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Abstract: The strong chiral preferences of some magic clusters of amino acids have attracted continu-
ally increasing interests due to their unique structures, properties and possible roles in homochiro-
genesis. However, how chirality can influence the generation and stability of cluster ions in a wild
range of cluster sizes is still unknown for most amino acids. In this study, the preference for threonine
clusters to form homochiral and heterochiral complex ions has been investigated by electrospray
ionization (ESI) mass spectrometry. Abundant cluster [Thrn+mH]m+ ions (7 ≤ n ≤ 78, 1 ≤ m ≤ 5)
have been observed for both samples of enantiopure (100% L) and racemic (50:50 L:D) threonine
solutions. Further analyses of the spectra show that the [Thr14+2H]2+ ion is characterized by its most
outstanding homochiral preference, and [Thr7+H]+ and [Thr8+H]+ ions also clearly exhibit their
homochiral preferences. Although most of the triply charged clusters (20 ≤ n ≤ 36) are characterized
by heterochiral preferences, the quadruply charged [Thrn+4H]4+ ions (40 ≤ n ≤ 59) have no obvious
chiral preference in general. On the other hand, a weak homochiral preference exists for most of the
quintuply charged ions observed in the experiment.

Keywords: chiral preference; threonine clusters; electrospray ionization; mass spectrometry;
homochirality

1. Introduction

Clusters of amino acids can exhibit strong chiral preferences [1–6]. The most famous
example is the protonated serine octamer, which is characterized by its high abundance in
electrospray ionization (ESI) mass spectra and pronounced homochirality preference [1–4].
This magic ion has been generated in many ways and its structure and properties have
been studied with different methods [7–33]. It is also found that the neutral octamer can be
formed from spraying solutions [29]. Substitution reactions in the serine octamer were also
observed for other amino acids, in which one or two units can be replaced by other L/D
amino acids with homochiral preference [8,26–28]. These results have led to the suggestion
that this cluster might have played a role in homochirogenesis [7,8,16].

In order to study the chiral preferences of cluster ions in a more systematic way,
Nemes et al. performed a detailed study of the cluster formation of some natural and
non-natural amino acids in the ESI process [5]. It was pointed out that the formation of
amino acid clusters is a self-association process determined by various factors. Some magic
clusters with a preference for homo- or heterochiral have been suggested. For example, the
clusters of [Ala6+H]+ and [Pro4+H]+ are found to be homochiral, whereas [Ile4+H]+ and
[Val4+H]+ are heterochiral.

For clusters with larger sizes, overlapping of the peaks makes their study difficult.
To solve this problem, the techniques of ion mobility spectrometry (IMS) and mass spec-
trometry were combined and applied [6,10,34]. Using this method, Holliday et al. studied
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the chiral preferences of proline clusters (2 ≤ n ≤ 23) generated by ESI [34]. Remarkably,
an oscillation in chiral preference was observed for these proline clusters. It has been
found that homochiral assemblies were more favorable in ionic intensities than heterochiral
assemblies for some singly and doubly protonated clusters; however, for others, it was
the opposite [34]. In such a study, the IMS is very helpful; not only it can provide the
information of the collision cross section of the cluster ions, but also a good separation for
cluster ions with same isotopic peaks (such as [Ser8+H]+, [Ser16+2H]2+ and [Ser24+3H]3+

that were simultaneously generated in one experiment [1].
Considering the structural similarity between threonine and serine, threonine clusters

have also been studied. In addition to a substitution unit in serine octamer, threonine itself
can form stable ions including protonated heptamer and octamer ions [5,21]. Nemes et al.
have shown that the three cluster of threonine, [Thr4+H]+, [Thr7+H]+ and [Thr10+H]+,
have homochiral preferences [5]. However, for large-sized and multiply charged threonine
clusters, the relative studies are insufficient. In this study, we aimed to study how chirality
can influence the cluster ions of L/D-threonine generated in the ESI process, especially for
large-sized and multiply charged clusters. A Fourier-transform ion cyclotron resonance (FT
ICR) mass spectrometer was applied for the experiment. To solve the problem of overlapped
peaks from different clusters, simulations were applied to separate these ions using their
theoretical isotope distributions. Based on this, the chiral preferences of threonine clusters
were systematically studied in a wide range (7 ≤ n ≤ 78). Some clusters characterized
by their significant homochiral or heterochiral preferences have been identified for the
first time.

