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Abstract: Equilibrium constants for the adsorption of the first water molecule onto a variety of unsolvated
alanine-based peptides have been measured and AH® and AS° have been determined. The studies were
designed to examine the effects of conformation, charge, and composition on the propensity for peptides
to bind water. In general, water adsorption occurs significantly more readily on the globular peptides than
on helical ones: several of the singly charged helical peptides were not observed to adsorb a water molecule
even at —50 °C. These results place a limit on the free energy change for interaction between a water
molecule and the helical peptide group. Molecular dynamics simulations reproduce most of the main features
of the results. The ability to establish a network of hydrogen bonds to several different hydrogen-bonding
partners emerges as a critical factor for strong binding of the water molecule. Whether the charge site is
involved in water adsorption depends on how well it is shielded. Peptides containing a protonated histidine
bind water much more strongly that those containing a protonated lysine because the delocalized charge
on histidine is difficult to shield. The entropy change for adsorption of the first water molecule is correlated
with the enthalpy change.

Introduction neutron scattering? NMR,! and molecular dynamics (MD)
simulationst?~17 While it is straightforward to examine the
behavior of individual water molecules by MD, the experimental
methods mentioned above usually provide information that is

averaged over many water molecules. However, with recent

experimental advances, it is possible to study sparsely hydrated
biological molecules in the gas phase and obtain information
as a function of the number of adsorbed water molectfles.
Several different approaches have been employed, including
studies of partially desolvated peptides generated by electro-
spray®-21 studies of the rehydration of unsolvated peptides and
proteins?2-25 and spectroscopic studies of jet-cooled hydrated
clusters of small biomolecules§:2°

Unlike other heteropolymers, which tend to either dissolve
readily or be insoluble in water, proteins have a delicate balance
between their hydrophobic and hydrophilic interactiéns.
Small changes can often have drastic consequences; for exampl
many proteins precipitate out of solution when they denature.
Another example where conformation has a dramatic effect on
solubility is provided by the amyloid diseas®%This diverse
group of conditions is characterized by conversion of soluble
protein into insoluble amyloid fibrils, which deposit in various
tissues throughout the body. This change in solubility is brought
about by a conformational change.

In addition to the conformation affecting the solubility, the
solvent exerts a strong influence on the conformations of (9) Doster, W.; Bachleitner, A.; Dunau, R.; Heibl, M.; $cher, EBiophys. J.
peptides and proteins in solution. The three-dimensional struc- ; #%%?efoMzﬁjﬁgu Re. Biophys. Cheml991 20, 577-600.
tures are determined by a complex interplay between intramo- (11) Qtting, G.; Liepinsh, E.; Wthrich, K. Sciencel991, 254 974-980.
lecular interactions and interactions between the protein and the!'? sramneach, P. J.; Brooks, B. Rroc. Natl. Acad. Sci. U.S.AL993 90,

)

9135-9139.

solvent. A variety of methods have been used to study the (13) Doruker, P.; Bahar, Biophys. J.1997 72, 2445-2456.
4) Garcia, A. E.; Hummer, G.; Soumpasis, D. Rtoteins1997, 27, 471~
hydration of proteins and peptides, including microcaloriméfry, 480.
(15) Tirado-Rives, J.; Maxwell, D. S.; Jorgensen, WJLAmM. Chem. So&993
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In this article, we report studies of the rehydration of alanine- and desolvated in a heated capillary. The ions are then injected into a
based peptides. The enthalpy and entropy changes associated0.5 cm long drift tube. The drift tube is made up of four sections
with the addition of the first water molecule to the peptides Which can be cooled by liquid nitrogen; the temperature of each section
were obtained from gas-phase ion equilibrium measuremems_is regulated to better that0.5 K by means of microprocessor-based
lon equilibrium measurements have been used for many yearstemperature controllers. The drift tube contains a series of guard rings
to study the interactions between water and a variety of small to ensure a uniform electric field along its length, and it is filled with

. . . He buffer gas to a pressure of around 4 Torr. After traveling across
0-36
molecules’ While this approach has been used to examine the drift tube under the influence of a weak electric field, some of the

the rehydration of individual amino acids and small polypep- ions exit through a small aperture. These ions are focused into a
tides?237as well as proteing!to our knowledge this is the first  quadrupole mass spectrometer, and after being mass analyzed, they
time these experiments have been performed on polypeptidesare detected by an off-axis collision dynode and dual microchannel
that are large enough to adopt secondary structure. The alanineplates. In the present studies, two different types of measurement were
based peptides studied here were selected because previous woglerformed: drift time and equilibrium measurements.
has shown that the conformations of the protonated peptides Drift times are obtained by using an electrostatic shutter to admit a
can be switched between helical and globular (a compact :'short (56_—100/_45) pul_se_of igns into the drift tube and reco_rding.the
random-looking structure) through the interaction of the charge 10"~ arrival time distribution at the detector. The arrival time
with the helix dipole®3Furthermore, the study of the hydration dlstrl_butlo_n is then _converted mtp a drift time dl_strlt_)utlon by accounting
. . . o . . for flight time outside of the drift tube. The drift times are converted

o e basedpepiies i ST by slarines VGORNONC o ol o secons

i in; Vi ili idu y involved i
complicated side-chain interactions, which renders analysis more 12

e ay_ (181711 1
difficult. Our measurements show that the globular Ac- Qavg 16 [EJF ”—h]
KAo+H™ (Ac = acetyl, A= alanine, and K= lysine) adsorbs
water far more strongly th‘?m'hel'ca_l A_(:'AQQK+H+' However, wherem is the mass of the peptide iomy, is the mass of the buffer
we were not able to obtain quantitative information about the a5 £ is the drift field, L is the length of the drift tube, andis the
different hydration tendencies of the helix and the globule pyffer gas number density.
because we were unable to observe significant water absorption Equilibrium measurements were performed by admitting a known
on the helix under any experimental conditions. Molecular partial pressure of water vapor in the drift tube and recording the
dynamics (MD) simulations indicate that a network of hydrogen intensity of the reactants and products in the mass spectrum. The water
bonds binds the water to the globular Ac-AH™*, while no vapor pressure was regulated with a leak valve, and the measured
such network exists for the counterpart. We have studied the gLeSSUfe W?SdCOFYIGCted to aCCOtt_mlt for the effect ofI theollauffer gtas _fIO\I/lv.
hydration of the shorter analogues, Ags&+H* and Ac- The corrected water vapor partial pressures employed were typically
A1sK+HT, to determine whether peptide length plays any role. in thetl—z rtr;]T?r:r]range, with aroundt4 -LO" of r;ehumdbuffzr gals. |tf|§ Id
We have also examined the hydration of doubly charged Ac- imporiant that ese measurements be periormed uncer low-lie

n n N . conditions, where the collisional heating caused by the drift field is
A1sK+2H", Ac-KAz0+2H", and Ac-AK+2H". As might be negligible. The critical quantity for ascertaining low-field conditions

anticipated, the doubly charged peptides bind water slightly more js g/ (drift field/total pressure}: Most of our experimental data were
strongly. Finally, we have examined some peptides, such as Ac-obtained with a drift voltage of 280 V, which gives Bfp ~ 2.3 V/cm-
A1sHGH-NH>+2H" (H = histidine and G= glycine) and Ac- Torr for singly charged ions. Some measurements were also done with
AsH, that were specifically designed to bind water strongly. a drift voltage of 180 V E/p ~ 1.5 V/cm-Torr), and these were not
significantly different from measurements performed with a drift voltage
of 280 V. Klassen et al. have conducted similar gas-phase equilibrium

