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"H{"°F} NOE NMR Structural Signatures of the Insulin R, Hexamer: Evidence
of a Capped HisB10 Site in Aryl- and Arylacryloyl-carboxylate Complexes

Donald Keidel,”™ Maria Bonaccio,” Nima Ghaderi,'” Dimitri Niks,” Dan Borchardt,'” and Michael F. Dunn*®

Although transplantation and stem cell therapies look promis-
ing, at present, type 1 (insulin-dependent) diabetics can be
treated only with insulin or insulin analogues."? Hexameric in-
sulin is widely used in pharmaceutical formulations for treat-
ment of insulin-dependent diabetes mellitus.®>* The stability
and dynamic properties of human insulin (HI) zinc hexamer for-
mulations are critically influenced by allosteric effectors.>™"”
Therefore, the discovery of ligands with enhanced allosteric
and/or pharmacological properties is important for the design
of improved formulations.®*

Insulin hexamers exhibit positive and negative cooperativity
and half-of-the-sites reactivity in ligand binding.®"’ The HI
hexamer undergoes allosteric transitions among three well-
characterized protein conformations, which are designated T,
T;R,, and R Crystalline and precipitated T;R; and Ry hex-
amers are formulated as slow-release forms,”* and are stabi-
lized by the binding of allosteric
ligands at two loci, the “phenolic
pockets” (3 in T3R; and 6 in Ry),
and the “HisB10 zinc sites” (1 in
TiR; and, 2 in Rg).B*'3% The R-
state HisB10 sites (Figure 1) bind

monovalent anions (halides,
pseudo halides, and carboxy-
lates).®>#'3-'¢)  Binding interac-

tions are structurally well charac-
terized at the phenolic pockets®'?
but not at the HisB10 sites. Each
HisB10 site is formed by a three-
helix bundle consisting of B-
chain residues 1-9 situated
around the hexamer three-fold
symmetry axis, to create 12 A
deep amphipathic cavities.**'2
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These cavities extend from the protein surface to the HisB10
Zn" (Figure 1). Monoanions bind in these cavities and coordi-
nate to Zn" and give pseudotetrahedral Zn"-(His);-X~ com-
plexes (X~=Cl~ or SCN"),®'6821 (Figure 1) or 5-coordinate
complexes with carboxylates.">"*'*2" This 'H{"°F} NOE study
was undertaken to identify weak bonding interactions be-
tween the ligand and the cavity residues that stabilize the
binding of organic carboxylates to the HisB10 zinc sites.

The binding of carboxylates to the HisB10 site has been ex-
tensively investigated in solution, and it is unambiguously es-
tablished that binding involves coordination to the HisB10 zinc
ions; 81618211 however, no X-ray structures of R-state carbox-
ylate complexes have been published. Aromatic carboxylates
make contacts with the HisB10 cavity walls that contribute
substantially to the binding free energy.*®'*" The T;R; and R
ClI~ or SCN™ complexes (Figure 1) give HisB10 sites with the

Figure 1. Stereoview of the HisB10 R; site with SCN~ coordinated to Zn" (green). The hexamer three-fold symme-
try axis (not shown) passes through Zn" and the S, C, and N atoms of SCN™. The surface depicts the HisB10 anion
binding site. SCN™ (van der Waals spheres) AsnB3, LeuB6, CysB7, and HisB10 (sticks) are shown with CPK colors.

(o]

anion positioned on the hexamer three-fold symmetry axis and
coordinated to Zn"*'22224 The structure most relevant to this
work, 1ZNJ,%*? has one HisB10 cavity of HI-R, that is occupied
both by a CI~ coordinated to Zn" and by a phenol. The phenol
ring makes contact with CI~ and with the AsnB3, and LeuB6
sidechains in each 3-helix bundle. One PheB1 ring is within 5 A
of the phenol ring, one points away, and the third is disor-
dered. The resorcinol-stabilized ClI~ complex (1EVR) is similar.*”
A structure with a phenolate ion coordinated to a HisB10 site
was reported,”>?? but no coordinates were deposited. The ab-
sence of X-ray structures that show details of an aromatic car-
boxylate bound to the HisB10 cavity of an HI complex likely is
due to disorder arising from the loss of the three-fold molecu-
lar symmetry from placement of a planar ligand into the site.
The planar ligand would be expected to randomly take up any
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one of three symmetry-related positions™®?" throughout the
crystal lattice.

F NMR spectroscopy of fluorinated ligands complexed to
protein sites can be useful for investigating protein structure-
function relationships.®?"! Four ligands were investigated
herein, 3-trifluoromethylbenzoate (1), 4-trifluoromethylben-
zoate (2), 3-trifluoromethylcinnamate (3), and 4-trifluoro-meth-
ylcinnamate (4). 1D 'H NMR spectra and 'H{'°F} NOE difference
spectra of Ry HI and the Ry HI variant with B-chain PhelGlu
and Thr27Glu were measured at pH8.0 in D,08%% at
500 MHz (viz., Figures 2 and 3). The 1D 'H NMR spectra (Fig-
ure 2A) and the "H{"°F} NOE difference experiment (Figures 2B
and 3) characterize the complexes of compound 1 formed
with the [D¢lphenol-stabilized Ry hexamers of HI (blue traces)
and the Hl variant (red traces). The assigned 'H{'°F} NOE differ-
ence spectra for the aromatic and aliphatic regions are shown
in Figures 2B and 3, respectively. Chemical shifts of protein res-
onances for HI-R; complexes with ligand 1 gave excellent
agreement (+0.05 ppm) for most residues with the values that
were reported for the R, complex with the HisB10 ligand, 3-
nitro-4-hydroxybenzoate (5).2" Except for differences due to
the amino acid substitutions, the resonances of the HI variant
complex gave similar agreement.

