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The lateral organization of domain structures is an extremely significant aspect of biomembrane research.
Chemical imaging by mass spectrometry with its recent advancement in sensitivity and lateral resolution has
become a highly promising tool in biological research. In this review, we focus briefly on the
instrumentation, working principle and important concepts related to time-of-flight secondary ion mass

spectrometry followed by an overview of lipid/protein fragmentation patterns and chemical mapping. The
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key issues addressed are the applications of time-of-flight secondary ion mass spectrometry in biological
membrane research. Additionally, we briefly review our recent investigations based on time-of-flight
secondary ion mass spectrometry to unravel the lateral distribution of lipids and surfactant proteins in lung
surfactant model systems as an example that highlights the importance of fluidity and ionic conditions on
lipid phase behavior and lipid-protein interactions.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

The molecular mechanisms underlying lipid-protein interactions
are highly significant for studies of structure-function relationship in
membranes. In particular, biological processes in which specific lipids
are required for proper functioning has attracted much research. One
such phenomenon, where specific lipid-protein interactions become
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indispensable, is to facilitate a continuous and effortless breathing
process.

The alveolar interface is lined by a complex mixture of phospho-
lipids and surfactant proteins, whose interplay works to reduce the
surface tension at the alveolar surface, thereby, preventing alveolar
collapse [1,2]. A significant amount of knowledge has been acquired on
the physiological importance of lung surfactant in premature neonates
and adults[3,4], and the role of phospholipids, surfactant proteins and
their model peptides [5-12] on phase behavior [13-16] and their
structure-function relationship [17-19]. The major phospholipid
constituent of pulmonary surfactant is the phosphatidylcholine (PC),
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especially dipalmitoylphosphatidylcholine (DPPC) [20-22]. DPPC
plays an important role in reducing surface tension to very low
values and thus protecting the alveolus against collapse [2,23,24].
Other lipids that are essential for lung surfactant function are the
anionic phosphatidylglycerol (PG), and phospholipids containing
unsaturated acyl chains [22,25]. Besides phospholipids, surfactant
proteins namely SP-A, SP-B, SP-C, and SP-D, have been found to be
of immense importance in assembly and functioning of the lung
surfactant [26-28]. SP-A and SP-D are hydrophilic proteins that play
an important role in the storage and transport of lung surfactant
and participate in host defense [29], whereas the hydrophobic
proteins SP-B and SP-C have been shown to play an important role
in promoting/enhancing the adsorption and spreading of mono-
layers containing large amounts of DPPC.

Attempts to understand the mechanism of surfactant function are
numerous. However, the complexity of the system and the technical
limitations has impeded its complete understanding. Nevertheless,
efficient model systems have been established and studied that seem
to closely mimic the properties of native composition. However,
observations of specific lipid-protein interactions in various lung
surfactant model systems have not been conclusive. To our knowl-
edge, specific SP-B/DPPG interactions were first proposed based on
fluorescence anisotropy studies in lipid bilayers [15], and it was
proposed that SP-B interacts specifically with PG head groups [17].
Furthermore, electron paramagnetic resonance spectroscopy studies
in vesicular systems also suggested preferential interaction between
anionic DPPG and SP-B [30]. On the contrary, other bilayer studies
based on 2H nuclear magnetic resonance did not observe any
preferential interaction of SP-B with either DPPC or DPPG [31].
Surprisingly, our recent monolayer studies based on time-of-flight
secondary ion mass spectrometry (ToF-SIMS) imaging demonstrated
that both SP-B and its mimetic peptide KL, preferentially tend to
colocalize with the zwitterionic DPPC. This, however, did not rule out
the existence of specific DPPG/protein interactions. Further studies to
elucidate the possible influence of the ionic conditions, showed a
reversal of surfactant protein colocalization with the anionic DPPG in
the absolute absence of calcium ions [32].

In this review, we will mainly focus on the ToF-SIMS imaging as
applied in biological systems and particularly its capacity for
molecular identification and chemical imaging needed to unravel
the lateral organization of membrane structure in model membranes.
ToF-SIMS imaging provides a link between the contemporary
techniques with atomic scale resolution and the optical microscopy
has the unique advantage of providing direct insights into the
chemical composition with a resolution down to less than 100 nm.
In the following sections, we will briefly describe the working
principle of ToF-SIMS, the chemical identification of biomolecules
and the lateral organization of lipid—protein membrane systems.
Finally, the exploitation of SIMS imaging to characterize the lipid-
protein interaction in the lung surfactant model membranes during
our studies over the last years will be described.

