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ABSTRACT: Aromatic amino acids are known for their
hydrophobicity and the active role they play in protein folding.
Here, we investigate the intrinsic propensity of small peptides
to form hydrophobic domains in the absence of solvent water
molecules. The structures of three aromatic-rich isolated
peptides, Ac-Phe-Phe-NH, (FF), Ac-Trp-Tyr-NH, (WY), and
Ac-Phe-Phe-Phe-NH, (FFF), all in the gas phase, have been
studied by infrared—ultraviolet (IR/UV) double resonance
laser spectroscopy, aided by dispersion-corrected density
functional theory (DFT-D) calculations. Spontaneous for-
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mation of hydrophobic domains is systematically observed, whatever the secondary structure adopted by the backbone. Various
types of aromatic—aromatic arrangements have been identified and associated to specific secondary structures, illustrating the
interplay between the hydrophobic clusters and the backbone. Backbone NH amide groups surrounded by aromatic rings have
also been evidenced and are found to contribute significantly to the stabilization of aromatic pairs. These results suggest that the
formation of aromatic clusters involving contiguous residues might be a very efficient process leading to the formation of
hydrophobic domains in the early stages of protein folding, well before a hydrophobic collapse into the tertiary structure.

1. INTRODUCTION

The aromatic amino acids phenylalanine, tyrosine, tryptophan,
and histidine play multiple roles in biological processes.
Interactions between these residues are known to stabilize
and shape proteins,l_7 are ubiquitous in recognition
processes,”” and must be taken into consideration in drug
design."® In folded proteins, the aromatic amino acids are often
found in low permittivity domains, isolated from a generally
much more polar environment.""'> Thus, they play a major
role in the hydrophobic effect'>'* which drives a protein to
collapse into its tertiary structure. However, this collapse is
often preceded and helped by the formation of small
hydrophobic domains in earlier steps of protein folding,">"®
simultaneous with the formation of secondary structure. On the
scale of these small clusters, the hydrophobic effect is much less
prominent,14 leaving the role of driving force to noncovalent
interactions such as van der Waals interactions. The formation
of aromatic-rich hydrophobic regions in proteins or aromatic
pairs in ligand—receptor complexes is thus the result of multiple
interactions that are difficult to disentangle in a biological
system.

In this context, gas-phase experiments have many advantages.
First, from an electrostatic point of view, a vacuum approaches
quite well the dielectric constant of the hydrophobic cores of
proteins or any other low electric permittivity constant medium
such as lipid bilayers or other crowded macromolecular
environments. This is one of the reasons many biologically
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relevant structures have been characterized in the gas phase so
far.!”'® Structural agreement with more classical methods, like
nuclear magnetic resonance (NMR) or X-ray crystallography,
has been occasionally evidenced.'” A gas-phase approach also
focuses on the intrinsic properties of a molecular system by
removing any effects from the solvent, hydrophobic effects
included. Finally, such experiments benefit from the arsenal of
accurate laser-spectroscopy techniques complemented by
quantum chemistry calculations that provide powerful struc-
tural characterizations together with a comprehensive picture of
the interactions at play in these systems.

Similar techniques have been used to characterize the
structural and dynamical properties of prototypical aromatic
systems, such as the benzene dimer. Arunan and Gutowsky”’
showed, using microwave techniques, that benzene dimer has a
T-shaped geometry, with an inter-ring distance of 496 pm.
Later, Hobza et al?' found, from ab initio (CCSD(T))
calculations, that the dimer exhibits two nearly isoenergetic
structures, T-shaped and parallel displaced, a result that has
been confirmed in more recent work on the protonated
dimer.”* Both binding “motifs”, as well as V-type structures, are
exhibited in related systems such as diphenylmethane, studied
by electronic spectroscopy methods.”>**
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In order to examine biologically important noncovalent
interactions between hydrophobic residues, three capped
peptides potentially displaying several kinds of aromatic—
aromatic (ar—ar) arrangements are investigated in this paper:
Ac-Phe-Phe-NH, (FF), Ac-Trp-Tyr-NH, (WY), and Ac-Phe-
Phe-Phe-NH, (FFF). These are minimal systems capable of
reproducing the ubiquitous aromatic pairs™*® or clusters"’
found in proteins. The first aim of this paper is to determine the
preferred conformations of these aromatic-rich peptides in the
gas phase and estimate their propensity to spontaneously form
hydrophobic clusters, even in the absence of water. This is
achieved by interrogating the NH and OH stretches by IR/UV
double resonance spectroscopy, interpreted with the aid of
quantum chemistry calculations. Such an approach has already
enabled the detection of aromatic pairs in flexible molecules®®
including peptides as evidenced in one minor conformer of H-
Phe-Phe-OH>” and in the only observed conformers of Ac-Phe-
Tyr(Me)—NHMe28 and FE.*’ In order to extend the observable
conformational distribution to higher-energy conformations,
the original experiment on FF has been repeated in a different
backing gas, a He/Ne mixture instead of Ar. This experiment
revealed three new conformers of FF, which provide insight
into the interplay between backbone/backbone, side chain/side
chain, and backbone/side chain interactions. In addition, one
conformer of WY and three of FFF have been identified. Taken
together, these results show that hydrophobic domains
spontaneously form in isolated peptides and that there is a
diversity of interactions at play in these domains, echoing the
diversity of arrangements observed in proteins.

