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Abstract

The work presented in this dissertation explores the structural dynamics in the
chloroplast signal recognition particle pathway. Findings include cpSRP shows scanning
functionality similar to that in the cytosolic SRP with the ribosome. The intrinsically
disordered C-terminal tail of the Albino3 protein has some transient secondary structure.
Upon binding to cpSRP43 in solution, separate secondary structure formation was
identified in the C-terminal tail of Albino3. Finally, to increase efficiency of analyzing

fluorescence time traces for this work, a modular software was produced.
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Chapter 1: Introduction
1.1 Ubiquitous Protein Targeting via Signal Recognition Particle (SRP) pathways

The signal recognition particle (SRP) pathway is a ubiquitous protein targeting
pathway whereby variants have been described in eukarya, archaea, bacteria and plants.*
Some of these pathways are co-translational and some are post-translational. In co-
translational targeting, SRP consists of a complex of six polypeptides and a bound RNA
molecule originally described in mammals.? 2 The mammalian SRP complex was shown
to perform three functions: signal recognition, elongation, and translocation. Each of
these activities were shown to be the responsibility of separate portions of the complex.*
For signal recognition, the complex interacts with nascent chains of secretory proteins,
but does not interact with the nascent chains of cytosolic proteins. This differentiation in
interaction arises from the presence of a signal sequence possessed on secretory proteins.®
The subunit responsible for the recognition of the signal sequence of the nascent
polypeptide chains on the ribosome was found to be the 54kDa subunit, termed SRP54.%
The arresting of elongation pauses the translation of the nascent polypeptide to allow for
translocation. The 9kDa and 14kDa subunits, SRP9 and SRP14 respectively, exist as a
heterodimer and were found to be responsible for this arrest in elongation.” & For
targeting of the ribosome-nascent polypeptide chain complex, the portion of the SRP
implicated was the heterodimer consisting of 68kDa and 72kDa subunits, SRP68 and
SRP72 respectively.” 8 The final protein subunit in the SRP complex SRP19 was shown
to be critical for the interaction of SRP54 with the SRP.8

The primary role of the SRP pathway is to target the ribosome-nascent chain

complex to a membrane. In the mammalian SRP pathway, the target of the SRP complex



is the SRP receptor.® 2% Upon interaction formation of a new complex that includes the
SRP bound to the ribosome nascent chain complex and SRP receptor, the complex
interacts with a translocon in a GTP driven manner to transfer the ribosome-nascent chain
complex to the translocon and recycle the SRP complex and SRP receptor.t 1% The
translocon is the protein machinery that transports the protein into or through the
membrane. This machinery is the Sec61 complex in eukaryotes that allows protein
transport across and into the endoplasmic reticulum.®

SRP pathways in archaea and bacteria are similar to the pathway in eukaryotes,
but differ in the composition of the SRP, the SRP receptors, and can contain alternate
pathways.! Bacteria only possess a homologue for the signal recognition subunit SRP54.
This lone, conserved subunit is termed fifty-four homologue (Ffh).** Along with a
structural variation of the SRP RNA, Ffh makes up the bacterial SRP.*® For archaea, the
SRP contains an SRP54 homolog, a SRP19 homolog, and SRP RNA. The differences in
the SRP composition is shown in Figure 1.1.1® Additionally, the SRP receptor is not
present in bacteria and archaea. Instead, FtsY, a homologue of one of the two SRP
receptor subunits performs the role of the receptor.!’ FtsY is not anchored to the
membrane being targeted and has not been shown to have a specific membrane
receptor.*® However, studies have shown the capacity of FtsY to interact directly with the
membrane and the SecYEG, the bacterial translocon.*2! One or both of these
interactions may play a crucial role in the transient association of FtsY to the
membrane.??

The discussion of the SRP systems has focused on the transport into and across

membranes using the Sec machinery. It was discovered in bacteria and archaea that some



Sec independent membrane proteins are inserted by the YidC insertase.?® This insertase
has been shown to be able to act independently of and in conjunction with the Sec
complex.?*?6 This variation of the pathway increases the complexity of the SRP
targeting.
1.2 cpSRP pathway

