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Abstract

A way to produce surfactant protein B (SP-B) in the laboratory is highly sought both for basic

research on SP-B, as well as for use as a component of surfactant for treatment of patients in

respiratory distress. Herein, I hypothesize that SP-B can be expressed in bacteria in its functional

form. In the long run, I also anticipate that recombinant SP-B could alleviate the financial burden

incurred by the health care system during the treatment of neonatal respiratory distress syndrome

patients. Moreover, I envisage, recombinant surfactant protein B variants with an improved

capability to resist surfactant dysfunction. In the first part of the study, recombinant DNA

technology was used to overexpress the near full-length human SP-B variant, 47NT4M-SP-B-

6xHis, in BL21 Escherichia coli , strain C43 cells. The results show that recombinant surfactant

protein B expresses as inclusion bodies but can be renatured carefully using immobilized metal

ion affinity chromatography. Importantly, the thesis work has established a protocol for the

production of recombinant surfactant protein B that is amenable to scale up. In the next part of

the study, circular dichroism was used to assess the conformation of recombinant SP-B suspensions

in different membrane mimetic environments. Likewise, dynamic light scattering was used to

characterize sample homogeneity and aggregation propensity of the protein suspension in these

conditions. It was found that dodecyl phosphocholine/sodium dodecyl sulfate binary micelles and

methanol support native-like secondary structure of recombinant SP-B comparable to animal

derived surfactant protein B. In the last portion of the study, the function of recombinant SP-B

was tested in lipid environments using the Langmuir-Wilhelmey surface balance. The results

indicate that recombinant SP-B possesses the necessary biophysical features to promote the

large-scale organization of lipid monolayers that are thought to be critical to SP-B function.

In conclusion this work supports the use of recombinant SP-B in a surfactant therapeutic as a

potential future alternative to animal derived SP-B.
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1.1 Overview

This chapter presents detailed literature review on lung surfactant (LS) with particular focus on

surfactant associated protein B (SP-B). The chapter starts by highlighting important achievement

of researchers that led to the development of lung surfactant science known today. The content

of LS, bio-synthesis of LS, secretion and recycling of LS are discussed. The review also addresses

the proposed mechanisms how LS achieves a minimum surface tension during breathing. The

section, " the structure-function relationships of SP-B" highlight the current gap in knowledge

and underlines the importance of SP-B to LS function. The literature also reasons the lack of LS

to have dire health consequences and briefly talks about replacement clinical lung surfactant

and points to future directions. Finally, the author sets a hypothesis and puts forward some

objectives that the current study tries to address. The thesis work is centered around production

and characterization of recombinant human SP-B in the laboratory scale. The use of recombinant

SP-B at the industrial scale or in replacement lung surfactant is beyond the scope of this study.

1.2 Historical Background

The presence of surfactant in the alveolar air space was proposed by Kurt von Neergard in 1929

following his seminal work which led him to conclude that fluid of no ordinary nature lines the

alveolar surface and facilitates the work of breathing [1]. Decades after, in 1954, the Canadian

scientist, Charles Macklin asserted the presence of mucopolysaccharide material in the alveolar

space likely produced by the granular pnuemocytes [2, 3]. To add to the complexity, the following

year, Richard Eric Pattle published a paper postulating that alveoli are covered with surface

active insoluble proteins evolved to counteract the high surface tension of the alveolar interface

[4]. Later on in 1957, John Clement, in his pioneering work using the Langmuir-Wilhelmy surface

balance (LWB), demonstrated that extract from lung tissue is able to reduce interfacial tension

in vitro and provided evidence that such material could be responsible for preventing alveolar

collapse in vivo [5]. Such is the insight that lay ground for Maryellen Avery and Jere Mead. Their

work in 1959 provided evidence that lack of surfactant could be the cause of neonatal respiratory

distress syndrome (NRDS) [6]. Also referred as hyaline membrane disease (HMD) at that point

in time: it was the leading cause of preterm infant mortality [7].
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These findings, more importantly, the work by Avery et al. [6], led surfactant science to

burgeon. Of particular interest were the composition of lung surfactant (LS), its relevance to

alveolar tension and its clinical implications related to neonatal infant mortality and morbidity.

In the wake of this new interest in surfactant, the year 1961 saw progress when Klause et al.

isolated beef surfactant and showed that LS is a complex mixture of not just phospholipids

and proteins but also cholesterol, triglyceride and fatty acids among traces of other molecules

[8]. Further, using the LWB, he and his peers showed that i) the phospholipid content of LS

has surface activity comparable to that of full spectrum whole lung extract in contrast to lung

surfactant that are deprived of the phospholipids which otherwise exhibits poor activity, ii) the

surface activity of the phospholipids are compromised in the presence of other lipids, and iii)

surfactant activity gradually deteriorates as the surfactant film is exposed to air for more than

two hours. All lines of evidence thus suggest that the biophysical activity of lung surfactant is

prone to reactive oxygen species and perhaps inhibition of the phospholipids in LS could be the

cause of lung related health conditions.

Attempts to treat NRDS using phospholipids were largely unsuccessful in the 1960s. For ex-

ample, treatment using nebulized dipalmytoylphosphatidylcholine (DPPC), the main component

of LS, was attempted meticulously but to no avail [9, 10]. Patrick Kennedy, son of the then

American president John F.Kennedy died of NRDS in Boston children hospital in 1963 after

unsuccesful treatment using protein-free surfactants [11]. This was a turning point as it led to a

huge increase in public awareness and underlined the need for an in-depth investigation into the

cause and pathophysiology leading to NRDS. Dozens of trials to treat NRDS thereafter proved

to be important. In the early 1970s, for instance, Goran Enhorning and Bent Robertson used

an immature diseased rabbit model to show that natural surfactant (including the apoproteins)

is effective in ameliorating NRDS [12]. By the year 1972, Richard King succeeded in isolating

surfactant apoproteins from dog lung and quantified their size using sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) [13–15]. Equally important is the finding by

Joan Gil and Oscar Reiss [16], the following year. After comparing electron micrographs of rat

lung homogenate of different fractions, they proposed the lamellar bodies as the sole intracellular

source of intra-alveolar lipids and asserted that the endoplasmic reticulum of type two alveolar

(AT2) cells as the source of the apoproteins. Later on that decade, in 1977, the Finnish scientist

Mikko Hallman, identified phosphatidylglycerol (PG) as a vital component crucial for surfactant

spreading and also reported that PG is scarce in NRDS patients [17].
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An important breakthrough came in 1980, in Japan, when Tetsuro Fujiwara published in

The Lancet that ten preterm infants with severe hyaline membrane disease showed significant

improvement after being adminstered with bolus of modified bovine lipid extract endotracheally,

eight of which survived, six were birth weight less than 1500 g; two died of unrelated causes [18].

Hence, the mid and late 1980s was the era of many randomized clinical trials. Consequently,

new natural and synthetic surfactant formulations were devised that demonstrated a reduction

in preterm infant mortality and morbidity. In 1990, for example, poractant alfa (Curosurf), a

purified minced porcine extract, was formulated [19] and later approved by FDA for neonates

suffering from NRDS in 1997.

1.3 Composition of Lung Surfactant

Lung surfactant is composed of lipids and proteins that vary in content across species [20] as

well as from new born to adult life stages [21]. Hence, maturation of lung surfactant is marked

by changes in molecular composition both during antenatal and postnatal development periods

[22]. Herein, I will discuss the lipid portion first and present the proteins following.

About 90% by mass of lung surfactant are lipids [23]. Glycerophospholipids predominate

constituting roughly 80% of the lipid portion [22] among which, phosphatidylcholine(PC), a

zwitterionic phospholipid, contributes the most, 60-70% by mass [23]. Four types of PC species

are enriched in mammalian lung surfactant; dipalmitoyl (16:0/16:0)-PC, palmitoyl-palmitoleoyl

(16:0/16:1)-PC, palmitoyl-myristoyl (16:0/14:0)-PC and myristoyl-palmitoyl (14:0/16:0)-PC [20–

22]. Dipalmitoyl PC (DPPC) is the most abundant of all, about 50% of the total PC content.

The high content of DPPC offers LS unique behavior and distinct properties compared to that

of cell membranes [21]. In particular, the saturated nature of the palmitoyl moieties [24] confer

DPPC more rigidity. Therefore, films enriched with DPPC are strong enough to withstand high

surface tension at end expiration [25]. In accordance to physiologic needs, content of the three

PCs can increase at the expense of DPPC to alter the physical texture of pulmonary surfactant

[20–22]. In another words, the higher the DPPC content of LS, the higher the stiffness and hence

the lower the compressibility. The opposite is true for PC 16:0/14:0 and PC 16:0/16:1, which

confer fluidic property to LS, and therefore more spreadability.

Phosphatidylglycerol (PG) and phosphatidylinositol (PI) are anionic and are the second most

abundant phospholipids after PC, about 8-15% of lung surfactant [23]. In humans, the main

components are three monounsaturated species, PG/PI 16:0-18:1, PG/PI 18:1-18:1 and PG/PI
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18:0-18:1, with small amounts of PG 16:0-16:0 as well. Conversely, many animals, e.g. rat, rabbit

and guinea pig, exhibit an increased content of PG 16:0-16:0 and 16:0-18:2. This therfore depicts

an interspecies variation of PG and PI across mammals [25]. Compared to PC, PG has less

saturated chain content (≈22% palmitoyl chain) and more mono-unsaturated moeity (52% oleoyl

chain) [24]. This suggests the PG component of LS may not be as structurally rigid as PC and

consequently is less able to withstand high surface tension. Besides the two anionic lipids (PG

and PI), minor components of phosphatidylethanolamine(PE) and phosphatidylserine (PS) and

even small amounts of other lipids make up the rest of the glycerophospholipids portion [22].

Cholesterol is the most abundant neutral lipid in lung surfactant (≈10 wt% in mammals)

followed by trace amounts of free fatty acids and triglycerides. Cholesterol content is thought to

be evolutionarily adapted to fine-tune LS function in mammals [26]. One observation supporting

this idea is the rapid alteration in cholesterol content. Thus, cholesterol may play important role

in adjusting the biophysical properties of LS during seasonal changes, for example, in hibernating

animals [22]. Nonetheless, the clinical implications of either elevated or diminished cholesterol

level in lung surfactant homoeostasis in humans is not yet clearly established.

The remaining 5-10% of lung surfactant is the protein portion. Four apoproteins named

according to order of their discovery as surfactant associated protein (SP)-A/B/C/D are found

in lung surfactant. SP-A and SP-D are large water soluble proteins that belong to the collectin

family and are important to innate immunity in the lungs. On the other hand, SP-B and SP-C

are small hydrophobic proteins involved in facilitating surface activity of lung surfactant lipids.

Details of these, specially of SP-B, the focus of this work, will be further discussed in depth

later in this chapter. Recently, with the advent of genome wide association study (GWAS) and

improved bioinformatics sequencing tools, existence of other SPs referred as SP-G (SFTA2 :

surfactant associated protein 2, UniProtKB: Q6UW10) and SP-H (SFTA3 : surfactant associated

protein 3, UniProtKB: P0C7M3) are also reported. Despite bearing no resemblance in sequence

nor structure to the classical SPs, SP-G and SP-H are proposed to have similar functional

properties [27, 28]. Although, the exact functions of these two proteins remain unclear as of yet,

some preliminary data suggests roles for SP-G/H in regulating inflammation and host defence

more like SP-A and SP-D, the two lectins that are involved in immune surveillance in pulmonary

surfactant. SP-G and SP-H are highly expressed in the lung and to lesser extent by other human

cells and tissues including, but not limited to, kidney and testis. The two proteins, SP-G/H are

possibly secreted via the classical secretory pathway instead of the non-classical route by which
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some of the other SPs are synthesized [29, 30].

In general, lung surfactant is complex mixture of lipids and proteins where environmental

factors, lung development and aging, insult to the lung of some sort, as well as nutrition and

lifestyle all have implications on the content of LS and quality of life that persist into adult life

[31]. Further, interspecies variation and different lipid distribution profiles in the lungs could also

play important role in the outcome of cystic fibrosis, lung cancer and asthma [32].

1.4 Biogenesis of Lung Surfactant

Alveolar type two cells synthesize, secrete and recycle all components of lung surfactant [33].

Mammalian lungs consist of more than 40 different cell types [34] and hundreds of millions

of alveoli [35]. An alveolus contains two types of epithelial cells, cuboidal alveolar type two

(AT2) cells and the squamous, single cell thick, type one cells (AT1) [36]. AT1 and AT2 cells

are in direct contact to one another and lie in close apposition to the capillary lumen [34, 37].

While AT1 cells primarily facilitate gas exchange across the air-blood barrier, AT2 cells have

multiple functions. Firstly, AT2 cells are stem cells of the alveolar epithelium as they are able to

profilerate continously and differentiate into AT1 cells. Differentiation occurs both during regular

cell turnover or in response to insult to the lung of some sort to restore normal tissue structure

and function of the alveolar epithelium [38]. Secondly, AT2 cells are the source of lung surfactant,

i.e. AT2 cells are the only cells that can produce, secrete, and recycle all contents of lung

surfactant [34]. Thirdly, AT2 cells are also an integral component of the alveolus. Their ability to

interact with resident cells, as well as with neighbouring mobile cells, provides the alveolus with

integrity. A proposed model and good example of the latter case is the AT2-AT1 inter-cellular

communication during the time of alveolar expansion. This causes AT1 cells to stretch and induce

Ca2+ oscillation that is transduced to the adjoining AT2 cell via gap junctions and modulates

surfactant secretion [37]. Recently, AT1 cells have been found to influence surfactant secretion

through P2X7R mediated paracrine signalling (Figure 1.1) [39]. Next, we turn to the production

and processing of lung surfactant by AT2 cells.
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Figure 1.1: Intercellular communication between AT1 and AT2 cells via gap junction and paracrine
signalling modulates secretion of LS by AT2 cells. Connexins are believed to transduce IP3 from AT1
to AT2 cells during mechanical stretching induced by alveolar expansion. As such AT1 cells can be
considered as mechanotransducers. The IP3 released in the AT2 cells then stimulates its receptor (IP3R)
on the ER and promotes calcium release into the cytosol. The other communication is via the ATP
released from the P2X7R of the AT1 cells. The ATP released from AT1 cells stimulates the P2Y2R on the
AT2 cells in paracrine manner. The stimulated P2Y2R in turn activates PLC which produces the two
secondary messengers, DAG and IP3 that modulate downstream singnalling cascades. More discussion
on the pathways that leads to LS secretion is provided in section 1.4. Model concept was adapted from
Mishra et al. [39] and Koval [40].

Lung surfactant genesis and maturation operate through the traditional secretory pathway.

Studies that used isolated AT2 cells in culture have shown that LS production adheres to the

classical route, i.e. the endoplasmic reticulum (ER), Golgi apparatus (GA), multivesicular bodies

(MVB), the composite bodies (CB) and the lamellar bodies (LB) where LS is ultimately stored

(Figure 1.2) [41]. The lamellar bodies are highly organized concentric lipid-protein storage and

secretory organelles that are enclosed by an outer (limiting) membrane and contain multilamellar

lipid membranes in the core. Furthermore, the LB, which may contain lytic enzymes and

apolipoproteins, also exhibits an acidic pH essential for the organelle’s lysosomal activity [42].

Unlike the proteins, the phospholipids bypass the Golgi apparatus [43], and hence passage to

the lamellar bodies of the proteins and the lipids must take separate route. The ATP-binding

transporter cassette A3 (ABCA3), an integral membrane protein highly expressed in the lung

and predominantly localized at the limiting membrane of the lamellar bodies, is believed to be

responsible for translocating phospholipids and cholesterol from the cytosol into the lamellar
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bodies [44–47]. ABCA3 therefore plays a critical role in LB biogenesis. The hydrophobic LS

proteins, SP-B and SP-C, are transported to the lamellar bodies through the classical route

and stored with LS lipids. The lamellar granules are then secreted into the alveolar lumen by

regulated exocytosis and also through the constitutive pathway. The level of surfactant pool

in the alveolar lumen is likely controlled by GPR116, an orphan G-protein coupled receptor

expressed in the apical side of the alveolar epithelial cells [48, 49].

Figure 1.2: Lung surfactant biosynthesis by alveolar type two cells. The synthesis of the two small
hydrophobic proteins, SP-B and SP-C, begins in the endoplasmic reticulum (ER) and then they are
shuttled through the Golgi apparatus (GA), multivesicular bodies (MVB) and the composite bodies (CB)
as they are being processed to their mature form. The two proteins are finally stored in the lamellar bodies
(LB). The lamellar bodies are then secreted to the extra-cellular space by regulated exocytosis. Whether
SP-A takes this route is a matter of question, however, it is known that SP-A and SP-D are directly
secreted from the ER to the outer cellular space. The phospholipids (PLs), on the other hand, bypass the
Golgi apparatus and are transported to the LB by lipid transport proteins such as ABCA3, and are also
shuttled by vesicle mediated transport. SP-D is exclusively absent from the LB. At the air/water interface,
the LB and the hydrophilic proteins are assembled into a complex lipid-protein monolayer along with
multilaminated structure beneath as shown to the top right. Depleted surfactant are probably internalized
by high affinity SP-A receptor and are acted upon by alveolar macrophages and also degraded in the
endosome.

The extracellular LB may be assembled into tubular myelin (TM), an organized meshwork

structure of small and large aggregates that comprise most of the surface active material in the

hypophase, the surface beneath the interfacial layer [50, 51]. Finally, the TM in the alveolar

lumen can unravel and adsorb to the air-water interface forming a monomolecular lipid monolayer

lining the air-water interface along with associated multilayer lipid structures underneath [52].
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However, whether the secreted vesicles directly adsorb or transit to TM prior to adsorption has

been questioned more recently [53, 54]. Figure 1.3 depicts the different models of adsorption of

LS after secretion of the LB. Depleted surfactant is cleared from the alveolar surface by three

possible mechanisms: i) uptake by AT2 cells for reuse and degradation [55], ii) catabolism by

alveolar macrophages [56], and to some extent, iii) transport from the alveolus up the bronchial

tree [57, 58].

Figure 1.3: Proposed models of lung surfactant secretion and adsorption into the air-water interface. In the
first case surfactant secreted as lamellar bodies (LB) by AT2 cells are directly adsorbed to the interface,
whereas in the second case the lamellar bodies are assembled into the intermediary tubular myelin prior
to adsorption. The last proposition is that the lamellar bodies are unravelled en route from the AT2 cells
to the alveolar lumen without forming the intermediate meshwork and simply adsorp to the air-water
interface. Adopted from Perez-Gil & Weaver [54] with permission from the publisher.

1.4.1 Protein Synthesis

SP-B is encoded by the SFTPB gene on chromosome 2 as a large precursor preproprotein of

381 amino acids (40 kDa). Processing of preproSP-B to mature SP-B (79 residues, 8.7 kDa)

involves post-translational modification (PTMs) and extensive proteolysis [59], tightly regulated in

optimum acidic pH environment along the exocytotic pathway of surfactant synthesis, Figure 1.4,

[60, 61]. Although club (Clara) cells, also known as non-ciliated bronchiolar epithelial cells, and

many other cells express the precursor protein, only AT2 cells are able to produce fully matured

bioactive SP-B [62, 63]. Many ex vivo and animal model studies have implicated three proteinases

in SP-B processing, napsin A [64], pepsinogen C [65] and cathepsin H [66]. Napsin A, an aspartic

protease, initially known to be highly expressed in renal tubular cells of human kidneys, is

also produced within the lung in a tightly controlled manner [67]. Likewise, pepsinogen C is
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an aspartic protease and is primarily expressed by gastric chief cells, and to a lesser extent by

the lung. In the lungs, pepsinogen C is strictly AT2 cell specific and developmentally regulated

[65, 68]. Napsin A and pepsinogen C have endopeptidase activity and cut within the amino and

carboxy flanking propeptides to leave intermediate 25 kDa and 9 kDa products, respectively

[68–70]. However, whether napsin A acts on the carboxyl-terminus of proSP-B is a matter of

debate [64, 70]. In contrast, cathepsin H, a cysteine protease abundant in type II pneumocytes,

is accepted to be responsible for final maturation of SP-B [66].

Effective silencing of napsin A [70] and pepsinogen C [68] using RNA interference (RNAi),

as well as inhibition of cathepsin H with E-64, a common and potent inhibitor of cysteine

proteases [66], resulted in decreased levels of mature SP-B in well known models of isolated type

II pneumocytes maintained in culture. Conversely, overexpression of pepsinogen C in both explant,

as well as fetal and postnatal lungs, increased production of SP-B [68], which supports a role of

this enzyme in vivo. In addition, the fact that Clara cells, which do not process proSP-B beyond

the 25 kDa intermediate, lack pepsinogen C further corroborates the involvement of pepsinogen

C in conversion of the 25 kDa precursor to the 9 kDa intermediate product. That said, the exact

intracellular compartment(s) in which processing occurs is still ambiguous. Immunohistochemical

studies implicated a subcellular localization of napsin A and cathepsin H in the multivesicular

and lamellar bodies in cultured cells [70]. What is more, AT2 cells treated with brefeldin A, an

inhibitor that blocks trafficking of macromolecules beyond the cis-Golgi, do not process proSP-B

to smaller fragments. This observation suggests the onset of proteolysis in the Golgi is beyond the

cis compartment. Cells treated with mononesin, another inhibitor that hampers protein transport

out of the Golgi, exhibit the 25 kDa and 9 kDa intermediate products, but not the mature SP-B,

also provides compelling evidence that the N and C-flanking propeptides are truncated within

the Golgi, whereas final maturation of SP-B is likely a post Golgi, pre-lamellar event [41, 71].
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Figure 1.4: Processing of PreproSP-B to the mature form of SP-B by alveolar type two cells. PreproSP-B
(40 kDa) is glycosylated in the endoplasmic reticulum and undergoes signal peptide cleavage to produce
proSP-B (42 kDa). ProSP-B is then trafficked to the Golgi apparatus intact. In the medial Golgi, the
enzyme napsin A cut at leucin-178 and result in a 25 kDa intermediate product. Similarly, in the trans-
Golgi a second enzyme, pepcinogen C, cleaves at methionine-302 and leaves another 9 kDa intermediate
product. Finally, cathepsin H, probably in the multivesicular bodies and/or composite bodies, trims the N
and C flanking pro-peptides and result with the mature protein while still is joined with 13 amino acids
at the N-terminus. It is believed that this vestigial peptide assist the mature protein translocate to the
lamellar bodies, where mature SP-B is stored.

As it stands now, the widely accepted turns of events taken when preproSP-B is processed to

mature SP-B in vivo are : i) inside the ER, preproSP-B (40 kDa) undergoes glycosylation of

the carboxy terminus and signal peptide (1-23) cleavage producing 42 kDa proSP-B (24-381)

[69], which then is shuttled to the Golgi intact, ii) once in the medial Golgi, napsin A acts on

the N-terminal flanking propeptide (24-200) of proSP-B cutting after Leu178 to leave a 25 kDa

intermediate product coupled with 21 residues at the amino terminal, iii) also in the medial Golgi,

further modification of the glycosylated product by manosidase II occurs [41] and renders the

25 kDa product resistant to endo galactosidase activity while it transits from the medial to the

trans Golgi, iv) subsequently, in the trans Golgi, pepsinogen C acts on the C-flanking propeptide

(280-381), cleaving after Met302 to release the second intermediate product (9 kDa) containing

the mature protein, v) finally, in the post Golgi environment, possibly in the multivesicular

bodies, [41, 69] the exopeptidase cathepsin H trims the N and C peptides off the 9 kDa precursor

protein and the mature SP-B, still coupled with ≈13 residues at the amino terminal side is
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released. However, the enzyme responsible for removing the vestigial peptide is as yet not known

[70]. If an exopeptidase of another sort is present in the pre-lamellar environment, most likely in

the composite bodies, is a matter that needs further investigation. Kormilli et al. [41] and others

suggested a role for the vestigial peptide in trafficking the mature protein to the lamellar bodies,

similar to the signal peptide (1-23) that is believed to assist preproSP-B addedto translocate

into the ER [59].

Although the exact function of the N and C flanking propeptides are not thoroughly understood,

growing bodies of evidence demonstrate that these peptides chaperone the mature protein until

it is processed for assembly into surfactant complexes [59, 69, 72]. The N-terminal domain

specifically has proved to be crucial in escorting SP-B along the secretory pathway of AT2 cells.

Convincingly, transgenic mice lacking the NH2-terminal propeptide (SP-BMN(24−200)) do not

convey SP-B beyond the ER in vivo. In contrast, C-flanking knockout mice (SP-BMC(280−381))

secrete fully processed SP-B that supports normal lung function [73, 74], which suggests a

profound role of the flanking amino domain in trafficking and correct processing of SP-B. This is

also in agreement with the observation that this domain harbours the signal peptide necessary

to dispatch SP-B as discussed above. Further evidence to this was provided by Brasch et al. [75]

who used immunoelectron microscopy and localized mature SP-B and the truncated N-terminus

propeptides in the core of lamellar bodies. Hence, mature SP-B and the amino propeptide are

shuttled to the lamellar bodies together and thereby may play an important role in the assembly

of the lamellar bodies and tubular myelin through the formation of the core particles of these

structures. A convincing argument for this is the observation that SP-B knockout mice produce

aberrant lamellar bodies, similar to those seen in a congenital genetic disorder in mice [76].

Moreover, the truncated N-terminus has also been detected in bronchoalveolar lavage fluids where

microbicidal activity of the peptide is also reported [77]. Despite the C-terminal propeptide’s

lack of involvement in structure and function of alveolar surfactant, there is an intracellular role

of this peptide in the final post-translational processing of proSP-C, as well as maintenance of

lamellar body pool size [66, 78, 79].

Correct processing of SP-C relies on the presence of SP-B in the MVB [80]. SP-C is synthesized

as a 197 amino acid (21 kDa) proprotein precursor that undergoes endoproteolytic cleavage and

palmitoylation of the cysteine residues while en route from the ER to the lamellar bodies, where

the final cleavage occurs so as to release a 3.7 kDa (35 residue) mature SP-C [33, 59]. It has

been shown that complete lack or inhibition of SP-B leads to the accumulation of MVB, which
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subsequently hampers proper lamellar body formation. Because the final maturation of SP-C

occurs in the LB, improper expression or deficiency of SP-B therefore indirectly leads to the

accumulation of the proSP-C precursor intermediate product in the MVB [66, 76, 81]. However,

the detailed mechanism of this is not yet described. In contrast, no dependence on SP-B has

been documented for the synthesis and processing of the two large lectins, SP-A and SP-D [82],

except for in the case of extracellular protein-protein cooperation between SP-B and SP-A [83,

84]. The expression of these lectins, including most of the post-translational modification and

oligomerization, happens in the endoplasmic reticulum of type II alveolar epithelial cells [85].

Unlike SP-B and SP-C, the two large hydrophilic proteins largely bypass the lamellar bodies

and are constitutively secreted. SP-A and SP-D are also not activated by the same secretagogue

that stimulates production of the lipid and the hydrophobic proteins, the details of which will be

further discussed in section 1.4.

In conclusion, synthesis of SP-B is highly coupled with lung surfactant biogenesis as a whole

and it is also highly developmentally regulated. During AT2 cell differentiation for instance,

increased SP-B RNA expression, SP-B processing and maturation, lamellar body formation

as well as completion of SP-C processing occurs in chronological order [65, 68, 86]. This is

substantiated by the observation that, regardless of high levels SP-C mRNA, AT2 cells of SP-B

knockout mice lack mature SP-C and do not show fully formed lamellar bodies [87]. More

importantly, SP-B knockout mice are unable to sustain life after birth [82] while SP-C deficient

ones survive into adulthood, albeit they develop lung related complications later on in their life

[88, 89]. Further, SP-B may also contribute to the assembly of tubular myelin in the alveolar

lumen [86]. Recently, extracellular SP-B has also been shown to promote secretion of lamellar

bodies by AT2 cells [90]. On the other hand, mice deprived of SP-C exhibit unaltered lamellar

bodies and tubular myelin, have the normal pool of the other SPs (SP-A, SP-B and SP-D), and

also demonstrate proper morphogenesis of the distal airways [88]. All of this evidence therefore

shows that SP-B is an indispensable component of LS, which can compensate for SP-C deficiency.

In contrast, SP-C can not compensate for SP-B deficiency, probably because final maturation of

SP-C itself is dependent on the expression of SP-B [79]. Clearly, SP-B plays an essential role in

lung surfactant biogenesis, which is consistent with the high degree regulation of SP-B processing

[63]. Taken together, SP-B processing is a complex post-translationally coordinated sequence of

events, perfectly timed to result in a functioning surfactant pool at the right place and in the

right time [71].
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1.4.2 Lipid Synthesis

The diverse lipid content of lung surfactant ensures optimal function in varied physiological

circumstances [59, 91]. The blood supplies AT2 cells with most of the key ingredients for lipid

production. The circulation is the major source of the glucose used as the backbone of surfactant

glycerolipids, free fatty acids/and triacylglycerol within lipoproteins, as well as the choline and

myo-inositol head groups in phospholipids [91, 92]. Nonetheless, AT2 cells can also generate free

fatty acids either by hydrolysis of recycled lipids or de novo using intracellular glycogen in prenatals

or lactate in adults [51]. Figure 1.5 represent major pathways of glycerophospholipid synthesis

in mammalian cell. De novo lipogenesis involves acetyl coenzyme A (acetyl-CoA) carboxylase,

fatty acid synthase (FAS) and citrate lyase. Another important precursor is phosphatidic acid

(PA), from which diacylglycerol (DAG), an important substrate to PC and PE, is derived. PA is

generated de novo within the ER and mitochondria of AT2 cells through the glycerol-3 phosphate

(G3P) pathway and dihydroacetone phosphate (DHAP) pathway utilizing glucose or glycogen as

a precursor. In addition to this, PA could also be generated by a number of other mechanisms

[51]. Phosphatidic acid phosphatase (PAP), the enzyme that converts PA to DAG, plays a key

role in regulating phospholipid genesis [93]. Cholesterol, the most abundant neutral lipid in lung

surfactant, is primarily supplied by the circulating low- and high-density lipoproteins (LDL and

HDL); neverthless AT2 cells can also make cholesterol in peroxisomes [59].
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Figure 1.5: Pathways of lipid biosynthesis in mammalian cells. The enzymes catalyzing each reaction are
shown in red and the metabolites in black. PG, PI and cardiolipin (CL) are produced from a common
precursor, phosphatidic acid (PA) that is dervived from the G3P and DHAP pathways by utilizing glucose
and glycogen as a substrate. PA is also useful to generate the DAG that is used in the synthesis of PC and
PE. PC is primarily produced in a CDP-choline pathway by using choline as a substrate. Likewise, PE is
synthesised in a CDP-ethanolamine pathway using ethanolamine as a substrate. Both PC and PE can be
interconverted to phosphatidyl serine (PS). PC can also be generated from PE. Adopted fromHermansson
et al. [94] with permission from the publisher.

DPPC, the major lipid component of LS (≈40%), is biosynthesized de novo via the Kennedy

(cytidine diphosphocholine) pathway in the ER [95] or remodeled in the lamellar bodies by the

Lands cycle [59, 96]. The de novo pathway is a multistep process: initially, choline is phosphorylated

by choline kinase (CK) to cholinephosphate, which in turn gets converted to CDP-choline by

CTP:phosphocholine cytidylyltransferase (CCT). Finally, in the terminal stage, the reaction of

DAG, which is derived from PA, and CDP choline is catalyzed by choline phosphotransferase

(CPT) to produce PC. On the other hand, AT2 cells could also take up and remodel lipids in

a series of deacylation and reacylation steps. Phospholipase A2 deacylates unsaturated PC at

the sn-2 position and results in lysophosphatidylcholine (LPC) followed by reacylation of LPC

with saturated fatty acid (16:0) by LPCAT1 (lysophosphatidyl choline acetyl transferase) to

yield DPPC [97, 98]. About 45% of the DPPC in LS is synthesized de novo whereas 55-75%

is remodeled for reuse [91, 99, 100]. The enzyme, LPCAT1, which is predominantly expressed

in alveolar type II pneumocytes, is known to provide communication between the de novo and

remodeling pathways such that when LS production is in more demand LCPAT1 expression is

upregulated. Over-expression of LPCAT1 desensitizes the de novo route by targeting CPT for
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ubiquitination and degradation, which besides saturated PC, is also responsible for production

of other non-surfactant phospholipids [101]. Phospatidylethanolimine (PE), a minor component

of LS, is synthesised via a different route of the Kennedy pathway [51].

Phosphatidylglycerol (PG), the most abundant anionic phospholipid in LS, is de novo synthe-

sised in the mitochondria and ER from a CDP-diacyglycerol precursor, obtained from the reaction

of PA and cytidine triphosphate (CTP). Glycerophosphate phosphatidyltransferase catalyzes the

conversion of CDP-diacylglycerol to phosphatidylglycerolphosphate, that subsequently undergoes

rapid dephosphorylation to PG [51, 91, 92]. In a like manner to PC remodeling, PG is also

remodeled by deacylation and reacylation steps that involve LPCAT1. However, unlike PC

remodeling, that also provides less abundant PCs such as palmitoylmyristoyl PC, PG remodeling

only leads to the accumulation of dipalmitoyl PG (DPPG) [51], which accounts for ≈ 17-38%

total PG content [102]. Phophatidylinositol (PI), the next abundant acidic phospholipid after PG,

also uses CDP-diacylglycerol as a precursor for initial synthesis; however, there are some studies

that suggest PI could be remodeled as well [51]. There is a myriad of information in the literature

regarding synthesis of other minor components of lung surfactant, including phosphatidylserine,

cardiolipin, and sphigomyelin for reference.

Although there is data to suggest that LS phospholipids are sorted and targeted to the lamellar

bodies based on their acyl chain length rather than saturation [103], the details of the trafficking

of the phospholipids from the ER to the LB are not yet clear cut. Despite some initial studies

indicating vesicle mediated transport through the Golgi and then to the LB, follow-up studies

that disrupted the Golgi reported the normal pool of phospholipids in the LB and alveolar lumen

[43, 104]. More recently, lipid transfer proteins have been implicated in trafficking the lipids from

the ER to the LB [97], or it could be combination of both [105]. While the ABCA3 imports

phospholipids and cholesterol to the LB from the cytosol, export from the AT2 cells proceeds

via the ABCA1 transporter, which is expressed by and localized at the basolateral membrane of

AT2 cells.

1.5 Regulation of Lung Surfactant Secretion

Proteins reach their extracellular target by two secretory pathways, the common constitutive

way, or the regulated pathway where stored proteins are exocytosed in response to some sort of

stimulus [74]. LS secretion into the alveolar lumen is highly regulated [106, 107] and to some

extent, may be constitutive as well [85]. Two types of secretagogues affect secretion. One type are
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agonists that activate different cell surface receptors. The other are agonists that penetrate the

cell and elicit downstream signaling cascades [107]. Figure 1.6 displays the regulation pathways

of lung surfactant secretion in AT2 cells. To date, three distinct G-protein dependent signalling

pathways are known to stimulate LS secretion in AT2 cells.

