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Abstract: Equilibrium constants for the adsorption of the first water molecule on six protonated dipeptides
(Gly—Gly+H*, Gly—Ala+H", Ala—Gly+H", Ala—Ala+H", Pro—Gly+H", and Gly—Trp+H") have been
measured as a function of temperature, and AH° and AS° determined. Density functional theory calculations
were performed for both the unsolvated peptides and the peptide water complexes at the B3LYP/6-
311++G** level. MP2/6-311++G** calculations were also carried out for Gly/Ala peptides. The calculations
suggest that adsorption of a water molecule by these simple dipeptides is a complex process, both the
unsolvated peptide and the peptide—water complexes have multiple conformations with similar free ener-
gies. Average AH° and AS° values derived from the calculations are in reasonable agreement with the
experimental results. According to the calculations, the dominant water adsorption process involves a
significant conformational change to accommodate a bridging water molecule. AH° is diminished for
Pro—Gly+H" mainly because the water interacts with a secondary amine, whereas for Gly—Trp+H*, AH°
is significantly decreased by the loss of cation-s interactions upon water adsorption. For unsolvated peptides
the proton affinities of the N-terminus and the backbone carbonyl groups are known to be similar. Addition
of a single water molecule causes a significant stabilization of the N-terminus protonation site.

Introduction molecular dynamic¥,1° and quantum chemistry calculaticiis?®
Dipeptides, tripeptides, and larger peptid&s2 have been
investigated by both theoretical and experimental means.

In an earlier publication, we presented the results of a study

It has been known for some time that water interactions play
an important structural role in proteins and there have been
many studies of these interactions using a variety of methdds.

In particular, small peptides have received a lot of attention
because of their experimental tractability and relative simplicity.

Recent advances in experimental techniques have afforded som

exciting new views; 11 including detailed information about
the interaction of individual water molecules with amino acids
and small peptides isolated in the gas pHas¥.Small peptides
are also particularly well suited for theoretical treatment and
many studies have been conducted using Monte Catb,
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of the addition of the first water molecule onto relatively large
unsolvated polypeptides (320 residues) where it was found

éhat water adsorption was extremely sensitive to the secondary

structure®® In this publication, we describe a study of water
addition to unsolvated dipeptides where our goal is to obtain a
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more detailed understanding of the interactions of water with 15

peptides in general. We have performed equilibrium measure-

ments for the addition of the first water molecule to six pro- B

tonated dipeptides (GlyGly+H*, Gly—Ala+H*, Ala—Gly+H™, X 13

Ala—Ala+H", Pro—Gly+H"™ and Gly-Trp+H"). Density <1

functional theory calculations were performed at the B3LYP/ "

6-311++G** level for the low energy conformations of both

the unsolvated peptide and the peptigdeater complex. MP2/ QST 32 33 37 35 36
6-311++G** calculations were then performed for the Gly/ T'x10% K™

Ala peptides. Knowledge about the conformation is important Figure 1. van't Hoff plot of In K against 1T for the adsorption of a water
in understanding a variety of mass spectrometric measurementgnolecule onto the AlaGly+H* peptide. The slope of the line isAH/R
for small peptides. including H/D exchar?geand as-phase and the intercept iAS’/R. The points are experimental data and the line is
. Pep ' - 9 e . - g P a linear regression.
basicity measurements,in addition to ion-equilibrium mea-
36 indi . . ) .
surement$:*In the present case, the results indicate that there e tide-water complex, respectively, amy, is the partial pressure of

are multiple conformations with similar free energies involved \ater vapor in the drift tube in atmospheres. As described previébsly,
in the addition of the first water molecule. the standard Gibbs free energy change for addition of a water molecule
to Gly—Gly+H" was measured for calibration purposes. Our value of
—35.1 kJ mot?! at 293 K is in good agreement with36.8 kJ mot?

All experimental data were obtained using a temperature-variable obtained by Klassen et &These authors noted that their value may
injected-ion drift tube apparatus that has been described in detail be slightly elevated by condensation of water onto the peptides at the
elsewheré’ Briefly, desolvated ions are produced by an electrospray exit aperture. Our value may be slightly diminished by collision induced
source with a heated capillary. The ions then enter a 30.5 cm long dissociation of the peptidewater complex outside of the drift tube.
drift tube which consists of four sections that can be cooled with liquid Gly—Gly+H* has a strong affinity for water and so even a few collision
nitrogen. The temperature of each section is regulated to better thanevents can influence the equilibrium constant.
+0.5 K with microprocessor-based temperature controllers. The drift  All dipeptides were obtained from Sigma Aldrich and used without
tube has a series of guard rings that establish a uniform electric field further purification. The best signals were found with solutions of 1
along its length and contains helium buffer gas at a pressure of aroundmg of dipeptide in 10 mL of methanol with 5 drops of formic acid. A
4 Torr. After traveling down the drift tube under the influence of a recent study of dipeptides in aqueous solution by Scherer et al. has
weak electric field, some of the ions exit through a small aperture. shown that the cis/trans ratio for GhGly is 0.003%! The cis isomers
These ions are focused into a quadrupole mass spectrometer and aftesf Ala—Gly and Gly-Ala have also been observé&dt is not known
being mass analyzed, they are detected by an off-axis collision dynodewhether electrospraying and injection into the drift tube will lead to
and dual microchannel plates. different isomer populations than present in aqueous solution. Drift