A better understanding of the role of the different SRP targeting pathways may be
gleaned by studying and comparing to the chloroplast SRP targeting pathway, which has
some similarities and some differences to the eukaryotic and prokaryotic systems. Light
harvesting chlorophyll-binding protein (LHCP) is produced in the cytosol and imported
into the stroma of the chloroplast via an attached carrier peptide. This carrier peptide is
then cleaved and the LHCP is targeted to the thylakoid membrane for insertion.?” The
exact process and molecular interactions to facilitate this posttranslational targeting once
in the stroma were, until recently, poorly understood. Although progress to has been
made to study the many interactions in this pathway, there are still several mysteries. The
current understanding of the pathway is summarized/illustrated in Figure 1.2.%8

A homologue of SRP54 was found in the chloroplast of Arabidopsis thanliana.?®
This homologue would later be name chloroplast SRP54 (cpSRP54).%° The discovery of
this homologue suggested the presence of an SRP targeting pathway in the chloroplast.
Further experiments showed that LHCP required a stromal factor to maintain solubility
and to be integrated into the thylakoid membrane of the chloroplast.®": 32 To maintain
solubility in the stroma, LHCP formed an approximately 120kDa complex.® Since
RNAase showed no effect on this soluble factor and the targeting was posttranslational,

an SRP mediated pathway was not initially suspected. The factor was strongly affected



by protease indicating that it was likely a protein.3? Subsequently immunoprecipitation
and crosslinking studies found that cpSRP54 plays a role in the integration of LHCP into
the thylakoid membrane and was present in the LHCP complex.®* These finding
suggested that cpSRP54 could operate without bound RNA, in contrast with known
examples from other SRP pathways. The composition of the cpSRP complex was also
found to contain a novel 43kDa subunit, cpSRP43. This unique subunit of the chloroplast
SRP was shown to form a transit complex with cpSRP54 and LHCP. This transit
complex was also shown to be inactive in LHCP integration without the stroma present.
This indicated that a second stromal factor was required for the integration of LHCP. It
was also shown that approximately half of the cpSRP54 was bound to ribosomes and that
cpSRP43 does not interact with ribosomes, strongly suggesting that cpSRP54 is involved
in co-translational targeting that does not involve cpSRP43 as well as the post-
translational targeting pathway that does involve cpSRP43.%

In vivo experiments have explored the result of mutations to lower or eliminate
the population for various proteins involved in the cpSRP pathway. Reduction of
cpSRP54 showed juvenile plants with yellow leaves. As the plants matured, the
phenotypes started to resemble the wild-type.3® A complete knockout mutant of cpSRP54
showed similar results to the reduction experiment. Further, knockout of cpSRP43
showed a different phenotype than the cpSRP54 knockout. The difference in the
phenotypes suggest that the subunits of cpSRP may have roles that are separate from the
cpSRP complex. In general, knockout of cpSRP54 was more severe and is suspected to
interact in other pathways.*® 3" Mutants lacking both cpSRP43 and cpSRP54 presented

additive negative effects on the phenotype.3®



The components of the stroma required for LHCP integration into the thylakoid
membrane were found to be GTP and a homologue of the bacterial FtsY, cpFtsY 3% 40
Similar to the mechanism in bacteria, cpFtsY interacts with the cpSRP and targets the
complex to the thylakoid membrane.3® Knockouts experiments of cpFtsY were performed
to examine the phenotypes of plants missing the membrane targeting component of the
pathway. It was found that mutants of Arabidopsis thanliana lacking cpFtsY were yellow
and isolated thylakoids contained 10-33% as much LHCP when compared to the wild-
type. These mutants were seedling-lethal. When given an external carbon source, the
plants were yellow and stayed yellow throughout maturity. This evidence indicates that a
cpFtsY-null mutant is more lethal than the double knockout of the whole cpSRP
complex. One possibility to explain this result is that a large fraction of LHCP becomes
trapped by cpSRP, but never targets to the membrane due to the lack of cpFtsY. This
would suggest that some LHCP can bypass the transit complex formation when it is not
present.*! Interestingly, a knockout of cpFtsY in conjunction with a cpSRP54 knockout
showed increased integration of LHCP as compared to the cpFtsY knockout alone. This
would suggest that cpSRP43 may have some way of directly targeting and inserting
LHCP into the thylakoid, albeit less efficiently.*?

