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Zwitterion formation in hydrated amino acid, dipole bound anions:
How many water molecules are required?
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While the naturally occurring amino acids are not zwitterions in the vapor phase, they are in aqueous
solutions, implying that water plays an important role in inducing zwitterion formation. Together,
these observations inspire the question, “How many water molecules are required to induce
zwitterion formation in a given amino acid molecule?” In this paper, we address this question in the
context of mass spectrometric and size-selected photoelectron spectroscopic studies of hydrated
amino acid anions. We utilize the facts that zwitterions possess very large dipole moments, and that
excess electrons can bind to strong dipole fields to form dipole bound anions, which in turn display
distinctive and recognizible photoelectron spectral signatures. The appearance of dipole-bound
photoelectron spectra of hydrated amino acid anions, beginning at a given hydration number, thus
signals the onset of greatly enhanced dipole moments there and, by implication, of zwitterion
formation. We find that five water molecules are needed to transform glycine into its zwitterion,
while four each are required for phenylalanine and tryptophan. Since the excess electron may also
make a contribution to zwitterion stabilization, these numbers are lower limits for how many water
molecules are needed to induce zwitterion formation in these amino acids when ndrettra
charges are involved. @003 American Institute of Physic§DOI: 10.1063/1.1620501

INTRODUCTION hydration on zwitterion formation in amino acids has also

The hvdrati f biological molecul K h been investigated theoretically for the cases of alanine and
€ hydration ot biological molecules ranks among _etryptophan. Suhaét al® found that four waters stabilized
most important problems in biology. At the macroscopic

level. seasonal changes. in biclogical ohenomens, are oft the L-alanine zwitterion. Also, Simonet all’ found that

o ges | 9 P . SHree water molecules were sufficient to bring the zwitteri-
triggered by the availability of water. At the microscopic onic form of tryptophan down to an energy only slightly
level, one of the more intriguing examples of water’s dra-

. . . . S . higher than its non-zwitterionic counterpart. Furthermore,
matic effects on biological molecules is zwitterion formation tensi lculat by Gutowiki2 h dealt with
in the naturally occurring amino acids. The facts that thes§ X (ENSIVE calcliations Dy L UTOWSKI ave dealt with
amino acids are not zwitterions when isolated in the gaﬁhe lnfluence of an extra electronic charge on zwitterion
phase’~® but that they are in aqueous solutions, implies tha ormation.

hydration drives their transformation. Moreover, the observa- _MOSt .experlments on 2W|t.ter|0n formation in g-as-phaltse
tion that humidity alone can awaken biological activity in 2MinO acids have not dealt with the role of hydration. Will-

. 22-24 e . . . .
dried proteind hints that the required number of water mol- 12MS et al utilized black body infrared radiative disso-

ecules per unit may be small. ciation (in a FT mass spectromejeaslong with modeling to

Theory has addressed this problem, with several calcusStudy cation—amino acid complexes. He found that the inter-
lations on the minimum number of water molecules neededction of protons and heavy alkali cations with amino acids
to form the glycine zwitterion having been reported. Compu-Stabilized their zwitterionic forms. Beaucharspal®® used
tations by Krogh-Jesperseet al® and Tunonet al® both quadrupole ion-trap mass spectrometry to investigate cation-
found one water molecule not to be enough. Gordpbal,'°  ized aggregates of amino acids, finding zwitteri(salt
however, reported that just two water molecules can stabiliz&ridge formation in them. Also, Wesdemiotég al*® utilized
the glycine zwitterion in a local minimum. Calculations by tandem mass spectrometry to study alkali cation-induced
Kassabet all* found that three water molecules are suffi- zwitterion formation in amino acids. Furthermore, Bowers
cient to lower the glycine zwitterion’s energy into coinci- et al??®employed the ion mobility technique to study pro-
dence with that of its non-zwitterion form. Kokpet al}?>  tonated and sodiated oligoglycines, and Jaretldl > used
predicted that the first hydration shell of the glycine zwitte-the same method to study alkali-cationized polyalanine pep-
rion consists of five water molecules. Novdauggested a tides. Experiments on hydrated amino acid clusters are less
number around five or six. A study by Siebraetlal,’* fa-  common. As an extension of his pioneering work on the
vored the number, six. In the calculations of Foereieal,”>  spectroscopy of bare amino acids, Lestyal>® measured a
even twelve water molecules were considered. The effect alesonant two-photon ionizatio(R2P)) spectrum associated
with hydrated tryptophan clusters. A year later in 1989,
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kbowen@jhu.edu spectrum of the tryptophan—single water complex. Over a
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decade later, Williamst al3?* studied hydrated lithium-
cationized valine complexes and found that hydration pro- Gly(H,0)5
moted further stabilization, with three waters and a lithium
cation leading to zwitterion formation. Also recently, Simons
et all”3* conducted R2PI, ultravioletUV) hole-burning,
and infrared(IR) spectroscopy on hydrated tryptophan clus-
ters, correlating the results with his calculations.