Equilibrium measurements are performed by admitting a known time distributions measured for the dipeptide ions at both@@nd at
partial pressure of water vapor into the drift tube and recording the —150 °C could be fit assuming that only a single conformation was
intensity of the reactants and products in the mass spectrum. A leak present3 However, this does not rule out the presence of two or more
valve was used to regulate water pressure and the measured pressurigomers with nearly identical cross sections. These results are also
was corrected for the buffer gas flow. The corrected water vapor consistent with multiple conformations that are rapidly interconverting
pressure was typically aroune-¥ mTorr in the measurements reported  on the experimental time scale. This would lead to a single narrow
here. We have considered in detail the possible sources of errors inpeak at a position characterized by the average cross section. Calcula-

Experimental Methods

our equilibrium measurements in a previous publicatfoMost tions presented below favor this interpretation.
measurements were performed with Blp (drift field/total pressure) _
of ~2.3 V/cm Torr which meets the low-field criteffain similar Experimental Results

a0 . ; . .
ts;ud(;e_?:. fi lTOTe (—;ff(lactwf Igg? E ratur_e 'nfr:e?jsitm tl?e dr;ft tszesglif o Equilibrium constants were obtained over a range of temperatures
€ dnit field Is below L 1 owering the drift voltage from and a van't Hoff plot was constructed for each peptide. A typical

to 180 V gave identical results. This also shows that the measurements - H— .
) . . N i I h F 1 for the At&ly+H™* peptide. Th It
are independent of time, as they should be if equilibrium is established. SXample IS Shown In Figure - 1or ‘ne Y Pepude. 1he resuts

Drift ti distributi btained by admitt hort oul p show good reproducibility and the van't Hoff plots show excellent
. .ITeth'S erl fl: |torl;s We(;e 0 aér?e thy admi :ntg a sd_otr_bpl:_se ot linearity (R > 0.99). The slope of the van't Hoff plot isAH°/R and
lons Into the drilt tube and recording the arrival ime distribution at -y, intercept IAS’/R. The enthalpy and entropy change for the addition
the detector. The drift time distributions of unsolvated species was

identical to that of th ter adduct ; ted for t =~ of the first water molecule to AlaGly+H™" obtained from Figure 1 is
IeCTLTiIiIgﬁurﬁ atotthe water adduct, as Is expected for Wo Species In y\pe — 6.7 ky mot* and AS® = —111 J K'* mol%. Al of the

S . experimental results obtained in this way are summarized in Table 1.
Equilibrium constants were calculated from the following The experimental uncertainties are calculated from the standard
lpiw deviations of the slopes and intercepts of the van't Hoff plots of
K=1p (1) points multiplied by the 95% confidence interval coefficients from the
pow student's-distribution forn-2 degrees of freedofi.Previous experience
wherel, and |, are intensities in the mass spectrum of peptide and for similar equilibrium-based measurements suggests that the experi-
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Chem. Soc1995 117, 12 8406-12 854. 101, 2599-2604.
(35) Cheng, X.; Wu, Z.; Fenselau, G. Am. Chem. Sod993 115 4844- (40) Wannier, G. HPhys. Re. 1951, 83, 281-289.
4848. (41) Scherer, G.; Kramer, M. L.; Schutkowski, M.; Reimer, U.; Fischer).G.
(36) Meot-Ner, M.; Sieck, L. W.; Liebman, J. F.; Scheiner JSPhys. Chem. Am. Chem. Socl998 120, 5568-5574.
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(37) Kinnear, B. S.; Hartings, M. R.; Jarrold, M. F. Am. Chem. So001 (43) Different conformations can be separated in the drift time distributions
123 5660-5667. because they have different collision cross sections. For a review discussing
(38) Mason, E. A.; McDaniel, E. WTransport Properties of lons in Gases this approach see, Clemmer, D. E.; Jarrold, M iMass Spectroni997,
Wiley: New York, 1988 32, 577-592.
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Table 1. Measured Enthalpy and Entropy Changes for Addition of
the First Water Molecule to the Dipeptides and the Calculation
Result?

AH® expt. calculated AS° expt. calculated
peptide kJ mol ! AH e JKImolt AS°ave
Gly—Gly+H" —68.0+ 2.5 —71.4 —109+ 8 —134
Ala—Gly+H" —66.7+ 1.7 —76.8 —111+5 —142
Gly—Ala+H* —70.7+ 2.6 —74.3 —124+8 —139
Ala—Ala+H* —61.5+1.8 —66.9 —105+ 6 —124
Pro—-Gly+H* —53.2+1.0 —53.9 —94+4 -108
Gly—Trp+H* —47.7+1.9 -56.% —79+7 —10P

aThe uncertainty estimates are derived from the standard deviations of
slopes and intercepts of the van’t Hoff plotsropoints multiplied by the
95% confidence interval coefficients from the studemttistribution for
n-2 degrees of freedoff. Calculation results are population-averaged
enthalpies (in kJ mol) and entropies (in J K mol~1) derived from the
calculations (see text). The calculated results for-fty+H* and Gly—
Trp+H™ are derived from B3LYP/6-3H+G** calculations, whereas for
the other peptides the results are derived from MP2/6+31G** calcula-
tions.? Calculated at the B3LYP/6-331+G** level.