Although the chloroplast possesses a Sec pathway, cpSec, it was found that the
cpSRP pathway for the integration of LHCP was unaffected when antibodies raised
against cpSec were used.*® This strongly suggested that the cpSec machinery was
unnecessary in and independent of the cpSRP pathway. The cpSRP pathway was then
found to involve the insertase Albino3, a homologue of YidC found in bacteria and

Oxalp found in mitochondria.** This insertase was shown to be required for both in vitro



and in vivo LHCP insertion. The phenotypes for the Arabidopsis thanliana knockout of
the albino3 protein were white-yellow plants that were seedling-lethal. It was found that
the leaves contained less than 10% of the LHCP present in the wild-type. This result,
however, may be attributed to additional roles of Alb3. For example, Alb3 is found in
significant concentrations in the roots of plants. This suggests there is a role of Alb3
beyond LHCP integration in the thylakoid membrane.*!
1.3 Structural information

In order to understand specific molecular binding events and interactions in the
cpSRP pathway, a general overview of the structures of proteins involved follows.
cpSRP43, the novel subunit of cpSRP is composed of three chromatin organization
modifier domains (chromodomains) and four ankyrin repeats.®® 4 Interestingly, cpSRP43
was the first non-nuclear protein identified to possess chromodomains.*® The ankyrin
repeats are very common and typically serve as protein-protein interaction motifs.*” A
crystal structure of cpSRP43 revealed a negatively-charged backbone similar to that
found in SRP RNA. Given this, cpSRP43 has been proposed to act as a direct
replacement for SRP RNA.*

cpSRP54 consists of a conserved GTPase domain (G-domain), a conserved four
helix bundle (N-domain), and a methionine-rich domain (M-domain). The N and G
domains are consistent with Ffh and cytosolic SRP variants. The known crystal structures
for Ffh and mammalian SRP54 show the M-domain in different positions. To solve for
the relative positioning of the M-domain in cpSRP54, single molecule Forster resonance

energy transfer was used to determine the position relative to the N-domain.*®



For the membrane associated proteins, cpFtsY contains a conserved amphipathic
helix near its N-terminus (N-domain) that mediates binding to the thylakoid membrane.*
Based on crystal structure evidence, the conserved GTPase domain (G-domain) in cpFtsY
was shown to have a more extensive interaction with the N-domain than in bacterial
FtsY. This domain interaction in the free cpFtsY leads to a conformation that is similar to
that of the cpFtsY-cpSRP54 bound state.>* Albino3 is a membrane protein embedded in
the thylakoid of chloroplasts. It contains 6 transmembrane helices, an N-terminal tail that
is exposed to the lumen, and a long C-terminal tail that is exposed to the stroma. That
contains a C-terminal soluble tail. This C-terminal tail has been proposed to be
intrinsically disordered,>? 53 although results in this dissertation will question this
hypothesis.

LHCP, the substrate of the SRP targeting pathway, is synthesized in the cytosol as
a preprotein with a carrier peptide. Upon entering the stroma, this carrier peptide is
cleaved.>* Once integrated into the thylakoid membrane, the structure of LHCP consists
of three transmembrane helices.*

1.4 Molecular interactions

Despite the similarities between the cytosolic and chloroplast SRP54 subunit, it
has been shown that the cytosolic forms such as bacterial Ffh cannot bind cpSRP43.%°
The unique interaction site on cpSRP54 that facilitates binding to cpSRP43 was identified
as a 10-amino acid motif near the C-terminal. Sequence alignments confirmed the
conservation of this motif amongst the six cpSRP homologues tested and the its absence
in E. coli SRP54 homologue.®® Later, this C-terminal binding extension motif was found

to be predominantly disordered in nature.*® The second chromodomain of cpSRP43



(CD2) was implicated as the primary binding region to cpSRP54.%" To establish this
binding interface, it was shown that CD2 had to undergo structural changes.>®

A specific sequence in LHCP was found to be required for transit complex
formation. cpSRP was shown to require an L18 motif and an appropriate hydrophobic
domain for binding LHCP. Other proteins with a hydrophobic domain fused with L18
could also make transit complex, which suggests the L18 motif regulates the binding of
cpSRP to hydrophobic proteins.>® It was found that cpSRP43 binds this L18 domain and
that cpSRP54 is primarily responsible for binding the hydrophobic domain. It was found
that L18 and cpSRP54 are not competitors for binding of cpSRP43, highlighting different
binding sites between the 3 proteins.® In fact, it was later discovered that cpSRP43
enhances L18 binding to cpSRP43.5!

