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Abstract

Models of asparagine-containing dipeptides, specifically designed to favor intrinsic folding into an Asx-turn,
were characterized both theoretically, using quantum chemistry, and experimentally, using laser
spectroscopy in the gas phase. Both approaches provided evidence for the spontaneous folding of both
the Asn-Ala and Asn-Gly dipeptide models into the most stable Asx-turn, a conformation stabilized by a
C10 H-bond which was very similar to a type II’ B-turn. In parallel, analysis of the Asx-turns implicating
asparagine in crystallized protein structures in the Protein Data Bank revealed a sequence-dependent
behavior. In Asn-Ala sequences, the Asx-turn was found in conjunction with a type | B-turn for which the
first of the four defining residues was Asn. The observation that the Asx turn in these structures is mostly
of type II’ (i.e. its most stable innate structure) suggests that this motif may foster the formation and/or
enhance the stability of the backbone B-turn. In contrast, the Asx turns observed in Asn-Gly sequences
extensively adopted a type Il Asx-turn structure, suggesting that their formation should be ascribed to other
factors, such as hydration. The fact that the Asx-turn in a Asn-Gly sequence is also often found in
combination with a hydrated B-bulge supports the premise that a Asn-Gly sequence might efficiently

promote the formation of the B-bulge secondary structure.



1. Introduction

Among the secondary structures of proteins and peptides, turns occupy a prominent position. Their ubiquity
stems from their unique capacity to enable the reversal of the protein chain direction.l'! Their conservation
within protein families, together with their robustness vis-a-vis mutations, has countenanced the deduction that
they play a key role in folding mechanisms.['e: 2 A typology of turn secondary structures has been established,
based on surveys of X-ray structures in the Protein Data Bank (PDB).I"-31 Ranging over four residues, labelled
ito i+3, B-turns (Figure 1, top) are characterized by specific H-bonding between backbone NH and CO groups
four residues apart (referred to as a C10 H-bond, in accordance with the size of the pseudo-cycle formed by
the H-bond). There are four different types of B-turn,* whose occurrence depends on whether side chains are
present (i.e. glycine vs. other amino acids) and the configurations of the chiral residues involved.!"! Early PDB
structural surveys also reported the occurrence of an alternative H-bonding pattern, not involving a backbone
CO but implicating instead the side chain of either an asparagine (Asn) or an aspartic acid (Asp) residue (with
the latter in its carboxylate form under physiological conditions) which acted as the hydrogen bond
acceptor.l'a. ¢ 51 |n these H-bonds, the carboxamide oxygen atom of the Asn side chain (or one of the
carboxylate oxygen atoms of the Asp side chain) interacts with the next-but-one NH site along the backbone,
giving rise to a C10 H-bond bearing a marked resemblance to a -turn; these structures are referred to as Asx-
turns (Figure 1, bottom). Detailed analyses, however, have shown that Asx-turns are rarely isolated structures
and are most often found in combination with another secondary structure, essentially a 3-turn,['e 3 with which
they form an intertwined C10 H-bond network, labelled an Asx-B-turn.lfl The coexistence of these features, of
course, raises the question of anteriority: which one precedes the other during the folding process and thereby

serves as the folding nucleus of the structure.
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In this context, Asx-based secondary structures were suggested to account for the biased distribution of
residues in the most frequently found B-turns, viz. type 1,12*5¢ 71 and in particular for the over-representation
(by a factor of 2-3) of the polar residues Asp and Asn in position i of a B-turn.[5¢ 70! |t was thus surmised that if

Asx-turns preexisted B-turns, they could foster the formation of the latter; alternatively, if formed subsequently



they could enhance B-turn stability. The over-representation (to a similar extent) of an Asx residue in a second
location, namely position i+2 of type | B-turns, was also reported(®e 7?1 but was not discussed in detail. It is worth
noting here that the type | B-turn structures considered in these studies did not distinguish isolated turns from
those embedded in larger secondary structures, such as B-hairpins/® or B-bulges.l® For these latter, the
presence of a Gly residue in position /+3 was considered as strongly favorable,® 19 suggesting that the Asx-
Gly (i+2, i+3) sub-sequence of the bulge may adopt a specific motif, again favoring formation of the p-turn or
stabilizing it, depending on the folding chronology. Despite a detailed study of specific structures comprised of
the most abundant residue at each of the four turn positions taken individually,’?? such as the so-called
consensus sequence Asx-Pro-Asx-Gly, no rationalisation has been proposed so far to the best of our

knowledge.

The structural diversity of Asx-turns was described in detail, based on a PDB survey,!''l which demonstrated a
marked similarity between the typology of B-turns and Asx-turns; the latter closely resembled several types of
the former, with a preference for type II’, but again this study did not take account of the backbone or secondary

structure environment of the Asx-turn considered.

