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Serine solutions containing salts of alkali metals yield magic number clusters of the type
(Ser,+C)*, (Serg+C)*, (Ser;,+C)*, and (Ser,;,+2C)"? (where C = Li*, Na*, K*, Rb", or Cs™),
in relative abundances which are strongly dependent on the cation size. Strong selectivity for
homochirality is involved in the formation of serine tetramers cationized by K*, Rb", and Cs™.
This is also the case for the octamers cationized by the smaller alkalis but there is a strong
preference for heterochirality in the octamers cationized by the larger alkali cations. Tandem
mass spectrometry shows that the octamers and dodecamers cationized by K*, Rb*, and Cs™
dissociate mainly by the loss of Ser, units, suggesting that the neutral tetramers are the stable
building blocks of the observed larger aggregates, (Serg+C)" and (Ser;,+C)*. Remarkably,
although the Ser, units are formed with a strong preference for homochirality, they aggregate
further regardless of their handedness and, therefore, with a preference for the nominally
racemic 4D:4L structure and an overall strong heterochiral preference. The octamers cationized
by K¥, Rb*, or Cs™ therefore represent a new type of cluster ion that is homochiral in its
internal subunits, which then assemble in a random fashion to form octamers. We tentatively
interpret the homochirality of these tetramers as a consequence of assembly of the serine
molecules around a central metal ion. The data provide additional evidence that the neutral

serine octamer is homochiral and is readily cationized by smaller ions.
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( jations of the alkali metals, especially Na* and
K", are involved in a wide variety of biological
processes. To take just one example, they partic-

ipate in the stabilization of noncovalently bound com-

plexes of biological macromolecules in living organ-
isms. In particular, telomeric DNA found at the ends of
chromosomes is stabilized by forming multistrand com-
plexes, known as G-quadruplexes, which are held to-
gether by hydrogen bonds and further stabilized by the
incorporation of alkali metal cations into cavities in
their structures [1-3]. Mass spectrometry [1], nuclear
magnetic resonance, X-ray crystallography and other
spectroscopic techniques have shown that small bio-
molecules can also form relatively stable clusters with
alkali metal cations. Examples include nucleobases

[4-6] and nucleosides (as well as their derivatives)

[7-9], and amino acids [10, 11]. A particular feature of

alkali metal adducts of small molecular clusters is that

they often have a net positive charge and can be
characterized by mass spectrometry, a technology that

has proven to be key in many studies of clusters [11-19].
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Electrospray ionization (ESI) [20, 21] is a versatile
ionization technique, which allows biological macro-
molecules, fragile noncovalently bound complexes [22-
26], and other fragile nonvolatile species to be easily
transferred from solution into the gas-phase, where
mass spectral data can be obtained on the resulting ions.
Although the possibility exists of conformational rear-
rangement [27, 28] and other structural changes during
the ESI process, there is overwhelming evidence that
electrospray ionization is successful in the characteriza-
tion of solution-phase species via a study of the corre-
sponding gas-phase ions [24, 26]. Spray ionization
methods derived from the original ESI method include
sonic spray ionization (SSI) [29, 30] and cold spray
ionization (CSI) [31, 32]. Recently, electrosonic spray
ionization (ESSI) [33, 34], a combination of ESI and SSI,
was introduced. This particular spray ionization
method is very gentle, yet readily yields fully desol-
vated ions [33, 34]. The variant methods SSI, CSI, and
ESSI are all believed to provide gentler ionization than
normal electrospray, allowing labile species that exist in
solution to survive the ionization process as well as
being applicable to nonvolatile analytes.

The droplet evaporation process in the gentle variant
methods on ESI can lead to even more aggregation than
occurs in ESI itself. This tendency has been found to be
critical in the study of biological systems, where the
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mildness of SSI, CSI, and ESSI has already been success-
fully employed in the study of fragile noncovalently
bound complexes [32-36], in some cases yielding better
signal-to-noise ratios than those obtained with ESI [32,
33, 35]. The clustering behavior retained when using
these methods is also particularly useful for fundamen-
tal studies of cluster ions.

Clusters of the amino acid serine, especially the
magic number octamer, represent a subject of some
interest within the larger topic of supramolecular clus-
ters [37-42]. Various research groups have studied
clusters of this amino acid using both ESI and SSI mass
spectrometry [35-63], motivated by earlier studies
which showed that the formation of protonated serine
octamers occurs with a remarkably strong preference
for homochirality [37-41]. The chemistry of the ionized
serine octamer in the presence of compounds of bio-
chemical significance, such as other coding amino acids,
sugars, phosphoric acid, and transition-metal cations,
has also been investigated [44, 46, 63]. Briefly, these
studies show that serine octamers undergo chiroselec-
tive substitution reactions in which serine molecules in
the homochiral octamer are replaced by other amino
acids or sugars, resulting in mixed serine/amino acid
and serine/saccharide noncovalently-bound clusters.
These reactions favor the enantiomers present in living
systems, which supports the idea that homochiral
serine octamers might have been involved in prebiotic
mechanisms that led to the accumulation and transmis-
sion of homochirality [44, 46, 63].