2. METHODS

2.1. Experimental Section. Isolated peptides were formed
by nanosecond-laser desorption of a sample made of peptide
(GenScript Corporation) and graphite* in a pulsed molecular
expansion of a 7:3 He:Ne gas mixture (19 bar, 1 mm diameter
valve, 10 Hz). The folded peptides resulting from the cooling
provided by the expansion were further analyzed by laser
spectroscopy in the interaction region of a time-of-flight mass
spectrometer described elsewhere.”” UV spectra were obtained
by scanning a 355 nm pumped (Nd:YAG Precision II,
Continuum) BBO-doubled dye laser (400 uJ, 12 ns pulse,
mildly focused, Narrowscan, Radiant Dyes) in the spectral
region of the first 7—7* transition of toluene (for FF and FFF)
or 3-methylindole (for WY). IR spectra were recorded usin%
the infrared/ultraviolet (IR/UV) double resonance technique’
by scanning the idler of a Nd:YAG pumped KTP-mounted
optical parametric oscillator (OPO, 1 mJ/pulse, mildly focused,
Euroscan) in the NH and OH stretch domain (2.7—3.2 pm) at
a resolution of 1 cm™.

2.2. Theoretical Section. A conformational search was
performed using the AMBER®' force field included in the
HyperChem Professional 7.51 package.** Observed conforma-
tions were then sorted according to the number and nature of
intramolecular H-bonds. Only those theoretical conformations
with the appropriate number and nature of H-bonds deduced
from the IR spectra were optimized at the RI-B97-D/TZVPP
level®* employing the TURBOMOLE 5.10 package.** This
DFT-D method has proven to be particularly efficient for
describing interactions in isolated biological molecules.””*
Vibrational frequencies were obtained at the same level, in the
harmonic approximation. They were further corrected using
mode-dependent scaling procedures. For NH (indole) and OH
(phenol) stretches, theoretical frequencies have been scaled by
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0.9759, which has been chosen in order to reproduce the
experimental frequencies of reference systems having a free
stretch.>*>*” For backbone NH and NH, stretches, theoretical
frequencies f,™ have been corrected using scaling functions
determined by comparing theoretical and experimental results
obtained on a library of previously assigned peptides.*®
Theoretical scaled frequencies f™ were obtained using the
equation f" = a X fo® + b where the following set of (a,b)
parameters were used; (0.9213S, 188 cm™') for NH stretch,
(0.63115, 1210 cm™) for NH, symmetric stretch (NH,"™),
and (0.60872, 1324 cm™') for NH, antisymmetric stretch
(NH,™). Such a procedure leads to a typical agreement of
+ ~20 cm™' between scaled theoretical and experimental
frequencies. This value is accurate enough to provide an
objective assignment criterion. The NCI-plot tool®® also was
used to reveal noncovalent interactions in the assigned
structures. Based on electron density and the reduced density
gradient, this method is able to reveal the regions of space
where the electronic density is affected by two or more partners
in interaction and aims at labeling the stabilizing or
destabilizing nature of the interaction.

3. EXPERIMENTAL RESULTS

3.1. FF. The upper panel in Figure 1 shows the R2PI UV
spectrum of FF recorded in the spectral region of the Sy—§,;
transition of toluene. IR/UV experiments revealed that this
spectrum results from the overlap of the UV signature of four
conformers. Conformer FF_A leads to six significant transitions
in the spectrum, the two more intense being the origin
transitions of both chromophores as previously observed using
Ar as a carrier gas.”” It is likely the most populated conformer
as it contributes ~87% of the identified ion signal. Three
additional conformers are observed using a He/Ne mixture.
Conformer FF B (~9%) is detected at 37523 and 37449
cm™; conformers FF_C (~3%) and FF_D (~1%) each have
one transition at 37 639 and 37 577 cm™", respectively.

IR spectra of conformers FF_A, FF_B, and FF_C have been
recorded using the IR/UV double resonance technique (Figure
1, lower panels). Four bands corresponding to the four NH
stretch modes of the molecule have been observed in each case;
values are reported in Table 1. The IR spectrum of FF_D (not
shown) is noisy, and only three bands are clearly visible (3380,
3402, and 3520 cm™}), making an assignment difficult.

The IR spectrum of FF_A has been previously assigned.””
One strong C,, H-bond (C, indicates a H-bond closing a n-
membered ring) involving the NH, group is responsible for the
NH,™% and NH,”™ stretch which appear as the blue-most and
red-most shifted bands, respectively. Two weaker NH-7 H-
bonds appear as a doublet slightly red-shifted compared to the
NH free domain® (3465—3495 cm™).