1 1 1]
—60 -50 —40

AH®, kJ mol™

Figure 2. Plot of the entropy change against the enthalpy change for
addition of the first water molecule onto unsolvated peptides. The triangles

]
=70

The starting conformation for the MD runs was the fully extended
structure with backbone dihedral anglgs= 180° andy = 180° (see
below for an explanation of these angles). At least twenty 240-ps runs
were performed at 300 K for each of the dipeptides and their water
adducts. The average potential energy was determined from the final
35 ps of each simulation. Ramachandran plots of the MD simulations
indicate that they explore the available conformational space reasonably
well. Gly—Gly+H" was chosen as a test case since this peptide has
the greatest conformational flexibility. For this peptide an additional
thirty conformations were randomly selected from ten 960-ps 400-K
simulations. All fifty structures were then optimized at the HF/6-31G*
level using Jaguar v.4.Calculations on the alanine dipeptide and
other peptides have shown that, whereas larger basis sets and electron
correlation affect the depth of a well on the potential surface, smaller
basis sets such as HF/6-31G* can provide reasonable agreement with
the relative energies of different conformétg3though changes in the
relative energies have been reporteBor the Gly-Gly-+H™ dipeptide,

18 out of the 30 structures derived from the 400 K simulations optimized
to a structure identical to the lowest energy structure derived from the
300 K simulations, even though the initial conformations were often
significantly different. A similar result was obtained for the dipeptide
water complex. These results confirm that the MD simulations provide
an effective tool for generating initial conformations for optimization
using more sophisticated methods.

For all peptides, the lowest energy structure and other representative,
low-lying conformations derived from the MD simulations were initially
optimized at the HF/6-31G* level. For GhGly+H*, Pro—-Gly+H™,
and Gly-Trp+H* the number of trial structures was 78, 15, and 51,
respectively; for the other Gly/Ala peptides at least four trial structures
were used. The lowest energy structure and a few other structures were
then re-optimized with B3LYP/6-31+G** using Gaussian 98 The

are the results for the peptides studied here. The circles are the results foroUtputs of DFT calculations for GlyGly+H", Gly—Ala+H*, Ala—

the 15-20 residue peptides reported in ref 33. The lines are least-squares
fits to the two data sets. The cross shotd® andAS’ for the adsorption
of a vapor phase water molecule onto liquid water.

mental error is usually within 4 kJ mdi for AH® and within 8 J K™%
mol~! for AS’. Comparison taAH° andAS’ for the addition of a water
molecule to related molecules (Table 3 in ref 33) show that the values
in Table 1 are comparable to those of molecules of similar size.
The experimental results largely fall into two groups: the four

glycine/alanine peptides (GhGly+H*, Gly—Ala+H*, Ala—Gly-+H*,

and Ala-Ala+H") and the two other peptides (Pr&ly+H" and
Gly—Trp+H"). In the first group, the enthalpy changes for Gly
Ala+H*, Ala=Gly+H*, and Gly-Gly+H" are within experimental

uncertainty. These three dipeptides were found to adsorb water over

approximately the same temperature range (283 K to 343 K). The
enthalpy change for the AteAla+H* peptide is slightly smaller than

for the rest of the alanine/glycine group. BotH°® and AS’ are
appreciably smaller for both PraGly+H" and Gly-Trp+H* than for

the Gly/Ala group. A lower temperature is also required in order to
observe the hydrated ions of these peptides (248 to 283 K). Figure 2

shows a plot of the measured entropy change against the measured

enthalpy change for addition of the first water molecule onto unsolvated

peptides. The triangles are the results for the peptides studied here(47)

The circles are the results for the-180 residue peptides reported in
ref 33. The lines are least-squares fits to the two data sets. For the
dipeptides studied here (triangles) the plot is close to ling%#=(0.93).

Computational Methods

Molecular dynamics (MD) simulations were first performed to obtain
starting structures for more sophisticated calculations on the charged
dipeptides and their water adducts. The MD simulations were performed
with the MACSIMUS suite of programisusing either the CHARMM21
or the CHARMMZ22 parameter sét®and the TIP3P model for watéf.

(44) http://www.icpf.cas.cz/jiri/macsimus/default.htm.
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Gly+H™, and Ala-Ala+H" were then used as starting structures for
MP2 optimization and frequency calculations with Gaussian 98-Pro
Gly+H" and Gly-Trp+H* were only calculated only up to the B3LYP/
6-311++G** level due to time constraints.

Harmonic frequencies and zero-point energies were computed for
all structures. All calculated frequencies were verified to be real. For
MP?2 calculations, the frequency was scaled by 0.94 and ZPE by%.98.
The DFT results were used unscaled. The calculatioAldf was
performed using the following equation

AH® = AEhg + AEjermat A(PV) + AZPE— CP (2)
whereAEing is the difference in the calculated binding energy for the
peptide + water and the peptidewater complex,AEmermal is the

(45) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Chenil983 4, 187-217.
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Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; Joseph

McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C;

Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E., IIl.;

Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe,

M.; Wiérkiewicz-Kuczera, J.; Yin, D.; Karplus, M. Phys. Chem. B.998

102 3586-3616.
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M. L. J. Chem. Phys1983,79, 926-935.
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R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega, N.; Salvador,
P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
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Table 2. Relative Enthalpies (as defined by eq 2) and the
Relative Free Energies of Different Conformations from the DFT
(B3LYP/6-311++G**) and MP2 (MP2/6-311++G**) Calculations?

B3LYP/6-311++G** MP2/6-311++G**
relative relative
relative free relative free
enthalpy, energy enthalpy energy
peptide structure  (kImol=Y)  (kImol™Y)  (kImol™Y) (kI mol™t)
Gly—Gly-+H* L+ 6.5 5.6 0.3 4.4
Gly—Gly+H,0+H" ut -7.9 5.2 —16.7 -1.2
Ala—Gly+H* L™ 6.5 54 -0.9 2.0
Ala—Gly+H,O+H" ut —11.5 1.0 —15.5 —-5.3
Gly—Ala+H* L~ 55 3.9 15 —-0.2
Gly—Ala+HO+H* u- —8.8 2.8 —18.9 -3.9
Ala—Ala+H* L= 5.9 4.5 -0.1 1.0
Ala—Ala+H0+H* u- —6.6 6.7 —13.4 —0.6
Pro—Gly+H* L~ 34 29
Pro—Gly+H,0+H" ut —-3.3 5.9
Gly—Trp+HO+H* u- -6.2 0.8

aThe tabulated values are the energies of the non-extended isomer for
both the hydrated and unhydrated peptide minus the corresponding energies
of the extended isomer. A negative number favors the non-extended isomer.

