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Abstract

CTP: phosphocholine cytidylyltransferase (CT) is an auto-regulated, homodimeric enzyme that
catalyzes the rate-limiting step in the synthesis of phosphatidylcholine (PC). CT is activated by binding to
PC-depleted membranes using a lipid-induced amphipathic helix (domain M). This same M domain
functions to silence catalysis when the enzyme is not membrane-engaged. While the structure of CT’s
catalytic domain has recently been solved (PDB, 3HL4), if and how domain M makes contact with it to
silence catalysis remains a mystery. To identify contact sites between domain M and other CT domains, I
constructed single cysteine substitutions along domain M and conjugated each site to a sulthydryl-reactive,
biotinylated, benzophenone, BBP. After photo-cross-linking and trypsin digestion, the cross-linked
peptides were affinity-purified and identified by mass spectrometry.

Each domain M-conjugated site forged cross-links to the same set of catalytic domain peptides,
which flank one side of the active site, and these contacts were broken upon membrane insertion of domain
M. I then targeted the most conserved region in domain M for mutagenesis. Mutation of F289 and F293 to
aspartates obliterated cross-links between the catalytic domain and the BBP-labeled site at neighboring
Cys-301. However, loss of this contact did not relieve inhibition of catalysis, suggesting that this site is but
one of several cooperating inhibitory segments in the M domain.

Evidence for a partially disordered domain M which acquires order upon contact with the catalytic
domain was obtained by fluorescence anisotropy, monitoring Oregon Green conjugated to sites in three
distinct CT domains. All domain M sites had similar anisotropy values intermediate between the rigid
catalytic domain and the very flexible C-terminal tail. Urea denaturation analysis suggested a weakly
folded structure for domain M. Breaking a contact between M and C by the F — D mutation dramatically
lowered the anisotropy of that sub-region and its resistance to unfolding by urea.

These results support an emerging model in which silencing by domain M is achieved through
multiple transient, alternating, contacts with the catalytic domain. Contacts with the catalytic domain may
introduce ordering into an otherwise flexible domain M. These inhibitory contacts are replaced with

protein-lipid interaction upon activation.

Keywords: cytidylyltransferase; auto-inhibition; photo-cross-linking; mass
spectrometry; fluorescence anisotropy
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1: Introduction

1.1 Protein regulation by auto-inhibition

CTP:phosphocholine cytidylyltransferase (CT) is an auto-regulated enzyme
responsible for the biosynthesis of phosphatidylcholine (PC). When I began my thesis
research, the catalytic mechanism of CT and lipid requirement for activation had been
studied in much detail. However, the auto-inhibition mechanism remained largely
speculative. There are many other proteins that also contain auto-inhibitory properties.
Detailed mechanisms of auto-inhibition have been established for some of these, which
can provide a starting point for building hypotheses for CT auto-inhibition. Moreover, the
general approaches undertaken with other enzymes to decipher their auto-inhibitory
mechanisms can be considered for CT. Therefore, before specifically discussing CT
auto-inhibition, I will review the types of regulatory mechanisms reported for some well-
studied auto-inhibited proteins.

Auto-inhibition is a valuable feature that enables site-specific repression in
proteins that require regulation. Mediation of inhibition comes from defined region(s) of
the enzyme that possess controlling elements. It often involves specific intra-molecular
interaction between the regulatory region and other functional domains, which are often
linked together through disordered regions that exhibit the required flexibility for
efficient transition from the inactive to active state of the functional domain'. The
simplest way, and often the first step in identifying auto-inhibition, is to perform an
activity analysis comparing fragments of the protein with the full length protein. A
deleted region is auto-inhibitory if activity increases upon deletion. However,
complexity arises in deciphering the details of how auto-inhibition is exerted by these
regions. This often requires activity analyses of mutated variants in combination with
several biophysical/biochemical techniques to probe structure, such as circular dichroism
(CD) spectroscopy, protease accessibility mapping, fluorescence spectroscopy, nuclear

magnetic resonance (NMR) spectroscopy, and X-ray crystallography.



Auto-inhibition can be simply achieved through direct interference with
ligand/substrate binding sites in the functional domain®®. For example, masking of the
activation domain of the yeast transactivator, Leu3p, is achieved through a ligand-
dependent, intra-molecular interaction’. In another example, the functional domain of
TATA box binding protein negatively regulates itself inter-molecularly through
dimerization that results in the burial of DNA binding sites’.

Direct steric interference is also observed in some auto-inhibited enzymes. For
example in PIP,-regulated protein kinase B, the PH domain silences the kinase domain by
direct interaction with the active site. In the silenced form, the PH domain inserts into a
partially hydrophobic pocket in the kinase active site. Upon activation (by displacement
of the PH-PIP, complex) this pocket becomes occupied by the phosphorylated activation
loop of the kinase®.

On the other hand, auto-inhibition can be achieved allosterically through indirect
structural alteration of the functional domain and/or confinement of a nonproductive
conformation in the functional domain, as exemplified by SRC kinases’, SNARE
proteinslo, and p53 proteins”. For example, in the protein kinase Src, the contact
interface between the regulatory and catalytic domain is distant from the active site. In
the inactive form of the kinase, tight contact is made between the phosphotyrosine
binding pocket of the SH2 and phospho-Tyr527 at the tail of the kinase domain.
Additionally a sticky SH2-SH3 linker peptide runs between the regulatory and kinase
domains'?. These rigid contacts sometimes referred to as latches, serve to generate a
non-productive active site by altering the structure and orientation of the C-helix and
activation loop (in the kinase domain) that are critical for substrate docking. Breaking of
these contacts by dephosphorylation of phosphor-Tyr527 dissociates the regulatory and
catalytic domains and allows reorganization of these active site motifs, so that the
activation loop can become phosphorylated'?.

Relief of auto-inhibition by the direct interference mechanism is most commonly
achieved by displacement of the auto-inhibitory domain by another molecule, resulting in
an exchange of intra-molecular interactions (inhibitory) with inter-molecular interactions
(activating)”'*'*. The other molecule could be a partnering protein or a small molecule

ligand. For example, in SRC kinase, when the auto-inhibitory SH2 and SH3 domains



interact inter-molecularly with the phosphotyrosine or pro-rich motif in an activating
protein partners such as FAK (focal adhesion kinase), Sin (Src interacting or Signal
integrating protein), or the PDGF (Platelet derived growth factor) receptor, the intra-
molecular auto-inhibitory contact is broken, allowing activation to occur’. Other
strategies, that can either disrupt direct inhibitory interactions or work via allostery,
include post-translational modification. For example, phospholipase C remains inactive
through intramolecular interaction between its catalytic domain and inhibitory SH2
domain. Binding to and phosphorylation by receptor tyrosine kinase at specific sites in
the SH2 domain induces structural rearrangements of the SH2 domain with respect to the
catalytic domain, and lead to this enzyme’s activation'”. Though not as common,
activation can also be achieved through site-specific proteolysis of the inhibitory domain,
as examplified by activating proteolysis of Notch proteins upon ligand binding'®. These
regulatory mechanisms, except for proteolysis, are reversible and allow for efficient
on/off switches and tight control of biological regulatory pathways.

Significant conformational changes may occur in either or both the regulatory and
functional domains. For example, in the transcription factor Ets-1, three inhibitory o-
helices, HI-1, HI-2, and HI-5 flanking the DNA-binding ETS domain cooperatively exert
auto-inhibition on the ETS domain through intra-molecular contacts that stabilize a rigid
fold'"'®. When Ets-1 binds to protein partners such as PAX-5 ', dramatic unfolding of
the auto-inhibitory helix HI-1 occurs, as shown by an increase in proteolytic accessibility
and reduced helical content by CD spectroscopy'’. The ETS domain, freed of contact
with the auto-inhibitory segment, becomes more malleable and this aids its interaction
with the DNA helix'**’.

Most intra-molecular interactions involved in auto-inhibition are highly specific
in that the residues involved in the interaction sites are often conserved. Site-directed
mutagenesis of key residues can disrupt the auto-inhibitory contact and relieve auto-
inhibition™*'. This implies that these auto-inhibitory domains and their interacting
partners are likely to be well folded structures with highly complementary surfaces for
maximum contact. In support of this, addition of separately prepared inhibitory domains
to the constitutively active functional domains of sigma factor’ or WASP* led to

inhibition in trans. Furthermore, high-resolution X-ray crystallographic studies show



rigid, well-folded structures for domains locked in auto-inhibited states for some of the
well characterized examples™” '’

On the other hand, evidence is accumulating that intrinsically disordered (ID)
segments are abundant in multi-domain proteins® and that they can serve as regulatory

switches**%.

This often involves ligand or protein partner-induced ordering of the ID
segment, but alternatively, the intrinsic disorder is maintained during the regulatory
interaction, with only localized transient ordering. For example, the disordered R region
of the cystic fibrosis transmembrane conductance regulator (CFTR) Chloride
conductance channel negatively modulates the channel conductance by multiple transient
contacts with the nucleotide-binding domain of this channel, and the contact results in
only transient ordering of small segments in R, as assessed by NMR analyses®’. In
another example, multiple sites on the disordered cyclin-dependent kinase inhibitor, Sicl,
make inhibitory contacts with one core binding site on Sicl’s receptor, Cdc4. These
contacts, enhanced by phosphorylation, are only suboptimal and switch among the sites
in a dynamic equilibrium®.

How does CT fit into the realm of auto-inhibition among these proteins? Does
auto-inhibition in CT involve specific contact between well-folded domains or is the CT
regulatory module disordered? Does the regulatory domain of CT exhibit inhibition
directly or allosterically? Is there dynamic restructuring during transition between the
activated and auto-inhibited state? Before tackling these unknowns, I will first give a

brief review on what is known about CT, in terms of its function, regulation and

structure.

1.2 A brief history of the role of CT in Phosphatidylcholine metabolism

PC is the major component of eukaryotic membranes, and the most abundant

28-30

class among all phospholipids PC contributes to the maintenance of the bilayer

structure of membranes. It is a primary component in pulmonary surfactant”'

, and is
required for the secretion of very-low-density-lipoproteins®>. In addition, PC acts as a
source for several important signal molecules, such as diacylglycerol (DAG),
phosphatidic acid, lysoPC, and arachidonic acid. These products are involved in a wide

variety of cellular events, such as cell growth, proliferation, and apoptosis, DNA



synthesis, lipid synthesis, and regulation of ion channel activity**~>=>.

Three distinct pathways for biosynthesis of PC had been identified. The first
pathway involves series of three methylations catalyzed by phosphatidylethanolamine-N-
methyltransferase that converts phosphatidylethanolamine (PE) to PC. It occurs in many
organisms but mainly in the hepatic cells of animals®*~*>?

so far in some bacteria, converts choline and CDP-DAG into PC and CMP*. The third

. The second pathway, found

pathway, the CDP-choline pathway, also known as the Kennedy pathway, transforms
dietary choline into PC in three steps. In the first step choline is phosphorylated,
catalyzed by choline kinase (CK). Then CT catalyzes the transfer of CMP from CTP to
phosphocholine to form CDP-choline. In the final step, CDP-choline condenses with
DAG to form PC, catalyzed by CDP-choline:1,2-DAG cholinephosphotransferase®®~*-2.

choline PE
ATP . .
nase

ADP choline ki

phosphocholine monomethyl—PE PE
CTP
PP cytidylyltransferase methyl

‘ transferase

CDP-choline dlmethyl -PE

choline
phosphotransferase
fatty
acyl—CoA
phosphollpaseS\

diacylglycerol lyso- PC

phosphocholine /\ fatty acid

phosphatidic  choline
acid

Figure 1.0 — PC metabolic pathways (MSc thesis, Jillian Smith, 2005)



Measurements of radiolabeled choline flux through the CDP-choline pathway
strongly suggest that CT catalyzes the rate limiting and regulatory step in the biosynthesis
of PC***7. For example in several cultured cells, PC synthesis increased dramatically in

3839 This increase could not

response to phospolipase C, which catalyzes PC degredation
be attributed to changes in the activity of any enzymes in the CDP-choline pathways
except for CT***. Many other agents that alter PC synthesis rates have been shown to
work through modulation of CT, mainly at the post-transcriptional level®.

There are typically two CT genes in animal cells, encoding proteins that are
nearly identical in their catalytic domains, but with variable regulatory domains*'. The
importance of each CT isoform is demonstrated by the fact that in mice, disruption of the
gene for CTa led to early embryonic lethality* and disruption of the tissue-specific CTPB
gene led to gonadal dysfunction®. While the beta form is cytoplasmic/ER bound*, the

alpha form is found in the nucleus in many but not all cells™*’,

1.3 Biochemical characterization of mammalian CTa Purification and
cloning

Kennedy and Weiss were the first to discover CT while uncovering the
mechanism behind conversion of phosphocholine to PC in rat liver extracts. They also
noted that CT can be found in both membrane-bound and soluble forms™. Despite
attempts from many labs, CT’s tendency to aggregate and lose activity resulted in the
delay of its purification for 30 years. Finally, it was Weinhold and his colleagues who
designed a successful purification protocol, in which detergents and lipids were added,
essentially treating CT as if it were a membrane protein’’. The purified CT had an
apparent mass of 45 kDa on SDS-PAGE, and was shown to be a homodimer by
sedimentation®® and chemical cross-linking’.

Cloning of CT ¢cDNA was first achieved for the yeast enzyme®®, then for rat
CTa™. A comparison of the two deduced protein sequences yielded a highly conserved
region as a candidate for the catalytic domain. Adjacent to this, a lipid binding domain
capable of forming amphipathic o-helices was proposed through secondary structural

predictions®.  Cloning of CTs from different organisms, including mammals®®’;

invertebrates’™’; plants®™®'; and even protist®’, as well as genomic sequencing of



organisms spanning most of the kingdoms of life have now given us a large number of
CT sequences for comparative analysis. Sequence identities are 95-99% among
mammalian CTs, and greater than 80% among the few vascular plants whose sequences
are available. While little similarity was found in other domains, the proposed catalytic
domain was highly conserved across numerous species, with a number of residues being
absolutely conserved. The designation of catalytic domain was further strengthened by
the discovery of a bacterial homolog, glycerol-3-phosphate cytidylyltransferase (GCT),
which contains a sequence similar to and no larger than the designated mammalian

catalytic domain®. Below is an alignment of lipid-regulated CTs using ClustalW.

Figure 1.1 — Sequence alignment of CTs from different species
CT from R. Norvegicus (CTa, Uniprot ID:P19836), D. Melanogaster (Q9WO0D?9), C. elegans (P49583),
S. Cerevisiae (P13259), and P. Falciparum (P49587) were aligned using ClustalW. Residue numbers

are the numbering for rat CTa. Boxed is the approximate region for domain M (residues 231 to 302).
(*) indicates sequence identity. (:) indicates strong similarity. (.) indicate weak similarity.
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1.4 CT catalysis

Due to a high degree of similarity in the primary structures between GCT and CT,
GCT was used as a model to work out the mechanism of catalysis in this protein family.
GCT exhibits a random order, rapid equilibrium reaction mechanism, with the dimeric
enzyme essentially inactive until it is fully loaded with substrates®’. This supports the
concept that the enzymatic mechanism does not involve the enzyme as an intermediate
nucleophile. Instead, direct attack of the phosphorylated alcohol substrate on CTP is
involved (Figure 1.2). This random order of substrate binding was confirmed in purified

recombinant rat CTo®’

CTP Phosphocholine CDP-choline
f v+
OH o‘\\p/o | < o Hfz—/w \I\:/
o e T "
J-'\ o’: %. e N/LN o’\\ /p\
0 o. |0 &
/I\/ O H N/J\/ \P/
= 2
/‘<p / ds
O (I)'
oj’fo' o /’{-0' Pyrophosphate
0
P~ P =
o7 \0_0 o? \0_0

Figure 1.2 — CT catalyzed reaction

Formation of CDPcholine procedes via direct SN2 nucleophilic attack of the phosphate oxygen of
phosphocholine on the alpha phosphorus of CTP, displacing diphosphate. The transition state (left) is a
pentavalent trigonal bipyrimidyl geometry at the a-phosphate.

A few key sequence motifs critical for catalysis were identified for CT, based on
mutagenesis and enzyme kinetic analysis. A  defining element of the
nucleotidyltransferase superfamily, HXGH, is found in both GCT and CT. Work with
amino acyl tRNA synthetases, which are also members of the GCT family of nucleotidyl
transferases, suggests that these His residues may be involved in the stabilization of a
transition state®®®®. Similarly, in GCT® and CT"° these residues may also stabilize the
pentavalent transition state formed by the phosphate oxygen of phosphocholine attacking

the a phosphorous of CTP (Figure 1.2). In B. subtilis GCT and rat CT, mutations at



either His residues or glycine in the HXGH motif reduce k., and/or increase in K,, for
CTPSS6970

A second motif identified for the CT family is RTEGISTS, which forges
extensive interactions with CTP in both GCT’""? and CT”>. Mutation of R in this motif

results in a large decrease in the specific activity’ .

Finally, very well conserved
residues, Lys-44 and Lys-46 of GCT, and Lys-122 of CT, appeared to be involved in the
binding/stabilization of phosphoglycerol in GCT’?, or phosphocholine in CT”>™
Mutations of these lysines result in a large increase in K., and K, for the nucleophilic
substrate, suggesting that these lysines may be responsible for aligning the substrates to
attack the o phosphorous of CTP®7!73,

A recently solved structure of a mammalian CT (truncated version corresponding
to the catalytic domain plus the N-terminal extension) revealed additional structural
features in the specific recognition for phosphocholine (Figure 1.3) . Hydrophobic side
chains (Tyr-173, Val-181, and Tyr-182) from an extension in the L5 loop (absent in
GCT) make van der Waals interactions with the choline methyl groups. Together with
His-168, Tyr-173 (functions analogous to Lys-44 of GCT) coordinates the phosphate of
CTP, and likely assists in the positioning for nucleophilic attack during catalysis.
Confirmed by kinetic studies, His-168, buried deep in the active site cleft, is crucial for
the binding of phosphocholine”. In essence, catalysis is accomplished by surrounding
the negatively charged o-phosphate with electro-positive species contributed by several
side chain and backbone nitrogens”. Based on structural changes of GCT crystallized

71’72’75, and the thermal B factors associated with elements of

with and without substrate
the solved CT structure””, two major mobile elements were postulated. Specifically, the
flap movements of two loops (L2 and L5) would function to allow access to the active
site for the substrates (while excluding water), and efficient release of product during

catalytic cycles’.
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CDP-choline
CDP-glycerol

Figure 1.3 — The structure of the catalytic domain and active site of rat CTa

Images obtained from Lee et al (CTa PBD ID = 3HL4; GCT PBD ID = INID)”. Panel A shows the
homodimer, labeling the 5 helices flanking the B-sheet scaffold. CDP-choline is in stick representation
(black). Panel B highlights some of the contacts between the o and § phosphates of CDP-choline and the
CT active site: contacts from loop L-1, cyan; from L-2, purple; from L-5, yellow, and from L-6, green. In
panel C, the loops are highlighted in an overlay of monomers of the solved structures of CT236 and GCT.

1.5 Regulation of CT by lipids and phosphorylation

Since CT is the key regulatory enzyme in the biosynthesis of PC, much effort has
been focused on understanding the regulation of CT. From studies done on CT structure,
sub-cellular location, and post-translational modification, several modes of regulation

have been proposed.
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1.5.1 Membrane lipid binding

CT’s ability to bind to membrane lipids was first recognized when CT was
consistently found in both the particulate and soluble fractions of disrupted cells, with the
particulate fraction having much higher activity’®. Activation through lipid binding was
was proposed since the activity of the CT in the soluble fraction showed a significant
increase upon addition of exogenous lipids. With these observations, an in vivo model,
later termed amphitropism’’, emerged where the inactive soluble CT is activated upon
translocation to the membrane in response to signals that connote a need for increased PC
synthesis, such as a decrease in the ratio of PC to other phospholipids’®”.

In support of this model, membrane translocation of CT accompanies treatment
with exogenous fatty acids®®, phospholipase C (which generates DAG from PC
catabolism), as well as addition of exogenous DAG’®. As well, activation of DAG
production via phorbol esters was correlated with an increase in membrane-associated
CT®. Translocation of CT can also be caused by altered phospholipid compositions, as
shown in cells starved for cholinegz, which results in a decrease in the PC/PE ratio’>".
Therefore, products of PC catabolism (fatty acids and DAG), or a change in phosp3lipid
head group composition can cause translocation of CT.

Lipid binding and activation has been characterized extensively in vitro with

purifitd CT and small unilamellar vesicles™™.

Anionic lipids, such as
phosphatidylglycerol, oleate, or phosphatidylinositol mixed with phosphatdylcholine are
the most potent activators of CT. CT can also be effectively activated by mixed micelles
of Triton-X-100 and anionic lipids**. These analyses demonstrated that CT binding and
activation is dependent on the negative charge density of the micelles or vesicles™™. In
addition, DAG and other neutral lipids with small polar head groups, such as unsaturated
phosphatidylethanolamine and oxidized PC, can activate CT, although to a lesser

887 " Lipids with small polar head groups tend to create surface defects and

degree
promote negative curvature strain in the lipid bilayer. CT binds to these defects in the
membrane and relieves tension built up from the negative curvature®. The synergistic

activation by anionic lipids and small head group lipids suggests CT is very sensitive to

12



the levels of these lipid signals in vivo™. As DAG and fatty acids are common lipid
metabolites of PC in vivo, this synergy suggests a “feed-back” mechanism of PC
synthesis, where the catabolites of PC could effectively recruit and activate CT in PC-

deficient regions of the lipid membrane***®,

1.5.2 Phosphorylation

Post-translational modification is often utilized in the regulation of enzymes in
cells, offering quick responses to keep up with the dynamic nature of cellular events.
One of the most prevalent modifications is phosphorylation. In CTa, phosphorylation
has been unambiguously localized to the 16 serines in the C-terminal tail®*. Data from
numerous studies has shown that a higher degree of phosphorylation is associated with
the soluble, inactive form of CT, compared to the membrane bound form 82,
Moreover, phosphorylation decreases the membrane binding affinity of pure CT in
vitro®”®!. Phosphorylation, therefore, has been proposed as an antagonist of membrane
binding and thus could play a role in the auto-inhibition and activation of CT.