Ligand,
free and bound | TyrB16, H3
M : "
i HisB5, H& CysAB, Ho.
CVSAT, Hao CVSAZO, Ho
PheB24, Ho

s[o' " 75 70 65 60 55 50
e W Vo B o s
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Ligand NOEs,
free and bound He

Figure 2. A) 'H NMR spectra comparing Rs complexes of 1 with human in-
sulin (blue) and with the human insulin variant with B-chain Phe1Glu and
Thr27Glu (red). B) Aromatic region of the 'H{19F} NOE difference spectra for
Rs human wild-type (blue) and R4 variant (red) complexes with 1.

AsnBs LeuB6é
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Figure 3. Aliphatic region of the 'H{'°F} NOE difference spectra for R, human
insulin (blue) and the human insulin variant (red) complexes with 1. Spectra:
average of 16000 scans, mixing time =0.9 s, acquisition time =2.047 s, relax-
ation delay=1.5s.
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The 1D 'HNMR spectra (Figure 2A) include peaks in
the 7.3 ppm to 8.3 ppm region for free ligand (sharp) and
bound ligand (broad, slightly shifted); this is consistent
with moderately slow to slow exchange.®*" The signature
protein peaks at 5.0 ppm to 6.6 ppm (Figure 2 A) establish that
both the HI and the variant complexes have the Ry conforma-
tion.131%18-21.28301 Tha complexes with compounds 2-4 gave
similar results (data not shown).

The H{'F} NOE difference spectra (Figures 2B and 3) al-
lowed us to identify protein residues within ~5 A of the CF,
fluorine atoms of bound 1. By comparison of chemical shift
values with the assigned resonances of the HI-R; complex
with 5,%" assignments of the strong peaks were made for the
complex of HI-Rs with 1. The ring protons of PheB1 give reso-
nances at 7.31 and 7.34 ppm in the complex with 5, and the
corresponding complex with CI~ gives PheB1 resonances at
7.30 and 7.34 ppm.”" The NOEs in Figure 2B at 7.13 and
7.20 ppm in HI are completely missing in the HI variant R, dif-
ference spectrum, whereas there is a good correspondence be-
tween NOEs observed in HI and in the HI variant elsewhere in
the spectrum. Because the variant has PheB1 replaced by Glu,
the absence of NOEs between 7.0 and 7.28 ppm in the variant
must be due to the substitution of Glu for Phe; this confirms
that the 7.13 and 7.20 ppm signals in the HI complex arise
from NOEs between the fluorine atoms of the CF; group of 1
and the PheB1 HS and He atoms (slightly shifted by ligand
ring current effects). The HI-R, complexes with compounds 2-
4 also show strong NOE interactions at 7.28 ppm that are simi-
lar to the 7.20 ppm peak in the complex with 1.

In the aliphatic region, the HI variant and HI-R; complexes
with 1 give similar NOEs with chemical shifts assigned to the
protons of LeuB6 and AsnB3 (Figure 3) based on the assign-
ments for the HI complex with 5.2" Because the binding locus
is not in question,®'>'¢121 3 more rigorous assignment
method was not needed. Control experiments demonstrated
that spin diffusion was not responsible for any of the observed
NOEs (see Figures S1-S3 in the Supporting Information).

The NOEs observed between the CF; fluorine atoms of com-
pounds 1-4 and the PheB1 rings were unexpected. In most X-
ray structures of HI-Rg, the PheB1 rings extend out into solu-
tion >6 A away from the opening to the HisB10 site. Because
there are no published structures of aromatic carboxylates
bound to the HisB10 site, we decided to explore the binding
of ligands 1-4 by modeling their structures into the HisB10
site of the HI-R, hexamer, 1ZNJ.”? Figure 4 shows a structural
model based on the coordinates for 1ZNJ that is consistent
with the observed NOEs for the HI complex with 1. This model
was generated as follows: the coordinates for CI~ and phenol
at the HisB10 site in 1ZNJ were replaced by 1, hydrogen atoms
were added to the protein, and crystallographic water, and
disordered protein residues were replaced prior to simulation.
Minimization was performed by using the Discover (CVFF force
field) and Discover_3 (ESFF force field) modules present in the
molecular modeling 3D graphical interface, Insight [1.5'34
Both water and protein objects were minimized in turn by
using a Cell-Multipole summation, then the “steepest descents”
minimization algorithm, and finally the Polak-Ribiere Conju-
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nuclear Overhauser effect
Figure 4. Stereodiagram of the energy-minimized structural model"®'® of 1 bound to the HisB10 site of the

phenol-stabilized HI R, hexamer as viewed from solution along the Zn-Zn axis. The HisB10 site is capped by one
PheB1 residue and the three AsnB3 residues. For clarity, only the PheB1, AsnB3, LeuB6, and CysB7 residues are
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