Tandem mass spectrometry [38, 41, 56], ion mobility
cross section measurements [36, 40, 41], theoretical
calculations [38—-41, 45], and hydrogen/deuterium ex-
change reactions [47-49, 57-61] have all been used to
gain information about the structure(s) of serine clus-
ters. These studies have demonstrated that there are
two structural types of protonated serine octamers and
that at least one is composed of zwitterionic monomers.

The interactions between amino acids and alkali
metal cations were studied previously by electrospray
ionization mass spectrometry [10]. In the case of serine,
only the protonated [35-59] and halide adducts [62] of
serine clusters were characterized to any degree. This
paper discusses the clustering of serine in the presence
of alkali metal ions and reports that alkali-metal-
cationized serine clusters (Ser,+C)*, (Serg+C)~,
(Ser;,+C)*, and (Ser;,+2C)"? (where C = alkali metal
cation) are detected as magic number (particularly
stable) clusters and that their abundances relative to
each other are strongly dependent on the cation size.
Tandem mass spectrometry is used to reveal that the
(Ser;,+C)" adducts are derivatives of smaller alkali-
metal-cationized serine clusters (i.e., octamers and tet-
ramers). The chiral selectivity involved in the formation
of alkali-metal-cationized serine clusters is studied by
analyzing mixtures of D-serine and deuterated L-serine
and a remarkable preference for homochirality is ob-
served in the formation of serine tetramers with the
cations K, Rb", and Cs*, but not with Li* or Na™. The
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opposite tendency is observed in the formation of serine
octamers. In the presence of Li" and Na*, homochiral
serine octamers are favored but this is not the case for
the clusters cationized by K*, Rb", or Cs™.

Experimental

A Thermo Finnigan LCQ quadrupole ion trap mass
spectrometer (San Jose, CA) equipped with a home-
built sonic spray ionization source [35] was used to
record mass spectra. For experiments that required
higher sensitivity (i.e., breakdown plots showing spec-
tra as a function of collision energy and isotopic label-
ing studies) a Thermo Electron Corporation LTQ (San
Jose, CA) linear ion trap mass spectrometer was used.
Detailed information about the home-built SSI source is
available elsewhere [35]. The®amino®acid®serine®was
obtained from Sigma Co. (St. Louis, MO). Isotopically
labeled serine (2,3,3-d;-L-serine, nominal isotopic pu-
rity, 98%) was purchased from Cambridge Isotope
Laboratories, Inc. (Andover, MA). Methanol was ob-
tained from Mallinckrodt (Paris, KY) and used to pre-
pare the spray solvent mixture (50% vol/vol in water).
The alkali metal salts LiCl, RbCl, and CsCl were pur-
chased from Aldrich (Milwaukee, WI), while NaCl and
KCI were purchased from Mallinckrodt (Paris, KY) and
used without further purification. Acetic acid and hy-
drochloric acid solutions were used as sources of pro-
tons and both gave similar results. All mass spectra
were recorded under identical analytical conditions.
Parameters included: serine concentration 5.0 mM,
alkali-metal salt concentration 0.25 mM, sample solu-
tion flow rate 5 uL/min, sheath gas pressure 120 psi,
heated capillary temperature 100 °C, LCQ heated cap-
illary voltage 7 V, and tube lens off set 50 V, LTQ heated
capillary voltage 10 V and tube lens voltage 70 V.
Tandem mass spectra (product ion spectra) were re-
corded by isolating the parent ion(s) of interest using a
notched waveform of full width 20 to 60 mass/charge
units. Note that a larger than usual isolation window
was used in isotopic labeling experiments to isolate
entirely the desired isotopic distribution of serine clus-
ters. Dissociation of the selected precursor ions was
subsequently achieved through collisional activation
with helium buffer gas. The collision energy was opti-
mized for each experiment and is expressed in terms of
the manufacturer’s nominal relative collision energy
(%), where the range from 0 to 100% corresponds to a
resonance excitation AC signal of 0 to 2.5 V (zero-to-
peak) at the secular frequency of the ion of interest. The
charge states of the cluster ions were determined by
mass/charge ratio measurements and in some cases
confirmed by cation labeling (recording spectra from
samples containing a mixture of Rb" and Cs™). Tandem
mass spectrometry was also employed to verify the
charge states of the cluster ions.
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Results and Discussion
Serine/Alkali Metal Mixtures

Samples containing serine and an alkali metal salt were
analyzed by sonic spray ionization mass spectrometry.
The corresponding protonated species were studied for
comparison. Alkali-metal-cationized serine clusters are
readily® formed®and®Figure®1° displays®representative
sonic spray mass spectra, where clusters of the type
(Ser,+C)*, (Serg+C)*, (Ser;,+C)*, and (Ser;,+2C)*2,
where C = proton or alkali cation, appear to be partic-
ularly stable (for particular cations). Relative abun-
dances of cluster ions vary strongly as a function of
cation size. For example, the relative abundances of
serine octamers decrease as the cation size increases.
The opposite occurs for (Ser;,+C)* and (Ser,,+2C)"?
while (Ser,+C)* shows a maximum at intermediate
cation sizes.