Figure 1.6: Signal transduction pathways of lung surfactant secretion in AT2 cells. The white boxes in
the plasma membrane are G-protein coupled receptors that are known to stimulate LS secretion when
activated by their extracellular ligands. Three of such receptors are identified so far: the β2-adrenergic
receptor and the adenosine A2B receptors act on adenylyl cyclase (AC) through the heterotrimeric Gs that
stimulate the production of the intracellular second messenger, cyclic adenosine monophsphate (cAMP),
and activate protein kinase A (PKA) activity. The third receptor, the purinergic P2Y2 receptor, act
on phospholipase C (PLC-β3) via Gq to produce the second messenger inositol phosphate 3 (IP3) and
sequester calcium flux into the cytosol. PLC-β3 also produces intracellular DAG to stimulate protein
kinase C (PKC). The increase in [Ca2+] in the cytosol thus initiates the calcium-calmodulin protein kinase
(CaCM-PK) and PKC activity and increase the secretion of LS. PKC is also directly stimulated by TPA
and DAGs that bypass the plasma membrane. Ionophores such as ionomycin and A23187 also leads to the
accumulation of cytosolic calcium. Cholera toxin and forskolin escape the plasma membrane and activates
the AC pathway of LS secretion. Adopted from Rooney [107] with permission from the publisher.

The first pathway involves activation of adenylate cyclase (AC), which in turn initiates

cAMP-dependent protein kinase A (PKA) signalling. This pathway is activated by AC coupled

to β-adrenergic and A2B adenosine receptors via Gs, a heterotrimeric G protein subunit that

activates AC. In addition to the endogenous ligands that stimulate these receptors i.e. β agonists

and adenosine respectively, the AC pathway is also stimulated by other molecules that bypass the

plasma membrane. Cholera toxin, which permanently activates Gs, and forskolin, that directly

stimulates AC, are examples of such molecules.

The second and major pathway is via stimulation of protein kinase C (PKC). The purinergic

receptor, P2Y2 coupled to phospholipase C (PLC)-β3 via Gq, a heterotrimeric G protein

subunit that activates PLC, upregulates two secondary messengers. One is intracellular DAG

(diacyl glycerol), which directly activates PKC and the second is IP3 (inositol triphophate) that
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increases cytosolic calcium and stimulates PKC indirectly. Nucleotides, such as ATP (adenosine

triphosphate) and UTP (uridine triphosphate), are equally potent stimulators of the P2Y2

receptor. In addition, cell permeable TPA (12-O-tetradecanoylphorbol-13-acetate) and DAGs are

also known to directly act on PKC.

The last mechanism of LS secretion is by activation of Ca2+-calmodulin dependent protein

kinase (CaCM-PK). This pathway is triggered by accumulation of intracellular Ca2+. Ionophores

such as ionomycin and A23187, which promote extracellular calcium influx into the cell as well

as PLC-β3 regulated IP3 dependent accumulation of cytosolic calcium leads to the stimulation

of CaCM-PK pathway [52, 107, 108].

ATP activates all three kinases [107, 109], i.e. PKA, PKC and CaCM-PK. Each pathway

ultimately leads to protein phosphorylation, and when activated all at once, results in up to

12 to 15 fold surfactant secretion over the basal level [52]. Comparatively, PKC signalling is

more potent, inducing approximately five fold secretion of LS, while PKA and CaCM-PK only

induce, at the utmost an increase of 2-3 fold each [34, 110, 111]. Besides the agonists, ventilation

and labour in the mother are two important physiological factors that trigger LS secretion in

the whole lung. However, neither an agonist nor an antagonist is known [108, 112], despite

some preliminary data that suggests labor induced secretion, is at least in part, mediated by

prostaglandins and β-adrenergic agents [113]. During strenuous excercise surfactant secretion

peaks [114]. One deep breath is good enough to stimulate secretion both in adults and newborns

[115, 116]. This is also known to be the case in vitro, as stretching AT2 cells results in secretion

[117, 118]. Nonetheless, the interplay between calcium mediated stretch induced signalling and

the pathways leading to kinase activation are not yet clearly established. Further investigation is

needed as it is paramount in filling the gap in our understanding of the events leading to LS

secretion by AT2 cells [52, 119]. Conversely, SP-A and phosphatidylcholine could inhibit secretion

by a sort of negative feedback mechanism; however, the biochemical pathway and regulation by

which this process proceeds is not yet delineated [120–124].

Lung surfactant phospholipids and the small hydrophobic proteins are activated by the same

agents. In laboratory settings, SP-B and SP-C are stimulated by the same secretagogues as the

phospholipids (PLs). Likewise, inhibitors that block PL stimulation also seem to block SP-B

and SP-C secretion. Nonetheless, both the extent of stimulation and the time lapse of secretion

differs between the phospholipids and the hydrophobic proteins [106]. On the contrary, SP-A and

SP-D are not affected by the same agonist that activates PLs or the hydrophobic SPs in primary
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rat type II cells [125]. Thus, these large lectins may have alternative routing that bypasses the

lamellar bodies and perhaps could be secreted constitutively [104]. For instance, SP-D is absent in

lamellar bodies and is not involved in the structural organization of LS [108, 126, 127]. Although

there seems to be a small amount of SP-A associated with the LB, its source is not pinned down,

as SP-A is also internalized by AT2 cells through clathrin mediated uptake from the extracellular

space and targeted to the lamellar bodies for resecretion [128, 129]. The question that arises

is therefore if newly synthesised SP-A is secreted constitutively or via a regulated route that

involves the lamellar bodies as well like the hydrophobic SPs? In this regard, Osani et al. [104]

reported constitutive secretion and then reuptake to the LB whereas, Fisher et al. [130], reported

regulated secretion of SP-A that involves the secretory granules.

1.6 Recycling and Degradation of Lung Surfactant

The turnover rate of lung surfactant is rather fast. The time course between secretion and

recycling typically ranges from 5 to 11 h [131]. The endocytosis of surfactant complexes by AT2

cells is mediated by a high affinity SP-A receptor through clathrin-coated vesicle pathways and

via a non-clathrin, actin dependent pathway [132–134]. The internalized lipid-protein complex

dissociates in early endosomes. While most of the SP-A (≈90%) is resecreted quickly; the lipid

portion is transported to the MVB where it converges with fresh synthesis to be routed to

the lamellar bodies for storage [128]. Furthermore, LS is also cleared by phagocytic alveolar

macrophages for degradation. An in vivo study in rabbits that used labelled DPPC to estimate

the amounts of LS recyling and degradation, reported that about 20% of spent surfactant is

cleared by macrophages, while AT2 cells recycle the most (≈65%) [135], and some is also lost

up the bronchotracheal airways [57]. However, the mechanisms that sorts lipids and SP-A for

internalization by AT2 cells for recycling or catabolism, as opposed to uptake by macrophages for

degradation, is unknown [52]. ABCA1 is also believed to play a crucial role in disposing excess

surfactant into the circulation [136]. A growing line of evidence suggests that such homeostasis

cycle is likely controlled by GPR116/Ig-Hepta signalling [48, 49], possibly by sensing the level of

SP-D in the surfactant pool as it appears now that SP-D is a ligand for the orphan receptor, i.e.

GPR116/Ig-Hepta [137]. Ablating this receptor results in pulmonary alveolar proteinosis and an

emphysema-like pathology [138]. Similar symptoms are also observed in SP-D null mice [139].

About 50-85% of DPPC is internalized for re-utilization by pneumocytes.
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1.7 Mechanism of Surface Tension Reduction by Lung Surfac-

tant

Surface tension is a surface characteristic of any surface or interface. In fluids, it is the cohesive

force that holds molecule close together at the interface. It is defined by the force per unit length

and is expressed in units of mN/m or dynes/cm [140]. In the lungs, gas exchange from inhaled

air to the blood occurs via alveoli. The volume and shape of these alveoli are controlled by many

factors, among which, alveolar surface tension play a pivotal role. Surface tension determines

whether the alveoli remains open for gas exchange or they contract. The lungs does this by lining

the alveolar surface with surfactant, a thin and complex fluid layer, and reduce the work of

breathing. Lack of this material in the lung impedes breathing and result in collapse of the lungs.

The two prominent biophysical features of lung surfactant are minimal surface tension at the

air-water interface during expiration, and efficient film replenishment from the collapsed phases

during repeated cycles of breathing. An effective surfactant should therefore rapidly adsorb to the

interface and reach its equilibrium surface tension (≈25 mN/m) within a couple of seconds [141,

142]. At the surface, LS spreads and reduces the high surface tension of the air-liquid interface

to a near zero value or in another words maximal surface pressure as the surface tension and

surface pressure are inversely related (will be discussed in chapter four in more detail). In order

to achieve this, LS should be rigid enough to be capable of reaching low surface tension during

expiration, and at the same time the mixture must also be fluid enough to spread effectively

upon inspiration.

However, neither the lipid nor the protein component of LS demonstrates the two prominent

biophysical features on its own. Individual components are only efficient at either achieving

low surface tension or fluidizing the monolayer, but not both. Studies have shown that DPPC,

which comprises the majority of lung surfactant, is good at achieving very low surface tension,

whereas the unsaturated lipids are far better as fluidizing agents [143, 144]. In laboratory settings,

for example, DPPC film is able to reduce the surface tension of pristine water (72 mN/m) to

near-zero value, at an ambient temperature [145, 146]. Nonetheless, DPPC has a bilayer transition

temperature (Tm) of ≈41°C, which is above the physiological body temperature [147, 148]. The

lipids in a DPPC bilayer are therefore very static and poor at spreading at both ambient and

body temperature. Thus, DPPC adsorbs poorly from the hypophase and respreads slowly upon

film expansion [149, 150]. However, above the Tm, a DPPC bilayer melts and the lipids can freely
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diffuse from one leaflet to the other. Likewise, lipid monolayers, can undergo similar, but not

identical, phase transitions as the bilayers under lateral compression that depend on the lipid,

the length of the acyl chain and the temperature [151]. Figure 1.7 depicts phase transitions in a

DPPC monolayer under lateral compression.

Figure 1.7: Phase transitions of DPPC monolayer at an air-water interface when compressed at room
temperature. DPPC is able to reduce the surface tension of pristine water to near zero value. The isotherm
was measured by me and the sketch to the right was also drawn by me.

Starting with larger area per lipid molecule, apparent are distinct phase transitions from

the random gaseous phase to the liquid expanded (LE) phase, and then to the more tightly

packed tilted condensed (TC) and untilted condensed phases (UC), which make DPPC capable

of maintaining minimal surface tension at 37°C and sustaining it for a long period of time. Due

to the double bond, unsaturated lipids can not tightly pack and hence are unable to generate a

TC phase that is rigid enough to reach near-zero surface tension on compression. For an example,

palmitoyloleoylphosphocholine (POPC), with a Tm of -6.5°C, is only fluid at room and also

physiological temperature and hence can not generate a TC phase capable of reaching low surface

tension [152]. The presence of other unsaturated phospholipids in surfactant membrane has been

shown to reduce the melting temperature of the membrane to below that observed for pure

DPPC [153–155]. In addition, unsaturated lipids add fluidity to LS mixture and increase DPPC’s
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ability to readsorb and respread [148, 150].

Lung surfactant constituents work in a concerted manner, i.e. cooperation between the protein

and lipid components is mandatory [145, 156]. The ability of other parts of LS, especially the two

small hydrophobic proteins, in facilitating the adsorption and spreading of DPPC back into the

interfacial film from the collapsed phases is crucial for proper lung function. [145]. The collapsed

phases are multilayer and bilayer aggregates of squeezed-out films from the surface layer when

alveoli get flattened at end expiration. The films make lipid-protein protrusions down into the

hypophase and mostly stay in close proximity to the air-water interface. In the alveoli, collapse

has to be well orchestrated in a way that functional LS material can be readily re-adsorbed to

the air-water interface upon inspiration.

Depending on the composition and phase behavior of the lipid(s) that constitute the interfacial

layer in vitro, monomolecular films can collapse via two folding mechanisms, reversible and

irreversible [144]. Monolayers in either liquid condensed (LC) or solid (S) phases collapse

irreversibly by fracture. Similarly, films in the more disordered liquid expanded (LE) phase,

collapse by solubilization into the hypophase, subsequently forming aggregate materials such as

vesicles or liposomes that do not readsorb back into the interfacial layer. On the other hand, films

with a continuous LE phase surrounding islands of LC domains or S phase exhibit enough elasticity

to buckle and fold as well as the integrity to respread back to the interface upon expansion.

Such films therefore are able to collapse reversibly [157]. Most biological monolayers, which are

composed of different components of lipids exhibit a bi-phasic nature at high compression, i.e.

both fluid and rigid phases co-exist and hence are able to undergo reversible collapse. However,

the molecular mechanism of how such folding transitions operate in lung surfactant in vivo is

not clearly understood. Several different mechanisms have been however suggested. According

to the squeeze-out theory, fluid lipids are selectively squeezed out of the interfacial film during

compression and at high surface pressure, to ease lateral strain and achieve minimal tension.

However, the theory fails to address the possible mechanisms of how LS respreads on subsequent

cycling [158]. Schurch et al. [141] confirmed experimentally that there is indeed surplus film

material that forms surface-associated reservoirs in the third dimension, both in case of de novo

adsorption or when the film is compressed beyond a certain threshold surface pressure. It was

thus evident that these reservoirs either remain associated with, or stay in close proximity to,

the interface [159]. Follow-up studies proposed a modified version of the squeeze-out theory

with a possible explanation for how these folds, i.e. the multilayers and bilayers stacks that
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extend down to the hypo or hyperphase of the monolayer are sustained. The theory reasons that

the presence of SP-B and SP-C compensates for the squeeze-out effect by promoting reversible

folding transitions [144]. These transitions have been referred to differently by many research

groups: monolayer (2D) to multilayer (3D) transitions, charge neutralizing docking sites [160]

and nanosilos [161]. The protrusions form exclusively from the LE phase, and extend a couple of

nanometers down to the hypophase of the alveolar fluid or squeeze onto the upper side of the

air-water interface [162]. Such reversible membrane folds are the first such structures seen in

nature and hence possibly are unique mechanism by which alveoli retain surfactant near the

air-water interface without losing film material irreversibly to the subphase at end expiration of

the breathing cycle. In addition, the same folds also appear to facilitate faster readsorption of

squeezed-out film materials on subsequent cycles of inspiration [144, 157, 163, 164]. A TOF-SIMS

(time of flight-secondary ion mass spectrometry) study provided evidence that the multilayer

structures are enriched with unsaturated PLs while the interface remains concentrated with

disaturated lipids [158]. Apparently, SP-B has been found to partition exclusively in the LE

phase.

Although the molecular basis of how SP-B and SP-C induce and sustain this reversible folding

transition is not clearly understood [144], there are some biophysical studies to suggest that SP-B

and SP-C proteins alter the packing of the monolayer through electrostatic and hydrophobic

interaction with the lipids [33, 165, 166]. Figure 1.8 displays proposed mechanisms of lung

surfactant secretion, adsorption and stabilization of the air-water interface.
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Figure 1.8: Proposed mechanism of lung surfactant adsorption and stabilization during dynamic cycles of
breathing. Formation of multilayer stacks and readsorption of the squeezed-out films during compression
is shown to the right. De novo adsoprtion of newly secreted surfactant material is also depicted to the
left. SP-B (magenta) and SP-C (green) are believed to undergo interaction with the lipids to stabilize the
protrusions as well as facilitate adsorption of newly secreted lipids into the interfacial layer. The graph
was generously provided by Valerie Booth.

SP-B, in particular, alters the size and distribution of ordered lipid domains in the monolayer

by raising the line tension and dipole density of the monomolecular film. Lipid domains that form

in the presence of SP-B are smaller in size and homogenous, and consequently are more tightly

packed with less compression than film without SP-B. Such films are therefore fast at achieving

minimal surface tension with the fewest numbers of compression and expansion breathing cycles

[162, 167]. The protein-lipid interactions that underlie reversible folding likely also relate to

in vitro characteristics of SP-B. In laboratory setting, for example, SP-B has been found to

facilitate lipid mixing between SP-B containing and fluorescent labelled vesicles at physiological

temperature in a concentration dependent manner. Lipid mixing has also been shown to increase

when anionic lipids, PG and PI, are increased. Conversely, SP-C shows no sign of lipid mixing

ability even at elevated concentrations compared to the physiological amount [168]. In summary,

SP-B and SP-C facilitate the formation of lipid protrusions as well as the readsorption and

spreading of the lipid patchs back into the superficial film. These properties keep the monolayer

intact during consecutive cycles of breathing [164].

Due to the complex nature of lung surfactant, there is no simple in vitro assay to test LS

activity. To add to the complexity, in contrast to the actual pulmonary surfactant that adsorbs

from the hypophase in vivo, exogenous surfactants are added to the air side of the interface, which
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likely introduces artifacts. Efficacy of LS can be tested in vivo, in situ and in vitro. Most in vivo

methods study efficacy in preterm animals deficient in LS or use diseased adult models, including

rabbit [169–172] and lamb [173–175], to investigate how LS dysfunctions (to be discussed in the

pathophysiology section below). One common approach is the saline lavage method where the

animal is deprived of its own surfactant and exogenous surfactant is instilled to check for the

lungs ability to inflate and deflate under normal condition. In addition to this blood oxygen

level of the animal can also be monitored [147, 150]. These techniques are best suited for testing

efficacy and comparing surfactant preparations [176–178].

A more simplistic approach to in vivo is in situ, which measures alveolar surface tension in

excised lung tissue. The two in situ options are: i) the pressure-volume (P-V) method initially

developed by von Neergaard [179] and ii) the more accurate microdroplet technique developed

by Schurch et al. [180]. Due to convenience of use, ease with which data can be collected and

cost of measurement, however, in vitro methods are more used than the others.

More importantly, the Langmuir-Wilhelmy balance (LWB), pulsating bubble surfactometer

(PBS) and captive bubble surfactometer (CBS) have been widely used and more recently, the

constrained sessile drop (CSD) technique has started to gain more attention [147, 150]. All of

these in vitro methods are suitable to characterize the three prominent biophysical features of

LS: i.e. adsorption and spreading kinetics, and interfacial activity. Therefore, it is consideration

of the desired features and degree of accuracy required that push researchers to choose one over

the other [147].

1.8 Structure-Function Relationships of SP-B

SP-B has been evolutionarily conserved for about 300 million years as it is observed in primitive

lungs, in particular in the Australian lungfish, Neoceratodus forsteri [181]. The lungfish contains

surfactant-like material with SP-A and SP-B-like proteins that bind the same antibodies that

bind human SP-A and SP-B. The primary structure of mature human SP-B is highly cationic,

with an overall net charge of +7, derived from nine positive and two negativly charged amino

acids. A similar charge density has also been observed in SP-B in other animals [182]. Strikingly,

around 52% of the residues in mature SP-B are hydrophobic [183].
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SP-B shows sequence homology with saposins A-D, lipid binding proteins that activate

lysosomal lipid hydrolases [184]. This makes SP-B belong to the saposin-like protein (SAPLIP)

superfamily, a diverse group of over 200 proteins that perform varied functions [185]. The SAPLIP

superfamily exhibits six strictly conserved cysteines as is shown in Figure 1.9 marked in yellow.

The GRAVY index to the right displays that SP-B is exceptionally hydrophobic even amongst

the SAPLIP superfamily.

Figure 1.9: Sequence alignment of some common SAPLIPs. Human saposins (A-D), NK-lysin from pig,
human granulysin and ameobapore A from Entameoba histolytica are shown aligned. Yellow residues
depict the conserved cysteines, hydrophobic residues are marked grey. Aromatic residues are shown in
green while charged residues are marked blue and red. The GRAVY index to the right is a measure of
hydrophobicity. SP-B shows the highest of all. The next hydrophobic protein in the list, ameobapore A, is
more than two fold less hydrophobic than SP-B, which indicates that SP-B is extremely hydrophobic.
Picture was adopted from Olmeda et al. [183] with permission from the publisher.

The saposins are the four proteins (A-D) after which the SAPLIP superfamiliy is named. All

four of the saposins are generated from a common precursor protein, prosaposin, by sequential

proteolytic cleavage. Saposins (A-D) show the same structural motif, the so called saposin fold

also common to other SAPLIPs [186]. The saposin fold is characterized by four or five amphiphatic

helices that are connected by the three intrachain disulphide bridges. The disulphides make

SAPLIPs extremely resistant to heat, acidic environments and proteolytic degradation [185,

186]. Similar to saposins, all of the SAPLIPs are also able to bind lipids [182, 186, 187]. Apart

from SP-B, however, the rest of the SAPLIPs are water soluble and only have one exposed

hydrophobic region, the site responsible for binding lipids [188]. Hence, SAPLIPs are only partly

lipid associated [189].

SAPLIPs have a variety of lipid binding related functions. Some SAPLIPs, like the amoebapores

found in Entameoba histolytica, are pore forming polypeptides [190, 191], whereas, NK-lysin

and granulysin are lysosomal antimicrobial polypeptides that permeabilize and lyse cells [187,

192, 193]. On the other hand, regions of the enzyme acid sphingomyelinase (ASM) catalyze the

breakdown of sphingomyelin to ceramide and phosphorylcholine. Likewise, acyloxyacylhydrolase

(AOAH) removes the secondary acyl chains from lipid A of lipopolysaccharides (LPS) [194, 195].

Phytepsin, the plant specific domain, is an aspartic acid proteinase [196–198]. Although there is
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much variation in SAPLIP function, there is still sequence conservation. For instance, SP-B and

NK-lysin share ≈24% sequence identity (49% similarity) and demonstrate the same disulphide

bonding pattern and similar alpha-helical content. The rest of the SAPLIPs show 18 to 27%

sequence similarity to NK-lysin and SP-B [187]. Neverthless, as of yet, it is not clear how such

homologous polypeptides perform quite diverse in vivo functions [184, 186, 199]. Notably, the

SAPLIPs vary in charge, whilst saposins are overall negative, ameobapore A is neutral, whereas

SP-B, NK-lysin and granulysin are all positive [183]. Clearly, the amino acid sequence and charges

govern the function [185, 186].

Proteins in the SAPLIP superfamily adopt different overall conformations, a closed globular

form or an open configuration. Figure 1.10 shows the closed secondary structure of NK-lysin

(Panel A) and the open conformations of saposin C in SDS (Panel B) and saposin A in the

presence of the detergent LDAO (Panel C). NK-lysin (PDB code: 1NKL) [192], ameobapore A

(PDB code: 1OF9) [200] and the plant specific insert of prophytepsin (PDB code: 1QDM) [198]

all demonstrate five amphiphatic alpha helices that fold into a single closed globular domain.

Conversely, the crystal structure of saposin B (PDB code: 1N69) exhibits an unusual homodimeric

tertiary strucure irrespective of pH or surrounding environment. Each monomer of saposin B

folds into four amphiphatic α-helices and adopts a boomerang like open conformation, with

the outside convex region composed of hydrophilic amino acids and the inside concave surface

with hydrophobic side chains [184]. The presence or absence of the extra helix in SAPLIPs is

dependent on the sharpness of the kink in helix 3 at Y54, which is considered to be a breaker of

the helix [201]. In the crystal structure of saposin B, for example, the kink at Y54 induces a bend

in Chain B. Consequently, the asymmetric dimer of chain A and B encloses a large hydrophobic

cavity for lipid binding in saposin B [184]. Thus, based on the type of chains that associate, the

dimer of saposin B can be open or closed. On the contrary, unlike saposin B, which takes on

the same conformation irrespective of pH and its surroundings, some SAPLIP structures are

evidently pH and environment dependent.
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Figure 1.10: A) Solution NMR structure of NK-lysin (1NKL, green) adopting the closed conformation, B)
human saposin C in SDS micelles (1SN6, magenta) in the open V-shaped orientation and C) the crystal
structure of saposin A (4DDJ, blue) in complex with the detergent lauryldimethylamine-N-oxide (LDAO)
in the extended open form. Note: the figures depicted here are all for chain A. The reader is prompted to
refer the crystal structure of saposin B (PDB code: 1N69) to look chain B and C. Pictures were drawn
using PyMOL.

While the α-helical content of NK-lysin, ameobapore and SP-B does not change in membranes

when compared to aqueous solution [187, 191, 192, 202], saposins and some of the SAPLIPs do

change their tertiary/quaternary structure according to pH and their environment. Importantly,

saposin A and C were found to be monomeric at a pH of 7 in solution, as determined by analytical

ultracentrifugation, but exist as a dimer and trimer at a pH of 4.8 in the presence of C8E5

detergent [201]. It could be that oligomerization driven by pH and the surrounding environment

is mandatory for the in vivo function of saposin A and C. Evidently, the monomer solution

NMR structure of saposin C in SDS detergent micelles and without detergent have different

configurations, an open conformation (Figure 1.10B) in the micelle (PDB code:1SN6) and closed

form (PDB code: 1M12) in the detergent free system [188, 203]. In a like manner, saposin A

was also observed to take on an extended open form when bound to the detergent LDAO (PDB

code: 4DDJ) in acidic pH (Figure 1.10C) [204] as opposed to the closed form (PDB code: 2DOB)

without detergent.

Likewise, ameobapore A undergoes pH-dependent dimerization triggered by protonation of

the histidine residue (H75) to spark an electrostatic interaction with a neighbouring monomer,

particularly residue D63 [200, 205]. In an earlier study, Leippe et al. [190] used a chemical

cross-linking experiment to verify that ameobapore A self-associates into higher order oligomers

in lipid vesicles, a hexamer in this case. The arrangement into hexamer conformation is an

important pre-requisite for ameobapore A’s pore forming ability and hence, its pathogenicity.

The hexameric structure of ameobapore was modelled in silico into a ring-like structure that

makes a pore, exposing the hydrophobic ring to the outside and hydrophilic residues inside

the pore when viewed from above [205]. Nonetheless, pH by itself is not sufficient for saposins

to change their quaternary structure, but lipids or detergents are an absolute essential [206].
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Self-association of human saposin C and D (PDB code: 2QYP/2Z9A, 2R1Q respectively) also

seem to be pH dependent. The kink at Y54 has also been found to play an important role for

the conformational flexibility of saposin C. Helix three, which harbours this residue, straightens

when binding detergent micelles, which is in contrast to the compact structures reported without

detergent [207]. The functional importance of Y54 is supported by the fact that this residue is

conserved [183]. On the other hand, activity of the defence proteins NK-lysin and granulysin

are pH independent, hence charge distribution and thus surface potential must play crucial role.

As for SP-B, Booth et al. [208] have observed that the C-terminal SP-B fragment (63-78) in

SDS micelles and in organic solvent, hexaflouro-2-propanol (HFIP) (PDB code: 1RG3 and 1RG4

respectively) have subtle structural differences, which could suggest that interactions with lipids

alter SP-B’s structure. However, due to SP-B’s unique hydrophobic nature, the full length SP-B

has proven to be very difficult to characterize structurally.

SP-B’s overall three-dimensional structure is not yet known. The size and the hydrophobicity

of SP-B makes structure determination of the protein very challenging [209]. Hence, the detailed

mechanism of SP-B’s action is unknown. Whether SP-B makes specific lipid-protein or protein-

protein interactions is not yet clearly established. Studies have shown that SP-B likely possesses

4-5 amphiphatic helices similar to the other SAPLIPs. The N-terminus seven residues of SP-B

comprise the so-called insertion sequence. The insertion sequence does not share homology

with the SAPLIP family and hence it is difficult to predict the secondary structure of the

region. According to the sequence alignment by Andersson et al. [187], for instance, SP-B

conserves residues 8-22, 27-38, 42-50, 67-74 with the SAPLIPs that are predicted to fold into

four amphiphatic α-helices per SP-B monomer. On the other hand, a recent model reported by

Khatami et al. [210] has 5 helices with the insertion sequence (3-7) adopting helical conformation.

Figure 1.11 shows the secondary structure taken on by SP-B in the Khatami et al. molecular

dynamics simulation.
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Figure 1.11: The primary and secondary structure of SP-B. The predicted helices are highlighted in blue.
The seven cysteines are colored red. The single cysteine residue responsible for interchain disulphide bond
is underlined in green. The three intrachain disulphide bonds per SP-B monomer are depicted in green
lines. Model concept was adapted from Khatami et al. [210]

Like saposins A-D, the secondary structure of SP-B is stabilized by three intrachain disulphide

bridges, between Cys8 and Cys77, Cys11 and Cys71, Cys35 and Cys46 [187, 211]. However,

contrary to SAPLIPs, SP-B possesses an extra cysteine at Cys48 in the mature SP-B (Cys248 in

the proprotein form) [212], which interacts with a neighboring Cys48 on another SP-B molecule

at the interface of helix three, to form a covalent homodimer [189, 211]. This makes SP-B the

only disulphide linked homodimer in the SAPLIP family [209].

The Khatami et al. all-atom molecular dynamic simulation models were built based in part on

homology with NK-lysin and in part on Mini-B NMR structure [210]. Helix I (3-7), in contrast to

other models from other groups, started as helical at the start of simulation and remained helical

at the end of some of the simulations. In the final stable models, five different salt bridges were

observed: R64-D59, K24-D59, R52-E51, R36-E51 and R52-D59. The ion pairs could potentially

play a role in stabilizing the secondary and tertiary structure of SP-B, as well as possibly aiding

in the interaction of SP-B with lipid bilayers. It could also be that the salt bridges stabilize the

quaternary structure of SP-B by joining two SP-B dimers together or even one SP-B subunit

with another SP-B subunit. Interestingly, the ion pair between E51 and R52 at the surface of

helix three was also predicted earlier by Zaltash et al. [209]. Supporting evidence of an ion pair

between E51 and R52 is the fact that these two residues are all conserved in SP-B’s sequence

across different species but are absent in all monomeric saposins. Specifically, the acidic Glu51

is strictly conserved. Overall, all of the SP-B models proposed by both groups depict charge

density (9 positive and 2 negative) at the opposite poles of SP-B and support a role for SP-B in

cross-linking lipid membranes, i.e fusion of two lipid bilayers together.
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Mini-B, the largest SP-B fragment for which there is an N-terminal structure, is a 34 residue,

N (8-25) and C (63-78) terminal contsruct of SP-B [213]. Figure 1.12 displays the primary and

secondary structure of Mini-B.

Figure 1.12: The primary and secondary structure of Mini-B. The cartoon representation of Mini-B is
shown with two intra-chain disulphide bonds in solid green lines. The experimental structure (PDB code:
2DWF) of Mini-B is shown adapting the expected alpha helical secondary structure [213]. The solution
structure was drawn with PyMOL.

Mini-B contains two helical regions interconnected by two disulphide bridges. Like the full

length SP-B, Mini-B, also exhibits a net charge of +7 and comprises 41% of the hydrophobic

residues [213]. Presumably, for this reason, Mini-B has been found to retain some of the important

biophysical activity of full length SP-B, both in vitro and in vivo. Thus, the N and C-terminal

helix structures and charge must play crucial roles in SP-B’s function [214]. However, due to lack

of the second pair of helices, the structure of Mini-B cannot tell us if SP-B adopts the open or

closed conformation observed in other SAPLIP family members [183]. Nonetheless, the secondary

structure of SP-B has been found to be stable in a number of environments including fluorinated

solvents and detergent micelles.

SP-B shows a consistent predominantly alpha helical conformation in different solution

environments. Unlike SP-C, which is highly structurally unstable in the absence of lipids [215],

SP-B has more stable secondary structure in different environments [216]. Due to the unusually

high hydrophobic residue contents of SP-B and SP-C, the two proteins are water insoluble. Hence,

organic solvents or detergents are used to solubilize these proteins but there is no guarantee

that the details of the protein structures are the same in solvent or detergent as in vivo. Porcine

SP-B, for instance, exhibits ≈45% alpha helical content in methanol (MeOH), 60% acetonitrile

(ACN) and 70% triflouroethanol (TFE), as observed from CD spectra. Comparable helicity is

also deduced when SP-B is reconstituted into lysophosphatidylcholine (LPC) micelles or DPPC

vesicles [217]. However, with high amounts of TFE (>70%), SP-B demonstrates as much as 60%
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helical content [216]. What is more, a fourier transform infrared spectroscopy (FTIR) study

revealed that nearly half of SP-B adopts an α-helix conformation in DPPC/PG model membranes

[218]. In contrast, SP-C tends to change conformation in different environments. For example,

SP-C takes on an alpha-helical content of nearly 50% in 60% ACN, but is completely β-sheet in

70% TFE [217, 219]. SP-C is perhaps the most hydrophobic protein isolated from mammals [220]

and hence is very prone to aggregation and amyloid beta formation. Therefore, in polar solvents,

hydrophobic interactions drive more protein-protein interactions. SP-B and SP-C also differ

widely from each other in size and charge density, as well as the types of cysteine bonds they

exhibit. While intra and inter protein disulfide bonds form in SP-B, SP-C exhibits a thioester

palmitoylation of the cysteine residues [211, 221]. Thus solution conditions may affect SP-B’s

oligomerization and one major unsolved question is the relationship between SP-B oligomerization

and function.

SP-B dimerization seems to be important for optimum function. Although it was found

that mutating C48 does not have a major effect on SP-B activity, some studies have shown

that SP-B dimerization is mandatory for full function [222, 223]. For instance, transgenic mice

expressing mutant SP-B, with the putative interchain disulphide forming cysteine replaced

by serine (Cys48Ser), are relatively healthy. But, when their SP-B was probed in vitro at

concentrations lower than 1 µM, the protein was found to exist predominately as a monomer

and perform poorly. Whereas, at concentrations above 2 µM, the same SP-B variant was also

observed to exist as a non-covalent dimer and demonstrate adequate function as the native form

of SP-B. Such observation also supports the prediction made by Zaltash et al. [209], i.e., the

association of SP-B monomers via the E51 to R52 hydrogen bonds/ion-pairs in a concentration

dependent fashion. Even though SP-B null mice rescued with SP-B monomer experience normal

longevity, breed successfully and process SP-C, transgenic mice expressing human monomeric

SP-B on the other hand exhibit altered lung hysteresis in vivo and altered surface activity in vitro

[224]. Hence, it seems that dimerization of SP-B could be important for normal lung function

but may not be so essential for surfactant function. Further, it was also noticed that the dimeric

form of the N-terminal 1-25 segment of SP-B supports dynamic cycling, whilst the monomer

form of the same N-terminal 1-25 segment of SP-B loses film material during compression in

captive bubble experiments [225]. Thus, it could be anticipated that the dimerization of SP-B

may be important to support the lipid reservoir near the air-water interface that replenishes the

surface active layer upon expansion. In general terms, all of the evidence suggests that from an

activity point of view, the loss of C48 covalent bond has no negative implication and that simple
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hydrogen bonds/ion pairing could be sufficient for SP-B to dimerize. That said, however, the

inter-subunit disulphide bonds do further stabilize the dimer structure. Though SP-B is thought

to exist as a covalent linked homodimer in most species, higher order oligomers have also been

reported [219, 226, 227].

SP-B extracted from lung lavage has a propensity to self-associate into assemblies that

are larger than dimers, including trimers and oligomers. Bovine SP-B has been found as a

trimer as well as a dimer when isolated by liquid chromatography using a C8 column. In rare

cases, SP-B has also been found as higher order oligomers and monomer too. Studies have

indicated that such oligomerization behaviour of SP-B is likely triggered by the type of isolation,

handling and storage of the protein [226, 227]. In a like manner, ovine SP-B has been detected in

varied sizes with SDS-PAGE depending on the method of isolation and type of organic solvent

used to extract the protein [219]. Thus, it seems that the purification protocol employed in

isolating SP-B, i.e. changing the protein-lipid ratio and solvent polarity, has an effect on the

oligomerization propensity of SP-B. Furthermore, porcine SP-B solubilised with the zwitterionic

detergent CHAPS in the absence of organic solvents, has been reported to exhibit a supradimeric

arrangement, as inferred from blue-native gel electrophoresis, analytical ultracentrifugation and

electron microscopy [228]. The group observed a 10 nm diameter ring structure and proposed it

to be a higher assembly of SP-B, probably multimers of dimers. A pentameric and hexameric

model based on the structure of saposin B fits well to the electron microscopy density of the

ring structure. Such structure may be responsible for forming a hydrophobic ring on the surface

of phospholipid bilayers and monolayers and potentially transferring lipid molecules during de

novo secretion or between the monolayer and the bilayer as well as the multilayer structures

underneath. This method of preparing SP-B is contrary to the classical harsh organic solvent

extraction method, which tends to disrupt weak interactions and hence any supramolecular

arrangement. To sum up, oligomerization seem to be a common feature of saposins and the

SAPLIP superfamily [207]. Such observations opens up the possibility that particular quaternary

structures of SP-B are responsible for particular aspects of SP-B function.