The membrane/stroma partitioned cpFtsY has been shown to be involved in
targeting the transit complex to the thylakoid membrane for LHCP insertion.3® %% Three
interactions for cpFtsY have been described. First, it has been shown that the N-terminal
region of cpFtsY partially inserts into the thylakoid membrane. Deletion of this region
results in the inability for the protein to bind the membrane. The nature of this membrane
interaction seems to be generically non-specific to lipids and not only the thylakoid
membrane.>® The specificity of the interaction with the thylakoid membrane must
therefore come from interactions with thylakoid-bound proteins or other molecular
partners. This interaction likely comes from cpFtsY’s association with Alb3 due to their
close connection in the SRP targeting pathway. It was shown that cpFtsY and cpSRP
both individually interact with Alb3, but the complex of cpSRP and cpFtsY is more

efficient in this interaction.®? This interaction was shown to only require cpSRP54 and



cpFtsY. Further, it was shown that using a non-hydrolyzable analogue of GTP, GMP-
PNP, that the complex of cpSRP and cpFtsY were locked into the interaction with Alb3.5
This indicates that the hydrolysis of GTP is necessary for the recycling of the cpSRP-
cpFtsY complex back into the soluble form.%? Lastly, the interaction of cpFtsY with
cpSRP or the transit complex has been shown to be dependent only on cpSRP54. One key
difference in their binding versus bacterial homologues is that the chloroplast versions
bind 200 times faster than their bacterial counterparts.®®

cpSRP43 has been shown to have an interaction with the C-terminal tail of
Alb3.5 This interaction is thought to have some effect on the targeting of cpSRP to the
membrane via the interaction with cpSRP43, although the details are still unclear. The
nature of this cpSRP43-Alb3 interaction has been conflictingly reported as taking place in
the chromodomains of cpSRP43 and the ankyrin repeats. Lewis et al. report that the
primary interaction occurs in the ankyrin repeats. In addition to this, they showed that
CD3 can be deleted without any functional consequences.®* However, at the same time
Falk et al. reported that CD2-CD3 are responsible for the interaction between cpSRP43
and the C-terminal tail of Alb3.52 This group subsequently provided detailed structural
evidence to support their claim,® but they did not address the earlier functional studies of
CD3 deletion or the claims of ankyrin binding.®* As of yet, this debate has not been
resolved.
1.5 Intrinsically disordered proteins

Intrinsically disordered proteins (IDPs) were first classified based on circular
dichroism data. The disordered description may refer to a whole protein or region of a

protein.®® The term “intrinsically disordered” refers to a protein or part of a protein that



does not have well defined secondary structure based on its intrinsic sequence.®’
Although IDPs were first described over a half century ago, investigations into their
structure-function relationship have increased dramatically over recent years.®® Figure 1.3
shows the results of published articles containing synonyms for IDPs by year. The search
is updates a previously published search of the query: “(inherently OR natively OR
intrinsically) AND (disordered OR unfolded OR unstructured) AND protein.”%®

For many years in early structural biology, the paradigm was that the function of a
protein was strictly related to its 3-dimensional, folded structure.®® With the advent of
increased genome sequencing and protein structural prediction software, this idea has
been challenged.” By analyzing protein sequences from large databases, neural networks
trained to identify structure in proteins revealed that DNA encodes for a large portion of
amino acid sequences with little propensity towards structure.”> 2 Another study
analyzed the amount of proteins containing long, intrinsically disordered segments and
found that the percentage of such proteins varied by domain of life. Interestingly, 33% of
eukaryotic proteins possess such segments. Archaean and bacterial domains of life
showed only 2% and 4.3% respectively.” In recent research, IDPs have been implicated
in many functional roles. Some of the many examples of these roles include regulation,
signaling, and chaperones.%

Since there is no fixed 3-D structure, an ensemble of many transient
conformations exists for IDPs. The relative populations of each conformation depend on
the distinct energetics of the protein.” This presents an experimental problem for any

technique that measures an ensemble value. This ensemble value will not give
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information about a relevant, physical structure, but will only provide information about
the hypothetical average structure.
1.6 sSmFRET in the study of protein structure, protein dynamics and IDPs

Currently the most popular techniques to study IDPs use nuclear magnetic
resonance (NMR), small-angle x-ray scattering (SAXS), and molecular dynamics
simulations (MD).%8 Although NMR and SAXS have proved highly useful in identifying
intrinsically disordered regions and providing constraints on the possible structures, there
are some problems with obtaining detail conformational information since the results are
reflective of the highly heterogeneous ensemble.®® Molecular dynamics simulations can
provide individual conformations that make up the ensemble and is therefore very useful
in characterizing IDPs. However, the computational complexity in simulating disordered
regions in apoproteins and the IDP upon binding to substrate is quite high and this
computational cost can be prohibitive.”® Single-molecule Forster resonance energy
transfer (SmFRET) can help to solve these problems by looking at individual
conformations instead of an ensemble and, when used in conjunction with computational
techniques, help to reduce the computational complexity.