2. Materials and Methods

A Varian IonSpec 7.0 T FT ICR mass spectrometer (Lake Forest, CA, USA) was utilized
here to perform the ESI experiments. The Z Spray ESI source was applied with the probe
biased at 3.6 kV. N2 was used as the cone and desolvation gas. The cone voltage was set at
23 V. For solutions containing only L- or D-threonine (Sigma; the purity of both samples
is more than 98%), the samples were prepared in a concentration of 5 mmol/L in 60:38:2
H2O:MeOH:AcOH; for racemic solutions, L- and D-amino acids were mixed on site to
form solutions containing each of them in 2.5 mmol/L in the same solvent. Ions produced
by ESI through a syringe with a flow rate of 2 uL/min were injected into an open-ended
cylindrical Penning trap via a quadrupole ion guide. All ESI mass spectra obtained here
were in the positive ion mode. Both samples are performed under identical experimental
conditions that were optimized for large-sized and multiply charged cluster ions.

3. Results and Discussion

Figure 1 shows the mass spectra of the pure sample of L-threonine and the racemic
sample of L/D-threonine in the region of 500–2000 m/z. The experiment for pure sample of
D-threonine was also tried and the spectrum was very similar to that of pure L-threonine.
Series of cluster ions were observed for both samples. Generally, these peaks can be clearly
designated as [Thrn+mH]m+ (and abbreviated to be n+m in the figure), according to their
charge states and sizes. Most of the observed clusters in Figure 1 are triply or quadruply
charged, but some of them are singly, doubly and quintuply charged. From Figure 1, it can
be concluded that the distributions of these ions generated from enantiopure and racemic
solutions are basically the same, although there are still some differences.
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three ions, [Thr7+H]1+, [Thr14+2H]2+ and [Thr21+3H]3+, were 13%, 67% and 20%, respectively. 

However, the simulation for signals from racemic solutions gave different results: the per-

centages of these three ions were 14%, 32% and 54%, respectively. The comparisons of the 

intensities of these three ions generated from the two solutions are listed in Figure 2b. 

Clearly, the intensities of [Thr21+3H]3+ had negligible changes for both samples, whereas 

the intensities of [Thr7+H]1+ and [Thr14+2H]2+ had dramatically decreased from the enanti-
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Figure 1. A comparison of the ESI mass spectra of enantiopure (100% L) and racemic (50:50 L:D)
threonine solutions in the range of 500–2000 m/z. To facilitate the comparison, their experimental
peak intensities were normalized with a unified standard. Due to the very strong signal close to
834 m/z for the enantiopure sample, the peaks at 834 m/z have been cut off and are shown separately
in Figure 2.
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Considering that the enantiopure sample generated a much stronger peak at ~834 m/z
(removed from Figure 1) than that of the racemic sample, the details of these peaks were
checked, and the results are shown in Figure 2a. Additionally, the corresponding result of
enantiopure D-threonine was also checked, which was very similar to that of enantiopure
L-sample. Relying on the high resolution of the FT ICR mass spectrometer, it was found that
the strong signal from L-threonine, in fact, is a combination of the three ions [Thr7+H]1+,
[Thr14+2H]2+ and [Thr21+3H]3+. The three ions have the same m/z as their single natural
isotope peaks, but different isotope distributions. Similar phenomena have previously been
observed in the cases of serine and other amino acids. Here, using the simulation method
that has been reported in our previous paper [35], the signals were decomposed into the sum
of the three cluster ions. Results showed that the percentages of these three ions, [Thr7+H]1+,
[Thr14+2H]2+ and [Thr21+3H]3+, were 13%, 67% and 20%, respectively. However, the
simulation for signals from racemic solutions gave different results: the percentages of
these three ions were 14%, 32% and 54%, respectively. The comparisons of the intensities
of these three ions generated from the two solutions are listed in Figure 2b. Clearly, the
intensities of [Thr21+3H]3+ had negligible changes for both samples, whereas the intensities
of [Thr7+H]1+ and [Thr14+2H]2+ had dramatically decreased from the enantiopure to the
racemic samples.