One possibility is that each SP-B subunit provides a surface for membrane binding, and

oligomerization of SP-B facilitates membrane apposition, adhesion and subsequent fusion of

phospholipid bilayers. In laboratory conditions for example, mature SP-B has been shown to cause

aggregation, lysis and fusion of negatively charged liposomes. The cationic region of amphipathic

SP-B is thought to be closely associated with phospholipid head groups at the interface thereby
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providing hydrophobic and hydrophilic helical regions important to anchor SP-B strongly to lipid

surfaces [166]. Foster resonance energy transfer (FRET) experiments show that SP-B prefers

to associate with anionic lipids over zwitterionic phospholipids [229]. Likewise, FTIR studies

done on SP-B/DPPG complex also demonstrate electrostatic interactions between charged SP-B

residues and the PO−
2 head group [218, 230]. For an example, SP-B was shown to bind DPPC/PG

large unilamellar vesicles (LUVs) containing at least 30% of PG, the minimum amount needed

to sustain appropriate morphological and functional reconstitution of surfactant. The affinity

between SP-B and the vesicles seemed to increase as the PG content of the LUVs was raised [212].

An earlier study reported that the association of SP-B with the anionic PG is concentration

depenedent, as determined by fluorescence anisotropy technique [227]. This is consistent with

the unusually high content of PG in the lung (≈3 to 5 mg/ml), the highest when compared

with any other organ or tissue in mammals [231]. According to Chang et al. [232], there are an

estimated ≈600± 300 SP-B binding sites per liposome and as few as 50 bound SP-B molecules

were enough to perturb and cause significant leakage of vesicle contents. Ultimately, fusion of

vesicles occurred as the protein-lipid ratio was raised.

While SP-B has been shown to promote fusion of bilayer stacks to monolayers, surfactant

phospholipid adsorption into the superficial layer, lipid reorganization into specialised structures

such as tubular myelin or multilayer structures [153], or to induce membrane curvature [231], it

is not known how oligomerization might alter these functional lipid-SP-B interactions. Finding

the answers to these questions has been greatly hampered by the inability to make recombinant

SP-B and thus the inability to make mutations that affect oligomerization and determine how

such changes affect lipid interactions and function.

1.9 Pathophysiology Associated with Lack of Lung Surfactant

Premature neonates can have a partial or total lack of lung surfactant. Lack of functional

surfactant in the alveolar space results in lack of proper lubrication and poor lung compliance.

Usually, if the condition is not treated adequately and quickly, it leads to atelectasis i.e. partial or

full collapse of the alveoli and inability to inflate back to normal lung volume, which ultimately

results in respiratory failure [233, 234]. Neonatal respiratory distress syndrome (NRDS), a

condition observed in preterm infants, is a consequence of either prematurity or genetic defect

[45, 235]. NRDS is the leading cause of perinatal death ≈10% in the US alone, claiming about

49.5% of prematurly delivered babies within the first 14 days of life [32]. The data show that
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the incidence of NRDS increases with decreased duration of gestation. Less than 5% of preterm

neonates delivered after 34 weeks of gestation develop NRDS, however, this number gets to a

staggering 60% for those delivered on or before 28 weeks of pregnancy. Studies have estimated

that premature babies only have a storage pool of 4-5 mg/kg of body weight of lung surfactant at

birth, as opposed to healthy term infants with a pool 100 mg/kg of body weight [233]. Moreover,

preterm infants with NRDS cannot precisely metabolize LS, i.e., the half-life of lung surfactant

in these infants is about 3 days. Apart from lung immaturity, genetic irregularity in the SFTPB

(OMIM, 178640), SFTPC (OMIM, 178620) or ABCA3 gene (OMIM, 601615) are also associated

with NRDS and interstitial lung disease in both term and pre-term infants [45, 235]. While

mutation in the SFTPB gene is associated with fatal NRDS, mutation in the SP-C gene, SFTPC,

is more common and manifests in interstitial disease, lipoproteinosis, NRDS and pulmonary

fibrosis in older infants, childrens and adults. On the other hand, genetic defects in the ABCA3

gene can manifest in both fatal and non-fatal NRDS [45, 236].

Although up until 1973 NRDS was the leading cause of preterm infant mortality [7], the advent

of improved therapies, antenatal glucocorticoids and exogenous surfactants, led to a decline in

mortality of NRDS patient from nearly 100% to less than 10% in recent years. NRDS treatment

can begin before birth by adminstering maternal steroid to women at risk of delivering prematurely,

between 24 and 34 weeks of gestation. Transcription factors and glucosteroids enhance lung

maturation and regulate surfactant synthesis [237, 238]. Treatment with transcription factors

and hormone are believed to stimulate maturation of lung surfactant and may act in part by

suppressing the turnover of phopholipids and reducing export of phospholipids from the lung

[22]. Preventive treatment with exogenous surfactant is recommended for preterms at high risk

of developing NRDS. Neverthless, determining which of the high risk preterms actually develop

NRDS is still a challenge [233, 234]. Administering exogenous surfactant raises the pool in preterm

infants until enough endogenous surfactant is produced.

Acute respiratory distress syndrome (ARDS) and acute lung injury (ALI) can be experienced

by older infants, children and adults. ARDS/ALI result from many forms of insult to the lung and

much like asthma, exhibit heterogeneity of syndromes before onset, which complicates treatment.

ARDS is marked by a high mortality rate, ≈40-60% of the patients, and is less prevalant than

NRDS. The highest occurences are reported in Australia and the United States [239]. Due to

insult to the lung, leakage in the distal airways allows potential surfactant inhibitors from plasma

to pass into the alveoli and inactivate lung surfactant [234]. Elevated levels of cholesterol, reactive
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oxygen species and serum lipoproteins are found in lungs of patients with ARDS/ALI [240]. There

are data to suggest that lung surfactant from ARDS patients exhibits a shift to unsaturated

fatty acyl chains of the phospholipids, which might increase susceptibility to oxidative related

dysfunction [241–243]. Though it is known that the causes of ALI/ARDS are multifactorial [239],

the underlying mechanism and progonosis leading to ALI/ARDS are poorly understood [244].

Pneumonia and sepsis are two primary risk factors. However, the majority of these patients do

not necessarily develop ARDS, which suggests other factors, such as genetic predisposition, play

a role in the pathogenesis of ARDS. In fact, more than 40 candidate genes have been identified

that directly or indirectly correlate with developing or exacerbating the outcome for ARDS

patients. One of these is the SFTPB gene [239, 245]. Alteration of macrophage function can lead

to the accumulation of surfactant lipid and protein in the alveolar space and manifests as ARDS

or pulmonary alveolar proteinosis [246]. Patients who survived ARDS/ALI are at high risk of

developing cognitive decline, depression, post traumatic stress disorder and persistent skeletal

muscle disorder [239]. Exogeneous surfactant treatment is less efficacious towards ARDS and

ALI than NRDS [247]. As of yet, the only effective strategy against ARDS is protective lung

ventilation [239, 245, 248, 249].

Altered cholesterol levels have been suggested to contribute to ARDS/ALI. Leonenko et al.

[240] noticed elevated amount of cholesterol inhibits monolayer to bilayer conversion during

dynamic cycling. The detailed process by which such inhibition proceeds is not well described. In

essence, the mechanism by which surfactant is inactivated in diseased lungs needs an in-depth

investigation as it opens new prospects in ARDS/ALI treatment.

1.10 Clinical Surfactants

Surfactant replacement therapy, the method used to treat NRDS, reduces death, air leak

syndromes and intraventricular hemorrhage in preterm infants [11]. Differences in composition

between clinical surfactants are a reason why surfactant therapies vary in efficacy [247]. At

the moment, animal derived surfactants are the standard care for NRDS [215]. All but one

of the animal derived surfactants are bovine in origin and can be prepared by either minced

or lung lavage methods. Infasurf (Forest Labs, New York), is produced by lavaging calf lungs

and extracting the LS with solvent. Beractant alfa (Survanta, Abbot Laboratories, Columbus,

Ohio) is a bovine lipid extract to which colfosceril palmitate, palmitic acid and tripalmitin are

added. Here in Canada, the standard therapy is Bovine Lipid Extract Surfactant (BLES, Bles
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Biochemicals, London, Ontario, Canada) [11, 250], and recently BLES has also started to be

marketed in India. Poractant alfa (Curosurf, Chiesi Pharmaceuticals, Italy) is a porcine lung

extract that undergoes additional purification leaving a high content of polar lipid (80 mg/ml),

SP-B and plasmalogen. Hence, Curosurf has the lowest volume of adminstration compared to

the rest of surfactants available today [251]. The method of preparation and additives used

affect performance as well as the adminstration dose. Although it is effective in treating NRDS,

animal derived surfactant preparations are expensive to produce [215] and there are concerns

over infections and immune rsponse with animal derived products [252]. These concerns therefore

provide incentive for non-animal derived alternatives.

By the year 1987, the first generation protein-free synthethic surfactant preparations were

devised. This came after a successful two stage randomized clinical trial of 328 very premature

infants (delivered between 25 and 29 weeks of gestation) who were treated with Pumactant (also

known as ALEC: artificial lung expanding compound, UK). Pumactant only contains DPPC

and PG and was found to show promising result in terms of reducing mortality and the need

for prolonged respiratory support with no serious side effects [253]. Nonetheless, it was also

found that Pumactant was associated with more death discharge than neonates treated with

Curosurf [254], henceforth, Pumactant had to be pulled out of the market. Likewise, another

first generation surfactant devised was colfosceril palmitate (Exosurf, London, UK), the first

FDA approved protein free synthetic surfactant preparation of its kind. Exosurf uses tyloxapol

and hexadecanol as alternate additives to SP-B and SP-C, after these two compounds were

shown to enhance adsorption and spreading kinetics of LS lipids in vitro [255, 256]. Similar

to ALEC, however, a meta analysis by Soll and Blanco in 2001 [257] also provided evidence

that treatment with Exosurf was correlated with increased mortality, pneumothorax and the

need for longer duration for ventillation support compared to treatment with animal derived

surfactants. Afterwards, Exosurf was also discontinued post marketing. These findings imply

that SP-B and SP-C are superior to artificial additives used in Exosurf and also underlines that

protein containing surfactant provides faster extubation and decreased mortality than protein free

surfactant preparations [12, 257]. The relatively poor outcome of the first generation synthetic

surfactants have led to the next generation surfactant development.

Compounds that try to mimic the structure and function of SP-B and SP-C were designed.

Two formulations that contained such compounds entered clinical trials, Lusupultide (Venticute,

Takeda Pharmaceuticals, Switzerland) and Lucinactant (Surfaxin, Discovery Laboratories, Penn-
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sylvania). Venticute uses non-acylated recombinant SP-C (2% rSP-C), DPPC/POPG (7:3) and

palmitic acid (5%). However, was pulled out of phase three trials after no improved survival rate

of patients with ARDS was reported [258]. On the contrary, Surfaxin, a formula that comprises

DPPC/POPG in 3:1 ratio, 13.5% palmitic acid and a 21 amino acid hydrophobic and synthetic

peptide, sinapultide (KL4, 2.7%) [12], was approved in 2012 for preterm neonates suffering from

NRDS [259]. Although, KL4 is deemed to be an SP-B mimic functionally, structure wise, on

the other hand, the synthetic peptide more resembles SP-C, adopting a trans-membrane alpha

helical orientation as SP-C does [215, 260]. This sparks question in terms of functionality, if KL4

truly simulates SP-B or SP-C or perhaps neither.

When considering exogeonous surfactant for ARDS/ALI treatment, it is also important to

think about how resistant a surfactant is to inactivation. For instance, at identical inhibitor

concentrations, Surfaxin is more resistant to inactivation by serum proteins and reactive oxygen

species than Survanta despite both formulations contained similar phopholipid concentration.

However, it was also found that natural surfactant was the least inhibited of all, which makes both

Surfaxin and Survanta unattractive for ARDS/ALI treatment. Evidently, surfactant preparations

containing only phospholipids were found to be highly inhibited [261]. In 2015, Surfaxin was

withdrawn from the market. At the moment, none of the first nor the second generation synthetic

surfactants are available to treat NRDS [259]. Hence, the search for better acting and efficacious

synthetic surfactant still goes on. Right now, third generation synthetic surfactant containing

peptide analogues of both SP-B and SP-C are being investigated. Formulations containing analogs

of both SP-B and SP-C are found to perform better in terms of activity and resisting inactivation

by serum in acute lung injury animal models when compared to those surfactants prepared from

only one mimic of SP-B/SP-C as well as animal derived surfactants. To this end, for instance, it

was found that the synthetic surfactant CHF5633, which contains both SP-B and SP-C analogues,

demonstrates improved resistance to inactivation compared to poractant alfa in preterm lambs

[262, 263].

There is still no general agreement on how endogenous surfactant is inactivated and how to

circumvent it. There are different immunogenic/antigenic and infectious complications associated

with administering animal derived surfactant prepartions [252]. To improve treatment outcome,

exogenous surfactant with better pharmacological profile must be devised. Sufficient dosage,

proper timing and targeted delivery as well as inhibition resistant formula will likely prove to

be important in combating adult ALI/ARDS in the future [247, 249]. To this end, recombinant
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production of SP-B along with site directed mutagenesis will potentially play a pivotal role in

producing surfactant with improved function, which also opens up the possibility to produce

surfactant at a competitive price for patients to receive high doses and multiple doses. Moreover,

non-invasive surfactant delivery has yet to be acheived. In this regard, successeful aerosolization

or atomization of surfactant could potentially play vital role. Future directions should explore

how surfactant therapy could be used as a vehicle for delivering anti-inflammatory molecules and

focus on finding better ways of administering surfactant in less-invasive or non-invasive ways

[259]. It is also forecasted that, in the foreseeable future, surfactant could be used to deliver

maternal steroids to women at risk of premature delivery. The key therefore lies in establishing

the structure-function relationships for both SP-B and SP-C. Nonetheless, owing to the high

hydrophobicity of SP-B, so far, it has been difficult to fully characterize it. Crystallizing SP-B has

been notoriously difficult and all attempts in the past have failed. To elucidate SP-B’s structure

using solution NMR, the protein needs to be produced and purified in ample quantities and also

retain its native-like functional state. Besides, the sample should also be labelled with NMR

active nuclei. Moreover, due to broadening of the line signal, solution NMR is sensitive to protein

size. Therefore, the protein complex should as well be small enough to tumble in a time scale that

makes it possible to provide meaningful structural information. Although, an SP-B monomer

(8.7 kDa) has the right size for solution NMR, no structure has yet been described for the full

length SP-B monomer.

Understanding the mechanism of how lung surfactant operates at the atomic level has potential

outcomes. Firstly, it may help to devise a better acting surfactant formulation with improved

pharmaco-kinetic/dynamic profiles and resistance to inactivation/dysfunction. Secondly, it could

alleviate or replace the need for animal derived surfactants that have immunologic and antigenic

complication and are expensive to produce. Thirdly, it could help devise a method to use

surfactant as a vehicle for targeted drug delivery components. In conjunction with site-directed

mutagenesis, a high resolution and biologically active SP-B model could also prove to be key in

many other aspects: 1) to identify important residues responsible for specific protein-lipid and

protein-protein interactions, 2) to answer how the the tertiary/quaternary structure assembles

in lipid bilayers (monolayers), 3) to answer if SP-B takes on an open or closed conformation or

a combination of both and whether this configuration is pH dependent or not, as are some of

the SAPLIPs or saposins discussed, and 4) to identify dimerization interface(s) and hence the

propensity to oligomerize. Before all this however, there has to be a well established technique of

producing SP-B. Recombinant DNA technology is a well suited method to introduce specific
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mutations to study the structure-activity relationships of macromolecules. What is more, the

technique is also a viable option for producing full-length SP-B, which is rather difficult to do

with protein chemical synthesis. The purity and quantity of the protein needed for structural

studies could also be optimized by selecting the right expression host and purification protocols.

1.11 Hypothesis and Objectives

Herein, I hypothesise that SP-B can be expressed in bacteria in its functional form. Specifically,

the study aims to: i) devise a method of SP-B expression, ii) characterize the structural aspect

of rSP-B and iii) test the function of rSP-B in lipid/detergent environment.

Accomplishing the objectives of this thesis work could be significant to both health care

and basic science. A way to produce SP-B in laboratory has a numbers of benefit. Foremost

is the therapeutic importance of recombinant SP-B given the great expense of animal-derived

SP-B. Second to that, being able to produce SP-B recombinantly, will allow researchers to

introduce alterations to SP-B to improve its pharmacological properties, in particular to reduce

its inactivation in ARDS conditions. Recombinant SP-B will also enable scientists to produce

SP-B for structural and functional analysis that have not been possible with native SP-B, for

example the analysis of point mutants or chimeric proteins. To my knowledge, there is no report

of recombinant SP-B in the surfactant literature. Such knowledge, I think, will add to the

fundamentals of surfactant science immensely.
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2

The Expre s s i on and Pur i f i ca t i on o f

Recomb inant Human Lung Sur fac tant

Prote in -B ( rSP-B)



2.1 Statement of Authorship

Tadiwos Getachew prepared the samples used for analysis in figures 4, 7 and 8, analyzed and

interpreted the data, and also wrote the manuscript. Donna Jackmann prepared the samples used

in figures 2, 3, 5 and 6, run SDS-PAGE and blotted the gels and Tadiwos Getachew acquired the

pictures and interpreted the results. Tadiwos Getachew trained Selina Freudenberg and used a

sample prepared by her for western blotting shown in figure 7.

1

1In figure captions and legends of this chapter abbreviations can be found. These are used to represent the
persons who prepared the protein samples used for analysis. DJ: Donna Jackmann, SF: Selina Freudenberg and
TG: Tadiwos Getachew. The numbers following the abbreviations are protein isolation batch numbers.
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2.2 Background

Historically, many groups have had challenges producing SP-B, due in large part to its extreme

hydrophobicity. Besides us, groups around the world have attempted to express SP-B in bacteria,

insect cells and cell-free expression systems, but without success. Also, attempts at chemical

synthesis of SP-B have failed. Full length SP-B is big for solid phase peptide synthesis. To work

around this problem, one group attempted to synthesized SP-B as fragments of two peptides and

ligate the pieces together but this was also unsuccessful ("personal communications from Alan

Waring, John Baatz and Jesus Perez-Gil to Valerie Booth, 2004-2017").

Earlier, Jesus Perez Gil (PhD) at Universidad Complutense de Madrid and co-workers

managed to express an SP-C variant in bacteria using Staphylococcus nuclease A (SN), a water

soluble, single stranded DNA cleaving enzyme of 150 amino acids (≈16.9 kDa), as a fusion tag

(applications of fusion tags are discussed in detail below) [1]. Our group adapted the approach

and used it to design a plasmid construct to express rSP-B in bacteria and purify it using affinity

chromatography [2]. Instead of the thrombin cleavage site that was located between rSN and

rSP-C, a method first developed by Hakes and Dixon [3], a cyanogen bromide (CNBr) cleavage

site was inserted. The chemical cleavage site allowed rSP-B to be cleaved from rSN in conditions

where rSP-B is soluble, but most enzymes are not functional. However, the purification of this

construct by LH-60 columns (Sephadex, Pharmacia fine chemicals, Sweden) and other techniques

was not successful [2]. The expression construct that is central to the work reported in this thesis

was designed to retain the histidine-tag (His-tag) on rSP-B, so that rSP-B could be refolded

by using metal ion affinity column after rSN was cleaved off. The vector construct of the clone

is shown in Figure 2.1. The construct shown uses rSN (green), as a fusion partner, i.e. just

preceding the N-terminus of rSP-B (yellow). A methionine residue (grey) connects the rSN part

with rSP-B, and provides the site cleaved by CNBr. The C-terminus of the target protein was

fused with a 6xHis tag (Red). Histidines have an imidazole functional group, which has high

affinity for bivalent metal ions. As suggested by Sharifahmadian et al. [4], the insertion sequence

(FPIPLPY), has been removed to improve the solubility of rSP-B. Although we worked with a

number of other vector constructs for rSP-B expression, the plasmid rSN-∆7NT∆M-rSP-B-6xHis

is the most thoroughly characterized rSP-B construct in the Booth lab. Unless stated otherwise,

herein, I will be referring to this plasmid construct.
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Figure 2.1: Three letter DNA (A) and one amino acid letter code (B) of the expressed construct. Panel
A: Methionine residues are highlighted in grey, rSN in green, HSV epitope tag in magenta, rSP-B in
yellow, polyhistidine-tag in red and the stop codon in seaweed. Panel B: Cysteines that form intrachain
disulphide bridges are marked in cyan while the cysteine that is thought to be involved in interchain
covalent homodimerization is highlighted dark purple. The two underlined leucine residues are point
mutants (methionine to leucine). Adapted from (with permission) Valerie Booth.
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This chapter presents data that illustrate the production of recombinant human lung surfactant

protein B (rSP-B) in bacteria. In order to appreciate the challenge with the production of rSP-B,

some background on recombinant expression strategies are discussed.

When considering the organism in which to express a protein of interest, each expression

system i.e. mammalian, insect, yeast, bacterial or cell-free has its own merits and drawbacks.

Eukaryotic cells are the most suitable to express complex proteins. Mammalian cells, for instance,

possess the machinery to introduce post-translational modifications (PTMs), but are also the

most expensive systems. Eukaryotic systems in general are costly, time consuming, and not

straight forward, i.e. strict adherence to experimental protocols is mandatory [5]. As a rule of

thumb, large recombinant proteins are often expressed in an eukaryotes and small proteins in

prokaryotes [6].

Prokaryotes, comparatively, are less expensive, convenient to use, and can be scaled-up easily.

Escherichia coli (E. coli), for instance, has fast growing kinetics, with a multiplication time of

≈20 minutes [7, 8]. Also, the microorganism attains high cell density in cultivation media [9, 10].

Transformation of an expression vector into the bacterium is fairly easy. Moreover, the physiology

of the enterobacterium is well characterized and documented. For example, E. coli has well

described transcription and translation mechanisms. Thus, E. coli, is often the most convenient

and simple system for overproduction of a heterologous gene product at both laboratory and

industrial scale. For example, around 30% of recombinant protein pharmaceuticals approved by

the FDA as of 2011 [11], and 90% of structures deposited in protein data bank (PDB) as of

now [12], are produced in E. coli. On the other hand, prokaryotic systems are hampered by the

inability to process PTMs and to promote folding of complex mamalian proteins [11]. In general

terms, the three major factors to consider when selecting an expression system are i) expression

level, ii) solubility, and iii) purification [5, 13].

After selecting the right host for a given gene, the vector type is also paramount to express

heterologous protein in ample quantities [7]. An expression vector is characterized by three

prominent features, being the promoter, the selection marker, and the origin of replication. The

pET expression vector with bacteriophage T7 RNA polymerase is the most common plasmid

used in E. coli. Most promotors are inducible by chemical stimuli. The T7 RNA polymerase

is under the control of the lactose operon (lac-operon) gene, which can be turned on by the

chemical inducer, isopropyl β-D-1-thiogalactopyranoside (IPTG). In the presence of IPTG, lacI,

the repressor of the lac-operon gene, is released, initiating the transcription of the downstream
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plasmid [14]. Although pET is well tolerated and easily transformed into E. coli, the type of

protein cloned into the vector may adversely affect the cells, and consequently expression levels

because of toxicity. Given the hydrophobic nature and membrane lysing behaviour of SP-B [15],

together with the known difficulty of expressing it in standard expression cells, SP-B is likely to

be toxic to E. coli.

Some recombinant proteins are toxic to host cell profileration and routine functions and

hence can only be expressed in very low levels. E. coli cells transfected with a plasmid that

codes for a toxic protein tend to show slow growth rate, low cell density, and possibly death

after induction [16, 17]. Nonetheless, many toxic proteins can be expressed in specialized E. coli

mutant strains, such as C41(DE3) and C43(DE3). While C41 is a single mutant of BL21, C43 is

a double mutant of C41 and demonstrates a better success rate of expressing membrane proteins

than its predcessor, C41 [18]. The lacUV5 promotor that controls transcription of the T7 RNA

polymerase contains mutations that lead to decreased expression of T7 RNA polymerase in C41

and C43 cells [19]. These strains also solve the issue of plasmid instability during expression of

toxic proteins [20] and also possess high transformation efficiency. However, in general, even if a

cell line can be found that is capable of expressing a toxic protein, the expressed protein will

often locate to inclusion bodies (IBs).

IBs are electron-dense, amorphous aggregates that mostly contain the protein of interest either

in a native-like, partially folded state, or in a misfolded state [21, 22]. More often than not, IBs

accumulate in the cytoplasm, but occasionally the particles escape into the periplasmic space as

well [23]. Studies have shown that proteins with more disulphide bonds and hydrophobic residues

are more prone to IB formation than other proteins [11, 24]. Hence, IBs could also be the result

of incorrectly formed disulphide bonds [16]. Studies have shown that IBs have both advantages

and disadvantages for protein preparation.

IBs offer a number of important benefits. Owing to their large size, inclusion bodies can

easily be isolated from other host proteins via centrifugation. Consequently, IBs significantly aid

in the purification of the protein of interest [25]. According to Rinas et al. [26] IBs have little

contaminating host proteins, ribosomal proteins, or nucleic acids, which reduces the amount of

purification work needed. Additionally, although they are targets of the proteasome, due to their

insoluble aggregated nature, IBs are may be more resistant to proteolytic degradation [27–29].
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On the reverse side, IBs also have some undesirable apects. Literature data indicate that IBs

also can contain cross-beta structure which imparts a amyloid-like fibril character to them [30].

Amyloid fibrils are associated with different human pathologies including Alzheimer’s disease,

Parkinson’s disease, and type II diabetes [30–32]. Hence, proper care should be taken in the

downstream purification and processing of proteins that are prone to aggregation. To disrupt and

solubilize the aggregates, IBs need strong chaotropic agents (6-8 M), detergents, and reducing

agents. Subsequently, their refolding is cumbersome [33], and requires screening and optimization

of a number of renaturation conditions [7, 34]. The data indicates that more than 40% of IBs

can be recovered into their bio-active state [35]. The best resolution, if at all possible, however is

to produce soluble protein and avoid the challenging renaturation step.

E. coli encodes chaperones of its own that can sometimes help with the folding of expressed

recombinant protein. These include the non-ATP mediated Trigger Factor (TF) nascent protein

binding chaperone and the ATP-dependent nascent protein binding Dnak chaperone system, as

well as the downstream GroEL/GroES co-chaperone system. As soon as nascent protein emerges

out of the ribosome, it binds the TF chaperone to assist the protein to fold into its native soluble

form [36, 37]. However, such systems may not be compatible to eukaryotic proteins or, even

worse, hydrophobic protein may be toxic to the host. Moreover, co-expression of the target and

the chaperone protein on the same plasmid is a burden for the host strain [38]. To counteract

the solubility and toxicity of some recombinant proteins expressed in E. coli, other new methods

have been devised. One of the most commonly used are solubility fusion proteins.

Fusion partners are either proteins or peptides that are fused at either of the termini of the

target protein to facilitate folding, increase solubility, reduce toxicity, and decrease proteolysis

of the target [13, 39]. Different proteins react differently to solubility tags and there are many

commericially available fusion proteins to choose from. Among these, the E. coli maltose binding

protein (MBT), gluthathione S-transferase (GST) and thioredoxin (TRX) have been popular

partners for membrane/membrane-associated protein production [40, 41]. Staphylococcus nuclease

A (SN) has been used as a chaperone protein for E. coli expression of SP-C, one of the most

hydrophobic mammalian proteins [1]. Some fusion proteins, however, might adversely affect the

structure and function of their partner. Hence, it is customary to devise a method of removing

the solubility protein eventually [5]. Fusion proteins can either be removed enzymatically or

chemically. Subsequently, following cleavage, the fusion protein must also be separated from the

target protein. This is often accomplished with the use of an affinity tag, e.g. a polyhistidine
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tag on one protein or the other. However, before this can happen, the full expressed protein

construct, (i.e. the protein of interest plus the fusion protein) must be purified from the rest of

the bacterial cell components.

Affinity chromatography works via reversible interaction with the target protein and a specific

ligand on the resin. The interaction could be bio-specific (antibody interaction) or non-bio-

specific through immobilized metal ions [13]. Immobilized metal ion chromatography (IMAC) is

a robust purification technique with low cost and maximal recovery yield [42]. The metal ions

are immobilized on a resin and an affinity tag on the target/fusion protein usually has high

affinity for the immobilized divalent metal ions. Because histidine is fairly inert, proteins with

polyhistidine tag (His-tag) are suitable for downstream purification and structural studies [43,

44]. Hence, it is not always necessary to remove the His-tag [45]. The fusion protein, on the other

hand, generally needs to be separated from the protein of interest. The protein that contains the

affinity tag remains bound to the resin while the other without the tag flows out.

Like most integral membrane proteins, SP-B is also highly apolar and is partly membrane

associated. The high apolar nature of these proteins presents an inherent problem for charac-

terizing them. To this end, the data indicate that membrane or membrane-associated proteins

only represent a minute amount of the structures presented in PDB despite constituting about

20-30% of the proteome of many species. Consequently, the structure-to-function relationships of

most of these proteins are poorly understood [25, 46]. Part of the problem is that highly apolar

proteins are sparingly soluble in water.

Apolar proteins aggregate in water. There is a driving force to cluster the non-polar residues

together and expose the hydrophilic side chains to the aqueous surface, thereby creating non-

native hydrophobic contacts. To prevent aggregation and keep their native state, recombinant

membrane proteins must be kept in a membrane mimetic environment. However, as each protein

is unique, there is no universal solvent. Rather, different lipids and detergents are screened for

each hydrophobic protein of interest to identify the conditions that best solubilize and maintain

the native function of the protein. As well as being quite a cumbersome procedure, the lipid

or detergents used to solubilize and stabilise the protein could also complicate purification of

the target [47]. Sodium dodecyl sulphate (SDS), for instance, is one popular detergent used as

a membrane mimetic environment [48]. Detergents are amphiphiles and form micelles at the

critical micellar concentration (CMC) i.e. the minimum concentration above which micelles start

to form [49]. Micelles have both lipophilic and hydrophilic entities and thus resemble membrane
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surroundings. Expression of a membrane protein in E. coli could proceed in two possible ways.

Either the protein inserts into the bacterial membrane in functional form or the protein expresses

as an inclusion body [25]. The latter, however, is often preferable, as purifying a membrane

inserted hydrophobic protein can be more challenging. Although a cell line might be found that

expresses a toxic protein, the expression is often hampered by low yield and usually requires a

lot of optimization and careful choice of expression conditions to maximize yield and solubility of

apolar proteins.

Concentration of induction agents, incubation temperature, types of cultivation media, and

host strains can all be optimized [7, 13, 50, 51]. In bacteria, lower temperature promotes a

reduced rate of protein synthesis, which is known to promote protein folding and solublity [52,

53]. High temperature, on the other hand, may promote stress that leads to protein aggregation

and hence IB formation. Also, important considerations come from studies that have reported

that expression at physiological temeprature is more susceptible to proteolytic degradation than

expression at lower temperature [54, 55]. By the same token, incomplete or partial induction of

promoters also leads to a slow rate of protein synthesis at low temperature [56]. Hence, decreased

concentration of inducers may increase the solubility of heterologous genes [57]. The type of media

also plays a vital role as many bacteria thrive differently in various media [53]. Thus, the level of

expression of a given gene varies from media to media [58]. Increasing glucose concentration in

incubation media for an example, has been reported to enhance expression levels via decreasing

promoter suppression [7, 59–61]. Lastly, some strains, such as BL21, which is the most common

E. coli strain for recombinant expression of heterologous genes, is known to improve plasmid

stability [62]. There are more strains with different traits, which improve upon the parent BL21

cell. For instance, strains that improve correct cytoplasmic disulphide bond formation and strains

capable of regulating expression level are often helpful. Importantly, for SP-B work, C41(DE3)

and C43(DE3) have demonstrated considerable success in over-production of hydrophobic and

toxic proteins [63]. As C43 cells form an extra membrane during expression of heterologous DNA,

it could be that such a membrane protect C43 cells from the toxicity of hydrophobic proteins. In

addition, a portion of the target protein may also associate with the extra membrane.
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Expression of SP-B has been very challenging. Mature SP-B is highly hydrophobic, mem-

branolytic, and fusogenic. SP-B has one of the highest hydropathy (GRAVY: grand average of

hydropathicity) index [64]. The higher is the hydropathy index, the greater is the hydrophobicity

and vice versa is true for hydrophilic proteins [65]. In other words, a positive GRAVY index

indicates that the protein is a hydrophobic and negative index indicates a hydrophilic protein.

Most SAPLIPs have negative GRAVY indices. This indicates that SP-B is unique. If not the most

hydrophobic, SP-B, undoubtedly, is one among the most hydrophobic proteins. Thus, while many

other integral membrane proteins proved to be very difficult to overexpress and characterize,

SP-B is even more so. Here, we report the recombinant expression and purification of surfactant

protein B (rSP-B) in E. coli, strain C43 using SN as a fusion partner for the first time.

2.3 Materials and Methods

2.3.1 Transformation

To transform the cells with the plasmid, 50 µl of E. coli strain C43 (>1×106 cfu/µg DNA)

chemically competent cells (VWR International, Edmonton, Canada) was mixed with 1 µl of

the vector DNA (pET11a-SN-SP-B). The mixture was placed on ice for 30 minutes and then

heat shocked at 42°C for 1 minute. One millilitre of the expression recovery medium (lactose

minus, Lucigen) was added and incubated for an hour at 37°C and 175 RPM. Next, the mixture,

was plated onto 2XYT (16 g/L tryptone, 10 g/L yeast extract and 5 g/L sodium chloride) plus

ampicillin (1 µg/ml, Fisher BioReagents) agar medium and was incubated overnight at 37°C.

An isolated colony was inoculated into 5 ml of 2XYT ampicillin selective media and cultured

overnight at 37°C at 150 RPM. Aliquotes of 1:1 (v/v) glycerol:culture stock solution were kept

at -80°C.

2.3.2 Expression

To grow the culture for expression, 75 ml of 2XYT starter culture was inoculated with 100 µl of

the glycerol stock cells and was incubated overnight at 30°C while shaking at 150 RPM. Next,

60 ml of the overnight suspension culture was used to inoculate 6 litres of pre-autoclaved (liquid

cycle at 121°C, 15 lb PSI for 20 minutes) expression media (2XYT). Prior to inoculation, filter

sterile ampicillin, a final concentration of 0.05 mg/ml, was added to the sterile media after it

cooled to room temperature. The incubation was continued until the optical density (OD 600

nm) reached 0.6 i.e. mid-log phase. Since the plasmid was under the control of the lac-operon
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gene, IPTG (isopropyl-β-D-thiogalactopyranoside, Gold Biotechnology), was added to a final

concentration of 0.4 mM (400 µl per litre) to induce the expression of rSN-SP-B. After three

hours incubation at 37°C and 175 RPM, the cells were harvested by centrifugation at 4690

g for 15 minutes at an ambient temperature. The supernatant was discarded and the pellet

was suspended in 20 ml of 1XTBS (50 mM TRIS, 150 mM NaCl, pH 7.4) with 5 mM PMSF

(phenylmethylsulfonylfluoride).