A convenient way to compare relative abundances of
serine clusters formed in the presence of alkali metal
ions®is®as®the®magic°number°factor°[64].° This°scaling
factor represents the relative intensity of a cluster of
interest compared with its neighbors. A magic number
is a cluster size that is relatively stable compared with
its neighboring sizes. The following equation gives a
quantitative measure of just how “magic” a given
cluster®is®[64]:

2
n

Magic number factor = ———
8 f In*l X In+l

(1)

where 7 is the cluster size and [ is the signal intensity of
the corresponding cluster ion. Note that a magic num-
ber factor >1 implies that the particular cluster ion is
favored over its neighbors, while a cluster of size n with
magic number factor <1 is less stable.

Experiments were performed to quantify, using eq 1,
the magic number character of the cluster ions
(Ser,+C)*, (Serg+C)*, (Ser;,+C)*, and (Ser;,+2C)*2,
as a function of cation size and the resulting data are
shown‘in°Figure2.°’An‘intriguing“feature®of Figure®2°is
the magnitude of the magic number factors of the
clusters. Four serine clusters have remarkably large
magic number factors, under optimized conditions: 72,
747,22, and 142 for (Ser,+K)™", (Serg+H)™, (Ser;,+Cs)™,
and (Ser,,+2Cs)*?, respectively. Serine forms particu-
larly stable tetramers with potassium, rubidium, and
cesium. The large magic number factor obtained for
(Ser,+K) ™" (see°Figure®a)®appears°to’indicate®a®change
in the tetramer structure between Na* and K™. For this
reason, these two systems were carefully characterized
using isotopic labeling as will be discussed in the next
section.

Turning to the serine octamers, stability as measured
by the magic number factor is seen to decrease with
cation size, the protonated species being the most
favorable of all the cationic forms studied. This (very
indirect) evidence points towards the possible existence
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of highly stable neutral octamers of serine as previously
hypothesized®[62],° and® as® demonstrated® by® ionizing
neutral®serine®octamers[54].°“On°the°other®hand, and®as
seen® in® Figure® 2c® and® d,° the® larger® aggregates,
(Ser;,+C)™ and (Ser,,+2C)*?, are preferentially formed
in the presence of Rb" and Cs*. Note that the 17-mers
appear as both singly-charged and doubly-charged
ions.

The effect of the heated capillary temperature on
cluster formation was also investigated. This parameter
was varied to evaluate its effect on the magic number
factor®of°the°cluster®ions.°The°results®(Figure®2)°show
that the magic number character of (Ser,+C)",
(Serg+C)*, (Ser;,+C)*, and (Ser;,+2C)*? follows the
same general trend with respect to the cation size at
different capillary temperatures. However, the magic
number factor of a cluster ion can be enhanced by
adjusting the temperature, causing the less stable neigh-
bor clusters to dissociate preferentially. For example,
the magic number value of (Ser;,+2Cs)*? increases
from 56 to 142 when the heated capillary temperature is
raised from 85 to 130 °C. At even higher temperature,
the scaled intensity typically drops due to extensive
dissociation of all the clusters. This can clearly be seen
in°Figure°®2°for°tetramers,®octamers,®dodecamers,’and
heptadecamers.

Serine Tetramers

Chiral effects. The chiral preferences associated with
formation of the smallest magic number aggregates,
(Ser,+C) ", were characterized by isotope labeling. Iso-
topically labeled serine (2,3,3-d;-L-serine) was used to
prepare 10 mM solutions of racemic serine (5 mM
D-serine, 105 Da; and 5 mM 2,3,3-d;-L-serine, 108 Da),
which also contained a salt of the alkali metal cation of
interest. Sonic spray mass spectra of these samples were
recorded and used to study the chiral preferences
occurring in the formation of serine tetramers cation-
ized by alkali metals. The resulting data for Na™ and K™
cationized’tetramers®are’shown°in°Figure®3.
Thedata“obtained for°sodiated tetramers(Figure3a)
show an approximately statistical distribution of the
five isomeric clusters: 4D:0L (m/z 443), 3D:1L (m/z 446),
2D:2L (m/z 449), 1D:3L (m/z 452), and OD:AL (m/z 455).
This implies that the (Ser,+Na)" ions are formed with-
out regard to the chirality of serine, although there is a
slightly enhanced preference for the heterochiral form,
shown by the enhanced magnitude of the 2D:2L ion. By
contrast, the spectrum recorded for the solution con-
taining potassium revealed that the homochiral
(Ser,+K)™ clusters are greatly enhanced in abundance
(see°Figure®3b,°which’shows°that°the°4D:0L°and°0D:4L
forms have the greatest abundance; it also shows a
contribution from a minor heterochiral form indicated
by the enhanced abundance of the 2D:2L relative to the
3D:1L and 1D:3L forms). This dramatic change in chiral
preference of the tetramers on changing the cation from
sodium to potassium strongly suggests a change in
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Sonic spray ionization (SSI) mass spectra of solutions containing L-serine and (a) acetic acid