The chiral preference can be calculated as:

C =
IL − Ir

IL + Ir
(1)

where C is the chiral preference, IL and Ir are the intensities of the corresponding ions
generated from enantiopure (100% L) and racemic (50:50 L:D) threonine solutions. The
preferences for homochirality and heterochirality are indicated by positive and negative
values located between −1 and 1, respectively. The value of 0 indicates no chiral preference.

Based on the decomposed results, the chiral preferences of the three ions, [Thr7+H]1+,
[Thr14+2H]2+ and [Thr21+3H]3+ are 0.37, 0.73 and 0.09, respectively. The results show no
chiral preference for [Thr21+3H]3+, but a clear homochiral preference for [Thr7+H]1+, of
which the latter is in good agreement with Nemes et al.’s results [5]. Remarkably, the
[Thr14+2H]2+ ion showed a very strong homochiral preference, about twice as much as that
of [Thr7+H]1+.

The details shown in Figure 2 prompted us to re-analyze each peak observed in
Figure 1 carefully to avoid errors. Thus, the ion peaks were not only compared with
each other for both samples, but also compared with the theoretical calculated isotope
distributions of the identified cluster ions or possible combinations of relative ions. The
results show that for most of the observed peaks in Figure 1, their isotope distributions
fit the theoretical simulations of corresponding reasonably with doubly, triply, quadruply
and quintuply charged ions. The ions of [Thrn+2H]2+ (n = 11, 13, 15, 17, 19), [Thrn+3H]3+

(n = 20, 22, 23, 25, 26, 28, 29, 31, 32, 34, 35), [Thrn+4H]4+ (n = 41–43, 45–47, 49–51, 53–55,
58, 59) and [Thrn+5H]5+ (n = 64, 66–69, 71, 73, 74, 76) observed in both enantiopure and
racemic samples belong to this class. For such ions, their intensities generated from the two
samples can be directly compared. Figure 3 shows examples of [Thrn+3H]3+ (n = 22, 23, 25,
26, 28, 29). It can be reflected that for [Thr23+3H]3+, the chiral preference is close to zero,
whereas for [Thr22+3H]3+, [Thr26+3H]3+ and [Thr28+3H]3+, the values are −0.36, −0.45
and −0.42, respectively, indicating their heterochiral preferences. Similarly, the examples
of [Thrn+4H]4+ (n = 43, 45, 46) are shown in Figure 4a–c, indicating that these ions have
very weak chiral preferences. However, for the larger cluster of [Thr71+5H]5+, a slight
homochiral preference can be observed.
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included in the figure. The standard deviations obtained by three experiments are also 

shown there. In addition to the previously determined homochiral cluster of [Thr7+H]+ 

[15], [Thr8+H]+ also showed a close homochiral preferences to the former, whereas 

[Thr14+2H]2+ showed the greatest homochiral preference among all observed ions in this 

experiment, with a value almost twice as high as the first one. The clusters of [Thr21+3H]3+ 

Figure 3. The comparisons of some threonine clusters generated from enantiopure (100% L) and
racemic (50:50 L:D) solutions: (a) [Thr22+3H]3+, (b) [Thr23+3H]3+, (c) [Thr25+3H]3+, (d) [Thr26+3H]3+,
(e) [Thr28+3H]3+ and (f) [Thr29+3H]3+.
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racemic (50:50 L:D) solutions: (a) [Thr43+4H]4+, (b) [Thr45+4H]4+, (c) [Thr46+4H]4+, (d) [Thr71+5H]5+.

On the other hand, the clusters that had sizes as integer multiples of their correspond-
ing charge states (>2), such as [Thrn+3H]3+ (n = 24, 27, 30, 33, 36), [Thrn+4H]4+ (n = 44, 48,
52, 56) and [Thrn+5H]5+ (n = 65, 70), were characterized by their complex isotope distribu-
tions, indicating the co-existence of multiple ions. For example, the signals of [Thr24+3H]3+

and [Thr8+H]1+ overlapped together, along with weak signals of [Thr24+2H]2+, making
the whole spectrum difficult to read. Using the simulation, the spectrum could be re-
constructed by assuming the percentages of these three ions, [Thr8+H]1+, [Thr16+2H]2+

and [Thr24+3H]3+, as 47%, 22% and 31% for L-threonine, respectively. For the racemic
sample, the three percentages were 63%, 24% and 13%, respectively. Based on the results,
the chiral preferences of the three ions were calculated to be 0.45, 0.02 and 0.01, respectively,
indicating a typical homochiral preference of the [Thr8+H]1+ ion.

