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NMR MEASUREMENTS AND CALCULATIONS

Gly-Pro-Gly-Gly (GPGG) and Val-Ala-Pro-Gly (VAPG) were purchased from Sigma-Aldrich and were used
without further purification. Solution *H NMR spectra were recorded on Bruker NMR spectrometers
AVANCE400, AVANCE500 and AVANCEG00 equipped with a Bruker 5 mm cryoprobe (600 MHz) or room
temperature probes (400 and 500 MHz). Data acquisition and processing were performed using standard
Bruker XwinNMR (version 2.6) and TopSpin (version 2.1) software. *H and *3C chemical shifts in D,O were

calibrated using sodium 3-(trimethylsilyl)propionate (TSP, *H 0 ppm) and dioxane (*H 3.75 ppm, *C 67.19
ppm).

Two-dimensional NOESY spectra with varying mixing times were recorded in H,0:D,0 (20:1). Two
different methods were used for estimating distances from each spectrum: the intensity ratio method using the
ratio of cross peak and diagonal peak intensities,'? and a simplified version of the growth rates method,”! in

which cross peak intensities measured at a single mixing time are used.
The IUPAC labelling of nuclei are used in this work.[

QUANTUM MECHANICAL CALCULATIONS
All quantum mechanical calculations were carried out using Gaussian 03.”) Geometry optimisations were

done using the HF/6-31G(d), HF/6-31+G(d) and MP2/cc-pVVDZ levels of theory for tetrapeptides. Additional
QM geometry optimisations were undertaken for the C'-endo and C'-exo conformations of frans-N-
acetyl-L-proline at the CCSD/cc-pVDZ and MP2/cc-pVTZ levels of theory in order to follow the
change of the H*-H" distance, which was used as a reference for determining other interproton
distances from NMR spectra and MD simulations. Additional frequency calculations were also
undertaken in order to verify that the optimized geometries do indeed correspond to true minima. For
the determination of the coefficients of the Karplus equation for the *Jcy couplings, we used a
method similar to that described by Suardiaz et al., with the optimized molecular geometries from
the B3LYP 6-31G(d,p) calculations and the ®Jcy couplings from the B3LYP/EPR-II1//B3LYP/6-
31G(d,p) calculations.® Water solvent effects were introduced in all the quantum mechanical
calculations reported in this work via self-consistent reaction field (SCRF) theory calculations using
the IEFPCM method,! as implemented in Gaussian 03.

MD CALCULATIONS

One molecule of zwitterionic GPGG or VAPG surrounded by >800 water molecules in a cubic box were used
in MD simulations with periodic boundary conditions. No counterions were included in MD calculations in
order to imitate the experimentally studied systems by NMR as closely as possible. The structures used were
energy minimised and the water molecules were allowed to relax (with positionally restrained solute) prior to
MD production steps. The OPLS-AA/L force field® (with TIP4P water)® was used.
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In simulations using GROMACS (version 4.0.2),"" neighbour lists were updated every 5" step. A cubic box
of 30 x 30 x 30 A® was used for GPGG. A slightly larger box of 35 x 35 x 35 A® was used for VAPG. An
integration step of 2 fs was used. Typical cut-off distances were used for the OPLS-AA/L force field.®!! The
PME (particle mesh Ewald)!* correction was used for the long range electrostatic interactions. Langevin
dynamics, with a reference temperature of 300 K and a weak frictional constant of 10 ps™* was employed.*? A
Parrinello-Rahman scheme was employed for pressure control at 1 bar using a coupling constant of 0.5 ps.*!
Prior to production runs, the system was minimized using L-BFGS, steepest-descent and conjugate gradient
algorithms. Minimization steps were followed by 3 steps of equilibration. The system was first equilibrated
for 40 ps with the positionally restrained solute molecule to allow water molecules to equilibrate around it,
followed by an NVT molecular dynamics for 10 ps without restraints and then by 100 ps of NPT dynamics
with an isothermal compressibility of 4.5 x 10 bar'and a reference pressure of 1.0 bar. Production
simulations were performed for 2000 ns (GPGG) and 1092 ns (VAPG) using NPT ensemble.

Distances from the MD simulations were calculated in a way similar to that used in NMR measurements
described above: (i) internuclear distances (;) for pairs of hydrogen atoms were calculated in each MD frame
i; (i) a quantity equal to r,® were calculated as a measure of the expected NOE in each frame, 7;; (iii) the sum
of

r° were used as a measure of the expected total NOE over the full length of the MD run (4 x 10° frames over
2 us MD run in this case); (iv) using » = 2.4 A as the reference H*-H™ distance, internuclear distances for

other proton pairs were calculated using the 77 ~ »® relationship.