Conformers FF_B and FF_C show some similarities in their
IR spectra. Neither conformer has any bands in the NH-free
domain suggesting that both NH groups are H-bond donors. In
addition, these conformers have one band blue-shifted in the
3500—3545 cm™" range which is typical of NH,™ stretch when
the NH, group is a single H-bond donor*' (NH,™ free in
acetamide:*” 3568 cm™!). Conformers FF_B and FF_C must
then be assigned to conformations with a three H-bond
network.

3.2. FFF. Figure 2 (upper panel) shows the R2PI UV
spectrum of FFF. It is dominated by the contribution of
conformer FFF_A (~86%) with three strong transitions
(37363, 37376, and 37513 cm™"') which are expected to be

dx.doi.org/10.1021/jp401499x | J. Phys. Chem. B 2013, 117, 4945—4955
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Figure 1. (Upper panel) FF molecule and its R2PI UV spectrum.
Bands are assigned to one of the four identified conformers (A, B, C,
and D). Asterisks mark the transition where IR spectra from IR/UV
experiments have been recorded. (Lower panels) Conformer-selective
IR spectra of conformers A, B, and C of FF. Stick spectra of theoretical
conformers a, b, and c are presented for comparison purposes. The
type of intramolecular H-bond (closing a S-, 7-, or 10- member ring)
responsible for the spectral position of the NH stretch and NH,
symmetric (s) and antisymmetric (a) is also shown. The rank (1, 2, ...)
of the NH group along the peptide chain is specified between brackets
for ambiguous cases.

the origin transitions of the three separate UV chromophores,
shifted slightly owing to their interactions with their environ-
ment (37 477 cm™! in toluene®®). Two other minor conformers
FFF_B (~9%) and FFF_C (~5%) were also detected at 37 544
and 37 314 cm ™, respectively. Other weak bands can be seen in
this spectrum and could be ascribed to transitions of the other
UV chromophores in these conformers. Unfortunately, they
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were not observed with sufficient signal-to-noise to permit
analysis by IR/UV spectroscopy.

The IR spectra of the major conformers of FFF are shown in
Figure 2 (lower panels). All of them have one band in the
3500—3545 cm ™" region, signaling a single H-bond donor NH,
group. FFF_C has one band in the NH-free domain (3465—
3495 cm 1) and must then be assigned to a three H-bond
network structure. FFF_A and FFF_B have no bands in the
NH free domain (3465—349S cm™"), but they each have one
band close to this domain at 3452 and 3459 cm™!, respectively.
The red-shift relative to the NH free region is not strong
enough, however, to be unambiguously assigned to the weakest
H-bonds reported so far in these compounds, namely, NH-z or
Cs bonds expected below 3450 cm™'. FFF_A and FFF_B
conformers may then be attributed to three or four H-bond
network structures.

3.3. WY. Figure 3 (upper panel) shows the R2PI spectrum
of WY recorded by exciting the S,—§; transition of the
tryptophan chromophore. The origin transition is found at
34569 cm™' (34882 cm™' in 3-methylindole*). Several
intense and well-resolved bands are observed in the red part
of the spectrum, whereas to the blue the transitions become
weaker and less resolved leading to congestion. The IR/UV
experiments carried out on the UV transitions shown in Figure
3 (lower panel) reveal only one conformer, WY_A. The six
vibrators expected in the IR region investigated are effectively
observed: two NH*™% two for the NH, group, one NHdole
and one OHP*™ Remarkably, this spectrum (recorded at
34593 cm™") shows that none of these groups is free. The band
at 3631 cm™' must be assigned to the slightly red-shifted
OHPrel gtretch (free:” ~3659 cm™). Two bands (3500 and
3514 cm™) lie in the 3500—3545 cm™' range: one must be
assigned to the slightly red-shifted NH™ stretch (free:*® 3525
cm™'), the other to the NH,™ stretch of a single H-bond
donor NH, group. This IR spectrum thus corresponds to a
conformation with five H-bonds.

4. CONFORMER ASSIGNMENT

Experimental and theoretical results are compared in Tables 1,
2, and 3 for FF, FFF, and WY, respectively. The agreement
between vibrational frequencies is the first criterion considered
for assignment. Theoretical conformations are thus ranked
according to increasing values of 6™ A typical frequency
agreement is reached when 6™ < ~20 cm™! according to
previous studies on dipeptides (see Methodology section of ref
38), although larger discrepancies have been observed for more
complex systems like monohydrated peptides.*> Thus,
conformations with up to 5™ < 25 cm™" will be given greatest
consideration. 6"™* is also presented to estimate how close the
theoretical structure is from the experimental one: a typical
™S below ~10 cm™ suggests a good structural agreement.
The second criterion that can be used consists of connecting
relative energies with experimental abundances. The validity of
this criterion relies on the hypotheses that all conformations are
detected with comparable efficiencies and that the experimental
conformational temperature is known. The first hypothesis can
be invalidated when the lifetime of the excited state is
significantly shorter than the laser pulse, weakening the signal
potentially out of range of our setup. The first zz* state of
phenylalanine is generally long-lived, although it has been
evidenced that the environment of the UV chromophore can
potentially shorten the lifetime down to few nanoseconds.*