2. Time-of-flight secondary ion mass spectrometry
(ToF-SIMS)—Overview

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a
powerful technique for high resolution surface, interface and thin
film analysis that enables label-free detection of individual compo-
nents of a monolayer, transferred to a solid support. As shown in
Fig. 1, ToF-SIMS involves rastering of a highly energetic electrically
focused primary ion beam across the sample inducing a collision
cascade that may lead to the release of charged molecules, and
compound-characteristic secondary ions fragments [33]. The emitted
fragment ions are then accelerated by an electric field in the time-of-
flight analyzer leading to separation and detection of the ions
according to their mass-to-charge ratios (m/z), thus, offering a high
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Fig. 1. ToF-SIMS instrumentation. A general scheme of ToF-SIMS showing the important
components of the instrumentation.

mass range, high mass resolution and a precise mass detection
[34,35]. Eventual performance depends on critical factors such as the
kind of primary ions source and modulation of its pulses. It is
important to note that ToF-SIMS basically is a destructive technique as
the highly energetic primary ion beam induces desorption of surface
ions. However, use of very low intensity primary ion dose permits
quasi-non-destructive analysis. We now briefly describe the primary
ions sources: modulation, collision cascade, sputtering process and
lateral resolution.

2.1. Primary ion sources and modulation

The two commonly deployed primary ion sources in biomolecular
research are electron impact (EI) sources and liquid metal ion guns
(LMIG). Primary ion sources such as polyatomic SF3" and fullerene ion
beams (Cdo, C&3, C2¢") are generated by collision of the gaseous or
vaporized source with the accelerated electrons (electron impact). The
resulting ions have energies in the keV range and offer a significant
secondary ion yield. In LMIG's, metals such as gallium, bismuth and
gold flow from a reservoir to a small needle tip, thereby establishing a
Taylor cone which is then ionized under high voltage to generate
stream of metal cations. Bismuth and Gold have recently become the
most popular ion source for LMIG's due to their ability to provide not
only monoatomic singly charged ions (like Gallium) but also cluster of
ions such as BiF, Bi* or Aui (unlike Gallium) [34].

Another essential aspect of ToF-SIMS involves the modulation of
the primary ion beam in order to enable high lateral and mass
resolution. Spatial focusing or pulsing of the primary ion is done to
allow proper separation of secondary ion fragments desorbed off the
surface according to there m/z ratio. This is also important to
eliminate the varying accelerations of the primary ions resulting
from mass and charge discrepancies. There are two kinds of
operational modes of the ToF-SIMS which differ in pulse duration
and sorting of the primary ions. In “burst alignment mode,” the
pulsing (10-100 ns), specific mass selection and focusing of the
primary ion are optimized to achieve a high lateral resolution of ~
<100 nm [36]. On the contrary, the “bunched mode” involves a
significant reduction of the pulse duration to shorter than 1 ns with a
bunching device that enables conjunct flow of primary ions and forces
primary ions with different speeds to hit the surface at the same time
[34]. This allows a mass resolution of >10000 (i.e., m/Am) [37];
however, chromatic abberation of the lense system in the bunching
device tends to lower the lateral resolution to ~ 2-5 pm [36]. Thus, the
above described operational modes could be effectively used to obtain
high lateral resolution for chemical imaging of surfaces (Burst
alignment mode) as well as high mass resolution for acquisition of
spectra (Bunched mode).
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Fig. 2. Collision cascade. A general scheme of the collision cascade from the sputtering
of molecular fragments and secondary ions.

2.2. Collision cascade

The primary ion pulse hitting the surface of the sample strikes off
largely uncharged fragments and secondary ion fragments attributed
to the sample. During this process, the high energy primary ion pulse
transfers its kinetics energy to the atoms and molecules of the sample
thereby inducing a large scale random collision process and bond
breaking as depicted in a simplified scheme of collision cascade in
Fig. 2. The collision cascade is isotropic and its range is limited in
lateral cross section and longitudinal depth. It is important to
recognize that only a small fraction of (10~! to 10~°) of the emitted
fragments are either positively or negatively charged and only these
fragments can be accurately detected [33,38]. The destructiveness of
the ToF-SIMS technique comes from the fact that collision cascades
cause the desorption of fragment ions from the surface thereby
ablating the region of interest. Nevertheless, ablation and damage of
the sample surface can be controlled by ensuring a low primary ion
dose and a controlled duration of bombardment. Such a low primary
ion dose falls under the “static” SIMS regime in which the damage
caused to the sample is negligible and the chemical images of the
surface are representative for the sample. The primary ion dose
density required for “static” SIMS corresponds to ~ 10''-10'® ions/
cm? and results in the fragmentation of the surface exclusively to a
depth of one or at most a few monolayers of the molecular
components [39,40]. Conversely, a higher primary ion dose density
allows for “dynamic” SIMS in which a continuous removal of the
surface ions allows reconstruction of depth profiles of the sample and
characterization of elemental components [41,42].