(HAc), (b) LiCl, (c) NaCl, (d) KCl, (e) RbCl, and (f) CsCl. The six spectra were recorded under identical
conditions. Note that in particular spectra the clusters (Ser,+C)", (Serg+C)*, (Ser;,+2C)*?,
(Sery,+C)*, and (Ser;,+C)" appear as magic number clusters. Note also that serine 17-mers are
abundant as both singly- and doubly-charged ions, particularly when cationized by the larger metals.
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Figure 2. Scaled intensity showing serine cluster magic number character (calculated from eq 1)
plotted as a function of cation size for various heated capillary temperatures. The data correspond
to (a) (Ser,+C)™, (b) (Serg+C)™, (c) (Ser;,+C)*, and (d) (Ser,,+2C)*?; where C = H, Li, Na, K, Rb,

or Cs.

structure of the corresponding tetramers. As a second-
ary feature, the data also suggest that two forms of at
least the potassiated cluster are likely involved.

To allow comparison with other clusters and to
provide a quantitative basis for assigning homo- or
heterochiral preferences, the relative abundances of the
various homochiral and heterochiral serine aggregates
within a particular cluster type (e.g., the sodiated serine
tetramer) were normalized. The isotopic distributions of
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Figure 3. Chiral effects associated with the formation of serine tetramers identified by isotopically
labeling one enantiomer (2,3,3-d;-L-serine, 108 Da). SSI-MS of solutions containing 2,3,3-d;-L-serine
(5 mM), D-serine (5 mM) and (a) 0.25 mM NaCl or (b) 0.25 mM KCl. Chiral effects are small in the
formation of (Ser,+Na)" clusters, while a strong preference for homochirality is observed in (Ser,+K)*.
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serines and a particular cation and I; is the signal
intensity for this particular cluster ion.

A numerical chiral preference was obtained by com-
paring the normalized intensity to the statistical distri-
bution of the cluster population as calculated from the
binomial distribution. The variance between the statis-
tical distribution and the experimental data was taken
to represent the square of the chiral preference (o) for
each family of clusters (eq 3):

o’ =(P,—P,)’ )

where o is the variance of the normalized experimental
intensities (P;) of the particular cluster ions versus the
intensities of the clusters calculated from the binomial
distribution (P,). Positive and negative signs were as-
signed to the calculated values based on the shape of
the cluster population compared to the statistical pre-
diction. (The qualitative procedure used was that illus-
tratedin°the°discussion®above°of°the°data°for°Figure°®3;
homochiral preference was assigned a positive o value
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and vice versa.) The standard deviations so calculated
(0) are shown as the chiral preferences on the y-axes in
Figure©4.

A remarkable feature of the serine tetramers is that
the chiral preference associated with their formation
follows a well-defined trend, which depends on the
cation size: tetrameric adducts with H*, Li*, and Na™
are formed with little chiral effect (a slight preference
for heterochirality), whereas the larger cations K*, Rb™,
and Cs” yield serine tetramers that display a strong
preference for homochirality. Thus, K" represents a
cation threshold size that allows the transition from
nonchiroselective to chiroselective formation of serine
tetramers.’Note®too®that,°as°shown°in°Figure®2a,°the
transition from sodium to potassium corresponds to the
largest difference in the magic number factor among
the serine tetramers.

Tandem mass spectrometry. Tandem mass spectrometry
was employed to obtain additional structural informa-
tion on the alkali metal-cationized serine tetramers. The
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Figure 4. Chiral preference calculated for serine tetramers, octamers, dodecamers, and heptadecam-
ers, formed from a solution containing 2,3,3-d;-L-serine (5 mM), D-serine (5 mM), and 2% of acetic acid
or 0.25 mM salt of the cation of interest. (a) (Ser,+C)*, (b) (Serg+C)*, (c) (Ser;,+C)*, and
(d) (Ser;,+2C)*% C = H, Li, Na, K, Rb, or Cs. The y-axis shows a measure of the preference for
homochirality /heterochirality as opposed to a statistical distribution of L- and D-enantiomers within
the cluster. Positive numbers indicate a preference for homochirality, negative numbers a preference
for heterochirality. The values were calculated as described in the text and are much more reliable for
the tetramer and octamer than for the larger cations.
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fragmentation patterns of serine tetramers cationized
by sodium, potassium, rubidium, and cesium were
evaluated as a function of collision energy in collision-
induced® dissociation® (CID)° experiments® (Figure® 5).
These data allow a qualitative comparison of the energy
required to dissociate the precursor ions, as well as the
preferred dissociation channels for the tetramers of
interest. Note that some clusters dissociate so readily
that this occurs upon isolation in the linear ion trap.
This°canbe’seen’in°Figure®5a,*whichreveals°that®about
50% of the (Ser,+Na) ™ ion population does not survive
the isolation step (0% relative collision energy). The low
collision®energy“tetramer°data®(Figure®5a)°agrees°quali-
tatively with the cluster stability trend previously given
for°the‘tetramers®in°Figure®a;both results’suggest°that
the sodiated adduct is less stable than (Ser,+K)",
(Ser,+Rb)* and (Ser,+Cs)". As the collision energy is
increased however, dissociation of the mass-selected
tetramers increases sharply at ~10% relative collision
energy for each of alkali metal adducts. The differences
in initial stability of the Na® and K" clusters are
consistent with the structural differences already in-
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voked, although the situation might be more complex
with minor forms of each cluster likely also being
present and helping to account the similarity in trends
at higher collision energy. In the case of cesium tetramer
about 20% of the initial population remains undissoci-
ated in the ion trap, even when the collision energy is
increased to 50%. Note too that in case of the rubidium
tetramer, about 85% of the population undergoes dis-
sociation at 10% relative collision energy but 15% re-
mains undissociated. These results suggest the exis-
tence of two tetrameric Cs* and Rb" isomers of
different relative stability. The difference in the stability
may be due to the localization of the metal ion in the
cluster structure; a tentative suggestion is that one is
localized on the tetramer periphery and in the other
case, the cation is localized in its interior.