Despite these convincing findings that correlate the state of phosphorylation with
the partitioning of CT between soluble and membrane bound form, the physiological
significance of this mode of regulation is not as clear. Wild-type, phopho-mimic, and
mutant CT incapable of phosphorylation all displayed similar characteristics in terms of
translocation induced by excess oleic acid, activation, and cell growth when either
construct was expressed in a CHOSS cell line with a conditionally null endogenous CT”.
Other studies demonstrated that the high density of negative charge from phosphorylation
did not preclude membrane association’, provided the lipid activator concentration was
high. Thus the notion has emerged that phosphorylation serves to fine-tune the membrane
affinity of CT, but the mechanism whereby it does so remains unsolved.  Alternatively,
phosphorylation may play a role in regulation of CT by other means. For example,

posphorylation might be used to enhance the half-life of CT within the cell’*.

1.6 Domain Structure of CT

Four domains have been identified in CT, with approximate boundaries (Figure

1.4; see also Figure 2.2). Domain N, residues 1-74, houses the nuclear localization
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signal at the N-terminus (residues 8-28)*. The solved structure of CTa, residues 1-236
(truncated form), revealed that the C-terminal half of domain N (residues 40 to 74)
participates in dimer formation, and situates on top (opposite from active site) of the
catalytic domain. The first 39 residues are not visible in the solved structure, presumably
due to high flexibility”. Although this region may not be involved in stabilization of the

dimer or CT catalysis, it may have additional role in membrane cross-bridging’*.

Dormain N (1-74) Dorain € (75-230) Dornain M (231-314) | Domain P (315-367)

Figure 1.4 — Sub-division of CT sequence into four functional domains

The numbering is for rat CTa

Domain C (residues 74-230) is responsible for catalysis. It is highly conserved
across species, and shares high sequence and structural similarities to other members of
the nucleotidyltransferase family’'. It contains an o/B nucleotide binding fold consisting
of a twisted five-stranded parallel B-sheet flanked by five helices. The ligands (CTP and
phosphocholine) bind to a pocket at the base of the B-sheet (see Figure 1.3)’"". The
active site cleft contains two arms: one arm, for binding CTP, extends from the top of
helix E towards the base of the B-sheet; the other arm (for phosphocholine) extends along
the base of the B sheet toward the L4 and L5 loops. The key components participating in
catalysis locate to L1, L2, L5, and L6 and the N-terminus of Helix E”.

Domain M (residues ~231-302) is the auto-regulatory domain. Deletion of this
domain results in constitutive (lipid-independent) activity in rat CTa’> and C. elegans
CT™. 1t is worth noting that rat CTa. lacking domain M and P shows a much higher K,
for the CTP substrate, as compared to the fully activated full length CT. This tentatively
suggests that domain M might also assist in stabilization of the CTP arm of the active site
in the active conformation.

In vertebrate CTs, domain M possesses an 11mer motif, repeated 4 times, with a
consensus sequence of: KSKEFVXKOEE. This motif uniquely resembles the 11mer
motif (KTKEGV$X¢XX) that is repeated 6 times in oa-synuclein, the Parkinson’s
Disease associated protein ( Lee, J., Semenec, L., Chen, J., Cornell, R. unpublished). This

region in both CT*® and a-synuclein®’ comprises a lipid-inducible amphipathic a-helix.
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Compared to the catalytic domain, which shows > 60% similarity between human and
yeast CTs, the sequence conservation in domain M is not high, and I will return to this
issue in Chapter 3.

Numerous studies, each with a different approach, have shown that this domain is

58,96,98-102

the principle membrane binding domain It responds to changes in membrane

lipid composition indirectly, by sensing ensuing changes in membrane physical

. 86,103
propertles77’ ’

. Upon encountering a suitable membrane surface, domain M is attracted
by electrostatics and docks onto that surface. There it transitions from a mixture of
conformers into a long amphipathic o-helix and inserts half way into one

monolayer’®!11%4,

By an as yet unknown mechanism this conformational change in
domain M communicates to the catalytic domain to relieve auto-inhibition. CD studies
with domain M peptides, up to 62 amino acids in length, showed that they lack a stable
structure in solution. In the presence of activating lipids, however, the peptides gain

significant a-helical content'®.

Homonuclear 2D NMR analyses of two overlapping
domain M peptides in the presence of the membrane mimetic, SDS, provided strong
support that membrane-bound domain M forms a long continuous amphiphatic a-helix
(Figure 1.5)°°. In water, the peptide spectra did not provide evidence for structure. CD
deconvolution analysis of full-length CT with and without activating lipids also indicated
a change in helical content equivalent to conversion of ~60 residues (likely domain M)
into a helical conformation'®. None of these analyses provide detailed insight into the
structure of domain M in its non-membrane bound form. This problem is crucial to

understanding the mechanism of auto-inhibition by M. To date crystallization trials of

CT constructs containing domain M have not been successful.
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NMR-derived structure
of 2 overlapping peptides
bound to SDS

Figure 1.5 — NMR structure of SDS-bound (lipid-mimic) domain M peptide

Stucture of domain M peptides bound to SDS (peptide: SDS = 1: 40 M/M) solved as described®®. The lipid
monolayer is etched in by hand. yellow residues = hydrophobic; blue = basic; salmon = acidic or
polar/nonionic. Three glutamates that become protonated at the surface of anionic membranes are shown as
green with oxygens in red'”.

Thel5-aa linker sequence between domain M and domain P, which is not
conserved, is of unknown structure and function. It may in fact be a portion of domain
M, and participate in membrane binding and auto-inhibition.

Domain P (residues 315 to 367) contains 16 serines in CTa with the potential to
be phosphorylated®®. This region has very poor sequence conservation across orthologs,
but tends to be around 50 residues in length, rich in proline, and is otherwise lacking in
hydrophobic character. As discussed previously, binding analyses with phosphorylated
and dephosphorylated forms implicate a role for modulation of lipid binding through
phosphorylation. Comparative CD-analysis and disorder predictions indicate this domain
is mostly unstructured and disordered’>'®. This is supported by its high accessibility to

. . 100
protease digestion .

1.7 Proposed mechanisms for auto-inhibition of CT

As there is no solved structure for the soluble form of a CT containing domain M,
how domain M silences the catalytic domain remains to be explored. The simplest
mechanism to propose would be a direct contact between the catalytic domain and
domain M, both possessing rigid, stable structures with high complementary surfaces for

strong auto-inhibitory interaction (Figure 1.6A), as exemplified by other well-
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characterized auto-inhibitory proteins discussed earlier. Some evidence for this rigid-
contact inhibition model emerged from a recent study on C. elegans CT, where lipid
independent activity increased significantly when specific hydrophobic residues in
domain M were non-conservatively mutated. Individual substitutions of L-246, W-249, 1-
256, or 1-257 to serine had no significant effect on lipid-independent activity, but the
combination of all four substitutions to serine resulted in a > 10 fold increase'®.
Mutation of a highly conserved F-260 to another hydrophobic residue (I, V, or L) was
without effect, but changing this one F to aspartate resulted in nearly complete lipid-
independent activity. This data is compatible with a hydrophobic surface mediating
inhibitory contact between domain M and C.

However, other data are unsupportive of stable domain M-domain C contacts: (1)
Limited protease digestion analysis: If domain M docks onto domain C one should see an
imprint of contact sites on domain C that would be at least partly protected from
proteases. However, the proteolytic pattern of peptides from the catalytic domain was the
same comparing constructs with or without domain M, as well as full-length CT +/-

activating lipid vesicles'®

. (2) Although auto-inhibition by domain M is a regulatory
feature of CTs from plasmodium® to mammals®, domain M shows poor conservation in
terms of sequence, length, and presence of the 1 1mer motif. Since the catalytic domain is
highly similar, a lock and key silencing mechanism is not consistent with the divergent M
domain.

An alternative mechanism of auto-inhibition (Figure 1.6B) was recently suggested
that does not rely on M/C direct contact. Rather, a silencing mechanism was proposed
that involves a highly disordered domain M in its lipid-free state. The disorder would be
propagated through the M/C linker, through helix E to generate local disordering of the
residues at the N-terminus of Helix E that participate in catalysis’>. This high entropy
status prevents their proper alignment for contact with CTP. According to this model,
lipid binding of domain M would propagate order from the membrane-bound a-helical M
domain all the way into helix E. This disorder-inhibition model is based on analysis of
crystal structures of catalytic domains of ethanolamine cytidylyltransferase (ECT), GCT,

1,72,75
E7,7,7

and CT, showing disorder to order transitions for helix (which is immediately

adjacent to active site residues) upon binding substrate or product. Although this model

17



escapes the requirement for specific auto-inhibitory contact, there has not been any direct
experimental evidence to support it. Emerging from my thesis work is a third silencing
mechanism that incorporates both direct contact and disorder in the silencing domain.
Details of auto-inhibitory mechanisms for some of the auto-inhibitory proteins
have been elucidated successfully with specific structural data from NMR experiments®®

and crystallography”'

. Unfortunately, it has been very difficult to obtain proper crystal
for structural determination of the full length CT with X-ray crystallography. As well,
since CT is a stable homodimer in solution, with a combined molecular weight of 84
kDa, it exceeds the upper limit for structural determination by NMR. Therefore, other

structural approaches must be taken for deciphering mechanism of CT auto-inhibition.

Inactive forms

Rigid Contact Inhibition

\ / Disorder Inhibition

Active form

active site

Figure 1.6 — Possible auto-inhibitory mechanisms proposed for CT
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In my thesis work I have used two approaches: photo-cross-linking to map the
inter-domain interactions of domain M, and fluorescence anisotropy to probe the
structural dynamics of domain M in comparison to folded domain C and the floppy C-
terminus of the protein. As proposed in the Disorder-inhibition model, the flexibility of
domain M may be important in auto-inhibition. Anisotropy analysis can provide a lower
resolution alternative to NMR for exploring structural dynamics'®. Details of the theory

and application for these two techniques are introduced in the next two sections.

1.8 Photo-cross-linking

Photo-cross-linking is a useful tool for analyzing molecular interactions, including

107-110 1t is used in

protein-protein, protein-ligand, and domain-domain interactions
combination with other analytical tools such as proteolysis and mass spectrometry.

To be useful for structural applications, photo-cross-linkers must meet the
following requirements''': 1) attachment of the photo-cross-linker must not disrupt the
folding of protein; 2) the optimal conditions for photo-cross-linker activation must not
damage the protein’s structure and function; 3) the lifetime of the excited state of the
photo-cross-linker should be shorter than the lifetime of specific interaction being probed
(eg. interaction between auto-inhibitory domain and functional domain); 4) the photo-
cross-linker should react non-specifically with any neighboring group so that interaction
sites are not biased; 5) the probe must be available commercially or convenient to
synthesizem. Compounds that generate carbenes and nitrenes on irradiation,
benzophenone derivatives that produce reactive radicals, and aryldiazonium generating

cations best meet most of these requirements''*"'!.

Of these photophores, a
benzophenone derivative, BBP (Figure 1.7), was chosen for my project, since it was
commercially available at the beginning of this project, and had been used successfully to
map protein-protein interactions' . BBP also has several other useful features, described
below.

A simplified version of the benzophenone reaction is outlined in Figure 1.7. One
major advantage benzophenone has over other photo-cross-linkers is its unique,

reversible photo-activation at non-damaging wavelength (~350 nm). The benzophenone
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will relax electronically if it fails to form a covalent bond with its target within the
lifetime of its excited state (which can persist up to ~100 psec) ''*, but may still maintain
its binding and photo-activation potential. As a result, it can undergo many excitation-
relaxation cycles until a favorable geometry for covalent modification is achieved. The
probability of finding a favorable geometry for the duration of photo-irradiation may be
increased further with the use of a flexible linker to the site of protein attachment''.

A common approach in the investigation of inter-molecular or inter-domain
interaction with a photo-cross-linker involves attaching the photo-reactive cross-linker
onto a specific site in the molecule of interest, irradiating to initiate photo-cross-linking,
and analyzing photo-cross-linked species via gel electrophoresis and/or mass
spectrometry (MS)'*71%1617 “The quality of MS spectra can be improved by purifying
photo-labeled molecules or parts of the molecules. BBP is suitable for these tasks, as it
contains sulhydryl-reactive methanethiosulfonate for site-specific attachment to

engineered cysteines, a flexible linker for efficient photo-cross-linking, and a biotin

group for purification via avidin affinity chromatography.
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Figure 1.7 — Reaction of a biotinylated sulfhydryl reactive photo-cross-linking reagent, BBP (2-[Na-
Benzoylbenzoicamido-N°-(6-biotinamidocaproyl)-L-lysinylamido]ethyl methanethiosulfonate)

a) The sulthydryl reactive group on BBP reacts with the SH of a single cysteine in CT to form a stable
disulfide. b) UV irradiation at ~350 nm causes promotion of one electron from a nonbonding sp2-like n-
orbital on oxygen to an antibonding m*orbital of the carbonyl group. The electron-deficient oxygen then
abstracts H from weak C-H bonds, giving rise to the ketyl and alkyl radicals that quickly recombine to
generate new C-C bond.
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1.9 Fluorescence Anisotropy

Fluorescence is the emission of a photon upon the return of an electron from a
higher energy orbital (excited state) to a lower orbital (ground state). Since there is a

118
and fluorescence

significant time delay between absorption of a photon (~ 10 fsec)
emission (~ 10 nsec)'"’, a fluorophore can undergo significant positional displacement

between absorption and emission.

A light source usually emits electromagnetic waves as a collection of all
orientations (unpolarized). It can be preferentially aligned in one plane (polarized). The
probability of absorption is highest when the electronic transition moment of the
fluorophore is parallel or at a very small angle to the plane of electric oscillations of the

exciting light beam'".

In an isotropic solution of randomly orientated fluorophores
(Figure 1.8A), the correctly orientated fluorophores will be preferentially excited (Figure
1.8B). In a hypothetical rigid medium, rotational motion of excited fluorophores will be
very low (Figure 1.8C), resulting in retention of polarization of the emitted light. On the
other hand, in a very fluid medium an unconstrained fluorophore will rotate in the
interval between absorption and emission; thus the emission will be depolarized. (Figure
1.8D)''®. The degree of depolarization of the emitted light can be monitored by detectors

oriented to capture light parallel or perpendicular to the plane of the incident light.

There are two types of fluorescence anisotropy measurements. A steady-state
measurement involves continuous excitation and is an average of the time-resolved
phenomena over the course of irradiation. It is simple to perform, and information
derived from this type of measurement can be straightforward. On the other hand, a time-
resolved decay measurement involves a sub-nsec excitation pulse, followed by
subsequent monitoring of the decay of polarization of the emission. Time-resolved
anisotropy decay monitors dynamics of the sample on a much finer scale, and can offer a
wealth of information not obtainable by steady-state measurements. However, this type
of measurement requires a fluorimeter capable of measuring intensities on the nsec time
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scale’ ”, which was unfortunately not available for this project. Therefore, I will focus on

factors involved in steady-state measurements.
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Figure 1.8 - Fluorophore excitation and emission has orientational dependence

Emission becomes depolarized with fluorophore rotation

The equation used to define steady state anisotropy (r) is r = (Iy— L) / (Iy + 21y),
where Ijj is the fluorescence intensity from vertically polarized emission, and I is from
horizontally polarized emission. The theoretical maxima for anisotropy is between -0.2
(isotropic) to 0.4 (frozen)'"”. For comparative purposes, it is more informative to express
freedom of rotation of the fluorophore with a rotational correlation time. Rotational
correlation time (0) is most accurately obtained from a time-resolved anisotropy decay,
but can be approximated using the Perrin equation: r = r,/(1+1/0), where 1, is the limiting
(i.e. maximal) anisotropy, and 1 is fluorophore life-time (average time the molecule
spends in the excited state prior to return to the ground state). Most unbound
fluorophores rotate at 50 — 100 psec scale, where their life-times are in the 1-10 nsec
range, resulting in extremely low anisotropy. Conjugation of a fluorophore to a
protein/macromolecule greatly increases anisotropy by slowing down the probe’s rate of
rotational motion. As rotational correlation times for most proteins are comparable to

typical fluorescence life-times (eg. 25 kDa protein has ~ 10 nsec rotational

23



time),measurement of anisotropy will be sensitive to any factor that affects the rate of
rotational diffusion. As defined by the equation: 6 = (nV)/(RT), these factors are
viscosity of the solvent (1), volume of the rotating molecule (V), and temperature (T) the
measurement is taken.

Other non-trivial factors unrelated to rotational freedom may affect the anisotropy
values, and should be minimized if not avoidable. First, light scattering from molecules
in the analyzed sample can greatly interfere with the measurement of anisotropy. For
example, turbidity from aqueous suspensions of membranes in biological samples can
cause scattering of the incident polarized light, resulting in excitation of fluorophores in
many different orientations. Scattering can also originate from the emitted photons.
Both of these scattering sources can under-estimate the actual anisotropy value.
Fortunately, scattering can be detected by sample dilution. If dilution does not change
the anisotropy value, then significant depolarization from scattering is unlikely. The
other side-cause of depolarization is radiative transfer, which is the reabsorption of
emitted photons. This process may increase apparent life-time of excited state as emitted
photons can be reabsorbed and re-emitted several times before leaving the sample'*’.
This is often the cause for low anisotropy values for the fluorophores that have large
spectral overlap between excitation and emission wavelengths, such as fluoresceins and
its derivatives. In fact, a single radiative transfer step can reduce the anisotropy to 28%
of its initial value'®’. As this process is not easily avoided as with scattering, care must
be taken in the selection of fluorophore, and in maintaining a dilute fluorophore
concentration.

Anisotropy can also be influenced by resonance energy transfer (RET) between
fluorophores, which can result in additional angular displacement of emission. In fact, a
single RET step can reduce anisotropy to as much as 4% of the initial value'*. This
factor is addressed further in Chapter 3.

Despite potential complications from scattering, radiative transfers, and RET,
many studies have successfully utilized anisotropy measurements to assess mobility and
complex formation of macromolecules. For example, mobility and stabilization (in
response to ligands) of an important helix in nuclear receptors was compared between

wild-type and defective mutants with a fluorescein derivative, using both steady-state and
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time-resolved anisotropy'?'. Formation of a ternary SNARE complex upon ligand
binding was followed by observing the increase in fluorescence anisotropy of a
fluorophore tagm. Through proper controls and careful experimental design in the
steady-state anisotropy measurements, | have gathered useful data on the dynamics of CT

domains that may be involved in the auto-regulation of CT.

1.10 Objectives

My major goal has been to elucidate the mechanism of CT auto-regulation by
domain M. There is an on-going effort in the Cornell lab to solve the structure of CT in
its active and inactive forms, and elucidate dynamic changes at the secondary, tertiary,
and quarternary levels.

Some specific questions I have asked are:

1) With what sites in CT does domain M make contact in its inactive, soluble

and active, membrane-bound forms?

2) What are the structural elements in domain M that enable it to efficiently

silence the catalytic domain? How flexible is domain M?

3) What are the structural transformations required for relief of auto-inhibition

during membrane binding and CT activation?

I have addressed these questions with the research presented in this thesis. In
particular, I used photo-cross-linking, coupled with MALDI-MS, in an attempt to capture
lipid-sensitive, auto-inhibitory interactions between the regulatory domain M and the
catalytic domain. In addition, I investigated the domain dynamics of the regulatory
domain M with the use of steady-state anisotropy, and gained insights into the inhibitory

behaviour and dynamics of domain M in the context of full length CT.
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2: Identification of lipid-sensitive interactions between
domain M and other CT domains via photo-cross-
linking/mass spectrometry

2.1 Introduction and summary of Chapter 2

As discussed in Chapter 1, the mechanism by which the M domain suppresses
catalytic activity is unknown. The prevailing model at the time I began this work was
that the M domain makes contact with the catalytic domain. Examination of the
proteolysis pattern for full-length vs CT truncated before domain M (CT236) had
suggested a possible interaction between domains M and N rather than M and C.
Specifically there was no apparent foot print of M (protection from cleavage) on the

1% To identify

catalytic domain when comparing the soluble and membrane bound forms
contacts between domain M and any other portions of CT, I engineered single cysteines
at 7 sites along the length of domain M using a cysteine-free rat CTa. After purification
of each single cysteine variant, I worked out methods for cysteine-specific labeling with
BBP, benzophenone-mediated cross-linking, and detection of these modifications. This
method is an unbiased search for any contacts within any region of CT with the

engineered cysteine site that are sufficiently stable over the ~100 psec lifetime of the

activated benzophenone.