In parallel with these investigations on crystallized proteins, the issue of the intrinsic formation of Asx-turn in
two- or three-residue peptide chains has been studied in weakly polar solutions using IR and NMR
spectroscopy, providing evidence for C10 H-bonding.['2 Crystal structures of these models were also obtained,
providing evidence for the formation of Asx-turns, although very often in combination with other main chain—
main chain or intermolecular interactions, which unfortunately blurred the inherent features; it transpired that
the constitutive stability could only be demonstrated for the Asx-Pro sequence.['? The authors also proposed,
on the basis of theoretical considerations, that several types of Asx-turn might exist;l'? nonetheless, the
assessment of the innate stability of these secondary features through molecular modelling using relevant
methods — namely quantum chemistry — has not been addressed systematically to date. The formation of Asx-
turns has been probed theoretically in a few studies using model peptides containing an Asn residue;!l the
turns were indeed present in stable conformations of these models, albeit invariably combined with other
structural motifs. However, no experimental evidence for such structures was obtained, whether in solution!'3al

or in the gas phase.["3®]

Over the last decade, gas phase isolation has been shown to provide useful insight into the folding properties
of flexible molecules, including peptides, whether natural or synthetic.['* Investigations conducted by a
supersonic expansion followed by a laser study under isolated conditions provide invaluable information on
the folding propensities of molecular systems. The secondary structures typical of protein chains — y-turns, j-
turns, B-sheets, B-hairpins, short 310 helices — have all been detected in the gas phase using this approach,
demonstrating the fundamental “folding” character of these features in vacuo. Comparison of experimental
data (H-bond sensitive IR spectroscopy of each conformer together with relative abundances) with their
theoretical counterparts, obtained at the relevant quantum chemistry level, enables cross-checking between
the techniques used. So far, however, studies on the gas phase conformational preferences of Asn-containing
peptides investigated using laser spectroscopy!'®: 81 have not provided experimental evidence for the

formation of low energy structures based solely on an Asx-turn, presumably because the model peptide



sequences that were employed also bore H-bonding sites that enabled B-turn formation at the expense of Asx-

turn structures.

The present work therefore aims at investigating the intrinsic folding behavior of an Asn residue by studying
truncated Asn-containing peptide model sequences wherein the formation of B-turns or y-turns is specifically
excluded. Since the presence of a peptide bond at the N¢-position of the Asn residue would favor the formation
of a C10 B-turn,['sI we reasoned that our objective could be achieved by replacing the Asn No-fragment with a
benzyl group, while retaining an H-bond donor at the C-terminus in the form of a methylamide group. Two such
sequences are addressed in this work, namely Asn-Ala and Asn-Gly, giving rise to the corresponding model
compounds N-(2-benzylsuccinyl)alanine methylamide and N-(2-benzylsuccinyl)glycine methylamide
(respectively referred to hereafter as Bn-NA (1) and Bn-NG (2); Figure 2). The benzyl group conveniently

serves as the UV chromophore required by the laser spectroscopic techniques used.
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Figure 2: (left) Model peptides 1 and 2 used for gas phase spectroscopy. (right) Model peptides used for turn
typology evaluation by theoretical methods. Also indicated is the amide group numbering, and hence atom
numbering, used in this paper.

The experimental characterization of compounds 1 and 2 was carried out in the gas phase using UV and IR/UV
double resonance spectroscopies. In parallel, the structures of these compounds and those of simplified
analogs bearing a methyl group instead of the benzyl group — namely N-(2-methylsuccinyl)alanine
methylamide and N-(2-methylsuccinyl)glycine methylamide (respectively referred to hereafter as Me-NA and
Me-NG; Figure 2) — were investigated using relevant quantum chemistry techniques, with the objective of
characterizing low-energy side chain—backbone Asx-turn structures and identifying their typology by analogy
with the corresponding B-turns in a capped Ala-Ala or Ala-Gly sequence. These data were then used to interpret
the experimental spectroscopic data and assign the experimentally-observed conformations. The H-bonds in
the Asx-turn structures found using these procedures were also analyzed using a high-level theoretical
characterization tool — namely Natural Bond Orbital (NBO) theory — which was recently applied successfully

in an examination of amide—amide interactions in peptides.['6]

Finally, the observed stable structures were compared to the Asx-turn structures found in proteins, especially
those combined with B-turns in which Asn occupies position i or i+2. The type of Asx-turn observed in proteins
was found to depend upon the Asn environment, in particular the residue following Asn in the sequence, which
leads us to propose different mechanistic roles for Asn-turns in the formation of the associated p-turn

structures.



2. Materials and Methods

2.1. Synthesis

The synthesis of Bn-NA (1) and Bn-NG (2) is shown in Scheme 1. Treatment of commercial (S)-2-
benzylsuccinic acid with benzyl bromide and DBU gave a ~2:1 mixture of the isomeric monoesters 3 and 4
which were separated chromatographically (38% and 16% isolated yields, respectively). Coupling of the former
with the methylamide of either alanine or glycine (each prepared by deprotection of the corresponding Boc-
protected derivative) using HATU/DIEA in DMF under microwave activation gave derivatives 5 and 6 (88%
and 72% yields, respectively). Each of these derivatives was selectively deprotected by hydrogenolysis in the
presence of a palladium catalyst and the resulting acid was converted into the corresponding carboxamide
using di-tert-butyl dicarbonate and ammonium bicarbonate to furnish the target molecules 1 and 2. While the
yield for the last two steps was nearly quantitative for the alanine derivative, the transformation was
considerably less efficient for the glycine derivative (33% yield), with reverse phase HPLC purification being

deemed appropriate.
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Scheme 1. Synthesis of the model peptides Bn-NA (1) and Bn-NG (2).