2.3. Detection of secondary ion fragments by time-of-flight analyzer

The subsequent critical step after the induction of collision cascade
and sputtering of surface ions is the sorting and detection of the
secondary ion fragments by the time-of-flight analyzer based on the
respective m/z ratio. This involves acceleration of released secondary
ion fragments through a uniform electric field, and depending on the
charge of the fragment, the resulting nominal kinetic energies (Ej;,) is
given by [38],

Exin = zVoe (1)
where z denotes the net charge on the secondary ion, e represents the
elementary charge and V; is the accelerating voltage of the applied

electric field. Also, the Ey;, of an ion is related to its mass (m) and
velocity (v) by

Ein = 5mv* 2)

Thus, the velocity of a given ion is then

N1/2 1/2
_ <2E,<m) or v — (22V0e> 3)
m m

Clearly, the mass to charge ratio of each ion depends only upon the ion
velocity,

m _ 2Vye
PR @

After the initial acceleration, ions enter the drift region and travel over
a distance (L) to the detector. The velocity and time of flight (t) are
related by

v=1 (5)

Substituting Eq. (5) in Eq. (4), we finally get the relation between the
m/z ratio of an ion and its time of flight.

m _ 2V et?
z 2

(6)

Since Vp and L are constant, the flight time (t) is proportional to the
square root of the mass of the secondary ion, and as one would expect,
the lighter ions travel at a faster velocity and arrive at the detector
earlier than the heavier ions.

2.4. Factors crucial for lateral resolution in SIMS imaging

The maximum attainable lateral resolution is a very important
feature for any imaging technique. One of the major parameters that
define the lateral resolution in ToF-SIMS is the dimensions of the
collision cascade that depends both upon the properties of the
primary ions (atomicity, energy and mass) and the sample surface
(density). For typical primary ion energies, the lateral resolution
varies from 2 to 10 nm [42]. The other crucial factor is the spot size of
the primary ion focus. While this is usually ~50 nm, de-magnifying
beam optics can reduce the spot size and increase the lateral
resolution significantly. This is most applicable to thick layers where
the primary ion dose can be enlarged. The technical details of the
effect of the focus spot size are beyond the scope of this review and
can be found elsewhere [42]. The last parameter that needs to be
introduced in this regard is the efficiency of secondary ion generation
[43]. In particular, in samples where the amount of the secondary ion
generated is limited, the secondary ion emission yield is critical for
defining the lateral resolution known as the “useful lateral resolution
(Al).” During the acquisition of spectrum, secondary ion emission
yield (Y) is defined as the ratio of the number of secondary ions
detected (Np) to the number of primary ions bombarding (Np) the
sample surface

_ M
=5 (7)
Also, under prolonged bombardment by the primary ion beam, there
is a continuous desorption of the secondary ions from the surface
defined as the “disappearance cross section (0).” This process
contributes to the exponential decay of the signal intensity of the
secondary ion emission given by

Np = Np, (—o€Xp( — 0 - PIDD) ®)

where PIDD denotes the primary ion dose density and the
disappearance cross section (o) is the slope of the exponential
decay. The relation between Y and o explains the concept of “useful
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lateral resolution” by the given equation dealt in detail elsewhere
[34,42].

Al = (’%“)”2 ©)

2.5. Quantitative limitation

It is important to realize that SIMS is a semi-quantitative technique
and quantification remains to be an active area of research in this field.
“Dynamic” SIMS can be used to compare the signal from a desired
analyte to that of a normalizing component that has a known
concentration. Using identical conditions, the SI yield of the unknown
component and the normalizing component are measured in both the
sample of interest and a reference sample [44]. In contrast, molecular
quantification is difficult to achieve in the “static” SIMS. In addition to
the surface concentration of the analyte, the chemical environment
surrounding the analyte, topology and matrix-analyte interactions, all
play an important role in deciphering the acquired intensities of the
secondary. This limitation to the SIMS quantification is known as the
“Matrix effect” [45,46] and is a matter of active ongoing research.
Quantitative information of the sample composition is obtained by
calibrating the secondary ion yields against reference standards
chosen to have similar ionization potentials and chemical reactivities
as the analyte. However, despite the usage of reference species
resembling in chemical characteristics, matrix effects corresponding
to the changes in the thickness of sample layer might still exist. It has
been observed that for a multilayer sample the secondary ion yield is
~ 1.5-5 times lower than the corresponding monolayer surface [46].
Although several potential solutions to the matrix effects have been
proposed, such as applying the infinite velocity method found in
details elsewhere [47], improvements in matrix effects are still
needed.