9

Figure 3. MP2/6-311+G** optimized structures of GlyGly+H" and
Gly —Gly+H0+H*. (a) and (b) are GlyGly+H* in the extended and

L* conformations (see text), respectively. (c) and (d) are-Gly+H,O-+H* structure for Gly-Gly+H™.5¢ Variants of these extended €tructures
in the extended and™ conformation (see text). (e) is the optimized structure have also been found for neutral pepticés..
of Gly—Gly+H" protonated at the backbone carbonyl group. Only non- thg gther low energy conformation that appears to be important for

hydrogen atoms are labeled. the Gly—Gly+H* peptide, shown in Figure 3b, has the C-terminal group

rotated togp = 66.5 (¢ is the 6C-10N—12C—15C dihedral angle).
We refer to this structure as™ because the atoms of the backbone
approximate an L-shape and because the C-ternpinafle is positive.
The electronic energy difference between the extended lahd
conformations of Gly-Gly+H* at the MP2/6-31++G** level is 2.0
kJ mof* favoring the extended structure (5.7 kJ miadt the B3LYP/
6-311++G** level). Thus, the two structures are energetically almost
indistinguishable at the highest level of theory. The difference between
the extended andl* form is simply the rotation of the C-terminus
around thep bond. This requires the breaking of the i@g which is
formed by a weak €0 to N—H hydrogen bond at the C-terminus.
An L~ analogue with negativg angle also exists and it is isoenergetic
with theL ™ form. Thesel structures are equivalent to the second lowest
energy structures A2 and A2e reported by Paizs &t &he potential
energy surfaces of small peptides are known to have many local minima
and thus many stable conformations are pos&isie3”>Free energy

at 298 K) favors the extended structure by a significant but small 4.4
J mol. This suggests that both structures will contribute under
experimental conditions. At the B3LYP/6-31#G** level the free
energy favors the tstructure by 5.6 kJ mot. The relative enthalpies
Computational Results (as defined by eq 2) and the relative free energies of the different

) o conformations from the DFT and MP2 calculations are summarized in
Gly—Gly+H*. Figure 3 shows MP2/6-3H#+G** optimized Table 2.

structures for Gly-Gly+H* and Gly-Gly+H,O+H". An extended
structure with two grings (G because five atoms close an intramo-
lecular hydrogen bond) was found to be the lowest energy structure
for all the unsolvated Gly/Ala dipeptides ions at the MP2/6-8315+ structure, shown in Figure 3e, is closely related to the extended
level. The GIy—GIy—l—H_ version of this structu_re |s_shown in Figure conformation described above. Protonation at the amide carbonyl group
3(a) .The backbone dihedral angles OT the dipeptides can be ”Se‘,’ 195 |ess favorable than protonation at the N-terminus by 6.7 kJ haol
classify the structures. The backt_)one dihedral angles are the C-termlnalthe MP2/6-31%-+G** level. In a recent study of protonated triglycine

¢ (Ci-1=Ni=Cqo,~C), the N-terminaky (Ni-1—Cq,-1—Ci-1=Ni), and using density functional theory, Rodriquez et al. found that protonation
peptide bondw (Cyi-1—Ci—1—N;—Ci), wherei is the residue number

and G, is a backbone carbon with the side-chain. These angles are 53) Cassady, C. J.: Carr, S. R.; Zhang, K.; Chung-Phillips] £Org. Chem
shown in Figure 3a. For the extended structure in Figure 3a the dihedral” ~ 1995 60, 1704-1712. T e ’

)
nal rep = 1 n = 18C°. Thi r re h revi | (54) Zhang, K.; Zimmerman, D. M.; Chung-Phillips, A.; Cassady, Q. Am.

angles arep 8C° and P 80 S structure has previously Chem. Soc1993 115 10 81210 822.

)

)

difference in the thermal energi(PV) is the change iV, AZPE is

the difference in the calculated zero point energies, and CP is the
counterpoise correction. The counterpoise correction calculated with
DFT for the extended GlyGly+H,0+H" water adduct (see below)

is 4.02 kJ mot?, and for the water bridging GlyGly-+H,O+H* U*
structure the counterpoise correction is 5.17 kJthdlhese calculated
values were used for the Gly/Ala peptides. For the peptidater
complexes of PreGly+H™ and Gly-Trp+H™ in the extended (of)
conformation an estimated value of 4.3 kJ nolvas used for the
counterpoise correction, and for thieconformation a value of 5.0 kJ
mol~! was used. The counterpoise corrections calculated at the MP2
level for the extended GlyGly+H,O+H* water adduct and the water
bridging Gly—Gly+H,O+H™ U* structure are 8.8 kJ mol and 12.8

kJ molL, respectively. These values were used for the other Gly/Ala
dipeptides calculated at the MP2 levaAlS’ is simply the entropy of

the peptide-water complex at STP minus the sum of the entropies of
water and the peptide ion by themselves. The entropies were calculate
using standard statistical mechanical metH8dinless otherwise noted,
the protonation site is the N-terminus.