In this chapter I present the development of these protocols. I showed specificity
of BBP labeling (by blocking with sulfhydryl-targeted alkylation), efficient removal of
unconjugated BBP from labeled samples, and sufficient photo-cross-linking (formation of
reductant-resistant covalent linkage via benzophenone). After complete proteolysis of
the CTs and isolation of biotinylated peptides by avidin affinity purification, the peptides
cross-linked to the domain M peptide containing the BBP adduct were identified by
MALDI-MS. (See Figure 2.1 for a flow chart of this protocol). I present my method for

authenticating these peptides as contact points with domain M, which involved parallel
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analysis of peptides generated with 4 distinct conditions (BBP-labeled, BBP-photo-
labeled; each +/- reduction and acetamidylation of the sulfydryl). I found that each of
four sites in domain M generated a similar photo-cross-linking pattern, involving contacts
throughout other portions of domain M, P and C. The contact sites in domain C were
mapped to peptides flanking the active site of the enzyme, and were absent when CT was
bound to lipid vesicles, in keeping with a function in silencing the enzyme. Mutations in
a conserved motif near in the C-terminus of domain M eliminated contacts to domain C
but did not relieve auto-inhibition of CT, suggesting that other sites participate in the
silencing function. These results tentatively support a model where flexible M domains
make multiple alternating contacts with a defined region on the catalytic domain. I

hypothesize that these contacts mediate auto-inhibition.
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Figure 2.1 - Outline of protocol identifying
inter-domain contacts with domain M

A. Single cysteine variants at various sites within
domain M (@) were purified and labeled with
1) +/- reduce BBP selectively at the engineered cysteine by
and alkylate disulfide exchange. B. BBP-labeled CT was
2) purification irradiated (366 nm) for 1 h at 4°C. C. Photo-
cross-linked samples were digested with trypsin.
e D D and E. Biotin-tagged peptides from half of the
' T digested sample were purified by avidin affinity
chromatography without pre-treatment, and the
other half of the digested sample was reduced
and alkylated (DTT-IAA) prior to avidin
chromatography. Peptides were identified by
MALDI-MS. The mass shift in the spectra
shown in E is equal to the mass of the domain M
peptide (with modified cysteine) minus
acetamide (56 Da). Inset displays the tri-
MALDI functional photo-cross-linker, BBP, which has a
~ 11A  distance separation between the
sulfhydryl-reactive methanethiosulphonate and
the photo-reactive benzophenone moiety.
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2.2 Results

2.2.1 Allssingle cysteine CT variants retained functional activity

Wild-type rat CTa contains seven endogenous cysteines. These were mutated to
serines by Mingtang Xie with only a ~ 2-fold reduction in enzyme activity'*. Beginning
with this cysteineless CT, I engineered eight single cysteine CT variants along the length

of domain M (Figure 2.2).

10 20 30 40 50
HDAQSSAKVN SRKRRKEVPG BNGATEEDGL PSKVQRCAVG LRQPAPESDE
60 70 80 90 100
IEVDESKEYV RVIMEEACRG TPCEREVRVY ADGIEDLEHS GHARALMOAK
110 120 130 140 150
NLFENTYLIV GVCSDELTHN FEKGETVMNEN ERYDAVQHCR YVDEVVRNAP
160 170 180 190 200
WILTPEFLAE HRIDEVAHDD IEYSSAGSDD VYKHIKEAGH FAPTQRTEGI
210 220 2301 240 250
_STSDITERIV RDYDVYARRN LQRGYTAKEL; NVSFINERKY HLQERVDKVK

: 260 270 280 290 300;
| KKVKDVEEKS KEFVQKVEEK SIDLIQKWEE KSREFJIGHFL EMFGEEGALK:

LSRCKAVICD ISEDEED

Figure 2.2 — Primary sequence of CT with sites of engineered single cysteines

Single cysteine CT variants were generated by first mutating all cysteines (underlined) to serines,
followed by site-directed mutagenesis to replace selected residues to cysteines (gray high-lighted). The
domains of CT are shaded as follows: domain N, green; domain C, violet; domain M, yellow; domain P,
blue. The exact domain boundaries for each domain are unknown. The 289F and 293F that were
mutated to aspartates in section 2.2.7 are in red ovals.

The cysteine substitutions were aimed to be non-perturbing, thus I substituted at
serine residues or at sites that are poorly conserved (see Figure 1.1). Although all CT

variants were slightly less active than the wild-type CT, their activities were slightly
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above or in the range of the cysteine-free CT. Notably, all remained highly lipid-
regulated (Table 2.1). This indicates that the overall protein structure and inter-domain
interaction responsible for lipid regulation and enzyme activity was not affected by the

mutations made.

Table 2.1 - Specific activities of CT constructs

Wild-type (WT) and single cysteine variants of CT were assayed for activity as described in Methods, with
0.1 mM PC/PG sonicated vesicles. All values are means + SEM (N=3), except for WT, which was an
average of duplicates.

WT S233C | R245C | D255C | 1272C | S282C | S288C | H301C | C359

9650+ | 5910+ | 7320+ | 4840+ | 6810+ | 2690+ | 6920+ | 7610+ | 7170 +

PCPG 1 60 210 250 130 330 45 300 100 360

188 + 242 + 401 + 127 + 235+ 189 + 186 + 178 +

Nolipid |4 13 83 27 17 34 27 58

73+29

2.2.2 M domains can make contact with each other in solution

Previous analysis of the dimer interface of CT had indicated inter-subunit contacts

involving domain C and its N-terminal extension’>'**,

Interestingly, all single cysteine
domain M variants can form disulfide bridged dimers upon oxidation (Figure 2.3A). To
test whether the disulfide bridges were due to random collisions between dimers I
prepared a heterodimer of CT236/CT-S288C which has only one domain M. This
heterodimer did not undergo disulfide formation upon oxidation (Figure 2.3B),
suggesting that the disulfide bridges between M domains were formed within the same
homodimer. This result reveals that either the residues in the M domains are close to

each other in a stable complex, or that there is sufficient flexibility along the length of

domain M to allow brief inter-chain contact that could be trapped by disulfide bonding.
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Figure 2.3 - All single cysteine CT variants can
form disulfide bridged dimers
A. Samples that were pre-quenched with IAA (+) or
untreated samples (-) were oxidized with CuPhe,
B CT-5288CICT-5288C| CT-5288CICT236 run on a non-reducing 10% tricine gel, Sypro-
orange stained, Typhoon imaged, and quantified
using ImageQuant. All variants show at least 50%
or higher increase in the formation of dimer upon
MONOMErS ‘swws w | e ===  xidation. B. Disulfide bridge is intra-dimeric.
P h Heterodimer of CT-S288C and CT236 (with one
re-quench — + - * = domain M) and homodimer of CT-S288C (with two
M domains) were oxidized with CuPhe, run on a
W . non-reducing 10% tricine SDS-PAGE, transferred
. NI€ || NI€ | onto PVDF membrane and blotted with anti-domain

Dimers —_—

- | = . M antibody. The diagram indicates disulfide
o - bridged homodimers on the left, and heterodimer
M/P M/P on the right.

2.2.3 Assessment of the specificity and efficiency of labeling and photo-labeling
with BBP

In developing my photo-labeling protocol it was important to demonstrate that the
BBP was faithfully conjugated to the specific cysteine in domain M, that excess
unconjugated BBP was removed prior to photolysis, and that the BBP linkage after
photo-irradiation became resistant to disulfide reduction (indicating coupling via the
benzophenone moiety). Taking advantage of the N-terminal His-tag on each single
cysteine CT variant, | first immobilized the CT on Ni-agarose beads, exposed the CT to
100 molar excess BBP in DMSO for < 5 min, immediately removed excess non-
conjugated BBP by multiple washes with DMSO and with buffer, and then recovered

labeled CT from the beads with imidazole washes.

I addressed the efficiency and specificity of BBP-labeling and removal of non-
conjugated BBP via electrophoretic analysis (Figure 2.4). Conjugation of BBP onto

cysteines in the CT sample greatly reduced the availability of these cysteines to form
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disulfide bridges under non-reducing conditions (resulting in a decreased proportion of
disulfide-bridged dimer as shown in Figure 2.4A lanes 1 and 2). This indicates that I had
labeled the CT with high yield.  The specificity of BBP labeling at cysteine was
demonstrated by the ability to block BBP-conjugation through alkylation of cysteines
with iodoacetamide (IAA) (Figure 2.4B). Furthermore, I removed most, if not all, of
non-conjugated BBP prior to photo-irradiation (Figure 2.4C). Importantly, I qualitatively
confirmed that photo-cross-linking was efficient, as most of the BBP on photo-labeled
CT had formed B-mercaptoethanol (B-ME) resistant, covalent bonds with the protein via
the benzophenone moiety (Figure 2.4A lane 8 and 11). The analysis presented here
showing results with CT-H301C has been performed for all CT variants subjected to

photo-cross-linking analysis in this study, and yielded similar results.

A 1 2 3 4 5 6 B 1213 14 15
90 kDa "= 90 kDa
45 kDa i T P U — -
7 8 9 10 11 BBP| + |+ | + | +
[AA] + | - + -
90 kDa b-MEl = [ = | = [~
45 kDa ——

BBP| - | + | + | = + | +
UVXL| = | = | + | = - |+
b-ME| = | = [ = | + + | + ~800 Da ‘

Figure 2.4 - Specific labeling of CT variants exemplified with CT-H301C

A. Assessment of labeling and photo-labeling efficiency. Top panel: Sypro-Orange stained 10%
tricine-SDS-PAGE of unlabeled, BBP-labeled, and photo-labeled CT-H301C. Bottom panel: The
same samples as shown in the top gel were processed for detection of biotin-containing BBP with
Streptavidin HRP. B. BBP labeling is disulfide dependent. Silver-stained SDS-PAGE (lane 12 and
13) and Streptavidin HRP (lane 14 and 15) for pre-quenched (with IAA) versus unquenched, BBP-
labeled CT-H301C. C. Washing protocol removes excess free BBP. Streptavidin HRP blot of BBP-
labeled CT-H301C after labeling, washing 6 times, and elution from Nickel-agarose (lane 16). The
unmodified BBP (input ) is shown in lane 17. Samples were run on 16.5% tricine SDS-PAGE.
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To assess whether this photo-labeling protocol affected the native structure of CT,
I evaluated CT’s tertiary fold by limited chymotrypsin digestion, and I measured its
activity in the absence and presence of anionic lipid vesicles. With CT-H301C as an
example (Figure 2.5), the proteolysis pattern was identical before and after the labeling
procedure, and the specific activity was largely unaffected. This analysis assured us that

the cross-links to be identified would reflect interactions of the native enzyme.
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Figure 2.5 - CT structure and activity was preserved after the process of BBP-labeling and photo-
cross-linking

Left: Silver-stained, 12% non-reducing SDS-PAGE showing the limited chymotrypsin digestion
patterns of untreated CT-H301C (lane 1 and 2) and CT-H301C that had gone through the BBP-labeling
procedure (lane 3 and 4). For digestion, CT-H301C was incubated with 1:200 (w/w) ratio of

chymotrypsin:CT for 5 min at 37°C with shaking.

Right: Activity analysis of untreated (a), BBP-labeled (b), and photo-labeled (c) CT-H301C. Activity
assays contain 10 mM DTT. Specific activity (nmol CDPcholine formed /min/mg protein) were means
+/- range of two independent determinations for a, or means +/- S.E.M of 4 independent determinations

for b and c.

2.2.4 Photocross-linking analysis of four single cysteine sites indicates that all sub-
regions of domain M make similar contacts with multiple sites in domains N,

C, M, and P.

Although we generated seven single cysteine variants for photo-cross-linking
analysis, three variants were not analyzed by photo-cross-linking. CT-S282C did not
incorporate BBP label. The reason for this is not clear, since there is no implication from

structural predictions that this region is particularly buried, and a protease accessibility
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analysis showed relatively high accessibility'”. CT-S233C and CT-D255C were
unusually insoluble when expressed, and contained much higher impurities relative to
other variants upon purification. Thus, my photo-cross-linking analysis focused on
identifying photo-cross-links from cysteine sites at position 245, 272, 288, and 301,

which span most of domain M.

2.2.4.1 Identification of photo-cross-links from MS spectra

To identify photo-cross-linked sites, I reduced and alkylated half of the trypsin
digested, photo-labeled sample prior to affinity purification on avidin beads so that I
could compare the mass spectrum of unreduced, cross-linked species with that of
reduced, alkylated species derived from the parent photo-cross-linked peptide. This
treatment produces identifiable mass shifts only for the peptides that contained a BBP
adduct through photo-cross-linking. To be certified as a peptide that was cross-linked
during photo-labeling, a peak matched to that peptide must satisfy the following criteria:
1) be unique to the spectrum for the photo-cross-linked sample (ie. if that peak were also
found in spectra of non-UV irradiated sample, it would be discarded); 2) show a mass
shift between reduced and non-reduced spectra equal to the mass of the domain M
peptide with modified cysteine minus acetamide; 3) match its theoretical mass within 1

Da.

The certification process is illustrated in the set of spectra from an analysis of CT-
H301C, shown in Figure 2.6. The peak in panel C at 3116.8 Da (yellow), unique to the
photo-labeled sample, matches the mass of a peptide containing residues 301-304
connected to residues 284-300 through BBP (M301-304;-BBP - M[234.3007). After reduction
of the disulfide and alkylation this species generates two peptides: a 2683.2 Da peak
(shown in the bottom panel, yellow) corresponding to residues 284-300 with covalently
attached, acetamide-modified BBP (AA-BBP-M|334.300)) and acetamidated 301-304,
which disappeared as it no longer carried BBP and had been removed during avidin-
affinity purification. Also illustrated in this figure are two species unique to the photo-
labeled samples (panel C) representing cross-links between Mi31.304) and domain C
peptides, Ci79.947 or Cyis7-196) (purple). The species at 3050 and 2353 Da in the 3rd panel

represent the cross-linked species, which upon reduction and alkylation, produce the
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BBP-conjugated and acetamidated domain C peptides at 2616 and 1918 Da, respectively,
shown in the bottom panel. Some peaks in the spectra for photolysed samples are
discounted, since they are also observed in the non-photolysed sample (blue dashed lines

in Figure 2.6)
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Figure 2.6 - Method for assigning bona-fide cross-linked peptides, illustrated with a set of spectra of
peptides from CT-H301C

CT-H301C was BBP-labeled. Half of the sample was UV irradiated as described in Methods. All
samples were digested with trypsin. Half of both non-UV irradiated and UV irradiated samples were
reduced and alkylated. All samples were purified with monomeric avidin beads, and analyzed on
MALDI-MS. Blue dashed lines represent examples of peaks that were not unique to photo-labeled
sample spectra, even though they showed mass shift comparing spectra for untreated and reduced
samples. These were not included in the final selection of peaks for identification. Violet and gold
dashed lines indicate peaks that were specific to photo-irradiated samples, and that shifted mass upon
reduction and alkylation, revealing the species cross-linked to the domain M C301 site.

Figure 2.7 shows the spectrum of photo-cross-linked CT-H301C derived peptides
analyzed before reduction/alkylation. The most intense peaks matched to photo-cross-
links between the modified cysteine and residues of immediate proximity (denoted self-
cross-links), such as M;301-304-BBP-M284-300) and AA-BBP-M2g4-300). The high

probability of these self-cross-links is expected since this is a nearest neighbour analysis.

Nevertheless, photo-cross-links to other parts of CT, such as domain P (M30;-3071-BBP-
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Ppses677) and C (AA-BBP-Ci79.941), were identified.  Although they were minor
compared to the intensity of the peaks corresponding to self-cross-links, they were very
consistent across repeated trials. The same trend (strong self-cross-links, and weak
cross-links to other domains) was seen with all single cysteine variants analyzed
(Appendix I). A complete list of photo-cross-links identified for each CT can be found in
Table 2.2. The percent of total MALDI peaks unique to the photo-cross-linked spectra
that were assigned to CT tryptic peptides is also listed in Table 2.2, and was > 80%.
Some spectra generated a few peaks that matched within 1 Da to two or more CT tryptic

peptides. These species are listed in Appendix II.
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Figure 2.7 - Certified photo-cross-linked peptides were used to generate a photo-cross-link coverage
map

Using the spectrum for CT-H301C as an example, photo-cross-linked peptides, identified by the method
shown in Figure 2.6, were plotted as bars representing their position and length in CT. The identities of
four cross-linked peaks are shown. The peak at 1245.7 Da corresponding to M39;.304-BBP matches to
both self-cross-link and non-cross-linked species. Some if not all of the species desorbing at this m/z
are likely self-cross-links because reduction and alkylation showed loss of this peak from the spectrum,
and conversion to species with two AA moities (AA-M3;.304-BBP-AA).
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Table 2.2 — Identified photo-cross-linked peptides from MALDI-MS for each single cysteine CT
variant

CT samples were labeled with BBP, photo-cross-linked, digested, affinity purified, and analyzed on
MALDI-MS as described in Methods. Peaks that match to more than one CT tryptic peptide were not
listed here. Some species were represented by multiple peaks in the mass spectra where the sequence was
identical but varied in modification such as phosphorylation states and oxidation. These species were listed
only once. The list contains BBP-conjugated peptides from spectra of both non-reduced/alkylated and
reduced/alkylated samples. Each table is sum of at least two repeated trials of the analyzed variant. For
each analyzed spectra, the percent of total peaks that were matched to CT was 80% or higher. Peptides are
color-coded based on their domain location. Yellow = domain M; Purple = Domain C; Green = Domain N;
Blue = Domain P. A BBP dimer species that was routinely observed is in orange. Each peptide’s residues
are indicated in brackets. AA = Acetamide. DOPG = sonicated lipid vesicles composed of dioleoyl
phosphatidylglycerol
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CT-R245C no lipid
Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP 810.3
AA-BBP-BBP-AA 1620.0
M[240-248]-BBP 1886.3 YHLQECVDK
M[239-248]-BBP 20144 YHLQECVDK
M[240-250]-BBP 21136 YHLQECVDK
M[239-250]-BBP 22417 KYHLQECVDKVK
M[239-248]-BBP-N[His-tag-His-tag] 2395.9 MAK

AA-BBP-M[252-266] 2631.2 KVKDVEEKSKEFVQK

AA-BBP-M[284-300] 2698.2 EFIGSFLEMFGPEGALK
M[240-250]-BBP-M[278-281] 27052 WEEK
M[240-248]-BBP-M[253-259] 27492 VKDVEEK
M[240-250]-BBP-M[262-266)] 2780.3 EFVQK

BBP-N[His-tag-16] 2790.3 SAMDAQSSAKVNSRKRRK
M[240-248]-BBP-N[9-15] 28018 VNSRKRR

M[239-248]-BBP-M[229-238] 3207.8 ELNVSFINEK

AA-BBP-M[282-304] 3451.2 SREFIGSFLEMFGPEGALKHMLK

M[240-250]-BBP-N[His-tag-14] 3866.5 SAMDAQSSAKVNSRKR
AA-BBP-N[His-tag-13] 4072.7 MAKHHHHHHIEGRSAMDAQSSAKVNSRK
M[239-248]-BBP-M[282-300] 4129.5 SREFIGSFLEMFGPEGALK
BBP-M[278-309] 4495.3 WEEKSREFIGSFLEMFGPEGALKHMLKEGKGR

BBP-M[278-317] 53804 WEEKSREFIGSFLEMFGPEGALKHMLKEGKGRMLQAISPK
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CT-1272C no lipid

Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP 810.0
AA-BBP-BBP-AA 1620.0
AA-BBP-M[246-248] 1172.3 VDK
AA-BBP-M[301-304] 1338.6 HMLK
M[271-277]-BBP 1556.7 SCDLIQK
AA-BBP-P[310-317] 1698.2 MLQAISPK
AA-BBP-N[His-tag-8] 1805.6 SAMDAQSSAK
AA-BBP-C[212-219] 1867.9 DYDVYARR
BBP-M[262-270] 1889 EFVQKVEEK
AA-BBP-C[187-196] 1916.8 EAGMFAPTQR
BBP-C[219-228] 1959.5 RNLQRGYTAK
AA-BBP-C[209-218] 2080.1 IVRDYDVYAR
AA-BBP-M[267-277] 2101.9 VEEKSCDLIQK
M[271-281]-BBP 21294 SCDLIQKWEEK
BBP-P[356-367] 22234 AVTSDISEDEED
AA-BBP-C[209-219] 2237 IVRDYDVYARR
BBP-C[212-223] 2323 DYDVYARRNLQR
BBP-N[His-tag-13] 23339 SAMDAQSSAKVNSRK
M[271-283]-BBP 2373.3 SCDLIQKWEEKSR
AA-BBP-C[197-211] 2470.7 TEGISTSDIITRIVR
AA-BBP-M[252-266] 2631.3 KVKDVEEKSKEFVQK
AA-BBP-M[284-300] 2698 EFIGSFLEMFGPEGALK
M[271-277]-BBP-M[229-238] 27514 ELNVSFINEK
BBP-N[His-tag-16] 2790.5 SAMDAQSSAKVNSRKRRK
AA-BBP-M[282-300] 2926.2 SREFIGSFLEMFGPEGALK
AA-BBP-M[253-270] 2989.7 VKDVEEKSKEFVQKVEEK
M[271-277]-BBP-P[305-317] 3004.7 EGKGRMLQAISPK
M[271-277]-BBP-P[318-328] 3090.6 QSPSSSPTHER
M[271-277]-BBP-C[79-94] 3362.9 VYADGIFDLFHSGHAR
BBP-P[305-328] 3363.6 EGKGRMLQAISPKQSPSSSPTHER
M[271-277]-BBP-P[342-355] 34286 TSPSSSPASLSRSK
BBP-M[284-304] 3450.6 EFIGSFLEMFGPEGALKHMLKEGK
AA-BBP-M[260-281] 3521.6 SKEFVQKVEEKSCDLIQKWEEK
BBP-P[329-355] 3687.5 SPSPSFRWPFSGKTSPSSSPASLSRSK
AA-BBP-M[282-307] 37493 SREFIGSFLEMFGPEGALKHMLKEGK
M[271-281]-BBP-P[310-328] 42441 MLQAISPKQSPSSSPTHER
M[271-281]-BBP-M[249-266] 43224 VKKKVKDVEEKSKEFVQK
AA-BBP-C[101-132] 4497 NLFPNTYLIVGVSSDELTHNFKGFTVMNENER
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AA-BBP-M[284-317] 4604.7 EFIGSFLEMFGPEGALKHMLKEGKGRMLQAISPK
AA-BBP-P[308-341] 4887.2 GRMLQAISPKQSPSSSPTHERSPSPSFRWPFSGK
BBP-P[318-353] 4904.2 QSPSSSPTHERSPSPSFRWPFSGKTSPSSSPASLSR
BBP-M[278-317] 5379.9 WEEKSREFIGSFLEMFGPEGALKHMLKEGKGRMLQAISPK
BBP-C[184-223] 5449 4 HIKEAGMFAPTQRTEGISTSDIITRIVRDYDVYARRNLQR
CT-1272C + DOPG
Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP 810.0
M[271-277]-BBP 1557.9 SCDLIQK
M[271-281]-BBP 2130 SCDLIQKWEEK
AA-BBP-P[308-335] 4222.9 GRMLQAISPKQSPSSSPTHERSPSPSFR
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CT-S288C no lipid

Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP 810.0
AA-BBP-BBP-AA 1620.0
BBP-M[246-251] 1470.3 VDKVKK
AA-BBP-N[9-16] 1854 VNSRKRRK
AA-BBP-C[187-196] 1918.2 EAGMFAPTQR
BBP-C[219-228] 1961.1 RNLQRGYTAK
BBP-P[342-355] 22245 TSPSSSPASLSRSK
AA-BBP-C[212-223] 2379.2 DYDVYARRNLQR
AA-BBP-C[79-94] 2615.7 VYADGIFDLFHSGHAR
M[284-300]-BBP 2640.2 EFIGCFLEMFGPEGALK
AA-BBP-P[336-353] 27715 WPFSGKTSPSSSPASLSR
AA-BBP-M[284-300]-AA 2756.3 EFIGCFLEMFGPEGALK
BBP-M[239-254] 2779.9 KYHLQERVDKVKKKVK
AA-BBP-M[282-300]-AA 2999.8 SREFIGCFLEMFGPEGALK
M[284-304]-BBP 3149.2 EFIGCFLEMFGPEGALKHMLK
M[284-300]-BBP-M[249-252] 31584 VKKK
AA-BBP-P[308-328] 3266.7 GRMLQAISPKQSPSSSPTHER
M[282-304]-BBP 3392.9 SREFIGCFLEMFGPEGALKHMLK
M[282-300]-BBP-M[301-304] 34122 HMLK
M[282-300]-BBP-C[224-228] 34237 GYTAK
AA-BBP-C[197-219] 3510.9 TEGISTSDIITRIVRDYDVYARR
AA-BBP-M[284-307] 3524 EFIGCFLEMFGPEGALKHMLKEGK
BBP-P[310-355] 3594.3 MLQAISPKQSPSSSPTHERSPSPSFR
M[284-300]-BBP-N[His-tag-8] 3637.4 SAMDAQSSAK
M[284-300]-BBP-M[301-309] 3696.8 HMLKEGKGR
AA-BBP-M[224-248] 3821.9 GYTAKELNVSFINEKKYHLQERVDK
M[284-300]-BBP-C[123-132] 3837.0 GFTVMNENER
M[282-304]-BBP-C[220-223] 3923.7 NLQR
M[284-300]-BBP-M[260-270] 3990.8 SKEFVQKVEEK
M[282-300]-BBP-M[262-270] 4037.8 EFVQKVEEK
M[284-300]-BBP-N[His-tag-13] 4252.3 SAMDAQSSAKVNSRK
AA-BBP-P[310-335] 4372.7 TSPSSSPASLSRSKAVTSDISEDEED
BBP-M[219-250] 4659.7 RNLQRGYTAKELNVSFINEKKYHLQERVDKVK
BBP-P[318-353] 4665.1 QSPSSSPTHERSPSPSFRWPFSGKTSPSSSPASLSR
AA-BBP-P[336-367] 4676.9 WPFSGKTSPSSSPASLSRSKAVTSDISEDEED
M[282-300]-BBP-N[His-tag-15] 4793.1 SAMDAQSSAKVNSRKRR
M[271-304]-BBP 4794.0 SIDLIQKWEEKSREFIGCFLEMFGPEGALKHMLK
M[284-300]-BBP-P[310-328] 4898 4 MLQAISPKQSPSSSPTHER
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M[284-300]-BBP-P[336-355] 4991.6 WPFSGKTSPSSSPASLSRSK
M[284-300]-BBP-P[329-353] 5278.2 SPSPSFRWPFSGKTSPSSSPASLSR
AA-BBP-M[278-317] 5453.5 WEEKSREFIGCFLEMFGPEGALKHMLKEGKGRMLQAISPK
M[284-300]-BBP-P[308-335] 6109.2 GRMLQAISPKQSPSSSPTHERSPSPSFR
M[282-300]-BBP-P[305-335] 6284.6 EGKGRMLQAISPKQSPSSSPTHERSPSPSFR
CT-S288C + DOPG
Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP 810.0
M[284-300]-BBP 2640.2 EFIGCFLEMFGPEGALK
AA-BBP-P[336-353] 2769.0 WPFSGKTSPSSSPASLSR
M[282-300]-BBP 2883.3 SREFIGCFLEMFGPEGALK
M[284-304]-BBP 31664 EFIGCFLEMFGPEGALKHMLK
BBP-P[308-328] 3207.8 GRMLQAISPKQSPSSSPTHER
BBP-P[318-341] 3507.6 QSPSSSPTHERSPSPSFRWPFSGK
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CT-H301C no lipid

Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP 810.0
AA-BBP-BBP-AA 1620.0
M[301-304]-BBP 1245.9 CMLK
BBP-M[278-281] 1345.1 WEEK
AA-BBP-M[301-304]-AA 1361.5 CMLK
BBP-M[301-309] 1776.3 CMLKEGKGR
AA-BBP-P[310-317] 1777 4 MLQAISPK
BBP-P[308-317] 1871.1 GRMLQAISPK
AA-BBP-C[187-196] 1918.4 EAGMFAPTQR
BBP-C[219-228] 1960 RNLQRGYTAK
AA-BBP-P[342-355] 22818 TSPSSSPASLSRSK
BBP-N[His-tag-13] 23334 SAMDAQSSAKVNSRK
M[301-304]-BBP-C[123-132] 244338 GFTVMNENER
AA-BBP-C[197-211] 24725 TEGISTSDIITRIVR
AA-BBP-C[79-94] 2615.2 VYADGIFDLFHSGHAR
M[301-307]-BBP-C[220-228] 2628.1 NLQRGYTAK
BBP-P[336-353] 2633.2 WPFSGKTSPSSSPASLSR
AA-BBP-M[284-300] 2699.1 EFIGSFLEMFGPEGALK
AA-BBP-C[209-223] 27485 IVRDYDVYARRNLQR
M[301-307]-BBP-P[356-367] 2870.4 AVTSDISEDEED
AA-BBP-M[282-300] 2926.4 SREFIGSFLEMFGPEGALK
AA-BBP-M[267-283] 29435 VEEKSIDLIQKWEEKSR
M[301-304]-BBP-C[79-94] 3050.2 VYADGIFDLFHSGHAR
M[301-307]-BBP-M[239-250] 3102.7 KYHLQERVDKVK
AA-BBP-P[336-355] 3305.2 WPFSGKTSPSSSPASLSRSK
M[301-304]-BBP-P[310-328] 3345 MLQAISPKQSPSSSPTHER
BBP-N[His-tag-8] 3373.7 MAKHHHHHHIEGRSAMDAQSSAK
M[301-304]-BBP-M[229-245] 3410.1 ELNVSFINEKKYHLQER
BBP-N[9-33] 3476.2 VNSRKRRKEVPGPNGATEEDGIPSK
BBP-P[310-335] 3594.9 MLQAISPKQSPSSSPTHERSPSPSFR
AA-BBP-M[260-283] 3775.9 SKEFVQKVEEKSIDLIQKWEEKSR
M[301-304]-BBP-P[318-341] 42411 QSPSSSPTHERSPSPSFRWPFSGK
M[301-307]-BBP-M[246-270] 4564.8 VDKVKKKVKDVEEKSKEFVQKVEEK
BBP-P[318-353] 4665.2 QSPSSSPTHERSPSPSFRWPFSGKTSPSSSPASLSR
M[271-304]-BBP 47141 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLK
AA-BBP-M[229-261] 4828.5 ELNVSFINEKKYHLQERVDKVKKKVKDVEEKSK
AA-BBP-M[249-281] 48435 VKKKVKDVEEKSKEFVQKVEEKSIDLIQKWEEK
AA-BBP-P[308-341] 48874 GRMLQAISPKQSPSSSPTHERSPSPSFRWPFSGK
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M[301-304]-BBP-P[329-355] 4916.5 SPSPSFRWPFSGKTSPSSSPASLSRSK
M[301-304]-BBP-M[284-317] 4990.6 EFIGSFLEMFGPEGALKCMLKEGKGRMLQAISPK
M[271-307]-BBP 5043.1 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLKEGK
AA-BBP-C[95-132] 5140.9 ALMQAKNLFPNTYLIVGVSSDELTHNFKGFTVMNENER
AA-BBP-P[336-367] 5155.8 WPFSGKTSPSSSPASLSRSKAVTSDISEDEED
BBP-C[184-223] 5449.8 HIKEAGMFAPTQRTEGISTSDIITRIVRDYDVYARRNLQR
CT-H301C + DOPG
Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP 810.0
M[301-304]-BBP 1278.7 CMLK
AA-BBP-P[310-317] 17143 MLQAISPK
AA-BBP-M[284-300] 2683.9 EFIGSFLEMFGPEGALK
AA-BBP-M[282-300] 2928.8 SREFIGSFLEMFGPEGALK
AA-BBP-P[342-367] 34926 TSPSSSPASLSRSKAVTSDISEDEED
M[301-304]-BBP-M[278-300] 39364 WEEKSREFIGSFLEMFGPEGALK
M[271-304]-BBP 4730.6 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLK
M[271-307]-BBP 5043.0 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLKEGK
BBP-P[329-367] 5137.8 SPSPSFRWPFSGKTSPSSSPASLSRSKAVTSDISEDEED

2.2.4.2 Assembly of photo-cross-link coverage maps.

To facilitate a comparison of the cross-linking patterns from different BBP sites,
we generated photo-cross-link coverage maps, as shown in Figure 2.8, from photo-cross-
linked peptides identified by MS. The peaks assigned to the peptides in this figure
matched to only one CT tryptic peptide. A major finding is that the BBP-labeled CTs
share similar photo-cross-linking patterns, regardless of the site of conjugation within
domain M. First, photo-cross-links to the N-terminus of domain N were identified.
Considering that in the solved CT structure (PDB: 3HL4) the base of domain N (residue
40-73) is situated on the side of the catalytic domain opposite that of the linker to domain
M, a domain M — N cross-link implies that either domain M or the N-terminus of domain
N, or both, are very flexible to make the contact possible. Secondly, relatively
unfocussed photo-cross-links to domain P and within domain M were found, likely due to

some degree of disorder in the structure of these domains. Finally, and most
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significantly, I found photo-cross-linking to selective peptides within domain C, which I

discuss at length in the next section.
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Figure 2.8 - Photo-cross-link coverage maps of different CT variants

Each bar maps photo-cross-linked peptides identified via MALDI-MS spectra. Some of the peptides
contain missed cleavage sites. The dashed line represents the BBP-modified cysteine residue in each
single cysteine CT variant. The three darkened areas in domain C identify the specific location of
focused photo-cross-links within domain C. Each map is sum of at least two repeated trials of each
analyzed variant. Regions that do not contain any photo-cross-links, for all CT variants, include
residues 20 to 78, 95-122, and 133-183.
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2.2.5 Photo-labeled domain C peptides map to the active site and linker between
domain C and M

All analyzed CTs contained photo-cross-links to specific regions in domain C
(Figure 2.8 darkened areas). We mapped these peptides onto the solved structure of
CT236 (PDB: 3HL4)". These peptides form part of the active site (the portion proximal
to the dimer interface), helix E, and the linker between domains C and M (Figure 2.9).
We identified residues 201-205 as the converging contact region, i.e. the site within 11 A
of all common photo-cross-linked domain C peptides. Briefly, using SwissDeepView,
residues within 11 A of the most commonly photo-cross-linked domain C peptides (187-
196, 123-132, 79-94, and helix E) were selected. The overlapping region from these
residues was determined to be the converging site (Figure 2.10). If a BBP modified
region of domain M were to dock onto this site, BBP could potentially react with all the
photo-cross-linked domain C peptides. This region, highlighted in red in Figure 2.9,

could serve as a site for the docking of domain M and for its silencing action.
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Figure 2.9 - BBP forges photo-cross-links to all regions within CT, including a region flanking the
active site

CT structure composite: The catalytic domain of rat CTa (PDB ID = 3HL4) is shown in Pymol
cartoon mode. CDP-choline (green sticks) is bound to the active site. Identified photo-cross-links
from domain M to domain C are purple, with the proposed docking site (residues 201-205) for
domain M shown as red balls. The dashed lines represent unsolved regions of CT (domain M in
yellow, domain P in blue, and domain N in green). Part of the BBP molecule (from benzophenone to
sulfhydryl-reactive center) is represented as cyan sticks, with the benzophenone included in a red
dashed circle. Inset. In the membrane-bound form, photo-cross-links were limited to sites of

immediate proximity to the modified cysteine. Domain M is modeled from the solved NMR
structure, PDB IDs = 1PEH and 1PEI
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Figure 2.10 - Calculated converging point from photo-cross-linked peptides identified in MALDI-
MS could potentially serve as docking site for domain M

SwissDeepView was used to determine residues within 11 A (yellow in A, B, C, and D) of the most
common photo-cross-linked domain C peptides (green in A [187-196], B [79-94], C [123-132], and D
[197-208]). E shows regions of overlap from these calculated residues. Specifically, yellow represents
no overlaps, orange represents overlap of calculated residues from two or more different photo-cross-
linked domain C peptides, and red represents overlap of all four domain C peptides. At the proposed
docking site (red, aa 201-205) BBP attached to the docked domain M, can reach all of the common
photo-cross-linked domain C peptides found in the MS analysis. Images were created using surface
topology depiction in Pymol.
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2.2.5.1 Nearly all peptides derived from CT can be detected in the crude digest by
MALDI-MS

The data I have described so far suggest that the domain M contact with domain C
is restricted to a location flanking the active site. However selective cross-linking could
reflect artifacts of analysis. To examine whether peptides in the missing regions of
domain C on the photo-cross-link coverage map were absent due to difficulty in detection
on MALDI-MS, I analyzed digests of photo-labeled CT-H301C before and after avidin
purification. As shown in Figure 2.11 and listed in Table 2.3, I readily identified in the
crude digests peptides such as Cpig3-183), Cliss-162] and Cpioi-122] that were absent in the
photo-cross-link coverage map. Sequence coverage for this set of spectra was 99%
(missing a peptide encompassing residues 184-186). Additionally, several peptides that
represented very minor peaks in the crude digest were augmented in the spectra following
avidin affinity purification; These peptides were mapped to species containing BBP.
Therefore, the absence of photo-cross-links to peptides derived from large stretches
within the catalytic domain is not due to failure to generate peptides within these regions
during trypsin digestion, nor inability to detect these species on MALDI-MS. Rather, it

is due to lack of reaction with the BBP-conjugated residue within domain M.
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Figure 2.11 — Purification of CT tryptic peptides with monomeric avidin beads selectively enhances
relative intensity (and quality) of peaks corresponding to peptides with BBP adducts

CT-H301C was labeled with BBP, photo-cross-linked for an hour at 4°C, and digested with trypsin as
described in Method. The samples in the first and third spectra were analyzed without purification,
while the samples in second and fourth spectra were purified with monomeric avidin beads. Samples in
the first and second spectra were not reduced and alkylated, while third and fourth were. Blue dashed
lines highlight some of the peaks that match to peptides not carrying BBP, which were removed by
avidin purification. Red dashed lines highlight peaks that match to peptides (containing BBP adducts,)
that were enhanced by avidin purification.

Table 2.3 — Tryptic peptides present in a digest of photo-cross-linked CT-H301C before avidin
purification

CT-H301C was labeled with BBP, photo-cross-linked, digested, and analyzed on MALDI-MS without
purification on monomeric avidin beads. Most of the peptides lack BBP label and are not color-coded.
The BBP-labeled peptides are color coded as in Table 2.2. Only peaks that match within 1 Da of theoretical
mass were considered. Peaks that match to more than one CT tryptic peptide were not listed. Peaks that
correspond to an identified peptide of same sequence but with different modifications (such as
phosphorylation or oxidation) were listed only once. This is the output of one trial, which was repeated
with very similar results.
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Average

Identity Observed Sequence of peptide/peptide from contact
Mass (Da)
His-tag-8 2605.7 MAKHHHHHHIEGRSAMDAQSSAK
His-tag-14 41724 MAKHHHHHHIEGRSAMDAQSSAKVNSRKR
His-tag-16 3645.9 MAKHHHHHHIEGRSAMDAQSSAKVNSRKRRK
His-tag-33 5351.6 MAKHHHHHHIEGRSAMDAQSSAKVNSRKRRKEVPGPNGATEEDGIPSK
His-tag-His-tag 1297.1 HHHHHHIEGR
His-tag-8 995 SAMDAQSSAK
His-tag-15 1894.7 SAMDAQSSAKVNSRKRR
9-14 759.4 VNSRKR
AA-BBP-N[13-36] 3459.4 KRRKEVPGPNGATEEDGIPSKVQR
16-33 1825 KEVPGPNGATEEDGIPSK
16-36 2209.6 KEVPGPNGATEEDGIPSKVQR
34-42 985.3 VQRSAVGLR
4361 22244 QPAPFSDEIEVDFSKPYVR
62-69 924 VTMEEASR
70-100 3428 GTPSERPVRVYADGIFDLFHSGHARALMQAK
79-94 1805.8 VYADGIFDLFHSGHAR
M[301-304]-BBP-C[79-94] 3050.2 VYADGIFDLFHSGHAR
79-100 24644 VYADGIFDLFHSGHARALMQAK
101-122 2509.4 NLFPNTYLIVGVSSDELTHNFK
101-140 4662.3 NLFPNTYLIVGVSSDELTHNFKGFTVMNENERYDAVQHSR
123-132 11974 GFTVMNENER
AA-BBP-C[123-140] 2963.8 GFTVMNENERYDAVQHSR
141-147 880.9 YVDEVVR
148-162 1782.8 NAPWTLTPEFLAEHR
163-183 23149 IDFVAHDDIPYSSAGSDDVYK
187-196 1108.3 EAGMFAPTQR
197-211 1659.9 TEGISTSDIITRIVR
209-228 2458.5 [VRDYDVYARRNLQRGYTAK
212218 901.7 DYDVYAR
M[301-304]-BBP-M[219-245] 4581.8 RNLQRGYTAKELNVSFINEKKYHLQER
220-238 22252 NLQRGYTAKELNVSFINEK
220-239 23533 NLQRGYTAKELNVSFINEKK
224-254 3721 GYTAKELNVSFINEKKYHLQERVDKVKKKVK
229-238 1193.1 ELNVSFINEK
229-248 24906 ELNVSFINEKKYHLQERVDK
AA-BBP-M[229-251] 3655.8 ELNVSFINEKKYHLQERVDKVKK
229-266 4648.4 ELNVSFINEKKYHLQERVDKVKKKVKDVEEKSKEFVQK
229-281 6506 ELNVSFINEKKYHLQERVDKVKKKVKDVEEKSKEFVQKVEEKSIDLIQKWEEK
246-261 1887.7 VDKVKKKVKDVEEKSK
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M[301-304]-M[246-261] 3132.2 VDKVKKKVKDVEEKSK
246-283 4618.3 VDKVKKKVKDVEEKSKEFVQKVEEKSIDLIQKWEEKSR
249-254 729.9 VKKKVK
249-300 6331.3 VKKKVKDVEEKSKEFVQKVEEKSIDLIQKWEEKSREFIGSFLEMFGPEGALK
251-277 32334 KKVKDVEEKSKEFVQKVEEKSIDLIQK
252-261 1191.9 KVKDVEEKSK
253-266 1692.9 VKDVEEKSKEFVQK
255-270 1951.9 DVEEKSKEFVQKVEEK
260-270 1352.2 SKEFVQKVEEK
271-309 4490 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLKEGKGR
M[271-317]-BBP 6109.2 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLKEGKGRMLQAISPK
278-304 3195.2 WEEKSREFIGSFLEMFGPEGALKCMLK
282-300 21166 SREFIGSFLEMFGPEGALK
AA-BBP-M[282-300] 29256 SREFIGSFLEMFGPEGALK
284-300 1872.7 EFIGSFLEMFGPEGALK
AA-BBP-M[284-300] 2681.6 EFIGSFLEMFGPEGALK
M[301-304]-BBP-M[284-300] 3117.2 EFIGSFLEMFGPEGALK
M[284-317]-BBP 45137 EFIGSFLEMFGPEGALKCMLKEGKGRMLQAISPK
M[301-304]-BBP 1244.6 CMLK
AA-BBP-M[301-304]-AA 1361.3 CMLK
301-307 810.6 CMLKEGK
301-309 1021.7 CMLKEGKGR
BBP-M[301-328] 3869.5 CMLKEGKGRMLQAISPKQSPSSSPTHER
AA-BBP-M[301-328] 3911.5 CMLKEGKGRMLQAISPKQSPSSSPTHER
AA-BBP-M[301-335] 4685.5 CMLKEGKGRMLQAISPKQSPSSSPTHERSPSPSFR
308-317 1181.7 GRMLQAISPK
AA-BBP-M[79-94] 26156 VYADGIFDLFHSGHAR
AA-BBP-P[308-328] 3186.2 GRMLQAISPKQSPSSSPTHER
308-341 4476.6 GRMLQAISPKQSPSSSPTHERSPSPSFRWPFSGK
AA-BBP-P[310-335] 3668.1 MLQAISPKQSPSSSPTHERSPSPSFR
310-335 42108 MLQAISPKQSPSSSPTHERSPSPSFR
BBP-P[310-341] 4700.3 MLQAISPKQSPSSSPTHERSPSPSFRWPFSGK
318-328 12131 QSPSSSPTHER
318-335 22122 QSPSSSPTHERSPSPSFR
318-341 3155 QSPSSSPTHERSPSPSFRWPFSGK
318-355 4529.7 QSPSSSPTHERSPSPSFRWPFSGKTSPSSSPASLSRSK
329-341 1481.8 SPSPSFRWPFSGK
329-353 3359.2 SPSPSFRWPFSGKTSPSSSPASLSR
329-367 5185.6 SPSPSFRWPFSGKTSPSSSPASLSRSKAVTSDISEDEED
336-341 217 WPFSGK
336-355 27346 WPFSGKTSPSSSPASLSRSK
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343-353 1337.1 TSPSSSPASLSR

342-355 1953.2 TSPSSSPASLSRSK
354-367 1844.3 SKAVTSDISEDEED
M[301-304]-BBP-P[354-367] 3010.5 SKAVTSDISEDEED

2.2.6 Lipid binding breaks contact with domains N and C, and orders domain M

via transition into an amphiphatic o-helix

If the contacts between domain M and the catalytic domain function in silencing
CT’s activity, then they should be broken upon membrane binding. Thus I repeated the
photo-cross-linking analysis of CT-1272C, CT-S288C, and CT-H301C in the presence of
~4000 molar excess dioleoyl-phosphatidylglycerol (DOPG) vesicles. Figure 2.12 shows
representative spectral regions from 3 CT variants analyzed for photo-cross-links of the
soluble and membrane-bound forms. Peptides mapping to the three sub-regions of
domain C in the soluble form of CT were absent from the spectra of membrane-bound
CT. The similar intensities of peaks flanking the domain C peaks in these spectra verify
the change specific to the domain C sites. The results of this analysis are summarized in
the bottom three panels of Figure 2.8, and the peptides cross-linked to BBP-labeled
domain M sites are listed in Table 2.2. Complete elimination of contacts with the
catalytic domain, when photo-cross-linking was performed in the presence of activating
lipids, supports the hypothesis that these contacts are auto-inhibitory. Photo-cross-links
within domain M for the lipid-bound samples were restricted to sites of immediate
proximity (Figure 2.8). Changes observed in the photo-cross-linking pattern within
domain M upon lipid binding reflects a structural transition from a relatively unstructured
segment (resulting in unfocused photo-cross-link) to an ordered, a-helical domain M

(resulting in limitation to self-cross-links).

