spectra are also clear indications of oligomer
formation.”>>® With diffusion measurements, here we quantita-
tively analyzed the self-association ability of Ex4 and E19 in an
aqueous medium as well as in a 30% TFE solution. We found that
the observed level of oligomerization was always higher for Ex4
than for E19; that is, E19 is less prone to self-association. This
observation provides evidence of the role of the Trp cage motif in
the prevention of helix—helix interaction: oligomerization is
initiated when the increase in energy associated with Trp cage
formation is smaller than the increase in energy upon burial of
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the hydrophobic surface of the amphipathic @-helix. Thus, an
energetically more favorable Trp cage formation (as in E19)
prevents self-association. Organic cosolvents (e.g., TFE) favor a-
helix over Trp cage formation and thus shift the equilibrium
toward multimerization, and this explains the higher association
number observed in the aqueous TFE solution.

In summary, we propose here that the rational design of the
TC head of Ex4 stabilizes the central a-helical segments,
increases 3D fold stability and water solubility, and, thus, opens
new routes of creating new antidiabetics with lower aggregation
propensities. The designed E19 molecule has the same tertiary
structure in H,O that Ex4 has in a 30% TFE solution; it is more
helical than Ex4 under all studied conditions, and it is less prone
to oligomerization and meanwhile has a well-preserved biological
activity. These results suggest that other chemical or mutational
modifications that facilitate the preformation of the a-helix but
prevent significant self-association may result in more potent
therapeutic drug candidates with improved pharmacokinetic
properties.
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Bl ADDITIONAL NOTE

“The Asp**—Arg® salt bridge could be another option with an
even higher stabilizing power."’
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