2.2. Quantum chemistry methods

A conformational search using the Macromodel Suitel'”l was carried out on the Bn-NA and Bn-NG systems,
wherein conformations were sought with a relative stability of up to 20 kJ-mol-! with respect to the global
minimum. Those conformations that mimicked any of the four types of B-turn (type I, type I, type I', and type
II") were further submitted to a geometry optimization using quantum chemistry at the RI-B97-D3(BJ-abc)/def2-
TZVPPD level of theory!'8l using the Turbomole 7.3 suite.l'® The related compounds Me-NA and Me-NG were
generated starting from any of the Bn-NA and Bn-NG conformations, substituting the phenyl ring by an H atom,
then reoptimizing the structure. For all these conformations, harmonic vibrational frequencies were calculated
at the same level of theory and were used to deduce the electronic energies corrected for zero-point vibrational

energy — namely AH at 0 K and Gibbs free energies at 298 K — as well as the theoretical vibrational spectra.



The NH stretch IR spectra were generated from a mode-dependent scaling procedure, using linear scaling
factors (see details in Supporting Information Section 3) deduced from a previous fitting on a similar set of
peptides, which provides a good agreement with experimental frequencies (within 20 cm~' for NH stretches in
NH---O bonds).l'#a] In the amide | and Il regions, the scaling factors used (1.004 and 1.008, respectively) were
chosen due to the good level of prediction they provided in previous studies.20 [21]

Detailed NBO analyses,[?2 which are based on an expression of the electronic wavefunction in terms of a
localized Lewis-type chemical bond depiction, were also performed for selected relevant conformations in
order to provide a quantification of the stabilizing role of electron delocalization through H-bonding effects.
Analyses were carried out on the RI-B97-D3(BJ-abc)/def2-TZVPPD structures using the NBO modulel?! of the
Gaussian 16 software.l?Y The NBO analysis was carried out at both HF/TZVPP and MP2/TZVPP levels. The
donor and acceptor NBO occupancies considered in the following are those obtained at the MP2/TZVPP level
whereas the HF level was used to calculate, for each donor NBO(i) and acceptor NBO()), the E(2) stabilization
energy through the second order perturbation theory:

)k
i lei=¢jl

E(2) = AEj;

where g; is the donor orbital occupancy, F(i j) is the off-diagonal NBO Fock matrix element and ¢; (resp. ;) is
the diagonal element, i.e. the donor (acceptor) orbital energy; the threshold for considering the interactions as
significant being equal to 0.2 kJ-mol~'. Previous works have shown that the MP2/TZVPP level of theory used

here provides a good compromise between accuracy and computation times.[6. 25

2.3 Gas phase laser spectroscopic methods

The UV and IR spectroscopy of each isolated compound was recorded using a setup and procedures that
have been described earlier.l'Yl Briefly, each compound was vaporized by laser desorption from a pressed
pellet containing the sample and graphite powder. The vapor was introduced into a supersonic jet of a He/Ne
mixture (18 bars) generated by a pulsed valve (10 Hz). The jet was skimmed and the cooled molecules entered
the source of a time-of-flight mass spectrometer (TOF-MS) where they interacted with the UV laser (frequency-
doubled Continuum Nd:YAG-pumped Radiant dye laser, 1 mJ, operating at 10 Hz). The ions formed by
resonant two-photon ionization were then accelerated towards the TOF-MS detector. The time-selected signal
was measured and processed by an in-house LabView program. Conformation-specific IR spectra were
recorded using the IR/UV double resonance technique, in which an IR laser sent before the UV laser
depopulated the vibrational ground state level of the molecules.i?8 The UV laser being tuned on a transition of
a well-defined conformer, scanning the IR laser and measuring the depletion of the UV-induced ion signal
enabled us to record conformer-selective IR spectra. The IR beam was generated by a Continuum Nd:YAG-
pumped LaserVision OPO/OPA, operating between 3100 and 4000 cm-', whose idler beam was used for the
NH stretch region. The amide | and Il regions (1400-1800 cm~') were covered by frequency difference mixing
between signal and idler using a dedicated AgGaSe: crystal module. For a better signal-to-noise ratio the IR-
induced ion signal depletion was normalized to an IR-off ion signal, obtained from a second passage of the
UV beam into the jet.[?"]



3. Theoretical conformational landscape of Me-NA and Me-NG

Quantum chemistry methods were first used to determine the Asx-turn structures adopted by the simplified
Me-NA and Me-NG sequences together with their stability, in order to characterize their typology by comparison

with relevant B-turns, namely the capped peptides Ac-Ala-Ala-NHMe and Ac-Ala-Gly-NHMe.
Structures

For both Me-based sequences, geometry optimization at the quantum chemistry level revealed three types of
Asx-turns, with limited differences between the two sequences. These turns were all characterized by a C10
H-bond bridging the Asn side chain carbonyl and the C-terminal peptide NH bond, but differed by the backbone
torsions along the sequence, as indicated by the sets of dihedrals defined in Figure 2 and presented in Tables
S1 and S2. Comparison of these structures with those of B-turns in the capped dipeptides (Figure 1; Tables
S1 and S2), obtained at the same level of theory, showed a striking resemblance, although less marked for

type | (Figure 3), which led us to label the Asx-turns according to the B-turns they mimic.