Finally, an alternative protonation site was considered at the MP2
level of theory. Instead of protonation at the N-terminus, the charge
was placed on the central amide carbonyl group. The optimized

been described by Cassady and co-workers for protonatee- Gly (55) Zhang, K.; Cassady, C. J.. Chung-Phillips, A.Am. Chem. Sod.994
Gly+H" as well as for AlaGly+H", Gly—Ala+H* and Ala— 5 o
Ala-+H?".5°55 Paizs et al. have also reported a similar lowest energy (°0) Zas, B Csonka. | P iendvay, G Suhaifapid. Commun. Mass.

(57) Jensen, J. H.; Gordon, M. $. Am. Chem. S0d.99], 113 7917-7924.
(52) McQuarrie, D. A.Statistical MechanigsHarper and Row: New York: (58) Perczel, A.; Angyan, J. G.; Kajtar, M.; Viviani, W.; Rivail, J. L.; Marcoccia,
1976. J. F.; Csizmadia, |. GJ. Am. Chem. S0d.99], 113 6256-6265.

116 11 512-11521.
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the carbonyl group nearest the N-termidtislowever, when the free
energies were considered it was found that protonation at the carbonyl
group was preferred at room temperature. This reversal apparently does &
not occur for protonated diglycine: when the free energies are
considered protonation at the carbonyl group is less favorable than
protonation at the N-terminus by 8.8 kJ mbhat room temperature.
This difference is large enough that the N-terminus should be the
dominant protonation site at room temperature.

MP2/6-311+G** optimized structures for the GlyGly+H* water (©) ()]
adducts are also shown in Figure 3. Figure 3c is the extended structure é

at the N-terminus amine was energetically favored over protonation at (a) (b) ;

with water bound to the protonated amine. The other structure shown

in Figure 3d is close to the lowest energy conformation found in the

MD simulations. This structure is designatgd because the structure

is U-shaped with a bridging water between the protonated N-terminus 3 _

and the C-terminal carbonyl group. Thedesignates positivg¢ andy

angles ¢ = 68.30 andy = 150.10) (¢ is the dihedral angle of 6€

10N—-12C-15C andy is 1IN—3C—6C—10N). Another form with

negativep andy angles U~) was also found to exist, with an energy

essentially identical to that &f* at the HF 6-31G* level. The electronic

energy of theJ* complex is lower than for the extended complex by

a large 19.4 kJ mot at the MP2/6-31++G** level (10.9 kJ mof*

with DFT) presumably because of the multiple interactions with the

bridging water molecule. However, the difference in the free energies

of these two structures is small, only 1.2 kJ midh favor of theU*

form at the MP2/6-31%++G** level. Thus, while theéJ*/ U~ structure

is the lowest energy structure for Ghsly+H,O+H™ by a significant 9

amount, it is likely that the extended form is also present under the Figure 4. (a) MP2/6-31#+G** optimized structure of AlaGly+H* in

experimental conditions. Thel*/ U~ conformations are obviously  theL~ conformation. (b) Ala-Gly-+H20+H" in the U* conformation. (c)

related to the. /L~ structures of the unsolvated Gialy+H* peptide. Gly—Alat+H" in the extended conformation. (d) GhAla+H,0+H" in

A structure with the water bridging from the protonated N-terminus theB conformatli)n_. ©) AlaiAIa+H in the extended conformation. ()
. . Ala—Ala+H;0+H* in the U~ conformation. Only non-hydrogen atoms

amine to the central amide carbonyl group does not have a low energy gre |abeled.