Although I expected to find photo-cross-links to lipids for samples irradiated in
the presence of DOPG, I could not identify any BBP-modified lipid molecule on MS.
This could be due to difficulty in detection of DOPG on MALDI-MS. 1t is also likely
that structure formed in domain M restricts the proper orientation of the photo-cross-

linkers required to form covalent bond with the lipids.
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Figure 2.12 — Photo-cross-links to the catalytic domain do not occur in the presence of excess
activating lipids

BBP-labeled CT-H301C was photo-cross-linked at 4°C in the absence of DOPG (Top spectra) or in the
presence of 4000 molar excess DOPG (Bottom spectra), and digested with trypsin. BBP-containing
peptides were purified with monomeric avidin beads, and analyzed on MALDI-MS as described in
Methods.

2.2.7 Mutation at a conserved region in domain M breaks contacts with domain N
and C, but does not obliterate the inhibitory action of domain M

To search for a conserved sequence that may contribute to auto-inhibition of CT, I
aligned sequences of different CTs from evolutionarily divergent organisms (Figure
2.13). Iidentified a highly conserved sequence motif, F**’LEMF***, at the C-terminus of
domain M. I hypothesized that non-conservative mutations made in this motif would
disrupt contacts with the catalytic domain, and subsequently eliminate auto-inhibition
from domain M. I mutated the two phenylalanines in the FLEMF motif into aspartates in
CT-H301C to produce CT-2D301, purified the protein and conducted BBP photo-cross-
linking analysis. This domain M variant (CT-2D301) did not generate any photo-cross-
links to domains N or C (Figure 2.14A), suggesting that the mutation had disrupted

contacts in the region of C-301. However, the auto-regulation remained similar to the
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parent, CT-H301C (Figure 2.14B). Both CTs were highly auto-inhibited in the absence
of activating lipids, and were similarly activated by PG vesicles. This somewhat
surprising result suggests that the FLEMF contact with the catalytic domain is not
sufficient for inhibition of catalysis. Other sites must contribute, and in so doing can

compensate for the loss of contact from FLEMF.

P. Falciparum z»KPLGTDEDQGVENLQVKFKELF
A. Thallana :»xGMHHDEWLENADRWVAGFLEMF

C. Elegans 2eTELLSTWKSKSDDIIRDFIDTF

D. Melanogaster 222V DII TKWEEKSREFIDTFLLLF
C. intestinalis »»HE LLDKWKERSNDEVRNEFIEMY

R. norvegicus 22IDLIQKWEEKSREFIGSFLEME
FOXOF

Figure 2.13 — Primordial 22 residue segment in domain M

Sequence alignment of CTs from different organisms identified a highly conserved FLEMF motif (solid
box) at the C-terminus of domain M. Highly similar or identical residues are shaded in gray. This
motif resides beside one of the residues that had been shown to contact helix E and the active site, 288
(yellow). ¢ = hydrophobic residue.
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Figure 2.14 — Mutation of conserved phenylalanines in the FLEMF site inhibit contact of the region
near residue 301 with the active site, but does not relieve overall auto-inhibition

A. Photo-cross-link coverage map showing elimination of all photo-cross-links to domain C and N due
to the F2D mutation. B. Lipid regulation of CT activity is not affected by mutation of the conserved
FLEMF motif. The specific activity of CT-H301C and the same construct with additional mutation at
F? and F** to aspartate (CT-2D301) was determined in the absence or presence of the indicated
concentrations of egg PC/PG (1/1) sonicated vesicles. Data are averages +/- S.D. of four
determinations. C. Examples of MS peaks corresponding to photo-cross-linked domain C peptides that
are not observed in CT-2D301. Spectra are from BBP-photo-labeled, reduced and alkylated samples.

2.2.8 Conjugated BBP at each site in domain M interferes minimally with auto-
inhibition of CT activity.

Based on the results of Figure 2.4, it appears that the BBP conjugation reactions
were very efficient, resulting in the majority of CT molecules incorporating a BBP adduct
at the specific cysteine. If the site of conjugation participates in contacting the catalytic
domain or in any way contributes to enzyme silencing, BBP might interfere with that

process. I assayed the activity of each of the CT single cysteine variant with and without
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the BBP adduct, as well as with and without activating lipids. The results (Figure 2.15)
showed that auto-inhibition of CT was affected only marginally by the BBP addition.
Because the enzyme activity is challenging to detect in the absence of lipid, 2-fold effects
are not significant. The tolerance to the BBP adduct at any of several sites in domain M
suggests that the domain M — C contacts does not rely on a stringent, structurally rigid
and highly complementary interaction surface. Rather, this result supports a loose M-C
interaction, and/or participation of several domain M sites. For example, if a BBP adduct
at Cys-245 interfered with contacts at that site, if other sites participate in the silencing
process, they might be unimpeded by the adduct at Cys-245. This model invokes a

requirement for a flexible domain M.
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Figure 2.15 - Activity analysis on BBP-labeled and photo-labeled CT variants

CT variants were labeled with BBP, photo-labeled as described in Methods, and assayed for enzyme
activity under different conditions. DTT treatment releases the sulthydryl-mediated BBP link to the
engineered cysteine. Each data set was the average + S.D. of 3 independent trials.
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2.2.9 Photo-cross-linking with CT-T207C was not successful

Residues 201-205 in helix E of the catalytic domain were proposed to be the
docking site for domain M (Figure 2.10). To provide further support for this claim, I
made a single cysteine variant (CT-T207C) at a position close to this region (residue
207). This residue is not as well conserved compared to the rest of helix E (Figure 1.1),
and is exposed to the environment as shown in the solved structure of CT236”. The
purified CT-T207C had a specific activity of 6990 + 274 Units/mg with PC/PG lipid
vesicle and 151 + 69 Units/mg without lipids (N=4). I labeled CT-T207C with BBP
successfully, but failed to obtain any photolysis reaction as detected by SAV-HRP blot
(eg. BBP did not form a -ME resistant covalent bond). Failure to photo-cross-link
cannot be attributed to the lack of specific contact from domain M to this region, as even
cross-links to the immediate proximity on helix E (self-cross-links) were not observed.
Instead, it is possible that this region lacks the flexibility that domain M possesses to
allow BBP to sample as many orientations as needed for successful photolysis. It is also
possible that BBP might be somehow trapped within small pockets on the catalytic
domain near helix E, or the dimer interface region in helix E, restricting proper

positioning of BBP for photolysis.

2.3 Discussion

2.3.1 Domain M silencing does not involve a tight complex with the active site

The original model for inhibition by domain M envisioned domain M as a rigid
clamp making long-lived contact with the catalytic domain. I will refer to this as the
Rigid Contact (RC) model. However, there are many observations incompatible with this
model.

(1) Domain M sequence is poorly conserved. The RC model would necessitate
sequence conservation in both domain C and M at the sites of contact. However,

CT M domains from diverse species that are lipid-regulated differ markedly in

sequence, length, and the presence of 1 1mer motifs (Figure 1.1)

(2) Domain M and C do not interact “in trans”, unlike other auto-inhibitory

4,27,124,125

proteins An attempt to capture a tight interaction between domain M
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and catalytic domain failed when His-tag CT236 immobilized on Ni" beads was
used as bait to trap domain M peptides or the complete CT tail domain, residues
237-367 (Cornell, unpublished data).  In addition, the specific activity of
truncated CT lacking domain M was not inhibited by addition of domain M
peptide into the reaction mixture. Therefore, if there is a direct interaction
between domain M and the catalytic domain, it may be very weak and require

these two domains to be linked via the polypeptide chain.

(3) There is no footprint of domain M on the catalytic domain based on proteolytic

2.3.2

pattern of CT +/- membrane. If domain M makes long-lived auto-inhibitory
contacts, photo-cross-linking should have mapped out a region of contact at the
catalytic domain characterized by major peaks in the mass spectra. Additionally,
each BBP site should have generated at least partially differing patterns of cross-
linked species. Although I did identify lipid sensitive photo-cross-links to the
catalytic domain, these cross-links were typically minor components in the mass
spectra. Importantly, each BBP site forged contacts to an identical set of peptides,
mapping to the C-terminal underside of domain C, flanking the portion of the
active site bordering the dimer interface, as well as helix E and the linker between
M and C (Figure 2.9, 2.10). The absence of a tight M-C complex has also been
supported by deuterium exchange/Mass spec analyses of CT236 (lacking domain
M) and CT312 (containing domain M). The only portion of the catalytic domain
that shows reduced exchange associated with the presence of domain M was the

helix E region. (Schriemer, Lee, de Silva, Cornell, unpublished).

Domain M silences the active site by multiple, transient, alternating contacts
(MTAC)

An alternative model for silencing involves multiple transient alternating contacts

(MTAC) that exert inhibition in a collective or cooperative manner. Many observations

from my data support this:

(1) Contacts from multiple parts of domain M to the catalytic domain were identified

via photo-cross-linking analysis. Specifically, residues from each analyzed CT

variant (distributed from N to C terminus of domain M) focussed their contacts to
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the catalytic domain near the active sites and helix E, perhaps converging at
residues 201-205. Although I lack definitive proof, these contacts may be
important for auto-inhibition since they are lipid- sensitive. The contact between
domain M and the catalytic domain seemed to be driven by hydrophobic
interactions, as mutation from phenylalanines to aspartates in CT-2D301
completely eliminated these inter-domain contacts. The importance of multiple
hydrophobic residues participating in auto-inhibition was also demonstrated in C.
elegans CT. The substitution of conserved hydrophobic residues one at a time
had little effect on activity, but when four of these were substituted en bloc to

serine, a large increase in lipid- independent activity ensued'®.

(2) The transient nature of domain M contacts is revealed in the low relative
intensity of photo-cross-links to the catalytic domain compared to the intra-
domain cross-links, reflecting a low probability of contact with domain C.
Activity analysis on photo-cross-linked samples agrees with this. Photo-cross-
links to the catalytic domain are expected to irreversibly inhibit CT. Since lipid-
activation of CT remained mostly unchanged for photo-cross-linked samples
(Figure 2.15), they are likely to be a minority species in the photo-cross-linked

population.

(3) Activity analysis on BBP-labeled CT variants and CT-2D301 support the
alternating feature of MTAC. A potentially disruptive modification (BBP is
much bulkier than cysteine) at various domain M sites did not completely activate
CT (Figure 2.15). In fact, BBP modification at each of 4 sites resulted in only ~2
to 3-fold increase in lipid-independent activity. Photo-cross-linking, involving
predominantly cross-links within domain M near the modified cysteine residues,
resulted in ~5-fold increase in lipid-independent activity. These effects are small
compared to activation by lipids (20 -90 fold). Similar compensatory effect was
observed with the activity analysis of CT-2D301. Although contacts to the
catalytic domain were completely eliminated, auto-inhibition remained largely
unchanged (Figure 2.14). In addition to these analyses, my proposed docking site
(residues 201-205) would require multiple contacts from domain M (ranging from

245 to 301; > 60 residues) to be made in alternating fashion.

61



(4) Cooperativity is suggested in my finding that elimination of the contact in the

region of the FLEMF motif was insufficient to inhibit silencing by domain M. It
is also strongly suggested by the findings of the Friesen group working with CT
from C. elegans, where simultaneous mutation of four distantly distributed
hydrophobic residues into serines was required to overcome auto-inhibition by
domain M. in C. elegans CT'®. Curiously, in this analysis, a single non-
conservative mutation at one of the phenylalanines in the FLEMF caused a

dramatic increase in lipid-independent activity.

(5) Cooperative interactions of domain M with the active site could also involve

233

alternation between each M domain of the dimer converging on the same spot
near the helix E dimer interface. Disulfide bridging analysis of domain M showed
M domains contact each other in the soluble form, hinting that they may work
cooperatively as an unit to bring about auto-inhibition. In support of this
hypothesis, Taneva et al showed that a CT heterodimer with only one domain M
can efficiently turn the enzyme on and off**. Since the domain M docking sites
(residues 201-205) of the a-E helices are part of the dimer interface, it may be
possible to inhibit both active sites of the CT homodimer with contact from only
one domain M. In a cooperative, and alternating manner, one domain M might
search the lipid membrane for a suitable surface to bind while the other domain M
keeps the CT active site silenced. Close communication between M domains
allows for the lipid binding of one domain M to relieve auto-inhibition from the
other M domain as well. This mechanism is highly advantageous as it allows for

efficient silencing and activation of CT.

Domain M Flexibility requirement for the MTAC model.

Flexibility is required for the transient nature of contacts from domain M to

domain C, and alternating between multiple contact sites. Flexibility was suggested by

the unfocussed photo-cross-linking pattern within domain M in the soluble form and also

by the facility with which disulfide bridging occurs between adjacent M domain

cysteines. If domain M were a rigid, compact structure that makes specific contact with a

small region in the catalytic domain, then a drastic mutation at any place in domain M
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might affect the binding strength of the entire domain and relieve at least some of the

auto-inhibition. This was not observed.

Nevertheless, results from disulfide bridge analysis and photo-cross-linking and
are merely suggestive. Ambiguity exists, at least for the interpretation of the unfocussed
photo-cross-linking pattern. The BBP molecule contains an 11 A flexible linker (it
contains at least two freely rotatable single bonds), and this will allow a sizeable search
radius. Since domain M flexibility is important for the MTAC model, it was necessary to
confirm the flexibility of domain M by probing its structural dynamics with a more direct

approach, such as fluorescence anisotropy. This is the subject of Chapter 3.

2.4 Methods

2.4.1 Construction of single cysteine variants of rat CTa in pVL1392

A cysteineless full length CT, with the seven native cysteines substituted to
serine, was prepared by Mingtang Xie. This construct in pBluescript was used as a
template for QuickChange site-directed mutagenesis to introduce cysteines into the
various sites indicated in Figure 2.2 ' For all CT variants used in this project, with the
exception of CT-T207C, the baculovirus shuttle vectors were constructed as follows: The
copied mutant DNA strand was cut using EcoRI producing a 1075 bp fragment
containing codons for residues 29 to 367. This fragment was purified and ligated with
the 10 kb vector fragment of EcoRI-cut pVL1392-His-tagged 236 vector (having codons
for His-tag and first 29 CT residues that do not contain any cysteines). This strategy
replaced all the CT sequence that contained cysteines. All constructs contained His tags
followed by a linker peptide which contains a Factor Xa cleavage site. The N-terminal

sequence of all CTs is MAKHHHHHHIEGRSA- CTstart.

2.4.2 Expression and purification of CT constructs in T. ni cells

Single cysteine variants in pVL1392 were co-transfected into 7richoplusia ni cells
with Baculovirus as described'™; while CT-T207C was co-transfected into COS cells as

described'®*'#*.  All CT variants, except CT-T207C, were expressed and purified under
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native condition using His-tag column chromatography as described'”. 1 mM DTT was
included in all steps of purification. As these full length CTs tend to fall out of solution,
dialysis to remove imidazole was performed with the addition of 0.25 mM TX-100 for
1.5 h at 4°C. CT-T207C expressed in COS cells were a gift from Ziwei Ding. It was not
soluble upon expression and needed to be purified from pellet under denatured condition

as described %1%’

. The imidazole was removed as above prior to storage. Purity of all
CT variants was estimated by SDS PAGE and Coomassie staining, and can be assessed
from the gels shown in Figure 2.3 - 2.5. The concentration of purified stocks was
determined by the method of Bradford'?®. All purified proteins were stored at -80C in
small aliquots. The CT samples that were utilized for all analyses in this thesis contained
the His tag and linker (see 2.4.1). Taneva et al have shown previously that the His tag on

rat CTa does not interfere with its folding or activity’*.

2.4.3 BBP labeling

20 pg (0.5 nmol) of His-tagged single cysteine CT variant, in dialysis buffer (20
mM NaH,PO4 150 mM NaCl, 1 mM DTT, 0.25 mM TX-100, pH 7.4), was bound to 100
uL of prepared Ni-beads for 20 min at room temperature, with rotating wheel spinning at
5 rpm. After removing supernatant, Ni-beads were re-suspended in 100 ul of 240 uM
BBP in DMSO, vortexed briefly, and centrifuged to pellet beads. Supernatant containing
excess BBP was removed. Beads were washed once with pure DMSO, four times with
equilibration buffer (50 mM NaH,PO4, 500 mM NaCl, 0.25 mM TX-100, pH 8.0), and
once with wash buffer (10 mM Tris, 150 mM NaCl, 0.25 mM TX-100, pH 7.4). All
washes were 100 pl at RT. BBP-labeled CT variants were then recovered from Ni-beads
with 4 x 100 pl elution buffer (350 mM imidazole, 10 mM Tris, 150 mM NaCl, 0.25 mM
TX-100, pH 7.4).

2.4.4 Photo-irradiation of BBP-labeled samples.

Sample recovered from the Ni-beads was further diluted with 400 pl wash buffer.
Diluted BBP-labeled CT was UV irradiated on ice in the cold room (4°C) for 1 h, using a
hand held UV GL25 mineralight UV lamp set at 365 nm, as the light source'”"*.
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Distance between surface of sample solution (in eppendorf tube or tube lid) and light
source was about 1 cm. In my initial trial I varied the time of irradiation between 5 and
60 min. The extent of photo-crosslinking, as assessed by reducing SDS-PAGE and
reactivity with streptavidin-HRP, showed that 1 h provided maximum benzophenone

mediated conjugation.

For photolysis in the presence of lipid vesicles, 6 mM DOPG sonicated
unilamellar vesicles (SUVs) were prepared in Buffer A.15 (10 mM Tris , 150 mM NacCl,
1 mM EDTA; pH 7.4), following established protocol®. In place of the 400 ul wash
buffer added prior to UV irradiation described above, 400 pul of the DOPG SUVs were
added to the BBP-labeled samples. The DOPG to CT molar ratio was about 4000:1.
Diluted samples, either with wash buffer (samples without lipids) or with DOPG SUVs

(samples with lipids) were UV irradiated as described above.

2.4.5 Delipidation

As lipids and detergents can interfere with desorption and detection of analytes on
MALDI-MS, it was necessary to remove these before MS analysis. For CT-1272C and
CT-H301C delipidation, pure TX-100 was added to UV irradiated samples to the final
concentration of 1%. After complete digestion with trypsin, excess DOPG and TX-100
were removed with extensive washes during purification of BBP-labeled peptides, as
described below. For CT-S288C delipidation, a solvent extraction procedure was
followed'”.

Tris, 150 mM NaCl,,175 mM imidazole, 0.25 mM TX-100, pH 7.4) prior to digestion

Solvent extracted samples were reconstituted in dilution buffer (10 mM

described below.

2.4.6 Trypsin digestion and purification of BBP-labeled peptides

800 ul BBP-labeled and photo-cross-linked samples were completely digested
with trypsin at w/w ratio of 1/5 (trypsin/CT) for 1 h at 37°C. The digestion was quenched
with 2 mM PMSF. Half of each sample was reduced with 10 mM DTT for 15 min at
37°C, and alkylated with 500 mM IAA for 30 min at RT in the dark. Monomeric avidin

beads were prepared following manufacturer’s protocol from Pierce. DTT-reduced and
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IAA alkylated, as well as untreated samples were bound to 5 pul monomeric avidin beads
for 1 h at RT. Beads were washed extensively with 4 x 50 ul wash buffer (100 mM
NaH,PO,, 150 mM NaCl, 0.25 mM TX-100, pH 7) and 2 x 100 ul ddH,O. BBP-labeled
peptides were then recovered with 4 x 5 pl acidic elution buffer (70% ACN + 30% TFA).