Asx-turns B-turns

Figure 3: The three Asx-turns of Me-NA (left), compared
to the four B-turn types of Ac-Ala-Ala-NHMe (right), as
obtained by quantum chemistry at the DFT-D level of
theory (B97-D3(BJ-abc)/def2-TZVPPD, see details in
Methods section). The same types of structures are also
found for the Me-NG compound and Ac-Ala-Gly-NHMe,
respectively. The type I’ Asx-turn was not found as a
stable conformation.




Energetics

In both Me-based sequences the most stable conformation was the type II’ turn (Table 1). It was followed by
the types Il and I, which were significantly higher in energy (more than 13 kJ-mol-', except for Me-NG for which
the type Il lowest form was only at 7 kJ-mol-'). The energetic values were not drastically changed when
temperature effects were taken into account due to the similar shapes of these forms. The type I’ turn was not
found to be a minimum in either sequence. Despite the structural resemblance, the energetic order of the
structure types differs considerably between Asx-turns and B-turns: in the Ala-Ala sequence, the most stable
B-turn is type | followed by type II', as expected from steric hindrance with a-substituted L-residues,!'d in
contrast to the Asx-turn model Me-NA, where the type | appears distorted (Table S1), and thus destabilized,
relative to its B-turn counterpart due to a similar steric hindrance. The order is different with Ala-Gly where the

most stable type Il B-turn is challenged by type I, which is only 4 kJ-mol-"! higher in energy.

Table 1: Dependence of the energetics with the type of turn in the Asx-turn conformations of Bn-NA and Bn-NG, of Me-NA and Me-NG
and of the B-turns formed by Ac-Ala-Ala-NHMe and Ac-Ala-Gly-NHMe. Zero-point energy corrected electronic relative energies (AH at 0
K) and Gibbs free energies (AG at 298 K), obtained at the B97-D3(BJ-abc)/def2-TZVPPD level of theory, are given in kJ-mol~'. For each
molecule, the values are given relative to the most stable conformation and types are ordered according to their relative stability at 298 K.

AH (0 K) AG (298 K) AH (0 K) AG (298 K)

(kJ-mol ™) (kd-mol™) (kd-mol™) (kd-mol™)
Asx-turns Bn-NA Asx-turns Bn-NG
type II' t 0 0 type II' t 0 0
type II' g+ 6.3 3.8 type II' g+ 4.0 3.5
type IlI' g- 13.4 13.5 type II' g- 11.8 13.9
type | g+ 16.7 18.3 type Il g+ 8.3 8.9
type | t 20.8 23.2 type Il t 12.9 14.4
type | g- 211 271 type Il g- 25.3 28.1
type Il g+ 21.5 22.6 type | g+ 15.4 20.3
type Il t 24.4 26.8 type | t 18.5 222
type Il g- 38.0 40.8 type | g- 19.1 25.8
Asx-turns Me-NA Asx-turns Me-NG
type II 0 0 type II' 0 0
type | 13.6 15.5 type Il 71 71
type Il 171 20.3 type | 13.8 16.6
B turns Ac-Ala-Ala-NHMe B turns Ac-Ala-Gly-NHMe
type | 0 0 type Il 0 0
type II 6.7 9.0 type | 3.6 4.8
type Il 7.5 10.5 type I 10.3 12.6
type I 17.5 211 type II 9.8 13.1




Figure 4: Quantum chemistry optimized
structures of the Asx-turns formed by Bn-NA
(left) and Bn-NG (right) mimicking the respective
B-turn conformations. For each turn type, the
three rotamers of the benzyl moiety are
displayed simultaneously, with their backbone
structures overlaid. Dotted lines indicate the C10
H-bond.

Effect of the benzyl group

The presence of three rotamers of the benzyl group for each turn type (Figure 4) introduced a spread in the
energetic distribution, due to the dependence of the interactions between the benzyl moiety and the backbone
upon the orientation of the former. The energetic ordering between the types was respected, however, with the
type II’ rotamers being the most stable in most cases; the exception was the Bn-NG molecule where the highest
type II' rotamer was challenged by the lowest type Il form. These calculations qualified the Bn-NA and Bn-NG

molecules as good models to observe isolated Asn-turns in the gas phase.

4. Gas phase characterization of Bn-NA and Bn-NG

The excitation spectra of the two peptide model systems were recorded using one-color R2PI (Figure 5). The
sharp peaks attested to the efficient cooling of the molecules in the jet. The excitation spectra of Bn-NA and
Bn-NG each showed one intense band in the red part of the spectrum, accompanied by several weaker bands
which can be a priori assigned to either vibronic features of the same conformation or to other conformations

populated in the jet. For further assignment, IR spectra were recorded using the ion depletion technique.

IR/UV spectra were recorded for Bn-NA and Bn-NG in both NH stretch, amide |, and amide Il regions (Figure
6, Table S3). For each molecule, the IR NH stretch spectra recorded for the labelled UV bands of Figure 5
were all identical (See Figs S1 and S2), demonstrating the existence of a single predominant conformation

populated in the jet.
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in the spectral region of the origin of the first nn* transition
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Moreover, when the IR spectra of Bn-NA and Bn-NG were compared, they were found to be qualitatively similar
in the NH stretch region, although some differences were observed in the amide | and Il ranges.

