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I ntramolecular BSSE and dispersion affect the structure of a dipeptide

conformer

B3LYP and MP2 calculations with the commonly-use8lg-G(d) basis set
predict qualitatively different structures for thegr-Gly conformer book1, which
is the most stable conformer identified in a prasistudy (Mol. Phys. 104, 559-
570, 2006). The structures differ mainly in . Ramachandran angle (138° in
the B3LYP structure and 120° in the MP2 structufée causes for the
discrepant structures are attributed to missingestigon in the B3LYP
calculations and large intramolecular BSSE in tHe2\Malculations. The correct
yryr Value is estimated to be 130°. The MP2/6-31+G(djile identified an
additional conformer, not present on the B3LYP acaf with ayryr value of 96°
and a more folded structure. This minimum is howdikely an artefact of large
intramolecular BSSE values. We recommend the ubagi§ sets of at least
guadruple-zeta quality in DFT, DFT-D and MP2 cadtians in cases where

intramolecular BSSE is expected tolagge.

Keywords: tyrosine-glycine, basis set superposiéoor, density functional
theory, MP2, DFT-D

I ntroduction

Conformational analysis of peptides is a challeggiroblem. Because of their inherent
flexibility, even small peptides have very many sibke conformers. One common
strategy to identify the most stable conformepiséarch the conformational space with
an hierarchical methodology: the large pool of ptts conformers is treated at a fast,
low-level of theory, and the most stable confornmaasording to this low level of theory
are re-optimised at increasingly higher levelshefory [1-8]. In our group, we have
used such a hierarchical selection method to stawhil peptides including Tyr-Gly

(Tyr = tyrosine; Gly = glycine) [5], Tyr-Gly-Gly [Band Gly tripeptide [10]. The
methodology used for these peptides included a gwtibn of Hartree-Fock (HF),

density functional theory (DFT) employing the B3LYH,12] functional and second-



order Mgller-Plesset (MP2) perturbation theory. léger, such hierarchical
methodologies risk missing conformers because fididacies in the lower-level
methods employed. Indeed, even the ‘higher-levé?2\ind B3LYP methods may not
be accurate enough, particularly when used withtédnbasis sets. For the Tyr-Gly
dipeptide, we found several instances where B3LY32/6G(d) and MP2/6-31+G(d)
geometry optimisation gave strikingly differentuls [5]. In general, MP2 gives more
‘folded’, compact, conformers. There are two pdssibasons for this. Firstly, MP2
calculations with small to medium-sized basis aetsplagued by intramolecular basis
set superposition error (BSSE) effects, which caumsartificial attraction between
different parts of the molecule. BSSE tends torbalker in DFT calculations.
Secondly, functionals like B3LYP do not describeation dispersion forces, which are
attractive. These two effects, dispersion (attveégtand BSSE (also attractive, but
artificial) are often large in molecules containeaagaromatic ring.

Three examples of discrepant Tyr-Gly structuresiéoly B3LYP/6-31+G(d)
and MP2/6-31+G(d) geometry optimisations are shimwFigure 1. Bookl was
identified as the most stable Tyr-Gly conformeRiaf. [1]. The other two examples
(book4 and book6) are among the ten most stabl®eoars identified in that study.
The numbering of the conformers follows stabilitgarding to MP2/6-
31+G(d)//B3LYP/6-31+G(d) calculations (increasingnbers denote decreasing
stability); the ‘book’ attribute denotes these aoniers have a folded structure. The
MP2 and B3LYP book4 structures mainly differ in tredue of thepciy Ramachandran
dihedral angle, which is 180° in the B3LYP minimamd 74° in the MP2 minimum.
Calculation of energy profiles for variation ofshdihedral angle revealed two minima
in the MP2 profile, at 74° and ~280°, and only amaimum in the B3LYP profile, at

180° [2]. It was found that large intramolecular&Svalues hide the 180°-minimum in



the MP2 profile (which only shows up after BSSEreotion or reduction), whereas
B3LYP misses the minima at 74° and ~280° presumaibéyto lacking dispersion. A
further study showed that density functionals Hratcapable of describing dispersion,
including the Minnesota functionals M05-2X [3], M@&X [4] and MO6-L [5], the
double hybrid functional mPW2-PLYP [6], and DFT-D§] methods (B3LYP-D and
mPW2-PLYP-D) found all three minima [9], therebyporting this presumption. For
book6, MP2/6-31+G(d) predicts a ‘closed book’ canfation, whereas B3LYP/6-
31+G(d) predicts a more open conformation. A furtady found that the closed-book
conformer is an artefact caused by large BSSE saftuthe MP2 calculations [10].

