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Probing Single Secretory Vesicles with
Capillary Electrophoresis
Daniel T. Chiu, Sheri J. Lillard, Richard H. Scheller,

Richard N. Zare,” Sandra E. Rodriguez-Cruz, Evan R. Williams,
Owe Orwar, Mats Sandberg, J. Anders Lundqvist

Secretory vesicles obtained from the atrial gland of the gastropod mollusk Aplysia
californica were chemically analyzed individually with a combination of optical trapping,
capillary electrophoresis separation, and a laser-induced fluorescence detection. With
the use of optical trapping, a single vesicle that had attoliters (10~ '8 liters) of volume was
introduced into the tapered inlet of a separation capillary. Once the vesicle was injected,
it was lysed, and its components were fluorescently labeled with naphthalene-2,3-
dicarboxaldehyde before separation. The resultant electropherograms indicated distinct

variations in the contents of single vesicles.

Biological messengers are synthesized in-
tracellularly and packaged into secretory
vesicles, where they are stored until a phys-
iological signal triggers fusion of the vesicle
membrane with the plasma membrane, re-
sulting in the extracellular release of a
chemical messenger. This mode of cellular
signaling is used by all eukaryotic organisms
in biological processes ranging from sensory
perception to the regulation of reproductive
cycles. Analysis of secretory products has
been done on populations of vesicles, but
the contents of a single vesicle are often
sufficient to produce a biological response.
Therefore, it is important to develop tech-
niques of adequate sensitivity to character-
ize the array of chemical messengers within
individual vesicles (I, 2). The sizes of ves-
icles range from 30 to 2000 nm, which
corresponds to volumes from zeptoliters
(10721 liters) to low femtoliters (1072 li-
ters), respectively. The minute size of secre-
tory vesicles makes their study by tradition-
al analytical methods impossible.
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Recently, capillary electrophoresis (CE)
has emerged as a powerful separation tech-
nique for the analysis of ultrasmall sample
volumes (3). A much pursued goal in the
area of ultrasensitive chemical analysis is the
use of CE to separate and analyze the con-
tents of single biological vesicles (2). Using
such methods, one can compare the contents
of single secretory vesicles one at a time,
revealing variations that would otherwise be
buried within the analysis of populations.
This type of study provides insight into the
cellular mechanisms used to package and sort
chemical messengers into vesicles and defines
sets of secreted bioactive products with a
precision previously unattainable.

Two considerations in the use of CE for
the analysis of single vesicles are detection
sensitivity (4) and sample introduction (5,
6). The sensitivity required to detect the
laser-induced fluorescence (LIF) of a single
dye molecule exists (4). Detection, however,
is only the back half of the problem. Sample
introduction and manipulation remain the
primary challenge. Thus far, the analysis of
single vesicles has been hindered by the dif-
ficulty of introducing a single vesicle into
the separation capillary and analyzing its
contents. Recently, the first part of this
problem was overcome by the use of optical
trapping and tapered capillaries (5). The sec-
ond challenge is to label the contents of a
single vesicle with a fluorophore for subse-
quent detection by LIF. In the present ex-
periment, a miniature on-column derivatiza-
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tion scheme was applied to the molecules
under investigation. The key to ensure an
efficient on-column reaction is to minimize
the reaction volume, which leads to a higher
concentration of analyte molecules and a
smaller number of labeling molecules. The
technique of tapered capillaries (5) also ad-
dresses this challenge. For example, the on-
column reaction volume for a normal capil-
lary inlet with an inner diameter (i.d.) of 25
um and a length of 1000 wm is 4.9 X 1071°
liters. The reaction volume for a tapered
capillary inlet of 1-wm id. of the same
length, however, is 7.8 X 107! liters. This
reduction in volume by a factor of 625 leads
to a faster and more efficient reaction with
fewer unreacted dye molecules. With this
manipulation capability and improved reac-
tion conditions, the contents of single bio-
logical vesicles can be probed, one by one.
The vesicles studied in this experiment
were obtained from the atrial gland of the
gastropod mollusk Aplysia californica (7).
These vesicles contain bioactive peptides
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that are packaged into secretory granules
called dense core vesicles (DCVs) (8).
These DCVs are large (average diameter ~
1 wm) and can be easily isolated from Aply-
sia. This advantageous attribute of the
DCVs has motivated their use in the
present study. The atrial gland was first
dissected from the distal end of the her-
maphroditic duct, and subsequent slicing of
the gland with a sharp razor blade released
DCVs into a solution of artificial seawater.
Most research on the atrial gland of Aplysia
has been directed at the bioactive peptides
(9), which are involved in this animal’s
reproductive behavior. Therefore, it is in
teresting to find in the present study that
the DCVs also contain large amounts of
primary amine-containing compounds of