The assignments were first guided by general spectroscopic rules and confirmed by theoretical
calculations.!'!l The free amide NH stretch absorptions are expected to appear in the 3450-3500 cm~' range,
while weak interactions like a C5 or an NH-n interaction can cause this feature to red-shift to 3420-3450
cm-1.[281 Abroad and intense peak that was significantly red-shifted to around 3400-3420 cm~' was an indication
of the presence of a hydrogen bond. The coupled NH oscillators of a free C-terminus carboxamide group were
expected to give rise to a doublet with a splitting of 117 cm~', with the blue asymmetric stretch appearing
around 3500-3560 cm~". [2°]
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Figure 6: NH stretch (right) and amide Il and Il (/eft) regions of the IR spectrum of the Bn-NA (upper panel) and
Bn-NG (lower panel) molecules, as obtained from IR/UV double resonance spectroscopy, using their most
intense UV band as a probe. Absorption spectra appear as depletions, plotted as positive signals. In the lower
part of each panel the theoretical spectrum of the most stable form calculated for each molecule is given,
namely the type II’ trans form. In the NH stretch region, the assignment of the NH stretch bands is color-coded:
green for the symmetric and antisymmetric components of the Asn NH2 group, blue for NHaia/cly and red for the
C-terminus NHMe group.
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On this basis, a primary assignment of the bands observed in the IR/UV spectra could be proposed. The broad
and red-shifted feature at around 3420 cm~' in the IR spectra of both compounds indicated the presence of a
hydrogen-bonded NH group. The doublet formed by the peaks at 3445 cm~" and 3562 cm~' was assigned to
the symmetric and asymmetric stretches respectively of a free C-terminus carboxamide group, in agreement
with previously observed free or nearly carboxamide group.!'® 30 The band at 3465 cm~' (3485 cm~") in Bn-NA
(Bn-NG) indicates a free NH oscillator. All these features were in full agreement with expectations for an Asx-

turn.

A more refined assignment, both in terms of Bn rotamer and turn type, was carried out by comparison with
calculated IR spectra, taking into account the calibrations carried out in previous studies." In order to assign
the type of turn in the observed conformer, we compared the experimental IR spectral data with the computed
IR spectra of the various conformations (Figure 6 and Figures S4-S5). An overall consideration of the
calculated spectra for the most stable types of turn showed that the amide | region was significantly dependent
upon the turn type and was therefore able to provide a good indication as to the structure, when combined
with energetic data. The same spectral considerations (Figures S4 and S5) showed that rotamers of the same
turn type (which exhibit similar backbones) present similar IR spectra in the amide | and |l regions, whereas
the amide A region showed marked differences, especially in terms of red shift — and hence strength — of the
C10 H-bond. This property illustrates the flexibility of the Asx-turn feature and the sensitivity of its strength to
its environment, and it was used advantageously to support the assignments made from the amides | and Il.
A careful inspection of Figs S4 and S5 shows that type II’ conformations provide a good fit with the experimental
data in the amide | region, with a two-component CO stretch motif for Bn-NA (Figure 6 top) and a broad band
exhibiting a blue shoulder for Bn-NG (Figure 6 bottom). In both cases, the most stable rotamer (trans) was the
one that best accounted for the amide A spectrum, in particular the C10 band position. For these reasons, we

confidently assign the forms observed to type II’ Asx-turns, with a frans Bn rotamer orientation.

5. Discussion of the isolated structures in the gas phase

The good agreement between gas phase experimental data and theory validated the theoretical methods used
for both the structure and the energetics and provided evidence for the formation of an Asn(i) carboxamide
C=0---NH(i+2) C10 H-bond and hence for an Asx-turn structure in Bn-NA and Bn-NG. The H-bond strengths,
as judged from spectral shifts (Figure 6) or intermolecular distances (Table 2), are similar to those found in
comparable B-turns,32 albeit slightly diminished. The C10 H-bond strengths remain relatively modest within
the H-bonding scale of peptides; the C7 H-bonds of y-turns, for example, are much stronger. This was
confirmed by NBO analysis of the related Me-NA molecule, which showed that the stabilization induced by the
type II' Asx-turn formation is of the order of 16 kJ-mol-' for an intermolecular distance of 208 pm, whereas the
corresponding values for a regular type I’ B-turn are 21 kd-mol-' and 203 pm, respectively. Despite being
characterized by a similar geometrical disposition, the H-bond in the Asx-turn is weaker and has a larger
intermolecular distance, epitomizing the frustration of the H-bonding due to the constraints imposed by the
covalent backbone along the Asn side chain and the main chain around Ala. Interestingly, the opposite

conclusion is drawn for type Il turns (Table 2), where the frustration is greater in the regular -turn (stabilization
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energy of 16 kJ-mol-' vs. 21 kJ-mol-" in the Asx-turn), demonstrating the dependence of the constraints on the
turn type.