In the current work we investigate bookl. For ttosformer, the B3LYP and
MP2 optimised structures mainly differ in tihg: Ramachandran angle, which is 138°

in the B3LYP structure and 120° in the MP2 struetur

Figure 1. Comparison of the B3LYP/6-31+G(d) (blat&ms) and MP2/6-31+G(d)
(grey atoms) geometries of Tyr-Gly conformers bqdddok4 and book6.

Intermolecular BSSE can be eliminated with the ¢expoise (CP) method [11],

however, there is no unambiguous way to eliminatt@molecular BSSE. Some
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approximate schemes have been proposed. Mosts# Hre based on the CP scheme,
though Jensen recently introduced a non-CP appiwasdd on valence bond theory
[12]. Palermcet al. proposed a method to correct for intramoleculaBB®etween an
aromatic residue and the backbone in peptides 183 method involves rotating the
aromatic residue around a suitable bond to createrainteracting’ conformation and
adding in both (interacting and non-interactingyfoomations ghost functions at the
position of the other conformation. However, it l@en shown that this scheme
underestimates the magnitude of the BSSE [14].vised rotation method has
subsequently been proposed [15]. The rotation ndetbiies on the availability of a
suitable bond to ‘rotate apart’ the two interactpagts of the molecule and is not readily
applicable to rotational energy profiles. A methiodorrect for both inter- and
intramolecular BSSE in calculations on large moleswsing small basis sets was
presented by Kruse and Grimme [16]. This semi-eicgdimethod, dubbed gCP, only
depends on the geometry of the system of intengt,no input from the electronic
wavefunction. We have previously used a fragmeseflanethod to estimate the BSSE
in Tyr-Gly [2,10,17]. This fragmentation methodigsitesintramolecular BSSE for the
molecule of interest frormtermolecular BSSE calculated with the CP method for
separate fragments modelling the original mole§lifg. In the fragmentation method,
the molecule is split into the two interacting fnagnts; some atoms in the linkage are
removed to avoid overlapping atoms and the danddorgls of the two fragments are
saturated with hydrogens. The CP method is theray@g to calculate the BSSE
between the two interacting fragments. Note thesme ambiguity regarding the
choice of fragments in this method. Other fragmeaged approaches have been
proposed: Asturioét al. used a CP scheme using intramolecular fragmentsasiC-H,

C=0, N-H and CCHlito show that the observed non-planarity of arocnailecules,



including benzene and the nucleobases, is attbheuta intramolecular BSSE [18,19].
Balabin used a similar scheme to study intramobed35SE in alkanes [20,21]. Jensen
proposed an atomic counterpoise method that capjléeed to estimate inter- as well as
intramolecular BSSE. It estimates the BSSE as adftatomic contributions [22].

BSSE can be reduced by increasing the basis setl¥ipugh it is generally
observed that BSSE decreases with increasing &eisssze, this is not always the case.
For example, for Hethe BSSE in CCSD(T) calculations increases froenaing-cc-
pVnZ to d-aug-cc-pVnZ to t-aug-cc-pVnZ (n = D, T, ®and 6) basis set series [23],
presumably because the more diffuse basis sesmfire opportunity for one He atom
to use the basis functions of the other. Likewitsead been observed in earlier work
that basis functions optimised on the dispersi@rgnenhance the magnitude of BSSE
[24]. In the case of the x-aug-cc-pVnZ basis sets,presumably the diffuse functions
(which are optimised on the correlation energyj} therease the BSSE. However,
within each basis set series the BSSE decreasediito 6Z. Note that in the limit of
using a hypothetical complete basis set on eagmieat, the BSSE would be zero, as
the fragments would not have a reason anymorestd Basis functions from the other
fragment.