All experimental data were obtained using a variable-temperature, measurements at 2 V/cm-TdfrKeesee et al. have reported equilibria
injected-ion drift tube apparatus that has been described in detail with E/p near 15 V/icm-Torf? A simple estimate of an effective
elsewheré? Briefly, the ions are produced by an electrospray source temperature increase due to collisional heating by the drift field can
be obtained fror?
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Experimental Section

(23) Woenckhaus, J.; Mao, Y.; Jarrold, M.F-Phys. Chem. B997, 101, 847—

851. P
(24) Woenckhaus, J.; Hudgins, R. R.; Jarrold, MJFAm. Chem. Sod.997, Mg vy

119 9586-9587. 0T = Sk 2)
(25) Fye, J. L.; Woenckhaus, J.; Jarrold, M.J- Am. Chem. S0d.998 120, kB

1327-1328.

(26) Zwier, T. S.J. Phys. Chem. 2001, 105 8827-8839.

(27) Mons, M.; Dimicoli, I.; Tardivel, B.; Piuzzi, F.; Robertson, E. G.; Simons,
J. P.J. Phys. Chem. 2001, 105 969-973.

(28) Robertson, E. G.; Simons, J.Phys. Chem. Chem. Phyz001, 3, 1-18.

(29) Robertson, E. G.; Hockridge, M. R.; Jelfs, P. D.; Simons, Jl. RPhys.
Chem. A200Q 104, 11714-11724.

(30) For a recent review, see: Kebarle,lft. J. Mass Spectron200Q 200,
313-330.

(31) Lau, Y. K.; Kebarle, PCan. J. Chem1981, 59, 151-155.

(32) Meot-Ner (Mautner), MJ. Am. Chem. S0d.984 106, 1265-1272.

(33) Meot-Ner (Mautner), M.; Speller, C. \J. Phys. Chem1986 90, 6616—
6626.

(34) Meot-Ner (Mautner), MJ. Am. Chem. S0d.988 110, 3071-3075.

whereuwp is the drift velocity. With the conditions employed here, the

estimated effective temperature increase is well below 1 K. A number
of steps were taken to ensure that equilibrium was, in fact, established.
First, as noted above, measurements performed with drift voltages of
180 and 280 V gave identical results for all the peptides discussed
here. Second, drift time distributions of the unsolvated and hydrated
ions are virtually identical, which is expected if an equilibrium is

established. However, for the relatively large ions studied here, this is
an insensitive test for equilibrium because addition of a single water

(35) Meot-Ner (Mautner), MJ. Am. Chem. S0d.988 110, 3075-3080.

(36) Blades, A. T.; Klassen, J. S.; Kebarle,>.Am. Chem. Sod 996 118
12437-12442.

(37) Meot-Ner (Mautner), MJ. Am. Chem. S0d.984 106, 278-283.

(38) Hudgins, R. R.; Ratner, M. A,; Jarrold, M. B. Am. Chem. Sod.998
120, 12974-12975.

(39) Hudgins, R. R.; Jarrold, M. B. Am. Chem. S0d.999 121, 3494-3501.

(40) Kinnear, B. S.; Hartings, M. R.; Jarrold, M. . Am. Chem. So001,
123 5660-5667.

molecule does not cause a significant change in the mobility. For the
Ac-AisH+H™ peptide, the drift time distributions for the unsolvated

(41) Mason E. A.; McDaniel E. WTransport Properties of lons in Gases
Wiley: New York, 1988.

(42) Keesee, R. G.; Lee, N.; Castleman, A. W.,JrAm. Chem. Sod.979
101, 2599-2604.

(43) Wannier, G. HPhys. Re. 1951, 83, 281-289.
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peptide and for the adduct with a single water molecule are significantly 13 T T T T T
different at low temperature. As we discuss further below, there appear +
to be two Ac-AsH-+H™ conformations at low temperature with slightly 12 Ac—KAg+H

different water affinities.

Equilibrium constants were obtained from x 11k
c
| benii -
__ 'peptide-water
K=y 5 ®) 10
peptid(Pwater
) ) . fee . | 1
wherelpepide@Ndlpeptide-water are the intensities in the mass spectrum of 090040 50042 00044 0.0046

the unsolvated peptide ion and the peptide ion with a single water 1/T K1
molecule attached, ari}awris the partial pressure of water in the drift ’

tube in atmospheres. The intensities were obtained by integrating the Figure 1. Van't Hoff plot (In K against 1T) for the addition of the first
peaks in the mass spectrum using Origin 5.0. As a test of our proceduresVater molecule to Ac-KAot+H". The points are the measurements, and
we examined the hydration of &H*, which has previously been the line is a linear least-squares fit

studied by Klassen et &.at 293 K. At the same temperature, we found . N n .
a good linear relationship between thgyide-watel | pepiiceiNtensity ratio example is shown in Figure 1 for the Ac-lsg-H™ peptide. It

and the water partial pressure. The standard Gibbs free energy changdS €vident that the results generate a good straight Rie<(
(AG®) for addition of the first water to &-H* at 293 K was found to 0.975). The van't Hoff plots for all peptides studied here have
be —35.1 kJ mot?, in good agreement with the36.8 kJ mot? value RZ > 0.97. The reproducibility of the equilibrium constants for
reported by Klassen et @Our value forAG® for addition of the second ~ Ac-KA +H™ (shown in Figure 1) is not as good as those for
water to G+H* is —25.1 kJ mot?, in good agreement with their value  the other peptides studied. This is attributed to a small amount
of —25.9 kJ mot™. Klassen et al. reported that théG° values were of the dimer, (AcKAg),+2HT, that survived in some of the
generally more negative than accepted values by-8.@¢ kJ mof™. experiments. The slope of the van't Hoff plotisAH°/R, while

;Zei)(’) s:gfsisgﬁgig}gir:ziiaﬁgm birgilcj:(:: tgﬁ?ﬁ:?ﬁgﬁﬁgﬂ‘j ‘gﬁ:i;ﬁjggthe intercept IAS’/R. For addition of the first water molecule
J ping ' ' to AcKAo+H™, we obtain from Figure 1 thaAH® = —47.0

of AG® might be slightly less negative than the values reported by 1 — 1 1 .
Klassen et al. because of collisional activation in the same region, kJ mol” andég = —114 JK* mol™ The rgsults obtained
causing loss of water from the hydrated ions. Fer-&*, the singly from the van't Hoff plots are summarized in Table 1. The

hydrated ion is by far the most abundant ion in the mass spectrum, Uncertainty estimates in the table are derived from the standard
which means that théeptide-watef|peptice iNtensity ratio is particularly deviations of the slopes and intercepts of the van’t Hoff plots
sensitive to collisional activation. The larger peptides studied here have of n points multiplied by the 95% confidence interval coef-

a substantially lower affinity for water than,®&H*, and so collisional ficients from the Student's-distribution forn — 2 degrees of
activation is not expected to be a significant source of error. freedom?s In the past, it has been found that equilibrium-based

Doubly charged dimers and other higher order multimers are a measurements from different groups usually agree to within 4
potential source of error because they have the safmeatio as the kJ mol? for AH° and to within 8 J K1 mol-! for AS.