The goal of the experiments reported here was to deter-
mine the minimum number of water molecules necessary to
induce zwitterion formation in several-amino acids. Our
approach was to form hydrated amino acid clusters, to pro-
vide them with low energy electrons in jet expansions, and
then to look with both mass spectrometry and anion photo-
electron spectroscopy for evidence of zwitterion formation.
We conducted these experiments with glyci@y), pheny-
lalanine(Phe, and tryptophar{Trp). Although highlights of
our findings for all three of these will be presented in this
report, for brevity, we will illustrate our results mainly
through the case of glycine.

Gly(H,0)s

A

Gly(H,0);”

Photoelectron Intensity

Gly(H,0)g

EXPERIMENT AND RESULTS

£

T T T T

Glycine was heated t6-170 °C in the source’s stagna- .
Y g Gly(H,0)q

tion chamber which itself was pressurized at 1-2 atm. with
water vapor and argon. This mixture was allowed to expand
through a 25um diameter nozzle into high vacuum. There,
electrons from a biased Th-Ir filament were injected into the
jet in the presence of axial magnetic fields. Through their 25 20 15 10 05 00
many cooling collisions, these electrons formed swarms of
much lower energy secondary electrons, which we believe to
be the main agents of electron attachment. The resulta{g 1 The photoelectron spectra of hydrated glycine anions,
negative ions were then extracted and mass analyzed with[&ly(H,0),] ~, n=5-9, recorded with 2.409 eV photons.
magnetic sector mass spectrometer. Source conditions for
phenylalanine and tryptophan were similar to those for gly-
cine, only slightly hotter, i.e.;~180-185 °C. attack aromatic moieties, thereby opening additional chan-
The mass spectrum of hydrated glycine cluster annels for electron attachment.
ions exhibited no peak at the mass of the glycine Having generated hydrated glycine, phenylalanine, and
parent anion(only fragment ions No peak was detected tryptophan cluster anions, we next conducted anion photo-
for [Gly(H,0);]~. Neither was ion intensity detected electron spectroscopy on each of them separately. Negative
for [Gly(H,0),] ", nor for [Gly(H,0)s]~, nor for ion photoelectron spectroscopy is conducted by crossing a
[Gly(H,0),] ~. At the mass of Gly(H,0)s] ~, however, a mass-selected beam of anions with a fixed-frequency photon
peak appeared, and mass peaks in[BB/(H,0),] ~ series beam and energy-analyzing the resultant photodetached elec-
continued to appear out through= 10, after which the ion trons. It is governed by the energy-conserving relationship,
signals were quite weak. Thys3ly(H,O)s] ~ was the small- hy=EBE+EKE, where lv is the photon energy, EBE is the
est intact hydrated glycine cluster anion to be seen. Thiglectron binding energy, and EKE is the measured electron
result marks a “sea change” in the stability of hydrated gly- kinetic energy. Photodetachment was accomplished with 514
cine anions atn=5, and it alone could be interpreted nm photons(2.409 eV/photopfrom an argon ion laser op-
as being indicative of the onset of zwitterion formation erated intra-cavity. Photoelectrons were analyzed with a
in glycine. hemispherical electron energy analyzer, having a resolution
The mass spectra of hydrated phenylalanine and hyef ~25 meV®®
drated tryptophan anions also displayed size onsets for the Figure 1 presents the photoelectron spectra of
formation of intact cluster anions, these occurringnat4  [Gly(H,0),] ~, n=5-9. The first few spectra are dominated
(rather thann=5) in both of these two cases. Again, such by single, relatively narrowfull width at half maximum
onsets are suggestive of zwitterion formation in and of them{FWHM) ~0.2 eV] peaks at low EBE. This peak in the
selves. We did observe, however, that the mass spectra spectrum of Gly(H,O)s] ~ exhibits a low signal-to-noise ra-
hydrated phenylalanine and hydrated tryptophan anions weito and is centered at an EBE of 0.59 eV. In the spectrum of
more complicated than that of hydrated glycine anions. Th¢Gly(H,O)g] ~, a very similar-looking peak is stronger and
relative complexity of these two systems compared to that oentered at an EBE of 0.62 eV. The much smaller peak im-
glycine is possibly related to the ease with which electronsnediately to its high EBE side is due to the excitation of a