The failure of functionals like B3LYP to account ftispersion is well
documented [25-40] and much effort has been dewvotdévelop functionals that
describe dispersion effects. One strategy is toneung the density functional with an
empirical dispersion term. This usually takes terf of a damped £R°® term. Among
the most popular of these techniques are the DFiehods of Grimme and co-
workers [7,8,41]. Their latest dispersion add-o8, Dcludes geometry-dependent
dispersion coefficients and three-body contribwipti]. Recently, Grimmet al.

developed a new composite density functional schegbed PBEh-3c, by coupling



an existing functional to atom-pairwise correctiémsdispersion and BSSE [42].
Another strategy is to express the correlationgynas a fully nonlocal functional of the
density or the orbitals. These include the VanWaals density functionals originally
introduced by Langret#t al. [43]. A different strategy is employed by the goaaf
Truhlar. The Minnesota functionals are meta-GGAggalised gradient
approximation) functionals. They depend on manwapeters, which are parameterised
on high-level benchmark databases that includesdsggn-bound systems. As a result,
these functionals describe the short-to-mediumegragt of dispersion well, though the
long-range dispersion is missed [44]. The MO5 senias the first family of Minnesota
functionals [3,45], which was followed by the M0§%,46], M08 [47], M11 [48,49],
M12 [50-52] and M15 [53,54] families. Parameterefraodels have been proposed as
well. For example, Becke and Johnson proposed hadé¢hat exploits the dipole
moment of the exchange hole to generate dispensieractions [55,56]. Dispersion
correction is also important in solids; besideatiane’s D2 [8] and D3 [41] corrections,
the empirical pairwise correction scheme of Tkat&weand Scheffler [57] is also
popular in calculations on crystals and surfaceshas been shown to commonly
provide a useful prediction of structures and priyge [58]. Reproducibility of results
is extremely important for scientific credibilityejaegherest al. demonstrated that
most commonly-used codes and methods for DFT alounk on solids essentially give
identical results [59]. The development and assesswof density functional theory
methods for dispersion is a very active field, ancexhaustive review is beyond the
scope of the current study. For reviews on disparsobrrected DFT methods, we refer
to Refs. [60] and [61].

In the current paper we study the Tyr-Gly book1foomer at different levels of

theory. Valdé<t al. pointed out that a practical and cheap solutiainécaccurate study



of molecules with large anticipated intramoleclB&SE values is to apply DFT-D
methodologies, as BSSE tends to be small in DFJutations [62]. In the current study
we employ B3LYP-D3. We also use the M06-2X funcéibnvhich was identified as
being suitable for studying the folding of peptideswhich dispersion is important

[63]. In addition, we employ larger basis setsaduce intramolecular BSSE.

M ethods

The B3LYP/6-31+G(d) and MP2/6-31+G(d) optimisedistures of book1 were taken
from Ref. [1]. The two structures mainly differtime value of thew Ramachandran
angle (the @Tyr)-Cu(Tyr)-Ccar{ Tyr)-N(Gly) dihedral angle — see Figure 2 for atom
labelling), which has a value of 138° in the B3L3tucture and 120° in the MP2
structure. Relaxed potential energy profiles weneggated for rotation around the
tyrosine G-Ccarbbond at various levels of theory, including B3L\B3LYP-D3, M06-
2X and MP2, all with the 6-31+G(d) basis set. Stigps between 2° and 10° were
employed. We focused on the regions around 138&rgvB3LYP has its minimum)
and 120° (where MP2 has its minimum). In addit@epmplete rotational scan with
MP2 revealed another minimum at ~95°; we theredédse included the region around
95° in our investigation. Single-point calculatiomsre performed for the M06-2X/6-
31+G(d) optimised structures between 90-110° aid1BD° with MP2 and the cc-
pVDZ and cc-pVTZ basis sets [64]. Single-point océdtions were also performed for
the B3LYP-D3/6-31+G(d) optimised structures betw86115° with B3LYP-D3 and

the cc-pVDZ, cc-pVTZ and cc-pVQZ [64] basis sets.



Ccarb(Gly)
\

Ocarb(Gly) - J Ohydr(le}

Figure 2. Atom labelling and definition of tlyayr torsion angle.

The minima at ~130° and ~100° were subsequently fydtimised with B3LYP,
B3LYP-D3 and M06-2X using the 6-31+G(d) and cc-pMnZ= D, T, Q) basis sets and
with MP2 and the 6-31+G(d), cc-pVDZ and cc-pVTZ ibasets.