FRET is a distance dependent phenomenon that involves the transfer of energy
from an excited fluorophore (donor) to a second ground state fluorophore (acceptor).’
This process is illustrated in Figure 1.4. The relationship between this energy transfer and

the distance is shown in Equation 1.1:

RS

Equation 1.1 Epgpr = RE+16

where Erret IS the efficiency of the FRET, Ro is the Forster distance, and r is the distance

between the fluorophores. The Forster distance is an empirical value that depends on the
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spectral overlap of the emission of the donor and the excitation of the acceptor. Since the
FRET efficiency is inversely proportional to the sixth-power of the distance between the
two fluorophores, measured FRET efficiency is extremely sensitive to small changes in
distance.

Single-molecule techniques confer the advantage of examining individual
molecules instead of the ensemble. This allows the examination of individual values for
each measurement instead of an average, ensemble value. This can allow for the
extraction of subpopulations possessing distinct values for the measurement that are not
represented by the ensemble average value. For example, Kuzmenkina et al. observed
distinct fold and unfolded populations of Rnase H under denaturing conditions.”’
Observing these distinct protein conformations and changes in conformations in response
to stimuli would be impossible using ensemble technigues.

When using FRET at the single molecule level, distances between desired regions
in proteins can be determined for individual conformations. By examining many of these
conformations, subpopulations of predominant conformations can be built up. If many
distance pairs are determined, 3D structure constraints can be compiled. These
intramolecular distances can be used to confer conformational changes or to help reduce
the computational complexity for MD simulations. By limiting the vast search spaces and
possible conformations for IDPs, using known FRET distances, the simulations of IDPs
becomes viable. This technique is a version of constrained MD."8 7

These benefits of SMFRET have been tracked in the recent increase in use with
IDPs in publications. This data from a PubMed search that adds FRET to the previous

IDP search illustrates this in Figure 1.5. Coupled with multiple reviews about the
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significance of using SmFRET to study IDPs, the consensus indicates the unique

advantages of this technique.’8 881
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1.7 Figures
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Figure 1.1 Shows the differences in cytosolic SRP across the three domains of life.
Figure from SRP-mediated protein targeting: structure and function revisited.®
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Figure 1.2 Shows the cpSRP mediated pathway for the targeting of LHCP to the
thylakoid membrane. Figure from SRP: adapting to life in the chloroplast.?®
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for IDPs.®®

16



Donor Acceptor

_~" Donor relaxation
» occurs via
fluorescence or
FRET

Figure 1.4 A Jablonksi diagram illustrating the process of FRET with two fluorophores.
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FRET. This figure shows the relative popularity increase by year for this area of research.
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Chapter 2: Mimicking a Ribosome Sampling Mechanism in SRP-Based Post-

Translational Targeting

This chaptered is a collaborative work that is presented in full.

Rory C. Henderson?, Dustin R. Baucom*, Priyanka Sharma, Mercede Furr, Srinivas
Jayanthi, Feng Gao, Alicia Kight, Robyn L. Go*forth., Rglph L. Henr*y,
Thallapuranam Krishnaswamy Suresh Kumar™ and Colin D. Heyes".

*These authors contributed equally
2.1 Abstract

In co-translational targeting, the ribosome-bound SRP samples the exit tunnel for
the emerging nascent chain to bind the substrate. The chloroplast SRP (cpSRP) is an
example of a post-translational targeting system, in which the cpSRP is a heterodimer
consisting of a conserved 54kDa analog and a unique 43kDa subunit. Here, we examine
the structure of the cpSRP heterodimer and its targeting mechanism. We find that structural
sampling of the substrate-binding region leads to interactions between both cpSRP subunits
and the substrate, mimicking the ribosome sampling mechanism that underlies co-
translational targeting. From these structures, we identify key residues in cpSRP54 that
stabilizes substrate binding and a key region in cpSRP43 that facilitates substrate release
into the membrane, verifying their importance using functional integration assays. These

results highlight a possible common structural sampling mechanism underlying both co-

and post-translational targeting.
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2.2 Introduction