3. Sample preparation

Because SIMS is a highly sensitive surface analytical tool, sample
preparation is crucial for accurate measurement and analysis.
Depending on the nature of the sample, preparation can vary from
freeze-fractured samples to solid supported samples obtained by
Langmuir Blodgett (LB) transfer . The bottom line to any of the above
mentioned sample preparation methodology, however, is to allow
minimum changes to the native state before the mass spectrometry is
carried out under ultrahigh vacuum. The study of membrane structure
generally involves the usage of solid supported membranes formed
either by LB transfers or adsorption of vesicles to the solid supports. LB
transfers involve the spreading of the lipid/protein sample in organic
solvents onto an aqueous subphase followed by transfer to solid
supports leading to the deposition of uniform and highly ordered
membrane layers onto the solid support. Gold coated glass and mica
sheets are the typical solid supports because they are atomically
flattened surfaces and do not charge up during bombardment
[39,48,49]. LB transfers also ensure that the native morphology of
the lipid/ protein membrane on the subphase is retained upon transfer
to the solid support [50,51]. Based on the nature of sample and
experimental goals, other widely used sample preparation method-
ologies are fast-freezing and low temperature dehydration [52,53],
chemical fixation, air drying, resin embedding and ultramicrotomy
[44,54] the details of which are beyond the scope of this review.
Optical microscopy or with high lateral resolution techniques such as
scanning force microscopy (SFM) or electron microscopy, should be
used to examine samples prior to SIMS imaging to check for any
environmental contamination and integrity of the analyte on the
substrate. Additionally, these techniques enable further investigations
of the same sample using different complementary techniques such as
fluorescence microscopy or atomic force microscopy [44].

4. ToF-SIMS in membrane research

Lateral organization of lipids and proteins in biological membranes
is an extremely active area of research. While the raft hypothesis
suggests the formation of highly organized microdomains enriched in
selective lipids and membrane anchored proteins, the direct visual-
ization of so-called “rafts” remains controversial [55]. Phase separated
domains are usually imaged using fluorescence dyes that preferen-
tially partition between co-existing lipid phases. However, the precise
chemical composition of the domains remains unclear with fluores-
cence microscopy.

To our knowledge, ToF-SIMS was first applied in biological research
in 1978 by Beninghoven et al., who used it for the identification and
characterization of biological macromolecules such as peptides,
nucleotides and vitamins [56]. The same group subsequently applied
this technique to the characterization of the mutant Apolipoprotein A-I
along with its variants, by the same group [57,58]. The significant
improvements to the lateral resolving power of this technique in the
recent years, encouraged us to apply SIMS imaging to investigate the
lateral organization of the lung surfactant model membrane, a system
which had been well characterized in terms of phase behavior by
Langmuir film balance and fluorescence microscopy techniques. We
applied ToF-SIMS to investigate the lateral organization of the lung
surfactant components and the role of ionic environment to be
considered in detail in the later part of this review [46,48,49,59-61].
Furthermore, we showed that, for DPPC/DPPS monolayers, the
presence of calcium induces the formation of domains enriched in
DPPS. This process may be physiologically important for the
interaction of the peripheral membrane protein, annexins [51].
Likewise, ToF-SIMS has been applied extensively to study lateral
phase separation, lipid-lipid interaction and lipid—protein interaction
in solid supported monolayers and bilayers [62-65]. More recently,
domain analysis of monolayers composed of a putative raft mixture
sphingomyelin, cholesterol and 1-palmitoyl-2-oleoylphosphatidyl-
choline (POPC) was characterized with 1 um lateral resolution that
showed the preferential colocalization of sphingomyelin and choles-
terol leaving out POPC [66]. A very interesting quantitative chemical
mapping by NanoSIMS visualized lipid phase separation at a very high
resolution. NanoSIMS is technically different from the conventional
SIMS as it involves bringing the primary ion beam normal to the
sample surface unlike the typical oblique orientation thereby
enhancing resolution [67]. This study on homogeneous solid
supported bilayers composed of 1,2-dilauroylphosphatidylcholine-
15N ('>NDLPC) and 1,2-distearoylphosphatidylcholine- 13C18
(13C,5-DSPC), showed that domains enriched with 'C;5-DSPC (gel
phase) phase separated within a >NDLPC-rich bilayer [67]. The size
(~100 nm in diameter) and the geometries of the phase separated
DSPC domains as visualized by NanoSIMS were consistent with
atomic force microscopy images. Furthermore, quantitative infor-
mation on the lipid composition of the membrane was obtained by
calibrating the lipid-specific secondary ion signal intensities with
reference samples [67].

Similarly, ToF-SIMS has also been applied to study the membrane
composition within biological tissues and single cells with a lateral
resolution of few microns [34,37,53,68-71]. Particularly interesting
reports exploring the potential of this technique showed the selective
enrichment of aminoethylphospholipid and selective exclusion of
phosphatidylcholine at the fusion junctions of the plasma membrane
during mating in tetrahymena cells [72]. Likewise, a report from
Breitenstein et al. demonstrated a complete generation of chemical
maps of animal cells and their intracellular compartments [73]. In the
subsequent part of the review, we will describe the fragmentation
pattern of each individual component of interest that enables us to
assign the so-called fingerprint ions characteristic to a particular lipid
or protein. The knowledge of such characteristic secondary ions is
essential for the unambiguous mapping of SI signals corresponding to
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specific components. We will then review the chemical mapping of
lipid-protein lateral organization in the lung surfactant model
membranes in detail as determined via ToF-SIMS imaging.