+ R-NHy, + CN™
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Fig. 1. (A) Electropherogram obtained after
many vesicles were lysed and derivatized off col-
umn. (B) Electrospray mass spectrum of the un-
derivatized fraction, which gives rise to the LMCs
peaks in (A) upon derivatization. (Inset) High-
resolution Fourier-transform mass spectrum of
this same sample. The chemical compositions of
the LMCs are determined by exact mass mea-
surement. (C) Electrospray mass spectrum of
the fraction derivatized with NDA before size-
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exclusion showing the disappearance of the peaks at m/z 118, 132/3, and 144.

low molecular weight.

Vesicles were lysed and then reacted off-
column with naphthalene-2,3-dicarboxalde-
hyde (NDA) and potassium cyanide (KCN)
(10). The NDA selectively reacts with pri-
mary amines in the presence of cyanide. The
peaks detected in the electropherogram (11)
(Fig. 1A) originate from NDA, NH,-termi-
nal peptides (NTPs) (12), low-mass com-
pounds (LMC:s) [of which taurine is the main
component], and an unidentified peak (peak
4). The peak intensities suggest the LMCs are
abundant. In addition to NTPs, the DCVs
also contain high concentrations of Peptides
A, B, and Califins (9). These peptides, how-
ever, were not identified by CE-LIF in the
present study, probably because of their poor
reaction efficiency with NDA.

We assigned the peak identified with
NTPs by running synthesized and purified
peptide standards. To characterize the LMCs
peaks, we fractionated the contents of the
vesicles by molecular weight through a
size-exclusion column (13). The fraction
containing the LMCs was identified by
derivatization; the resulting fluorescent
solution gave rise to the corresponding
LMCs peaks in Fig. 1A. This fraction,
both underivatized and derivatized before
size exclusion, was analyzed by electro-
spray-ionization mass spectrometry (ESI-
MS) (14-16) (Fig. 1, B and C, respective-
ly). The abundances of the peaks present
in the derivatized sample at mass-to-
charge ratios (m/z) 118, 132.6, and 144 are
insignificant compared with those in the
underivatized sample. The depletion of
these three peaks in Fig. 1C indicates that
the LMCs reacted with NDA and KCN.
No derivatized LMCs were observed in the
ESI mass spectrum after derivatization of
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the solution in Fig. 1B, owing to poor
electrospray efficiency of the NDA-de-
rivatized LMCs. A high-resolution spec-
trum of the underivatized fraction, ob-
tained with the use of an external electro-
spray ion-source Fourier-transform mass
spectrometer (Fig. 1B, inset) (17), shows
that the peak identified at low resolution
as mfy 132.6 is actually composed of two
unresolved peaks at m/x 132.103 and
133.135. All of the LMCs ions are formed
by attachment of a single proton in the
electrospray process. Therefore, the actual
masses of the LMCs are determined to
be mfy 117.079, 131.095, 132.127, and
143.094 (18). From these exact mass mea-
surements, the chemical compositions of
these compounds can be uniquely assigned
as C;H, NO,, CH;NO,, CH,\N,0,
and C,H,3NO,, respectively. By analyzing
the LMCs samples with liquid chromatog-
raphy (LC) and CE-LIF, we determined
the identity of C¢H;5sNO, to be leucine
and isoleucine. The compounds C,H,;-
NO, and C;H,(N,O do not match the mo-
lecular mass of any common amino acids.
Although the compound at mass 117.079
(CsH(;NO,) has the same chemical for-
mula as valine, this peak does not match
the fragmentation pattern of valine. It is
possible that these peaks are derived from
modified or unusual amino acids.

To further characterize the LMCs, we
performed LC on size-exclusion frac-
tions of atrial gland extracts derivatized
with o-phthaldialdehyde/B-mercaptoethanol
(OPA/BME) (19) (Fig. 2A). The reaction
of OPA and a nucleophile such as BME
with primary amines is similar to that of
NDA and CN~. Comparison of the re-

tention times of known amino acid stan-
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Fig. 2. (A) LC chromatogram of an OPA/BME-
derivatized LMCs size-exclusion fraction. (Inset)
Expanded view of the retention time of taurine
before (solid trace) and after (dotted trace) the
addition of taurine standards to the LMCs sam-
ple. Note the increase in the peak height of tau-
rine (dotted trace). (B) LC chromatogram of a
mixture of OPA/BME-derivatized amino acids
standard. Abbreviations of nonstandard amino
acids: a-AAA = a-aminoadipate, Citr = citrul-
line, PEA = phosphoethanolamine, TAU = tau-
rine, B-AIBA = B-aminoisobutyrate, GABA =
y-aminobutyrate, a-ABA = a-aminobutyrate,
and EA = ethanolamine.