singly charged peptide, and thus they are hidden in a low resolution | bilit t d | lar d . imul
mass spectrum (in the absence of watéfhe presence of dimers and on mobility meéasurements and molecular dynamics simuia-

other multimers can usually be discerned from the drift time distribu- tions for AcKAgot+H™ show that this peptide adopts a globular
tions. The dimers and other multimers were largely eliminated by raising cOnformation in the gas pha$&?* On the other hand,
the injection energy (the potential difference between the exit of the ACA20K+H™, with the lysine at the C-terminus, is anhelix.
electrospray source and the entrance of the drift tube) te-600 eV, The difference in the conformation is attributed to the location
or by raising the temperature of the heated capillary (by increasing the of the lysine, which is expected to carry the charge. In
temperature of the metal block in which the capillary is mounted from  AcKA,o+H*, the protonated lysine side chain is at the N-
its normal operating temperature of around F@to 120-150 °C). terminus, where unfavorable interactions between the charge
In some cases, such as the Ac#AH" peptide, a small amount of 51 the helix macrodipole disrupt helix formation, while in
dlmgr persisted, even with the increased injection energy and ra'sedAcA20K+H+, the protonated lysine interacts favorably with the
capillary temperature. helix macrodipole and further stabilizes the helix by forming
Peptide Synthesis hydrogen bonds to the dangling CO groups at the C-termi-

All peptides with the exception of Gwere synthesized using nUS?é'_Sg Desplte. examining a W'de, ra.n.ge of experimental
FastMoc chemistry on the Applied Biosystems model 433A peptide conditions, we failed to observe any significant amount of water
synthesizer. After cleavage with a cocktail of 95% trifluoroacetic acid adsorption on the AcAK+H™ helix. Figure 2 shows mass
(TFA) and 5% water, peptides were precipitated, centrifuged, and then spectra recorded for globular Acké+H* and helical
lyophilized. G at 99+% was obtained from ACROS Organic. For all  AcA,K-+H™ with around 5.9 mTorr kD in the drift tube and
but G, the electrospray solution consisted of 2 mg of peptide in 1.0 with a drift tube temperature near 224 K. While water adsorbs
mL of TFA and 0.1 mL of water. The optimum signal fog ®as found quite well onto the globular Ac-Kgy+H™ peptide (a maximum
to re-_sult from a s_olution of 1 mg in 10 mL of methanol and 5 drops of 4t two water molecules were found to adsorb), the helical Ac-
glacial acetic acid. AoK-+H* shows no evidence of any adsorption. For most of
Experimental Results the experiments, we kept the water vapor partial pressure in
the drift tube below 8 mTorr in order to prevent water
‘condensation on ions at the exit aperture and increased scattering
from water molecules outside the drift tube. Some measurements

Equilibrium constants were measured at various temperatures
and van't Hoff plots (InK against 1T) were obtained. An

(44) Counterman, A. E.; Valentine, S. J.; Srebalus, C. A.; Henderson, S. C.;
Hoagland, C. S.; Clemmer, D. B. Am. Soc. Mass Spectrot99§ 9, (45) Meot-Ner, M.; Sieck, L. W.; Liebman, J. F.; Scheiner JSPhys. Chem.
743-759. 1996 100, 6445-6450.
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Table 1. Experimental Values for AH°, AS°, and AG®°, and Values of AH° Deduced from the MD Simulations for Addition of the First Water
Molecule to the Peptides Studied Here

experimental values

structural AH°, AS°, AG®, k] mol™ calcd AH° 2
peptide assignment kJ mol~* JK~mol~* 243K 293 K kJ mol~1
Ac-KA o+ HT glob —47.0(3.5) —114(15% —19.3 —13.6 —52
Ac-AxK + HF helix > —10° —43
Ac-KA o+ 2HT glob —47.7(2.7) —92(11) —25.3 —20.7 —50
Ac-AK + 2HT helix —40.6(1.9) —87(8) —19.5 —15.1 —49
Ac-KA 15+ HT glob —48.9(2.3) —131(10) -17.1 —-10.5 —60
Ac-AsK + H* helix —47
Ac-A1sK + 2HT helix —47.6(2.4) —114(10) —19.9 —14.2 —54
Ac-A1sHGH-NH; + 2H* helix —59.9(4.7) —162(19) —20.5 —-12.4 —51 (—71y
Ac-AjsH + HF helix —62.7(3.0) —187(13) -17.3 -7.9 —53 (—61y

aThe calculated\H® is assumed to be given by the negative of the water-binding energy (the average potential energy with the water bound minus the
average potential energy without a bound water molecBlgncertainty estimates, in parentheses, are derived from the standard deviations of the slopes and
intercepts of the van't Hoff plots afl points multiplied by the 95% confidence interval coefficients from the Studeémtistribution forn — 2 degrees of
freedon?> © Assuming it is possible to detect a product of 2% of the reactant ap@plrtial pressure of 113 mTorr at 243 K (see tek#\fter manipulating
the conformations of Ac-AHGH-NHx+2H" and Ac-AisH + HT to find stronger binding sites (see text).

2000 | T | Table 2. Mea_sured and Calculated_CoIIision Cross Sections and
Structural Assignments for the Peptides Studied Here

Globular cross section, A22 structural

Ac— KA20+ H+ peptide measured calculated® assignment
1500 Ac—-KA yo+H* 332 335 glob
Ac-AyK +H* 381 380 helix
Ac-KA zo+2H" 336 329 glob
%) Ac-AyK +2HT 377 361 helix
< Ac-KA 15+H* 274 279 glob
3 1000 Ac-AgsK+H* 308 303 helix
&) Ac-AsK+2HT 304 299 helix
. Ac-A1sHGH-NH, + 2H* 339 332 helix
Helical Ac-AgsH + Ht 299 305 helix

500 AC—A20K+H |
aCross sections determined at 300%Cross section calculated for the
+H,0 lowest energy conformation found in the MD simulations.
\:
L water adsorption is observed for helical Agog&+2H", though

| |
9600 1610 1620 1630 1640

the helix adsorbs only a single water molecule. Van't Hoff plots
m/z, Daltons y 9 P

Figure 2. Mass spectra recorded for Ac-a-H- and Ac-Ak-+H- with for the_two doubly’charged peptides are shown in Figure 3.
around 5.9 mTorr BED in the drift tube and with a drift tube temperature Analysis of the van't Hoff plots yield&\H® = —47.7 kJ mof™*
near 224 K. The spectrum for Ac-két-H* is offset for clarity. andAS’ = —92 J K* mol~* for globular AcKAg+2H" and
AH° = —40.6 kJ mot* andAS = —87 J K1 mol~ for helical

were performed for helical Ac-AK-+H™ with much higher AcA,K+2HT, respectively. These results are compared in Table
water vapor pressure. Even with 113 mTorr water vapor partial 1 to the other values obtained in this work.
pressure at 243 K, there was no sign of water adsorption. Shorter peptides were studied to see how the length affected
Assuming, conservatively, that it is possible to detect a product the thermodynamics for adsorption of the first water molecule.
that is 2% of the reactant intensity, this places an upper limit Cross sections measured for Ac-iAH™, Ac-A;sK+H™, and
of > —10 kJ mof! on the Gibbs free energy change for Ac-A;sK+2H" are summarized in Table 2. Comparison with
hydration of helical Ac-A)K+H" at 243 K. the cross sections for the singly charged analogues and with