5. Mapping lipid/protein lateral organization
5.1. Identification of biomolecules by their chemical fingerprint ions

Under bombardment by the primary ion, each type of molecule has
a characteristic fragmentation pattern that produces a distinctive
series of charged ions, the so-called fingerprint ions. Thus, the study of
fragmentation of individual molecules is essential for assigning the
respective signals in more complex systems and several reference
libraries comprising large amounts of spectral data characteristic of
organic and macromolecules have been established [74,75]. Fig. 3
presents an example of a ToF-SIMS spectrum of positive SI of DPPC.
The primary ion pulse was bunched in order to obtain a high mass
resolution (i.e., the nominal mass divided by the difference in mass
between the two species (m/Am)) needed to distinguish between
two adjacent masses with high precision. The various typical
fragments attributed to the head group of DPPC correspond to the
m/z ratios of 102, 104, 125, 150, 166, 184 and 244 as shown in the
schematic picture of the fragmentation pattern of a DPPC in Fig. 4.
Additionally, DPPC is found to desorb both as protonated and
dehydrogenated quasi-molecular ions (DPPC+H)" and (DPPC-H)™
with corresponding masses of 732.5 and 734.5 u/e, respectively. The
m/z ratios obtained for DPPC correspond well with those obtained by
other mass spectrometric techniques [46,76-79]. Fragmentation of
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the choline head group of DPPC gives rise to the nitrogen-containing
SI with m/z ratios less than 100 u/e that sometimes interfere with the
non-specific SI in the same m/z regime. However, the problem of
interference is overcome during analysis as the intense nitrogen-
containing SI gives rise to a peak with even nominal masses due to the
presence of lone pair of electrons [43]. On the contrary, intense non-
specific SI corresponds to odd masses or hydrogen containing SI. For
example, C;HgN™ interferes with '*CC4Hg and CsHip as they all
possess a nominal mass of 70. However, the peaks corresponding to
the later are weak due to the presence of lone pair of electrons.
Likewise, the 3C isotope contribution could be deduced considering
the amount of CsHg where the amount of 'C corresponds to 1.1%,
thus, adding to a total of at least 3% of the intensity of M70 as reported
by Bourdos et al. [48]. Most prominent SI fragments corresponding to
particular lipids are listed in Table 1.

Mass spectra of lipids are usually rich in signals arising from the
acyl chains that are indistinguishable, especially in the lipids
containing identical acyl chains. Therefore, it is impossible to
differentiate between the acyl signals arising from DPPC and DPPG.
Also, anionic lipids such as DPPG do not yield any positive SI
fingerprint except the protonated phosphogylcerol C3H;oPOd (M173)
that shows a weak signal compared to the overwhelming CsHsNPOZ
(M184) ion of the DPPC. Likewise, dipalmitoylphosphatidylglycerol
(DPPG) is sometimes detected as a quasi-molecular ion in the form of
(DPPG + 2 Na-H)™, however, with a very low intensity [80]. Other
anionic lipids such as dipalmitoylphosphatidylserine (DPPS) are often
detected by the bridging calcium ions or as calcium phosphate [43,51].
This makes it extremely difficult to differentiate the signals arising
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Fig. 3. ToF-SIMS spectrum of DPPC. A mass spectrum showing the positive secondary ions characteristic of DPPC.
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Fig. 4. Fragmentation pattern. A scheme showing the fragmentation pattern of DPPC and the probable fragments cleaved off from the acyl chain and the choline head group.

from the anionic lipid head group and zwitterionic lipid such as DPPC.
Therefore, deuterated negatively charged lipids having similar phase
behavior to their native counterpart are used in order to differentiate
the signals and enhance the ion count. Deuterated DPPG (d62DPPG)
with deuterated acyl chain is often used in studies involving
pulmonary surfactant model systems. Importantly, the fragmentation
pattern of d62DPPG is found to be significantly different from that of
DPPC with slightly higher m/z ratio [46]. The masses of M34, M50,
M62 and M66, respectively correspond to fragments cleaved off from
acyl chains namely C,D&", (5D, C4D5 and C4Dg [46].

Likewise, proteins also show a peculiar fragmentation pattern
characteristic of the amino acid composition. Based on our previous
ToF-SIMS studies on lung surfactant model systems, we have
especially deciphered few typical SI fragments corresponding to

Table 1

List of secondary ions obtained from components of surfactant model systems.
m/z lon
DPPC
102 CsHio,NO™
104 CsHy4sNO™
125 CsHgNOZ
150 CsH;3NPO3
166 CsHy3NPOF
184 CsHysNPOZ
224 CgHoNPOZ
734 (DPPC—H)™
735 (DPPC+H)™
DPPG
173 C3H;0POE
767 (DPPG+2Na—H)™"
d62DPPG
34 GDs’
50 C3DF
62 C4DF
66 C4Dg
SP-B
28 CH,N™
30 CH4N™
44 CoHgN™
70 C4HgN™
110 CsHsN3 /C/HoN*
112 CsHqoN3 /C7H 4N+
120 CgHioN™
Sp-C
18 NHZ
30 CH4N™
44 CoHgN™
110 CsHgN7