2.4.7 MS analysis

Purified BBP-labeled peptides were mixed 1:1 with 10 mg/ml CHCA in acidic
elution buffer, and co-crystalized on sample wells of a MALDI target plate (12 x 8 + 6 x
4.wells). Standard mix, containing angiotensin II (1047 Da), P14R (1534 Da), ACTH
fragment 18-39 (2466 Da), insulin oxidized B chain (3496 Da), and insulin (5734 Da),
was also mixed 1:1 v/v with 10 mg/ml CHCA in acidic elution buffer, and co-crystalized
on a MALDI target plate. Samples were allowed to dry at room temperature in dark.
Mass spectra of the samples were collected on a MALDI-time of flight-MS equipped
with delayed ion extraction and operated in linear mode (MALDI-LR; Waters
Technologies). For all samples, the source voltage was 15 kV, the detector voltage was
1.8 kV, and the delay time was 500 ns. The mass range was set at 700 Da to 10,000 Da.
Each mass spectrum was the sum of at least 200 laser shots. MS-Digest program was
used to calculate the theoretical mass of tryptic digests of different CT constructs'*%.
MassLynx (from Waters) was used to visualize MS data. All peak matching and
identification were done manually, using the criteria described in Chapter 2 (2.2.4). The
parameters [ used to evaluate peptide masses include the following potential
modifications: oxidation of methionine, acetylation of N-terminus of protein,
phosphorylation of serines in domain P, alkylation from IAA, and reduction without

subsequent alkylation.

2.4.8 Preparation of CT236-C288 heterodimer

This protocol was adapted from Taneva et al **. His-tagged CT-S288C and Strept-
tagged CT236 were first denatured separately in the dialysis buffer with 1 mM SDS at
37°C for 15 min. These two proteins were then mixed together at 1 to 1 molar ratio, and

incubated at 37°C for 5 min to form heterodimers. SDS in the buffer was diluted to 0.5
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mM, and dialyzed at 4°C over-night to remove SDS. Dialzyed sample, containing a total
of 1.5 nmol of Strept-tagged proteins (includes heterodimer and CT236 homodimer) were
incubated with 100 ul Streptactin beads prepared in dialysis buffer, for 30 min at 4°C on
a rotating wheel. The sample was spun briefly to pellet the beads and the supernatant
was collected. The beads were washed with 6 x 100 ul wash buffer (100 mM Tris, 150
mM NaCl, 1 mM EDTA, 0.25 mM TX100, 2 mM DTT; pH 8.0). Strept-tagged proteins
were recovered with 2 aliquots of 100 pl elution buffer (100 mM Tris, 150 mM NacCl, 1
mM DTT, 2 mM DTT, 5 mM desthiobiotin, pH 8.0). While this sample contains a
mixture of Strep-tagged CT236 homodimers and strep-tagged CT236/His full length CT-
S288C heterodimers, I probed the oxidative disulfide bridge formation of only the
heterodimer by detecting only those species reactive to anti-domain M antibody. It was
not necessary to separate the heterodimer from Strept-tagged CT236 homodimer as

Strept-tagged CT236 do not react with anti-domain M antibody.

2.4.9 Ocxidation with copper phenanthroline

5 mM CuSO4 and 15 mM 1,10-phenanthroline stocks were prepared in ddH,O.
CuSO4 and 1,10-phenanthroline were mixed to form CuPhe immediately prior to use

following the protocol of Xie et al '*

. For pre-quenched samples, 24 pmol of CT was
first incubated with 0.6 pmol of IAA, prepared fresh in phosphate buffer (20 mM
NaH,PO4, 150 mM NacCl, 0.25 mM TX-100, 1 mM DTT, pH 7.4), for 30 min at room
temperature in the dark. Both untreated and pre-quenched samples (0.8 uM in 30 pl
reaction volume) were reacted with 0.2 mM CuPhe for 10 min at 37°C with shaking.

Oxidation was quenched with 20 mM [AA.

2.4.10 Determination of converging point of BBP-mediated cross-links on the
catalytic domain

The photo-crosslinked domain C peptides identified by mass spec (aa 187-196,
79-94, 123-132, 197-208) were mapped onto the solved structure of CT236 (3HL4)"
using SwissDeepView. Backbone residue within 11 A (linker length of BBP) of each
peptide were identified using the group selection tool of this program. For the segment

187-196 the neighboring residues within 11 A are: 134, 59-68, 75, 77-86, 89-103, 106,
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108-110, 122, 141, 151-174, and 178-205; For the peptide 79-94 the residues within 11
A are: 45-48, 59, 61-64, 66-68, 71, 95-171, 173, 175, 180-183, 185-186, 189-210, 200-
210 of other subunit, and 212-213 of other subunit; For peptide 123-132 the residues
within 11 A are: 44-47, 81-89, 92, 96, 110-139, 142, 144-151, 173-176, 201-207, 209-
210, and 197-214 of other subunit. For peptide 197-208 the residues within 11 A are: 83-
99, 118, 122-128, 132, 135-136, 141, 168-171, 173, 193-216, 85-89 of other subunit, 115
of other subunit, 119 of other subunit, 125-136 of other subunit, 138 of other subunit, and
201-216 of other subunit. These were colored coded in Pymol for visualization (Figure
2.10). Overlapping residues in common to all peptides were then evaluated manually. All
photo-cross-linked domain C peptides had overlaps at region 201-205. If a domain M
site (with the BBP attached) were to dock onto this region, BBP could react with all of
the photo-cross-linked domain C peptides identified.
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3: Investigation of structural dynamics of domain M by
fluorescence anisotropy

3.1 Introduction

Structural flexibility within domain M was tentatively suggested by both photo-
cross-linking analysis and oxidation experiments, as described in Chapter 2. As this
property may be a key factor in the auto-regulation of CT, it was important to confirm the
dynamic nature of domain M by another method. Several methods are available for

assessing protein dynamics, such as NMR, EPR, and fluorescence spectroscopies.

NMR spectroscopy is perhaps the gold standard in the investigation of structural
dynamics. Many parameters in NMR, such as chemical shifts, line widths, relaxation
rates, and residual dipolar couplings can provide detailed information about local
conformational dynamics that polypeptides adopt at atomic level of resolution and
internal mobility/dynamics on a time-scale ranging from picoseconds to seconds'** '’

However, CT is a 84 kDa homodimeric protein, and would exceed the upper molecular

weight limit (~50 kDa) for obtaining high resolution structure using NMR spectroscopy.

Electron paramagnetic resonance (EPR) spectroscopy is a technique that
specifically detects unpaired electrons. To monitor protein dynamics a reporter label
possessing a paramagnetic species is introduced at a specific site in a protein in a process
called site directed spin labeling. Structural changes and interactions in proteins often
affect the mobility of the label and its EPR spectrum, and are readily detected as line-
shape changes with this method. EPR spectroscopy has emerged as a valuable tool for
assessing dynamics on the nsec-psec timescale and mapping elements of secondary
structure in a variety of proteins, including those (e.g. membrane proteins)’’ that could
not be studied using NMR or X-ray crystallography'*®'*”. However, procedures and data
analysis involved in EPR experiments are often complex. As it was inaccessible to me

without collaboration, EPR was not chosen for this project.
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Fluorescence spectroscopy has been used successfully in many studies involving
structural dynamics of proteins. Several parameters of fluorescence spectroscopy, such
as fluorescence quantum yield (proportional to fluorescence intensity), fluorescence life-
time, and fluorescence anisotropy can be carefully examined to yield useful structural
information concerning local environment within a protein, structural movement of
particular region of a protein, and interactions between domains of the same protein or
between proteins and ligands/other proteins. A distinct advantage of this technique over
the others is its availability as fluorometers are much cheaper (especially for steady-state
anisotropy). Measurements are simple, and data interpretation is often straightforward. In
some cases, use of an intrinsic fluorophore (tryptophan) offers much less perturbation of
protein native structure. Alternatively, commercially available fluorophores with reactive
groups for cysteines or lysines can be conjugated onto sites in the protein. As a
fluorometer was immediately available, and the single cysteine variants were on hand and
the method for conjugation had been developed, I chose this method to explore domain

M dynamics in the context of the whole enzyme.

A review of steady-state anisotropy theory can be found in Chapter 1. Briefly, in
steady-state anisotropy measurement, the rotational freedom of a fluorophore attached to
a specific site in a protein is evaluated. As outlined in Figure 3.1, an excited fluorophore
attached to a rigid region of a protein will have greater restriction on its rotation/freedom
of movement. Consequently, emitted photons from the fluorophore will remain
polarized, yielding a high anisotropy value. On the other hand, more freedom in
fluorophore rotation attached to a highly mobile region will give rise to a lower

anisotropy value.
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Figure 3.1 — Comparative anisotropy analysis of different constructs would reveal relative degree of
order in different CT domains

CT constructs were labeled with OG (structure shown in box) as described in Methods. C-terminal
domain (left, a control for flexible domain) is expected to contain low anisotropy value, while the
catalytic domain (middle, a control for rigid control) is expected to contain high anisotropy value.
Relative degree of order of domain M (right) can be obtained through comparison

Selecting an appropriate fluorophore is the first step in successful anisotropy
experiments. Of several commercially available fluorophores (such as eosin, stilbene, or
naphthalenes), Oregon Green-488 iodoacetamide (OG, a derivative of fluorescein) was
chosen for its short linker length, high extinction coefficient (68,000 L mol'cm™),

solubility in water, and sulfhydryl-reactivity'**'*°.

Every site within domain M that I analyzed (residues 233, 245, 272, 288, 301) had
an anisotropy value intermediate between several sites in the rigid catalytic domain and
flexible control (C-terminal domain). Importantly, the 2D mutation, which had lost its
contact with the catalytic domain (see Chapter 2), showed significant increase in disorder.

This suggests that contacts with the catalytic domain may induce structural order and
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stability into otherwise flexible domain M. The molten globular-like nature of domain M

was further confirmed with urea denaturation analysis.

3.2 Results

3.2.1 Fluorophore conjugation: selection of sites and effect on CT activity

The goal was to compare the steady state anisotropy of sites within domain M
with sites within a rigid CT domain and within a very disordered CT domain. For a rigid
domain, I labeled the ordered cysteines in the catalytic domain of CT236 with OG. In
this chapter I refer to this control construct as CT-cat. It consists of residues 1-236, thus
is missing all of domain M and P. It was expected that this control would provide a high
anisotropy value, because each of the 5 natural cysteines (residues 37, 68, 72, 113, 139) is
known from the solved structure to reside in an ordered secondary structural element’
(except for residue 37). CT-C359 was used to represent a disordered region. Residue 359
resides at the extreme C-terminus, and is known from limited proteolysis to be the most
exposed, flexible region of the protein'®. The single cysteine CT variants (CT-S233C,
CT-R245C, CT-1272C, CT-S288C, CT-H301C, and CT-2D301) described in Chapter 2

were used to assess the anisotropy of domain M.

As the method for efficient, specific labeling of cysteines in these CTs had been
worked out with BBP, the same protocol (with slight modification on washing procedure)
was used for labeling with OG. Briefly, CT was immobilized on Ni*" agarose beads,
exposed to OG, washed extensively with buffer to remove unbound OG, and the OG-
labeled CTs were recovered with imidazole. The OG/CT protein molar ratio was
determined using the extinction coefficient for OG and a Bradford assay for purified CT.
Similar to unmodified CT and BBP-labeled CT, OG-labeled CT remained inactive in the
absence of lipids, and stimulated >20-fold by anionic lipid vesicles (Figure 3.2). Thus we

could be assured that OG was reporting on the native conformation.
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Figure 3.2 - CT-H301C lipid response is not affected by OG-labeling

CT-H301C was labeled with varying concentrations of OG by varying the OG/CT molar ratio during
labeling as described in the Methods. OG labeling is the total % labeling, calculated as ([OG] /
[protein])*100%.

3.2.1.1 OG fluorescence is insensitive to its specific location on CT

Having shown that OG labeling does not interfere with CT activation by lipids, I
considered other potential caveats of anisotropy measurements. Since environmental
influences on fluorescence lifetime can impact on anisotropy values'"’, it was wise to
consider whether the different locations of the OG in CT affected its lifetime. Increase
in fluorescence lifetime is directly related with a decrease in anisotropy, as the
fluorophore would experience a longer time for rotation prior to emitting its photon for

detection. Unfortunately I did not have access to an instrumental set-up for lifetime

t/t,
2

measurements. However, since steady-state intensity is related to lifetime by I =1, e
where t is time, Iy is intensity at t, I, is intensity at t = 0, © = life-time of fluorophore, 1
measured the fluorescence intensities for OG at all cys positions on samples where the
OG concentrations were the same. The intensities (in cps) were very similar at six
distinct engineered cys sites as well as the 5 natural cys sites in the catalytic domain
(Figure 3.3). The similar intensities at 11 distinct sites argue that differences observed in
fluorescence anisotropies would reflect differences in rotational freedom at each position,

instead of differences in fluorescence lifetimes.

73



250,000

Z 200000 [ —
5 | I Jﬁ | | I
150,000 1 | | [
2 100,000 |
o
2 50000 1

U T T T

catalytic 233 245 212 288 301 2D-301 339

domain Position of cysteine modified by OG

Figure 3.3 — OG fluorescence intensity is insensitive to the site of conjugation sites in CT

Fluoresence intensity was measured with excitation wavelength set at 491 nm, and emission wavelength
scanned from 510 to 650 nm. [OG] = 100 nM in all samples. Intensity at maximum emission
wavelength was picked (typically at 522 nm). Each data set is an average of at least two independent
measurements.

3.2.2 The anisotropy measurement of OG-labeled CT is FRET-sensitive

While I was determining optimal conditions for labeling CTs with OG I found
that anisotropy values decreased for the same labeled position with increasing amount of
conjugated OG (illustrated for two OG-labeled constructs in Fig 3.4). This change in

anisotropy values is likely due to FRET.
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0.230 i Figure 3.4 - Steady-state
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CT-H301C dimeric CTs decreases with
0.180 - increasing percent label

CT-H301C (blue) and CT-cat
(red) were labeled with
0.130 different amount of OG as

J described in Methods. Each
CT-cat data point is an average of 2
aliquots, each with 30
measurements

Steady-state anisotropy
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FRET is one of many possible paths of relaxation for an excited fluorophore, and
involves transferring of energy to an acceptor fluorophore through non-radiative dipole-
dipole coupling. It occurs when there is spectral overlap between the emission spectrum
of the donor and the absorption of the acceptor. Since CT is a homodimer and since OG
has a narrow Stokes shift (distance between peaks of fluorescence absorption and
emission; ie, more spectral overlap), homo-FRET could occur for samples that are doubly
labeled. The probability of FRET would increase with percent labeling. I have shown
that the engineered cysteines in domain M come within contact distance for disulfide
bond formation (Figure 2.3), thus FRET between two fluorophores, one on each subunit,
is highly likely. FRET can result in additional angular displacement of the emission

oscillator and hence lower anisotropy values (Figure 3.5)""°.

|
|
|

+ FRET

Figure 3.5 - Possible mechanism for lowering of steady-state anisotropy by homo-FRET

A. The emission from a fluorophore with rigid orientation will remain polarized in the absence of FRET
(either there is no spectral overlap between emission and excitation wavelength, or distance between
two fluorophore (r) is much greater than Foster distance). B. In homo-FRET, the dipole of the excited
OG interacts with another OG dipole, and energy is transferred as shown by the transfer of green color.
The second excited OG may rotate further before emitting a photon for detection.

Since it was difficult to prepare samples with an exactly pre-defined and low
percent OG conjugation from one labeling reaction to another, it was desirable to obtain
FRET-free anisotropy in order to compare between different OG-labeled positions. This
could be done by examining anisotropy at various concentrations of OG (i.e different %
total labeling), and extrapolating to [OG] = 0. For each total percent labeling, the
probability distribution of unlabeled, singly labeled, and doubly labeled pairs distribute as
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a simple polynomial, as shown in Figure 3.6. The probability of both FRET-affected and

FRET-free species is thus easy to calculate.

X X X y Y
No fluorescence FRET-free FRET-affected
fluorescence fluorescence
Total % label
(can be measured) Calculated probability of each species
100% 0% 0% 100%
50% 25% 50% 25%
15% 72% 25.5% 2.3%
10% 81% 18% 1%

x = Unmodified cysteine; y = cysteine modified with OG

Figure 3.6 - Probability of obtaining FRET-free and FRET-affected species can be calculated from
total % label

Total % label for each OG-labeled samples can be measured ([OG] from absorbance reading at 491 nm
and [protein] from Bradford assay). If x = the probability of a CT monomer with an unmodified
cysteine, and y = the probability of a monomer modified by OG, the distribution of the three dimeric
species shown above can be calculated as x* + 2xy + y°.

To confirm that the decreased anisotropy as a function of doubly labeled species
is caused by homo-FRET, I explored how in theory the FRET-free fluorescence would
vary as a function of doubly labeled dimer, using the polynomial expression above.
Would the relationship be linear, parabolic, or of another mathematical function? Figure
3.7 shows a shallow parabolic relationship between the percent of the monomer
population experiencing no FRET vs the percent dimer experiencing FRET. Notably,
this second-order polynomial relationship between anisotropy and FRET was observed in
a study of Fluorescein-tagged mellitin that forms a complex promoted by high salt

condition'.

76



100%
90% Il

60% 4 ]
0% 4 [

40% 4 -

% labeled monomers that are FRET-free

0% . . . - 5
0% 20% 40% 0% 80% 100%

% doubly labeled CT (dimers affected by FRET)

Figure 3.7 — Relationship between FRET-free anisotropy and % doubly labeled CT dimer is
second-order polynomial

% doubly labeled CT is calculated from the probability distribution equation as described in Figure 3.6.
% of labelled CT monomers not experiencing FRET is calculated as follows: (singly labeled
dimer)/((0.5 x singly labeled dimer) + doubly labeled dimer). For example, for total OG label of 50%,
% doubly labeled dimer = 25% (X-axis), while %FRET-free monomer = 50% (Y-axis).

3.2.3 Anisotropy values for all sub-regions of domain M are intermediate between
that of domain C and the extreme C-terminus

I then attempted to extrapolate FRET-free anisotropy values for all analyzed
samples from a curve of fluorescence anisotropy vs % doubly labelled CT, (as shown in
Figure 3.8), by extrapolation to the Y-intercept. Using Prism, the model that generated
the best fit with the data was a second-order polynomial, as was obtained in the
theoretical FRET analysis shown in Figure 3.7. Thus it is likely that the decrease in
anisotropy with increased doubly labeled CT dimers is due to FRET. Extrapolation to
zero percent double labeling with Prism obtained FRET- free anisotropy values for each
CT (Table 3.1). This analysis showed that CT-cat had the highest anisotropy (0.267+
0.011) and CT359 had the lowest (0.115+ 0.004). The anisotropy values of the OG at the

sites in domain M fell between this range.
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Figure 3.8 - Extrapolated FRET-free anisotropy values indicate domain M contains structural order
intermediate between flexible and rigid controls

Each CT construct was OG-labeled to various percent of total as described in Methods. % doubly
labeled population is calculated from the measured total OG label with the formulas: X+Y = 100% and
X? + 2XY + Y* = 100%; where X represents unlabeled CT and Y represents OG-labeled CT monomer
(See Figure 3.6). Each data point consists of two independent sets of anisotropy measurements (30
readings each aliquot). Prism was used for finding best line fit for each data set. Source of error for the
Y-axis is the minor fluctuations within the flourimeter during measurement. Source of error for X-axis
is in the protein and OG quantitative analysis.

Top graph: data for rigid control (CT-cat), flexible control (CT-C359), and domain M variants

Bottom graph: data for rigid control (CT-cat), flexible control (CT-C359), CT-H301C (no mutation in
FLEMF), and CT-2D301 (contains non-conservative mutation: FLEMF-> DLEMD).
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The anisotropy values were converted into rotational correlation times (6, using
the Perrin equation: r = r,/(1+1/0), where r, = the limiting anisotropy and t = fluorescence
lifetime of OG, 4.1 ns '*®. The limiting anisotropy (r,) value for OG was determined by
analysis in glycerol at -10°C. The value obtained was 0.381 + 0.002. This is in
agreement with published values for OG'*. The rotational correlation time for the folded
CT-cat construct was 9.6 + 1.3 ns, in comparison to only 1.8 + 0.1 ns for the flexible tail,
CT-C359 (Table 3.1). A rough estimate of the rotational correlation time for the entire

CT dimer can be made based on its mass (~90 kDa)'"’

. Although, we do not know the
hydration value for the CT dimer, the lower limit for 0 should be ~ 40 nsec. Thus the 0
values for the CT head and C-terminal tail reflect segmental motion at the OG-conjugated
site, rather than tumbling of the whole molecule. For domain M sites, CT-S233C, CT-
R245C, CT-1272C, CT-S288C, and CT-H301C all gave similar rotational correlation
times averaged around 5 ns. This suggests that these parts of domain M are more flexible

than the catalytic domain, but more ordered than the C-terminus of CT.

Table 3.1 — Analysis of steady-state anisotropy for OG-labeled CT constructs

FRET-free steady-state anisotropy values were obtained by extrapolation from the plot generated by Prism
as shown in Figure 3.8. Rotational correlation times were calculated using the following formula: r =
1,/(1+7/0), where T = 4.1 ns and r, = 0.381 + 0.002.

Domain Position of OG Anisotropy Rotationa:QCi(:lr:‘ltsa;ation time
C Various (rigid) 0.267 +£0.011 9.6+13
P 359 (flexible) 0.115 +0.004 1.8+0.1
M 233 0.222 + 0.007 57+04
M 245 0.208 +0.010 49405
M 272 0.215 + 0.006 53+03
M 288 0.206 + 0.006 4.8+40.3
M 301 (without 2D mutation) 0.225 + 0.007 59+04
M 301 (with 2D mutation) 0.183 +0.005 3.8+02
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3.2.4 Anisotropy at most of the OG-labeled positions in domain M did not increase
in the presence of activating lipids.