dards with those of the fractionated vesicle
lysate show that the peak at ~29 min
matches the retention time of taurine
(H,NCH,CH,SO,;H). Addition of taurine
standard to this sample led to a corre-
sponding increase in the height of this
peak with excellent recovery (104%, n =
3) (Fig. 24, inset, dotted trace). The iden-
tity of this peak as taurine was further
confirmed by LC using a different mobile
phase composition and was also indicated
by 'H nuclear magnetic resonance on iso-
lated fractions. Because of the poor elec-
trospray efficiency of taurine, it was not
detected in the positive-ion ESI-MS spec-
tra. The high intensity of the taurine peak
in LC also suggests that it is the major
amine-containing component. This find-
ing was confirmed by CE-LIF using popu-
lations of vesicles with and without added
taurine standards.

For analysis, the vesicle is first optically
trapped (Fig. 3A), and the capillary tip is
subsequently moved next to it (Fig. 3B). The
vesicle is then electrokinetically introduced
into the capillary with a small potential (Fig.
3C). Once the vesicle is injected, the capil-
lary inlet is immediately transferred into a
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Fig. 3. (A) through (C) Video sequence showing
the injection of a single vesicle about 0.5 um in
diameter into a tapered tip of ~5-pm i.d. The
vesicle (arrow) to be injected is first optically
trapped (A), and the tip is subsequently moved

next to the vesicle (B). Upon application of a small voltage (C), the vesicle (arrow) is introduced
electrokinetically into the tapered capillary inlet. Movement of the vesicle into the capillary causes the
blurring observed in (C). (D) Electropherogram of the vesicle.

small droplet of reaction mixture containing
1 mM NDA and 1 mM KCN in 10 mM
borate buffer (10% acetonitrile). A small
amount of this reaction mixture is electroki-
netically injected into the tapered inlet to
lyse the vesicle. The lysate is then permitted
to react on column with NDA for 5 min at
ambient temperature (20° to 25°C). After
electrophoretic separation, the NDA-labeled
components are detected with LIF. The re-
sultant electropherogram (Fig. 3D) indicates
that this vesicle contains NTPs and peak 4
but no taurine.

In control electropherograms (Fig. 4A),
in which no vesicles were injected, the peak
at ~12 min was caused by NDA. This peak
was used as an internal standard for the
normalization of migration times in all oth-
er electropherograms. Electropherograms
obtained from two different single vesicles
show that the contents of the vesicles are
markedly different: one contains predomi-
nantly taurine but has no peak 4 (Fig. 4B),
whereas the other is mainly composed of
peak 4 with no taurine (Fig. 4C). Both also
have NTPs (insets). From the 10 single
vesicles that were analyzed, none contained
taurine and peak 4 together. The amount of
NTPs, however, remained approximately
constant from vesicle to vesicle. When two
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vesicles were injected into the tapered cap-
illary at the same time, the resulting elec-
tropherogram (Fig. 4D) revealed that both
taurine and peak 4 were present, which
indicates a mixing of the contents from two
different types of vesicles, similar to what is
found in a population analysis.

We have identified taurine as one of the
most abundant molecules present in atrial
gland vesicles. Taurine is physiologically
active and is present in high concentrations
in identified neurons of A. californica and in
the central nervous system of mammals (20,
21). Our observation of vesicular taurine
demonstrates that the compound is stored
and secreted, which strongly supports the
proposed role of taurine as a neuromodu-
lator or hormone. Taurine’s presence in
the atrial gland vesicles might also suggest
a role in osmoregulation (21) or in the
reproductive cycle of Aplysia. From the
single-vesicle analysis, it is evident that
the presence of taurine is accompanied by
the lack of peak 4. This variation between
single vesicles might be caused by two
different populations of vesicles or by the
same type of vesicles at different stages of
maturity.