4024 (SP-C+H)™

hydrophobic proteins SP-C and SP-B. Since, SP-C is a small protein, it is
usually detected as a quasi-molecular ion (SP-C + H)™ with a
characteristic m/z ratio of 4024 u/e in thin film preparations of SP-C
formed by spin coater. This quasi-molecular ion is, however,
undetectable in LB-layers with lipids [48]. Additionally, specific
characteristic fragments of SP-C (for the described model system)
are CH4N™ (Glycine) with m/z of 30 u/e, C;HgN ™' (Alanine) with m/z
of 44 u/e and CsHgN3 (Histidine) with m/z of 110 u/e, respectively.
Often some of the fragments such as C4H;oN™ and CsH;,N" with the
corresponding m/z of 72 u/e and m/z of 86 u/e interfere with the
signals arising from DPPC [48]. Nevertheless, other SI fragments with
M18, M30 and M110 are SP-C specific, despite similar DPPC signals,
and result in higher intensity which reflects the presence of nitrogen.
In general, the most peptide fragments arise as a result of cleavage of
the —COOH group of the amino acids: glycine, alanine, valine,
leucine/isoleucine, proline and histidine [48]. A similar fragmentation
pattern is also obtained for SP-B arising from the respective iminium
ions and shared identical fragments with SP-C corresponding to m/z
of 44,70, 72 and 110 u/e. In addition, an SI fragment with M120 could
also be detected arising from phenylalanine [46]. An overview of
characteristic SI fragments cleaved off various amino acids of proteins
is compiled in Table 2. Nevertheless, despite the above overview, care
must be taken while interpreting the mass spectra as signals arising
from various lipids and protein might often show significant
interference [74,75]. Thus, the use of isotopically labeled components
becomes essential to avoid interference especially in more complex
studies involving native membrane or a complex model system.

Table 2
List of characteristic secondary ions fragments cleaved off from amino acids for mass
spectrometric analysis of proteins.

Mass Ion Amino acid

30 CH4NT Glycine (Gly, G)

44 CoHgN ™' Alanine (Ala, A)

60 C,HgNO™ Serine (Ser, S)

70 C4HgN™ Proline (Pro, P)

72 C4HioN™ Valine (Val, V)

74 C3HgNO™ Threonine (Thr, T)
76 C,HgNS™ Cysteine (Cys, C)
86 CsHioN* Leucine (Leu, L)
86.1 CsHioN™ Isoleucine (Ile, I)
87 CsH/N,0™ Aspargine (Asn, N)
88 C3HgNO3 Aspartate (Asp, D)
101 C4HgN,0 ™ Glutamine (Gln, Q)
101.1 CsHy3Ny Lysine (Lys, K)

102 C4HgNOS Glutamate (Glu, E)
104 C4H NS ™ Methionine (Met, M)
110 CsHgN3 Histidine (His, H)
120 CgHioN™ Phenylalanine (Phe, F)
129 CsHy3Ng Arginine (Arg, R)
136 CgHioNO™ Tyrosine (Tyr, Y)
159 CioH11NF Trytophan (Trp, W)
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5.2. Chemical imaging of lipid/protein localization in pulmonary
surfactant model systems

The molecular mechanism of surfactant proteins remains unclear
and there is particular interest in studying their interaction with
different lipids, especially at the collapse pressure, where surface
confined reservoir is formed. A surface view of membrane structure
and dynamics provides us with significant information on the lateral
organization of membrane and the eventual spatial and temporal
changes that it might undergo. We systematically investigated the
membrane lateral organization and the lipid-protein interactions in
monolayer model systems. Techniques such as the Langmuir film
balance provide basic information about the phase transitions and
fluidizing/condensing effects in the membrane. Likewise, fluores-
cence microscopy allows visualization of the phase separation,
domain formation and growth as well as possible condensing or
fluidizing effects. However, the interference due to fluorescence probe
cannot be ruled out. Additionally, atomic force microscopy gives
detailed insights into the topographic features of the phase separated
domains. All the above techniques provide us with significant amount
of information complimenting the chemical maps obtained from ToF-
SIMS. Fig. 5 shows a general schematic representation of different
complimentary aspects studied, namely the phase behavior by
Langmuir film balance, phase separation and domain formation by
fluorescence microscopy, topology of the surface confined reservoir
atomic force microscopy and chemical mapping of the lateral
organization by ToF-SIMS, that compliment each other.