If one looks carefully at the trimeric fragment ions
formed°by°theloss°of°a’neutral’serine®(Figure®5b),it°is
possible to distinguish the fragmentation of the sodi-
ated tetrameric adduct from that of the tetrameric
adducts of the larger alkalis. The normalized intensity
of the sodiated trimeric fragment, (Ser;+Na)*, decays

Fragment ions (serine trimers)

b
( )0.3 b
a%r 1
- 17 4 ""
2 ‘{.ﬂ‘k‘iﬁi X ox s I
2o2] S ;
= E7TITY Ii '*H’!j L . L
T imemng® .
N
E
£ % - ¢ S
Z T‘—“"-
0.0 T T L 5
0 10 20 30 40 50
Relative collision energy (%)
() Fragment ions (serine monomers)
0.5 1
> 047 . ¥
@
8 #°
£ 0.3 i3
2 sIv = i i ' .
N
'Té 0.2 Ol
=] ‘i
4
011 . mgetetm G ' .
.. AL gm
iy T FEEE Y D A S
0 10 20 30 40 50
Relative collision energy (%)
A =Rb' =Cs*

Figure 5. Fragmentation signature of serine tetramers, (Ser,+C)*, cationized by alkali metals. The
plots show the signal intensity of (a) precursor ions (Ser,+C)" and the respective fragment ions
(b) (Ser;+C)* (c) (Ser,+C)*, and (d) (Ser;+C)" as a function of collision energy in the MS/MS
experiment. Normalization is relative to the pre-isolation ion abundance.
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approximately exponentially as the collision energy is
increased. On the other hand, the normalized intensities
of the fragment ions (Ser;+K)*, (Ser;+Rb)*, and
(Ser;+Cs) " increase, reaching maxima at a relative
collision energy of ~10%. This suggests that the tetram-
ers with the larger cations, i.e., (Ser,+K)", (Ser,+Rb)",
and (Ser,+Cs) ", preferentially fragment by the loss of a
molecule of neutral serine, whereas the sodiated tet-
rameric adduct is more likely to dissociate by loss of a
dimericunit(Figure®c).’Thelargercations‘may°disrupt
the noncovalent interactions between the serines in the
tetramers, accounting for the observed result. This
particular hypothesis is supported by the trends shown
in°Figure®5d°for°the®normalized®intensities® of°mono-
meric fragments: (Ser+Cs)" > (Ser+Rb)* > (Ser+K)* >
(Ser+Na)". However, it must be noted that the differ-
ences in the alkali metal cation affinities for monomeric
(neutral) serine may also contribute to the observed result.
Note also that the opposite result is obtained for the
dimeric¥ragments{Figure5c):{Ser,+Na)" > (Ser,+K) " >
(Ser,+Rb)* > (Ser,+Cs)"; therefore sodium appears to
better stabilize dimeric subunits inside the tetramers. It is
noteworthy that the existence of two tetrameric Cs*
isomers of different relative stability was proposed. The
less stable one dissociates with favored loss of a neutral
serine molecule whereas the dissociation pathway of the
more stable one remains unclear.

Serine Octamers

The protonated serine octamer is known to be a stable
magic-number cluster through experiments involving
electrospray©ionization®(ESI)°[37-%1]°and°related°tech-
niques®[29%34].° Its° remarkably® strong® preference® for
homochirality?led%to°a%eries ofexperiments38>-24,°46]
that engendered the proposal that the serine octamer
has®a®special°role’in®homochirogenesis°[37,°63].

The sonic spray spectrum of a 10 mM solution of
serine sprayed from 50:50 methanol/water mixture
containing°the°cations®of’interest®is°shown°’in°Figure°l.
The relative abundances of these magic number clus-
ters strongly depend on cation size. The absolute
abundances of the magic number clusters are found
to correlate with the size of the alkali metal cation
(Figure©2).