2.3.3 Cell Lysing

Cells were passed through a French press (hydraulic pressure liquid shearing force, 10,000 psi) at

4°C in three consecutive cycles. Alternatively, cells were disrupted by sonication (four cycles of

20 seconds each). Samples were kept on ice water at all times during sonication. Since rSP-B

expresses mainly as inclusion bodies, urea and 3-[(3-Cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS, AG Scientific) were added to the lysed cells to a final concentration

of 6 M urea and 0.2% (w/v) CHAPS. The lysate was agitated for 2 hours at room temperature

on an orbital shaker. To remove most of the DNA from the sample, 10 ml of Ion-Sep DE52,

pre-swollen DEAE (diethyl amino ethyl) cellulose (Biophoretics, Sparks, NV) was added to the

lysate. The mixture was left on a rotary shaker at room temperature for a minimum of an hour

and then centrifuged at 7580 g at 25°C for 15 minutes. After discarding the resin pellet, the

supernatant was retained to enrich the target protein.

2.3.4 Purification

An immobilized metal ion affinity chromatography (IMAC) column was used in two stages of

the protein enrichment (Figure 2.2): first to purify the fusion protein from the whole bacterial

cell mass and second, to separate the target protein (rSP-B) from the fusion protein (rSN) after

cleavage. Five ml of IMAC Sepharose 6 Fast Flow resin (GE healthcare, UK) was applied to

a PD-10 column (GE healthcare,UK). The resin was loaded with 3 ml of 0.1 M nickel sulfate

solution. To remove any unbound nickel metal ions from the column, the resin was washed with

5 column volumes of distilled water and equilibrated with a minimum of 5 column volumes (25

ml) of the loading buffer (5 mM imidazole, 6 M urea, 0.2% (w/v) CHAPS, 1XTBS, pH 7.5).
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In the first stage of purification, separation of the fusion protein (rSN-SP-B) from the rest of

bacterial cell mass was achieved. The sample, after the cell lysis and ion exchange steps, was

applied to a 5 ml pre-equilibrated IMAC resin and was poured into a 50 ml centrifuge tube. The

mixture was gently agitated overnight at room temperature. Following that, the resin was taken

into a PD-10 column. To wash off the non-bound bacterial cell mass, the column was washed with

five column volumes (25 ml) of the loading buffer. Next, rSN-SP-B, was eluted from the column

using 10 ml aliquots of an imidazole concentration increment (5, 10, 20, 50, 100, 200 and 300 mM

imidazole in the loading buffer). Fractions (≈1.5 ml/tube) were collected. Absorbance at UV 280

nm of each fraction was taken using a clear quartz cuvette after blanking the spectrophotometer

with the elution buffer and at any time the urea concentration was changed in the sample. Finally,

absorbance against elution volume was plotted.

To confirm the expression level and successful enrichment of rSN-SP-B, a 1:1 (v/v) mixture of

sample and sample buffer (1.3% (w/v) SDS, 65 mM TRIS, 13% (w/v) glycerol, 0.1% bromophenol

blue, 0.02% sodium azide (w/v)) was boiled for 2-3 minutes after which, 30 µl samples were

loaded onto a precast 12% non-reducing Tris-Glycine SDS-PAGE (Bio-Rad) and run for 1 hour

at 180 V. The gel was stained using Coomassie Brilliant Blue R-250 for one hour and de-stained

until the desired bands were observed. Fractions that showed the expected bands on the gel were

pooled together.

Protein was quantified with a Bradford assay by using a Bio-Rad protein assay dye concentrate.

To read-off the unknowns, bovine serum albumin (1 mg/ml) was used to make a standard curve

in the same buffer as in which the protein was suspended. The concentrate stock was diluted

(1:10) with deionised water. A protein suspended in the buffer of choice (i.e. the buffer plus the

detergent used to stabilise the protein) was taken and 1:10, 1:20, 1:50, and 1:100 aliquots were

made in the dilute dye. An absorbance reading of the aliquots was taken at 595 nm using UV-

Visible spectrophotometer. Each time prior to reading sample absorbance, the spectrophotometer

was zeroed with a mixture of the dilute dye plus the buffer. The dilution factor was taken

into consideration during calculation of the concentration of the unknown. The accuracy was

monitored by comparing how well the concentrations of each aliquot agreed with each other.

To remove the CHAPS, salt, imidazole and urea, the pooled sample was dialysed using Spectra

POR-4 12,000 to 14,000 molecular weight cut-off (MWCO) dialysis tubing (VWR International,

Edmonton Canada) against 3 litres of distilled water overnight in a cold room (+4°C) while

stirring. The dialysed sample was flash frozen using liquid nitrogen and lyophilized overnight
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(Labconco freeze drier, Kansas City, MO, USA). In order to prepare rSN-SP-B for cleavage, the

lyophilized sample was resuspended in a minimal volume (2 ml) of 70% formic acid. A few small

crystals of cyanogen bromide (CNBr 97%, Acros Organics) were added to it. Cyanogen bromide

is a volatile toxic compound and should be handled in the fume hood with all the necessary

safety precautions to avoid inhalation and skin contact. The vial was wrapped in aluminium

foil and was left for 1 to 2 days at room temperature. The reaction was stopped by diluting

the sample with distilled water (1:15 dilution). The solution was flash frozen and lyophilized

(mass after lyophilization (≈9.3 mg). The resulting pellet was resuspended in 5 ml of the second

loading buffer (6 M urea, 0.5% (w/v) CHAPS, 1XTBS, 5 mM imidazole, pH 7.5) to prepare it

for the next IMAC column.

In the next purification step, an IMAC was used to separate rSP-B from rSN, to renature

rSP-B on-column, to exchange rSP-B into the desired detergent or lipid, and finally to elute

rSP-B. The cleaved sample was incubated with 5 ml of IMAC resin previously pre-equilibrated

with the loading buffer. This was left to rotate on a rotary shaker overnight at room temperature

in the PD-10 column. The next day, the column was allowed to drain and then was washed with

15 ml of the loading buffer. This allowed the rSN to flow through, while the rSP-B, which retains

the His-tag, remained bound to the column. Next, the rSP-B was renatured while still bound to

the column by decreasing the concentration of urea in the column. This was done by washing the

column with 10 ml of washing buffer (6 M urea, 0.5% CHAPS, 1XTBS and 5 mM imidazole) in

stepwise 1 M decrements of urea from 6 M to 0 M. To remove the salt and CHAPS, the column

was washed with 30 ml of 20 mM Tris-HCl buffer (pH 7.5). Following this, detergent exchange

was performed by washing the resin with 3 column volumes (15 ml) of the desired detergent or

lipid and the Tris-HCl buffer (pH 7.5). The lipids used underwent 5 freeze thaw cycles either

in liquid nitrogen or in a freezer. After each cycle of freezing, the lipids were thawed at 50°C

to break the large multilamellar vesicles into smaller vesicles. Finally, rSP-B was eluted from

the column by washing it with 5 column volumes of the elution buffer, either with increasing

imidazole concentration or with decreased pH (pH 5). Absorbance (UV 280 nm) readings of the

fractions were taken and a graph was plotted against the fraction volumes. The fractions with

highest absorbance were selected to run on a 16% Tris-Tricine SDS-PAGE (Bio-Rad) for 2 hours

at 80 V in duplicate. One gel was retained for western blotting and the second gel was silver

stained using a kit from Bio-Rad as per the manufacturer’s instructions. The sample was then

ready for characterization.
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Figure 2.2: Schematic illustration of the production and characterization of SP-B. The purification of
recombinant SP-B is carried in two stages. In the first stage of the purification, the fusion protein is
separated from the crude cell lysate. Whereas, in the second stage, recombinant SP-B is separated from its
fusion partner, refolded while being attached to the column and reconstituted into the desired environment
before being eluted from the IMAC column. The characterization stage involves many techniques such as
gel electrophoresis and immunoblottings, dynamic light scattering (DLS), circular dichroism (CD) and
surface activity characterization of the protein with the Langmuir-Wilhelmey blodget (LWB) balance.
These techniques for characterizing SP-B, especially DLS, CD and LWB will be further discussed in the
proceeding chapters.

2.3.5 Immunoblotting

PVDF (polyvinyldene fluoride, GE Healthcare) membrane was soaked in methanol for 10 seconds

and then was briefly rinsed in de-ionized water twice. The PVDF membrane and the SDS-PAGE

gel to be transferred were equilibrated in 10mM of 100 ml CAPS (3-(cyclohexylamino)-1 propane

sulfonic acid) transfer buffer for half an hour. Transferring of the protein bands from the gel to the

PVDF membrane was performed by electrophoresing the stacking (the gel with the membrane)

for 2 hour at 50 V in 100 mM CAPS transfer buffer. The membrane after electrophoresis was

left in a blocking solution, 3 gm of casein milk powder (casein + BSA) plus 100 ml of 1XTTBS

(50 mM Tris.HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20), for two hours. The membrane was

incubated with primary antibody (6 µl of anti-SN/SP-B/His antibody plus 0.12 g of milk powder

in 30 ml of 1xTTBS) overnight. To remove non-specific binding, the membrane was washed twice

with 100 ml of 1XTTBS for 10 minute. Following, the membrane was probed with the secondary
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antibody (6 µl in 30 ml of 1xTTBS) for an hour. Again, the membrane was washed twice with

100 ml of 1XTTBS for 10 minutes and was left to equilibrate in NaHCO3-buffer (0.1 M NaHCO3,

1 mM MgCl2). Color development was done in a solution of 20 ml of NaHCO3, 60 µl BCIP

(Fisher Reagents) and 120 µl of NBT (Fisher Reagents) in the dark. The reaction was allowed to

go from 20 minutes to 60 minutes. Once the intensity of the band is strong enough, the reaction

was stopped with TE buffer (10 mM TRIS, 1 mM EDTA, pH 8) and the blot was photographed.

The blotted membrane was stored inside a sealing plastic bag for future reference.

2.4 Results

To confirm expression and to determine the portion of the C43 cell that contained rSP-B, the

cells were harvested by centrifugation, suspended in 1XTBS, and lysed. The sample was then

pelleted down via centrifugation and the soluble portion was retained. The remaining pellet

was resuspended in 0.2% (w/v) CHAPS. Once more, the sample was pelleted by centrifugation

and the pellet was resuspended in 0.2% (w/v) CHAPS and 6 M urea. The three samples were

then analysed by non-reducing SDS-PAGE. The protein, rSN-SP-B, was not apparent in the

Coommassie stained gel (Figure 2.3A). The western blot of the duplicate gel probed with anti-SP-

B antibody (Figure 2.3B) indicated most of the protein lies in the 6 M urea, 0.2% (w/v) CHAPS

solubilized sample, that is, in inclusion bodies (IBs). The band at ≈30 kDa in the western blot

was in the expected mass range for the fusion protein, i.e. 25.6 kDa. The negative control, BSA,

does not show on the immunoblot. Next, the focus was turned to determining if rSN-SP-B could

be enriched from the cell lysate.
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Figure 2.3: rSN-SP-B expresses mainly in inclusion bodies. Panel A: Non reducing 12% Tris-Glycine
SDS-PAGE of french-pressed cells before purification (prep DJ-40). L2: Tris-buffered saline soluble portion
of the cell lysate. L3: 0.2% (w/v) CHAPS soluble fraction of the pellet from L2. L4: 0.2% (w/v) CHAPS
and 6 M urea soluble fraction of the pellet from L3. L8: 40 µl of bovine serum albumin (BSA). The gel
was stained with Coomassie Brilliant Blue R-250 (Bio-Rad). Panel B: duplicate gel of A probed with
polyclonal anti-SP-B rabbit antibody (Seven Hills Bio-reagents, Cincinnati, OH). L8 shows the BSA used
as negative control does not show any reaction. The red arrow in L4 indicates the most intense band close
to the expected mass of rSN-SP-B. Protein molecular-weight size standard: Kaleidoscope Precision Plus
ProteinT M (Bio-Rad).

Elution of rSN-SP-B starts at low concentration of imidazole. The 12% Tris-Glycine SDS-

PAGE in Figure 2.4 exhibits protein bands in the expected mass range for rSN-SP-B (25.6 kDa).

The bands in L3 and L4 at ≈30 kDa and in L5 and L6 at ≈26 kDa were from fractions eluted

with 20 mM and 50 mM imidazole respectively. These bands are in the expected mass range for

rSN-SP-B. Unless indicated otherwise, all of the rSP-B preparations were continued via pooling of

the 20-100 mM imidazole fractions together. To confirm at least one of the bands that appeared

close to the expected molecular mass for rSN-SP-B indeed contained the target, rSN-SP-B was

probed for either rSP-B or rSN with specific anti-SP-B/SN antibodies. Probing with antibodies

can also confirm whether cyanogen bromide cleavage results in fragments of the expected masses

or not.
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Figure 2.4: Elution of rSN-SP-B from the nickel column starts at low concentrations of imidazole. Non
reducing 12% Tris-Glycine SDS-PAGE of purified rSN-SP-B (Prep. DJ-11). Numbers in parentheses are
the concentration of imidazole in millimolar. The arrows indicate intense bands close to the expected mass
of the rSN-SP-B protein at ≈30 kDa and 26 kDa. Normally all the fractions from 20 to 100 mM imidazole
are pooled together for cyanogen bromide digestion. The molecular-weigh size marker used is Precision
Plus Protein standard (Bio-Rad) and the gel was stained with Coomassie Brilliant Blue R-250 (Bio-Rad).

The western blot in L2 of Figure 2.5B displays a strong band for the fusion protein after

incubating it with an anti-SP-B antibody. This result therefore confirms the expression of rSN-

SP-B. It looks as though the antibody recognized the slightly higher molecular mass band of the

two in the pooled fraction shown in the duplicate gel to the left. Likewise, the sample also shows

a positive band when rSN-SP-B was probed with an anti-SN antibody (data not shown: it is

more customary to show data that directly show when rSP-B, the target molecule of this study,

is probed instead of proofing the presence of the molecule by probing for rSN). Next, rSN-SP-B

was cleaved to separate the rSN chain from the rSP-B chain.
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Figure 2.5: rSN-SP-B shows positive immunoblot when probed with polyclonal anti-SP-B antibody. Panel
A: non reducing 12% Tris-Glycine SDS-PAGE of rSN-SP-B protein and its digest (prep. TG-13). L2:
undigested rSN-SP-B suspended in the loading buffer (1XTBS, 6 M urea and 0.2% CHAPS, pH 7.5).
L3: after digestion and lyophilization of the rSN-SP-B digest, the powder was resuspended in the same
loading buffer as in L2. L4 is methanol (100%) extracted digest. Panel B: immunoblot of the duplicate
gel of Panel A probed with polyclonal rabbit anti-SP-B antibody (Seven Hills Bioreagents, Cincinnati,
OH) and polyclonal goat anti-rabbit (H+L) secondary antibody (Pierce, USA). The molecular-weight size
marker used was Kaleidoscope Precision Plus Protein standard (Bio-Rad) and the gel was stained with
Coomassie Brilliant Blue R-250 (Bio-Rad)

Cyanogen bromide (CNBr) cleaves at every methionine residue in polypeptides under highly

acidic environments [66, 67]. As there was only one methionine in the expressed construct, this

was expected to result in two polypeptide chains, one with rSN, and the other one with rSP-B plus

the His-tag. The success of the cleavage was confirmed by 16% Tris-Tricine SDS-PAGE. Samples

before (L2) and after cleavage (L3, L4) are shown in Figure 2.6A. The gel shows that the cyanogen

bromide digestion resulted in the separate masses for rSN (≈14 kDa) and rSP-B at (≈8.5 kDa) as

shown in L3 and L4. The reason why the rSN portion over-migrated might be attributed to the

SDS and the gel sieve used. Different antibodies recognizing different SP-B epitopes were used

to detect the fusion protein and recombinant SP-B after being cleaved from its fusion partner.

Monoclonal antibodies, unlike polyclonal antibodies recognize a single SP-B epitope. Thus, for

increased specificity, rSP-B were mainly probed with monoclonal antibodies. Also, to monitor

cross-reactivity, blots were probed with only secondary antibodies and no reaction were detected.

The bands in L1 and L2 of the immunoblot shown in Figure 2.6B indicated that rSP-B reacted

positively to anti-SP-B monoclonal antibody (mAb) after cleavage. This result confirmed that
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rSP-B was present in the eluted fractions. The result also matches positively with the results

observed for human SP-B by Lin et al. [68] and Guttentag et al. [69].

Figure 2.6: Digesting rSN-SP-B separates rSN from rSP-B. Panel A: non reducing 16% Tris-Tricine SDS
PAGE of rSN-SP-B before and after cyanogen bromide digestion (Prep. May 24, 2013). L2 is rSN-SP-B
before digestion suspended in the loading buffer (1XTBS, 6 M urea, 0.2% (w/v) CHAPS). L3 and L4 are the
cyanogen bromide digested protein subjected to a Bligh and Dyer chloroform-methanol extraction with the
organic soluble fraction loaded into L3 and the aqueous fraction into L4. The two bands in L3 and L4 are
consistent with molecular mass of rSP-B (≈8.7 kDa) and SN (≈17 kDa). The gel was stained with a silver
staining kit. Panel B: immunoblot of the rSN-SP-B digest transferred from a 16% Tris-Tricine SDS-PAGE
(not a duplicate of panel A). L1 and L2 are lyophilized cyanogen bromide digest of rSN-SP-B re-suspended
in Tris-Tricine sample buffer (200 mM Tris-HCl, pH 6.8, 40% glycerol, 2% SDS, 0.04% Coomassie Blue
G-250) and applied in duplicate. L3 is the methanol soluble fraction of the lyophilized digest. The blot
was probed with monoclonal anti-SP-B mouse antibody (Seven Hills Bioreagents, Cincinnati, OH) and
goat anti-mouse secondary antibody (Seven Hills Bio-reagents, Cincinnati, OH). Both L1 and L2 show
positive reaction at the expected mass for rSP-B monomer, ≈8.7 kDa. The molecular-weight size marker
used is Rainbow Low-Range (GE Healthcare).

Another western blot was run using a sample from the same protein preparation, but this time,

the samples were run on a Tris-Glycine gel and part of the sample was subjected to methanol

extraction (Figure 2.7). The sample in L3 was the methanol soluble portion and in L4 was the

insoluble portion dried under nitrogen gas stream and re-suspended in 6 M urea and 1XTBS. For

reference, a Coomassie stained duplicate gel of the same samples applied on the western blot is

shown in panel A. Compared to the duplicate gel, which showed two distinct bands for rSN and

rSP-B after digestion, the blot in Figure 2.7B, was only reactive with the protein bands at the

expected mass of rSP-B. These results demonstrated the successful cleavage of the rSN portion

from rSP-B part.
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Figure 2.7: rSP-B shows positive immunoblot after digestion. Panel A: 12% Tris-Glycine non reducing
SDS-PAGE of the fusion digest. L2: lyophilized digest of rSN-SP-B dissolved in Tris-Glycine sample buffer
(31.5 mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS, 0.005% Bromophenol Blue). L3 is the methanol-
soluble fraction of the lyophilized digest powder. L4 is the methanol insoluble fraction of L3 dried and
subsequently resuspended in 1XTBS and 6 M urea. The gel was stained with Coomassie Brilliant Blue
R-250 (Bio-Rad). Panel B: western blot of the duplicate gel of panel A probed with monoclonal anti-SP-B
mouse antibody (Seven Hills Bio-reagents, Cincinnati, OH). The molecular-weight size marker used is
Kaleidoscope Precision Plus Protein standard (Bio-Rad).

An important observation here was that rSP-B is dependent on the surrounding environment

to react with anti-SP-B antibody after cleaving it from rSN. For instance, it was observed that

in the presence of the detergent CHAPS, rSP-B does not react with either anti-SP-B mAb or

polyclonal antibody (pAb). Both of the blots in Figure 2.6B and Figure 2.7B were therefore

dissolved without CHAPS. On the other hand, it was observed that rSN-SP-B does interact

with anti-SP-B pAb in the presence of CHAPS. This is demonstrated in Figure 2.5, which shows

rSN-SP-B before and after fusion protein cleavage in the presence (L2 and L3) and absence (L4)

of CHAPS. The strong band in L2 of the western blot (panel B) confirms that rSN-SP-B reacts

with the anti-SP-B antibody in the presence of CHAPS, whereas L3, the lane that contains

digested sample (rSN and rSP-B), did not show any reaction. A possible explanation could be if

CHAPS bind the epitope recognized by the antibodies or induce conformational change in rSP-B

so that the antigenic site(s) were inaccessible.

While I was successful in showing that rSP-B was present in IMAC fractions, the concentration

of imidazole needed to elute most of rSN-SP-B i.e. 20-50 mM, was low compared to many other

His-tagged proteins, which typically elute between 150 to 300 mM imidazole. Given how little

rSN-SP-B is expressed, it is possible that I was missing some of the rSN-SP-B that may have
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eluted at higher imidazole fractions. I and other workers (Donna Jackman, Stella Barth and

Selina Freudenberg) routinely ran SDS-PAGE gel using samples taken from fractions eluted with

150 to 300 mM imidazole but never detected a protein band corresponding to rSN-SP-B when

stained with Coomassie Brilliant blue. Hence, we decided to proceed and run an immunoblot

anyway.

Interestingly, it was found that all samples taken from 300 mM elution reacts to pAb specific

to SP-B. The blot in Figure 2.8 demonstrates that rSN-SP-B exhibits different band sizes to

suggests that the protein exhibits mixture of different masses in the loading buffer.

Figure 2.8: rSN-SP-B eluted with 300 mM imidazole does not stain with Coomassie Brilliant Blue R-250
(Bio-Rad) but shows a positive immunoblot when probed with polyclonal anti-SP-B rabbit antibody
(Preps. SF-02, TG-20 and TG-21). The antibody used was from Seven Hills Bio-reagents, Cincinnati, OH.
The molecular-weight size marker used is Kaleidoscope Precision Plus Protein standard (Bio-Rad).

The wash also exhibits bands, supporting the fact that, even after an overnight incubation

with the IMAC resin in batch mode, binding of rSN-SP-B to the IMAC resins is not as efficient.

Furthermore, fractions collected with 20, 50 and 300 mM imidazole were electrophoresed in

duplicate. One gel was stained with Coomassie and the other half was probed with anti-SP-B pAb

as shown in Figure 2.9. Again, fractions eluted with 300 mM imidazole were not apparent on the

Coomassie stained gel, whereas, samples eluted with 20 mM and 50 mM, displayed distinct bands

at ≈ 50 kDa and 25 kDa respectively. The western blot, on the other hand was different in that

a sample taken from the 300 mM elution show bands at ≈30 kDa, 37 kDa and 50 kDa. The pH

of all fraction elutions are found to be within the buffer range ≈7.5 and hence the phenomenon

must be driven by the surrounding environment rather than pH. Considering that these samples

were exposed to CHAPS earlier in the protein preparation, it could be that the detergent plays
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a role, as others have found. Still, there is no clear explanation for why the 300 mM imidazole

fractions do not react with Coomassie and this is a matter that needs more investigation.

Figure 2.9: rSN-SP-B from three different preparations eluted with different imidazole concentrations
(Prep. TG-20, TG-21 and TG-23). Panel A: non reducing 12% Tris-Glycine of samples eluted at 20 mM,
50 mM and 300 mM imidazole stained with Coomassie Brilliant Blue R-250 (Bio-Rad). The gel shows
bands for the 20 mM and 50 mM eluted fractions. Panel B: western blot of of the duplicate gel of panel A
incubated with anti-SP-B mouse polyclonal antibody (Seven Hills Bio-reagents, Cincinnati, OH). The
immunoblot shows strong positive bands for the 300 mM imidazole fraction that are not evident on the
coomassie stained gel. The molecular-weight size marker used is Kaleidoscope Precision Plus Protein
standard (Bio-Rad).

Finally, the lyophilized dry digest was suspended in the next loading buffer (6 M urea, 0.5%

CHAPS, 1XTBS, pH 7.5) and the rSN portion, with no His-tag, was flushed out by washing

the column with the loading buffer. The protein was refolded on the column by decreasing

the urea concentration and buffer exchange was performed by washing the column with the

detergent/lipid buffer of choice. Following, rSP-B was eluted with an increment of imidazole

concentration or decreased pH (pH 5). However, it was observed that enriching the protein by

pH gradient was not as efficient as eluting the protein by an imidazole gradient. The protein was

also observed in the fractions eluted by imidazole concentration after that same protein batch

was eluted by lowering the pH. This might be due to the prior Tris-HCl wash, which may have

removed all the salt present. Perhaps elution by decreased pH might be maximised by adding

more salt. The drawback, however, is that, like imidazole, salt also interferes with the next step

in characterization of rSP-B.
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2.5 Discussion

In this chapter, I present the first ever successful attempt at expressing and purifying rSP-B in

bacteria using a heterologous DNA expression system. Data presented were run three times to

check for the reproducibility. This has been demonstrated by data shown in Figure 4,5,6,7 for

which, samples were taken from different protein isolates as well as samples taken from aliquots

of the same protein preparation that were produced by my self and co-workers Donna Jackman,

Stella Barth and Selina Freudenberg (unpublished). Here, some of the key highlights of my

findings and insights are discussed.

rSN-SP-B (Figure 2.1) expresses in E. coli strain C43 cells. Of the different E. coli strains

tested, including BL21, origami, and C41, only C43 cells were able to overexpress rSN-SP-B.

C43 cells have been found to produce excess intracellular membrane (ICM) rich in cardiolipin

within their cytosol during over-production of some membrane proteins [63, 70]. In these studies,

the ICM were asscociated with almost all of the overexpressed protein and could be isolated by

single centrifugation. In light of SP-B’s membranolytic and fusogenic nature [15, 71], formation

of such membranes might be the reason for the cell’s ability to express rSP-B.

rSN-SP-B seems to consists of multiple populations that vary in their ability to bind to the

metal ions. It was observed, after an overnight incubation of rSN-SP-B with the resin, the elution

of the protein seems to have two distinct ranges. There is a portion of the protein that elutes at a

relatively low imidazole concentrations (20-50 mM) and also the other portion of it that elutes at

higher imidazole concentrations (300 mM). This observation suggests a difference in the binding

strength of the two rSN-SP-B populations to the metal ions. That is to say that a portion of the

protein binds the metal ions weakly, while some of it also binds tightly. One potential reason why

this could be is if the histidine-tags are not equally available for the metal ions. This is possible

if the protein self-associates either by covalent bond or via weaker non-covalent interactions.

It is known that an SP-B monomer is stabilized by three intrachain disulfide bonds, while the

dimer form is stabilized by one interchain disulfide bridge [72, 73]. Thus, even in high denaturing

condition, proteins with disulfide linkage such as SP-B could still be intact through covalent

bonding. Hence, there is a chance that the affinity tag can be occluded [45, 74]. To overcome this

issue, a future direction could be purifying the protein after treating it with a reducing agent.
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The other case is that rSN-SP-B might self-associate through non-covalent interactions. For

example, studies have proposed the possibility of ion pairing (salt-bridges) between the monomer

units of SP-B [73, 75]. Such a scenario could lead to a complex mixture of different oligomers in

the binding buffer. Clearly, a dimer has more affinity tag than a monomer unit and likewise for

higher order oligomers and thus oligomerization may contribute to increased binding strength. On

the contrary, there is also the chance that the affinity tag can be hidden because of oligomerization.

Both of these events could therefore lead to the difference in the binding affinity between the

different populations. However, non-covalent dimerization is doubtful given the high denaturing

media used, which disrupts weak protein-protein interactions between subunits.

Another possible explanation for the weak rSN-SP-B histidine binding is non-specific cleavage.

A previous study demonstrated that some membrane proteins might undergo non-specific cleavage

during expression, which might lead to the loss of the His-tag. Consequently, proteins without

the tag could elute at low imidazole concentration, while the protein with the tag elutes at high

imidazole concentration [76]. Given that rSN has four histidines, it is likely, especially in the

denaturing condition that some are exposed at the surface for binding. On the other hand, the

fact that I was able to successfully separate the cleaved rSN from rSP-B using the rSN-SP-B

population eluted at low imidazole concentration during the first purification suggests that most

of the affinity tag is intact.

Yet a different potential explanation could be the detergents used to solubilize and stabilize

the protein. Often times, detergents used to solubilize membrane proteins also bind the protein

and the deteregent micelles may cover part or all of the His-tag [47, 77, 78] and restrict access

of the His-tag to the ligand. Thus, at this point, it is not clear why rSP-B elutes at such a

broad range of imidazole concentrations. To try circumvent this issue and promote more uniform

binding, the His-tag was moved to the N-terminus but to no avail as the protein did not express.

Another way of troubleshooting this problem is to optimize the affinity tag itself.

Increasing the length of the affinity tag has been shown to improve the binding affinity and

expression level. A study by Lee et al. [79] demonstrated that an increase in the length of the

affinity tag to 8 or 10 histidine residues increased the binding affinity of the target to the metal

ligands. This is especially useful for low expressing proteins as it may allow washing with high

salt buffers, which is known to promote an increase in the purity of the target. Interestingly, Lee

et al. designed a T7 pET expression vector suitable to modify the length of the affinity tag at

the C-terminus. More importantly, from an rSP-B point of view, the vector designed by the Lee
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group was found to successfully express in BL21(DE3) cells. In connection with the amount of

protein expression and length of the His-tag, however, the data in the literature are not clearcut.

A study reported that 6X-His-tag gave better yield than 10X-His-tag [80], whereas an earlier

study reported improved yield for the 10X-His-tag [77]. However, both of these studies were

done on a different membrane protein, hence it could be that the length of the His-tag and the

amount of expression could be protein specific.

Purifying rSP-B under both denaturing and reducing conditions may improve binding. Though,

the purification was carried out under highly denaturing condition (6 M urea), it is also imperative

to consider the three intrachain disulphide bridges of rSP-B, which are likely to keep the monomer

unit of the protein connected in a non-reducing environment. In addition to this, SP-B is also

known to be stabilized by an interchain disulphide bridge. Hence, the His-tag on rSP-B might not

be as readily accessible as denatured soluble proteins or membrane proteins without disulphide

linkage would be. Perhaps purifying rSP-B under both denaturing and reducing conditions should

be considered. Although IMAC is amenable to low concentrations of reducing agents [44, 81],

high amounts have been found to adversely affect purification of proteins with IMAC. DTT, for

instance, is tolerable up to 10 mM, but the resin has been shown to change color to brown due

to the reduction of the nickel ions by the reducing agent. TCEP is odorless, potent, selectively

reduces disulphide bonds, and is recommended up to concentrations of 5 mM for Ni-IMAC [47].

The difficulty here is that successfully reducing rSP-B in the presence of the detergent used to

solubilize the protein could be challenging. Re-oxidization of the cysteines is also an issue to

think about. Thus, careful choice of reducing agent and an optimum concentration is mandatory.

Besides, as said, the nature of the detergent used to solubilize rSP-B may also hinder access of

affinity tag by the ligands. Therefore, the choice of detergent is also crucial for the success of the

purification.

Both rSN-SP-B and rSP-B require CHAPS to bind the nickel ions. Interestingly, binding was

not successful in the presence of other detergents or lipids in place of CHAPS or absence of any

lipid or detergent. In such cases, rSP-B was found in the flow through. This is interesting in its

own right as it depicts some form of interaction between CHAPS and rSP-B, which allows the

rSP-B/CHAPS complex to expose the His-tag to the ligands that does not seem to occur when

rSP-B is alone or is associated with other detergent/lipids. Studies indicate that CHAPS increases

the propensity of native SP-B to self-associate [82]. Hence, the zwitterionic detergent may mediate

conformational flexibility of rSP-B in a way to make the His-tag accessible. In a separate study,
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the C-terminal segment of SP-B was also observed to expand when in SDS detergent micelles

[83]. Hence, similar to other SAPLIPs, SP-B may also exhibit a change in conformation when in

detergents. To further investigate the role of CHAPS, we also probed rSN-SP-B and rSP-B with

both polyclonal and monoclonal anti-SP-B antibodies with and without CHAPS.

Anti-SP-B mAb and pAb do not recognize rSP-B in the presence of CHAPS but react to

rSN-SP-B with CHAPS present (Figure 2.7). It could be that either CHAPS binds the epitope

recognized by the antibodies or induces an assembly of rSP-B in a way that the antigenic site(s)

are hidden from the antibodies. Conversely, the fusion protein rSN-SP-B does bind anti-SP-B

pAb in the presence of CHAPS. Here, the reason why the anti-SP-B pAb binds rSN-SP-B is

not clear, but two potential reasons are suspected. One could be that, since the pAb recognizes

different sites on rSP-B, it stands a better chance of binding than the mAb. Second to that, the

presence of rSN may influence the ability of rSP-B to undergo conformational change and hence

the epitopes might be better exposed. Another aspect of rSP-B that merits further investigation

is the heterogeneity of apparent molecular masses observed in SDS-PAGE.

rSN-rSP-B exhibits different sizes in the binding buffer. The blot in Figure 2.8 shows bands at

different sizes of rSN-SP-B. The observation is in keeping with studies of native SP-B extracted

from bovine and ovine sources, which have been found to adopt different oligomeric state

depending on the method of protein preparation and type of solvents used for the solubilization

[84–87]. However, it is also imperative to consider that the binding buffer is highly denaturing

and hence affects weak interactions. Whether the different masses observed are due to covalent

bond or weak interaction is a matter that needs further study. The ≈50 kDa and 25 kDa bands

observed in the SDS-PAGE in Figure 2.9 could be dimers and monomers of rSN-SP-B respectively.

The bands that appear in all lanes at ≈10 kDa in Figure 2.4 could be either a histidine rich

bacterial protein or rSP-B on its own. It could be that C43 (DE3) may have some endogenous

enzymes to proteolytically cleave at the transcript. The author would like to point that due

to lack of slaughter houses in the island of Newfoundland and Labrador, Canada, especially

in St.John’s area during time course of this study, it was difficult for us to get animal lungs

to extract and purify native SP-B. Native SP-B would have been a good positive control for

immunoblotting detection of recombinant SP-B. Such experiments would add value by providing

a point of comparison. Experiments presented in this chapter are repeated a minimum of three

times. Results were found to be consistent with samples taken from different isolates as well as

aliquots taken from the same sample.
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To sum up, herein, I report the successful expression of rSP-B in bacteria for the first time.

It was found that denatured rSP-B renatures while on column and some membrane mimetic

conditions support rSP-B native conformation as deduced from the CD scans (as will be discussed

in chapter 3), which depicts comparable percent helicity to animal derived SP-B. More importantly,

in vitro measure of rSP-B function demonstrate an activity comparable to native SP-B and

clinical surfactant (as will be discussed in chapter 4).
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3

Charac te r i z i ng rSP-B us ing C i r cu l ar

D i ch ro i sm, Dynamic L ight Scat te r i ng

and Nanopar t i c l e Track ing Ana l y s i s



3.1 Statement of Authorship

Tadiwos Getachew prepared the samples used for analysis, measured, analyzed and interpreted

the data, and also wrote the manuscript. Donna Jackmann trained Caroline Stange and Tadiwos

Getachew used a sample prepared by Caroline Stange and Donna Jackmann for analysis. Tadiwos

Getachew trained Stella Barth and used a sample prepared by Stella Barth for analysis.