We examined the hydration of doubly charged Ac4¢A2H* the results of molecular dynamics simulations (see below)
and Ac-AK+2H™ to determine how the extra charge affects indicate that Ac-AsK+2H" is helical. Hydration studies were
the behavior. The conformations of these species were notnot performed for Ac-KAs+2H" because of the presence of a
determined prior to this work. Cross sections obtained for the significant amount of (Ac-KAs+2H™), dimer which survived
Ac-KA oo+2HT and Ac-AK+2HT peptides from ion mobility both at high capillary temperature and at high injection energy.
measurements are shown in Table 2. Comparison with the crossThe helical Ac-AsK+H™ peptide showed no water adsorption.
sections for the singly charged analogues, Aca it and However, both globular Ac-K&s+H™ and helical Ac-AsK+2H"
Ac-AK+HT, and with the results of molecular dynamics adsorbed water. The van't Hoff plots were of similar quality to
simulations (see below) indicates that the doubly charged those shown in Figure 3. The van't Hoff plots provid&Hi® =

peptides have the same types of comformations as the singly—48.9 kJ moi! and AS* = —131 J K1 mol~! for globular
charged ones: Ac-KA+2H™ is a compact globule and Ac-  AcKA15+H™ andAH® = —47.6 kJ mof!t andAS = —114 J
Ao0K+2HT is helical. K~1 mol~* for helical AcA;sK+2HT, respectively. These values

Both Ac-KA,¢+2H' and Ac-AK+2H' adsorb water more  are compared to the others obtained in this work in Table 1.
strongly than the singly charged analogues. Up to three water Although the doubly charged helices do adsorb water, we
molecules adsorb on globular Ac-K&-2H', and measurable  attempted to design helices that might adsorb water more

J. AM. CHEM. SOC. = VOL. 124, NO. 37, 2002 11151
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15 , —_ I A1sH+H* and Ac-AisH+H"+H;0. The most likely interpreta-
tion of this result is that there are two conformations (which do
not interconvert on the experimental time scale) that have
slightly different propensities to adsorb water. The emergence
- of the two conformations at low temperature does not appear
to affect the van’t Hoff plot for the addition of the first water
to Ac-A;sH+HT. The van't Hoff plot remains linear over the

141 Ac—KAg+2H*
13}

K

12

In

11

10 7 entire temperature range examined, wi& = 0.99. The

9 . . L difference between the cross sections for the two conformations
0.0036  0.0038 0.0040 0.0042 0.0044 found at low temperature is relatively small (313 and 32lA
13 - | : 225 K); it may result from a difference in the arrangement of

the imidazole side chain of histidine, though the precise cause
is difficult to pinpoint with certainty.

The drift time distributions for the other peptides studied here
are usually narrow and close to the width expected for a single
conformation. The only exception is Ac-Kg-2H", for which
the measured peak is slightly broader than that expected for a
8F s single component. This indicates that there are at least two, and

7 i I L maybe more, slightly different globular conformations present
0.0038  0.0040 0'0042_1 0.0044  0.0046 for Ac-KAo+2H"'. These different conformations may have
/T, K slightly different propensities to adsorb water, in which case
Figure 3. Van't Hoff plots (In K against 1T) for the addition of the first the values forAH® and AS® we deduce from the van't Hoff
water molecule to Ac-KAg+2H" and Ac-ApK+2H". The points are the  15t5 are averages. Even when the drift time distribution appears
measurements, and the lines are linear least-squares fits. narrow, there may be more than one conformation present. So
different conformations with slightly different propensities to

strongly. Our first attempt was AC#HGH-NH,, where we 54504 water may occur for some of the other peptides studied
hoped that a water molecule would become bound between thehere as well

two histidines. Our original intent was to study the singly
charged peptide; however, this is not generated in significant Molecular Dynamics Simulations: Methods
abundance. The main peak in the mass spectrum of this peptide
is the doubly charged ion, ActAHGH-NHy+2H"'. The cross
section determined for Ac-cAHGH-NH,+2H is given in Table

2. Comparison with molecular dynamics simulations (see below)
indicates that Ac-AsHGH-NH,+2H" is predominantly helical.
The helical Ac-AsHGH-NHx+2H" peptide was found to adsorb
water very strongly. Water adsorption was detectable at a
significantly higher temperature than for the other helical
peptides discussed abovAH°® and AS’ were found to be
significantly larger as wellAH° = —59.9 kJ mot! andAS’

= —162 J K1 mol™). Ac-A;sH was synthesized for comparison
with the Ac-AisHGH-NH; peptide and in an effort to make a
singly charged helix that might adsorb water more strongly. The
singly charged ion was prominent in the mass spectrum for Ac-
A1sH. Mobility measurements and molecular dynamics simula-
tions (see below) indicate that the AggN+H* peptide is also
helical (see Table 2). The helical Acr#d+H™ peptide was
found to adsorb water even more strongly than AgHGH-
NH,+2H*. The valuesAH® = —62.7 kJ mof! and AS =
—187 J K’ mol~! were deduced from the van't Hoff plot for
addition of the first water molecule to Ac:4H+H™. These are

12 |
11

Ac—AyoK+2H*

10

We have performed molecular dynamics (MD) simulations
to obtain trial conformations for comparison with the measured
cross sections and to obtain some insight into the results of the
rehydration studies. Since the simulations employ an empirical
force field, we can only hope to use them to provide insight
into the gross features of the experimental results, such as why
different peptides adsorb water strongly, weakly, or not at all.
The minor differences predicted by the simulations may not be
reliable? The use of more sophisticated methods is precluded
by the size of the peptides studied here. All calculations were
performed with the MACSIMUS suite of prografisising the
CHARMM 21.3 parameter set. The first objective is to generate
low-energy conformations for the peptides. Most of these
simulations were done using a new simulated annealing schedule
designed to prevent trapping in high-energy local minffiehe

new schedule routinely generates helices starting from a linear
structure (with a helix-forming peptide). However, helical target
structures were started from an ideahelix, while globular
target structures were started from a linear structure. At least
10 simulated annealing runs were performed for each peptide.
the largest values ohH° and AS® found in these studies for The interaction between the peptides and water was examined

either helices or globules, singly or doubly charged (see Table by taking the lowest energy structure generated in the simulated
1. annealing runs and introducing a TIP3P water neaoticarbon

The drift time distributions measured for Acydd+H* at of ezlach residue '? tumo'l Eor' eac?}, rre]s!due,ha 240 ps I\/tI)D
low temperature show two poorly resolved features. For all the Simulation was performed (during which time the water can be
other peptides studied here, single features were observed for

. . . 46) Mitchell, J. B. O.; Price, S. LChem. Phys. Lett1991, 180, 517—523.
all temperatures (excluding features assigned to dimers and othe(47) hitp://iwww.icpf.cas.cz/jiri/macsimus/default.htm

multimers). Two features were observed at low temperature for (48) Following 15 ps at 600 K, the temperature is stepped down by 10K for 45
" . ! X ps. The temperature is then stepped up by 200 K for 15 ps, and stepped
both Ac-AisH+H™ and Ac-AisH+HT+H,0 (the peptide with down by 210 K for 45 ps. This 200 K step-Up and 210 K step-down cycle
; ; is repeated until the temperature reaches 530 K. The temperature is then
a smgle water molecule attaChed)' However, the relative dropped to 300 K for 45 ps, raised to 500 K for 15 ps, and then the schedule
abundances of the two peaks are not exactly the same for Ac-  terminates with 360 ps at 253 K. The total elapsed time is 915 ps.
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quite mobile until it finds a favorable binding site); the water
was then removed, and another 15 ps MD simulation was run.
The water-binding energy (which we assume is equivalent to
the negative of the enthalpy change for hydration) is then
approximated by the difference in the average potential energies
taken from the end of the simulations with and without the water
(the water by itself contributes less than 1 kJ mpl Addition

of water often caused subtle conformational changes, but for a
few simulations drastic changes occurred (often with0%
change in the cross section), and these were discarded (the
criteria used was 5% change in the calculated cross section).
The experimental results indicate there are no substantial
conformational changes with water addition.