However, this effect is not expected to be strong enough to

dx.doi.org/10.1021/jp401499x | J. Phys. Chem. B 2013, 117, 4945—4955
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Table 1. Assignment Table of FF*

FF conformers vibrational frequencies (cm™) & (cm™)
A (exp) 3391 3438 3447 3524
a 3395 3437 3450 3527 4
e 3385 3433 3446 3520 6
f 3374 3437 3440 3521 17
g 3415 3424 3445 3541 24
h 3415 3444 3454 3530 24
3375 3414 3449 3524 24
3366 3417 3431 3519 25
B (exp) 3357 3412 3430 3514
b 3366 3417 3431 3519 9
c 3375 3414 3449 3524 19
f 3374 3437 3440 3521 25
i 3365 3440 3442 3521 28
e 3385 3433 3446 3520 28
j 3355 3444 3446 3512 32
k 3351 3446 3449 3515 34
C (exp) 3382 3418 3445 3518
c 3375 3414 3449 3524 7
e 3385 3433 3446 3520 15
b 3366 3417 3431 3519 16
f 3374 3437 3440 3521 19
a 3395 3437 3450 3527 19
i 3365 3440 3442 3521 22
j 3355 3444 3446 3512 27

SRS (e

14
11
11
17

12
14
13
17
13
12

= 0 0 W»n W»n

1
11
15

AH (0 K) (k] mol™)  AG (300 K) (k] mol™")  H-bond network

0 3 H-bonds
0 0 n-m-10
18 13 S-n-7
13 10 n-m-10
28 24 S-m-m
42 41 a-nb-m
12 11 S-n-7
15 15 n-r-7
6 3 H-bonds
15 15 n-r-7
12 11 S-n-7
13 10 m-m-10
14 15 S-n-7
18 13 S-n-7
13 7 S-m-7
29 23 S-n-7
8 3 H-bonds
12 11 S-n-7
18 13 S-m-7
15 15 -7
13 10 n-m-10
0 0 n-m-10
18 13 S-n-7
13 7 S-n-7

“For each observed conformer A, B, and C of FF, this table presents the experimental frequencies £, their relative energies AG (300 K) deduced

4

from the abundances measured on the UV spectrum assuming a conformational temperature*” of 300 K, and the number of H-bonds according to
the IR spectra (see text). For each theoretical conformation, 4, b, c, ..., scaled theoretical frequencies ﬁh are given together with, 6™ = Max(If{® —
£, S*MS = (3 (e — 1)2/i)172, the relative enthalpy at 0 K AH (0 K), the relative free energy at 300 K AG (300 K), and the nature of the H-bond
network specifying the status of each NH group along the peptide chain: S, 7, 10, or 13 indicates NH involved in intramolecular H-bond closing a 5-,
7-, 10-, or 13-member ring, respectively; 7 stands for NH-7 H-bonds; P specifies NH pointing to 7 electrons located on the backbone; X marks the
NH groups that can be considered free. For each experimental conformer, theoretical conformations are ranked according to the frequency

agreement corresponding to the lowest 5™

overturn the conformational distribution, especially for multi-
chromophoric species where the chance to properly detect one
conformation is increased by the number of 7—z* transitions.
Regarding the second hypothesis, laser desorption experiments
have proven to produce conformational distributions reflecting
high temperature equilibrium (300—450 K),*”** but it is
unfortunately not possible to narrow this window in order to
improve the comparison with theory. The criterion about
energetics is then questionable and must then be used with
caution in the assignment procedure.

For FF and WY, the conformational landscape is small
enough to have a very limited number of conformations with
both a small 6™ and the correct number of H-bonds deduced
from the IR spectra. For WY, there are only two conformations,
WY_a and WY_b, exhibiting five H-bonds, with respective 6™
of 22 and 69 cm™' (Table 3). The assignment of WY_A to
WY _a is then straightforward.

The assignment table of FF B (Table 1) exhibits two
conformations, FF_b and FF_c, with 6™ < 25 cm™" that have
to be considered for assignment purposes. However, their H-
bond network differs by the substitution of an NH—x (3431
cm™") in FF_b by a C; (3449 cm™) in FF_c. The experimental
value (3430 cm™) is typical of an NH—x bond, whereas it
would correspond to an unusually red-shifted C; H-bond that is
not reproduced in the FF_c conformation. FF_B must then be
assigned to FF_b.

4948

Only four conformations, FF_c, FF_e, FF_f, and FF_i, have
to be considered in the attribution of FF_C if one excludes the
conformations already attributed. In all of these conformations,
the band observed at 3418 cm™ is assigned to an NH-z bond.
However, the unusually large red-shift for this kind of
interaction is only well-reproduced in FF_c (3414 cm™),
whereas it is predicted in a more classical range for NH—7x
bonds in the other conformations (3433—3440 cm™). FF_c is
then the only conformation capable of faithfully reproducing
the signature of FF_C.