1

1In figure captions and legends of this chapter abbreviations can be found. These are used to represent the
persons who prepared the protein samples used for analysis. DJ: Donna Jackmann, SB: Stella Barth, CS: Caroline
Stange and TG: Tadiwos Getachew. The numbers following the abbreviations are protein isolation batch numbers.
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3.2 Background

Most in vitro studies of membrane proteins involve the use of detergents to solubilize the

protein and maintain it in a functional form. A well folded, functional, and homogeneous protein

is a prerequisite for most structural studies. This chapter uses circular dichroism (CD) to

characterize the secondary structure of rSP-B in different environments. Furthermore, dynamic

light scattering (DLS) and nanoparticle tracking analysis (NTA) were used to measure the size

of rSP-B-detergent/lipid complexes.

3.2.1 Circular Dichroism (CD)

CD has been an invaluable tool to study the secondary structure of proteins for a long while

now. Circulary polarized light contains two orthogonal field components that are 90 degrees

out of phase. Optically active asymmetric molecules, also called as chiral molecules, absorb left

and right handed circularly polarized light to a different extent. This differential absorption

is what CD takes advantage of. Proteins are chiral molecules and exhibit different levels of

circular dichroism at different wavelengths (λ). While peptide bonds absorb below 240 nm, i.e.

the far-UV (180-250 nm) region, the side chains of aromatic residues (tryptophan, phenylalanine

and tyrosine) absorb in the near-UV (250-400 nm) region. Hence, based on the surrounding

environment of the aromatic chromophores, the near-UV CD of macromolecules also provides

tertiary structural information [1]. Disulphide bonds also absorb close to 260 nm.

The far-UV CD (180-250 nm) spectrum is a fingerprint of the secondary structure of

biomolecules. Figure 3.1 depicts characteristic features of the common secondary structures of

proteins. The CD spectra of α-helices, anti-parallel β-structure, disordered proteins, as well as the

triple-helix of collagen in both native and denatured forms are presented. An alpha helical protein

gives a CD spectrum with two chacteristic minima at 222 nm and 208 nm and a maximum at

192 nm. Full α-helical proteins (i.e. proteins that only adopt α-helix structure) should exhibit

equal magnitudes of the two negative peaks at 222 and 208 nm. Likewise, β-helix proteins show

a negative peak at 218 nm and a maximum at 195 nm. On the other hand, disordered proteins

exhibit a negative peak at 195 nm and a slight positive peak at 210 nm [2]. Hence, CD provides

insight into the secondary structure of proteins, although, the technique cannot provide atomic

detail structural information like NMR and X-ray crystallography. Thus, CD is especially valuable

for proteins with unknown structure or proteins that are difficult to determine the structure of

using the other techniques. In addition, folding behaviour, changes in stability due to mutations,
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and binding of proteins can be well characterized by CD [3]. Therefore, CD is particularly suited

to characterize the secondary structure of rSP-B.

Figure 3.1: Characteristic circular dichroism spectra of an α-helical protein (black), antiparallel β-pleated
sheet (red), disordered protein (green) and triple-helix (blue) and denatured (cyan) forms of collagen.
Picture was adopted from Greenfield [2] with permission from the publisher.

The challenge with using CD to obtain the fraction of each type of secondary structure is

determining the correct protein concentration. The best method of determining accurate protein

concentration is quantitative amino acid analysis [4]. Other protein quantification techniques

such as colorimetric assays can also give reliable results; however, some inconsistencies have

been reported [2]. With cuvettes of different path lengths, protein samples with concentrations

ranging from 0.05 to 5 mg/ml can be measured for characterizing secondary structure. Given the

accurate concentration, the technique is a rapid way of analysing biomolecules in solution and

with a minimal amount of sample. Also advantageously, measurements can be done in a wide

range of pH and temperature conditions. However, for best results, samples for CD must be at
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least 95% pure. Usually, samples must be dialysed and filtered (0.1 to 0.2 µm pore filter) prior

to CD measurement. The dialysis removes optically active material that absorbs in the far-UV

region and filtering reduces light scattering [2].

Dialysis of a CD sample is important to obtain quality CD spectrum. Imidazole at concentra-

tions above 100 mM absorbs strongly in the far-UV region. In the case of His-tagged proteins

eluted using an imidazole gradient, extensive dialysis is thus important to remove the imidazole

prior to CD measurement. Ideally, the concentration of imidazole for best CD results should

be 61 mM. The same is true for chaotropic agents, such as urea and guanidium chloride, that

absorb strongly below 210 nm [3]. What is more, detergents used to solubilize membrane proteins

should not absorb strongly in the far-UV region. Careful choice of buffers and detergents are

therefore mandatory for CD analysis.

The nature of the detergent(s)/buffers matters. Some alkyl glycoside based detergents such as

lauryl maltoside absorb far less in the far-UV region and so are suitable for CD measurenment.

However, these detergents are expensive. Most often, such buffers are exchanged into the protein

after protein solubilization and purification. Detergents like Triton X-100 could be difficult to

remove from proteins and absorb strongly at 280 nm and thus interfere with protein quantification.

Sodium dodecyl sulfate (SDS) on the other hand, does not absorb in the far-UV region and is also

a good detergent in which to study secondary structure of polypeptides [3]. Besides detergents,

some organic compounds were found to increase proteins’ propensity to form secondary structure,

among which triflouroethanol (TFE), hexaflouroisopropanol (HFIP), ethyleneglycol, and glycerol

are commonly used [1]. Of these, TFE is the best characterized [5, 6].

CD is more accurate for measuring the secondary structure of α-helical proteins than β-

sheet proteins [2, 7]. The amide chromophores of peptides undergo a η → Π* transition that is

electrically forbidden, but magnetically allowed, as well as Π → Π* transitions that are electrically

permitted but magnetically disallowed [8]. While the η → Π* transition is primarily responsible

for the 222 nm signal in an α- helical protein and the 218 nm in β-pleated sheet structures, the Π

→ Π* transition is mostly responsible for the intense positive band around 190 nm of an α- helical

protein [3]. These transitions are influenced by the backbone geometry of the protein. The signal

harnessed from such transition is therefore indicative of the ψ and φ backbone dihedral angles

and thus the structure of the molecules. Different algorithms have been developed to deconvolute

the various pieces of information contained in the spectrum, which are then combined together

as a measure of the overall secondary structure of the protein. Some of the most widely used
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algorithms are SELCON, K2D2, CONTIN, CDSSTR, DICHROWEB [7]. Most of these methods

use datasets from standard CD libraries of structures determined by X-ray crystallography [3, 7].

Whilst most alpha-helical proteins have tightly defined ψ, φ values, β-sheet structures on the

other hand, can take on either parallel, anti-parallel or a combination of both. Hence, β-structures

demonstrate more variable ψ and φ values [1], which is major part of the reason why CD is more

reliable for estimating the secondary structure of α-helical proteins than β-sheets.

In mathematical terms, the CD signal is expressed as the difference in the absorption between

the left-handed (AL) and right-handed (AR) circularly polarised light by an asymmetric molecule.

Thus, CD is reported as either the change in the absorption (∆A) of the left and right-handed

circularly polarized light as ∆A= AL - AR or in degrees of ellipticity (θ) since the resultant

vector of the two absorptions results in an ellipsoid [1–3]. The resulting beam is therefore said to

be elliptically polarized. The ellipticity (θ) is given as the tangent of the ratio between the minor

(b) to the major (a) axis of the ellipse (tan(θ) = b

a
). Figure 3.2 displays the circular dichroism

effect of chiral molecules showing an elliptical rotation (dashed line).

Figure 3.2: Illustration of the unequal absorption of left and right circularly polarized light by chiral
molecules. The resultant vector is an ellipse (dashed line). Picture was adopted from Kelly et al. [3] with
permission from the publisher.

CD follows the Beer-Lambert law [1], A=E × C × `, where E is the molar extinction coefficient

in M−1cm−1, C is the concentration in M and ` is the optical path length in cm. Thus, the CD

signal can also be expressed as

∆A = AL −AR = EL × C × `− ER × C × ` = ∆E × C × `, (3.1)

where ∆E is the difference in the molar extinction coefficient of the left and right circularly
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polarized light, also in M−1 cm−1. The molar ellipticity [θ] and ∆A are related as

[θ] = 3298∆A, (3.2)

where [θ] is the CD signal corrected for concentration and is measured in degrees, ∆A is the

difference in the absorption of the left and right circularly polarized light.

The molar ellipticity is normalized against the number of residues in the protein and mostly

reported as mean residue molar ellipticity (MRE). The MRE is a standardized way of comparing

CD spectra of different samples and is given in deg.cm2.dmol−1 [1],

MRE = [θ] = θ × 100 ×M

C × `× n
, (3.3)

where θ is the ellipticity in degrees, ` is the path length of the cell in cm, M is the molecular

mass of the protein, C is the concentration of the protein in mg/ml and n is the number of

residues in the protein.

The fraction of α-helix, β-strand and disordered region within a secondary structure can be

estimated with good accuracy. The fraction of helicity (f H) of a protein or peptide is taken to

be proportional to the molar residue ellipticity at 222 nm, [θ]222 nm. According to the equation

provided by Rohl et al. [9], f H can be calculated as

fH = θ222nm − θC

θH − θC
, (3.4)

the random coil ( θC) and whole helix (θH) are given by

θC = 2220 − 53T θH = (−44000 + 250T )(1 − 1
3Nr), (3.5)

where T is the temperature in degrees Celsius and Nr is the number of residues in the polypeptide.
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3.2.2 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS), also known as quasi-elastic light scattering (QELS) or photon

correlation spectroscopy (PCS), is a technique used to measure the size of particles ranging from

proteins to detergent complexes suspended in a fluid medium [10, 11]. Particle suspensions in

solution are undergoing constant Brownian motion, which is a random movement of particles due

to the bombardment of the particles by solvent molecules. Smaller particles are kicked harder and

thus move faster than the larger ones and hence the speed at which particles diffuse in solution

correlates with their size. Due to the Doppler effect, the light scattered from particles in motion

exhibits spectral broadening on the order of Dt

λ2 [12, 13]. Either by measuring the line broadening

of the spectral laser lines or the intensity fluctuation correlation function, the translational

diffusion coefficient (Dt) of the partcicles can be determined. The Dt and the hydrodynamic

diameter (dh) are related by the Stokes-Einstein relation (equation 3.6) [14, 15],

Dt = kBT

3πηdh
, (3.6)

where kB is the Boltzmann constant, T is the absolute temperature, η is the viscosity of the

medium, and dh is the hydrodynamic diameter.

Given the temperature and viscosity of the medium, it is possible to estimate the hydrodynamic

diameter, i.e. the diameter of a hard sphere that diffuses at the same speed as the particles in

suspension by measuring the Dt of each subpopulation. Thus, DLS can resolve submicron particle

sizes according to their translational diffusion. This study uses DLS to estimate the average size

and distribution of rSP-B in detergents.

The digital correlator used in DLS compares the intensity fluctuations of singly scattered

light over a period of time to give the auto correlation function (ACF) [16], a function that

describes how long a given signal remains the same [17]. The ACF (equation 3.7) converts

intensity fluctuation of the electric field into a correlogram,

G(τ) = 〈I(t)I(t+ τ)〉 = lim
T →∞

1
T

∫ T

0
I(t)I(t+ τ)dt, (3.7)

where I(t) is the intensity of the scattered light at a given time t, and I(t+ τ) is the intensity at

a later delay time, t+τ , where τ is the delay time.
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Embedded in the ACF is the signal decay rate(s) of each size class in the system. The Dt and

the decay rate (Γ) are related as in equation 3.8.

Γ = Dtq
2, (3.8)

where q is the magnitude of the scattering vector and is given by

q = (4πn/λ)sin(θ/2), (3.9)

where n is the refractive index of the dispersant, λ is the wavelength of the incident laser in

vacuum and θ is the scattering angle.

Thus, by combining equation 3.6 and 3.9, the decay rate can also be expressed as

Γ = kBT

3πηdh
((4πn/λ)sin(θ/2))2. (3.10)

For a large number of monomodal and monodisperse systems, the ACF is a single exponential

decay as in equation 3.11:

g(1)(τ) = e−Γτ , (3.11)

and for multimodal and polydisperse systems, the ACF can be considered as collection of

monomodal components as in equation 3.12 [18, 19]:

g(1)(τ) =
∫ ∞

0
G(Γ)e−ΓτdΓ, (3.12)

where τ is the lag time and Γ is the decay rate.

Thus for a multicomponent system, the ACF is the summation of the intensity weighted decay

of each component in the system. A fit to the ACF using different algorithms extracts the decay

rate(s). In simple terms, the ACF of monomodal systems can be fit with a simple function such

as

f(x) = yo+A× exp(−Γx), (3.13)
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where yo is the experimental baseline and A is the y-intercept.

Likewise, multicomponent systems can be fit with a sum of decaying exponentials. For instance,

taking a three component system, the function takes the form

f(x) = yo+A1 × exp(−Γ1x) +A2 × exp(−Γ2x) +A3 × exp(−Γ3x), (3.14)

where A1, A2 and A3 represents the Y-intercept for each size class. The summation of these

values should add up to one and an initial guess for each is provided by the user. Γ1, Γ2 and Γ3

are the decay rates of each particle class in the system.

Different algorithms have been used to estimate the intensity-weighted mean hydrodynamic

diameter (Z-average) and particle size distribution (PSD), among which, the cumulant fit analysis

[20], non-negative least square (NNLS) [18] and constrained regularization (CONTIN) [21]

methods are the most common. The cumulant analysis is a fit of a single exponential function to

the ACF and is used to calculate the Z-average and the polydispersity index (PDI), a dimensionless

parameter that describes the broadness of the size distribution. The NNLS and CONTIN, on the

other hand, are multi-exponential fits to the ACF that are used to calculate the PSD for broad

size distribution and multicomponent systems [11].

The intensity PSD of DLS, can also be converted to volume and number PSD by using the Mie

theory. While the intensity PSD is a more accurate estimation of the particle size distribution,

the volume and number PSD, on the other hand, provide valuable information on the relative

abundance of each particle class in a multicomponent sample. The accuracy of the estimation

diminishes in the order intensity > volume > number.

Multiple light scattering (MLS), particle-particle interaction, different modes of diffusion

and florescence affect the estimation of the particle size . Some vendors use non-invasive back

scatterer technology (NIBS) where the detector is located at 173 degrees away from the incident

beam. Because large particles scatter light in the forward direction, the NIBS optic system is

especially useful to avoid signal from large artifacts such as dust [22]. The NIBS setup also

reduce MLS effect, the tendency of a photon scattered by a particle to be also scattered by

another particle, as the diffracted laser travel through the sample the shortest path. MLS can be

diminished by diluting highly concentrated solutions. Also, at high concentration, particle-particle

interaction might affect the result. Hence, it is customary to determine an optimum working

concentration for best DLS results. However, compared to the classical 90 degree detectors, the
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NIBS optic do allow to characterize more concentrated samples. What is more, in the case of

charged macromolecules/polymers, an electrical double layer, the so-called as the Debye layer,

could form that leads to overestimation of the result [10]. To counteract this effect, often times,

counterions are added to disperse the double layer or minimize the Debye length (K−1). This is

especially important when measuring the surface potential. There is also an inherent error in

conventional DLS distribution for samples that are not truly spherical, and for which sizing can

be both under or overestimated [14].

In general terms, DLS is non-invasive, fast and provides estimates of the apparent particle

size(s) in a suspension. Given that the technique is sensitive to larger particles, DLS is mostly the

method of choice to study sample homogeneity or to monitor aggregation and oligomerization

propensity or the presence of higher order assemblies of macromolecules in solution. This is

especially true for proteins in detergent. That said, samples for DLS analysis must be as clean

as possible and should be free from dust and bubbles, which dominate the distribution to give

erroneous results if care is not taken. Hence, careful sample preparation is mandatory.

3.2.3 Nanoparticle Tracking Analysis (NTA)

Nanoparticle tracking analysis (NTA) tracks submicron particle suspensions in Brownian motion.

Each particle, for example each protein/lipid complex, in the field of view is tracked in parallel

and accurate particle by particle sizing in the range of 10 nm to 1000 nm is provided. Since

thousands of particles are tracked individually, high resolution number particle size distributions

(PSD) are obtained [23, 24]. The technique combines laser light scattering and microscopy with a

charge-coupled device (CCD) camera mounted at a right (90°) angle to the irradiation plane. The

CCD camera records a short video (20-60 seconds) at 30 frames per seconds to provide real time

visualization of nanoparticle particles (NPs) in motion. The NPs in the field of view are tracked

until they go off view or overlap with adjacent particles [25]. Frame by frame analysis of the

video (Panel A in Figure 3.3) by the software program determines the mean square displacement

(MSD) of an individual particle with time interval ∆t [24, 26]. Although particles move in three

dimensions, NTA tracks the Dt in only two dimensions, 〈x, y〉2, which is the spatial deviation of

the particles over time with respect to an initial reference point. The hydrodynamic diameter is

then calculated by using a formula derived from the Stokes-Einstein equation,

Dt = (x, y)2

4 , (3.15)
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(x, y)2 = 4TkBt

3πηdh
, (3.16)

where (x, y)2 is the MSD in two dimensions, kB is the Boltzmann constant, t is the period

(1/framerate), η is the viscosity and dh is the hydrodynamic diameter.

All types of NPs in any solvent including protein/lipid and protein/detergent complexes can

be analysed. The minimum detection limit is dependent on the refractive index of the particle

suspension. For good scatterers, sizes down to ≈10 nm diameter can be detected, whereas for

weak scatterers like most biological molecules, the lower limit is 30-50 nm diameter. The upper

limit of diameters measurable with NTA is defined by the point at which diffusion becomes too

slow to track [24]. The measured intensity fluctuation of the light scattered by each particle

with the corresponding size is plotted in two dimensions (Panel B in Figure 3.3). The analytical

software rejects invalid tracks, tracks with short durations, and those above the detection limit,

as well as trajectory crossovers [25]. All valid tracks are considered in order to generate a number

particle size distribution as shown in Panel D of Figure 3.3. Data can also be plotted in 3D with

the third dimension being the number distribution. The particles in Panel A are rSP-B molecules

suspended in DPC/SDS detergent micelles.
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Figure 3.3: An overview of nanoparticle tracking analysis (NTA). NTA of rSP-B suspended in 0.2%
DPC/SDS detergent micelles. Panel A: snapshot of the suspended particles undergoing Brownian motion
(magnification scale x20), Panel B: the intensity fluctuation of scattered light from all particles detected in
the scattering volume, Panel C: particle by particle analysis of three valid tracks. The numbers represent
the particles under the scattering volume and is automatically given by the analytical software, Panel
D: number particle size distribution of valid tracks. The data displayed were measured by me at the
department of Earth Science, Memorial University of Newfoundland.

NTA complements DLS. Although DLS is user friendly and provides consistent fast results, it

is also an ensemble technique and cannot well resolve distributions of particle sizes if they are

less than a factor of about 3 different in size. For particles that are close in size, DLS gives a

broad distribution that is weighted towards the bigger sized NPs [27]. NTA, on the other hand,

tracks single particles and therefore provides better size resolution for polydisperse suspensions.

Importantly, fluorescent capable NTA is a robust method for visual detection and quantification

of a tagged target against a complex background [23]. Hence, thorough analysis of biological

samples and protein aggregates can be performed. Conversely, unlike DLS that automatically

adjusts the attenuator to measure a wide range of concentration, NTA is limited by concentration.
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The recommended concentration is between 105 and 109 particles per ml [25]. Optimization of the

right concentration and parameter settings to capture a high resolution video is paramount for

accurate and reproducible results. Although NTA reports concentration as numbers of particles

in suspension per cm3, the measured concentration varies between consecutive measurements of

the same sample, which provides an estimate of the uncertainty. As DLS analyzes large numbers

of particles, it provides a smooth PSD and hence less deviation between sequential measurements.

On the other hand, NTA only accumulates thousands of particles for the distribution and therefore

there is more deviation between measurements and the distribution is less smooth [27]. Recently,

anomalous diffusion (sub-diffusion) has been suggested to be an issue of NTA, if not considered in

the calculation of the Dt from the MSD with a proper method, especially for biological samples

[28]. Sample treatment in DLS is less aggressive than NTA; hence, DLS is practically more useful

for studying unstable biological samples. That being said however, given a sample that meet the

requirements for NTA analysis and with careful measurement, NTA can provide very accurate

sizing of both monodisperse and polydisperse samples and provide high resolution number PSD.

3.3 Materials and Methods

3.3.1 Detergent Exchange and Organic Extraction

The rSP-B left bound to the IMAC column after cleavage and renaturation was washed with

30 ml of TRIS-HCl buffer (pH 7.5) to remove the salt and CHAPS. Following this, the protein

was exchanged into the desired detergent and buffer of choice (i.e. in most cases is DPC/SDS

adjusted to a pH of 7.5 with TRIS-HCl) by washing the rSP-B bound to the resin with three

column volumes of the detergent. Finally, rSP-B was eluted either by lowered pH or imidazole

gradient using the same detergent and buffer. The sample was then taken for analysis by circular

dichroism, dynamic light scattering and nanoparticle tracking. Likewise, in order to put the

protein in 100% methanol, the digest after CNBr cleavage was mixed with the detergent SDS,

weight by weight (5 times the mass of the protein digest). The mixture was then suspended in

high purity water and was left to incubate in a circulating water bath at 42°C for an hour and

half. The rSP-B portion was extracted by 2:1 chloroform:methanol (v/v) and the chloroform part

was decanted using a separating funnel. To remove all the chloroform from methanol, the rSP-B

in methanol was dried by nitrogen gas stream to minimal volume or until the sample becomes

turbid (i.e. sign of precipitation was observed). Next, the dried solution was diluted to 15 times

the volume of the concentrate with pure methanol and was left to dry again under nitrogen gas
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stream. To ensure that all of the chloroform is removed, the same procedure was repeated one

more time. The final solution was concentrated by drying the resulting solution until the first

initial sign of precipitation was noticed. The solution was then ready for analysis.

Reduction of the disulphide bond experiments were done using Tris 2-carboxyethyl phosphine

hydrochloride (TCEP, Sigma Aldrich), a potent and selective disulphide bond reducing agent.

The TCEP was pre-made in water and was used in the required amount to reduce the disulphide

linkage of rSP-B suspended in methanol-water solution.

3.3.2 CD

The Far-UV (260 to 190 nm) CD spectra of rSP-B were recorded using a Jasco J-810 spectropo-

larimeter (Tokyo, Japan) at a continuous scanning speed of 100 nm/min and standard sensitivity

(100 mdeg). The spectrometer was purged for a minimum of 10 minutes with nitrogen gas and

the lamp was allowed to warm up for at least 5 minutes. Protein concentration was determined

using the Bradford assay. Prior to CD measurement, all samples were dialysed overnight against

deionised water with either 1 kDa or 6-8 kDa Spectra/Por dialysis tubing. The cuvette was

thoroughly cleaned with ultra pure water and was rinsed with 95% ethanol and subsequently

dried using a nitrogen gas stream. Care was taken while dispensing sample into the cell to avoid

bubble formation. Unless stated otherwise, all scans were carried out at ambient temperature.

Ten acquisitions were taken at a band width of 1.0 nm in mdeg. The spectra were processed with

the Jasco Spectra ManagerT M software. The spectra were baseline corrected by subtracting a

blank, the detergent used to solubilize the protein. Conversion of the raw data (mdeg) to MRE

and estimation of the secondary structure content was done in a Microsoft Excel spreadsheet

using equations 3.3, 3.4 and 3.5.
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3.3.3 DLS

The PSD of rSP-B/detergent complexes was measured with a Zetasizer Nano ZS (Malvern

instruments Ltd, Worcestershire, UK). The cuvette was thoroughly cleaned with high purity

water and rinsed with ethanol. All dispersants and solvents were filtered with a sintered glass

filter (Fisherbrand). One millilitre of sample was slowly dispensed onto the side of the disposable

cell. The temperature was allowed to equilibrate for two minutes. Measurements were taken

on automatic mode at a scattering angle of 173°. Three measurements were acquired for each

sample. Fitting of the ACF was done with IGOR Pro 7 (WaveMetrics, Portland, Oregon) built-in

functions, as well as with the Malvern zetasizer software version 7.03. The viscosity and refractive

index, which are specific to the dispersing medium used, and the measurement temperature

(25°C) were put into the standard operating procedure by the user.

3.3.4 NTA

Nanoparticle tracking analysis was done using the Nanosight NS500 (Malvern, UK) in the lab of

Dr. Tao Cheng in the department of Earth Science. The thermoelectric peltier element controls

the temperature, which is adjustable by user software. All measurements were taken at room

temperature. The flow cell chamber and tubings were flushed with the dispersant/solvent and

wash fluids for few minutes prior to loading the sample. Sample was loaded into the flow cell

viewing chamber using the built-in fluidics pump controlled by the NTA software. Between

measurements, the flow cell was flushed with the diluent. rSP-B sample were measured in

DPC/SDS detergent micelles prior to dialysis. Two new protein preparations (rSP-B/DPC/SDS)

were used for the analysis.

Remark:throughout this chapter abbreviations can be found in the figure legends. These are

meant to represent the persons who prepared the samples. SB: Stella Barth, CS: Caroline Stange,

TG: Tadiwos Getachew and DJ: Donna Jackmann. The numbers following the abbreviations are

the batch numbers. Please see the authorship statement on page 94.
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3.4 Statement of Purpose

Forty years past its discovery there is still a dearth of knowledge on SP-B’s quaternary structure.

As yet not enough literature data are available to provide information whether SP-B adopts

the open or closed conformation or if the protein switches between these two forms based on

the surrounding environments as some other SAPLIPs do. Herein, some insight are put forward

why studying the protein suspension in solution might be useful. The size of rSP-B in solution

especially was of high interest for different reasons: 1) structure determination by solution

NMR. As crystallizing SP-B has been impossible, liquid state NMR is the method of choice for

determining the structure of SP-B. However, the technique is also sensitive to protein size, which

makes it important to measure the size of SP-B in a solution prior NMR measurement. If the

protein suspension is beyond some threshold size, typically above 10 nm, then the sample is not

suitable for characterization by solution NMR as line broadening of the NMR signal becomes

significant and hampers structural study, 2) sample homogeneity is also another important

consideration. Normally, a homogeneous protein that is stable for days or best for weeks is

required for best results. Even if a protein can be obtained in the lowest energy, a mixture of

the same protein in different conformations could also exist in solution. This results in complex

NMR spectrum difficult to resolve. Different populations of micelles inside a solution provides

different environment for the protein and thus decreases sample homogeneity. Protein-protein

or protein-detergent interactions also adds to the heterogeneity of the system. Particle size

distribution of a sample is an important parameter to judge homogeneity/heterogeneity of

particle suspensions, and 3) the propensity of the protein to oligomerize can also be studied

by size measurement. For instance, a protein in an organic solvent and in detergent micelles

may demonstrate a similar secondary structure but may exhibit different sizes of the protein.

By carefully monitoring the sample before and after treatment, for example after dialysis or

filtration, the change within the sample can be probed. For instance, the location of a protein in a

polydisperse sample can be carefully analysed. Particle-to-particle interactions may be predicted

from the change in the translational diffusion of the particles. Overall, a careful analysis of a

complex system may provide important insights not only on the particle suspensions but also

on the surrounding solvent. This chapter therefore presents an in-depth investigation of rSP-B

suspension in DPC/SDS micelles.
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3.5 Results

DLS was used to assess the size of rSP-B/detergent micelle complexes. The particle size distri-

bution of rSP-B suspended in 0.2% (w/v) DPC/SDS (9:1) detergent micelles is polydisperse

and shows four peaks. The overlay of the PSD from three different batches prior to dialysis and

filtration are shown in Figure 3.4. The y-axis is intensity percentile of light scattered by each

size class and the x-axis represents hydrodynamic size of the particles in suspension. The size at

4.1 nm (modal size) is consistent with the expected size for detergent micelles. The next two

populations display heterogeneity. There are two peaks that range in modal diameter size from

68 nm to 400 nm in all three samples tested. The sizes are similar enough that we expect the

analysis software to have difficulty resolving them. The species may also vary somewhat from

sample to sample. Moreover, samples prior to dialysis or ultracentrifugation exhibit a sharp peak

at 5560 nm, which is common in DLS data and is normally attributed to dust. To make sure that

the sizes coming out of the acquisition system software (from Malvern) are supported by the

data, the auto correlation function was checked using a separate software package (IGOR Pro 7).

Figure 3.4: DLS of rSP-B in 0.2% (w/v) DPC/SDS (9:1) detergent micelles shows a multimodal size
distribution prior to filtering or dialysis. Particle size distribution by intensity is shown for three different
protein preparations. The population with the smallest size at ≈4 nm is consistent with the size of
detergent micelles. The second and third populations show heterogeneity, with hydrodynamic diameter
that range in size from ≈68 nm to ≈400 nm. The unit on the y-axis is percentile, which represents intensity
of light scattered by each size class.
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The auto correlation functions (ACF) for the same samples display at least three decay rates,

consistent with a multicomponent and polydisperse system (Figure 3.5). The arrows mark the

lag-times where the correlation starts to decay, depending on the hydrodynamic size of each

particle class. The fastest decay rate is consistent with the micelles, whereas the latter two slow

decay rates are within the time frame of the 68 to 400 nm particle sizes. By eye, there is no

apparent decay corresponding to the micron sized particles (5560 nm), between 103 and 104 µsec.

As the intensity PSD is weighted toward the larger particles that contribute more intensity, we

also looked at the data adjusted to show the size distribution by particle volume and particle

number.

Figure 3.5: The auto correlation function of the particle size distribution shown in Figure 3.4. The three
decay rates are consistent with the presence of different particle sizes in all of the samples. The arrows
mark the beginning of the intensity decay of scattered light by each size class.
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The PSD plotted by volume or number is shown in Figure 3.6. The data indicate that the

micelle-sized particles dominate the system. This indicates that the small complexes are much

more numerous than the heterogeneous and larger populations. Thus, I wanted to determine if

the smaller complexes contain rSP-B or if they are composed of detergent alone.

Figure 3.6: Detergent micelle sized particles are the most abundant species in the rSP-B plus 0.2% (w/v)
DPC/SDS (9:1) system. Shown are the intensity distribution of the data presented in Figure 3.4 expressed
as both volume and number particle size distributions.

To help find out which species contains rSP-B, the samples were dialysed with 1 kDa pore

size dialysis tubing against deionised water overnight. The pore sizes are too small for rSP-B or

micelles to pass through the membrane, but individual detergent molecules freely diffuse across.

Panel A in Figure 3.7 shows an intensity PSD before and after dialysis. The dialysed sample

exhibits a monodisperse population (dotted line) and no particles with micellar size. Convincingly,

Panel B depicts reproducible size measurements from different batches of rSP-B after dialysis

when presented in terms of intensity, volume or number.
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This observation indicates that i) the 4 nm species are removed by dialysis and hence do not

contain protein tightly associated with them and ii) rSP-B/DPC/SDS complexes are much larger

than would be expected for monomeric rSP-B in micelles. The same result was also obtained

when samples were dialysed with 6-8 kDa dialysis tubing. Another piece of evidence to consider

are the derived count rates (DCRs).

Figure 3.7: Dialysis removes detergent micelle sized species. Panel A: overlay of the intensity PSD before
and after dialysis of TG15 (rSP-B suspended in 0.2% (w/v) DPC/SDS (9:1)). Panel B: the intensity,
volume and number PSD overlay of three different batches shown in Figure 3.4 after dialysis. Sample was
dialysed against three litres of deionised water stirring in cold room (4°C) overnight using 1 kDa molecular
weight cut-off (MWCO) tubing. Dialysis leads to the disappearance of the 4 nm sized populations shown
in Figure 3.4.

The derived count rate, the translational diffusion coefficient (Dt) and average sizes of all

dialysed samples increased with dialysis. Table 3.1 compares the parameters before and after

dialysis. Here, it is imperative to note that the Z-average size is the weighted intensity average

size of the ensemble cumulative of all sizes measured by DLS and is derived by cumulant analysis

of the ACF with a single exponential fit and hence only has one mean value. The mean count rate

(MCR) represents the number of scattered photons counted at the detector after the incident

laser light has been attenuated by some factor set by the machine based on the number of

photon counts of a given sample. This prevents the avalanche photon detector (APD) from being

damaged and also sets the photon counts to be well within the linear dynamic range of the

APD. Most automatic mode machines adjust the counts to be between 200 to 500 kilo counts

per seconds (KCPS). The DCR on the other hand is the theoretical count rate of the scattered

photons detected at the detector assuming no signal attenuation (100% transmittance) and

hence corrects for the attenuation factor. Higher DCR therefore could indicate one of either: i)
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higher concentration, ii) larger particles or iii) both larger particles and higher concentration.

The DCR before dialysis were in the range of 800 to 1500 KCPS whereas, after dialysis, the DCR

is higher, as much as 28,000 to 49500 KCPS. The increased DCR after dialysis could indicate

that either there are more larger protein complexes than micelles or it could also be that as the

bulk of the micelles are removed, space is created for the protein-detergent complexes (PDCs)

to undergo attractive interaction. The other argument could be that dialysis concentrates the

sample. Assuming water also diffuses into the system, however, the concentration factor could be

ambiguous. Besides, the larger Dt and sizes of the dialysed sample support the conclusion that

dialysis removes the smaller particles but not the larger ones. Interestingly, filtering the dialysed

sample seems to cause all the Dt, DCR and Z-average to diminish. This could suggest that

filtering removes the particles that were responsible for the DCR increase, the larger particles.

Importantly, the PDI of the dialysed-only samples and of the sample that was dialysed and

filtered agree very well with each other compared to the not-dialysed sample, with PDI of almost

twice as high. Thus, the samples prior to dialysis are more polydisperse than the dialysed samples.

Table 3.1: Summary of the effects of dialysis and filtration on rSP-B/DPC/SDS DLS size measurements

Before dialysis

Batch Mean count

rate (MCR,

in KCPS)

Derived count

rate (DCR, in

KCPS)

Trans-

lational

diffusion

coefficient

(m2sec−1)

Z-average

(nm)

PDI

SB 01 393 1400 8.78 × 10−12 56 0.80

CS 02 235 836.50 11.20 × 10−12 43 1.00

TG 15 166 1495.60 2.32 × 10−12 211.80 0.74

After dialysis

SB 01 357.60 28350.70 9.70 × 10−11 507 0.47

CS 02 110 30654.60 3.50 × 10−11 1405 0.46

TG 15 179 49511.90 5.62 × 10−11 875.20 0.45

After dialysis and filtration

CS 02 383 377 5.97 × 10−12 82.40 0.47

CS 02(2X) 294.50 1048 3.76 × 10−12 131 0.46

a 2X represents sample that was filtered twice
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The ACF of all dialysed samples (Figure 3.8, Panel A) also show a single decay rate at a long

lag time, which indicates that the samples are now more uniform in size and the particles are

large. The lag-time of the particles in the dialysed sample (102-103 µsec) corresponds with the

third arrow in Figure 3.5. The volume distribution (Figure 3.8, Panel B) indicates that filtering

the dialysed sample with a 0.2 micron filter pore causes a shift in size indicating loss of particles

larger than the pore size.