The ion mobility measurements provide average collision
cross sections (or more correctly, average collision integrals)
for the peptides. Average collision integrals can be calculated
for the conformations obtained in the MD simulations for
comparison with the experimental results. In the present work, )
the co!lision integrals were calculated using ?n empirical Figure 4. Conformations for helical Ac-4K-+H* and globular Ac-
correctiot® to the exact hard-spheres scattering mé8lel, KA ,ot+H*. (a) The lowest energy conformation found in the simulations
averaging over 50 snapshots taken from the MD simulations for globular Ac-KAxx+H™. (b) The arrangement with the highest water-

- ; binding energy for globular Ac-K&+H™". (c) The arrangement with the
over 35 ps. In the exact hard-spheres scattering model, thehighest water-binding energy for helical AcK+HT. The images were

peptide ion is treated as a collection of hard spheres, and thegenerated with the Weblab Viewer (MSI Inc, San Diego, CaHelical
interactions between the buffer gas atom and the peptide ionregions are reds-sheet regions are blue. Hydrogen bonds (based on a
are treated as hard-sphere interactions. The collision integral isdistance criteria of<2.5 A) are indicated by dashed green lines. The water
obtained by averaging a function of the scattering angle over ':h[)evfl’r;zecvt;t‘l%iﬁdciggegggpe?;tgif:uggzzniﬁ‘:ﬁzr;itThe red arrows in (b)
impact parameter and collision geometry. The scattering angle
is the angle between the incoming and outgoing trajectories in
a collision between a buffer gas atom and the peptide ion. It is where it interacts favorably with the helix macrodipole. The
important that the scattering process is treated correctly; thelowest energy conformation found in the simulations is an
geometric cross section is a poor approximation for large a-helix, where the lysine side chain loops around and the
molecule! Comparison with trajectory calculations has shown protonated amine hydrogen bonds to the dangling CO groups
that the exact hard-spheres scattering model overestimates that the C-terminal end of the helix. The calculated cross section
cross sections slightly, and so an empirical correction was for this conformation is in good agreement with the measured
introduced*® If the conformation is correct, the calculated cross value (see Table 2).
section is expected to be within 2% of the experimental véllue.  Substantial differences in water affinities were observed
In the calculations, we assume that there is no preferred collisionexperimentally for these two peptides. The arrangements with
geometry; in other words, there is no alignment in the drift field. the highest water-binding energies found in the simulations for
This assumption is valid in the low-field regime where the globular Ac-KAgg+H™ and helical Ac-AK+H* are shown in
measurements were performed. In this regime, the motion of Figure 4b and c, respectively. In the simulations for the Ac-
the ions in the drift field can be thought of as directed diffusion. KA ,;+H* globule, it was found that water preferred to bind in
pocket-like sites (folds in the peptide surface where multiple
hydrogen-bonding partners are available). There are three
Water Adsorption on Globular Ac-KA »+H™ and Helical preferred pocket-like sites in the globular conformation shown
Ac-A)K+H*. For these peptides, we assume that the lysine in Figure 4: near the turn region from Lys1 to Ala6 (marked
side chain is protonated. For Ac-ké+-H*, the charge is atthe by the lower red arrow in the figure), at the end of the short
N-terminus, where unfavorable interactions with the helix helical section from around Alall to Alal4 (marked by the
macrodipole destabilize the helix. The lowest energy conforma- upper red arrow in the figure), and between the side of the helix
tion found in the simulations is a globule, which is shown in and the loop section (which is occupied by a water molecule in
Figure 4a. This and the following figures show a snapshot of the figure). In this site, the water is involved in an expansive
the conformation taken at the end of the MD run. The network of hydrogen bonds involving the acetyl carbonyl group
conformation shown in Figure 4a has a loop region and a shortand the carbonyl groups of Alal4 and Ala9. Water adsorption
helical section stabilized by the lysine side chain wrapping near the charged group is less favorable because the charged
around and interacting with the C-terminal end. The calculated primary amine interacts very strongly with the backbone
cross section for this conformation matches the measured valuecarbonyls, and these interactions must be disrupted before the
(see Table 2). For Ac-4K+H™, the charge is at the C-terminus, ~water can bind>52In the MD simulations, the water molecule
is initially quite mobile and moves around until it finds a

(49) Kinnear, B. S.; Kaleta, D. T.; Kohtani, M.; Hudgins, R. R.; Jarrold, M. F.  favorable binding site, which is usually one of the three
J. Am. Chem. So200Q 122, 9243-9256.

(50) Shvartsburg, A. A.; Jarrold, M. Ehem. Phys. Lett1996 261, 86—91.

(51) Shvartsburg, A. A.; Schatz, G. C.; Jarrold, M.F.Chem. Phys1998 (52) Mao, Y.; Ratner, M. A,; Jarrold, M. B. Am. Chem. So200Q 122, 2950—
108 2416-2423. 2951.

Molecular Dynamics Simulations: Results
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mentioned above. It usually takes less than 100 ps for the water
to become localized.

The interaction between water and the Agdd+H™ helix
is much weaker than for the globule. Any water molecule placed
in the middle region of the helix either desorbed or migrated to
one of the ends, where hydrogen-bonding partners are available
The C-terminus appears to be preferred, presumably becaust
the charge there provides some additional electrostatic stabiliza-
tion. In the conformation shown in Figure 4, the water molecule
has penetrated between a carbonyl CO group and the charge«
amine to form hydrogen bonds to both of them. Even though
the charge is less well shielded than in the globule, this is still
not a strongly favored process, and the water-binding energy
remains relatively low. The water is bound less strongly to the
helix than to the globule because it is unable to participate in
an extended hydrogen-bonding network. This is due to the fact ¢)
that the hydrogen-bonding network of the helix ties up a large
fraction of the potential hydrogen-bonding partners.