Electrostatic interactions are believed to exist between cationic
surfactant peptides such as SP-B/KL,; and anionic DPPG, and these
interactions are thought to be crucial in lipid/peptide monolayers and
to affect lung surfactant function in vivo. Laterally resolved time-of-
flight secondary ion mass spectrometry (ToF-SIMS) is unique in itself
as it allows for label-free detection of individual compounds of a
monolayer ( after transfer to a solid support) thereby enabling us to
uncover existent specific intermolecular interactions by means of
chemical maps displaying distinct areas of colocalized species. In ToF-
SIMS analysis, a focused primary ion beam is rastered across a defined
area of the sample causing the sputtering of compound-characteristic
secondary ions with varying mass-to-charge (m/z) ratios. Pixel by
pixel acquisition of the mass spectra of the sputtered ions is then used
to map the chemical composition of the sample. Signal intensities for a
given secondary ion are mapped such that the brighter regions
correspond to high ion counting rates. Thus, the obtained high
resolution mass images represent semi-quantitative chemical maps
monitoring the lateral localization of the analyzed fragments with a
high lateral resolution. We will now review previous studies of the
lipid-protein interaction in lung surfactant model systems and our
studies performed with ToF-SIMS that aimed to determine the
mechanism of action driving the surfactant proteins to either
colocalize with anionic DPPG or neutral DPPC.

The first reported study, fluorescence anisotropy, was used to
show that, for DPPC/DPPG (7:1) bilayers, SP-B selectively interacts
with anionic lipids at pH 7 (120 mM NaCl, 10 mM MOPS) [15]. This
work was followed by electron spin resonance spectroscopic studies
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Fig. 5. A general scheme showing the various complementary techniques applied in our studies to characterize domain formation, growth, topology and chemical composition.



M. Saleem, H.-J. Galla / Biochimica et Biophysica Acta 1798 (2010) 730-740 737

on bilayer vesicular systems supporting the idea of the existence of
SP-B/DPPG interaction at pH 7 (50 mM HEPES, 150 mM NaCl, 5 mM
EDTA) [30]. Interestingly, no such preferential interaction of SP-B with
either DPPC or DPPG could be found in bilayers using 2H NMR
spectroscopy at pH ~7 (15 mM HEPES, 135 mM NaCl) [31]. As a step,
we demonstrated that lipid-protein lateral organization could be
imaged laterally. Our first studies on surfactant model systems
containing surfactant protein B (i.e.,, DPPC/DPPG/SP-B), surprisingly
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showed the colocalization of the zwitterionic DPPC with the
surfactant protein forming the domains in an inhomogeneous matrix
of negatively charged DPPG [46]. The difference in the pH conditions
of the aqueous subphase might have caused this apparent demixing of
DPPG and protein. We thus further investigated the effect of pH and
carried out a systematic analysis of demixing behavior and lipid-
protein colocalization under a range of pH conditions. The investiga-
tion using DPPC/DPPG/SP-B monolayers revealed that, both at pH 7.0
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Fig. 6. Mass resolved ToF-SIMS images of surfactant monolayers consisting of (A) DPPC/d62DPPG/SP-B (4:1:0.2 mol%) on aqueous buffer containing traces of calcium. The
distributions of positively charged secondary ions deriving from DPPC (m/z=184), d62DPPG (m/z=46) and SP-B (m/z=70) are displayed in characteristic secondary ion intensity
maps (left rows). Correlation analysis represented by the large three-color overlay image obtained from overlapping the respective secondary ion maps with primary color
background (right rows), shows the colocalization of the DPPC and SP-B (magenta) network while DPPG forms condensed domains (green). (B) DPPC/d62DPPG/SP-B (4:1:0.2 mol%)
on aqueous buffer without calcium. The distributions of positively charged secondary ions deriving from DPPC (m/z=102), d62DPPG (m/z=34) and SP-B (m/z=30) are displayed
in characteristic secondary ion intensity maps (left rows). Correlation analysis represented by the large three-color overlay image obtained after overlapping the respective
secondary ion maps with primary color background (right rows), shows the colocalization of DPPG and SP-B appearing as yellow colored domains whereas magenta colored network
might reflect a DPPC matrix containing aggregates of DPPG/SP-B. For both images A and B, yellow/bright colored regions suggest a higher intensity count of the secondary ion
whereas brown/dark colored regions denote a lower intensity count or absence of the same secondary ion. LB-transfer was performed on gold-covered glass slides at 50 mN/m from

a subphase containing buffer with and without calcium at 20 °C.
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and 5.5, SP-B colocalizes with the rigidified DPPC-rich phase [59]. It
was therefore suggested that an extended hydrogen-bond network of
the head group region of DPPG leads to the bridging of adjacent lipid
molecules, largely reducing the solubility of SP-B in the DPPG-rich
phase. Consequently, the protein would then be excluded from the
condensed DPPG domains and colocalize with the surrounding fluid
DPPC matrix. However, SP-B/DPPG-specific interaction could not be
ruled out. Speculating about the possible role of the ionic conditions of
the subphase on observed demixing behavior and assuming that our
previous studies had traces of Calcium in the aqueous buffer, we
systematically investigated the DPPC/DPPG monolayers containing
SP-B and its model peptide KL, in the presence and absence of calcium
in the subphase [60]. Interestingly, it was observed that there is an
apparent reversal of protein colocalization with the DPPG in the
absence of calcium in the subphase [32].