Chiral effects. To obtain information about possible
chiral preferences associated with the formation of the
cationized serine octamers, (Serg+C)*, isotopically la-
beled serine (2,3,3-d;-L-serine) was used to make
10 mM solutions of racemic serine (5 mM D-serine, 105
Da; and 5 mM 2,3,3-d;-L-serine, 108 Da), which also
contained a salt of the particular metal cation. Sonic
spray mass spectra of these samples were used to study
the chiral preferences occurring in the formation of
serine®octamers°cationized°by°alkali°metals.°Figure®4b
compares the chiral preferences associated with the
formation of serine octamers in the presence of partic-
ular cations, as revealed by isotope labeling.
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Racemic solutions of D-serine and 2,3,3-d;-L-serine
containing H*, Li*, or Na™ resulted in mostly homo-
chiral octamers, in agreement with previous observa-
tions°[43].°That°is,’the°data®show°the°expected’strong
homochiral preference for the H*, Li*, or Na* octamers
of serine. This situation is completely inverted for the
K*, Cs*, and Rb™ cations, as shown by the sharp break
in the chiral preference from homochirality to hetero-
chirality®in°Figure®4b.°The°data®also®showed that,°in
contrast to the well-known behavior of protonated and
sodiated® serine® octamers® [38240,° 45],° the® octameric
adducts formed in the presence of the larger alkali
metal cations are preferentially composed of the hetero-
chiral species containing 4 L and 4 D enantiomers in
each molecule. (see Supplementary Material section
which can be found in the electronic version of this
article).

Tandem mass spectrometry. In an effort to obtain infor-
mation about the distribution of individual serine en-
antiomers within the octamers associated with each of
the larger alkali metal cations K*, Rb*, or Cs*, the
entire distribution of cluster ions obtained from the
isotopically-labeled racemic mixture was isolated in
the ion trap and collisionally activated to induce frag-
mentation. Tandem mass spectra showed that the race-
mic octamers formed in the presence of potassium,
rubidium and cesium cations dissociate to form homo-
chiral tetramers! An example of this unprecedented
behavior®in®the®case®of°K™* is’shown‘in°Figure®6,°where
the tetrameric product ions have a very similar isotopic
distribution to that seen for the simple tetramers in
Figure%3b.The%rimericproductsfollow thetetramersin
chiral pattern while the distributions of multiply-
charged clusters observed at m/z 600 to 800 correspond
to fragments of (Ser;s+2K)"?, which are isolated to-
gether with (Serg+K)" because they have identical
mass-to-charge ratios. The observation of homochiral
tetrameric® fragments® (Figure® 6¢)° confirms® that® even
though K-, Rb-, and Cs-cationized serine octamers ap-
pear to be formed from equal numbers of D- and
L-serines, i.e., with heterochiral selectivity, serine enan-
tiomers are positioned within these structures so as to
form homochiral subunits (Ser,) inside the cluster.

It is important to note that the octamers cationized
by K*,Rb™", or Cs™ are very different from those formed
with smaller cations like H*, Li*, and Na¥; the latter
octamers®are°formed °with°strong°chiral®selectivity°[38,
41]°whiletheformeroctamers®show%strongheterochiral
preference®(Figure®4b);°the®strongly°favored°cluster®of
chiral composition 4L:4D is itself nominally a racemic
entity but is composed of homochiral tetrameric units.
Adding to the complexity of the situation, this ion and
the associated set of diastereomeric heavy alkali-
cationized serine octamers is formed by a process with
a strong heterochiral preference. Thus K" represents a
cation threshold size that locates the transition between
the two very different homochiral systems of the amino
acid serine. Furthermore, the tetramers are not the only
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Figure 6. (a) Isotope labeling tandem mass spectrum of the entire
distribution of (Serg+K)" ions and also isobaric (Ser;s+2K)*?,
formed from a solution containing 2,3,3-d;-L-serine (5 mM),
D-serine (5 mM), and 0.25 mM KCl. Expanded regions of the
spectrum (b), (c), and (d) show the largely homochiral trimer,
tetramer, and racemic tridecamer fragments, respectively. The
data demonstrate that even though the distribution of octamers
(Serg+K)" is centered at the racemic cluster (4D:4L), they are
composed of homochiral tetrameric subunits. The trimers are the
products of tetramer dissociation and share their homochirality.

homochiral clusters observed in mixtures of serine and
the alkali metals K™, Rb*, and Cs*; homochiral trimeric
cluster ions are also detected. For example, a typical
single-stage mass spectrum of a racemic mixture of
serine (L-enantiomer, isotopically labeled) and rubid-
ium shows the following relative abundances for the
distribution of trimers: 3D:0L (m/z 400, 100%), 2D:1L
(m/z 403, 37%), 1D:2L (m/z 406, 29%), and 0D:3L (m/z
409, 91%). However, these clusters are likely to be
related to the homochiral tetramers, since one of the
preferred fragmentation pathways observed in the tan-
dem mass spectra of serine tetramers corresponds to the
loss of a neutral serine, yielding trimeric fragments.
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Figure®%b‘alsoshowsthathomochiral%serine%rimers‘are
obtained from the dissociation of larger aggregates. The
data suggests that the homochiral serine trimers ob-
served in the singly-stage mass spectra of serine/K”,
serine/Rb* and serine/Cs™ mixtures simply originate
from the dissociation of homochiral tetramers.