for geometric reasons: the hydrogen bonding partners are too close

together to form good hydrogen bonds with both sites. with Gly—Gly+H*, there are extended conformations that are only
We also considered addition of water to the diglycine peptide glightly less stable. The~ forms shown in Figure 4 for AlaGly+H*,
protonated at the backbone carbonyl group. The energy gap betweengly—Ala+H*, and Ala-Ala+H* have electronic energies that are 2.9,
the two protonation sites is relatively small. Thus, it is possible that 0.1, and 0.8 kJ mot lower than the extended conformations,
addition of a water molecule may preferentially stabilize one of the respectively. The free energy differences are 2:0,2, and 1.0 kJ
protonation sites over the other, perhaps even switching their order. mol-2, respectively, so for GlyAla-+H" the free energy favors the
The lowest energy structure found for the water complex of the structure (though by a negligible amount). The same general trends
diglycine peptide protonated at the backbone carbonyl group is an gbserved for Gly-Gly+H,O+H* are also found for the other Gly/Ala
extended conformation with the water bound to the protonation site peptide-water complexes. For AtaGly+H,O+H*, theU* form shown
and the N-terminus pointing away. This structure has an electronic in Figure 4b has an electronic energy that is lower than for the extended
energy that is 18.3 kJ md higher (free energy 20.6 kJ mdlhigher) complex by 20.9 kJ mok. The lowest energy GlyAla+H,O+H*
than the lowest energy structure found for the peptide protonated at peptide-water complex is thg~ form shown in Figure 4d, which is
the N-terminus at the MP2/6-3%1G** level. Without the water, the 17.6 kJ mot! lower than the extended conformation. The Ala
energy difference between the protonation sites is 6.7 k3'n(®I8 kJ Gly+H,O+H* Ut conformer was found to be 5.5 kJ mbhigher in
mol™* for free energy), so addition of a water molecule causes a energy than theU~ structure at the B3LYP/6-3H1+G** level
significant stabilization of the protonation site at the N-terminus. When presumably because of unfavorable steric interactions involving the
protonated at the amide carbonyl group, the peptide-water complex methyl side chain. The~ peptide-water complex, Ala-Ala+H;O+H*,
cannot form a more stable structure analogous to lthé U~ shown in Figure 4f is more stable than the extended conformation by
conformations (with a water molecule bridging between the protonated 15.1 kJ mot? (and 3.4 kJ mol! more stable than the* structure at
carbonyl group and the N-terminus amine or C-terminus carboxyl the B3LYP/6-311#+G** level). In terms of free energy, the/*/U~
group) due to geometric restrictions: the hydrogen bonding partners peptide-water complexes are favored over the extended structures by
are too close together for water to form good hydrogen bonds with 0—5 kJ mol2.
both sites. We optimized structures of this type (taken from the MD Pro—Gly+H™. Calculations were performed only up to the B3LYP/
simulations) at the HF/6-31G* level, but they had high energies 6-311++G** level for this peptide. The lowest energy structure found
compared to th&J*/ U~ structures for Gly-Gly+H,O+H* protonated for unsolvated Pre Gly-+H" is the extended structure shown in Figure
at the N-terminus. Thus, there is a significant demerit to hydrating a 5a, It has two €rings closed by weak intramolecular hydrogen bonding.
charged carbonyl group. In solution, the backbone carbonyl groups are The L~ structure shown in Figure 5b is 2.7 kJ mbless stable than
much less basic than the N-terminus and the N-terminus is the preferredthe extended conformation at this level of theory. This difference is
protonation site, so addition of water to the unsolvated peptides is 2.9 kJ mot! when free energies are considered. We also considered
expected to favor protonation at the N-terminus. an alternative protonation site for this peptide. Protonation at the CO
Ala—Gly+H"*, Gly—Ala+H", and Ala—Ala+H". MP2/6- group adjacent to the N-terminus was disfavored by 12.5 kJ“mol
311++G** optimized structures for the nonextended forms of Ala compared to protonation at the N-terminus at the B3LYP/6+3tG**
Gly+H*, Gly—Ala+H", and Ala-Ala+H* are shown in Figure 4. As level. For the Pre-Gly+H,O+H" complex the extended structure in
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(@) (b)

Figure 5. B3LYP/6-311+G** optimized structure of PreGly+H* in
the (a) extended conformation and [b) conformation. Pre-Gly-++H,O+H"
in the (c) extended conformation and (d)- conformation. Only non-
hydrogen atoms are labeled.

Figure 5c lies 5.8 kJ mot above thdJ* conformation shown in Figure
5d. Interestingly, the extended conformation is favored overlthe Figure 6. B3LYP/6-311+G* Optimizgd structure of (a) Gly Trp+H"
conformation in terms of free energy by 5.9 kJ molit is important :2 ttrllzl ((C:;)P?gnmfgmgﬁgkgﬁ;ﬂéﬁj‘? drlc?gtgrf giglris caorr;f(l);bmee}ggn and
to note that DFT calculations for the Ala/Gly peptides favor the ' '
extended structure by free energies ef@0kJ mol* (see Table 2).
This is reversed at the higher MP2 level of theory, whereUhgJ~
peptide-water complexes are favored over the extended ones by free
energies of 65 kJ mol!. Thus, the Ut structure for Pre-
Gly+H,0+H" is expected to become more favorable at the higher level
of theory.

Gly—Trp+H*. With the Gly-Trp+H" peptide there is the pos-
sibility of interactions between the cation and the delocalizathg.
These interactions have been an object of considerable int&Ese.
CHARMM force field does not include parameters to specifically
describe this interaction. Thus, there is the possibility that the
CHARMM force field may be biased against structures where cation-
interactions are important. Therefore, we performed a more extensive
conformational search for this peptide. An additional 26 structures were
randomly selected from ten 400-K 960-ps MD runs. All of these were Discussion
optimized at the HF/6-31G* level. Again, the same lowest energy
structure was found many times. This structure was essentially identical  The calculations suggest that the equilibria studied experi-
to the lowest energy structure obtained from the 300 K MD simulations menta"y do not invo've s|ng|e reactant and product Conforma_
performed for this peptide. The lowest energy structure after B3LYP/ ijons. For the unsolvated peptides studied here (except Gly
6-311++G** optimization is shown in Figure 6a. The charge at the Trp+H*) there are extended and bent formis™{L ") with
N-terminus is interacting with the indole ring (this structure is denoted . . . o . .

- . oo ) similar energies and similar free energies. For the peptide
| to indicate the presence of this catiem interaction). In a recent _ . . .
water complexes the*/U~ conformations with a bridging water

publication it was suggested that the exact manner in which the charge 1 . .
interacts with the ring is quite flexible; meaning that many configura- Molecule are 1520 kJ mol* more stable in electronic energy

tions can coexist with little energy barrier between tH&@tructurel than the extended conformations for the Gly/Ala peptides
can be viewed as a variant of the extended structures discussed abovedecause of the stabilization offered by the extra hydrogen bond
A procedure identical to that described above for the unsolvated between the C-terminal carbonyl group and water. However,
Gly—Trp+H" peptide was also employed for the water complex. Here, the free energy difference shrinks te-8 kJ mol! because of
however, optimization of the 26 structures randomly chosen from the the large entropic demerit inherent in thetype structures,
400 K S|mulat|_on5 led to a diverse range of different conformations \yhich lack the low-frequency “wriggling” mode available to
only one of which (the Iqwest energy o_ne) co'rresponded to the lowest the extended counterparts. For P@ly+H,O+H* (where
energy structure found _|n_the 300 K smulatlons. _The_ lowest energy o iculations were only done up to the B3LYP/6-312G**
B3LYP/6-31H+G** optimized structure is shown in Figure 6b. It is . .
analogous to the othe~ structures discussed above. OthHér level) the ordering of the _extended akitype structure_s IS
structures were found, but they were less favorable by at least 6 kj"€versed (the extended is lower) when free energies are
mol! at the HF/6-31G* level. The critical factor appears to be the considered, but as mentioned earlier, this is most likely an
sign of the side-chain dihedral angfe (the dihedral angle described ~ artifact from the DFT calculations. For GTrp+H,O+H™,
by 10N-12C-14C-17C in Figure 6) andy.*! (dihedral angle theU~ structure is competitive with a conformations stabilized
by cationst interactions (thel-form). The MD simulations