Figure 3.8: The ACF after dialysis depicts one decay rate corresponding to larger size. Panel A: The
time frame of the ACF at the beginning of the decay corresponds to the lag-time of the heterogeneously
populated particles (≈68 to 400 nm) as shown at the later delay time (102-103 µsec, the third arrow) in
Figure 3.5. Panel B: filtering causes loss of bigger particles in rSP-B/DPC/SDS system. Volume PSD of
dialysed sample (CS 02) before and after filtering it with a 0.2 micron (200 nm) pore size syringe filter
(Sartorius, Germany). The hydrodynamic diameter of the particles shifts from 615 nm (before filtering) to
≈20-100 nm after filtering. The ACF in Panel A (CS 02, pink) indicates the presence of larger sedimenting
particles in between the lag times of 104-105 µsec.

These observations demonstrate that either the protein-detergent complexes (PDCs) are

bigger than 200 nm or the PDCs sticks to the filter membrane. As a rule of thumb, a sample for

DLS measurement is not recommended to be filtered. The dispersant on the other hand must be

filtered prior to suspending the analyte. Dialysis alone, as well as dialysis in combination with

filtration, causes the PDI of the sample to decrease to a more acceptable range for DLS analysis,

≈ 0.45. Since it is challenging to get accurate sizes out of DLS data if the PDI is larger than 0.3,

I decided to validate the sizes the Malvern acquisition software derived from its fitting of the

data with fits I did myself using IGOR Pro 7 fitting functions.

115



The ACF of the undialysed, unfiltered sample in Figure 3.5 (black) was fitted with a triple

exponential function using the IGOR Pro 7 built-in function (equation 3.14), which fits a sum of

decaying exponentials. Panel A in Figure 3.9 is the intensity PSD of the fitted sample and Panel

B is the semi log plot of the fit. Panel C is the same data in log-log scale. At a very large delay

time the log-log plot indicates the fit does not agree well with the data. Panel D is the same

fit shown in Panel C with the data that did not converge well (noise) cut-off, also presented in

log-log scale.

Figure 3.9: Manual curve fit to the auto correlation function of TG15 prior to dialysis and filtering. The
apparent sizes were compared from the fitting generated by Malvern software. The fit panels show data
in green and triple exponential fit in red. Panel A: is the intensity PSD of TG15 prior dialysis. Panel B:
demonstrates comparison of the data and the fit on a semi log plot. Panel C: a log-log plot of the same
data presented in panel B reveal that the fit at larger lag-time is not good. Panel D indicates the fit that
converged with the noisy data cutoff. Thus, the data for the apparent size at ≈5560 nm reported by the
Malvern software at a much larger lag time is not reliable. Curve was fitted using IGOR Pro 7.

A new fit was also attempted on the cut-off data and the fit function was found to converge

properly. The decay rates were extracted from the fit function and the hydrodynamic diameters

(dh) were calculated by using equation 3.10. Finally, the Dt were calculated using equation 3.6.

116



Similarly, Figure 3.10 shows that the dialysed sample fits well with a single exponential

function (equation 3.13). As for the non-dialysed sample, the log-log plot in Panel B exhibits

a poor fit at the higher delay-time scale. According to the literature, this is mostly due to the

correlation function approaching zero and log(0) = -∞. When an intensity fluctuation is analyzed

by computing the correlation function, the baseline value is used to normalize the data. By

subtracting the mean of the intensity, I(t), from the data prior to calculating the correlation

function, the baseline is set to start at a value of 1 for a lag time, τ=0 and gradually decays to

zero at a larger lag time. Because of noise, baseline-subtracted, normalised values can dip below

zero, which can not be computed as logarithms of a negative number are not allowed [17]. All in

all, the data demonstrates that after dialysis the rSP-B/DPC/SDS system is homogeneous with

a Z-average size of ≈615 nm.

Figure 3.10: Dialysed sample fits well with a single exponential function. The fit to the correlation curve
of TG15 shown in Figure 3.8A after dialysis and prior to filtering. Both panels show data in blue and the
fit in red. Panel A is the PSD of the fitted sample, Panel B is log-log plot of the fit and Panel C is the
semi log plot of the fit in Panel B after excluding the data that did not converge.

The decay rates, Dt, and sizes calculated from the fit before and after dialysis are compiled in

Table 3.2. All sizes calculated using the fit function fall within the PSD generated by the NNLS

algorithm (Malvern fitting). The sizes calculated from the best fit, however, were all smaller

than those calculated from the full range data fit for both non-dialysed and dialysed samples.

Importantly, the micron sized (5560 nm) species falls in the time scale of the noisy range with no

meaningful decay rate. Hence, the manual fitting supports the interpretation of the data in terms

of modal particle diameter sizes of 5 nm, 125 nm, and 386 nm prior dialysis. The data therefore

underlies that the ≈5560 nm population should be disregarded from the distribution analysis.

Besides, this population was not evident in the dialysed samples. In essence, the calculated sizes

are in the range of the size distribution provided by the Malvern software.
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Table 3.2: Calculated parameters using the data generated from the curve fittings of TG15 before and
after dialysis

Fitting of the auto correlation curve of TG15 before dialysis
Decay rates (1/ µsec) Trans-

lational

diffusion

coefficient

(m2sec−1)

Diameter (nm)

Full range of the ACF

data fit (Figure 3.9B)

0.0688 ± 0.00139 8.24 × 10−11 5.30

0.0029 ± 0.00009 3.50 × 10−12 125
0.0009 ± 0.00003 1.13 × 10−12 386

ACF data cut-off at

a lag-time of 104 µsec

(Figure 3.9D)

0.0710 ± 0.00130 8.51 × 10−11 5.13

0.0035 ± 0.00014 4.20 × 10−12 104
0.0011 ± 0.00027 1.37 × 10−12 319

Malvern fitting 4.10 (2.60-7.50)
68 (37-122)
396 (141-1281)
5559 (3090-6438)

Fitting of the auto correlation curve of TG15 after dialysis
Full range of the ACF

data (Figure 3.10B)

0.0007 ± 0.00103 8.69 × 10−13 502

ACF data cut-off at

a lag-time of 104 µsec

(Figure 3.10C)

0.0008 ± 0.000006 9.75 × 10−13 448

Malvern fitting 615 (341-1106)

Next, since the PDI of the non-dialysed or filtered samples was very high, I wanted to

complement the DLS data with another technique. As NTA measures diffusion of many individual

complexes, the technique is well suited to polydisperse samples. However, the smaller complexes,

e.g. sizes as small as individual micelles, are below the detection limit of the NTA to measure.
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The top panels in Figure 3.11 display reproducible NTA data of rSP-B/DPC/SDS complexes

within one batch (Panel A) and across two batches (Panel B). The bottom panels (Panel C and

D) show the 3D intensity profile of scattered light and the surface fit to the 3D scatter plot that

gives rise to average size distributions shown in panel A. The surface fit in Panel D depicts at

least three highly scattering populations with different concentrations (black arrows). What is

more, some of the the surface fits also have different sizes (blue arrow). Overall the plots display

different scattering populations in keeping with a multimodal system.

Figure 3.11: Nanoparticle tracking analysis shows repeatable size measure of rSP-B in DPC/SDS detergent
micelles. Panel A is the PSD of different measurements of DJ 19 (full length rSP-B). The legend indicate
the number of measurement of the same sample. Panel B is the overlay of batch 19 with batch 42. The
two batches are different that DJ 42 does not contain the Cys48 considered to be important for covalent
homodimerization, whereas DJ 19 is a full-length (including the insertion sequence: the 7N-terminus
residues) rSP-B with Cys48 included. Panel C is the 3D intensity path plot of one of the PSD shown in
Panel A and Panel D is the surface fit to the 3D scatter plot of the distribution shown in Panel C. The
scale bar indicates the intensity of the light scattered by each species.
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Table 3.3 represents the diffusion coefficients, particle count (concentrations) and sizes obtained

from NTA of rSP-B suspension in DPC/SDS. The mode is ≈120 nm for batch 19 and ≈180 nm

for batch 42. The Dt obtained from NTA are comparable in magnitude to that obtained for

the 68-400 nm species by DLS measurement before dialysis. The concentration, however, was

observed to noticeably vary between repeated measurement of same sample.

Table 3.3: Characterization of each nanoparticle tracking analysis of DJ 19 and DJ 42 shown in Figure 3.11.

DJ 19 Completed

tracks

Mode

(nm)

Concentration

(108 particles/ml)

Trans-

lational

diffusion

coefficient

(m2sec−1)

1 3315 128 10.43 3.45 × 10−12

2 1922 120 10.12 3.34 × 10−12

3 10779 125 14.70 3.80 × 10−12

4 3322 117 11.99 3.55 × 10−12

5 4492 125 5.27 7.41 × 10−12

DJ 42

1 7541 193 16.08 1.87 × 10−12

2 3297 183 7.31 2.70 × 10−12
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Another way of interpreting the NTA data is by looking at the cumulative undersize distribution

in Figure 3.12. The cumulative undersize distribution is mostly described by the D10, D50 and D90

values. The D10 value indicates that 10% of the particles are below some threshold value while

90% of the particles are above the threshold. Similarly, D50 is the median size of the distribution,

where half are below and half are above the given threshold. The D90 on the other hand is the

opposite of D10, that is, 90% of the particles are below threshold while 10% of the particles are

above the threshold. Therefore, the interpretation of the result in Figure 3.12A demonstrates

that 99% (D99) of the complexes have sizes less than 430 nm in batch 19 and less than 499 nm

in batch 42.

Figure 3.12: Cumulative undersize distribution of rSP-B/DPC/SDS. Panel A: overlay of batch 19 and 42.
Panel B: an overplot of the number PSD with the cumulative undersize distribution of batch 19. According
to the cumulative undersize distribution, 99% of the particles are below size of 500 nm

3.5.1 CD of rSP-B in Detergents

Next, we questioned whether the rSP-B in complex with the detergent(s) takes on the native-like

conformation. To answer this question, besides DPC/SDS, other membrane mimetic lipids/deter-

gents were also exchanged as described in the method section. Although CHAPS was important

for rSP-B to bind to the metal ions, it was found that the detergent also results in rSP-B with

no secondary structure. Not only that, with CHAPS present, other detergents/lipids were not

able to induce the secondary conformation of the protein. Hence, the CHAPS used to facilitate

rSP-B binding to the column had to be removed. This was done by washing the column with

Tri-HCl buffer (pH 7.5) before the protein was exchanged into any other detergent/lipids. Such

an experiment also helps to check whether or not rSP-B adopts the expected secondary structures

in different environments. In addition to this, the behaviour of rSP-B in different surroundings
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could also give important information.

The helicity of rSP-B varies with the type of detergent/lipid used. The protein exhibits alpha

helical conformation in 0.5% (w/v) dodecylphosphocholine (DPC), 0.2% (w/v) DPC/SDS (9:1)

and 0.2% (w/v) LMPG (1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1-rac-glycerol) micelles.

Panel A in Figure 3.13 is in mdeg and Panel B is in MRE, depicting helicity of 13% in DPC,

25% in LMPG and 37% in DPC/SDS. The helicity appears to be highest in anionic containing

detergent/lipid. Though many conditions were screened, most were not successful since no

secondary structure was recorded for the protein in different conditions attempted thus far.

Figure 3.13: rSP-B retains the expected secondary structure in a number of environments. Panel A: CD
scans of rSP-B in 0.5% DPC, 0.2% DPC/SDS (9:1) and 0.2% LMPG. Panel B: the estimation of the MRE
of the CD scans shown in Panel A.

Since it was observed that dialysis removes the micelle-sized species from the rSP-B/DPC/SDS

system and resulted with homogeneous PSD as shown in Figure 3.10, an important question

raised was if there is rSP-B in this population and if so, does it have the right secondary structure?

To answer this question, the dialysed sample was taken for CD measurement.
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Figure 3.14 shows that rSP-B exhibits a characteristic alpha-helical CD spectrum with minima

at 208 nm and 222 nm and an estimated helicity of 47% after dialysis. These data therefore

confirms not only the presence rSP-B but also a protein-detergent complex bigger than anticipated.

In essence, DLS and CD together indicated that rSP-B has native-like secondary structure and

exists in detergents in size complexes ranging from 340 nm to 1106 nm. The next question

addressed was finding out if organic solvent could break up the big complexes and still maintain

the helicity of rSP-B?

Figure 3.14: rSP-B exhibits the expected alpha-helical conformation in DPC/SDS detergent micelles
after dialysis and prior filtering. According to estimation of the secondary structure, rSP-B exhibit ≈47%
alpha-helical content. The concentration (0.02 mg/ml) used for estimating was determined by using the
Bradford assay. Sample was dialysed with 1K MWCO tubing overnight stirring in cold room prior to
analysis.

3.5.2 CD of rSP-B in Methanol

To put the rSP-B into an organic solvent, 2:1 chloroform:methanol (v/v) extraction of the

rSN-SP-B cyanogen bromide digest was performed as described in the method section. The

chloroform portion was removed by repeatedly drying the extract and resuspending it with

methanol. It was found that rSP-B also exhibits an alpha helical secondary structure in pure
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methanol as shown in Figure 3.15.

Figure 3.15: rSP-B exhibits the expected alpha-helical conformation in methanol. Far-UV circular dichroism
spectra of the TG 19 expressed in mean residue ellipticity. Lyophilized cyanogen bromide digest of the
20 to 100 mM imidazole elution fractions pooled together and extracted using 2:1 chloroform:methanol
solution and then exchanged into pure methanol. Green spectrum is prior filtering sample and the black
spectrum is a scan taken after filtering same sample with a 0.2 micron (200 nm) pore size syringe filter.
According to estimation of the secondary structure content, rSP-B exhibit ≈45% alpha helical content.
Concentration used for the calculation (0.22 mg/ml) was determined by Bradford assay.

The rSP-B suspension in methanol that was filtered with 200 nm pore size (black spectrum)

retraces the spectrum of the not-filtered sample (green spectrum). Both with a percent helicity

estimation of ≈45%. This observation was interesting because it was in contrast to the finding

for the rSP-B suspension in DPC/SDS (Figure 3.14). The complex of rSP-B/DPC/SDS behaves

differently after being filtered with the same filter pore size. To further investigate this, DLS of

rSP-B suspension in methanol was measured and analysed.
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Figure 3.16 is the DLS size measure of rSP-B in 100% methanol. Table 3.4 compiles the

count rates, diffusion coefficients, and hydrodynamic sizes. The filtrate of rSP-B in methanol

exhibits high DCR and a PDI less than 0.3, an acceptable range for DLS analysis. Also, the

concentrations determined before and after filtration were similar (0.22 mg/ml). Conversely,

rSP-B/DPC/SDS behaves differently as filtration removed much of the CD signal, and decreased

the DCR and concentration. In addition to this, unlike the case for rSP-B in methanol, the MRE

of rSP-B/DPC/SDS complex after filtration was never the same when measured in the same path

length cuvette as that in which the CD signal of the non-filtered sample was acquired, which is

an indication of sample loss after filtration. Possibly, this is the case when the rSP-B/DPC/SDS

complex is either bigger than the pore size of the filter or perhaps it could be that the complex

sticks to the filter itself. Another possible explanation could be that methanol disrupts weak

protein-protein interactions between rSP-B subunits thus making the protein smaller in size and

while maintaining its secondary structure. Finally, we wanted to confirm whether rSP-B has

non-native disulphide bonds or not. To do that, the rSP-B suspension in methanol was chosen

for a preliminary test since accessing rSP-B, especially the disulphide linkages, in the presence of

detergents is difficult.

Figure 3.16: rSP-B suspended in methanol has comparable size as in DPC/SDS micelles when judged
by the intensity distribution before filtering. The intensity particle size distribution of TG 19 (rSP-B
suspended in methanol) before and after filtering sample with 0.2 micron pore size syringe filter.
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Table 3.4: The count rate, diffusion coefficients and sizes of rSP-B suspended in methanol before and after
filtration with a 200 nm filter.

TG 19 Mean count

rate (MCR,

in KCPS)

Derived count

rate (DCR, in

KCPS)

Trans-

lational

diffusion

coefficient

(m2sec−1)

Z-average

(nm)

PDI

Non-

Filtered

205 16246 3.71 × 10−11 2148 0.74

Filtered 156 12422 1.61 × 10−12 495 0.248

High concentrations of Tris 2-carboxyethyl phosphine (TCEP) reduce the disulphide bonds of

rSP-B suspension in methanol. As a preliminary test for the disulphide bond linkage, rSP-B in

methanol (TG 19) was subjected to a reducing agent TCEP as is shown in Figure 3.17.

Figure 3.17: The CD signal of rSP-B in methanol diminishes as a function of Tris 2-carboxyethyl phosphine
(TCEP) concentration. TG 19 before and after exposure to TCEP. Panel A: CD scan of rSP-B suspended
in methanol overlay with that of 10 mM TCEP (blank). Panel B: depicts the effect of TCEP on rSP-B
suspended in methanol. Panel C: concentration corrected relative to the 10.8 µM rSP-B. The spectra show
same trend as panel B.

TCEP is a more potent and irreversible reducing agent than dithiothreitol (DTT) and β-

mercaptoethanol (BME) [29–31]. Panel A to the left shows 10 mM TCEP (pink) and rSP-B in

methanol (black) in mdeg. 10 mM TCEP did not give background noise in the far-UV region.

The middle spectra demonstrate scans as a function of TCEP concentration. In contrast to

the reference (not-treated), the spectra taken in the presence of the reducing agent diminish in

intensity as the TCEP concentration increases. To correct for protein concentration, the spectra

were normalized with respect to the 10.8 µM rSP-B (Panel C). The sample treated with 5 mM

TCEP looks the least helical and started to resemble a random coil.
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Finally, a hypothetical model of DPC/SDS micelles is presented for an illustration purpose.

It is known that DPC and SDS are synergic in solution when mixed above the CMC value of

each detergent. Figure 3.18 shows a model for mixed micelles in dynamic equllibrium with the

detergent molecules. As DPC is zwitterionic and SDS anionic, the mixture of the two makes

zwitteranionic mixed micelles. The charge distribution of the micelles may be altered by changing

the stoichiometry of the constituent molecules. A more thorough analysis of DPC/SDS micelles

is presented in the discussion section below.

Figure 3.18: A hypothetical model DPC/SDS micelles in dynamic equilibrium with the detergent molecules.
DPC/SDS make synergistic micelles when mixed at an appropriate molar ratio. The molecular mass of
the micelle depends on the aggregation number.

3.6 Discussion

After successful expression of rSP-B, the next task was to determine if the structure of recombinant

SP-B bears similarity with native SP-B. Luckily, the literature has good amount of data on the

secondary structure of animal SP-B. But these data were mostly from organic extracts of SP-B

from lung lavage [32, 33] and very few had information on detergent(s) suitable to stabilize SP-B

into its native form. Although the structure of Mini-B was elucidated by solution NMR in SDS

micelles [34], it is not clear if the same detergent is suitable for the near full length SP-B. Hence,

the challenge with rSP-B work was while rSP-B was carefully refolded when bound to the IMAC

column, the protocol may not lead to native-like conformation, making it important to check the

structure. CD is invaluable in determining the secondary structure of proteins in solutions, while

DLS characterizes sample homogeneity and aggregation of particle suspension. Thus, to assess

the secondary structure and sample homogeneity, CD and DLS of the sample were measured

after each trial of refolding rSP-B into a membrane mimetic environment.
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The secondary structure of rSP-B is environment dependent. The CD of rSP-B in 0.5% (w/v)

DPC, 0.2% (w/v) LMPG and 0.2% (w/v) DPC/SDS (9:1) micelles demonstrated an alpha helical

secondary structure (Figure 3.13A). Since the MRE is normalized against the number of residues

of the protein and is also corrected for concentration as per equation 3.3, it is a useful parameter

to compare the degree of rSP-B helicity a particular detergent induces. Based on the nature

of the head group and length of the acyl chains, each of these surroundings presents a unique

environment. rSP-B looks to be more helical when in DPC/SDS than in either DPC or LMPG

(Figure 3.13B), as judged by the intensity of the two characteristic local minima at 222 nm

and 208 nm. The fraction of helicity (fH) of rSP-B in these environments calculated as per

equations 3.4 and 3.5, indicates that rSP-B is ≈37% helical in DPC/SDS micelles as compared

to ≈25% in LMPG or ≈13% in DPC. Thus, the presence of the anionic detergent, SDS, seems to

be making the difference: it could be that rSP-B makes more contact with the DPC/SDS binary

micelles.

Studies support that DPC and SDS detergents are synergistic in solution and readily form

mixed micelles [35, 36]. Due to electrostatic interactions, there is a mutual association between

anionic and zwitterionic surfactants [37, 38]. At room temperature, for instance, DPC/SDS in 9:1

molar ratio exhibits a CMC value (0.94 mM) less than pure DPC (1.33 mM) in phosphate-buffered

saline (PBS). Likewise, the CMC of pure SDS in salt, at least in 150 mM NaCl, is about 1-2.5

mM, also above that for DPC/SDS [36]. The lesser CMC value of DPC/SDS as compared to

the pure detergents confirms the synergistic nature of the two detergents. Certainly, in TBS(1X)

and/or in Tris-HCl, the buffers used in this study, DPC/SDS forms zwitteranionic mixed micelles.

Since major phospholipids of lung surfactant are also zwitterionic and anionic by nature, the

mixed micelles of DPC/SDS may approximate the natural environment for rSP-B. This could be

part of the reason why the f H of rSP-B in DPC/SDS (Figure 3.14) is quite similar to that of

native SP-B [32, 33, 39, 40]. Because most of the native SP-B work was in organic solvent in the

past, we also extracted rSP-B using 2:1 chlorofom:methanol (v/v) and later exchanged it into

pure methanol (Figure 3.15). The spectra obtained both in DPC/SDS and in methanol are in

agreement with other studies of SP-B in different environments [40–43]. Since methanol is likely

to disrupt the rSP-B interactions that stabilize its 3D structure, DPC/SDS was chosen as the

environment in which to characterize rSP-B in depth.
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Since an important long term goal is to obtain the 3D structure of SP-B, it is of high interest

to consider the rSP-B data in this chapter, in light of the various techniques available to obtain

its tertiary/quaternary structure. Due to the extereme apolar nature of SP-B, crystallizing the

protein has been impossible. Another option is to use liquid state NMR for which the sample

must yields narrow line width. To achieve narrow line width, the size of the protein/detergent

complexes (PDCs) must be sufficiently small. Another consideration for solution NMR is isotope

labeling. Although native SP-B can be extracted in pure form with organic solvent, there is

no way to label the native protein with 15N and 13C isotopes, a requirement for solution NMR

structure determination. The ability to produce SP-B recombinantly in bacteria provides, for

the first time, an opportunity to incorporate isotope labels into SP-B for structural studies. Yet

another important aspect to consider for solution NMR is sample homogeneity. In the simplest

form, the rSP-B/DPC/SDS system, consists the monomer units of each detergent, the free

micelles and the PDCs. Ideally, for solution NMR, the PDCs are best to be only slightly bigger

than free micelles. In reality, however, the complexity of the system can further be increased by

protein-protein interactions. For instance, a protein in complex with a micelle may bind another

neighbouring protein in complex or the protein might self associate and bind more detergent

molecules. In that case, the diffusion of the PDCs would be slowed due to their larger size. Hence,

the translational diffusions of the species in many component system can give important clues. I

was therefore particularly intrigued to investigate the behaviour of rSP-B in DPC/SDS micelles.

Typically, micelles have sizes that range from 2 to 20 nm [44]. As such, due to their short

rotational correlation times, micelles present an ideal system to study biological molecules with

conventional liquid state NMR [45]. A study by Manzo et al. [35] has reported a DLS diameter

size of 4.3 ± 0.9 nm for DPC/SDS micelles. Considering that a biological bilayer in the liquid

crystalline state has a bilayer thickness of ≈4 nm [46], DPC/SDS micelles can be a good model

for membrane proteins. Hypothetically, a protein-detergent complex of 4-5 nm is small enough to

tumble in solution on a time scale such that liquid state NMR can provide structural information

to construct a 3D model. Nonetheless, it is noteworthy to stress that SP-B is not a transmembrane

protein hence the interaction of SP-B with lipid bilayers or micelles could be significantly different

from that of integral membrane proteins. Particularly considering the fusogenic and lytic nature

of SP-B [40], it is possible that the shape and size of DPC/SDS micelles may change considerably

when binding rSP-B. DLS, despite some of its limitations, is non-invasive and thus particularly

suited to monitor protein oligomerization and aggregation.
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DLS size measurements of the rSP-B/DPC/SDS system display polydisperse distributions

with modal particle sizes of ≈4, 70 and 400 nm (Figure 3.4). While the CD spectra of the same

sample shows percent helicity comparable to native SP-B, it is not clear if rSP-B lies in some or

all of the ≈4, 70 or 400 nm complexes seen by DLS.

The first population with a diameter size of 4.1 nm is quite similar to the DLS size reported

for DPC/SDS micelles (4.3 nm) in phosphate-buffered saline by Manzo et al. [35]. A general

assumption is that a micelle can only accomodate a single peptide [47]. For small proteins, the

PDCs look more like a protein embodied within a micelle, whereas, for bigger proteins, the

detergents shields the proteins by surrounding them [46]. Assuming an aggregation number of

50 for DPC [48, 49] and 62 for SDS [50] micelles, at room temperature, the molecular masses

of the micelles of each surfactant can be calculated to be ≈17.5 kDa. According to Sikorska et

al. [36], the addition of SDS only slightly affects the size of DPC micelles. Thus, the molecular

mass of DPC/SDS micelle can be roughly estimated to be between ≈18-19 kDa. According to

Garcia et al. [51] the hydrodynamic diameter of globular proteins can be calculated from their

atomic structure. Similary, Langer et al. [52] have also shown that the hydrodynamic diameter of

proteins can be calculated in angstroms precision. For instance, the hydrodynamic diameter of

ubiquitin (8.5 kDa), as calculated by these methods, gives a size of 3.2 ± 0.2 nm. Likewise, TNFα

(17.5 kDa), demonstrates a hydrodynamic diameter of 4.4 nm using both methods. Extrapolating

these data to SP-B monomer (8.7 kDa) or dimer (17.5 kDa) therefore roughly gives an expected

hydrodynamic size range of ≈3-4.5 nm. The fact that DPC/SDS micelles only demonstrate a

hydrodynamic diameter of ≈4 nm by DLS, also gives a clue that the integration of an rSP-B

monomer or dimer into a DPC/SDS micelle is only expected to increase the DLS size of the

complex by a small amount. Of course, such an assumption is only vague and should be taken

with caution as it is dependent on a numbers of factors such as the shape of the protein and the

complex, the oligomeric state of the protein and hence the numbers of detergent micelles that

associate with the protein as well as any form of attractive or repulsive interaction between the

complexes. The same data can also be viewed in terms of the translational diffusion constant

(Dt). The Dt calculated for the micelle-sized species, 8.51 × 10−11m2sec−1 (Table 3.2, best fit),

is similar to the self-diffusion NMR results for DPC micelles reported by Sikorska et al. [36] and

Kallick et al. [49] to be 10.69 × 10−11m2sec−1 and 9.17 × 10−11m2sec−1 respectively. The fact

that the calculated Dt for DPC/SDS micelles is quite similar to that of pure DPC micelles, and

considering the 4.3 ± 0.9 nm DLS size of pure DPC/SDS micelles in PBS buffer reported by

the Manzo group [35], suggests that the 4.1 nm (modal size) or the 5.1 nm (Table 3.2, best fit)
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particles in the rSP-B/DPC/SDS system may not have protein associated with them. It could

be that these species are DPC/SDS micelles that are freely diffusing in solution. But still, such

an assumption is inconclusive and needs further work.

The other larger size complexes detected by DLS at ≈70 and 400 nm were better resolved

in some samples than others (Figure 3.4), but two populations consistently show in all of the

samples in these size ranges. Likewise, the ACF generated by the automated software shows two

decay rates consistent with two distinct sub-populations (Figure 3.5, second and third arrows).

Not only that but also the manual fit to the ACF using equation 3.14 as shown in Figure 3.9

also demonstrates two particle sizes of 104 nm and 319 nm diameter that diffuse with speeds of

4.2 × 10−12 m2sec−1 and 1.37 × 10−12 m2sec−1 respectively (Table 3.2, best fit). Moreover, NTA

size measurements of rSP-B/DPC/SDS complexes also exhibit diffusion coefficients comparable

in magnitude to these subpopulations observed by DLS, e.g. 3.8 × 10−12 m2sec−1 with a modal

size of 125 nm. For polydisperse sample such as this, NTA provides the advantage of tracking

individual particles, allowing for better definitions of the sizes present [27]. While, NTA cannot

detect particle sizes as small as micelles (≈4 nm), it did indicate that most of the remainder of

the particles were between modal sizes of 120-200 nm (Table 3.3).

To add more, DLS size measurement of rSP-B in methanol exhibits a Z-average diameter

of 495 nm and Dt of 1.61 × 10−12 m2sec−1 (Table 3.4) after being filtered with a 200 nm pore

filter. Although the viscosity of the solvent, sample concentration, and particle shape affect the

diffusion coefficient, the Dt in methanol, has a similar magnitude to the Dt obtained from fitting

the bigger bimodal DLS distribution or to that obtained for an individual complex by NTA.

Because of the non-micellar nature of the methanol system, one can contemplate that the protein

could lie in the bigger bimodal population in the DPC/SDS system as well. Nonetheless, it should

be taken into account that the difference in the solvent system could have profound effects on

the Dt. Hence, assuming the protein has similar size in different surroundings based on the Dt

could be inaccurate. Yet another way of interpreting a multicomponent and polydisperse sample

is to look at the volume and number PSD, which provides information on the relative abundance

of the species with respect to each other in the suspension.
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The bulk of the rSP-B/DPC/SDS system is predominantly micelle-sized (Figure 3.6). The

number distribution shows the numbers of particles in the bulk solution that have similar size,

whereas the volume distribution is signature of particles that are likely to have similar shape

and size. Thus, the good agreement between the number and volume distributions suggests that

the micelle-sized particles are monodisperse and likely with similar shape. These data support a

well orchestrated formation of micelles that have similar aggregation number. In addition, the

same data also indicate that the micelle-sized population are numerous relative to the bigger

particles observed in the intensity distribution (Figure 3.4). To test which populations contained

the protein, the size of rSP-B/DPC/SDS solution was measured as a function of buffer salt,

pH, reducing agents, and temperature. Preliminary data showed that the micelle-sized paricles

are unaltered within the physiological condition and at conditions suitable for solution NMR

measurements. The broader distribution, with particle sizes of 70 and 400 nm, however, was

found to vary based on conditions. It could be that the PDCs in these population are stabilized

by networks of weak interactions that are prone to alteration. Nonetheless, as micelles are also

affected by pH, salt, and temperature as proteins are, an experiment like this may not precisely

answer for the presence or absence of the protein within the micelles. However, it was noticed

that at extreme acidic or basic pH, and high salt, the micelle-sized particles are not observed in

the DLS size measurements. Still, the possibility that some rSP-B also lies in the micelled-sized

population could not be overruled. If, however, there is no protein in the micelle-sized populations,

the freely diffusing micelles are just debris that may interfere with downstream processing [53,

54], and may also interfere with protein quantification [53]. What is more, after stabilizing a

protein with a detergent(s), it is recommended to remove the excess detergent to increase sample

homogeneity. This is specially important for structural biology [54]. One way of removing the

free micelles is by dialysis. Since some detergents or detergent micelles are non-dialysable [55], it

was also interesting to investigate whether DPC/SDS micelles are dialysable. If so, the dialysate

can then be analysed on its own.

Dialysing the rSP-B/DPC/SDS sample with a 1 kDa MWCO tubing removes the micelles-sized

particles from the bulk of the solution (Figure 3.7A). Thus, considering the size of an rSP-B

monomer (8.7 kDa), which cannot pass through a 1 kDa membrane pore, we can conclude that

these species have no protein associating with them. This observation also suggests the protein

must be in the populations with size much larger than a single micelle. A hypothetical model of

monomer-micelle equilibrium is shown for DPC/SDS mixed micelles in Figure 3.18. According to

the study by Manzo et al. [35], DPC and SDS molecules are in fast exchange between the bulk
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and the mixed micelles in solution. The result is a rather quick relaxation process (τ1), on the

time scale of microseconds [56]. In addition, micelles themselves are spontaneously forming and

disintegrating [57], which is a rather long relaxation process (τ2), on the time scale of milliseconds

and it is the rate limiting step of micelle formation and dissolution [56]. Hence, dialysis must

be disrupting the equilibria between the monomer unit in the bulk and within the micelles.

Extensive dialysis therefore likely leads all the micelles to disintegrate and diffuse. Ideally, only

the detergent molecules/micelles tightly bound to the protein remain. The detergent, SDS for

instance, tightly binds cationic molecules such as rSP-B and in such case the bound SDS may not

be removed by dialysis. Thus, an important question is whether these big complexes retain the

expected secondary structure of the protein after dialysis and how dialysis might have affected

the size and translational diffusion of the particles. To investigate that the dialysate was further

analysed by DLS and CD.

The dialysate demonstrated well formed and homogeneous PDCs that tumble slowly. After

dialysis, DLS size measurements showed a homogeneous population (Figure 3.7B) and CD showed

native-like protein secondary structure (Figure 3.14). The ACF (Figure 3.10C, best fit) fits very

well with a single exponential function (equation 3.13). The PDC were calculated to have sizes of

448 nm and Dt of 9.75 × 10−13 m2sec−1 (Table 3.2, best-fit). These data support big PDCs that

diffuse an order of magnitude more slowly than the slowest diffusing complex prior to dialysis.

A potential reason for the improved homogeneity is considered to be due to the removal of the

monomer units of the surfactants and the micelles. However, the reason why the bimodal trend

of the subpopulations changes is not precisely clear. Generally, however, it can be taken to be

because of the change in the dynamics of the complexes. The PDCs leverage more space to

diffuse freely without being hampered after dialysis. This creates better chance for the PDCs

to come to close proximity and associate. Hence, the larger size of the PDCs may implicate

the presence of higher assemblies probably driven by protein-protein interactions. The correct

secondary conformation could suggest the protein is likely in the functional form. Thus, it can

be argued that such complexes are well defined oligomers, rather than non specific aggregates.

In addition, the increased homogeneity and uniform Dt, suggests that oligomerization of SP-B

may be a consequence of specific protein-protein or protein-detergent interactions rather than

random nonspecific interactions. Although some trimeric and oligomeric forms of SP-B have

been reported, many studies have found that SP-B mostly arranges as a homodimer [58–60].

Assuming a dimer of rSP-B forms in DPC/SDS, then, higher order oligomeric arrangments could

be possible. Notably, a supramolecular arrangement of SP-B has been suggested for native SP-B
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in the zwitterionic detergent CHAPS [61]. The other possibility is that rSP-B promotes fusion of

DPC/SDS micelles, similar to that observed for native SP-B and phospholipid vesicles [40]. In

such a case, the shape of the PDCs changes, which also increases the size. Moreover, it is also

important to consider that a higher order oligomer of the protein could bind more micelles, which

also increases the size of the complex. To test this hypothesis (i.e. if there is supramolecular

arrangement of rSP-B complex with detergents), the rSP-B suspension in methanol and the

dialysate of DPC/SDS were filtered with same filter pore (200 nm) and analysed.