The case for FFF is more complex as suggested by the length
of the assignment table (Table 2). One can see that the number
of conformations with §™* < 25 cm™ is higher than for the
dipeptides. This is especially true for conformer A for which the
number of H-bonds has not been clearly determined by the IR
spectrum, increasing the number of conformations to consider
for assignment. In addition, it has a very common IR signature
that could fit many different kinds of H-bond networks.
Consequently, there are 38 conformations with 6™ < 25 cm™
that need to be taken in consideration for attribution.

To go further in the assignment process, one needs to discuss
the energetics. FFF_A is the most abundant conformer
detected and is then likely to be among the most stable
conformations. Only two conformations out of the 38
candidates fulfill this criterion; FFF_z and FFF a (AG (300
K) < 8 k] mol™). The band observed at 3452 cm™! would then

dx.doi.org/10.1021/jp401499x | J. Phys. Chem. B 2013, 117, 4945—4955
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Figure 2. Results obtained on FFF for which three conformers have
been identified (cf. legend of Figure 1).

be assigned either to a weak NH-7 band (FFF_a 3446 cm™),
or to a free NH group unusually red-shifted and not
reproduced by theory (FFF_z, 3470 cm™'). FFF_z is thus
not a good candidate to be assigned to FFF_A. The best
assignment of FFF_A is then FFF_a. Alternative assignments
would involve conformations with AG (300 K) > 8 kJ mol™
which are unlikely to contribute to 86% of the UV spectrum but
cannot be totally excluded for the reasons mentioned earlier.
According to the assignment table (Table 2), 10 con-
formations potentially fit the IR spectrum of conformer FFF_B
(6™ < 25 cm™). As discussed above, the band at 3459 cm™
can either be free and unusually red-shifted or involve an
unusually weak H-bond. This is clearly not the case in
conformations FFF_aw, FFF_ax, and FFF_ay, where typical
NH-7 bonds are observed at 3437 and 3446 cm™', as well as in
conformation FFF_az, where the NH free bond is found at
3481 cm™ L. Among the remaining six conformations, three have
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Figure 3. Results obtained on WY for which only one conformer has
been identified (cf. legend of Figure 1).

AG (300 K) higher than 29 kJ mol™" (FFF_at, FFF_au and
FFF_av), making their existence in measurable proportion in
the experimental setup very unlikely. The three conformations
left, FFF_b, FFF_c and FFF_ba, are all X-7-7-10 structures. In
addition, if one examines the type of the y-turn (L or D
depending on its chirality) and the f-turn (I, I, II, II', etc,
depending on the values of the four Ramachandran angles @,
¥, @, ¥,),* all three conformations have a X-7L-7-10(I)
structure. They only differ by the phenyl side chain
orientations, respectively g-g-g+, g-g+g+, and ag-g+ (each
phenyl side chain is labeled according to the value of the
NC*CPC dihedral angle, (g+) if it lies between 0 and +120°
and (a) otherwise).”® FFE_B is therefore very likely a X-7L-z-
10(I) structure, the uncertainty being on the orientation of the
two first phenyl side chains. Without further experimental
evidence regarding the orientation of the aromatic rings, FFF_b
can be seen only as the most probable candidate for the
assignment of FFF B as it gives the best fit to the IR data.

Similar energetic arguments lead to the consideration of only
three candidates for FFF_C: FFF ¢, FFF_ba, and FFF_be. All
of these structures have a X-7L-z-10(1) H-bond network which
can be assigned to FFF_C. Side chain orientations of FFF_C
remain uncertain; g-g+g+ (FFF _c) or ag-g+ (FFF_ba and
FFF_be). Among these conformations, FFF_c best fits to the
IR data and can be considered as the most likely candidate for
assignment.

The assignment of the FFF conformers is then not as firm as
for FF and WY and remains ambiguous. There are limits of
such an approach when the size of the system increases.
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Table 2. Assignment Table of FFF*

FFF
conformers
A (exp)

d

-~ =03 - o

B

S T o X 3

-~ @

am
an
ao
ap
aq
ar

as

B (exp)

at

au
av
aw
ax
ay
az
ba
bb

C (exp)

3378
3376
3379
3387
3386
3389
3368
3383
3390
3376
3385
3373
3391
3379
3393
3385
3380
3394
3384
3386
3371
3385
3359
3363
3398
3394
3386
3378
3400
3400
3356
3401
3370
3401
3391
3380
3402
3354
3354
3359
3403
3403
3389
3395

3293
3285
3280
3310
3282
3302
3290
3314
3305
3316
3314
3300

3315
3310

vibrational frequencies (cm™)

3404
3409
3395
3410
3401
3395
3393
3414
3413
3404
3413
3401
3394
3395
3409
3419
3417
3398
3420
3421
3411
3423
3409
3394
3420
3399
3415
3421
3417
3411
3416
3415
3427
3413
3410
3416
3406
3396
3405
3395
3426
3415
3404
3429