Other Serine/Alkali Metal Clusters

The relative abundances of the 12-mers and 17-mers,
with respect to the alkali-metal-cationized serine oc-
tamer, increase continuously with cation size, as shown
inFigure®l,%eventuallyexceedingthoseof the“octameric
adduct for C = Rb*, Cs™. Under the conditions of this
experiment(Figure®l),various®serine/alkali’metal°clus-
ters were found to have higher relative abundances
than their protonated analogs. This is the case of some
larger serine aggregates such as dodecamers and
doubly-charged 17-mers, when cationized by rubidium
or cesium. The unique mass-to-charge ratios of the ions
(Ser;,+2C) "2, which do not match the m/z values of any
singly-charged adduct, make it easy to identify the
charge state of these clusters as +2. However, in the
case of ions of the type (Ser;,+C)*, contributions from
multiply-charged clusters (Ser,,+2C)*?, (Ser;s+3C)*2,
etc. cannot be determined from the data shown in
Figure°1,°since’the°maximum° achievable°resolution®in
the ion trap instrument is insufficient to distinguish
signals corresponding to species containing natural-
heavy isotopes (i.e., °C). The result of an experiment
that does allow the differentiation of these charge states
(cation labeling) is described next.

Charge states of adducts. To confirm or eliminate con-
tributions from multiply-charged ions to the signal at
m/z 1345°in°Figure®le,i.e.,’(Ser;,+C)*, a mixture con-
taining serine and both the cations (Rb™ and Cs™) that
best stabilize this cluster was analyzed. If multiply-
charged species are present, signals corresponding to
ions containing both cations should arise. For exam-
ple, (Ser,;+Rb+Cs)™® has a unique mass-to-charge
ratio, which would distinguish it from (Ser;,+Rb)*
and (Ser;,+Cs)* ions. The results of the SSI-MS
analysis of a L-serine/RbCl/CsCl mixture, shown in
Figure%,‘indicatethat®onlysingly-charged®l12-mers‘are
present, since (Ser,,+Rb+Cs)*? ions were not detected.
The® same® mass® spectrum® (Figure® 7)° also® shows® a
distribution of signals (from m/z 978 to m/z 1025), which
correspond to doubly-charged 17-mers. Note that the
distribution is centered at the m/z 1001 signal,
(Ser,,+Rb+Cs)*? ions, which is expected for “pure”
doubly-charged ions without contributions from their
singly-charged counterparts.

The fact that tetramers, octamers, and dodecamers of
serine cationized by alkali-metals are observed with
remarkably high abundance suggests that the dodecam-
ers, (Ser;,+Rb)" and (Ser;,+Cs)*, might be related to
the smaller serine aggregates. These higher clusters
might be derivatives of octamers and/or tetramers; for
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Figure 7. SSI-MS of a solution containing 8.0 mM L-serine, 0.25 mM RbCl, and 0.25 mM CsCl. Note
the absence of (Ser,,+Rb+Cs)*? clusters, which implies that only singly-charged 12-mers are present.

example, they could exist as conglomerates such as
(Ser,+Serg+C) ™. This hypothesis was tested by using
the MS" capabilities of the quadrupole ion trap mass
spectrometer to compare tandem mass spectra (MS*
and MS? of the 8-mers and 12-mers.

MS" experiments. After characterizing the charge state
of each of the magic number clusters as just described,
tandem mass spectrometry was employed to obtain
structural information on these species. The sonic spray
tandem mass spectrum of the ion (Ser;,+Rb) ™ is shown
in°Figure®8a.’Note°that’the®preferred°dissociation°chan-
nel is the loss of a neutral tetramer to form the octameric
fragment (Serg+Rb)". This data supports the above
hypothesis that serine dodecamers cationized by the
larger alkali metals, e.g., (Ser;,+Rb) ", are composed of
smaller cluster units, specifically the tetramer and oc-
tamer. Regardless of how the octameric fragment seen
in°FigureBatisformed,‘e.g.,simpledossof’aneutral Ser,
or with rearrangement, the data suggest that the Rb-
cationized serine octamer seen in the single-stage mass
spectra is the same ion that originates from
fragmentation of the precursor (Ser;,+Rb)* in the
MS/MS data. This hypothesis was confirmed by com-
paring the fragmentation pattern of the fragment ion
(Serg+Rb)* derived in a MS® experiment from the

precursor (Ser;,+Rb)™ (m/z 1345) to the tandem mass
spectrum (MS? of the Rb-cationized serine octamer (see
Figure®8b,°c).°Both°showed almost®identical*fragmenta-
tion behavior. Contributions from (Ser,,+Rb)*2 are also
evident®in®Figure®8c,° since® doubly-charged® fragment
ions at m/z 767 and m/z 873 are present. Note that only
singly-charged ions are obtained from the precursor ion
(Ser;,+Rb)". The particular formation of (Ser,+Rb)"
fragments®seen°in°Figure°8b,°c,°confirms°thestability°of
alkali-metal-cationized serine tetramers and again sug-
gests that they could be the building blocks of the larger
serine clusters: the octamers and dodecamers. Octamers
and dodecamers of serine cationized by K™ and Cs*
undergo collision-induced dissociation in an analogous
fashion to (Serg+Rb)* clusters (data not shown). On the
other hand, tandem mass spectra showed that the
doubly-charged 17-mers fragment by the sequential
loss of single neutral serines, which suggest that these
clusters do not belong to the family of “metaclusters
of tetramers” like the singly-charged octamers and
dodecamers.