Based on the method described above, all the signals in Figure 1 have been analyzed.
The chiral preference plot for all identified cluster ions is shown in Figure 5. In addition to
the cluster ions mentioned above, some cluster ions with larger sizes, such as triply charged
clusters with n > 28, and quadruply charged cluster ions with n > 56, were also included in
the figure. The standard deviations obtained by three experiments are also shown there.
In addition to the previously determined homochiral cluster of [Thr7+H]+ [15], [Thr8+H]+

also showed a close homochiral preferences to the former, whereas [Thr14+2H]2+ showed
the greatest homochiral preference among all observed ions in this experiment, with a value
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almost twice as high as the first one. The clusters of [Thr21+3H]3+ and [Thr26–28+3H]3+

showed clear heterochiral preferences. An overall view of Figure 5 also shows some
interesting findings. The variations in their chiral preferences of doubly charged cluster
ions reflected the structures of the small-sized clusters being very sensitive to their sizes.
For triply charged clusters (20 ≤ n ≤ 36), insignificant heterochiral preferences are observed;
however, for most of the quadruply charged cluster ions (40 ≤ n ≤ 60), no obvious chiral
preference was observed. On the other hand, for [Thrn+5H]5+ ions (64 ≤ n ≤ 76), a
weak homochiral preference can be observed for most of them. The reason of the general
oscillation is still unclear. This may be caused by the size of the clusters, but also may be
the odd or even-numbered protons carried.
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Figure 5. Chiral preference plot for [Thrn+mH]m+ clusters. Positive and negative values indicate
preferences for homochirality and heterochirality, respectively. The error bars representing the
standard deviations obtained by collecting datasets in triplicates are also shown in the figure.

The results also raise questions on the formation of cluster ions in the ESI
process [25,28,34]. The homochiral preference of [Thr14+2H]2+ is almost the double of
that of [Thr7+H]+, supporting the idea that the formation of cluster of [Thr14+2H]2+ does
proceed via the assembly of two homochiral units of [Thr7+H]+. However, the [Thr21+3H]3+

ion exhibited no chiral preference, showing a different formation process or an assembly
process without the need of homochirality for the assembling units. A previous study
by Emily et al. suggested that the generation of a serine octamer and threonine octamer
could be best explained with the ion evaporation mechanism, but that of large-sized ser-
ine/threonine clusters should be explained with the charge residue mechanism [25]. Thus,
it is possible that the [Thr7+H]+ and [Thr14+2H]2+ ions were mainly generated through ion
evaporation, whereas [Thr21+3H]3+ was generated through the charge residue mechanism.
To obtain a clearer picture of this, further well-designed experiments, including isotope
substitution and varying ESI conditions, are necessary.

4. Conclusions

The preference for threonine clusters to form complex homochiral and heterochiral ions
has been investigated by ESI mass spectrometry. Abundant cluster ions of [Thrn+mH]m+

(7 ≤ n ≤ 78, 1 ≤ m ≤ 5) have been observed for both samples. Careful analysis of the
spectra should be performed to prevent possible misinterpretation due to overlapping ion
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peaks. The results showed that both [Thr7+H]+ and [Thr8+H]+ ions exhibit clear homochiral
preferences, and the [Thr14+2H]2+ ion showed the greatest homochiral preference among
all observed ions in this experiment. Additionally, heterochiral preferences have been
observed for [Thr26–28+3H]3+. Variations in chiral preferences have been observed for
doubly charged cluster ions. Interestingly, most of the triply charged clusters (20 ≤ n ≤ 36)
are characterized by their insignificant heterochiral preferences. For the quadruply charged
ions [Thrn+4H]4+ (40 ≤ n ≤ 59), no obvious chiral preference has been observed. However,
for [Thrn+5H]5+ ions with larger sizes (64 ≤ n ≤ 76), a weak but general homochiral
preference was observed. These results also provide a different perspective to understand
the generation of clusters and the relationship with chirality relative to their cluster sizes.
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