3389
3397
3393
3395
3408
3410
3387
3392
3367
3387
3413
3414

3406
3395

3420
3427
3418
3423
3431
3420
3418
3432
3428
3424
3431
3433
3424
3427
3422
3427
3436
3430
3437
3432
3439
3437
3431
3440
3432
3441
3441
3441
3427
3429
3431
3429
3440
3431
3444
3444
3440
3420
3432
3427
3428
3437
3445
3436

3430
3434
3437
3443
3439
3434
3435
3437
3436
3426
3447
3450

3433
3443

3452
3444
3448
3453
3449
3461
3460
3448
3456
3440
3440
3457
3459
3439
3438
3442
3452
3447
3439
3437
3462
3456
3434
3470
3441
3454
3456
3458
3442
3446
3448
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3457
3434
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3450
3457
3439
3434
3477
3441
3441
3463
3439

3459
3461
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3461
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3437
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3464
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3523
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3528
3527
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3517
3527

5™ (em™) ™S (em™) AH (0K) (W mol™) AG (300 K) (kJ mol™)

10
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0
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9
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36
17
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2
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41
16

47
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37
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25
20
18
17
8
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14
26
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15
31
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26
22
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27
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21
0

21
8

27
13
21
12
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10
15
36
8

9

20
16

29

33
35

20
43
12
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H-bond network

3 or 4 H-bonds
n-m-10-10
n-n-7-7
S-m-m-10
7-7-7-10
X-7-10-10
X-7-10-10
n—n-10—10
S-n—n-7
n--10-10
n-m-10-10
X-7-10-10
X-7-10-10
n-n-m-7
n-m-10-10
S-m-m-10
S-n-7-10
n-m-10-10
S-m-m-10
m-m-m-10
7-X-10-10
m-n-X-13
n-m-10-10
X-7-7-10
S-m-m-10
n-m-10-10
X-7-10-10
n-n-10-7
S-n-7-10
n-m-10-10
n-m-10-10
n-m-10-10
n-n-X-13
n-m-10-10
n-n-10-10
S-m-m-10
7-X-10-10
n-m-10-10
n-m-10-10
X-7-10-10
-m--10
n—n-10-10
S-n—n-10
n—n-10-13

3 or 4 H-bonds
n-7-X-10
X-7-n-10
X-7-n-10
7-7-X-10
-7-X-10
n-7-7-10
n-7-7-10
n-7-m-10
X-7-10-10
X-7-n-10
X-7-7-10

3 H-bonds
X-7-7-10
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Table 2. continued

conlf:oFrfners vibrational frequencies (cm™) 5™ (em™) ™S (em™) AH (0K) (W mol™) AG (300 K) (kJ mol™) H-bond network
ba 3314 3413 3447 3464 3527 14 8 14 12 X-7-7-10
be 3334 3407 3450 3466 3519 19 8 40 25 X-7-n-10
av 3302 3410 3434 3460 3536 19 9 46 35 -7-X-10
bb 3300 3414 3450 3461 3536 19 14 34 20 X-7-n-10
az 3316 3387 3426 3481 3528 19 11 37 43 X-7-10-10
bd 33358 3407 3450 3466 3519 20 8 41 32 X-7-7°-10
be 3301 3418 3435 3465 3538 21 10 21 15 X-7-7-10
bf 3289 3416 3441 3466 3530 26 12 32 31 X-7-7-10
“See legend of Table 1.
Table 3. Assignment Table of WY*
WY conformers vibrational frequencies (cm™) & (em™) ™S (em™) AH (k] mol™) AG (kJ mol™') H-bond network
A (exp) 3358 3374 3438 3500 3514 3631 S H-bonds
a 3372 3396 3442 3503 3520 3634 22 8 3 2 S-n-7_n-m
b 3402 3443 3474 3510 3530 3631 69 29 S 7 n-7-10_m-1w

“See legend of Table 1.

5. DISCUSSION

5.1. FF: Interplay between the Backbone and the
Hydrophobic Domains. Figure 4 shows the conformations
FF_a, FF b, and FF ¢, assigned to the three observed
conformers of FF: FF_A, FF_B, and FF_C. FF_a is a f-turn

Figure 4. Conformations FF_a, FF_b, and FF_c. Dotted lines mark
Cs, C;, and C) H-bonds. Interactions between NH groups and phenyl
rings (NH-7 interactions) are revealed by colored gradient isosurfaces
provided by NCI-plot®® (see Methods section). The type and strength
of local interactions are color-coded ranging from blue for strong
stabilizing interactions to red for strong destabilizing interactions.
Locally weak interactions appear in green.

4951

type I (ay -y, structure characterized by the following
Ramachandran angles: @, = —68°, ¥, = —13°, ®, = —100°,
W, = 7°)°" where the aromatic rings interact according to a T-
shape approaching the geometry of the benzene dimer”' as
described in a previous study.””