The intramolecular BSSE in selected MP2/6-31+G(dbxaised conformers in
theyyr range of 90-150° was estimated by calculatingritegmolecular BSSE in
complexes consisting of phenol aNdormylglycine with the same conformations and
spatial arrangements as in the partially optimig&® structures. This was done as
follows [17]: The C(Tyr)H and CH(Tyr)NH groups were replaced by hydrogen atoms
and the positions of the hydrogens were optimiedtie resulting individual fragments
(phenol andN-formylglycine) using MP2/6-31+G(d), keeping alhet atoms fixed. The
BSSE was then determined using Gaussian’s Coumnsergeyword, employing the 6-
31+G(d), cc-pVDZ, cc-pVTZ and aug-cc-pVTZ [64,6%dis sets. The same
methodology was employed to estimate the BSSEariuty-optimised MP2, B3LYP-
D3 and M06-2X structures at ~100°. In the B3LYP-@1l M06-2X calculations, the
positions of the replacement hydrogens were op#idwgith B3LYP/6-31+G(d) and
MO06-2X/6-31+G(d), respectively.

All calculations were performed using the Gaus§@suite of programs [66].

In all DFT calculations Gaussian’s ‘ultrafine’ igi@ation grid was employed. Note that
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meta-functionals may yield spurious results wheurse or default integration grids are

employed [67,68].

Results

The relaxed energy scans for rotation around ttasitye G-Ccarbbond are displayed in
Figure 3. The B3LYP profile exhibits only one minim, at around 140°, whereas the
MP2/6-31+G(d) profile shows two minima, at arour2® hnd 95°. The 95°-minimum
is more stable than the 120°-minimum. The two MR2imma differ in the orientation of
the NH group, see Scheme 1. Typel occurs in structurtestiae smalleryyr values

(up to roughly 110°, depending on the method), eagitype2 occurs in the structures
with yyr values above ~110°. The MP2/6-31+G(d) profile shtivat there are some
angles around 110° where both types co-exist.drBBLYP profile, on the other hand,
there is a smooth transition from typel to typerfrl05 to 115° (with eclipsed,@nd
amino hydrogens at 110°). Typel structures are wmmgact; the two amino acid
residues are closer to each other. We note the cds®mblance between the minimum
at 95° and the previously studied book6 confornpginased with MP2/6-31+G(d). The
structures mainly differ in the orientation of @eterminus, which in the book1
minimum at 95° is rotated such that the carbox@lid-group can hydrogen bond with

the carbonyl oxygen (Figure 4).
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Figure 3. Potential energy profiles for rotationward the tyrosine £Ccarb bond,
calculated at different levels of theory. The digtoauity in the curves indicate where

typel conformers convert into type2 conformers {s&b.

H H
H(amino) H(amino) H(amino)
Ccarb(Tyr) CB(TVr) Ccarb(TVr) CB(Tyr)
H(amino)
typel type2

Scheme 1. Newman projections showing the diffeliht orientation in typel and

type2 conformers.
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book1 book6

Figure 4. The MP2/6-31+G(d) optimised structurethef95° bookl and the book6

conformers.

Adding a D3 term to the B3LYP calculations (see BBLD3 profile) shifts the
minimum at 130° to smaller torsion angle valuess ™onfirms that missing dispersion
in the B3LYP calculations is at least partialljyasblame for the differing MP2 and
B3LYP structures of this minimum. In addition, &imum appears around 95°. This
minimum is less stable than the minimum at larggrvalue. The M06-2X/6-31+G(d)
profile also shows two minima, around 95° and adbLiB0°, with the 95°-minimum
lower in energy than the 130°-minimum. The absexi@B3LYP minimum around

95° could be due to missing dispersion in the B3lcdRulations. However, it may also
be an artefact caused by intramolecular BSSE. duighe an estimate of the magnitude
of the intramolecular BSSE in the MP2 calculatioms,calculated the intermolecular
BSSE for complexes consisting of phenol &hfbrmylglycine (see Methodology) at
the MP2 level with different basis sets. Figure §ws the variation of the BSSE as a
function of theytr torsion angle. Typel structures have clearly laBf#SE values than
type2 structures. In both types, the BSSE redudtsimcreasingyyr values. Thus, the

effect of BSSE is to artificially shift the minimiawards lowenyy,: values.

The different NH orientations in typel and type2 conformers (sde®e 1)

lead to a slightly different conformation of the/ghe residue, with the effect that the
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two ends of the dipeptide are closer to each athgpel structures. This can be
quantified by the distance ¢8) between the glycine carboxylic oxygen.&Gly), and
the tyrosine hydroxyl oxygen,a{Tyr). The inset in Figure 5A shows the variatidn o
Roo in the MP2/6-31+G(d) optimised structures as @tion of ywyr. The Ryo profiles
remarkably resemble the BSSE curves. Clearly, sh&io distances are correlated to
increased BSSE.