The highest water-binding energies found in the simulations
are 52 kJ mot! for globular Ac-KAxg+H™ and 43 kJ mot!
for helical Ac-Axo)K+H™. Assuming that theAS® values for
addition of the first water molecule to the helix and globule are
equal, the difference in the binding energy predicted by the
simulations (9 kJ mott) is just enough to account for the
absence of a measurable helixater adduct. TIP3P uses
ayerage propert_les appropn:_;lte for the liquid Sﬁétand_ the .. Figure 5. Conformations for helical Ac-AK+2H" and globular Ac-
dipole moment, in particular, is too large (2.347 D), which will - x, 21+ (a) The lowest energy conformation found in the simulations
exaggerate chargalipole and dipole-dipole interactions. Thus  for helical Ac-AgK+2H*. (b) The arrangement with the highest water-
the interaction between the water molecule and the helix may E:”ﬂ?sgt evr\;eeltrg?/li(i)r:dhiﬁlic?el r@ﬁ'ﬁiﬂ%‘f- I(c?l')d)laTrheA ?Z‘Af:gﬁg‘e[}tﬁewméhe
be slightly overestimated. ar?angements showng have galmost idg(]antigal water-bindiné energies. The

The Doubly Charged Species: Ac-KAg+2H™ and Ac- images were generated with the Weblab Viewer (MSI Inc, San Diego, CA).
A,0K+2H™. The location of the second charge is an issue for (x-HeIi<_:a| region; are regi-sheet reg_ion; are blue. Hydrogen bonds (based
the doubly charged peptides. While it is clear that the charge Svg;f;:tfggéscéﬁégg;2a'ié{eﬂ?o'n”g;cfﬁfedebgrg:rfhs%%grrgsn lines. The
should reside on an amide CO, there are 21 different sites
available. The proton may even be mobile, jumping among the
different site*5>However, at the temperatures employed here, were obtained by placing the second proton near the C-terminus.
the charge is probably localized (or at least moves very slowly) This led to the formation of partiat-helices {-helix at the
because of the activation barrier associated with disrupting and C-terminus and-helix at the N-terminus). Az-helix hasi,i + 5
re-forming the shell of carbonyl groups that stabilizes it. In any hydrogen bonds (4.4 residues per turn), whilecahelix has
case, the possibility of a mobile proton is not incorporated into i,i +4 hydrogen bonds (3.6 residues per turn). The lowest
the MD simulations. Placing the second charge at the C-terminusenergy Ac-AK+2H" helix generated in the simulations is
of Ac-KA20+2H" resulted in an unraveled-helix with a large shown in Figure 5a. This was obtained by protonating the
collision cross section. Protonation of the amide CO at the carbonyl CO of Alal7. In this, and in many other low-energy
middle (Alall) led to globular conformations. As shown in helices found in the Ac-AK+2H" simulations, the charges
Table 2, the cross section for the lowest energy globule obtainedare quite close together (within 4 A). Favorable interactions
in this way is in good agreement with the measured value. petween the helix macrodipole and the two charges presumably
Protonation at other sites may also lead to globular conforma- compensate for their mutual repulsion. Similar cooperative
tions, some of which may be lower in energy than the one stabilizing effects have been discussed in the context of
obtained by protonating Alall. noncovalent complexes of unsolvated peptitféEhe presence

Eight different protonation sites were tried for the second of the two charges causes quite extensive disruption of the
proton in Ac-AoK+2H". While the force field energies for  C-terminal end of the helix (the lysine side chain now appears
chemically different species are usually not comparable, in the to be inserted into the last helix turn), presumably in order to
present case the difference is only the location of a chemically maximize the shielding of the charge. The calculated cross
identical protonation site, and so a reasonable comparison carsection for the lowest energy Ac.4<K+2H* helix found in the
be made. For Ac-AK-+2H", the low-energy conformations  simulations is significantly smaller than the measured value (see
Table 2). The small cross section presumably results from the
(3) Lyne. P.D. Hodoscek, M.; Karplus, M. Phys. Chem. 999,103 3462~ partial 7-helical character and from the relatively compact

(54) Dongre, A. R.; Jones, J. L.; Somogyi,;AVysocki, V. H.J. Am. Chem. arrangement at the C-terminal end.
Soc.1996 118 8365-8374.

(55) Rodriquez, C. F.; Cunje, A.; Shoeib, T.; Chu, I. K.; Hopkinson, A. C;
Siu, K. W. M. J. Am. Chem. So@001, 123 3006-3012. (56) Kaleta, D. T.; Jarrold, M. FJ. Am. Chem. So002 124 1154-1155.
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Table 3. Table of Some Related Water Adsorption tight-knit system of hydrogen bonds with less flexibility than
Thermochemistry Values Taken from Previous Work the singly charged analogue. Binding a water molecule inside
measured AH®, measured AS®, a pocket requires a significant reorganization to make room for
species kJ mol ! J K mol™* it. In Figure 5d, for example, it is necessary to disrupt some
2:4;”: b —gg-g —188 . hydrogen bonds in order to get the water to fit. Binding water
Czlj5Nij3+ . 739 _108 on the outside should minimize the perturbation to the geometry.
N-CeHaNHa* @ —63.6 —95.4 The most favorable situation would be to have multiple
HCONHg* ® —88.7 —114 hydrogen-bonding partners already in the perfect orientation to
E\ICHHQ(ZSSTNL » :3451'2 __1357’9 bind a water molecule (then there is no energetic penalty
NHo* (CH)soNHs* @ 657 850 associated with rearranging the peptide).
imidazole-H" ¢ —61.9 —99.6 Length Effects: Ac-KAis+H™, Ac-AisK+H™, and Ac-
CH,COH"-Ala-OCHy/ —544 —88.7 A1sK+2HT. Calculated cross sections for the lowest energy
aReference 33 Reference 32 Reference 319 Reference 36¢ Ref- structures found in the MD simulations are compared to the
erence 35' Reference 37. measured values for Ac-KA+HT, Ac-A;sK+HT, and Ac-

A1sK+2HT in Table 2. There is good agreement for all species,
Water binds only to the ends of the Acd+2H" helix in even for the doubly charged helix, which is again a partial