The backbone of FF_c adopts a f#;-y; structure (@, = —160°,
¥, = 152°, @, = —82°, ¥, = 63°) characterized by the well-
known combination of Cg and C,*d H-bonds.*' The relative
orientation of the phenyl rings can be seen as a face-to-face
(//) or parallel-displaced arrangement.

FF_b has a backbone structure characterized by Ramachan-
dran angles @, = —94° and ¥, = 68° which correspond to a y; -
turn and @, = —138° and ¥, = 25° which characterize an
unusual &, structure.’’ This conformation of the first residue is
peculiar in that (i) it adopts neither of the most stable
structures at the residue scale, C or C;, and (ii) it is not part of
a larger intrabackbone H-bond (C,,;). This is the first time
such a J; -y, structure has been observed for a dipeptide in the
gas phase. A V-shape interaction between the aromatic rings
finally completes the description of this structure. It is
interesting to note that the backbone structure of FF_b
topologically lies between FF_a and FF_c: FF_a is transformed
into FF_b by rotating mainly ®, and ¥,, and FF_c is obtained
from FF_b by rotation of ¥,.

Aromatic pairs are a common feature of all three observed
conformers. This suggests that the ar-ar interaction plays an
important role in generating the observed conformational
distribution by mediating the competition between backbone
structures. This is supported by the comparison with the results
obtained on the Phe-Xxx*' and Xxx-Phe** dipeptide series
where p;-yp and y;-yp structures respectively were mainly
observed, and f-turns were detected as minor conformers. y;-y;,
structures do not allow side chain/side chain interactions, and
their absence in the FF distribution can be interpreted as their
relative destabilization with respect to other backbone
structures where such ar-ar interactions are possible. Con-
versely, the d;-y; structure is generally not observed and does
not even appear among the twenty lowest-energy conforma-
tions of Ac-Gly-Gly-NHMe,** but becomes competitive in FF
probably because it allows an ar-ar interaction. These
considerations suggest that the ar-ar interaction strongly
controls the conformational distribution of the system.
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Interestingly, one can note the variety of the relative
orientations of the phenyl rings observed in this system: T-,
V-, and //-shapes. Actually, the system can be seen as a
benzene dimer constrained by the backbone chain. Each
observed structure of the backbone imposes specific con-
straints, especially on the C*—C® distance restricting the range
of possible inter-ring distances:® the f-turn type I is only
compatible with relatively large inter-ring distances (511 pm, T-
shape) whereas f;-y; forces both rings to interact at shorter
distances (415 pm, //-shape) and §;-y; defines an intermediate
case (469 pm, V-shape). In this last structure, both the ar-ar
system and the backbone are maintained out of their respective
equilibrium conformations (T- or //- shapes, and y;-7.),
illustrating the subtle compromise between constraints and
attractive interactions. More generally, this set of structures
sheds light on the weak directionality of the ar-ar interaction
between phenyl rings in peptides, echoing what has been
already evidenced in the benzene dimer.”" This contributes to
the accessibility of several backbone conformations which can
be interpreted as an enhancement of the backbone local
flexibility brought by a strongly attractive, but poorly directional
ar-ar interaction.

5.2. FF: Encapsulated NH Groups. The IR bands of FF_B
and FF_C at 3412 cm™ and 3418 cm™, respectively, lie in a
transition region between the spectral domains signing the NH
groups involved in strong H-bonds to the red (C,, Cyy, ...) and
those involved in weak interactions to the blue (Cs, NH-x).
These bands make the IR signature very discriminative,
authorizing a firm assignment of the conformers (Table 1).
In both FF b and FF ¢, these bands are well-predicted and
assigned to an NH group pointing to the region of space
located between the aromatic rings. These bands are then
compatible with NH-7 interactions unusually red-shifted by
~65 cm™! (taking 3480 cm™! as the average value for NH-free
stretches), whereas typical shifts are closer to the 35—50 cm™
range observed for conformer FF_A. It is even larger than the
red-shift observed for the NH-z interaction in the uncon-
strained complex between 2-pyridone and benzene (56
em™).%* One can suspect that the unusual red-shifts of these
NH stretches are due to the close proximity of the interacting
pair of aromatic rings.

In order to reveal the interactions responsible for such a red-
shift, the recently developed NCI-plot tool*” has been used,
focusing on the surroundings of the NH groups. As illustrated
in Figure 4, NH-z interactions leading to typical red-shifts
appear on conformer FF_a as two gradient isosurfaces between
the NH groups and the aromatic rings. The plot shows that
each NH interacts with only one phenyl ring at a time, making
two intraresidue NH-7z bonds, NH(1)-7(1) and NH(2)-7(2).
However, the situation is clearly different for FF_b. While
similar surfaces revealing intraresidue NH-7z bonds are found, a
third larger surface reveals an NH(1)-7(2) interaction. It is not
possible to conclude from these plots which is the stronger
interaction, NH(1)-7(2) or NH(1)-z(1). However, one can
assume additive effects on NH(1) that lead to the unusual red-
shift observed for its stretch. Similarly, NCI-plots reveal two
interactions in conformation FF_c¢, NH(2)-7(1) and NH(2)-
7(2), the combination of which leads to the unusual red-shift of
NH(2).