Chiral effects. The analysis of racemic solutions con-
taining D-serine and 2,3,3-d;-L-serine resulted in distri-
butions of serine units in the 12-mers, which show
enhanced intensity for the clusters composed of equal
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Figure 8. Comparison of MS" spectra of a mixture containing serine and rubidium chloride.
(a) SSI-MS/MS of the precursor ion (Ser;,+Rb) " in a L-serine/rubidium chloride mixture. Note that
the main fragmentation pathway is the loss of a neutral serine tetramer, which suggests that the ion
(Ser;,+Rb) ™" is comprised of at least two major units, i.e., (Ser,+Serg+Rb)*. (b): MS ® spectrum of the
precursor ion (Ser;,+Rb)* (m/z 1345), fragmenting via (Serg+Rb)* (m/z 925). (c): MS ? spectrum of
(Serg+Rb)*. The signals at m/z 767 and m/z 873 are doubly-charged fragments of multiply-charged
precursor ions, (Ser;q+2Rb)"?, (Ser,;+3Rb)*?, etc. The data suggest that the octameric unit of
Rb-cationized 12-mers is identical to the octamer seen in the single-stage spectrum. Data were
recorded using (a) 12.0% collision energy and isolation window of 20 m/z units (b) 80% collision
energy, and 25 m/z units isolation window for the dodecameric precursor ion (signal at m/z 1345) to
optimize the signal intensity of the octameric fragment; 10% collision energy and 25 m/z units of
isolation window for the octameric precursor ion (signal at n1/z 925). (c) Collision energy of 10% and
25 m/z units of isolation window for the octameric precursor ion (signal at m/z 925).
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numbers®of°L-°and°D-enantiomers°(see°Figure°®4c),i.e.,
the process displays a heterochiral preference. These
results, combined with the tandem mass spectra (e.g.,
Figures®6°and®7)°suggest°that®homochiral°tetramers°of
serine (cationized by K", Rb*, or Cs™) aggregate further
in a chirally blind fashion to form serine dodecamers.
Following our hypothesis, we expect and observe a net
heterochiral preference in 12-mer formation, especially
for Cs* the largest of the cations (see Supplemental
material).

Conclusions

The amino acid serine forms stable clusters of the type
(Serg+C)*, (Ser;,+C)*, and (Ser;,+2C)*? ionized by
cations of alkali elements (C). The relative abundances
of these magic number clusters strongly depend on
cation size; the larger clusters, (Ser;,+C)" and
(Ser,,+2C) ™2, are preferentially formed with the larger
alkali metal cations such as rubidium and cesium.
Tandem mass spectrometry results demonstrate that
the octamers and dodecamers of serine formed with the
alkali metals K, Rb and Cs are composed of smaller
tetrameric building blocks. Although these smaller
units are formed with strong preference for homochiral-
ity, to a first approximation they aggregate further
regardless of their handedness giving a net preference
for heterochirality in the octamers and dodecamers. It
should be noted again that octamers cationized by K*,
Rb*, or Cs* are different from those formed with
smaller alkali metal cations such as lithium and sodium;
the latter octamers are formed with strong homochiral
preference38,%41].“The‘ctamers<ationized by K", Rb™,
or Cs" represent a new type of cluster ion, which is
homochiral in its internal subunits. The potassium ion
represents the threshold size that sets the transition
between the two very different homochiral systems of
the amino acid serine.

The two clustering trends of serine uncovered in this
study represent two different mechanisms of cluster-ion
formation: (1) ionization/adduct formation involving
alkali ions with pre-formed neutral clusters of serine
and (2) cation-directed clustering. The former seems to
occur when serine is sprayed in the presence of the
smaller cations: H*, Li*, or Na*. On the other hand, the
metal ions K*, Rb", and Cs* appear to direct the
formation of clusters which are built around the larger
ions.

These observations represent an initial enquiry into a
complex structural chemistry. Some of the details of the
data are not understood. For example, there is a pref-
erence in both the tetramers and the octamers for even
numbers of L- and D-serines and against the odd
number mixtures. The occurrence of strong heterochiral
clustering preferences is one of the most interesting
features of this study, such a preference having been
reported in only a few previous cases, and even then the
effects®havebeen‘relatively®small°[36,°50,°51,°65].°Nota-
bly, a recent study on the cluster formation of other
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amino acid, proline, revealed that chirality has a signif-
icant impact on the assembly of proline into cluster
ions°[65].
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