We have estimated CP-corrected MP2/6-31+G(d) m®fily subtracting the
intermolecular BSSE (calculated with MP2/6-31+Gd))m the corresponding total
energies. Figure 5B shows the resulting relativergies. The uncorrected curves
(circles) correspond to those shown in Figure & TR-corrected profiles clearly
display their minimum at largeryr values; this is particularly obvious for the type2

structures.
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Figure 5. A. Variation of BSSE in the MP2 calcubatias a function ofiyr. Closed
symbols denote typel structures; open symbols deppé?2 structures. The inset shows
the variation of the distance betweea@Gly) and Qya(Tyr) in the MP2/6-31+G(d)
optimised structures as a functionygf. B. Uncorrected and CP-corrected MP2/6-

31+G(d) potential energy profiles.

Table 1 lists theyr and Ryo values of the two different book1 structures opged at
different levels of theory. Adding a D3 dispersierm to the B3LYP calculations
decreases they torsion angle of the minimum at 130° from arouBd 10 around 128°
(with cc-pVQ2Z), in close agreement with the M06-2Xue calculated with the same
basis set. Also listed in Table 1 is the BSSE ypetil structures calculated at different
levels of theory. The BSSE is large even in the B&IEulations. This is in contrast to
the results by Valdéat al., who computed BSSE values of less than 2 kJ*mith
B3LYP-D/TZVP for a benzene dimer complex modellihg interaction between the
two aromatic rings in a folded conformer of the Hlye-Phe tripeptide (Phe =
phenylalanine) [62]. Our value of 4.93 kJ matalculated with B3LYP-D3 and the
slightly larger cc-pVTZ basis set, is considerdatger.
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Interestingly, the 95°-minimum disappears at th& B83-D3 level when using the cc-
pVQZ basis set. To investigate this further, wegkted single-point B3LYP-D3
energies with the cc-g\ (n = D, T, Q) basis sets at the B3LYP-D3/6-31+G(d)
structures optimised at fixegyr torsion angles (Figure 6). While there is a clearier
between the 100°- and 130° minima with the smbldesis sets, this vanishes at the cc-
pVQZ level. This is presumably due to decreasin@B3vhen increasing the basis set.
As pointed out by Jensen, changes that are coesidelbasis set effect’ are often at
least partially attributable to intramolecular BS[BH]. It is conceivable that further
reduction of BSSE in the M06-2X and MP2 calculasidby further increasing the basis
set size) would cause this minimum to vanish frosmN06-2X and MP2 potential

energy surfaces.

I T I T I T I T I T

2.5 —e— B3LYP-D3/6-31+G(d) -
i —e— B3LYP-D3/cc-pVDZ
20 —e— B3LYP-D3/cc-pVTZ
156 B3LYP-D3/cc-pvVQZ
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0.0 .

| L | L | ! | L | L |
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Figure 6. Single-point B3LYP-D3 calculations at 8@&LYP-D3/6-31+G(d) optimised

structures at fixedyr torsion angles.
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Table 1. Values ofnyr (in degrees), BSSE (in kJ mipland Ryo (in A) for structures
optimised at different levels of theory.

minimum at 100° minimum at 130°

Method YTyr Roo BSSE YTyr Roo

B3LYP/6-31G(d,p) n/a n/a n/a 137.4 6.08
B3LYP/cc-pvDZ n/a n/a n/a 138.0 7.24
B3LYP/cc-pVTZ n/a n/a n/a 136.8 7.33
B3LYP/cc-pvVQZ n/a n/a n/a 137.0 7.37
B3LYP-D3/6-31G(d,p) 97.9 4.27 4.28 128.4 6.25
B3LYP-D3/cc-pVDZ 97.7 3.06 19.27 131.1 6.33
B3LYP-D3/cc-pVTZ 100.6 4.66 4.93 128.8 6.32
B3LYP-D3/cc-pvVQZ n/a n/e n/& 128.3 6.31
MO06-2X/6-31G(d,p) 97.0 3.04 6.27 126.3 5.88
MO06-2X/cc-pvVDZ 97.5 2.95 18.08 130.6 6.24
MO06-2X/cc-pVTZ 97.6 3.15 6.21 127.5 6.08
MO06-2X/cc-pvVQZ 98.3 3.62 2.36 127.6 6.10
MP2/6-31G(d,p) 95.9 3.19 28.63 119.8 5.12
MP2/cc-pVDZ 97.0 3.05 31.51 128.8 6.20
MP2/cc-pVTZ 96.6 3.28 14.50 124.1 5.71

2 Converged to the minimum at 128Estimated using BSSE values from complexes

of N-formylglycine and phenol.