described by 12€14C—-17C-18C in Figure 6). For th&~ structure

in Figure 6b, these angles are positiye € 54.3%, y,°! = 94.19),
whereas the less favored structures have negative torsion angles of the
same magnitude. The extra stability arises from the proximity of the
indole ring to both the backbone-NH and the N-terminal charge when
both dihedral angles are positive. Another structure that is 11.4 kI mol
less stable at HF/6-31G* level than the lowest enddgystructure is
shown in Figure 6c¢. This structure is simply thetructure in Figure

6a with the water dangling off of the N-terminal charge. At the B3LYP/
6-311++G** level the electronic energy of thg~ form is 7.5 kJ mot*
lower than for the hydratedform. In terms of free energy, tHeform

is more favorable by an insignificant 0.8 kJ mblHow the free energy
would change with a higher level of theory is difficult to predict.

Eggg Dougnerty. J?éngsﬁief9‘*zlk]%95\,v27&. 183 188, iman. L Boti 5. A Suggest that the different conformations freely interconvert and
Sussman, J. LJ. Phys. Chem. 422001, 105, 1326-1333. so they are expected to be in equilibrium with each other on
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the experimental time scale. Therefore, the different conforma- Table 2 summarizes the difference between DFT and MP2
tions cannot be separated by ion mobility methods, at least atresults. In both the unhydrated and hydrated forms, DFT is
the temperatures employed in the experiments. biased toward the extended structure by at least 6 kJniol
Because multiple conformations are involved, it is not very both enthalpy and free energy (and in the electronic energy by
useful to compare the enthalpy changes and entropy changes comparable magnitude). The discrepancy between the DFT
calculated for particular conformations to the experimental and MP2 is presumably due to the absence of dispersion
values. To derive average enthalpy and entropy changes forinteractions in the DFT calculations. Dispersion interactions are
comparison with the measured values we established a ther-expected to favor the more compact conformations over the
modynamic cycle involving water addition to the main species extended ones, which is consistent with the discrepancies

and interconversion between the different conformations observed here. Regardless of the origin of the differences
between the MP2 and DFT results, caution is clearly necessary
E=L in relying solely on DFT to determine the energetic details of

even small and simple peptides.

For Pro-Gly+H™" and Gly-Trp+H™, calculations were only
done up to the B3LYP/6-3H+G** level. By comparing the
B3LYP/6-31H-+G** results to those obtained from the MP2/
6-311++G** calculations for the Gly/Ala peptides we anticipate
that the B3LYP/6-311++G** calculations will underestimate

) ) the overallAH® by 0—4 kJ mol and overestimate the overall
The calculated enthalpy and entropies for these species were, o by 0~10 J K- mol-t compared to the MP2/6-3%L+G**

used to determine equilibrium constants for the individual steps. ..< s The calculations correctly reproduce the significant
We then calculated overall equilibrium constants for the addition ., .a1se in the overalH® and AS® values for Pre-Gly-+H"

of a water molecule to the unsolvated peptides over the
temperature range accessed experimentally, and used thes
values to derive average enthalpy and entropy changes for,
comparison with the experimental values. The results of this

L 4+ H,0=U-H,0
E + H,0= E-H,0

U-H,0=E-H,0

compared to the Gly/Ala peptides (see Table 1). This decrease
€an be attributed largely to the fact that the water is interacting
with a secondary amine in Pr@ly+H™ as opposed to a
primary amine in the Gly/Ala peptides. This is supported by

analy(sjls are slzlovyn in Table lh The IObV:cOUS shortcoming to_tt)hls the observation thatH° andAS’ for hydration of Pre-Gly+H"
procedure is that it assumes that only a few structures contribute, o qimijar to those for protonated pyrrolidine (proline without

while the potential energy surfaces of these small dipeptides carboxylic acid group) for whichH® = —57.3 kJ mot?
are relatively flat. On the other hand, it is not realistic to do _ yAo =883 J K1 mol-16% Another important factor is
high level calculations for a large number of conformations and o jestabilization of théJ-type conformation of PreGly+

so the approach adopted here is a compromise. The averag LO+H* peptide-water complex. TheU-type Pro-Gly-+
enthalpy and entropy changes derived from the calculations H,O+H*" is more strained than the Gly/Ala analogues. The

using th.'s analy5|s_ _I|e between the extremes obtained by distance between the two termini is larger, and the hydrogen
conglder!ng the individual steps. bonds to the water molecule are longer than in the Gly/Ala
Itis evident from Table 1 that the calculated average enthalpy peptides. For example, in the Gly/Ald-type structures the
and entropy changes are in good overall agreement with thetypicall distance betweén the oxygen atom in water and the
experimental results. For the Gly/Ala peptides the calculated charged amine hydrogen is 1.68 A. This distance is 1.79 A in
AH° values are systematically larger than the measured quanti'Pro—GIy+H20+H+. The distance between the C-terminal

ties. The a"erage deviation is 5'6. kJ rﬁ'olpgt the deviation carbonyl oxygen and the nearest hydrogen in water is typically

for Ala—Gly+H" stands out as being significantly Iarger than 1.83 Ain the Gly/AlaU-type structures. This distance increases

the others. The galculateMS” values for the Gly/Ala peptlldes to 1.90 A for Pro-Gly+H,O+H*. These conformational

are all systematically larger than the measured quantities. Thedifferences are presumably caused by the proline ring. They
iati i —1

average _deV|at|on Is 22 JRmol™ Fo_r the unsolva_ued Gly/ lead to a decrease in the energy difference between the extended