the simulations; it prefers the charged C-terminus. The arrange-”'hel'x, (though with a less c+ompact arrangement at the
ment with the highest water-binding energy found in the C-terminus than for Ac-£K+2H).
simulations is shown in Figure 5b. In this arrangement, the water  The lowest energy conformation found for globular Ac-
interacts with the protonated amine and two backbone CO KAis+H™ has some features in common with that for Ac-
groups. Comparison of parts a and b of Figure 5 shows water- KA20+H+, in particular a short helical section stabilized by the
binding to the protonated amine without disrupting other lysine side chain wrapped around to the C-terminal end. The
interactions (unlike the singly charged helix, where formation Preferred water-binding sites are close to the N-terminal end of
of a hydrogen bond to water required the disruption of another the short helical section and near the charge. The site near the
to a backbone CO). This explains why the doubly charged helix charge appears to have the highest water-binding energy. Here,
has a larger propensity to adsorb water than the singly chargedthe water forms a hydrogen bond to the protonated amine
one (see Table 1). The water is able to bind to the protonatedWithout displacing a CO group. This presumably occurs because
amine without disrupting other interactions because the two the charge is less well shielded in Ac-K#-H™ than in Ac-
charges are so close in the doubly charged helix that they areKA20+H", because fewer backbone CO groups are available.
not as well shielded. This provides an explanation for why Ac-KA+H* has a more
Previous work has shown that water binds more strongly to hegativeAH® than Ac-KAgo+H*, though the difference in the
an unshielded protonated Carbonyl group than to an unshielde@imulaﬁons is Substantia”y |al’gel’ than the expel’imental result
—NH3+ group (Compare the hydration thermodynamics for (See Table l) In the most favorable Water-binding site for helical
(CHs),COH" and GHsNHs" given in Table 3), yet in the Ac-A1sK+HT, the water disrupts hydrogen bonds between the
structure shown in Figure 5b, the water is bound to the amine Protonated amine and a backbone CO and forms two hydrogen
rather than the carbonyl group. One contributing factor may be bonds between water and the protonated amine and one
that the amide carbonyl is more basic (better able to stabilize hydrogen bond between the water and the backbone CO. The
the positive charge) than a ketone carbonyl, and more like anWater-binding energy for helical AcAK+H" is substantially
amine in its basicityS But probably more important is the fact ~less than that for globular Ac-KA+H™, which explains why
that the water interacts with more than just the protonated group.no hydration product is observed for the helix. The measured
In Figure 5b, the water also hydrogen-bonds to two carbonyl AH® is significantly larger for Ac-AsK+2H* than for Ac-
groups, in addition to the NHz* group. The energetic cost of ~A20K+2H". This difference is only partly reflected in the
disrupting existing hydrogen bonds (while not a factor here) simulations where the enhanced water-binding energy for Ac-
will also contribute to the overall energetics of water binding. A1sK-+2H" appears to result, principally because the second
The _NH3+ group seems to make more but weaker hydrogen Charge (WhICh is located near the C-terminus on the CO of Alal4
bonds than the protonated carbonyl group. in the lowest energy conformation found in the simulations) is
When a water molecule interacts with globular Ac4A2H, very poorly shielded. It is possible that the more extensive
it localizes in a few favorable binding sites, much like the singly disruption of the C-terminal end that occurs for Agok+2H"*
charged peptide. The two arrangements with the largest water-(@nd presumably leads to better shielding) is unfavorable in a
binding energies found for the lowest energy Ac-A2H" shorter helix.
conformation are shown in Figure 5¢ and d. The water-binding  Peptides Designed To Bind Water: Ac-AsHGH-NH x+2H*
energies for these two arrangements are almost identical. Inand Ac-Aj;sH-+H™. For both peptides, we assumed that the
Figure 5c, the water is bound on the outside of the peptide by histidine side chains are protonated. And for both peptides, the
two hydrogen bonds to backbone NH groups. In Figure 5d, the lowest energy conformations found in the simulations were
water is inserted into a hydrogen bond between a backbone COhelical, with calculated cross sections in reasonable agreement
and the protonated amine and forms another hydrogen bond towith the measured values (see Table 2). The lowest energy
another backbone CO. These two conformations illustrate thatconformation found for Ac-AsHGHNHz-2H*' is shown in
the energetics for binding a water molecule in a pocket and on Figure 6a. The two protonated histidines disrupt the C-terminal
the outside can be quite close for the doubly charged globule. end of the helix, so that it is net-helical over its whole length.
With two charges to shield, the doubly charged globule is a When histidine is protonated, the charge is distributed over both
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The lowest energy conformation found for AgsN+H™ is
o-helical, with the protonated histidine sitting over the C-
terminus (see Figure 6c). Because of the geometry and size of
the histidine side chain, only one of the charged secondary
amines can interact with dangling CO groups at the end of the
helix, leaving the other completely unshielded. The unshielded
secondary amine is the favored binding site of water, according
to the simulations. However, the binding energy is only 53 kJ
mol~1, which is less than the experiments suggest (AgHA-H™"
has the largeshH® of the peptides studied here). This suggests
that the water may be bound more strongly to AgiA+-H™ in
a way analogous to that shown in Figure 6b for AGHAGH-
NHx+2H*, where the water is trapped between the histidine
side chain and the end of the helix. However, the water
invariably escaped from this site when MD simulations for Ac-
A1sH-+H™T were started from a similar geometry. The resulting
conformation with the highest water-binding energy (61 kJ
mol~1) is shown in Figure 6¢c. Here the water is in a bridging
position between a backbone CO and the histidine side chain.
The water-binding energy for this conformation is still relatively
low.

Discussion

Comparison with Thermochemistry for the Hydration of

Small Protonated MoleculesTable 3 shows\H® andAS’ for

the adsorption of the first water molecule onto a selection of

small protonated molecules that are related to the peptides

studied here. The enthalpy changes are generally larger for the
smaller molecules in Table 3 than for the peptides, because the

Figure 6. Conformations for helical Ac-AsHGH+2H" and helical Ac- small molecules have exposed charges, except fQOTHH*-

AgsH+H*. (a) The lowest energy conformation found in the simulations Ala-OCHz, where the charge is probably partially shielded by

1 72 ), el g enro S fon b the backbone carbonyl on th alanine. " for CH.COH -

inr:atrr]\g)iimulgationssfor Ac-AgH—.i-HJf. (d) The highesgtybinding energy site Ala-OCHg is th_e smalle;t in Table 3, though it is Iarger_tr_lan

found by manipulating Ac-AsH+H*. The images were generated with the for all the peptldes studied here, except for those contalnlng a

Weblab Viewer (MSI Inc, San Diego, CApi-Helical regions are red;  histidine. The entropy changes shown in Table 3 are less

[-sheet regic_)ns_ are blue. Hydrogen bonc_is (based on a Qistance criteria Of\/ariable, and on average smaller, than the entropy changes

<2.5 A) are indicated by dashed green lines. The water is represented by . . . .

a collection of three green spheres. determined for the peptides. This may reflect the simpler nature
of the interactions between the water and the unshielded charges
in the small protonated molecules.

secondary amines in the ring. Itis clearly more difficult to shield |n5ight from the MD Simulations. We cannot expect good

the bulky charged histidine, and in the conformation shown in qantitative agreement between the results of the simulations

Figure 6a, one of the secondary amines is completely unshieldedgng the experiments because of the shortcomings associated with

unlike the lysine analogue. Not surprisingly, this is the highest the use of an empirical force field. However, the simulations

binding energy site for a water molecule, but the binding energy often reproduced the main features of the experimental results.
was found to be only 51 kJ mof (largest from 36 MD runs).  Thus, they provide useful insight into the factors that are

This is larger than the binding energies to the singly charged important in the adsorption of a water molecule onto a peptide,

Ac-A1sK+H* and Ac-AK+H™ helices and comparable to the  and how this process is affected by conformation, charge, and

binding energies determined for the doubly charged Ac- composition.

A1sK+2H" and Ac-AoK+2H" helices, but it is significantly The MD simulations show that large water-binding energies

smaller than expected from the experimental results. This gre achieved by establishing a network of hydrogen bonds to

disagreement may indicate that a significant structural rear- different sites on the peptide. This is facilitated in pocket-like
rangement occurs when the water is adsorbed, so that a networkites either on the surface or within the peptide. Unless the
of hydrogen bonds can be established. By manipulating the Ac- charge is poorly shielded, the charged sites do not emerge as

A1sHGH-NH,+2H" peptide so that a water molecule is placed particularly favorable sites for hydration because interaction with

between the imidazole side chain of a histidine and a carbonyl, water requires disruption of other interactions, primarily with

we found one binding site with a significantly higher binding backbone CO groups. This observation is supported by the
energy. This site, shown in Figure 6b, has the water hydrogen-experimental measurements; the magnitude of the measured
bonded to one histidine and two carbonyl CO groups. The enthalpy changes is consistent with the formation of several
binding energy is 71 kJ mol, which provides reasonable hydrogen bonds to neutral species rather than the larger enthalpy
agreement with the measured value. change expected for interaction with an unshielded charge. Many
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< 200" T T 1 T T the correlation to be linear. The correlation indicates that the