(
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molecular water stretching motion. Peaks analogous to those It is evident that some kind of transformation has oc-
at EBE’s of 0.59 eV and 0.62 eV in the foregoing cases als@urred byn=5 in [Gly(H,0),] ~, and that it can not be
persist in the spectra dfGly(H,0),]~, n=7, 8, and 9. explained in terms of a simple solvated anion model. The
While there is a slight shift to higher EB&ypically ~0.03 interaction that gives rise to this species must have a signifi-
eV) in each case, it is remarkable that all of these peaksant cooperative aspect. The interpretation most consistent
appear at essentially the same EBE in their respective spewsth our results is zwitterion formation. As a consequence of
tra. Thus, as a practical matter, this peak hardly shifts withtheir internal charge separations, zwitterions possess large
hydration number. In addition to this low EBE peak, a highdipole moments. For isolated amino acid zwitterions, the
EBE feature also appears in the spectruimef7 and con-  magnitude of this dipole moment has been variously esti-
tinues to increase in prominence in the spectra©B and 9  mated by theord#*°to be between 11 and 16 D. There are
relative to their low EBE peaks. two ways in which an excess electron could attach itself to
The photoelectron spectra of intact hydrated phenylalasuch a charge-separated, yet net neutral species. One would
nine and hydrated tryptophan cluster anions are very similape to form its valence anion. Anions of salt molecules are
to those of intact hydrated glycine anions. The same lowyell known, e.g., alkali halide anior$,but if zwitterionic
EBE peak seen in the glycine case also emerged in the ph@ly(H,0)s were to form such a valence anion, solvation by
toelectron spectra of both of these cases. In the case of hydditional water molecules would surely cause successive
drated phenylalanine anions, this pgak EBE=0.6 €\) ap-  spectral shifts, and these are not observed among the low
peared with weak intensity first ifPhe&H,0),]". By  EBE spectral peaks.
[PheH,0)s] ~, however, this low EBE peak, i.e., at the  The other opportunity for electron attachment is dipole-
same spectral location, dominated its spectrum. Byinding. In that case, an excess electron is bound by the
[PheH;0)¢] ~, the same low EBE pealagain at EBE-0.6  dipolar field of a neutral molecule or cluster, forming its
eV) was present but weak again, and a high EBE tail-likeanion. Among the conditions that such a neutral species must
feature made its debut in this species. In the case of hydratefeet is that it possess a dipole moment-&.5 D or greater.
tryptophan anions, only one size displayed the low EBE pealsome time ago, we found that anions in which the excess
(at 0.6 eVf described above, and that wWiarp(H,0)4] ~. It electron is dipole-bound display distinctive and therefore
also displayed high EBE features. recognizable photoelectron spectral signatf&hese spec-
tra are dominated by single, narrow peaks located at rela-
tively low EBE, often with weaker spectral features to their
INTERPRETATION AND DISCUSSION high EBE sides, these latter features being due to the mo-