The effect of binding to vesicles on the anisotropy of each OG-labeled CT was
investigated by mixing the CTs with a 400 to 1200-fold excess of PG/lyso PC (1/4)
micelles. CT can bind to this micelles system efficiently. This micelles system had been
used previously in CD spectroscopy of CT to avoid light scattering interference'®*.
Surprisingly 1 found that, with the exception of CT-245C, lipid interaction did not
increase anisotropy (Table 3.2). Since the lipid concentration was in excess of that

needed to fully activate CT'*

, the failure to order the M domain cannot be ascribed to
lack of CT binding to the vesicles. The reasons for these results are explained in the

Discussion.

Table 3.2 — Lipid binding did not increase order in domain M variants, except for CT-R245C
Steady-state anisotropy was measured for each OG-labeled CT in the presence or absence of various fold
excess of PG/lysoPC micelles.

Position of OG % total label Lipid:CT Steady-state Anisotropy
245 45% 0 0.177 4 0.001
245 45% 891 0.221 4 0.001
245 32% 0 0.176 +£0.003
245 32% 408 0.230 £ 0.002
245 32% 1223 0.236 + 0.002
272 11% 0 0.213+0.001
272 11% 800 0.192 +0.001
288 27% 0 0.187 +0.003
288 27% 745 0.184 +0.003
301 40% 0 0.214 +0.001
301 40% 748 0.198 + 0.001

3.2.5 Mutation of the conserved FLEMF motif causes a large decrease in
anisotropy near that site.

In Chapter 2 I showed that mutation of ELEMF*” to *DLEMD?” resulted in
disruption of BBP mediated contacts to the active site (Figure 2.13). If that contact helps
to order domain M, disruption should decrease the anisotropy. Figure 3.8 (bottom) shows

that this is precisely what I observed. The anisotropy value was reduced from 0.225 to
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0.183, and © was reduced from 5.9 + 0.4 ns (CT-H301C) to 3.8 + 0.2 ns (CT-2D301);
(Table 3.1).

3.2.6 Urea denaturation reveals a loosely folded structure for domain M.

The anisotropy results suggested dynamics for domain M sites that are
intermediate between the well-folded catalytic domain and the unstructured CT tail. To
get an additional handle on the relative foldedness of domain M, I measured the effect of
increasing urea concentration on the anisotropy of all OG-labeled CTs. As a folded
structure is denatured, its anisotropy should decrease. Strongly folded units require a
higher urea concentration than weakly folded units for the unfolding transition. The
cooperativity of the unfolding transition can also provide hints as to the degree of tertiary

141
structure .

As shown in Figure 3.9, panel A, OG-labeled CT-cat with its five cysteines
showed a relatively high resistance to urea denaturation (ECsyp = 4.0 + 0.1 M). ECs, refers
to the concentration of urea resulting in 50% unfolding. However its transition of
unfolding was not highly cooperative (slope =-0.4 + 0.1 and complete unfolding required
5 molar units of urea), likely due to different unfolding properties of the individual sites.
To clarify the characteristics of the folded CT catalytic domain, I measured the urea-
induced unfolding of non-OG-labeled CT-cat by monitoring intrinsic tryptophan
fluorescence instead of the OG fluorescence. CT-cat has a single tryptophan residue at
position 151. This tryptophan is known to contribute to the active site and resides at a site
which in the solved structure with a low thermal factor’. In contrast to OG-labeled CT-
cat, the anisotropy for Trp151 showed a relatively sharp transition of unfolding (slope = -
1.2 + 0.2; unfolds over 2 molar units of urea), expected from the cooperative unfolding of
a rigid structure. Importantly, the denaturation transition showed an ECs, identical to that
obtained with the OG-labeled CT-cat. (ECsp = 3.8 + 0.1 M). In comparison, the flexible
control (CT-C359) showed no resistance to urea denaturation, as the anisotropy decreased
gradually with increasing urea concentration, without a visible unfolding transition

(Figure 3.9, panel A).
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All OG-labeled domain M sites showed denaturation responses that were
intermediate between CT-cat and CT-C359 (Figure 3.9, panel B). Unlike the
denaturation of CT-C359, clear unfolding transitions were observed. With the exception
of CT-R245C, the ECsy values were near 2 M, significantly lower than that of the rigid
controls. However, their transitions of unfolding were relatively sharp compared to the
multiply laeled CT-cat (average slope = -0.7; unfolding over 2 molar units of urea), but
less cooperative than the unfolding reflected by Trp 151. CT-R245C unfolding transition
appeared at < 1 M urea, indicative of more disorder at this portion of domain M

compared to the other sites probed.

CT-T207C (cys engineered into Helix o-E at the C-terminus of the catalytic
domain) was labeled with OG. Interestingly, residue 207 displayed a denaturation
response similar to that of other domain M sites (except for 245). It had the same ECs
(2.1 + 0.3 M), though it has a slightly softer transition of unfolding (slope = -0.4; unfolds

over 2 molar units of urea; Figure 3.9).

3.2.7 Mutation of the conserved FLEMF motif disorders local structure

The 2D mutation at the FLEMF motif had dramatic disordering effects on the
adjacent C301 site (Figure 3.9, panel C). Not only was the starting anisotropy lowered by
this mutation, but the unfolding transition was eliminated. The gradual reduction in
anisotropy with increasing urea concentration resembled the behaviour at the disordered
CT tail (CT-C359). This finding supports the hypothesis that contact with domain C
induces order in this segment of domain M. An alternative explanation involves disorder
as a result of loss of structure prior to losing contact. It is possible that domain M
naturally possess stable structure required to make auto-inhibitory contact with the
catalytic domain. Mutation caused significant melt-down of the structure, and disrupted

contact with the catalytic domain.
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Figure 3.9 — Urea denaturation analysis revealed different structural order among CT domains

OG-labeled CT samples were treated with the indicated concentrations of urea for 5 min and their
steady-state anisotropies were analyzed at 20°C, as described in Methods.

3.2.8 Domain M is predicted to contain both ordered and disordered sub-regions

In another approach to investigate the structure of domain M, I investigated the
disorder propensity of domain M wusing four different prediction programs
(DISORPRED?2, Poodle, DISOclust, and Disprot), with the full length rat CTo as the
query (Figure 3.10). These programs were selected out of many others'* for their
accuracy in assigning the highest order to the regions within the CT catalytic domain with
the lowest crystallographic B-factors”. Unlike the catalytic domain, none of the
programs predict a rigid globular structure for the entire domain M. DISOclust and
Disprot predicted most of domain M to be disordered, while Poodle and DISORPRED?2
predicted that the first half of domain M is disordered. Importantly, all four predicted the
region around 280-290 to contain higher order than the rest of domain M. This analysis
agrees with the steady-state anisotropy results showing that OG at site C301 has slightly
higher anisotropy than other positions in domain M, but not as high as the catalytic

domain.
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Figure 3.10 - CTa Domain M is predicted to contain both disordered and ordered regions
Full length CT was submitted to four different prediction server (DISOPRED2, Poodle, DISOclust, and
Disprot) for order-disorder prediction. For each plot, the solid or solid horizontal line is the threshold
set by the program, where values above the threshold are considered disordered. Shaded area shows
residues in domain M. On each graph, Y-axis is disorder probability, and X-axis is residue numbers in
CT
Next I examined the structural predictions for CTs from divergent species that
have a conserved catalytic domain and a conserved mechanism for regulation of domain

M by lipids 1014314 "1 aligned CTs from different organisms with Clustal W (Figure
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3.11), and found that relative to the highly conserved catalytic domain (residues 75 to
230), there is very little sequence conservation across species for domain M (residues 231
to 314). Since it is possible that two proteins have different sequences and yet share a
highly similar structural fold and function, could the structural preference of CT M
domains be conserved across different species? As a solved structure for soluble form of
domain M is not available for any of these CT, I examined this possibility by analyzing
the disorder propensity for the M domains of each CT with DISOClust (Figure 3.12). For
each CT Disoclust predicts the first half of domain M to be disordered. This is followed
by a distinct increase in order in all CTs. For rat CT, Drosophila, and C. elegans this
occurs at around the FLEMF region identified earlier (285-295 for rat; 276-286 for
Drosophila; 271-281 for C. elegans). For both yeast and P. Falciparum, this occurs near
the FLEMF region (FLEMF region is 312-322 for yeast; 311-321 for P. Falciparum).
Finally, the disorder increases sharply at end of domain M, toward the beginning of
domain P. These similar structural tendencies suggest that the structural malleability of
domain M may have been advantageous for lipid regulation of CTs, and thus remained

conserved through evolution.

1220 230 240 20 260 270 280 290 300 310 320

| | | | | | | | | L |
R, Norvegicus  RRNLQRGYTAKHLAVSFINEKKYHLQERVDKVKKKVKDVEEKSKEFVQKVEEKSIDLIQKWEEKSREF1GS FLEMPGPEGALK==H=-MLK
D. Melanogaster RRNLARGYSAK FLSEKKFRLONKMDELKTRGKRELTKVE =========s VDI ITKHEEKSREFIDAFLLLFGRER-LN-~T--FWNESKGRI I
C.elegans  RRNLQRGYSPKHLNVGFLAASKYQIQNKVDSLKSKGe=================IELLSTRKSKSDDI IRDFIDT FHKDGGLN-~A--FGGRLKGINSN
§. Cerevisiae  MRNFARGATRQHLNVSWLKKNELE FKKHINEERSYFKKNQTNLANASRDL Y FEVRE! LLKKTLGKKLYSKLIGNE LKKONQRORKQNFLODPETRKLI
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LI ] ]
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Figure 3.11 — Sequence alignment of domain M among CTs from different species
CT from R. Norvegicus (CTa, Uniprot ID:P19836), D. Melanogaster (Q9WO0D9), C. Elegans (P49583),
S. Cerevisiae (P13259), and P. Falciparum (P49587) were aligned using ClustalW. Residue numbers

are the numbering for rat CTa.. Boxed is the approximate region for domain M: R. Norvegicus = 230-
314; D. Melanogaster = 233-305; C. Elegans = 234-300; S. Cerevisiae = 258-344; P. Falciparum = 263-
333).

86



0.9
0.8
o.7
0.6
0.5
o.a
0.3
o.2

0.1

Lo -

(ol 5

Lo B

oG

[« -}

L= R

oS

[ - 5

o7

(= B

(= -}

L= R

o2

o1

o8

o7

ous

0.5

(=

o2

o8

Lo B

ous

oS

L+ R

o3

R. Norvegicus
(Uniprot ID:P19836)

Disorder

Order

100 150 200

D. Melanogasternr
(Uniprot 1D 2CO9WW0 D S)

"
100 150 200

. Elegan
Uniprot ID: {PA958 3F)

&
100 150 200

S. Cerewvisiae
(Uniprot ID:P13259)

2 " "

100 150 200

P_. Falciparumm
(Uniprot ID:PA49587F)

100 150 200

87

Bl



Figure 3.12 — Structural disorder prediction for CTs of divergent species

CT from different organisms were analyzed using DISOClust disorder prediction program. For each plot,
the dashed line is the threshold set by the program, where values above the threshold are considered
disordered. On each graph Y-axis is disorder probability, and X-axis is residue numbers in CT.
Approximate regions for M domains (based on ClustalW alignment) are shaded in blue (R. Norvegicus:
230-314; D. Melanogaster: 233-305; C. elegans: 234-300; S. Cerevisiae: 258-344; P. Falciparum: 263-333).

3.3 Discussion

The fluorescence anisotropy and denaturation analyses have provided strong
evidence that domain M is neither a well-folded globular domain nor a region lacking in
structure. The anisotropy values at 5 different sites were similar, and corresponded to
rotational frequencies that were only 2-fold faster than sites in the folded catalytic
domain, but 2.5-fold slower than the site at the C-terminal tail. The urea denaturation
analysis also supported a partially-folded structure for domain M, in that the unfolding
was cooperative. The structure of domain M was dependent on its contact with domain
C, as the segment in the vicinity of a mutation that prevents contact near the C-terminius
of domain M (**DLEMD*”) became very disordered and non-cooperative in its

unfolding.

Similarity in the anisotropy values and response to urea for all sites in domain M
(except 245) argue that the malleability of domain M is spread out over the entire region,
with the highest tendency for order at site 301. Since order appeared to depend on
interaction with the catalytic domain at least around the FLEMF motif, similar behaviour
is expected for other sites that show inter-domain contacts. There may be multiple

structurally inducible sites in domain M that contact the catalytic domain.

3.3.1 Implications for silencing models:

The ability of domain M to form disulfide bridges and an unfocussed intra-
domain photo-cross-linking pattern in the soluble form (see Chapter 2) had suggested that
domain M possesses some degree of structural flexibility. While disproving the Rigid
Contact Model, these results could be used to support the Disorder-inhibition Model
discussed in the Introduction, Chapter 1. In the Disorder-inhibition Model, silencing of

the catalytic domain arises from disordering of the active site by the instability in helix E,
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which is propagated from a very disordered and flexible domain M. According to this
model the observed weak contacts between M and C would result from random collisions
of highly flexible M domains located near the base of the active sites of the CT dimer.
The lack of an effect on activity upon disruption of contact from any one site in domain
M would also be consistent with the Disorder-inhibition model, because specific

interactions are not required.

What is not compatible with the Disorder-inhibition model is the
anisotropy/denaturation findings, showing that the entire domain M, although more
disordered than the rigid catalytic domain, is much more folded than the C-terminal tail.
In fact, the anisotropy and urea sensitivity of most sites in domain M resemble that of
C207 — in the middle of helix E, the terminal helix in the catalytic domain. In support of
this, limited protease digestion pattern showed resistance to digestion (i.e. inaccessibility)
in the region between residues 286 and 300, likely due to the foldedness of this sub-
region. In fact, comparative CD analysis tentatively suggests that domain M possesses

some [-strand components in the soluble form, which are transformed, along with

random coils, into a-helical components upon membrane binding'®*.

Anisotropy analysis supported the MTAC model in which alternating local
contacts of M with C suppress catalysis. There are two types of MTAC models for
silencing of the catalytic domain by domain M (Figure 3.13). Model A describes a
domain M that contains a firm structure that can slide about to create alternative auto-
inhibitory contacts between various parts of domain M and the catalytic domain. This
sliding mechanism is made possible with a flexible region at the N-terminus of domain M
or at the hinge between helix E and domain M. In this model, the aspartate mutations at
FLEMEF cause a dislocation and barring of that region from interaction with the catalytic
domain, leading to an apparent increase in disorder due to lower restriction on the
rotational freedom of the fluorescence probe. In Model B, domain M does not possess a
firm, fixed structure by itself, but portions of M gain temporary structure/order upon
transient contacts with the catalytic domain. Unlike the sliding model, the aspartate
mutations at FLEMF disrupt contact with the catalytic domain, resulting in the disruption

of induced ordering at that region.
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Catalytic Catalytic

Figure 3.13 - Possible modes of contact for domain M

In scenario A, domain M (grey) is a stable structure with its N-terminus and/or the linker connecting
domain M and the catalytic domain being highly flexible. Different parts of domain M, such as the
phenylalanines in FLEMF (o), take turns making contact with the catalytic domain (purple) in a sliding
motion. With the mutation to aspartate (L)), repulsion dissociates it from the catalytic domain, reducing
the restriction on fluorophore movement.

In scenario B, only certain sub-regions of domain M (grey) form contact with the catalytic domain, and
obtain transient structure upon contact. The FLEMF segment, when mutated to DLEMD, becomes
disordered since contact is disrupted.

The results of urea denaturation analysis favour MTAC Model B. The disruption
of contact by the mutation at the FLEMF region leads to a dramatic melt down of
structure in that region, as indicated by complete loss of resistance to unfolding induced
by urea. The requirement for contact with domain C to create local structure in domain
M may be explained by an induced fit mechanism. In this mechanism, domain M is
devoid of structure by itself, but its folding is enabled (catalyzed) by the binding surface
on domain C. An alternative explanation is that the binding surface in domain C selects
for a pre-formed conformation from the population of disordered and partly folded
domain M conformers'*. In fact, comparative CD-analysis has revealed that domain M is
37.2 % disordered, in the soluble form'®. CD analysis of the tail domain (M+P) in the
absence of lipid or the catalytic domain reveal a value of 35% disordered (MSc thesis,

Jospeh Lee, 2011).

The urea denaturation profiles suggest an unfolding behaviour for domain M
reminiscent of proteins with malleable molten globular structure. Molten globular
structures unfold at lower concentration of denaturant, but retain some cooperativity of

the unfolding process*®. Having a malleable property is advantageous as it allows domain

90



M to bind to different partners of completely different shape, size and physical-chemical
properties. In the soluble form, domain M can form-fit with a site in the catalytic
domain. However, a distinct highly alpha-helical conformation is induced by domain
M’s other contacting partner, the membrane surface. Flexibility and malleability are
critical properties which enable domain M to sweep out the membrane surface searching
for a suitable site that will facilitate its folding into an o-helix, and its lipid insertion that

leads to CT activation.

Urea denaturation analysis also revealed subtle differences between sub-regions
of domain M. In particular, the region around residue 245 appeared to be less ordered, as
it did not possess a well-defined transition of unfolding as seen for all other sub-regions
of domain M analyzed. Instead, it behaved similarly to the highly disordered C-terminal
tail (Figure 3.9). Agreeing with this observation, this region had a higher disorder
prediction compared to the other sub-regions of domain M (Figure 3.10). The region
around residue 245 contains the highest concentration of charged residues in domain M
(Figure 3.14), which are more commonly found in disordered regions of proteins. In
comparison, the C-terminal portion of domain M contains mini-clusters of hydrophobic
residues that in an aqueous environment would experience pressure to become buried
within a folded structure. Disorder from the N-terminal sub-region might be one of the
main contributors in the flexibility of domain M. In addition, this sub-region near residue
245 may facilitate the transient nature of the interaction between the catalytic domain and
domain M, for the benefit of quicker activation. Similar to the fly-casting model'*®, lose
structures and transient contacts can both greatly enhance the range and efficiency of

searching for a suitable site for folding and insertion on the membrane surface.
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Figure 3.14 — Differences in disorder propensity within domain M may be influenced by clusters of
residues of certain polarities

Domain M (residues ~231-314) is included in dashed box. Charged residues from residues 201 to 314
are highlighted in red (for acidic residues) and blue (for basic residues). Gray highlights residues that
have been mutated to cysteines in single cysteine CT variants.

With the many advantages offered by the MTAC model for auto-regulation, this
mechanism may have emerged early in the evolution of CTs. Although conservation does
not appear to be accomplished through primary sequence, most CTs analyzed here have

. . 58,83,106,143,144
been reported to be lipid responsive™™ > ",

It is likely the auto-silencing
mechanism is shared as well. In support of this, the disorder propensity appeared to be
similar (high disorder in the N-terminal region of domain M followed by low disorder
near the C-terminus of domain M; Figure 3.12) in CTs spanning single-celled protists to
vascular plants to mammals. Recently proof of a conserved mechanism for auto-
regulation emerged with the finding that a chimeric enzyme composed of the catalytic
domain of rat CTa fused to the C-terminal regulatory tail of C. elegans or D.
melanogaster behaved nearly identically to the wild-type rat enzyme, i.e. was silenced in
the absence of lipids and stimulated to similar extents by addition of anionic lipid vesicles

(Ding and Cornell, unpublished).

14 NMR spectroscopy’®, and photo-cross-linking,

From comparative CD-analysis
it is well-established that domain M transitions into a long o-helix in the presence of
activating lipids. Although this transition was expected to yield an increase in anisotropy
(ie. structure becomes more ordered) with lipid binding, this was not observed (Table
3.2). One explanation for this observation is that in the soluble form, the fluorophores are

restricted in rotational freedom due to entrapment from the interaction between domain

M and the active site. Upon membrane binding, the hydrophilic fluorophore would
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extend into the aqueous phase, where it would experience more freedom of rotation, as it
is no longer interacting with the polypeptide. On the other hand, residue 245 is in a very
polar section of domain M that may remain more superficially bound to the membrane
surface than the C-terminus of domain M. Upon membrane binding the fluorophore
attached to residue 245 may maintain substantial contact with the polypeptide. With
formation of an a-helix, site 245 exerts further restriction onto the attached fluorophore

and thus leading to the observed increase in anisotropy.

3.4 Methods

3.4.1 OG labeling of CT variants

His-tagged single cysteine variants (1.2 nmol to 5 nmol) in dialysis buffer (20
mM NaH,POy4, 150 mM NaCl, 1 mM DTT, 0.25 mM TX-100, pH 7.4), were bound to
100 pl of prepared Ni-beads for 20 min at room temperature. After removing
supernatant, Ni-beads were re-suspended in 100 pl of OG-IAA (various concentrations,
ranging from 0.24 nmol to 0.05 nmol) in equilibration buffer (50 mM NaH;PO4, 500 mM
NaCl, 0.25 mM TX-100, pH 8.0), vortexed briefly, and centrifuged to pellet beads.
Supernatant containing excess OG was removed. Beads were washed ten times with
equilibration buffer, and once with wash buffer (10 mM Tris, 150 mM NaCl, 0.25 mM
TX-100, pH 7.4). All washes were of 100 pl volume. OG-labeled CT variants were then
recovered from Ni-beads with 4 x 100 ul elution buffer (350 mM imidazole, 10 mM Tris,
150 mM NaCl, 0.25 mM TX-100, pH 7.4). Recovered sample was further diluted with
400 pl of the wash buffer, and aliquoted for different analyses.