The PDCs of the rSP-B/DPC/SDS dialysate are larger in size than the rSP-B suspension in

methanol. It was found that rSP-B in methanol exhibits similar CD spectra before and after

filtering. Also, filtering does not reduce DCR very much relative to DCR for the non-filtered

sample (Table 3.4). Conversely, for the rSP-B/DPC/SDS, filtration reduces the concentration

of the protein in the filtrate to a greater extent. Likewise, the DCR of the dialysate decreased

significantly after filtering (Table 3.1). More importantly, the secondary conformation of rSP-

B/DPC/SDS was destabilized by filtration when measured by CD (data not shown). These

observations suggest that, while a susbstantial part of the rSP-B suspension in methanol is small

enough to pass through the filter pore, the rSP-B/DPC/SDS complex is not. This makes sense,

because according to DLS (Figure 3.16), rSP-B in methanol before filtering had a component at

164 nm, which should pass through the 200 nm filter. On the other hand, the volume, number

and intensity size measure of the rSP-B/DPC/SDS dialysate is well above 200 nm (Figure 3.7B),

≈450 nm according to the best fit. Thus, despite showing similar secondary structure, rSP-B

exhibits different sizes in these two environments. Due to the harsh nature of organic solvents,

methanol, although known to stabilize the secondary structure of proteins, may also disrupt weak

protein-protein interactions between subunits [61, 62]. Thus, it could be that weak protein-protein

interactions are the main reason for the bigger PDCs. These results could therefore suggest that

the quaternary structure of SP-B could form better in detergent environments than in organic

solvents.

For reasons mentioned in chapter two, it was difficult for us to get native SP-B to use as a

positive control. Reconstituting purified animal SP-B into 0.2% DPC/SDS and performing the

same experiment would have been good to compare the behavior of recombinant SP-B to the

native SP-B in DPC/SDS micelles. Although it should be noted that even for native SP-B, the

structure and function have been shown to be highly sensitive to how SP-B is extracted from

lung surfactant [61]. Experiments presented in this chapter are repeated a minimum of three
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times. Results were found to be consistent with samples taken from different isolates as well as

aliquots taken from the same samples.

In conclusion, rSP-B exhibits a larger size than what is expected for an rSP-B dimer in

0.2% DPC/SDS (9:1). A protein-detergent complex of such size is expected to lead to spectral

broadening with conventional solution NMR and has been limiting the NMR work so far. . Either

further optimization of rSP-B/DPC/SDS system is required or other appropriate techniques must

be pursued to get sensible structural data. The functional aspect of rSP-B in lipid environment

will be discussed in the next chapter.
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4.2 Background

This chapter presents the functional testing of rSP-B with the Langmuir-Wilhelmy Balance

(LWB) using DPPC/DPPG (4:1) and DPPC/POPG (7:3) membrane models. LWB was used

to measure the pressure-area compression isotherms of major lung surfactant phospholipids

with and without rSP-B. The two dimensional isothermal bulk compressibility modulus was

then computed from the slope of the measured pressure-area isotherms. The ternary lipid mix

of DPPC/POPG/PA (68:22:8 wt/wt/wt) is also discussed as it relates to synthetic exogenous

surfactant preparation. There are many techniques for measuring the surface properties of lung

surfactants. In order to understand the strengths and weaknesses of these methods, it is important

to have some background on how surface activity can be quantified. The main techniques for

assessing the surface properties of monomolecular films are the Langmuir-Wilhelmy balance,

pulsating bubble surfactometry (PBS) and the captive bubble surfactometry (CBS).

LWB (Figure 4.1) is the classical model standardized in the late 1950s by John Clements

when he was working on his pioneering study on lung surfactant [1]. Since its first use, the

technique has been frequently used to study the rheological behavior of amphiphile molecules

spread at the air-water interface. The advantage of it is that it can generate precise surface

pressure (Π)-surface molecular area (A) isotherms, as one can control the number of molecules

spread on a known surface area. What is more, LWB, can easily be coupled with other techniques

such as microscopy and spectroscopy [2]. As such, LWB is practically useful to investigate the

topography of water insoluble monolayers in situ or via depositing a film on solid substrates

using the Langmuir-Blodgett (LB) technique. Over the years, combination of LWB with different

techniques has provided invaluable information on monolayer topography, domain formation and

segregation, molecular orientation and composition, as well as electrical surface potential. With

respect to surfactant science, for example, LWB provided important insight into how multilayers

protrude from the surface layer in a pressure dependent manner [2, 3].
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Figure 4.1: A typical depiction of the Langmuir-Wilhelmey surface balance. The Langmuir-Wilhelmey
surface balance is characterized by a trough (white area) onto which the film spread, two moving barriers
(the two white rods at each end), the pressure sensor at the center of the trough and a temperature sensor
located at the far right. The box covering ensures resistance to shake and fluctuation to temperature.

The LWB employs a Teflon trough onto which the film is spread, adjustable moving barriers

at either end of the trough to compress the film, and a transducer to measure the surface pressure

of the monolayer. The surface area available to a monolayer of an insoluble amphiphile molecule

at the air-water interface is reduced by moving the barriers so they are closer together, normally

at a constant temperature.

Compression leads to an increase in the surface pressure, Π, and reduces the normal surface

tension of water (72.8 mN/m), Υo, down by an amount equivalent to Υ, which is the minimal

surface tension achieved in the presence of surface active molecules [4], according to

Π = Υ0 − Υ, (4.1)

where Π is the surface pressure, Υo is the surface tension of pure water, and Υ is the surface

tension attained in the presence of surface active amphiphile molecule.

The surface pressure can therefore be defined as the change in surface tension as a function of

mean molecular area available to the molecules spread at the air-water interface. The interfacial
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tension is dependent upon the composition of the bulk solution, the surface pressure, and

temperature [5]. Surface tension can be precisely quantified by measuring the change in weight

when a thin, smooth, plate or rod comes in contact with a liquid. The contributing forces are the

combination of buoyancy and the force of wetting (f ), with gravity remaining constant [6]. The

wetting force, f, is given as

f = γPcosθ, (4.2)

and the total contributing force, F, thus becomes

F = γPcosθ − V∆ρg, (4.3)

where γ is the surface tension, P is the perimeter of the contact line, θ is the contact angle, V is

the displaced volume, ∆ρ is the density difference between the air and the liquid and g is the

gravitational acceleration.

At a contact angle of zero, cos(0) = 1, therefore, complete wetting of the plate/rod happens

and the surface tension becomes directly correlated with the measured force. The Wilhelmy

balance is an ideal system to quantify liquid surface tension using a rod of a known perimeter.

LWB might suffer from film leakage, which may decrease the calculated mean molecular

area by some margin and may also prevent the film from reaching minimal tension. A number

of studies reported that leakage starts to occur at a surface tension, γ of ≈18 mN/m, which

corresponds to a surface pressure of ≈54 mN/m [2, 7, 8]. According to Prokop et al. [7] at such

high surface pressure, surface active amphiphile molecules start to escape from the interface and

spread onto the trough, wetting the walls and the barriers, thereby stabilizing the interfacial

film. Leakage can occur both above and below the air-water interface and at the barriers. Some

counteractive measures to prevent leakage are the continuous dam type ribbon trough and the

use of tightly fitted barriers [9]. A study by Tabak et al. [10] reported that the use of ribbon

barriers is freer from leakage artifacts and could give better Π-A cycling isotherms. Another

challenge is that due to its open set up and larger film area than alveoli, LWB may not truly

mimic in vivo conditions of respiration and realistic fast dynamic compression and expansion

cycles could be difficult to attain. To this end pulsating bubble surfactometry (PBS) and captive

bubble surfactometry (CBS) could better mimic an alveolus as both of these techniques uses an

air bubble to closely simulate the air sacs.
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PBS uses a capillary tube inserted into a chamber that contains ≈20 µl of surfactant to

be tested. The capillary tube is used to create an air bubble inside the chamber by drawing

air from the atmosphere [11]. CBS, on the other hand, seals a bubble inside a chamber filled

with surfactant liquid by using a hydrophilic sealing material hence CBS alleviates leakage

by preventing surfactant from escaping [8]. Although both methods better mimic an alveolus

and provide fast cycling isotherms with minimal sample, these techniques also face important

drawbacks. First, like LWB, PBS is also an open set up, which implies that the system is exposed

to atmospheric pressure and hence can also suffers from film leakage, i.e. surfactants escape from

the bubble into the capillary tube. Secondly, the surface tension (Γ) in PBS, is calculated from

the Laplace equation using equation 4.4 by assuming spherical bubble. The Laplace equation is

P = 2Γ/R, (4.4)

where P is the pressure and R is the radius of the bubble during oscillation. Comparing the P at

the maximum and minimum radii provides ∆P, the pressure gradient.

The shape of the bubble, however, may not always be spherical, for example, when the Γ gets

near 1 mN/m, the gravitational force becomes important and compromises the bubble shape [12,

13]. In addition, during rapid pulsating and at low surface tension, the shape of the bubble is

further deformed [14, 15]. To avoid shape deformation, film compression in PBS must be fixed to

only about 50% area reduction of the bubble [2], which makes it difficult to fully characterize

surface rheology. CBS, on the contrary, allows a wider range of film areas and prevents surfactant

leakage due to its closed setup [16]. Nonetheless, it too has some disadvantages. Unlike LWB,

surface tension and the bubble area are coupled in CBS. During compression, the bubble area

diminishes, which reduces the surface tension. At the same time, the smaller surface tension

also tend to increase bubble area. Another disadvantage of CBS is that data analysis relies on

monitoring the change in shape of the bubble that is freely diffusing in the chamber, which

is cumbersome. CBS is also concentration dependent, i.e. surfactant concentration must not

exceed ≈3 mg/ml when studying adsorption kinetics as that hampers measurement due to

optical limitations [2]. Finally, unlike LWB, coupling CBS or PBS with other techniques such as

microscopy is difficult, and hence, the content and concentration of surfactant recruited at the

air-water interface can not be known precisely [17]. Hence, the phase composition or topology

of surfactant cannot be studied by these methods. That being said, however, all of the in vitro
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methods discussed here are suitable to characterize the three prominent biophysical features

of LS, i.e. rapid adsorption, low surface tension during compression, and fast spreadability of

the film upon expansion. It is a matter of desired features and degree of accuracy required that

motivate the choice of one over the other. With these caveats in mind, we found LWB to be one

informative technique to test the function of rSP-B in vitro. To fully appreciate and interpret

LWB data, in the context of lung surfactant, it is also necessary to further discuss the mean

molecular area (MMA), Π-A isotherm and the two dimensional isothermal bulk compressibility

modulus (β) of Langmuir monolayers.

The MMA, also known as area per molecule, is defined as the total effective area of the

spreading surface divided by the number of molecules that are spread on the surface [18]. For

systems that follows the additive rule, at a given surface pressure, the MMA occupied by two

immiscible molecules are additive as follows:

A12 = A1χ1 +A2χ2 , (4.5)

where A and χ are the area and mole fractions of each pure component in the system.

Deviation from the additive rule indicates miscibility and non-ideal behavior between the

constituent molecules. Immiscible films exhibit distinct collapse pressures, specific to each pure

component in the system. On the other hand, miscible monolayers have one collapse pressure.

Thus, non-micible films can be distinguished from miscible ones by the different collapse pressures

they exhibit, that is, the surface pressure at which each component in the system collapses

irreversibly.

The interaction effect of mixed monolayers can also be deduced by calculating the excess

free energy of mixing (∆Gexcess) by using equation 4.6, at a constant surface pressure and

temperature, where negative values indicate an attractive interaction [19]. This free energy is

given by

∆Gex =
∫ Π

0
[A12 − (A1χ1 +A2χ2)]δΠ. (4.6)

The Π-A isotherm can be expressed in different units. Figure 4.2 shows a DPPC isotherm

expressed as the area occupied by the chains or molecules of DPPC. It can also be expressed as

an effective surface area of the trough or as percent area. The area occupied by the molecule is
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twice the area occupied by the chain for a two chain lipid.

Figure 4.2: Pressure-area isotherms can be expressed in different units. In this case, DPPC isotherm is
expressed in terms of area occupied by DPPC chains (black) or molecules (purple) and percent area (blue)
or surface area of the trough (green). The DPPC film (1 mg/ml) was spread on an ultra pure water
from 1:1 chloroform:methanol (v/v) solution. The film was allowed to stabilize for 10 minutes and the
pressure-area isotherm was recorded at room temperature. The isotherm was measured by me.

The mean molecular area (MMA) can be computed according to the equations below:

MMA = effective area of the trough (cm2)
number of molecules spread , (4.7)

number of molecules spread = weight spread (g)
molecular weight of sample (g/mole) ×NA, (4.8)

weight spread = volume spread (liters) × concentration (g/liters), (4.9)

where NA is the Avogadro’s number (6.02 × 1023 molecules/mole). In case of binary or ternary

lipid mixtures, equation 4.5 should be considered in the calculation.
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The two dimensional compressibility modulus is the ability of the monolayer to withstand

mechanical stress. While bulk fluids are only slightly compressible, interfaces, on the contrary,

are quite compressible. The two dimensional isothermal bulk modulus, β, of a monolayer can be

computed by equation 4.10 [20],

β = −A(δΠ
δA

)T = A( δγ
δA

)T = 1/C, (4.10)

where β is the 2D isothermal bulk compressibility modulus of the monolayer, Π is the surface

pressure, A is the surface area, γ is the surface tension and C is the monolayer compressibility.

Large values of C or small values of β can therefore mean that the monolayer is relatively easy

to compress.

At a surface pressure or area where β → 0 or C → ∞ there will be a dip in the β-Π or β-A

isotherms [20, 21]. The minimum indicates a first order phase transition [22]. In the β-Π or β-A

plots, a minimum can therefore be seen when β → 0 or C → ∞. Practically, surfactant with

low compressibility, C, in the alveoli reduces the surface tension without much area reduction

of the air sacs. This allows a large volume of air to remain in the lungs for gas exchange [17].

Low compressibility is therefore a desirable feature of a good lung surfactant. As such, the

compressibility modulus of a film can be a good indication of the quality of a given surfactant.

To illustrate the surface activity data, as well as the relationship between the surface activity

and in vivo activity, it is useful to look at a DPPC monolayer. At a very large area per lipid

molecule, the monolayer spread on the trough is in a gaseous form where the molecules are

highly spread apart and have a high degree of freedom (Figure 1.7 and 4.2). In this state, the

hydrophobic acyl chains of the lipid(s) make extensive contact with water molecules, which is

an entropically disfavored phenomenon. This corresponds to the extreme right hand side of the

isotherms in Figure 4.2, with a surface pressure of 0. As the molecules are compressed, however,

the randomness decreases and the hydrophobic portion of the lipid molecules start to lift-off

the water surface and the surface pressure starts to increase. As such, this state is called a

liquid expanded (LE) phase, where the degree of freedom is more constricted and the molecules

are closer to each other than in the gaseous phase. The LE phase has a fluid character and

remains disordered for the most part. Further compression, therefore, leads to the first order

phase transition to the so called liquid condensed phase (LC). Here, the molecules are tilted

towards the water surface, and hence, this state is also referred as the tilted condensed phase.
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The LC phase is more ordered and less compressible than the LE phase. The plateau at the low

surface pressure of the isotherm on Figure 4.2 of DPPC Π-A isotherm represents the first order

phase transition and LE-LC coexistent region. At sufficiently high surface pressure, the LC phase

transition results in the more ordered solid (S) phase, which is a metastable state. In the S phase,

also known as the untilted condensed phase, the acyl chains are perpendicular to the interface

as they are closely packed to each other. This state is accompanied by a steep increase in the

surface pressure (Figure 4.2). Further compression beyond this pressure leads to the collapse

pressure (Πc), above which, the monolayer subjected to compression cannot stand the mounting

pressure and collapses. This is marked by the plateau at the top of the Π-A isotherm of DPPC at

≈72 mN/m. The Πc, therefore, determines the minimum surface tension for a given monolayer.

The higher is the Πc the better is the surface activity of the monolayer [4, 23, 24].

The simple DPPC/POPG (7:3) membrane system is a useful model to effectively mimic some of

the important biophysical characteristics of lung surfactant [25]. The mixture contains zwitterionic

PC and anionic PG head groups, as well as the disaturated, palmitoyl and the unsaturated,

palmitoyl-oleoyl acyl chains. DPPC films make islands of LC lipid domains surrounded by LE

phase at low surface pressure. At moderate and high surface pressure, the LC phase predominates,

which makes DPPC film quite incompressible [26, 27]. The addition of unsaturated phospholipids

to DPPC results in coexistence of LC and LE phases even at a relatively high surface pressure

[28]. In the DPPC/POPG system, for instance, above 20°C, POPG exists in the LE phase up to

its point of collapse, 48 mN/m [23, 29]. This makes the lipid mixture readily compressible at

physiological temperature. On another note, incorporating palmitic acid (PA) to DPPC/POPG

film has been shown to modify the mechanical properties of the DPPC/POPG monolayer [30].

Studies have shown that PA increases the order of DPPC domains in the condensed phase hence

increasing the solid portion of the monomolecular film at increasing surface pressure [31]. As

such, PA may have the ability to regulate the viscosity of the monomolecular film.

One parameter of particular interest to LS function is the equilibrium spreading surface

pressure (Πe). Πe is the surface pressure when phospholipid vesicles in the aqueous hypophase

reach equilibrium with the interfacial monolayer [2, 32]. In the alveolus, this happens at a Π of

≈45 mN/m or γ of ≈25 mN/m [33]. De novo adsorption and spreading of secreted surfactant or

clinical surfactants occurs at the Πe. It is therefore imperative that surfactant rapidly adsorbs and

spreads to reach equilibrium within a couple of seconds. A plateau at the Πe in the pressure-area

isotherm is a clear mark of this. Above Πe, monolayers are in a state of supersaturation and only
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lateral compression brings about higher Π.

In general, lipid films containing surfactant proteins exhibit four distinct regions on their Π-A

compression isotherm (Figure 4.3): I) monolayer regions, 0 6 Π 6 40 mN/m, II) monolayer to

multilayer transition region, 40 6 Π 6 50 mN/m, III) multilayer region, 50 6 Π 6 70 mN/m

and IV) the collapse region, 70 6 Π 6 72 mN/m [25].

Figure 4.3: A generalized sketch of the pressure-area isotherm of lung surfactant lipids plus the small
hydrophobic proteins. The pressure-area isotherms of lung surfactant lipids can generally be divided into
four main different regions in the presence of the small hydrophobic proteins in vitro. The monolayer
region, the monolayer to multilayer transition region, the multilayer region, and the collapse region.

The metastable region (50 6 Π 6 70 mN/m) of LS, is probably the physiological relevant

range. This was corroborated by Schurch et al. [34], who measured surface tension in excised rat

alveoli at total lung capacity and demonstrated that the surface tension in alveoli cycles between

0 to 30 mN/m, i.e. Π of 40 to 70 mN/m. In contrast, the collapse region probably is non-ideal in

mammalian lungs as it is not energetically favourable but if it occurs, it is probably transient

at end-expiration [25]. The detailed mechanism for how this is achieved in vivo is not clearly

understood. A large body of data indicates that SP-B and SP-C contribute to the stabilization

and maintenance of lipid films at the interface in the metastable region. It has been shown,

by in vitro and ex vivo experiments, that the two proteins interact with lipid molecules at the

interface to promote lipid rearrangement and phase changes. SP-B in particular, as discussed

in the introduction, happens to be essential to life. The effect of SP-B in vivo has also been

explained with respect to the line tension and dipole density of the monomolecular film.
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SP-B increases the line tension and dipole density difference between lipid phases within the

monomolecular film [20]. Line tension, which is the energy per unit length, arises when the edge

of a monolayer or a liquid droplet contributes an extra positive or negative energy to the total

surface energy. The dipole density, on the other hand, is the charge accumulated in surfactant or

lipid headgroups of a monolayer within domains that leads to a difference in surface potential

between domains of coexisting phases [35, 36]. The line tension between domains and the dipole

density difference between phases are two opposing forces that govern the size and distribution

of lipid domains at equilibrium [37, 38]. Because SP-B increases the line tension and dipole

density, lipid domains that form in the presence of SP-B are smaller in size and monodisperse

[39]. Consequently, monolayers with SP-B present are able to reach Πe faster and with lesser

area reduction than films without SP-B. The 2D bulk compressibility modulus also increases in

the presence of SP-B up to the squeeze-out pressure [20].

The interaction of the proteins with the lipids have also been studied in vitro extensively.

In mixed PC/PG layers, SP-B and SP-C were found to preferentially interact with and order

the acyl chains of PG when used in the physiological amount, that is, 1-2 wt%. No preferential

interaction between SP-B/C and PC were observed. PC and PG thus appear to be affected

differently by the two proteins [40]. SP-B, however, is superior to SP-C in helping the layer to

reach the equilibrium spreading surface pressure quickly as well as in recruiting and packing of

LS lipids at the interface effectively [41]. The combined use of SP-B and SP-C was found to

be more efficient than either one of the proteins alone. This suggests synergism between the

two hydrophobic proteins. The composition of the monomolecular film, therefore, reflects on the

ability to sustain the film on repeated cycles as it would happen in the alveoli.

Overall, the currently accepted explanation is that monolayers containing surfactant protein(s)

undergo reversible folding, where squeezed multilayer patches form surfactant reservoirs that

replenishe the interface upon film expansion [42]. Readsorption of the protrusion mass into the

monolayer has been shown to occur below the LC-LE phase transition pressure of the lipid(s)

at the interface on the expansion cycle, for example ≈30 mN/m in case of DPPG film at 30°C

[43]. Apparently, this expansion plateau was not observed for films containing only SP-C in

captive bubble experiments [41], which further underlines the necessity of SP-B for promoting

film replenishment. This observation also further emphasizes that the content of the film matters.

As clinical surfactant preparations differ in composition (i.e. surfactant proteins (SP-B or SP-C),

phospholipid, cholesterol, and additives) they also vary in dose and frequency of administration.
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Nonetheless, it was apparent that, during in vitro characterization of clinical surfactants, Curosurf,

Survanta, Infasurf and BLES all exhibit a plateau region between surface pressures of 40 to 50

mN/m on compression, indicating a 2D to 3D transition that stems from the LE phase [25].

Moreover, all but Survanta were found to support near zero surface tension. Survanta, however,

collapses at 62 mN/m. In essence, a good LS should be less compressible and able to reach

minimal surface tension quickly with a small area reduction (≈15 to 20%, in vivo) leaving a large

volume of air and enough space for gas exchange [17]. In this chapter the objective is to assess

whether rSP-B possesses the requisite biophysical features of good LS protein when incorporated

into simple LS lipids in vitro.
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4.3 Materials and Methods

Surface pressure-area isotherms were recorded using a Kibron MicroTrough XS (59 mm X 208 mm,

Helsinki, Finland) using both a ribbon-trough and micro-trough plates that were controlled by

software version 3.6.1. All lipids used were purchased from Avanti Polar Lipids. The model lipids

were mixed weight by volume to a final concentration of 1 mg/ml in 1:1 chloroform:methanol

(v/v). 10 µl of the lipids in chloroform:methanol (1 mg/ml) were added drop-wise to ultra pure

water (18.2 MΩ) using a microsyringe (Hamilton, NV, USA) from the air side, unless stated

otherwise.

Recombinant SP-B was prepared as per section 2.2.4 with exchange into the lipid mix of choice

(lipid concentration 1 mg/ml) while the protein was on the second stage of IMAC resin. The

protein was eluted by pH gradient and was quantified using the Bradford assay. An appropriate

volume of the eluted protein and lipid sample was taken from the stock to make the desired

final rSP-B concentrations (2, 4, 6, 8 and 10 wt% of the protein per 1 mg/ml of the lipids:

as the physiological in vivo SP-B concentration is close to 2%, measuring a range of rSP-B

concentrations will help assess the functionality of the protein) in 1:1 chloroform:methanol (v/v)

solution. To ensure proper mixing, the aliquots were gently and briefly shaken. Ten µl of the

sample (protein with the lipids) was spread from the air side drop-wise using a microsyringe in

the same manner as was done for lipids alone. A minimum of 10 minutes was given for the organic

solvent to evaporate and the film to stabilize. The change in surface pressure was monitored by

the sensor (0.2 microgram resolution and sensitivity 0.01 mN/m). To ensure a contact angle

of zero, the dyneprobe (perimeter of 1.60 mm and mass of 10 mg) was cleaned with ethanol

and flamed in between measurements. All measurements were taken at ambient temperature

and the rate of film compression was adjusted as required. Filtering and smoothing of the two

dimensional isothermal bulk compressibility modulus of the Π-A isotherms were done using the

built-in functions of IGOR Pro 7 (Wavemetrics, Portland, Oregon).
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4.4 Results

Before testing rSP-B in lipid models, I measured the Π-A isotherms of lung surfactant phospho-

lipids and confirmed that the isotherms behave as reported in the literature. However, it is also

imperative to note that without the added stabilization of the film material due especially by

the two small hydrophobic proteins, SP-B and SP-C, lung surfactant lipids lose film material

on repeated compression. The isotherms presented herein are only the first Π-A compression

isotherms. All of the first Π-A compression isotherms recorded were found to be reproducible

between repeated measurements i.e for freshly applied sample.

The Π-A isotherms of the LS lipids are shown in Figure 4.4. The results indicate that DPPC

reached a surface pressure of 72 mN/m while DPPG reached ≈60 mN/m, whereas the unsaturated

lipids, POPC and POPG, both reached a surface pressure of ≈48 mN/m. The lift-off, which is

the area where the surface pressure starts to increase, for both saturated and unsaturated PC,

occurs at a larger mean molecular area than for PG. DPPC lifts-off at a MMA of 130 Å2 and

POPC at 140 Å2. Likewise, DPPG lifts-off at a MMA of 80 Å2 and POPG at 110 Å2. At ambient

temperature, only DPPC exhibits a plateau below a surface pressure of 10 mN/m, between MMA

of ≈110 to 80 Å2. According to the literature, the plateau corresponds to the LE-LC co-existent

phase [21, 22, 44].
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Figure 4.4: Lung surfactant phospholipids exhibit distinct pressure-area isotherms. Panel A to D are
isotherms of DPPC, DPPG, POPC and POPG respectively. Films were compressed at room temperature
and on ultra-pure water sub-phase at a speed of 2 cm2/min. Measurements were repeated and the first
measurements were found to be reproducible between samples and across batches. The first and second
isotherms of all lipids samples however show hysteresis, consistent with irreversible loss of sample.
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The same data can also be presented as the 2D bulk compression modulus (β), which is a

measure of the incompressibility of the film and emphasizes regions of the compression isotherms

where the surface pressure isotherms change quickly. The 2D bulk modulus was calculated

from the slope of the pressure-area isotherms for each LS lipid presented in Figure 4.4 as per

equation 4.10. The 2D bulk moduli of the LS lipids are shown in Figure 4.5 as a function of

mean molecular area and in Figure 4.6 as a function of surface pressure.

Figure 4.5: Lung surfactant phospholipids exhibit characteristic isothermal surface bulk moduli. The 2D
bulk modulus of each isotherm shown in Figure 4.4 is plotted against the mean molecular area. The
highest bulk moduli are observed for the saturated lipids, DPPG and DPPC. The unsaturated lipids,
POPC and POPG, on the contrary, display lower bulk moduli. The minimum between MMA of ≈110 to
80 Å2 of DPPC corresponds to LE-LC co-existence plateau observed in the pressure-area isotherm.

The co-existence region, which is the surface pressure or the molecular area where the LE-LC

phases of DPPC molecules co-exist together, is apparent in the local minimum on the DPPC

β-A graph (Figure 4.5A) between ≈110 to 80 Å2, as well as by the dip at a surface pressure of

≈8 mN/m in the β-Π plot (the green line) in Figure 4.6. DPPG with a maximum β of ≈160

mN/m is stiffer than DPPC with a β of ≈120 mN/m. Both of these lipids reached their maximal
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compression moduli at a surface pressure of ≈43 mN/m or MMA of ≈50 Å2. As the surface area

was further decreased, the monolayers of these lipids relax. The phenomenon is apparent in the

bulk modulus plot as the β decreases on further compression. Such relaxation is attributed to

the transition of the film from a 2D monolayer to 3D aggregates possibly via a nucleation and

growth mechanism. Both films eventually collapse at a sufficiently high surface pressure. On the

other hand, POPC reached its βmax at a larger MMA of ≈65 Å2 than POPG, which reached the

peak of its bulk modulus at a MMA of ≈45 Å2. Nonetheless, both POPC and POPG are most

incompressible at about the same surface pressure, ≈30 mN/m.

Figure 4.6: The 2D bulk modulus of each isotherm shown in Figure 4.4 plotted against surface pressure.
DPPG has the highest bulk modulus even though it has a smaller collapse pressure than DPPC.

As one of the model lipid mixtures used to test the function of rSP-B in this study is

DPPC/DPPG at a 4:1 molar ratio, I also measured the Π-A isotherm and calculated the β of

that lipid mixture. It was found that the DPPC/DPPG film also achieves near zero surface

tension similar to DPPC. Nonetheless, the film was observed to be incompressible at a larger

MMA of ≈75 Å2 as is shown in Figure 4.7B, as opposed to the films of DPPC or DPPG alone

that reached the same state at ≈50Å2 as shown in Figures 4.5A and B respectively.
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The βmax of DPPC/DPPG, 140 mN/m, is below that for pure DPPG and above that of pure

DPPC. All three films, however, reached βmax at a similar surface pressure, ≈43 mN/m. Next,

I added rSP-B to DPPC/DPPG lipid mix and probed the changes due to the presence of the

protein.

Figure 4.7: Pressure-area isotherm and the 2D bulk modulus of DPPC/DPPG (4:1) lipid mixture. Panel
A: Π-A isotherm of DPPC/DPPG (4:1). Panel B and C are the 2D bulk modulus plotted against the area
per molecule and the surface pressure respectively.

For the samples with the protein, rSP-B was exchanged into the desired lipid mix and eluted

with a lower pH. Before adding the lipids to the column, it was necessary to subject them to

five freeze-thaw cycles. Repeated freezing and thawing of the lipids will help to disintegrate the

large unilamellar vesicles into smaller vesicles so that the lipids do not plug up the column. After

exchanging into the desired mix on the column, the protein was eluted with the same lipid-mix

with the pH adjusted from 7.5 to a pH of 5.
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The addition of 2 wt% rSP-B to DPPC/DPPG shifts the isotherm to the right (Figure 4.8A)

as compared to the control, DPPC/DPPG (Figure 4.8B). The shape of the isotherm with rSP-B

is very different from the shape with DPPC/DPPG alone.

Figure 4.8: rSP-B induces a reproducible alteration of the DPPC/DPPG isotherm in between surface
pressures of 40 to 50 mN/m. Panel A: pressure-area isotherm of DPPC/DPPG/rSP-B (4:1:2 wt%), Panel
B: overlay of isotherms with and without rSP-B, Panel C: overlay of isotherms compressed at different
compression speeds and Panel D: overplot of a ribbon-trough and a micro-trough measurement.

Firstly, the mixture with the protein added, lifts off quickly and reaches the Πe at a large

area per lipid molecule when compared to either one of the DPPC/DPPG or DPPC films.

Secondly, with rSP-B present, there is an obvious inflection point at ≈90 Å2. Above this point,

the surface pressure largely levels off, with a linear, slight increase in surface pressure as the area

is decreased. This high pressure plateau is not seen in the lipid only scans at all. Excitingly, as

will be discussed in the Discussion section, 2 wt% of rSP-B may be facilitating the formation

of multilayer lipid structures beneath the interfacial layer in vitro [29, 39, 45]. The plateau was
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observed for repeated measurements (Figure 4.8B), i.e. for the first compression isotherm of

different protein preparations. The plateau was also apparent when the film was compressed at

different compression speeds. Figure 4.8C demonstrates the Π-A isotherm for compression at

rates of 14 cm2/min and 2 cm2/min with both displaying an inflection point at ≈90 Å2 and a

plateau at smaller areas. At the higher compression speed, there is a jump up to the maximum

surface pressure at ≈70 Å2. Moreover, the results were also repeatable with different troughs, for

instance, with a ribbon and a micro-trough of equal dimensions (both from Kibron) as shown in

(Figure 4.8D). These initial experiments showed very promising behaviour for recombinant SP-B.

The next step was to look at the same data from the point of view of the 2D bulk modulus.

DPPC/DPPG/rSP-B (Figure 4.9B and C) reached the maximum β at a larger MMA of 100

Å2 or at a lower surface pressure of ≈35 mN/m when compared with the lipid mixture that

reached the βmax at a smaller MMA of 70 Å2 or at a higher Π of 45 mN/m. Already at 45

mN/m, the monolayer with rSP-B has released the in-plane stress, perhaps due to growth of

3D aggregates. Put another way, the inverse of β, the compressibility (C ), of the film in the

presence of rSP-B is high at 45 mN/m. In vivo, this is the surface pressure at which the film at

the interface and in the bulk phase reach equilibrium and starts to spread [33, 46]. Conversely,

the lipid mixture without rSP-B, at the same surface pressure, is at its least compressible state

i.e. the peak of its β. Also evident in Figure 4.9D is that the film compressed at 14 cm2/min

(green line) did not show the same dip at 120 Å2 when compared to the film compressed at 0.4

cm2/min (black line). This may indicate the that the rate of film compression may affect the

phase behaviour of lung surfactant. To this end, an AFM study has shown that BLES compressed

at different rate shows different domain morphologies. The film compressed at high speed shows

many small nanodomains compared to the film compressed at a slow rate [47]. Phase equilibration

in monolayers occurs at a slow rate and hence faster compressions tends to disturb domain

morphologies more, before equilibrium is reached, than slow compressions [47]. The small kink

(marked by an asterisk) on the Π-A isotherm at ≈56 mN/m (Figure 4.9A, red line) or the sharp

dip (also shown in asterisk) in the bulk modulus of the lipid alone mixtures (Figure 4.9B, C and

D, red lines) is likely due to well characterized film leakage [2, 7, 8, 48]. To minimize this effect,

a ribbon dam type trough was used for measuring cycling isotherms.
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Figure 4.9: The effect of 2 wt% of rSP-B on the phase behaviour and lateral integrity of DPPC/DPPG
(4:1) film. Panel A indicates the pressure-area isotherm shifts to larger MMA until the Πe with rSP-B
present. Likewise, Panel B shows the film with rSP-B reach the incompressibility limit at the larger MMA
and before the Πe than DPPC/DPPG. Panel C displays the monolayer in the presence of the protein
(black) undergoes a phase change at a Π ≈13 mN/m (marked by the minimum of the dip at β ≈60
mN/m), which suggests that rSP-B insert into DPPC/DPPG film and affect its packing order. Panel D
demonstrates the rate of film compression may have an effect on the phase behaviour of LS lipids. The
dip observed at the MMA of ≈120 Å2(black) was not observed when the monolayer was compressed at
high compression speed (green line).
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The second lipid model I used to test the function of rSP-B, DPPC/POPG simulates some

of the biophysical features of LS better than DPPC/DPPG. Due to POPG’s fluid nature,

DPPC/POPG system is more suitable to study film refinement and reinsertion of LS [25]. Like

DPPC/DPPG, it was observed that DPPC/POPG (7:3) also supports a surface pressure of ≈72

mN/m (Figure 4.10A). The β-A/Π plots exhibits a plateau region between MMA values of 100-80

Å2 (Panel B) or Π of 13 to 23 mN/m (Panel C) respectively.