In interpreting these spectra, let us first consider the twdecular vibrations of their components. To illustrate the char-
simplest explanations, i.6.A(H,0),] ~ might be AH,0);  acteristic photoelectron signature of dipole bound anions,
or it might be A"(H,0),,, where A is an amino acid. Accord- Several examples from our work are shown in Fig(Al of
ingly, one might suppose that these spectra are due to tt{Be spectra shown are for species where the excess electron
photodetachment of water cluster anions which have beetfiteracts with a single net dipole, except for (HF)where
solvated, in each case, by an amino acid molecule. We réhe electron is thought to interact separately with both
corded the photoelectron spectra of,@), cluster anions ~dimeric and molecular moietiés) As a rule of thumb, the
some years agdhand they do not resemble the spectra undeEBE of the dipole-bound peak is expected to increase with
discussion here. Alternatively, one might also suppose thethe dipole moment of the neutral molecule or cluster, while
these spectra arise from the multiple hydration of then-  the width of the peak broadens with the internal mode com-
zwitterionic) amino acid molecular anion. All three of the plexity of the system. Figure 2 demonstrates that the spec-
amino acid anions studied here, however, are highly untrum of [Gly(H,O)s] ™ fits nicely into a progression of
stable, autodetachment-prone anions. Electron transmissiahipole-bound photoelectron spectra, where their EBE'’s as
spectroscopy has determined the electron affinity of canoniwell as their widths gradually increase in going from the top
cal glycine, for example, to be-1.9 eV¥’ Siill, one might of the figure to its bottom. This comparison shows that
imagine the effect of many solvents to be the lowering of thedipole-binding is a natural explanation for the spectrum of
energy of an amino acid anion into stability. Previous[Gly(H,0)s]~ and the analogous low EBE peaks of the
studie$®%° have demonstrated solvent-stabilization of other-other[ Gly(H,0),] ~ species. The low EBE spectral profiles
wise unstable anions in the cases of molecular anions sobf the[ Gly(H,0),] ~ cluster anions look like those of dipole
vated by water molecules. Characteristic of this phenomendyound anions.
however, are successive solvent shifypically, ~0.2 eV) in For all the species studied here, their low EBE peaks
the ensuing spectra beyond the cluster anion size with theccur at~0.6 eV. This EBE is large in comparison to most
minimum number of solvent molecules necessary for achievknown dipole bound systems, and it suggests electron bind-
ing anion stability. Not only are five waters too few to stabi- ing to relatively high dipole moments. It is interesting to
lize the highly unstable glycine anion, the fact that sequentiaéstimate whether this value of EBE implies a dipole moment
solvent shifts are absent among the low EBE peaks in thehich is reasonable for a zwitterion, i.e., a consistency
spectra of[ Gly(H,0),] ~ is even more decisive evidence check. Using a calibration curve based on the pseudopoten-
against solvent stabilization of the glycine valence aniortial calculations of Desfrancois and Schermrand assum-
being an explanation. Thus, these two explanations arag their “large” molecule limiting case, implies that a
eliminated. dipole-bound EBE of 0.6 eV corresponds to a dipole moment
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FIG. 2. A comparison of selected dipole-bound electron photoelectron
spectra. . ) i X i )
zwitterion-forming portion. The low EBE peaks are insensi-

tive to the differences between the R-groups. The excess
of roughly 12 D. Twelve Debye is certainly a reasonableelectron is clearly interacting with the charge-separated por-
value for the dipole moment of an isolated zwitterion. How-tion, this being common to all three systems. Thus, it is
ever, the zwitterion species described here have several watenderstandable that different amino acid zwitterions should
molecules associated with them, and while we do not knovhave essentially the same spect@ipole-bound signals.
their structural arrangement in relation to the charge- Having established that five waters are necessary to in-
separated portion of the complex, they are probably orienteduce zwitterion formation in the hydrated anions of glycine,
S0 as to at least partially counteract the dipole moment of awhile four are required in the hydrated anions of both phe-
isolated zwitterion. Thus, we have only a rough idea of whatnylalanine and tryptophan, we next speculate as to the role of
the resulting dipole moment value should be. Likewise,water molecules in zwitterion formation. Certainly, they
methods for estimating dipole moment values from measurederve to lower the energy of the zwitterionic form of a given
EBEs are not well developed. All in all, however, a dipole amino acid in a thermodynamic sense. Beyond this, however,
bound spectral peak at EBH.6 eV is plausible as a hy- two specific functions present themselvé$) The water
drated zwitterion feature. molecules may provide a pathway for proton tran$fét

Remarkably, the low EBE peaks seen in the spectra ofrom the -COOH end of the amino acid to its -Bidnd;(2)