Besides C10 H-bonding, other (minor) interactions have been evoked previously that may further stabilize a
B-turn structure: i) an NH- - amide interaction, 20331 where the N3H bond not only provides the donor for the C10
H-bond but also interacts with the n system of the central amide of the turn, and ii) a carbonyl-carbonyl
interaction®¥ involving the N-terminus and the central amide of a turn. The same NBO analysis that was used
to assess H-bonding was also employed to quantify these interactions in Asx-turns as well as in their 3-turn
counterparts (Table 2). The first type of interaction, corresponding to the mamide 2 — c*N3H NBO interaction, was
found to be modest, at around 1 kJ-mol-'; the second was not detected at all and was therefore lower than the
NBO analysis threshold value of 0.2 kJ-mol-'.

Table 2: Interactions between donor (i) and acceptor (j) NBOs and corresponding stabilization energies (noted
Eif®, given in kd-mol-") in Me-NA Asx-turn types II' and Il and in their Ac-Ala-Ala-NHMe B-turn counterparts.
Several NBOs are found as active donors contributing to the *N3H NBO of the NH group for the C10 H-bond:
the lone pairs (Ip(1) and Ip(2)) of the carbonyl O' atom and the carbonyl C'O' bonds (x and marginally c)
belonging to the Asn side chain in Asx-turns or to the acetyl group in the B-turns. An interaction between the
NBO located on the Ip(1) of the N2 atom of the central amide group and the c*N3H NBO, made possible by the
short N3H---N2 distance, is also found but remains negligible compared to the C10 H-bonding.

MeNA MeNA Ac-Ala-Ala-NHMe | Ac-Ala-Ala-NHMe
type I’ type Il type I’ type Il
N°H --- O°C C10 H-bond
Eij(2) Ip(1)0" - o*N3H 8.2 1.3 12.8 8.2
(kJ-mol™) Ip(1)0" - o*N°H 6.6 2.0 43 5.9
Ip(2)0" — o*N*H 1.0 7.3 4.0 2.4
oC'0' - o*N°H 0.3
Sum Eij(2) (kJ-mol™) 15.8 20.6 21.4 16.5
Q'---HN? distance (pm) 208.5 204.7 202.6 208.6

N®H-> mtamise2  H-bond

Eij(2) (kJ-mol™) IP(1)N2 > o*N°H | 1.6 1.0 1.1 1.0
NZ--HN? distance (pm) 233.1 236.3 235.0 236.5

6. Comparison with crystallized protein data
Abundance of Asx-turns

A statistical search within a set of 430 proteins was carried out using the Motivated Proteins on-line facility.!3°!
It revealed 1319 Asx-turns, leading to an average number of 3.1 Asx-turns per protein. The type distribution of
these Asx-turns was found to be as follows: type II', 67 %; type |, 20 %, type Il, 13 %, while type I’ was marginal
at only 0.2%. This was in line with the statistical findings of Duddy et al.l'''When particularized to “Asn-turns”
(wherein Asx is represented explicitly by Asn) these abundances remained similar, namely: type II', 64 %; type

I, 26 %, type Il, 12 %, and type I’ only 0.3 %. It is of note that these abundances were in accordance with the
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relative stability of the Asx-turns of the Asn-Ala peptide models (as listed in Table 1): the type II" Asx-turn was
found to be the most stable Asx-turn conformation, followed by type Il and type | conformations; type I’ was
not found as a stable conformation. This correlation between protein crystallographic data and the calculated
gas phase stabilities clearly suggests that the abundance of the type I’ Asx-turn in proteins may be explained

by its intrinsic stability.
Dependence upon the sequence

A detailed analysis of the nature (Ala or Gly) of the residue adjacent to Asn (i.e. following Asn in the sequence)
in the Asn-turn revealed some significant differences. Figure 7 shows the type distribution of Asn-turns in Asn-
Ala and Asn-Gly sequences resulting from the Motivated Proteins facility search. Whereas the Asn-Ala
sequence was essentially associated to types II’ and |, in line with the general trend mentioned above when
the sequence was not particularized, the Asn-turns with a Asn-Gly sequence were predominantly of type II.
This suggests that the underlying mechanism at play in the appearance of Asn-turns in Asn-Gly sequences

differs radically from the other Asn-Xaa sequences, where Xaa stands for any residue other than Gly.

Asn turns in
Asn-Ala sequences

Asn turns in
Asn-Gly sequences

0.8 mmm com
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with B-turn/bulge
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Figure 7: Distribution of the Asn-turn types for two adjacent residues
of Asn in the Asn-turn, namely Ala and Gly, as obtained from a direct
examination of the turns detected by the Motivated Proteins facility.
The character of the Asn-turns (isolated vs. combined with (-
turn/bulge structures) is indicated by a color code (orange vs. blue,
resp.).

Overlap with other secondary structures

The same analysis showed that many of these Asn-turns actually partially overlapped with another turn
structure, namely a B-turn or a B-bulge (in blue in Figure 7). However, as noted above for the type of Asn-turn,
the overlap with these 3-turn or B-bulge structures and the fraction of Asn-turns combined with these structures

was also found to depend dramatically on the nature of the residue following Asn in the sequence.