Discussion and conclusions

The MP2/6-31+G(d) and B3LYP/6-31+G(d) levels ofdhepredict different structures
for the Tyr-Gly conformer book1, with B3LYP yieldiriess folded structures as
measured by thedd distance (B3LYP: 6.1 A; MP2: 5.1 A) and a larges torsion

angle (B3LYP: 137°; MP2: 120°). In the current warls shown that missing

dispersion in the B3LYP calculations as well as B&Hects in the MP2 calculations
are responsible for the different structures oletdiby the MP2 and B3LYP

calculations. This evidences the sensitivity tohndtand basis set size of geometries of
molecules containing aromatic rings. To estimage“torrect” structure, we used DFT
methods with inclusion of dispersion (M06-2X, B3LY¥3) and large basis sets (cc-
pVTZ and cc-pVQZ) in both DFT and MP2 calculatidasninimise the intramolecular

BSSE. The DFT methods yieldyr values of ~128°. The BSSE is still sizable in the
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MP2/cc-pVTZ calculations (~8 kJ md)l so the predictegtyr value of 124° is likely
too small. Indeed, correcting the MP2/cc-pVTZ//IM&3/1+G(d) profiles using
MP2/cc-pVTZ BSSE values from phengiformylglycine complexes yields a
minimum around 130° (see Supporting Information)excellent agreement with the
B3LYP-D3/cc-pVQZ and M06-2X/cc-pVQZ results. We tbiore estimate the
‘correct’ ywyr value to be ~130°.

The MP2/6-31+G(d), M06-2X and B3LYP-D3 profiles sha separate
minimum withyyr torsion angle around 95°. This second minimumahdsferent NH
conformation and a more folded structuregRround 3-4 A, depending on the level of
theory). However, when increasing the basis se#terB3LYP-D3 calculations from 6-
31+G(d) to cc-pVQZ (thereby decreasing intramolecBSSE) this minimum vanishes
again. It therefore appears to be an artefactrgélantramolecular BSSE effects. The
minimum remains with M06-2X (up to cc-pVQZ basis Iexel) and with MP2 (with 6-
31+G(d), cc-pVDZ and cc-pVTZ), but could presumathisappear when using larger
basis sets. Although it is generally observed B&SE is smaller in DFT than in MP2
calculations [70-72], there is recognition that BES8ay be sufficiently large in DFT
calculations to warrant correction [16,73,74]. @esults support this. In addition, the
results show that BSSE can generate artificial manon the potential energy surface.
We therefore recommend the use of large basiosereferably quadruple-zeta quality
in MP2, DFT or DFT-D calculations in cases whetteamolecular BSSE is expected to
be large €.g. molecules containing aromatic rings).

It would be good if we could verify our proposedkd structure with
experiment. However, a resonant two-photon ioresafR2PI) study on gas-phase Tyr-
Gly by de Vriest al., which detected four distinct conformers, suggésat neither the

hydroxyl nor the carboxylic OH groups are involvachydrogen bonding, thereby
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ruling out book1 [75]. The four observed conformeese assigned as those that were
numbered 7, 10, 11 and 12 in our original studyrenGly [1]. The absence in the
experiments of the most stable conformer predibtedomputation therefore
constitutes a discrepancy between theory and erpati However, a subsequent
computational study conducted in our group at t&®B°BEP86-D3BJ/aug-cc-pVTZ
level shows the importance of including thermaget$ [76]. It is worth pointing out
that, although the R2PI spectra are recorded a&rsapl temperatures, the sample is
formed at high temperatures and may approximateggrve the Boltzmann
distribution of its formation temperature. Whenrefenergy corrections at 400 K are
added to the calculations, conformers with no hgdrobonds become prevalent. At
this temperature, a set of non-hydrogen-bondedocordrs are predicted, including the
folded book4 and book6 and two extended ones. Baakidbook6 were not originally
assigned by de Vriest al. However, their presence is perfectly consistetit the
experimental spectra, and a reassignment incluaiiog4 and book6 reconciles theory
and experiment [76]. Unfortunately, book1l is nosetved, probably because of the

entropic bias against hydrogen bonding at high tratpres.
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