hydrated phenylalanine and hydrated tryptophan anions am@nce formed, the water molecules may also stabilize one or
all located at essentially the same EBE values as in hydrateabth of the zwitterion’s separated charges. Together, these
glycine anions, which themselves all appear at essentially thivo roles suggest a significant degree of orientation for those
same EBE values. This striking finding is shown in Fig. 3,water molecules which were essential in initially forming
where the spectra ofGly(H,O)¢] ~, [Ph&H,0)s] ~, and  zwitterion threshold species, e.g., those in GBO)s ,
[Trp(H,0),] ~ are compared. Gi},0); was selected to Phe&H,0), , and TrgH,0), .
represent the glycine case because it displays the highest These particular water molecules provide the micro-
quality, least complicated spectru(eee Fig. 1. The same scopic environment for a given amino acid that makes proton
reason applied to the selection of thehgH,O)s] ~ spec-  transfer and zwitterion formation possible, and as such, they
trum to represent the phenylalanine case.[Hop(H,0),] ~, are in a category apart from other waters that may subse-
there was only one choice. The sameness of the low EBRuently be added to the complex. In this light, the threshold
peaks in each of the three amino acid systems studied supize of a given hydrated amino acid complex can be seen as
ports our interpretation, because the R-gréwgsidug of an  its core zwitterionic species. This may explain why the low
amino acid is spatially distinct from its charge-separatedEBE, dipole-bound peaks in the spectra of GIyO), and
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Ph&H,0),, shift so little. Once the zwitterionic core is es- closer-in interaction of the excess electron with the frame-

tablished, additional water molecules interact less stronglyvork of its polar complex than is often seen in weaker dipole
and have less need to be strictly oriented, producing relabound anions, such as ¢8), . Furthermore, calculations by
tively small changes in the dipole moment of the system and@utowski;® show that a dipole-bound electron can lower the
thus in its dipole-bound EBE. Subsequent water solvent§nergy of bare glycine’s zwitterion, even though it still re-
simply hydrate the established core. Furthermore, extrapoldn@ins well above the energy of its non-zwitterionic form in
tion of empirical data suggests that the addition of even onéhat case. In addition, his calculations have found that an
Debye’s worth of dipole moment to a pre-existing, large di-excess_electron can stabilize the zwitterions of both
pole moment of say, 10 D can be expected to change it3'gininé*** and betain¥ as dipole bound anions without
dipole binding EBE by only~45 meV. hydration or other stabilizing agent®ecent work in our lab

A comprehensive interpretation of our results also re-confirms both of these predictions, qualitatively and quanti-
quires an explanation for the high EBE spectral tails seen if@tively) While arginine, with the highest proton affinity
the spectra of GKH,0); from n=7-9, of PhéH,0) at &mong the naturally_ occurring amino aC|d§, was already on
n=6, and of TrgH,0), atn=4. The shapes of these fea- the QQQe_ for becoming a zwn_terlon and d!d n_ot neeq ml_Jch
tures at the edge of our electron energy window suggest thégapmzatlon to do.so, and while bare betaine is a zwr_[t_erlon
their full profiles must be quite broad. We tentatively inter- PY itself, Gutowski’s results nevertheless show the ability of
pret these features as being due to the photodetachment BiP0le bound, excess electrons to participate actively in zwit-
hydrated zwitterion, valence anions. The strong interactioff€ion stabilization. Thus, in the case of our present results,
between an excess electron and a zwitterion salt causes tHiPole bound excess electrons are likely helping the water
structure of the resulting valence anion to differ substantiallyn°lecules to stabilize the zwitterions, although we suspect
from its corresponding neutral, inducing a broad Franck_that the r(_)Ie of the excess electrons is minor compared to that
Condon profile(This is in contrast to the relatively narrow of hyd_rgtlon. Thus, we mte_rpret f|v_e water m_ole(_:ules to be
profile exhibited by dipole-bound systems, where the struct’® Minimum number required to induce zwitterion forma-
tures of the anion and its neutral are simjlan the past, we tion in glycine by hydration alone, i.e., without the influence

have seen the competition between dipole-bound and valen@é a net ch_arge, _V\{h'le n phenylglamne and tryptophan Fhe
cluster anions in their race for relative thermodynamicCorresponding minimum number is four each. In light of this,

stability*® and that is probably what we are seeing here Folve conclude that we have determined lower limits for the
examplé, in the cases of GK,0), atn=>5 and 6, their number of water molecules required, in these particular

valence anion manifestations sit higher in energy than theif 25€S: for ZW'Fte”On formation in Wh,‘?”y peutral amino ac-

dipole-bound forms and thus go unseen, whileat7, the ids. The question of whether the stabilization provided by the
valence form has caught up and the two have comparabl%xcess electron is equivalent to that supplied by another wa-
energies. There, both are well populated and thus seen r molecule is an interesting one. We speculate that it is not,
n—8 and 9 hovx;ever the valence forms are winning the réc nd that the lower limits are probably also equal to the actual

for relative stability, and the intensities of the dipole-boundm”‘n_bers of water mqlecule_s required for zwitterion forma-
forms are diminishing by comparison. tion in net neutral amino acid—water encounters.
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