3.4.2 Determination of total OG percent labelling

OG concentration was obtained from absorbance wavelength scan from 400 to
550 nm. A background scan was performed on sample buffer (10 mM Tris, 150 mM
NaCl, 0.25 mM TX-100, 175 mM imidazole; pH 7.4). Background-corrected peak
absorbance at around 491 nm was used to calculate OG concentration using Beer’s law.
Protein concentration was determined by Bradford assays. The percent of CT labeled by

OG was calculated as: 100% x (OG concentration)/(protein concentration).
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3.4.3 Steady-state anisotropy measurements

OG-labeled CT sample (110 pl) in a quartz curvette was equilibrated to 20°C in
the thermal-controlled sample chamber for 5 min. Anisotropy was measured with the
spectroflourimeter using steady-state mode, with either of the two settings. Setting A was
used for OG fluorescence: 491 nm for excitation wavelength; 522 nm for emission
wavelength; 8 nm slit widths for excitation and emission wavelengths; 1 s integration
time. Setting B was used for tryptophan fluorescence: 295 nm for excitation wavelength;
348 nm for emission wavelength; 1 nm slit width for excitation wavelength; 12 nm slit
width for emission wavelength; 1 s integration time). 30 readings were recorded per

sample aliquot. Two aliquots were analyzed for each sample.

3.4.4 Urea denaturation analysis

Protein sample (110 pl) was transferred to a quartz curvette and equilibrated to
20°C in the thermal-controlled sample chamber for 5 min. Anisotropy was measured as
described above for undenatured sample. Sample was denatured sequentially with solid
urea, vortexed, incubated in the sample chamber for 5 minute, and analyzed at each urea
concentration. Volume increase was miniscule with each addition of solid urea. The

estimated error for the weighing the urea (ultra-pure grade) was around 5 + 0.2 mg.
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4: Impact of my thesis

My work has provided valuable information concerning the inter-domain contact
sites that may be crucial in the auto-inhibition of CT. In particular, I generated a low-
resolution map of possible docking sites on the catalytic domain for all sub-regions of
domain M. The approach I used, photo-cross-linking combined with MALDI-MS
enabled identification of weak interactions that have escaped detection by other
techniques, such as inhibition of catalysis by the regulatory domain supplied in trans,
pull-down assays, and limited protease digestion pattern analysis.

While shortcomings such as selection of false positives, interference from photo-
cross-linkers, and the low resolution inherent in the photo-cross-linking approach are not
to be minimized, evidence for domain M — domain C contact obtained using this method
was validated by steady-state anisotropy experiments. Specifically, when the contact
with domain C was disrupted by mutation in one sub-region of domain M (FLEMF), the
local structure at that site in M dissolved.

More detailed information about domain M dynamics was obtained using urea
denaturation. While urea denaturation in combination with fluorescence anisotropy has
been used widely in studies involving protein folding'*""', T extended this strategy using
fluorescence spectroscopy to characterize differently folded regions of the same protein.
While urea-induced unfolding of separate domains within a protein has been analyzed by
NMR methods'?, the use of fluorescence anisotropy to accomplish this goal is novel.
Importantly, this simple technique is capable of differentiating foldedness between
regions that are merely 12 residues apart in the same protein domain. Because of the
relatively fast dynamics of domain M that have emerged from both fluorescence and
cross-linking, a high-resolution structure of a CT containing domain M via
crystallography may be unachievable. The methods utilized in this study proved to be a

workable alternative.
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A new working model, MTAC (Figure 4.1), has emerged from our experimental
data. In this model, auto-inhibition by domain M is achieved through contacts to the
catalytic domain, either directly to the active site, and/or to helix E that situates right
below the active site, resulting in subtle active site restructuring that reduces catalytic
efficiency. Contacts from domain M are likely to be transient, and driven mainly by
hydrophobic interactions, since it is this pattern of hydrophobic residues in domain M
that is conserved across diverse species that show domain M mediated silencing. The
inhibitory contacts could alternate between multiple parts of domain M, and between the
two M domains in a cooperative manner. Immediately upstream of helix E lie key points
of contact with the substrate CTP at residues 202, 200, 197, and 196. At this time we do
not know how the contact with domain M segments alters the positioning of these
residues, but it remains our working hypothesis that these positions in helix E are affected
to slow catalysis. Helix E is also a key participant in forming the dimer interface.
Taneva et al have provided evidence for cooperativity between the active sites of the CT
dimer”. Hence silencing by MTAC with helix E may impact on that cooperativity. Upon
lipid binding, domain M is released from interacting with helix E and the active site,

allowing catalysis to proceed.
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Figure 4.1 - Multiple Transient Alternating Cooperative Contact model for CT auto-inhibition

A. Auto-inhibition in the soluble form. Parts of the M domains (unstructured shapes in yellow) in CT
may form transient contact with active site (dashed circle in purple) and helix E (solid black), which
induces local order in M (yellow solid box). The remainder of domain M is disordered (yellow solid
line). This type of contact is only meta-stable and alternates between different sub-regions of domain
M. B. In the presence of activating lipids, domain M inserts itself into the lipid bilayer, making it
impossible to form any inhibitory contacts to the catalytic domain. The model shown here incorporates
the idea presented in Taneva et al that the M helices bind membranes one at a time.

The disorder predictions for domain M from diverse species, and the mutational
analysis of multiple hydrophobic residues in domain M from C. elegans CT (refer to
Chapter 2 discussion) tentatively suggest that the MTAC model may be a conserved
mechanism of auto-inhibition, providing a facile mechanism for both silencing and
membrane binding, and the interconversion between these two functions. While this type
of mechanism involving structural malleability differs from the more common auto-
inhibition involving rigid, auto-inhibited complexes solvable by crystallagraphy (eg. SRC
kinase, SNARE, Ets-1)'"'", would MTAC be a novel mechanism unique to lipid-
regulated cytidylyltransferases? Or can this mechanism be applied to other proteins

whose auto-inhibitory mechanisms have yet to be uncovered?
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A similar mechanism involving a disordered but structure-inducible auto-
regulatory domain has been reported for the CFTR?’. This study utilized NMR
exclusively to examine the auto-inhibitory mechanism as X-ray crystallographic
structures are more difficult to obtain, and would provide only a static picture of one
conformation in a dynamic ensemble. The dynamic engagement of the regulatory region
(R) and nucleotide-binding domains (NBDs) of CFTR was examined. Similar to CT’s
domain M, this intrinsically disordered R region appears to sample multiple,
heterogenous, and rapidly-inter-converting conformations with varying degrees of
compactness and secondary structural features. Multiple sites from the R region bind
transiently as o-helices to NBDs to exhibit inhibition. In the activated state,
phosphorylation at non-specific sites in the R region lowers the amount of helical
structure and reduces interaction with the NBD. Unlike the approach I took with CT
domain M, this study was performed with two domains that had been artificially
separated. The observed R-NBD interaction was examined in frans, whereas a C-M
interactions in CT was not observable in trans (from activity analysis and pull-down
assay). Thus, the silencing interaction in CT is much weaker and more transient.
Interestingly, NBDs act as a heterodimers, and the dimer interface has been proposed as
one of the possible docking sites for the R region. However, unlike CT where the dimers
remain mostly intact through activation-inactivation cycles, NBD is proposed to be
inhibited by the R region that prevents proper dimer formation for full channel activity.

Features of the MTAC model have also been demonstrated in the classic Ball-
and-Chain model for the inactivation domains of voltage gated potassium

channelle4’153’154.

These integral membrane proteins cycle among three states: closed,
open, and inactive. The inactive state is achieved through a highly flexible “chain” that
carries out a random search until the “ball” plugs the open channel, effectively blocking
the channel pore. Both hydrophilic and highly conserved non-polar residues in the “ball”

region are important in auto-inhibitory interaction'>>'>>

, and the length of the “chain” is
important in controlling rate of inactivation. As a tetrameric structure is required to form
a single pore, four inactivation domains are available for inactivation'>*"**'*7. However,
analysis of a tetramer with only one inactivating plug showed that binding from only one

of the four identical inactivating domains is sufficient to block the pore'*'>’. Thus the

98



binding of each inactivating segment occurs in a mutually exclusive manner, and the
inactivation segments appear to be working in an alternating fashion. CT auto-inhibition
works similarly with sub-region(s) possessing higher probability for disorder (eg. region
around residue 245) that may work as the small, flexible ‘“chain” to swing the
structurally-inducible inactivating regions (eg. hydrophobic clusters identified in Figure
2.14) for proper contact with docking sites in the catalytic domain. The inhibitory sub-
regions from both M domains can have equal potential to form contact with the same
sites on the catalytic domain, and thus work in an alternating fashion.

When compared to better characterized auto-inhibitory mechanisms, the MTAC
model for auto-inhibitory mechanism appeared to be novel at the first glance. However,
similarities shared with the auto-inhibition mechanisms for CFTR and potassium ion
channel suggest that at least some of the key elements of MTAC model can be applied
generally to other regulated proteins. Analysis performed in this thesis can offer helpful
hints for deciphering the mechanisms of inhibition for other proteins, especially the ones

with structures that tend to escape current methods of determination.
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Appendices

Appendix I - Representative spectra sets from photo-cross-linking
analysis of CT variants

All mutants were BBP-labeled, photo-cross-linked, tryptic digested, avidin purified, and analyzed on
MALDI-MS as described in Methods in Chapter 2. Best representative spectra set for each mutant is
shown, with a few of the photo-cross-links identified. Relative intensities of some junk peaks that are not
unique to photo-cross-linked samples (eg. appeared in non-irradiated sample spectra) can be quite high.
Two examples (*) can be found in the spectra set for CT-1272C.
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Appendix II: Ambiguously identified photo-cross-linked peptides from
MALDI-MS for each CT
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CT-R245C no lipid

Identity

Average
Observed
Mass (Da)

Sequence of peptide from contact

M[240-250]-BBP-N[13-15] 25726 KRR
M[240-250]-BBP-N[14-16] 25726 RRK
M[239-250]-BBP -N[14-15] 25723 RR
M[240-251]-BBP-N[14-15] 25723 RNLQR

AA-BBP-M[284-304] 3192.9 EFIGSFLEMFGPEGALKHMLK
AA-BBP-M[219-239] 3319.9 RNLQRGYTAKELNVSFINEKK

M[240-250]-BBP-N[14-20]

3756.8

AA-BBP-M[284-300] 2683.2 EFIGSFLEMFGPEGALK
M[240-248]-BBP-M[253-259] 2748.5 VKDVEEK
M[240-250]-BBP-M[255-259] 2748.7 DVEEK

MAKHHHHHHIEGR

M[240-248]-BBP-M[247-262]

3819.8

EFVQKVEEKSIDLIQK

M[239-250]-BBP-N[His-tag-14]

3994.7

M[239-250]-BBP-N[His-tag-His-tag] 3884.7 MAKHHHHHHIEGR
M[240-251]-BBP-N[His-tag-His-tag] 3884.7 MAKHHHHHHIEGR
M[240-250]-BBP-M[240-248] 3999.3 (K)YHLQECVDK(V)

SAMDAQSSAKVNSRKR

M[240-251]-BBP-N[His-tag-14]

3994.7
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M[240-248]-BBP-M[239-250] 4127.2 KYHLQECVDKVK
M[240-248]-BBP-M[240-251] 4127.2 YHLQECVDKVKK
M[240-248]-BBP-M[262-281] 4392.4 EFVQKVEEKSIDLIQKWEEK
M[240-248]-BBP-M[260-277] 4390.4 SKEFVQKVEEKSIDLIQK
M[239-248]-BBP-M[260-277] 43904 SKEFVQKVEEKSIDLIQK

CT-1272C no lipid
Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP-M[267-277] 2102.5 VEEKSCDLIQK

AA-BBP-M[284-300] 26832 (R)EFIGSFLEMFGPEGALK(H)
AA-BBP-N[43-61] 30355 (R)QPAPFSDEIEVDFSKPYVR(V)

M[271-283]-BBP-M[246-261] 4261.6 (R)VDKVKKKVKDVEEKSK(E)
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CT-S288C no lipid
Average
Identity Observed Sequence of peptide from contact
Mass (Da)
AA-BBP-M[262-270] 1946.3 EFVQKVEEK

M[282-300]-BBP-N[34-36] 3303.0

AA-BBP-M[246-266] 3330.0 VDKVKKKVKDVEEKSKEFVQK

M[282-300]-BBP-N[His-tag-8] 38806 SAMDAQSSAK
M[284-304]-BBP-M[249-254] 3880.9 VKKKVK

M[282-300]-BBP-M[249-261] 44464 VKKKVKDVEEKSK

M[284-300]-BBP-N[14-33] 47946 RRKEVPGPNGATEEDGIPSK
M[282-300]-BBP-N[His-tag-15] 47936 SAMDAQSSAKVNSRKRR
M[284-304]-BBP-N[His-tag-His-tag] 47947 MAKHHHHHHIEGR
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CT-H301C no lipid

Average
Identity Observed Sequence of peptide from contact
Mass (Da)

BBP-M[260-270] 21045 SKEFVQKVEEK
AA-BBP-C[197-208] 21035 TEGISTSDIITR
AA-BBP-P[342-356] 2682.4 TSPSSSPASLSRSK
AA-BBP-M[284-300] 2683.2 EFIGSFLEMFGPEGALK

M[301-304]-BBP-C[79-94] 3067.9 VYADGIFDLFHSGHAR
M[301-304]-BBP-M[252-266] 3068.0 KVKDVEEKSKEFVQK
AA-BBP-C[101-122] 3319.9 NLFPNTYLIVGVSSDELTHNFK
AA-BBP-C[219-239] 3319.9 RNLQRGYTAKELNVSFINEKK
M[301-304]-BBP-N[17-36] 3343.2 EVPGPNGATEEDGIPSKVQR
BBP-M[282-304] 3343.1 SREFIGSFLEMFGPEGALKCMLK
M[301-304]-BBP-M[282-300] 33784 SREFIGSFLEMFGPEGALK
M[301-304]-BBP-P[318-335] 3378.0 QSPSSSPTHERSPSPSFR
M[301-304]-BBP-M[282-300] 33944 SREFIGSFLEMFGPEGALK
M[301-304]-BBP-P[318-335] 3394.4 QSPSSSPTHERSPSPSFR
M[301-304]-BBP-M[229-245] 33944 ELNVSFINEKKYHLQER
AA-BBP-N[13-36] 3460.0 KRRKEVPGPNGATEEDGIPSKVQR
AA-BBP-M[282-304]-AA 34594 SREFIGSFLEMFGPEGALKCMLK
AA-BBP-N[17-42] 3475.0 EVPGPNGATEEDGIPSKVQRSAVGLR
BBP-M[260-281] 3475.1 SKEFVQKVEEKSIDLIQKWEEK
BBP-N[9-33] 3476.0 VNSRKRRKEVPGPNGATEEDGIPSK
AA-BBP-N[His-tag-8] 3489.0 MAKHHHHHHIEGRSAMDAQSSAK
AA-BBP-M[284-307] 3489.2 EFIGSFLEMFGPEGALKCMLKEGK
BBP-P[336-355] 3488.2 WPFSGKTSPSSSPASLSRSK
M[301-304]-BBP-C[101-122] 3755.7 NLFPNTYLIVGVSSDELTHNFK
M[301-304]-BBP-M[219-239] 3755.8 RNLQRGYTAKELNVSFINEKK
M[301-304]-BBP-N[His-tag-8] 3924.8 MAKHHHHHHIEGRSAMDAQSSAK
M[301-304]-BBP-M[284-307] 3925.1 EFIGSFLEMFGPEGALKCMLKEGK
AA-BBP-M[271-300] 42971 SIDLIQKWEEKSREFIGSFLEMFGPEGALK
BBP-P[310-341] 4297.0 MLQAISPKQSPSSSPTHERSPSPSFRWPFSGK
BBP-N[His-tag-15] 4297.0 MAKHHHHHHIEGRSAMDAQSSAKVNSRKRR
AA-BBP-N[His-tag-15] 4312.0 MAKHHHHHHIEGRSAMDAQSSAKVNSRKRR
BBP-P[310-341] 4313.0 MLQAISPKQSPSSSPTHERSPSPSFRWPFSGK
BBP-N[His-tag-15] 4313.0 MAKHHHHHHIEGRSAMDAQSSAKVNSRKRR
M[271-304]-BBP 47457 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLK
M[301-304]-BBP-P[342-367] 47455 TSPSSSPASLSRSKAVTSDISEDEED
AA-BBP-M[251-283] 4859.7 KKVKDVEEKSKEFVQKVEEKSIDLIQKWEEKSR
BBP-P[336-367] 4859.4 WPFSGKTSPSSSPASLSRSKAVTSDISEDEED
M[301-304]-BBP-P[310-341] 4949.9 MLQAISPKQSPSSSPTHERSPSPSFRWPFSGK
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M[301-309]-BBP-P[354-367] 4948.8 SKAVTSDISEDEED
M[301-304]-BBP-C[101-132] 4950.0 NLFPNTYLIVGVSSDELTHNFKGFTVMNENER
AA-BBP-M[271-304] 5119.1 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLKEGK
BBP-C[62-100] 5117.9 VTMEEASRGTPSERPVRVYADGIFDLFHSGHARALMQAK
CT-H301C + lipid
Average
Identity Observed Sequence of peptide from contact
Mass (Da)
M[301-304]-BBP-P[305-309] 1793.1 EGKGR
M[301-304]-BBP-M[220-223] 17931 NLQR
M[301-304]-BBP-M[282-300] 3378.1 SREFIGSFLEMFGPEGALK
M[301-304]-BBP-P[318-335] 3378.6 QSPSSSPTHERSPSPSFR
M[301-304]-BBP-M[282-300] 3394.1 SREFIGSFLEMFGPEGALK
M[301-304]-BBP-P[318-335] 3394.6 QSPSSSPTHERSPSPSFR
M[301-304]-BBP-M[229-245] 3394.9 ELNVSFINEKKYHLQER
M[301-304]-BBP-M[282-300] 3410.1 SREFIGSFLEMFGPEGALK
M[301-304]-BBP-M[229-245] 3410.9 ELNVSFINEKKYHLQER
AA-BBP-N[17-42] 3475.0 EVPGPNGATEEDGIPSKVQRSAVGLR
BBP-M[260-281] 3475.1 SKEFVQKVEEKSIDLIQKWEEK
BBP-N[9-33] 3476.0 VNSRKRRKEVPGPNGATEEDGIPSK
AA-BBP-M[271-300] 42971 SIDLIQKWEEKSREFIGSFLEMFGPEGALK
BBP-P[336-367] 4299.5 WPFSGKTSPSSSPASLSRSKAVTSDISEDEED
AA-BBP-M[271-300] 4314.8 SIDLIQKWEEKSREFIGSFLEMFGPEGALK
BBP-P[342-367] 4316.5 TSPSSSPASLSRSKAVTSDISEDEED
M[301-304]-BBP-N[His-tag-15] 4780.5 MAKHHHHHHIEGRSAMDAQSSAKVNSRKRR
M[301-304]-BBP-P[342-367] 47782 TSPSSSPASLSRSKAVTSDISEDEED
AA-BBP-M[271-304]-AA 4846.7 VKKKVKDVEEKSKEFVQKVEEKSIDLIQKWEEK
AA-BBP-M[282-317] 4846.9 SREFIGSFLEMFGPEGALKCMLKEGKGRMLQAISPK
M[271-304]-BBP 4778.6 SIDLIQKWEEKSREFIGSFLEMFGPEGALKCMLK
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Appendix III: MALDI-MS spectra for photo-cross-linked samples
prepared in the presence or absence of 0.25 mM TX-100 remained
similar

CT-S288C was BBP-labeled, photo-cross-linked, tryptic digested, avidin purified, and analyzed on
MALDI-MS as described in Methods in Chapter 2. A focused view of the spectra (scanned from 700 to
10000 Da), with a few identified peaks, is shown below. Other parts of spectra not shown here were also
similar to each other. For samples without TX-100, elution buffer used to recover BBP-labeled samples
from Ni beads did not include TX-100. To compensate for significant loss of sample eluted in the absence
of TX-100 (~50%), input for these trials was doubled. DTT-IAA = samples that have been reduced and
alkylated with TAA.
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Appendix I'V: Urea denaturation analysis of Helix E, and the effect of
CTP and lipids on anisotropy of Helix E

Steady-state anisotropy values for CT-T207C (near N-terminus of helix E) with and without CTP or lipids
were determined. In all samples, total OG labelling efficiency was 17% (1137 nM CT; 189 nM OG). For
urea denaturation analysis shown below the table, OG-labeled CT-T207C was treated with the indicated
concentrations of urea for 5 min and its steady-state anisotropies were analyzed at 20°C, as described in
Chapter 3 Methods. Two different % OG labeled samples were analyzed with similar result. ECsyis 2.1 +
0.1 M urea; transition of unfolding is - 0.5 + 0.1.

Lipid:CT (W/M) | CTP:CT (M/M) Sat:i?ils(:))tl;?)t;;e
0 0 0.180 + 0.001

0 7300 0.181 +0.001

530 0 0.181 +0.002

o o
[ & ]
(= .~ ]
L= T = |
5

0.1800+
0.1600+
0.1400+
0.1200+
0.1000+
0.0800+

Steady-state Anisotrop
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Appendix V: Urea denaturation analysis of lipid-bound CT-1272C

Urea denaturation analysis was performed on OG-labeled CT-1272C with and without 500 molar excess
lysoPC/PG lipid mixture. Samples were treated with the indicated concentrations of urea for 5 min and its
steady-state anisotropies were analyzed at 20°C, as described in Chapter 3 Methods.

> 0.2200
2 0.2000 ¥ No lipid
@ 0.1800 O + 500 molar
< 0.1600- excess lysoPC/PG
& 0.1400-
1‘% 0.1200+ _ ]
S 0.10004 A —  —
® 0.0800+
0 1 2 3 4 5 6 7 8 9
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