When the residue following Asn in an Asn-turn is alanine, this gives rise mainly to type II’and | Asn-turns; most
of these turns (83%) are combined with a type | B-turn (Figure 7) and in these cases the Asn-Ala sequence
occupies the i, i+1 positions of the B-turn (Figure 8). This turn combination has been described as an Asx-f3-
turn by Milner-White and coworkers.[®! Our present studies now show that it comes with two structural variants,
which differ by the orientation of the Asn side chain (and hence the type of Asx-turn).
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Figure 8: Asn-turns in Asn-Ala sequences combined with a
type | B-turn, as found in the PDB partial survey carried out
using Motivated Proteins. O and N peptide atoms are colored
in red and blue, respectively. Unless present in high resolution
PDB structures, H atoms of the amide groups have been
added on a force field basis. Two types of Asn-turns are
observed, type II' (fop) and type | (botfom). For each type the
Asn- and B-turn backbones have been overlaid. The yellow
bands indicate the C10 H-bond of the Asn-turn and the grey
ones indicate the C10 H-bond of the B-turn. Errors in the Asn
side chain orientation deduced from the X-ray data analysis
cause a few Asn carbonyl O atoms to appear as colored in
blue.

In contrast, when the residue following Asn in an Asn-turn is glycine, a radically different picture emerges. The
majority (59 %) of the Asn-turns in these Asn-Gly sequences are found to be isolated, not combined with any
nearby secondary structure, and type Il is most prominent (Figs. 7 and 9). When the Asn-turn is in combination
with a B-turn or a B-bulge (i.e. in the remaining 41% of the Asn-turns), the Asn-Gly sequence is found to occupy
positions i+2, i+3 of the B-turn/B-bulge and to adopt nearly exclusively a type Il Asx-turn structure (Figure 10),

which has never been detected before, to the best of our knowledge.

Figure 9: Isolated Asn-turns in Asn-Gly
sequences, as found in the PDB
survey carried out using Motivated
Proteins. O and N peptide atoms are
colored in red and blue respectively.
For each main type of Asn-turn
observed, the backbones are overlaid.
The yellow bands indicate the C10 H-
, A bond of the Asn-turn, together with, in
type Il the type Il case, an elongated
intraresidue Ce° H-bond
(NH---O(carboxamide) distance ~260
pm) bridging the NH bond of the
previous residue and the Asn side chain
carbonyl.

T \W
& “\\is |
¥ \ \ =
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It transpires that the type distribution in proteins of Asx-turns implicating Asn depends significantly on the nature

of the adjacent residue (Figure 7).

The Asn-Ala sequence is representative of the general behavior observed for all Asn-Xaa sequences, as
mentioned at the beginning of this section. The fact that the Asn-turns observed in proteins correspond to the
most stable intrinsic structures found in our model studies, and that their abundance follows the energetic

order, vivify two extreme-case localized mechanisms: i) Asn-turns may form spontaneously and play the role

of stable intermediate structures serving as precursors of B-turns, or ii) once a pB-turn is formed it can be
stabilized by an Asn-turn, provided that an Asn residue occupies the position i of the -turn. This would simply
arise from the fact that the Ramachandran dihedrals at position i+7 imposed by the formation of a B-turn
roughly match those corresponding to the second residue of an intrinsic Asn-turn. Table S1 provides a clear
example: position i+71 occupied by an Ala residue in a type | B-turn gives rise to (p1, y1) = (=72°, —=16°), not
excessively different from the dihedrals of an Ala residue in position i+2 of an Asn-turn : (¢2, y2) = (-91°, 1°)
and (—112°, 28°), for types II’ and | Asn-turns respectively. Both mechanisms might be active in turn formation.
Asn residues may indeed be quite effective in backbone dehydration(®8! since they can replace the hydrating
water molecule attached to a backbone NH site and simultaneously accommodate it, due to the capacity of

their side chain to serve as both an H-bond donor and acceptor.

Asx-turns implicating an Asn-Gly sequence present a quite different portfolio. Firstly, the ubiquity of isolated
Asn-turns of all types (Figure 7) suggests that these structures can form spontaneously, presumably aided by
flexibility in the absence of a side chain on the glycine residue, a postulate which was made previously to
account for the large probability of finding Gly in the i+3 position of a B-turn.l5 Secondly, the most frequent
type in the isolated turns, type Il, is not the most intrinsically stable form (Table 1), which suggests that the
formation mechanism does not rely on innate properties but instead depends on additional interactions, for
example with the water molecules that solvate the Asn side chain. Thirdly, Asx-turns in Asn-Gly sequences are
also observed in combination with a type | B-turn or B-bulge (which also contains a B-turn). In this case, the
Asx-turn is almost exclusively of type Il, which fits well the structural arrangement of the p-turn/bulge (Figure.