This technique, which can separate and
probe the chemical messages contained in a
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Fig. 4. (A) Control electropherogram in which
no vesicles were injected. Electropherograms
obtained from the injection of (B) and (C)
single vesicles and (D) two vesicles. (Insets) Ex-
panded views of the bracketed sections of the
electropherograms.

single vesicle of only zepto- or attoliters of
volume, should make it possible to address
many previously unanswerable biological
questions. Although the DCVs analyzed in
this study are relatively large, their analysis
marks the beginning of an era in which the
information contained in a single vesicle

can be probed and deciphered.
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Images of Interlayer Josephson Vortices in
Tl,Ba,CuOg, 5

Kathryn A. Moler,” John R. Kirtley, D. G. Hinks, T. W. Li,
Ming Xuf

The strength of the interlayer Josephson tunneling in layered superconductors is an
essential test of the interlayer tunneling model as a mechanism for superconductivity, as
well as a useful phenomenological parameter. A scanning superconducting quantum
interference device (SQUID) microscope was used to image interlayer Josephson vor-
tices in Tl,Ba,CuO,_ ; and to obtain a direct measure of the interlayer tunneling in a
high-transition temperature superconductor with a single copper oxide plane per unit
cell. The measured interlayer penetration depth, A, is ~20 micrometers, about 20 times
the penetration depth required by the interlayer tunneling model.

Although tremendous progress has been
made over the past decade in understanding
the phenomenological properties of the cup-
rate superconductors, in improving the
quality of the materials, and in identifying
the symmetry of the pairing state, the
mechanism of the superconductivity re-
mains unresolved. One candidate mecha-
nism is the interlayer tunneling (ILT) mod-
el, in which the superconductivity results
from an increased coupling between the
layers in the superconducting state (1-3).
For this model to succeed, the interlayer
coupling in the superconducting state must
be sufficiently strong to account for the
large condensation energy of the cuprate
superconductors (3-5). The best materials
for testing this requirement are Tl,Ba,
CuOq, 5 (T1-2201) and HgBa, CuO,,
(Hg-1201), which have high critical tem-
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peratures (T_. ~ 90 K) and a single copper
oxide plane per unit cell.

The interlayer tunneling strength in cup-
rates is often inferred from the normal-
state anisotropy, but a key point of the ILT
model is that this correlation will be un-
conventional in the single-layer cuprates.
It is therefore crucial to determine the
interlayer coupling in the superconducting
state. One measure of this coupling is the
c-axis magnetic penetration depth, \_.
Another measure is the Josephson plasma
frequency (6, 7), w, = e\ le712, where €
is the dielectric constant of the interlayer
medium and ¢ is the speed of light. The
Josephson resonance has not been detect-
ed in either T1-2201 or Hg-1201. Van der
Marel and colleagues reported an upper
limit o, €2 < 100 cm™! in T1-2201 (8), a
value difficult to explain within the ILT
model (4). In contrast, recently measured
magnetic susceptibility data on oriented
powders of Hg-1201, analyzed with Lon-
don’s equation and assuming spherical
grains, give A\ (T = 0) = 1.36 £ 0.16 pm
for Hg-1201 (9), similar to the ILT value
(10). Here, we used a SQUID microscope
to image interlayer Josephson vortices in
two single crystals of T1-2201 and deter-
mine A_ directly.
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The phenomenological Lawrence-Doni-
ach model for a stack of Josephson-coupled
superconducting layers (6) is widely applied
to highly anisotropic superconductors, in-
cluding organics, cuprates, and artificially
structured model systems. The structure of
an isolated vortex parallel to the layers, or
“interlayer Josephson vortex,” is similar to a
vortex in an anisotropic Ginzburg-Landau
theory except at the vortex core (11). The
spatial extent of the vortex along the layers,
., is related to the critical current density
between the layers, J,, by

)\c = (C(D0/8’1T25]0)1/2 (1)

(6, 11), where @y = hc/2e is the supercon-
ducting flux quantum, h is Planck’s con-
stant, e is the electron charge, and s is the
interlayer spacing. A large vortex thus in-
dicates a weak interlayer coupling.

In recent work, we used vortex imaging
to directly measure the Josephson coupling
across grain boundaries of YBa,Cu;0, 4
(12) and the interlayer Josephson coupling
in the quasi-two-dimensional (quasi-2D)
organic superconductor k-(BEDT-TTF),-
Cu(NCS), (13). We now report the obser-
vation of isolated interlayer vortices in
T1,Ba,CuQOy, 5. Although the a-axis pene-
tration depth is substantially less than our
spatial resolution of 8 pwm, our images di-
rectly show the c-axis penetration depth \_
~ 20 pm.

Magnetic fields were imaged at the sur-
face of the crystals with a scanning SQUID
microscope (14). The SQUID is integrated
with shielded leads to a square supercon-
ducting pickup loop (side length L = 8.2
pwm) on the same chip. The SQUID detects
the total magnetic flux through the pickup
loop,

d, = B.(x,y, 2= z)dxdy  (2)

loop

where B, is the local magnetic field perpen-
dicular to the sample surface, x and y are
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