Ala peptides the extended conformations have slightly lower and U-type conformations (th&-type conformation is desta-

o . 1
free (aJrnerfjles N the calculations (by-2 kJ mol™), whereas bilized) compared to the energy differences between these
the U*/U~ peptide water complexes are favored (by30kJ conformations for the Gly/Ala peptides.

_p L
e e o e THe e energyconfrmaton for unsoNGted G+ H-
Pep Pep is thel-form which is stabilized by cation-interactions. The

i e gnfcnt confoaons Lo of e Gy Tip S04 petde wter complx i
ge. 9 pancy .5 kJ mot? less stable than th&-form at the B3LYP/

and calculatedhS is almost. certainly the vibrational component 6-311++G** level, but the advantage in terms of free energy
of the entropy. It is most likely due to an underestimate of the . T . .
. . dwindles to an insignificant 0.8 kJ mdl This ordering may
entropy for the low-frequency watepeptide modes in the water . o
complex due to the effects of anharmonicity. Although itis also o oo " favor of the U form, at the MP2/6-311G™ level.
P Y. 9 It is evident from the results shown in Table 1 that ttd° for

\F/)iclé)sr:\![iboliami Lr;r;ef f; tif;g?;%'?reegg;cmrsgﬁegagzla;?i addition of a water molecule to GlyTrp+H™ is significantly
N q y - g smaller than for the other dipeptides studied here. The dominant

less of the source, the discrepancy in the entropies will also water adsorotion process on this peptide involves a aeometr
lead to a systematic underestimate of the free energies of the P P Pep 9 y

complexes (i.e., the free energies of the complexes should be, )\ 2ova Kk Takimoto, H.: Yamabe, $.Am. Chem. S02987 109 7346-
slightly more negative than determined from the calculations). 7352.
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change form thé-form and theU-form, at least at the B3LYP/  Comparison of DFT and MP2 results shows that for both the
6-311++G** level. A cation+r interaction stabilizes the un-  unhydrated and hydrated forms, DFT is biased toward the
solvated peptide, but this interaction is disrupted in the lowest extended structure. Caution is clearly necessary in relying solely
free energy peptidewater complex, and saH°® for addition on DFT to determine the energetic details of these systems.
of a water molecule is expected to be diminished by the strength  For the Pre-Gly+H,O+H™ peptide-water complex, the

of this interaction when compared to the other peptides. The overall decrease in enthalpy and entropy of water adsorption is

deviation between the measured and calcul&ied and AS® mainly due to the location of the protonation site at a secondary
is significant for Gly-Trp+H™" (see Table 1). The calculations amine. A contributing factor is that thé-type conformation is
overestimate the enthalpy change by more than 8 kJ ‘ol destabilized by strain (because of the proline ring) but the

Figure 2 shows a plot oAS® vs AH® for the results reported  equilibrium is still expected to involve conformational change.
here (triangles) and results obtained previously on larger alanine-The lowest energy conformation for unsolvated SRrp+H*
based polypeptidé%(circles). There are obvious correlations s stabilized through cation- interactions. However, these
betweerAS’” andAH®. In general, a small (less negativeH® interactions are disrupted in the lowest energy -Glyp+
indicates weaker interactions between the water molecule andH,O+H* peptide-water complex which has -type confor-
the peptide (though this generalization ignores the effects of mation. Loss of the cation-interactions leads to a substantial
structural changes such as those discussed above fer Gly decrease in the enthalpy change for addition of a water molecule.
Trp+H™). Weaker interactions should result in lower frequency Overall, there is reasonably good agreement between the
vibrations between the water and the peptide in the complex, calculated average enthalpy and entropy changes and the
which in turn causes a larger vibrational entropy for the complex measured quantities. The largest discrepancy was observed for
and a smaller (less negatival’ for the reaction. It is evident  the Gly—Trp+H* peptide. Finally, we note that adsorbing a
from Figure 2 that the results for the dipeptides and the larger single water molecule on the GhGly dipeptide significant
peptides are not correlated. The line for the larger peptides hasincreases the proton affinity of the N-terminus amine relative
a significantly steeper slope. The large negative entropy changeso the backbone carbonyl groups.
for addition of a strongly bound water molecule to the larger
peptides result because the water molecule stiffens up the Acknowledgment. We thank Prof. George Schatz at North-
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Supporting Information Available: Electronic energies, en-
thalpies, entropies, bond angles, and bond lengths for all the
conformations optimized using B3LYP/6-3t*+G** and MP2/
6-311++G**. This material is available free of charge via the
Internet at http://pubs.acs.org.

The addition of water to the dipeptides studied here is a
complex process involving multiple conformations with similar
free energies. For Gly/Ala peptides the equilibrium probed
experimentally is primarily between the extended forms of the
unsolvated peptides and tHé-forms of the peptide water
complex, and involves a significant conformational change. JA0359557
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