EXPERIMENTAL AND CALCULATED DATA
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Figure S1. The overlapping view of experimental (red, 298 K, 600 MHz) and calculated (black) ‘H
NMR spectra of Pro protons of cis- and trans-GPGG in D,0. The low frequency areas of the spectra are
shown together with the C'-endo and C'-exo geometries of the pyrrolidine ring for the major trans-

rotamer.
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Figure S2. The 2D NOESY spectrum of VAPG in D,0 at 298 K (600 MHz, mixing time 600 ms)
showing H* protons of Pro and Ala. A NOE cross-peak is observed for the signals with lower
intensity (corresponding to the cis-rotamer about the peptide bond preceding Pro), whereas no such
cross peak is observed for the signals with higher intensity (corresponding to the trans-rotamer).
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Figure S3. Distribution of conformers as a function of the distance dir from the MD simulations (OPLS-
AA/TIP4P) of GPGG with charged —-NH;" and —COO" terminal groups (magenta) and with neutral -NH, and -
COOH terminal groups (black). A 125 ns long MD run was used in both cases.
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Figure S4. Distribution of conformers as a function of the distance di between the terminal N atom of Val
and the terminal C atom of Gly in VAPG with charged -NH;" and -COO" terminal groups from the MD
simulations (OPLS-AA/L, 1092 ns).
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Figure S5. The OPLS-AA/L MD distributions of ¢ vs dir (left) and ¢ vs y» (right) for GPGG. Two folded
conformations a and b were identified at dir ~ 0.35 nm with ¢ = 115°/ y» = 115° and ¢ = -115° /y» = -15°,

respectively, for further QM calculations.
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Table S1. Averaged *J,-couplings (in Hz) predicted by MD calculations for carbonyl carbons of
GPPG. The RMS deviations from the experimental values are also included.

Pair of coupled OPLS-AA/L Experimental
nuclei TIP4P values
H*(Pro2)-C(Gly1)“ 1.52 1.3
H*(Gly3)-C(Pro2)” 391 4.1
H*(Gly4)-C(Gly3)° 3.53 3.7
H"(Gly4)-C(Gly4)“ 0.88 1.1
RMS (Hz) 0.20

“ The following Karplus equation was used: *J(H*,C"’) = 4.24 cos’@ - 1.51 cos @ + 0.63, where @is
the dihedral angle between two coupled nuclei. The coefficients of this Karplus equation were
derived from B3LYP/EPR-111//B3LYP/6-31G(d,p) calculations using the following molecule:

(@]
OH
Me
P o 5 H
o SN—&H
H
e) i-1
Me

’ The following Karplus equation was used: ®J(H* C"’) = -2.75 cos’¢ + 1.08 cos ¢ + 5.06, where
¢ is the backbone dihedral angle, defined as C"/-N'-C,/-C'. The coefficients of this Karplus equation
were derived from B3LYP/EPR-111//B3LYP/6-31G(d,p) calculations using triglycine.

“ The following Karplus equation was used: 3,‘](HO‘,‘C"'I‘) = -2.66 cos’¢ + 1.24 cos ¢ + 5.10, where
¢ is the backbone dihedral angle, defined as C"'-N'-C,/-C. The coefficients of this Karplus equation
were derived from B3LYP/EPR-111//B3LYP/6-31G(d,p) calculations using diglycine.

“ The following Karplus equation was used:‘3J(I—|‘N,C"‘) =581 cos’¢ + 1.43cos ¢ - 0.27, where ¢ is
the backbone dihedral angle, defined as C™'-N'-C,/-C'. The coefficients of this Karplus equation
were derived from B3LYP/EPR-111//B3LYP/6-31G(d,p) calculations using diglycine.
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Table S2. Internuclear distances in VAPG obtained from NMR measurements in D,O and from
HF/6-31+G(d) and MP2/cc-pVDZ calculations in H,O with the IEFPCM solvation model.

Calculated Distances Calculated Distances

Distances (A) by NMR - &0\ ici6314G(d)  (A) by MP2/ce.pVDZ

NH(A2)-H*(V1) 2.5 2.33 2.31
NH(G4)-H*(P3) 2.5 2.30 2.32
NH(G4)-H%(G4) 2.8 2.82 2.83
H*(A2)-HP(A2) 2.7 2.67 2.68
H*(A2)-H*(P3) 2.4 2.35 2.36
H*(A2)-H*(P3) 2.7 2.34 2.34
H*(V1)-H""(V1) 3.4 3.54 3.55

RMS (A) - 0.16 0.16
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