5.3. WY. Figure 5 shows WY_a. It is a ff; -y structure that
can be directly compared to FF_c. The aromatic groups
interact in a face-to-face conformation similar to the //-shape
of FF_c. Unlike FF, WY is detected in only one single
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Figure S. Conformation WY_a (cf. legend of Figure 4).

conformation, suggesting that the other f-turn and o;-yp
structures are destabilized relative to the f;-y; in WY. This
further suggests that the ar-ar interaction is more directive in
this case, favoring a face-to-face arrangement rather than a T- or
V-shape interaction. One of the reasons for such a behavior
might indeed be the presence of polar NH (indole) and OH
(phenol) groups; the H atoms both point out of the aromatic
plane, attracted by 7 electrons of the other aromatic group as
revealed by IR spectroscopy, signing a mutual stabilization
which cannot occur in a T- or V-shape.

The red-shift of the NH(2) group encapsulated between the
aromatic groups is much larger (106 cm™) than previously
observed in FF. NClI-plot surfaces again reveal elegantly the
NH(2)-7(1) and NH(2)-7(2) interactions that are responsible
for this strong red-shift. It is striking to see how an NH stretch
can be as much red-shifted by two NH-z interactions as by
more classical acceptors like CO groups.

5.4. FFF. The best candidates that can be assigned to FFF
conformations are shown in Figure 6. These assignments
suggest that the conformational distribution is largely
dominated by ar-ar interactions, Phe(2) of FFF_b being the
only phenyl not interacting with any other. FFF_a consists of
two successive f-turns of type I Interestingly, the two first
residues reproduce the motif of FF_a. FFF b and FFF_c are
both a combination of a y;-turn followed by a f-turn of type 1
and differ mainly by the orientation of the second phenyl side-
chain, g- or g+ respectively. These backbone structures have
already been observed separately in different tripeptides,” Ac-
Ala-Phe-Ala-NH, and Ac-Ala-Ala-Phe-NH,. Their simultaneous
observation in FFF can be attributed to the weak directionality
of the phenyl—phenyl interaction which makes energetically
accessible several backbone structures, provided that the ar-ar
interaction is possible. It may also explain why the B;-y;-y
previously observed®® for Ac-Phe-Ala-Ala-NH, is not detected
in FFF as the y;-y; sequence does not favor interactions
between side chains.

6. CONCLUSIONS

This study shows that small isolated peptides provide
minimalist models of hydrophobic domains in proteins. The
vibrational probes of these systems provide experimental access
to the interactions at play in the internal core of proteins at an
unprecedented level. Several interesting features about
aromatic-rich sequences emerge from this study. First, one
remarkable fact is the spontaneous formation in the gas phase
of conformational distributions dominated by ar-ar interactions.
Consequently, these peptides fold in a way that creates regions
of space where hydrophobic side chains interact with each
other. These domains may be seen as hydrophobic domains or
micropockets, although no water is present in the experiment
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Figure 6. Conformations FFF_a, FFF_b, and FFF_c. Dotted lines
mark C, and C,, H-bonds.

to generate a hydrophobic effect. As a model of hydrophobic
protein chains, these systems can help us to better understand
the interactions at play in larger systems. In particular,
stabilizing ar-ar interactions occur for many different
orientations of the aromatic rings as it has been observed in
FF and FFF. This allows the backbone to adopt several
energetically accessible secondary structures, suggesting an
additional flexibility of the peptide chain brought by the
aromatic side-chains. This is, however, not true in WY when
polar groups on the side chains favor one specific orientation of
the aromatic groups.

Another striking observation is the unusually strong red-shift
of the IR band associated with an NH group encapsulated
between two aromatic rings. This configuration shows that a
polar NH group can be isolated from the vacuum and stabilized
by hydrophobic groups with the same efficiency as by a classical
intramolecular H-bond. The similar permittivity of vacuum and
the hydrophobic cores of proteins'® suggests that such
configurations might play an active role in a biological context.
Conversely, the polar NH group can also be seen as an anchor
bringing two hydrophobic side chains in the same region of
space to form a hydrophobic micropocket. This process could
be particularly efficient, leading to the rapid formation of
hydrophobic clusters in the very early steps of protein folding.
While the analysis of native aromatic pairs suggests that most of
them are formed in late events,”*° non-native clusters have also
been proved to greatly affect the folding process.”® In this
context, it would be interesting to investigate the contribution
of such pairs encapsulating NH groups in the kinetics of the
protein folding process.
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Finally, the gas phase approach used here could be applied to
larger peptides and reveal other interesting features of aromatic
pairing when the aromatic chains are one, two, or more residues
apart in the sequence. The propensity to form hydrophobic
domains in such peptides with increasing lengths would shed
light on the interplay between aromatic pairing and secondary
structure formation in the folding process. This type of study
could bring some valuable benchmark results in order to better
understand how local structural motifs are formed in the early

steps of protein folding.
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