Fig. 6. shows the mass-resolved images of DPPC/d62DPPG/SP-B
(4:1 molar ratio lipid with 0.2 mol % SP-B) monolayers transferred to
solid supports from aqueous buffer containing traces of calcium. These
images were obtained in burst alignment mode (focus 300 nm) with a
Bi primary ion beam. The negatively charged lipid d62DPPG,
identified by the secondary ion C3D7 with an m/z value of 46 u/e,
was found to form distinct domains with high SI intensity denomi-
nated by the bright (yellow) regions in a dark network with low
secondary ion yields (brown). Characteristic signals detected for DPPC
and SP-B are attributed to CsH;sNPOZF (M184) and C4HgN™ (M70),
respectively, and were found to possess highest signal intensities in
the network surrounding the d62DPPG domains. It was therefore
concluded from the obtained distribution pattern that a demixing of
the monolayer components has occurred and the protein colocalized
with DPPC. A correlation analysis is often desirable for ternary
mixtures to unambiguously verify the lateral molecular distribution of
all the surfactant compounds with respect to each other. The primary
colors blue, green and red were used to depict the chemical maps
specific to DPPC, d62DPPG and SP-B, respectively. The lateral
organization could be inferred from the respective fusion of the
colors of different chemical maps. A superimposition of red and blue
would give magenta colored regions, red and green would result in
yellow areas while fusion of blue and green would appear as cyan.
This mode of evaluation of ToF-SIMS images furnishes a clearer
picture of the lateral distribution of different biomolecules. In the case
of SP-B containing lipid mixtures, no colocalization of the protein with
DPPG was evidenced. Only magenta and green colored regions appear,
clearly showing that DPPC fragments (blue) and SP-B secondary ions
(red) are present in the same phase, whereas d62DPPG (green) forms
separated domains.

On the contrary, the ToF-SIMS mass resolved images obtained for
DPPC/d62DPPG/SP-B (4:1 molar ratio lipid with 0.2 mol % protein)
LB-films transferred from subphase in the absence of calcium show
that the characteristic signals for DPPC result from cleavages in the
lipid head group regions and yield fragments such as CsH;,NO™ with
m/z=102 u/e (M102) or CsH;4sNO™ with m/z=104 u/e (M104) and
these are found to be rather homogeneously distributed over the
complete surface of samples. d62DPPG, identifiable by its deuterated
acyl chain fragments such as C,DZ (M34) was found in distinct
circular domains in monolayers along with SP-B. The protein itself is
identifiable by secondary ions originating from the cleavage of COOH
from amino acids leading to typical fragments such as m/z=30 u/e
(Gly). Furthermore, a similar three-color overlay analysis showed SP-
B (red) and DPPG (green) superimposed as yellow colored regions
indicative of a colocalization of SP-B and d62DPPG. Additionally,
magenta colored regions surrounding yellow colored domain areas
were observed that could be attributed to the d62DPPG/SP-B
aggregates embedded in the DPPC-rich lipid matrix. Colocalization
of the SP-B model peptide KL, was similar, further strengthening our
hypothesis on the role of fluidity in lipid-protein lateral organization
[32,60].

This apparent reversal of the colocalization of SP-B and KL, could
most easily be explained in terms of the electrostatic interactions
existing at the air/water interface modulating the lateral organization
of the monolayer. The glycerol-containing lipid head groups have
been found to form a dense hydrogen-bonding network that bridges
negatively charged lipids, thereby reducing the solubility of SP-B/KL4
in such densely packed regions [81,82]. Moreover, the strength of this
hydrogen bonding network would naturally depend on the interfacial
pH and ionic strength. Most importantly, monovalent cations have
been found to deeply penetrate into the head-group region of DPPG,
thus stabilizing the so-called liquid-expanded(LE) phase of lipid
monolayer [83]. It is highly possible that in the presence of NaCl as in
previous reports of DPPG/SP-B interaction [15,30] or in the absence of
calcium ions [32], DPPG exists in a more fluid state thereby enabling
SP-B or KL, to interact with the negatively charged head groups via
predominant electrostatic interaction.

In conclusion, our ToF-SIMS results show that colocalization of SP-B
or KL4 with certain phospholipids depends on lipid fluidity and the
miscibility of respective surfactant components, which in turn
depends on the ionic environment. The reversal of the protein
colocalization with either DPPC or DPPG thus depends on the presence
of calcium ions, which seem to act as a “miscibility switch” and to be
one of the major factors deciding the mixing behavior of DPPG in a
DPPC/protein matrix. By this we also demonstrate the usefulness of
ToF-SIMS technique for investigating the lateral organization of
membrane structure and mapping molecular interactions.
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