10) and of its network of hydration molecules.
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Figure 10: Asn-turns in Asn-Gly sequences found in
combination with type | B-turns or 3-bulges, as found in the PDB
survey carried out using Motivated Proteins. For both structures
(B-turns and B-bulges) the central parts of the structures were
overlaid (see Section S4.1 for separate plots of turns and
bulges). When detected (in high resolution structures of the
PDB), O atoms of the hydration waters (labelled w1 and w2)
were also indicated (blue and cyan balls, resp.). The H-bonds
present in the structure are identified by a color code: the C10
H-bond of the Asn-turn in yellow; bands show the B-turn C10 H-
bonds and C17 H-bonds in B-bulges in grey, the hydration H-
bond network in blue, and the elongated C6° H-bond linking the
central amide to the Asn side chain in cyan. The NH---O
distances of the C10 and C17 bonds are of the order of 200
pm, as well as the NH(i+17)---w2 and NH(i+2)---w1 bonds. The
distance between water clusters is of the order of 300 pm, as
well as the w1---O(carboxamide) distance, providing evidence
for hydration of the backbone NH(i+7) and NH(i+2) groups
together with the O(carboxamide) atoms of the Asn side chain.

residue
i %w1

This observation suggests that a type Il Asx-turn in a Asn-Gly sequence may specifically foster the formation
of a hydrated B-turn/bulge structure, with a C10 H-bond located just before the Asn-Gly sequence in the peptide
chain. This postulate is supported by the fact that the Asn yw Ramachandran dihedral (~0°) in the sequences
of Figure 10 and in the type Il Bn-NA and Me-NA models of Table S1 fits the ;.2 value required for the formation
of a type | B-turn (see for instance Ac-Ala-Ala-NHMe in Table S1). A previous study by us,['%a in which Asn-
containing B-turns in both isolated model peptides and crystallized proteins were compared, has been

reexamined (Section S4.2) and further supports this contention.

Interestingly, these peculiarities of the Asx-turns in Asn-Gly sequences echo the specific abundances of Asn
(and Asp) residues in B-turns, as collected by data mining studies,® 7°1 in particular in types | and I’ B-turns.
Regarding type | turns, Asx residues exhibit an overrepresentation (by a factor of 2-3) in positions i and i+2.
More precisely, correlations of residue presence in a type | B-turn, detected using an on-line survey facility,i]
showed that when Asn occupies an i+2 position in a type | B-turn, Gly as the residue in position i+3 is
overrepresented by a factor of 3.5 in comparison with its average abundance in proteins. Conversely, in the
same type | B-turns, when Asn is in position i, Gly in position i+7 is underrepresented by a factor of 4.2, well
beyond the average penalty that represents a flexible Gly residue in position i+7 of a B-turn (characterized by
an underrepresentation of 2.3, taking the probability of having a Gly residue in position i+71, whatever the

residues in the other position and normalizing it to the average abundance of Gly in proteins).

A similar specificity also seems to occur in type I’ B-turns. The Asn-Gly sequence is indeed known to be
overrepresented in positions i+1, i+2 of these turns in proteins(®® 71 and to foster the folding of short peptides
into type I' B-turn structures in solution.!['3a 38 |t is interesting to note that the Ramachandran dihedrals of a type
I’ B-turn (for example see Table S1 in Supp. Info.: (e1, y1) = (62°, 30°) and (g2, y2) = (95°, -11°), for an Ala-Ala
sequence Table S1) coincide to those of a type Il Asx-turn (wasn = 3° and (paly, waly) = (94°, -12°)), suggesting
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that interconversion from the latter to the former occurs mainly through a simple torsion of the ¢aiy dihedral,

presumably mediated by the water environment.[3

These observations are entirely consistent with the hypothesis made above whereby, once an Asn-Gly
sequence folds into an Asn-turn, it has a great probability to locally induce a B-turn, either of type I, where the

Asn residue occupies the position i+2, or of type I', with Asn in the i+7 position.

7. Conclusion

The present work reports the synthesis of Asn-containing peptide models that were specifically designed to
inhibit the formation of a B-turn and therefore allow intrinsic folding into an Asx-turn. Two model systems were
considered, which differed by the identity of the residue following Asn in the sequence, namely Ala and Gly. A
theoretical analysis showed that the most stable Asx-turns mimic a type II’ B-turn, whatever the next neighbor
residue of Asn. The gas phase experiments, carried out in a supersonic expansion, provided spectroscopic
evidence for the spontaneous folding of the model compounds into the most stable form, namely a type II’ Asx-

turn, confirming the validity of the theoretical approach.

A survey of Asn-turns in PDB proteins was also carried out. It confirmed earlier data, which showed that Asn-
turns are often associated with a B-turn where Asn occupies the position i, the whole structure being referred
to as a Asx-B-turn. In this case the Asx-turn is mainly of type II', corresponding to its most stable innate
structure. When the next neighbor residue along the sequence is a Gly, however, the survey showed that i) a
majority of Asx turns are found as isolated secondary structures, ii) most of them are of type Il, i.e. differ from
that observed in the gas phase, and iii) when associated to another structure, this latter is a type | B-turn/p-
bulge type, where Asn exclusively occupies the position i+2 in the turn. The structures observed in crystallized
proteins suggest that the Asn-Gly sequence exhibits a propensity to form a type Il Asn-turn, which is therefore
not controlled by intrinsic features but presumably by other factors such as hydration. In all cases, Asn-turns
might be efficient promotors of type | B-turns and B-bulges. Finally, the turn-controlling behavior of Asn is
expected to be shared by the aspartic acid residue, whose side-chain carboxylate function (in physiological
conditions) exhibits similar properties to the carboxamide group of asparagine, namely good H-bond accepting
behavior, in line with the resemblance of their codons in the genetic code (which only differ by their first letter),

which tends to minimize the harmful effects of Asp/Asn mutations.
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