Figure 4.10: The pressure-area isotherm and bulk moduli of DPPC/POPG (7:3) lipid mixture. The β-A
and the β-Π plots depict a plateau that is not clearly reflected in the Π-A isotherm. In addition the data
indicate that DPPC/POPG (7:3) exhibits a lower maximum 2D bulk modulus than DPPC/DPPG (4:1),
which suggests that the former is more fluid and therefore more compressible than the latter.

It has been demonstrated that LS films compressed to a surface pressure ≥30 mN/m show

phase segregation, with a continuous LE phase surrounding islands of LC lipid domains [45]. The

plateau observed here in the β-Π plot suggests that squeeze-out of fluid PG starts to occurs as

early as a surface pressure of 13 mN/m and continues up to a Π of ≈23 mN/m. The βmax (110

mN/m) recorded for the DPPC/POPG film was at a MMA of ≈60 Å2 or surface pressure of

≈48 mN/m.
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To test the hypothesis that rSP-B stabilizes and promotes film reinsertion over repeated

compression and expansion isotherms, the cyclic pressure-area isotherms of DPPC/POPG film

were recorded with and without rSP-B. In the whole lung inspiration result in increase in total

volume and surface area of the alveoli and expiration causes a decrease of these. To derive useful

information from such changes in surface area, cyclic pressure-area isotherms are measured in

vitro. In this study, the same film spread was subjected to a number of cycling isotherms, i.e.

both the compression as well as the expansion Π-A isotherms were measured. The cycles were

then compared to each other and to that of the lipid-only control. For the film with rSP-B,

the plateau in the expansion curve at surface pressure ≈25 mN/m, as marked by the arrow in

Figure 4.11A, is particularly intriguing as it likely denotes that rSP-B promoted readsorption of

film material back into the interface.

Figure 4.11: Six wt% of rSP-B facilitates film readsorption when incorporated in DPPC/POPG (7:3) film.
Repeated compression and expansion pressure-area isotherms of DPPC/POPG/rSP-B film (Panel A) and
the lipid-alone film, DPPC/POPG (Panel B). Panel C and D indicates the reproducibility of the film
(DPPC/POPG/rSP-B) replenishment when subjected to more repeated cycles. The protein sample was
exchanged into the same lipid mixture (1 mg/ml) used as control. Both the protein containing sample
and the lipid-alone sample were spread at the air-water interface only once before recording the repeated
compression and expansion cycles.
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The plateau was not prominent in the lipid alone film (Figure 4.11B). More importantly,

the isotherms of rSP-B containing films does not show evidence of aging after repeated cycles.

(Figure 4.11C and D). On the contrary, the control displayed aging of the film, i.e. between the

first and last cycles measured (data not shown). Hence, rSP-B (6 wt%) must be facilitating film

readsorption when incorporated in DPPC/POPG (7:3) lipid membrane in vitro. The behaviour

of the rSP-B containing lipid films under cycling is very encouraging as SP-B has been proposed

to be critical in LS film replenishment during the expansion and compression breathing cycles

[41].

Another way of interpreting the same data is looking at the 2D isothermal bulk modulus of

the compression and expansion cycles. The 2D bulk modulus of cycle 5 of DPPC/POPG/rSP-B

is shown in Figure 4.12B and C.

Figure 4.12: Cyclic pressure-area isotherm (Panel A) and bulk moduli of DPPC/POPG/rSP-B (7:3:6
wt%) film expressed as a function of mean molecular area (Panel B) and surface pressure (Panel C). At a
mean molecular area of ≈50 Å2 and bulk modulus of ≈130 mN/m (LC phase), the monolayer, as can be
seen from the Π-A isotherm, reaches a collapse pressure of ≈61 mN/m. At this surface pressure the film
collapses, possibly by a reversible folding mechanism. Further compression increases the surface pressure
to ≈68 mN/m. On the expansion cycle, for a brief moment, the packing density is high with the 2D bulk
modulus as high as ≈260 mN/m, which is characteristic to solid (S) phase.
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The plateau with rSP-B present begins at a larger molecular area of 120 Å2 in Panel B or

smaller surface pressure of about 5 mN/m in Panel C. This is in contrast to the lipid-only film

with a plateau starting at 100 Å2 and a surface pressure of 13 mN/m (Figure 4.10B and C). This

illustrates that with rSP-B present, the squeeze-out starts early during compression and also

occurs over a large range of molecular area. Moreover, the observation could suggest that more

film material leaves the interface when there is rSP-B and hence indicate an ability of rSP-B to

refine lipid composition of the layer. At the surface pressure of 48 mN/m, which is the collapse

pressure of pure POPG, the bulk modulus in the presence of rSP-B (Figure 4.10C, black line)

indicates a slight dip. The increase in the β value from 108 to 130 mN/m in between the surface

pressure 48 to 55 mN/m could be due to the increase in the order of the acyl chains of the lipid(s)

at the interface on further compression.

At a surface pressure of ≈55 mN/m, the film reaches high packing order. The monolayer at

this point is incompressible and thus a further adjustment is necessary to counteract the increase

in surface pressure. Between the surface pressure of 56 and 61 mN/m, it can be seen that the

compressibility of the film increases, which demonstrates a modification within the film that

allowed relaxation of the monolayer. One possible explanation as to why the compressibility

increases with increasing surface pressure could be that the film buckles. A similar explanation

was given for DPPC monolayers where undulation of the film was reported to occur at a surface

pressure of 55 mN/m [49]. At ≈61 mN/m, the monolayer collapses reversibly (Figure 4.12A and

C, black lines). Although the surface pressure gradually increases to ≈68 mN/m upon further

compression, the film compressibility between the onset of the reversible collapse at 61 mN/m

and at 68 mN/m, before film expansion begins, remains nearly constant and high. To see if the

process is reversible, the 2D bulk modulus of the expansion cycle was also interpreted.
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On the expansion cycle (Figure 4.12B and C, green lines), the bulk modulus increases very

rapidly to a β of ≈260 mN/m, which is characteristic of a solid phase. Immediately after, the 2D

bulk modulus drops to a β of ≈10-15 mN/m, which is characteristic of a liquid expanded phase.

The surface pressure also drops quickly from 68 mN/m to ≈25 mN/m over a small area change

(Figure 4.12A and B, green lines). The rise and drop in the bulk modulus and the decrease in the

surface pressure are coupled and occurs very quickly. In laboratory settings, it happens within

2-3 seconds. Importantly, the highest 2D bulk modulus recorded on film expansion is nearly

at the same surface pressure that the film reaches the highest packing density on compression,

≈55 mN/m. The later and slower event is the reinsertion process of the protrusions that are

either associated with the interface or are in close proximity to the surface layer. This process

commences at a surface pressure of ≈25 mN/m (Figure 4.12C, green lines) or mean molecular

area of 42-58 Å2 (Figure 4.12B, green lines) and covers a wide area change. Evidently, this event

occurs when the monolayer is in the LE phase (β of ≈10-15 mN/m), which is in agreement with

the literature data. Likewise, this process also seems to unfold at a similar surface pressure to that

for which the squeeze-out of the lipid(s) was observed in the β-A and β-Π plots of the lipid-only

film as shown in Figure 4.10B and C. Overall, the results indicates that DPPC/POPG/rSP-B

(7:3:6 wt%) film releases lateral strain by two mechanisms: formation of protrusion before the Πe

and with increasing surface pressure, by undergoing a reversible folding collapse after the Πe.

Also of interest was the mixture of DPPC/POPG/PA (68:22:8 wt/wt/wt). Palmitate, which

is the salt of palmitic acid is a common additive of some clinical exogenous surfactants. The

two hydroxyl groups of PA hydrolyse to give an anionic head group, hence, electrostatic and

other weak interactions might underlie some of the behaviour of PA in LS. The ternary lipid

mixtures of DPPC/POPG/PA, when spread from four times more volume (40 µl at 1 mg/ml)

than DPPC/POPG/rSP-B (10 µl also at 1 mg/ml), demonstrates a slight inflection point at

≈45 mN/m on compression and consistent film replenishment plateau at ≈30 mN/m on film

expansion as displayed in Figure 4.13A and B.
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Figure 4.13: Palmitic acid, at large volume spread (40 µl), forces a slight kink at the Πe and film
replenishment plateau at ≈30 mN/m upon film expansion in a DPPC/POPG lipid membrane. Panel A:
overlay of repeated Π-A cycling isotherms of DPPC/POPG/PA (68:22:8 wt/wt/wt). Panel B: cycling
isotherm of one of the cycle shown in panel A. Panel C: the 2D bulk modulus of the cycle shown in Panel
B. PA also exhibits reversible folding collapse at the surface pressure of ≈58 mN/m.

On comparison, only 10 µl of DPPC/POPG/rSP-B, was enough to get to a βmax of 130

mN/m on compression and 260 mN/m on expansion. At 40 µl film spread, DPPC/POPG/PA

only reached to a βmax of 70 mN/m on compression and 140 mN/m on the expansion cycles

(Figure 4.13C). Hence, relative to the lipids, it can be said that a small amount of rSP-B is

enough to make the DPPC/POPG film less compressible or more sturdy than high amounts of

PA. The reinsertion of film material is also evident in the β-Π plot (green line) between surface

pressure of 12 mN/m and 32 mN/m, where the monolayer incompressibility rises again to a β of

≈40 mN/m. This observation is indeed suggestive of some sort of network between PA and the

DPPC/POPG film.
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4.5 Discussion

The Langmuir-Wilhelmy surface balance was used to test the function of rSP-B. Two simple

lipid models were assayed with and without rSP-B: DPPC/DPPG (4:1) and DPPC/POPG (7:3).

These two lipid mixtures have been utilized successfully to characterize the function of SP-B

and SP-C from animals as well as synthetic protein variants [50–53]. The lipid mixtures, in

particular, DPPC/POPG, are well suited to characterize the main biophysical features of LS,

which are low surface tension on compression and fast spreading and readsorption upon film

expansion. First, I have shown that both lipid mixtures can reduce the surface tension to a near

zero value on compression in vitro, as expected from the literature [50, 51, 53, 54]. Next, rSP-B

was added to the lipid mixtures and the compression and expansion isotherms were recorded

under similar conditions. Moreover, to elucidate the role of rSP-B and further our understanding

of how rSP-B might affect the behaviour of the model lipids, the two dimensional isothermal bulk

compressibility modulus was also computed from the pressure-area isotherms. To compare the

behaviour of palmitic acid and rSP-B in LS, I also investigated DPPC/POPG/PA lipid mixture.

rSP-B alters the packing order and the phase behaviour of DPPC/DPPG (4:1) lipid membrane.

I have seen that DPPC/DPPG/rSP-B (4:1:2 wt%) exhibits a minimum in the β-Π plot at a

surface pressure of ≈13 mN/m or in the β-A plot at ≈120 Å2. Such a dip has been demonstrated

to indicate a first order phase transition from the LE to LC phase [20–22]. However, the dip was

not apparent when the film was compressed at high speed (Figure 4.9D, green line). Nonetheless,

it can also be seen that the films compressed at slow (black line) and high (green line) rates,

reached the βmax at a similar surface pressure as opposed to the lipid-alone film. The fact that

the film compressed at a faster rate does not show a similar dip as the film compressed at a slow

rate is intriguing, as it suggests that the rate of film compression affects the phase change of LS.

This observation is consistent with previous studies that have shown that domain morphology

and the sizes of lipid domains are affected by the rate of film compression [47, 55]. In addition,

the fact that the DPPC/DPPG-only film does not display a phase transition dip demonstrates

that rSP-B inserts into the DPPC/DPPG monolayer and alters the packing order and the phase

behaviour of the lipid mixture. This argument is supported by the β-Π plots that reflect the

monolayer with rSP-B is highly packed at a surface pressure of 35 mN/m compared to the

lipid-only film that reached the highest packing density at a surface pressure of 45 mN/m. The

same interpretation holds true when looking at the β-A plots. The film with rSP-B gets to a

βmax of 142 mN/m at the larger MMA of 100 Å2 than the lipid-alone film that reached a βmax
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of 139 mN/m at ≈70 Å2. A similar behaviour was observed for porcine lung extract by Nag et

al. [55]. In addition to this, the isotherms with rSP-B lifts off faster and reach the Πe at a larger

MMA than either DPPC/DPPG or DPPC films compressed at the same rate. These attributes

are all characteristic of a good quality lung surfactant [17]. Clearly, these observations indicate

that rSP-B makes DPPC/DPPG more resistant to compression. There are literature data to

suggest that SP-B increases the line tension and dipole density of the monomolecular film [20].

By the same token, rSP-B could be doing the same and hence giving the DPPC/DPPG film an

efficient interfacial activity such as reaching the spreading surface pressure faster and with less

compression.

Another way of testing the function of rSP-B is to look at whether the protein induces

formation of multilayered stacks during compression. Interestingly, at the Πe, DPPC/DPPG/rSP-

B (4:1:2 wt%), demonstrates an inflection point between 90 to 50 Å2 (Figure 4.8A and B), which

is in agreement with other studies done with the same lipid mixtures with SP-B extracted from

animals [50, 51]. This strongly suggests that 2 wt% of rSP-B forces the DPPC/DPPG monolayer

to undergo a 2D to 3D transition to release the in-plane stress of the already saturated film.

Convincingly, at the inflection point, the compressibility of the DPPC/DPPG/rSP-B film is

high, which is in contrast to the lipids alone at a similar surface pressure. The increase in the

compressibility after the Πe indicates that most of the rSP-B is removed by monolayer refinement.

However, given the saturated nature of both lipids in the system, it is difficult to identify which

of the two lipid might be removed.

Clues as to which lipid might be excluded are given by some literature data. A study by Taneva

et al. [56] demonstrated that SP-B has a better ability to refine DPPG out of the interfacial layer

compared to DPPC. Conversely, Seifert et al. [57] showed that in DPPC/DPPG monolayers, SP-B

is more likely to associate with the less condensed DPPC to form the protrusion, while the more

condensed DPPG remains at the interface. Likewise, a TOF-SIMS study of DPPC/DPPG/SP-C

films has also reported some DPPC content in the multilayer stacks [58]. On the other hand,

results also show that SP-B does not cause significant ordering of PC acyl chains [40]. Hence, it

could also be that PG and SP-B make some form of network likely driven by electrostatic and

hydrophobic interactions. Electrostatic interactions are of interest given the highly cationic nature

of SP-B and the acidic nature of PG [29]. Nevertheless, it is also important to consider that such

interaction might only be possible in the presence of fluid PGs as these lipids provides more space

for the protein and increase its solubility [57]. Looking at the Π-A isotherm (Figure 4.8B), it
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can be noticed that after the plateau region, the isotherms with rSP-B measured using a similar

trough reached the same surface pressure as the pure DPPC isotherm. Thus, one could also

argue that it is DPPG that is being removed along with rSP-B. The slight increase in the 2D

bulk modulus between surface pressures of 45 and 60 in the β-Π plot (Figure 4.9C) could be due

to the increase in the order of the acyl chains of the lipid(s) that remain in the interface after

the initial expulsion of the lipid(s) and the protein at the Πe. Finally, I compared the collapse

pressures of the of the lipid mixture with the film containing rSP-B.

The monolayer with rSP-B collapses at ≈62 mN/m, which is a lower surface pressure than for

DPPC/DPPG. This could happen if the film is depleted of DPPC and collapses at the maximum

surface pressure for DPPG. Alternately, due to a lack of fluidizing agent(s) such as POPG and

POPC, the lipids might simply lack the flexibility to support zero interfacial tension in vitro

with rSP-B present. To this end, determining if all of rSP-B is expelled or if some rSP-B still

remains at the interface beyond the Πe is crucial and is a matter that needs more in-depth

investigation. If there remains some rSP-B in the monolayer after the Πe, it will most likely affect

the packing order of the lipids and hence how and when the film collapses. In any case, the results

herein show that 2 wt% rSP-B has the ability to induce lipid rearrangement in DPPC/DPPG

(4:1) lipid mixtures. To investigate if there might be film replenishment, I also looked into the

DPPC/POPG system.

rSP-B seems to promote film replenishment when in a DPPC/POPG (7:3) lipid monolayer.

Due to the fluid nature of POPG, the lipid mixture of DPPC/POPG provides further opportunity

to probe the function of rSP-B, in addition to what can be observed from DPPC/DPPG model.

While the β-Π plot of DPPC/POPG-only film (Figure 4.10C) shows a plateau region between

surface pressures of 13-23 mN/m, the plateau with DPPC/POPG/rSP-B (Figure 4.12C, black

line) starts as low as surface pressure of 5 mN/m and continues to a surface pressure of 20 mN/m.

These plateaus are distinct from the dip observed in DPPC/DPPG/rSP-B case (Figure 4.9B and

C, black lines). Such observation is consistent with squeeze-out of either lipid, possibly POPG in

the earlier case or a protein-lipid network in the later. Although in this particular study (my

study), no plateau was observed on the Π-A plot at 23 mN/m during compression in both of the

model membranes used, a study by Diemel et al. [50] have observed a kink point (a slight turn

in the isotherm) at 23 mN/m and a pronounced plateau at ≈40 mN/m on the Π-A isotherm in

DPPC/DPPG/SP-B (4:1:4 wt%) film. Using atomic force microscopy, the Diemel group showed

that although protrusions form in the DPPC/DPPG film, the height is only one bilayer thick.
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This observation was in contrast to the more varied heights of multilayer patches that the same

group reported for DPPC/POPG at a similar protein to lipid ratio. It was also noticed that

the height of the protrusion depends on whether the unsaturation was on the PC or PG acyl

chains. Similar observations were also reported by Krol et al. [51] for DPPC/DPPG/SP-B (4:1:1

mol%) film. That group demonstrated globular protrusions and disc-like structures that stem

from the LE phase up to a surface pressure of 30 mN/m. In my study, however, the plateau

was only evident on the β-Π/A plots of DPPC/POPG model membranes (Figure 4.12B and

C). This is striking because, given POPG’s fluid nature, it is more likely that the lipid readily

squeezes-out of the interface than DPPG. More importantly, with rSP-B present, the plateau was

found to span a large range area (120 to 75 Å2) compared to the lipid-only film (100 to 80 Å2),

which is an indication that more film was ejected from the surface layer. It thus appears that

either rSP-B has a better ability to refine fluid PG out of the interfacial layer or it could be that

most of the protein itself is removed together with POPG. Nonetheless, the inflection noticed

in the DPPC/DPPG/rSP-B film at the spreading surface pressure was not clearly apparent in

the DPPC/POPG/rSP-B case, although a very slight kink point can be noticed at ≈45 mN/m.

This could be due to protrusion that may occur at the intermediate surface pressure, it could be

that the film is more compressible, or it could be simply that more protein is required to see an

obvious inflection. To see whether the squeezed-out film material is replenished back into the

interface, repeated compression and expansion cycles were compared.

Six wt% of rSP-B facilitates reinsertion of the squeezed-out material during repeated cycling

of the same film. The change in the slope at the surface pressure of ≈25 mN/m, as indicated

by the arrows in Figure 4.11 on the expansion cycle, is a clear mark of film replenishment. My

results are in fair agreement with the work done on SP-B derived peptides and KL4, the synthetic

SP-B mimetic peptide, in the same model lipid [52, 53]. However, what was striking was that,

with rSP-B, less protein concentration was needed to see consistent and more prominent film

reinsertion in contrast to both KL4 and the SP-B derived peptide. The reinsertion plateau

observed with rSP-B present could indicate that the protrusion material is retained in association

with the monomolecular film. The observation that DPPC/POPG alone does not show the

pronounced reinsertion plateau points to the formation of a network between rSP-B and fluid

PG. Still at this point, it is difficult to speculate whether all of the rSP-B squeezes-out or if some

remains attached to the interface to bridge between the interface and the protrusions. This is

a potential future research direction. On the other hand, the bulk 2D compression modulus I

observed with rSP-B is also consistent with the work done on mini-B on the same model lipid by
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Chakraborty et al. [54].

In addition to the 2D bulk modulus of the compression cycle, the 2D bulk modulus of the

expansion cycle recorded in this study tells a couple of interesting facts. On the expansion cycle,

the surface pressure drops very fast to ≈25 mN/m. We anticipate that this is the surface pressure

at which the film reaches equilibrium with the interface on the expansion cycle. This is evident

on Figure 4.12A, B and C, green lines, where there is not much area change (Panel A and B)

but the surface pressure drops quickly from 68 mN/m to a ≈25 mN/m (Panel A and C). In this

step, the 2D bulk modulus increases very rapidly to β of ≈260 mN/m, characteristic of solid or

semi-crystalline state [59, 60]. It could be that the film compressed beyond the Πe is metastable

that it is intially resisting expansion until equilibrium is reached. Later on presumably after

equilibration is reached, in this case at a surface pressure of 25 mN/m, the β decreases to ≈10-15

mN/m, which is characteristic of LE phase [61]. The monolayer at this point will therefore have

enough room to accommodate the squeezed-out film back into the interfacial film. Previous

studies have demonstrated that SP-B partitions into the LE phase and then squeezes-out with

fluid lipids during film compression upto the Πe [20, 33, 62, 63]. Hence, it is reasonable to assume

that the squeezed-out film also reincorporates when the monolayer is in the LE phase on the

reverse cycle.

In the presence of rSP-B, the reinsertion of the protrusions occurs over a wide area change as

the surface area enlarges because of film expansion. As said, this process is marked by the start

of the plateau at a surface pressure of 25 mN/m on the Π-A plot (Figure 4.12A) or by the local

maximum in β at a mean molecular area of 58 Å2 (Figure 4.12B, green line) or surface pressure

between 25 to 10 mN/m (Figure 4.12C, green line) of the β-A and β-Π plots respectively. These

observations support the suggestion that rSP-B makes some form of network with the expelled

lipid(s) and also suggest that the network structure reinserts when the monolayer is fluid enough.

In our experimental set up, at an expansion speed of 14 cm2/min, the sudden drop in pressure

takes 2-3 seconds while the later reinsertion process roughly takes twice that time. By using a

LB trough and flourescence micrograph, Warriner et al. [64] also demonstrated that the collapse

structures of LS lipid films do not immediately reincorporate on film expansion. Instead, the

film respreads initially without incorporating the multilayer structures and later incorporates the

multilayer patch starting at surface pressure of ≈20-15 mN/m. Reincorporation continues to as

low a surface pressure as 5 mN/m.
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Overall, the evidences suggest that the DPPC/POPG/rSP-B (7:3:6 wt%) system eases lateral

strain initially by squeezing out fluid PG before the Πe and then possibly buckles reversibly

at a high surface pressure prior to the onset of irreversible collapse. The film seems to start to

effectively spread back to the interface starting at a surface pressure of ≈25 mN/m.

To enhance the surface activity, spreading kinetics, and readsorption rate of exogenous lung

surfactant, different additives are also used either together with SP-B/SP-C or in place of the

small proteins. Of particular note are PA and its derivative alcohol, hexadecanol (HD). PA is

used in Survanta, a formulation that contains both SP-B and SP-C, whereas HD was successfully

used in Exosurf, a protein free synthetic surfactant that is discontinued from the market. To

elucidate the role of PA, therefore, I also investigated DPPC/POPG/PA (68:22:8 wt/wt/wt)

model membrane in spread films.

DPPC/POPG/PA film shows a slight kink at the Πe and film reinsertion at ≈30 mN/m

(Figure 4.13). The kink point has also been reported by other groups [30, 65]. The change in

slope on the expansion cycle at ≈30 mN/m indicates some form of interaction between the

constituent molecules. To this end, grazing incidence X-ray diffraction studies have shown that

PA/HD specifically interacts with DPPC in lipid monolayers [31, 66, 67] leading to tight packing

of DPPC chains and increasing the solid portion of the film at a particular surface pressure. A

separate study also reported a hydrogen bond between PA and DPPC in mixed monolayres

[68]. The Π-A isotherm of DPPC/POPG/PA film collapses earlier (65 mN/m, data not shown)

than the DPPC/POPG (72 mN/m) film. This indicates that PA prevents the DPPC/POPG

film from reaching zero interfacial tension. On the contrary, the βmax observed in the presence of

PA (Figure 4.13C, black line) is less than the βmax recorded for either the DPPC/POPG/rSP-B

(Figure 4.12C, black line) or the DPPC/POPG (Figure 4.10C) case. Hence, PA also seems to

increase the compressibility of DPPC/POPG film. The Bringezu group [31] have shown that

the compressibility of DPPC/POPG/PA increases with an increase in PA concentration. It thus

looks like that PA and rSP-B, when used alone, have antagonistic effect. That is, while small

amount of rSP-B is enough to make DPPC/POPG less compressible, PA may rather have a

fluidizing effect.
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On another note, when used in conjunction, synergistic behaviour of SP-B and PA are also

well documented [29, 30, 69, 70]. This may underlie the necessity to use PA and SP-B/SP-C

together in replacement surfactant. The fact that, Surfaxin, a formula that contains PA and

KL4, is discontinued from use suggests the need for SP-B/SP-C in exogenous surfactant. As of

yet there is no alternative to using animal derived SP-B. As far as we are aware, this is the first

study to use rSP-B. That said, however, DPPC/POPG is just a simple model of LS lipids, and

perhaps DPPC/POPG/PA/rSP-B could be worth investigating.

Finally, despite the encouraging results that are consistent with the data in the literature,

the author would still like to suggest the use of mini-B and/or synthetic clinical surfactant as a

positive control. In depth analysis would be required to solidify the use of recombinant SP-B as

a replacement clinical surfactant and a start would be to demonstrate that recombinant SP-B

compares positively with synthetic surfactant that are in the market. Otherwise, results presented

here are repeated a minimum of three times and were found to be consistent with both different

isolates of protein or aliquotes taken from the same preparation.
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5

Summary



5.1 Summary and Conclusions

Although RDS is considered fully treatable in neonates nowadays, treatment is especially expensive

in adult patients and the need to support patient with ventilation is still a drive force to develop

a formulation that can be delivered the non-invasive or the less invasive way. On the other hand,

many people still succumb to ARDS and the mortality rate is yet unacceptable. If there is going

to be hope to develop drug for ALI/ARDS, it is going to need a lot of surfactant material and a

formula that resist inhibition [1]. The need is thus to develop synthetic surfactant as effective as

clinical surfactant in excess and at a lesser cost.

During the last 30 to 40 years synthesizing and characterizing SP-B have proven to be difficult.

On the other hand, SP-C was produced both by chemical synthesis and by heterologous DNA

expression. Nonetheless, SP-C produced this way has been found to be prone to amyloid fibril

formation and/or β-sheet aggregation, which render the protein ineffective or less active [1–3].

The post-translational modification of SP-C, i.e. palmitoylation of the cysteines has proofed

to be crucial and is impossible to introduce by chemical synthesis or by expressing the protein

in E-coli. Alteration of SP-C’s nature since have led to many variants with desired traits. The

variant rSP-C33Leu for example demonstrated better in vitro and in vivo efficacy and showed

resistance to inactivation by serum lipoproteins [4]. Although rSP-C33Leu was produced by

peptide synthesis initially, it was recombinant DNA expression that excelled at producing the

protein at a larger scale and cheaper cost [4, 5]. These capabilities make rSP-C33Leu the choice

for commercial success. Although SP-B’s nature and properties has been a challenge to explore

such path thus far, the work performed here tried to follow SP-C’s suite and find a way to

produce and alter SP-B’s feature.

Chemical synthesis of SP-B can be complicated by its size, hydrophobicity, disulfide linkages

and complex structure. With respect to size, the truncated peptides, mini-B and super mini-B

were produced by peptide synthesis [6]. And yet, no technique is available to produce these

peptides by recombinant gene expression. Other compounds that replaced SP-B’s function with

synthetic products have not been quite successful so far. KL4 used in Surfaxin for instance

is one good example. The compound makes the drug viscous at room temperature. Surfaxin

therefore needs to be heated to 44 degree Celsius and then to be shaken vigorously prior

administration, which complicates its ease of handle and use [2, 6]. Nonetheless, due to its gel

formation tendency, attempts are currently underway to develop KL4 as an aerosol formulation,
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Aerosurf [1, 7]. Another area that gained research attention to replicate SP-B and SP-C use are

non-natural helical polypeptides with poly-N subsituted glycines (peptoids). Some peptoids have

been developed to emulate the function of SP-B and SP-C in vitro and in vivo [2, 8]. These

compounds are resistant to protease and reduce immunogenic response but there is lack of data of

clearance and catabolism of peptoids in the lung. Thus, it may take a while before these products

are in use, assuming that all other requirements are met. Modification of SP-B’s nature is hence

an important consideration. Mini-BLeu is one such example and a result of this is the novel

synthetic surfactant, CHF5633 (Chiesi Farmaceutici, Italy). The drug combined rSP-C33Leu

(1.5%) and mini-BLeu (0.2%) with 1:1 DPPC/POPG and showed resistance to dysfunction better

than animal derived surfactant for the first time in history. CHF5633 is in current phase two

clinical trial [9–13].

Although SP-C33Leu has been deemed a success, it is believed that there is still room to

further modify SP-B for improved biophysical features. Recombinant gene expression is one robust

technique to introduce mutation(s) to probe the structure-activity relation or to modify proteins

in ways possible the target protein acquires the desired biological function. Importantly, the

technique is amenable to scale-up production at cheaper cost than peptide synthesis, which makes

it commercially feasible. This thesis work has successfully shown that SP-B can be expressed in

bacteria using recombinant DNA methodology, purified with IMAC, renatured on-column, and

stabilized using different membrane mimetic agents. Such technology may increase the availability

of human SP-B and perhaps may offer patients with respiratory distress the flexibility of larger

and more frequently doses. The study also provides the chance to produce SP-B that is labeled

with NMR active nuclei for structural studies, which is impossible to do for animal derived SP-B.

Of special importance is site directed mutagenesis, which is mandatory to select a variant that

may stand lung surfactant inactivation. Likewise, the technique also makes it possible to probe a

variety of mutants to investigate the structure-function relation of SP-B.

The second study well characterizes the rSP-B/DPC/SDS system. In the process, the thesis

work confirmed that DPC/SDS micelles are removed by dialysis using a pore size as small as

1 kDa. The work also successfully showed the presence of larger rSP-B/DPC/SDS complexes

that demonstrate native-like secondary structure with circular dichroism. The secondary/tertiary

structure of the protein was also found to be similar in methanol and in DPC/SDS. Apparently,

the sizes of the protein in these two surroundings differ to great extent. The protein in the

micelles is much larger. These observations gives a hint to us that as with most other SAPLIPs,
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SP-B do also have a propensity to self-assemble according to its environment [14]. It could

be that the tertiary structure is stabilized by covalent disulphide bonds while the quaternary

structure is maintained by weak non-covalent interactions that may be destabilized by harsh

solvents like methanol. Thus, the traditional way of extracting SP-B with organic solvent may

be disrupting the native arrangements of the protein. The size of the protein in the detergent

complexes suggests, rSP-B may be adopting supramolecular arrangements in part via weak

non-covalent protein-protein/protein-detergent interactions. It could be that such assemblies

promote a more efficient way of facilitating the apposition and stabilization of lipid monolayers

and the multilayered stacks in vivo than the dimer or monomer of SP-B. The study therefore

opens a new perspective and dimension for future studies.

From structure determination aspect, the size of the protein in 0.2% DPC/SDS is a limiting

factor for liquid state NMR. This has indicated to us that either further optimization is required

or other techniques such as solid state NMR and cryo-electron microscopy must be pursued. From

optimization point of view, for example, the study have found that DPC/SDS (9:1) micelles tend

to form heterogeneous micelles at a concentration between 0.2 to 1%, whereas at concentrations

between 1 to 2%, DPC/SDS (9:1) forms homogeneous micelles that demonstrate the right size for

solution NMR. It could be that suspending the protein in these micelles, that is, micelles formed

at concentrations between 1 to 2% of DPC/SDS (9:1), may prevent the protein from assembling

into higher forms to finally lead to success with solution NMR. This is awaiting to be seen and

could possibly have implication for other proteins suspended in these detergent mix as well.

The third study characterizes the function of rSP-B with the Langmuir-Wilhelmy balance. The

functions of rSP-B in simple lipid membranes tested are also in agreement with rSP-B promoting

the large scale reorganization of lipids in vitro. The data demonstrates that the function of

rSP-B compare favorably to the data reported in literature for mini-B and other truncated SP-B

peptides [15, 16] and to that of native SP-B and KL4 [17–19]. It is therefore possible to conclude

that human SP-B variant produced in bacteria is functional. These findings, if future functional

studies go as planned, are prospective of rSP-B as a potential future alternative to animal derived

SP-B. As such, by optimizing the content, nature and concentrations of the lipids and rSP-B

carefully a model that satisfies all the necessary biophysical features of lung surfactant could be

possible.

As a whole, the work undertaken in this study have used different techniques to meet objectives

put in the hypothesis: production of this difficult molecule in bacteria. The thesis work have
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demonstrates robust protocol for production of SP-B in laboratory setting. In characterizing the

structure-function relation of recombinant SP-B, invaluable data have been gathered. Foremost

is the concentration of the detergents used. The heterogeneous micelles that form at a rather

low concentration of detergent can be dialysed to give a homogeneous sample but the protein

remains too big for standard solution NMR. As such the work is also partly a success beyond

going towards achieving the goal of the thesis. In functional tests of rSP-B, the protein has been

found to perform well in lipid environment in vitro. Nonetheless, there are some limitations to the

method used; LB trough is not a leak proof method and the dynamics achieved in the LB-trough

is not comparable to the true in vivo dynamics. Also, the shape of the instrument does not

emulate the air-sacs. These limitations could be addressed by studying the protein function using

leak proof techniques such as captive bubble and constrained drop surfactometry. In summary,

although the work has been largely a success; there is yet much that remains to be learned.

5.2 Future Directions

Reconstituting of rSP-B into phospholipid environments will prove to be important to compare

the size and the secondary structure of rSP-B with that of rSP-B suspended in detergent micelles.

Using techniques such as analytical ultra-high centrifugation and size exclusion chromatography,

the different sub-populations of rSP-B/DPC/SDS could be separated and analysed individually.

Optimization of more conditions for structural study by NMR may be important. Native-gel

electrophoresis of rSP-B solubilized with different detergent(s) could give important insight on the

behaviour, size and oligomeric state of SP-B in different surroundings. The number of subunits

that make a complex could also be studied by subjecting the native gel to a second dimension

and to denaturing electrophoresis. The function of the protein can further be probed with leak

proof techniques such as captive bubble surfactometry and constrained drop surfactometry. A

multitude of functional assays in a variety of lipid mixtures and protein concentrations, however,

could be necessary. For instance, the combined use of palmitic acid and rSP-B in different lipid

mixtures and concentrations could be studied. If preliminary data are promising, animal model

studies are also worth thinking about in the long run. Site directed mutagenesis will be invaluable

to select SP-B variant(s) that are resistant to inactivation by serum lipoproteins and reactive

oxygen species. This has a potential outcome to design treatment for patient with ARDS/ALI.

Similarly, the structure-to-function relation of SP-B can be probed by studying different SP-B

variants. For safety reasons, it is also imperative to consider introducing an enzymatic cleavage
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site between rSN and rSP-B instead of the chemical cleavage site. Important to consider also is

that due to adsorption and spreading properties, lung surfactant has the potential to be used as

a vehicle to deliver other drugs to the lung to areas otherwise are difficult to target provided

that surfactant that resist deactivation in inflamed or injured lung comes available [20]. Bacterial

pneumonia and ARDS/ALI for instance are two prominent areas that benefit from developing

surfactant as a carrier.
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