S 180l o | relationship between the stiffness of the new vibrational modes

S and the binding energy is a factor in determining the size of

T 160 I- ° 1 the entropy change. However, it is not the only factor, because

X 140 | ° 7] the correlation is not perfect. The point due to globular Ac-

120 * . KA 0+2H (AH® = —47.7 kJ mot! andAS® = —92 J K1

U 100 |- o = mol~?) clearly has a low value foAS’, suggesting thaAS;i, is

<|] 80 |- |° | | . | = positive and that water adsorption loosens-up this peptide. On
40 45 50 55 60 65 the other hand, the entropy change for water adsorption on

—AH®, kJ mol™’ helical Ac-AisH+H™ (AS* = —187 J K2 molY) is too negative

Figure 7. Plot of AS’ againstAH® for the addition of a water molecule to 0 be accounted for without invoking a negative valueA&;p,
the peptides studied here. The open circles are the experimental data, andndicating that water adsorption stiffens-up the peptide in this
the line is a least-squares fit. The cross _shm andAH?® for adsorbing case. This may also be true for AgsGH—NH,+2H" as well,
a vapor-phase water molecule onto liquid water. ; .

because this peptide also has a large value for the entropy
of the variations in the enthalpy change with charge, conforma- change. Comparison of the large entropy changes of the
tion, and composition can be rationalized in terms of changes histidine-containing peptides—(87 J K* mol™! for Ac-
in how well the charge is shielded. Water generally binds more A1sH+H™) to the moderate entropy change for protonated
strongly to doubly charged peptides because the extra chargémidazole (-99.6 J K'* mol~* in Table 3) also indicates that
disrupts the shielding. The shielding seems to be less effectivewater adsorption on the peptides causes a stiffening or the
for smaller peptides because they have fewer hydrogen-bondingintroduction of some sort of constraint.
partners. And finally, water binds more strongly to histidine- A useful benchmark for comparison with the experimental
containing helical peptides, at least partly because of poor results isAH® and AS® for adsorption of a vapor-phase water
shielding of the sterically cumbersome histidine side chain.  molecule onto liquid waterAH® = —45.3 kJ mot! andAS’

The Entropy Change for Addition of a Water Molecule = —123 J K2 mol~1). This value is represented by the cross
in the Vapor Phase.While the MD simulations provide some in Figure 7. The enthalpy and entropy changes for binding a
insight into the factors that affect the enthalpy change associatedwater molecule to the peptides are closeAid® and AS® for
with binding the water molecule, they provide no real informa- adsorbing a vapor-phase water molecule onto liquid water. This
tion about what is important in determining the entropy change. indicates tha\H° and AS® for transferring a water molecule

The entropy change can be broken down as follows: from the liquid to the solvation shell of the peptide are small,
even for the first water molecule. All of the peptides except for
— I t \(
AS = ASp, + St — Strans — ot 4) Ac-A1sHGH-NH, and Ac-AisH+H* are insoluble in water.

Even these peptides were found to absorb a maximum of only
three water molecules under the conditions we employed. The
second water molecule is significantly less strongly bound than
the first for all the peptides studied here. We were not able to
obtain reliable experimental data for the adsorption of the second
and subsequent water molecules.

Interaction between Water and the HelicesIn all of the
MD simulations conducted oru-helical peptides, lasting
AS,;, = i%ptide in complex_ i-v:)ptide (5) interactions between water and the amide groups involved in
the network of hydrogen bonds that form the helix were never
This is negative if the water molecule stiffens-up the peptide, observed. The water is weakly bound to the side of the helix
and positive if the water molecule loosens-up the peptide. due to the unfavorable hydrogen-bonding geometry and its

AS2e and A2 are easily calculated using the standard inability to form a network of hydrogen bonds. The failure to

where ASa and AS="*" are the translational and rotational
entropy of the water molecule that are lost when water binds to
the peptide ASO™"® is the entropy associated with the six
new internal degrees of freedom (vibrations and internal
rotations) that are formed when the water binds, A&}y is

the change in the vibrational entropy of the peptide when the
water binds,

methods of statistical thermodynamfsirom which we find observe any hydration of the AcéK-+H helix places an upper
ASYE + AGYe = 1856 J KL molL. If AS,, = 0, then the limit on the free energy for interaction of water with the helical

overall AS can, in principle, range from a slightly positive value Peptide group of —10 kJ mof™* at 243 K (see Table 1). Even

to —185.6 J KX mol~%, depending on the size gfSomPe* |f though the hydration of this group is not favorable, it has been

the water is strongly bound to the peptide, then the new modes@rgued that its hydration is an important factor in driving helix
generated when the water binds are expected to have highformatior?® and determining helix propensiti€$.%? Previous
frequencies, while if the water is weakly bound, the new modes MD  studies of the interaction of water with helices have
should have low frequency. Thus, a correlation between the €xamined how the water destabilizes the éftkand how water
entropy change and enthalpy change is expected for binding a
water molecule. Figure 7 shows a plotA$® againstAH® for (58) 1A8/7t]§€|“jr’1Fd:7I§L10' P.; Baldwin, R. LProc. Natl. Acad. Sci. U.S.£000 97,
the addition of a water molecule to the peptides studied here. (sg) Avbelj, F.; Moult, J.Biochemistry1995 34, 755-764.

The open circles are the experimental data, and the line is a(eog Avbel;, F.; Fele, LJ. Mol. Biol. 199§ 279 665-684.
)

. . . (61) Avbelj, F.J. Mol. Biol. 200Q 300, 1335-1359.
least-squares fit. There is clearly a correlation betw&ghand (62) Luo, P.; Baldwin, R. LProc. Natl. Acad. Sci. U.S.A.999 96, 4930-
° i 2 — i 4935.
AH?, with R 0.909, although there is no real reason to expect (63) DiCapua, F. M.; Swaminathan, S.; Beveridge, D.JLAm. Chem. Soc.
199Q 112, 6768-6771.
(57) McQuarrie, D. AStatistical MechanicdHarper & Row: New York, 1976. (64) Soman, K. V.; Karimi, A.; Case, D. Biopolymersl991, 31, 1351-1361.
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insertion can induce the helix to beffdNo evidence for this such a network with the Ac-K+H™ helices. When the charge

behavior was found in our simulations, possibly because the is well shielded by interactions with backbone CO groups, it is

water molecules became localized at the end of the helices. often not directly involved in adsorption of the water molecule,

because it is necessary to disrupt the existing interactions in

order to make room for the water. However, for multiply
Water adsorption on a variety of unsolvated alanine-based charged peptides and for peptides that incorporate histidine

peptides has been studied using equilibrium measurements andhstead of lysine, the shielding is less effective, and the charge

molecular dynamics simulations. Globular Ac-kAH" peptides  site is often involved. Of the peptides that were examined, those

were found to adsorb water, while no water adsorption was that incorporate histidine have the strongest interactions with

detected for helical Ac-&K+H™. MD simulations suggest that  water.

it is necessary to establish a network of hydrogen bonds

involving several different hydrogen-bonding partners in order ~ Acknowledgment. We thank Jiri Kolafa for use of his

to achieve strong interactions between the water molecule andMACSIMUS molecular modeling programs and for his helpful
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