The chloroplast signal recognition particle (cpSRP) is a signal recognition particle (SRP)
homologue that is responsible for the post-translational delivery of light harvesting complex
proteins (LHCs) to the thylakoid membrane, where they bind chlorophylls as part of the
photosynthetic machinery in higher plants.8? The 54kDa subunit of cpSRP, cpSRP54, bears
significant sequence and functional similarity to SRP54/Ffh found in the co-translational,
ribosome-bound SRP pathway of the cytosol 8> & Importantly, rather than the substantial scaffold
that the ribosome and SRP RNA provide, cpSRP54 operates with a novel 43kDa subunit,
cpSRP43, that is unique to chloroplasts.®® cpSRP43 provides the majority of the interaction
interface with LHCs, leaving a small segment of its third transmembrane segment (TM3) available
for interaction with cpSRP54’s M-domain.*® 4%:84) |n addition to providing this interface, cpSRP43
has been observed to replace SRP RNA, stimulating the GTPase activity of cpSRP54 and cpFtsY .8
However, it remains uncertain how cpSRP54 has been retrained to apply its co-translational
signaling functionality in the absence of the typical ribosome machinery.

A recent surge in information regarding the molecular details of cpSRP signaling has
revealed much information regarding the impact of interactions on cpSRP43’s structure and
signaling. cpSRP43 was first revealed to be rather flexible, with significant interdomain structural
dynamics.®* Furthermore, interaction with a cpSRP54 derived peptide significantly reduced some
of this flexibility, particularly in the LHC-binding Ankyrin-repeat region, while also increasing
the affinity of a critical cpSRP43-binding segment of LHC, L18.5* This result was further
substantiated, revealing greater detail regarding the specific changes occurring upon this
interaction.®> Additionally, it was shown that Albino 3 (M2 and M4) derived peptides could reverse

this increased L 18 affinity suggesting a mechanism for release of LHC to the thylakoid membrane.
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The M4 region of Alb3 was recently shown to tether cpSRP43 at its second and third
chromodomains, CD2 and CD3, respectively.®

While there has been a significant increase in our understanding of the mechanistic role of
cpSRP43 in LHC targeting, details of the cpSRP54 three-dimensional structure, as well as the full
cpSRP heterodimeric structure, have remained elusive. Recent work from our lab revealed that
cpSRP54 is also a highly dynamic protein.*® Specifically, the cpSRP54 N-terminal, N-domain and
GTPase, G-domain cycle through interactions with the methionine rich, M-domain, regulated by
two flexible segments of the protein. The results of this study indicated that cpSRP43 causes a
transition in the conformational composition of cpSRP54 so that, opposite to the case of cpSRP43,
it becomes more flexible when bound to cpSRP43. Further, it was found that a reduction in the
hydrophobicity of the M-domain resulted in difficulty in forming transit complex. This result
suggested that the M-domain of cpSRP54 could form an interaction with the TM3 region of LHC.*°

Nevertheless, the molecular mechanism by which the M-domain facilitates loading of LHC
to form the transit complex (TC) remains uncertain. In the ribosome-bound co-translational
targeting system, SRP54/Ffh samples the ribosomal exit tunnel scanning for signal sequences.®
Using small angle x-ray scattering (SAXS), combined with computational modeling of cpSRP54
structural dynamics based on fitting sSmFRET distributions of FRET-labeled cpSRP54 (BJ paper),
we propose a structural model by which cpSRP54 ‘scans’ the substrate-binding region of
cpSRP43. This proposal was tested using intermolecular SmMFRET experiments and functional
assays. SMFRET confirmed that the cpSRP heterodimer is characterized by a large amount of
flexibility and adopts a more rigid, compact structure upon binding the L18-TM3 region of LHC,
suggesting interactions between cpSRP54 and LHC. Functional assays were used to identify 2 sets

of interactions underlying this sampling mechanism that underlies the targeting mechanism. First,
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two specific residues in the M domain of cpSRP54 were identified to interact with the substrate to
facilitate loading into the cpSRP. Second, transient interactions of a disordered N-terminal region
preceding the CD1 domain of cpSRP43 facilitates release of the substrate into the thylakoid
membrane via a proposed interaction with the C-terminal region of the N-domain of cpSRP54.
These results suggest the possibility of a common mechanism between post-translational targeting
and co-translational targeting by using a SRP heterodimer to mimick the “exit tunnel” sampling
mechanism, thus allowing the ribosomal and SRP RNA scaffolding to be replaced.

2.3 Methods

Cloning, Expression and Purification of cpSRP proteins

Expression and purification of cpSRP43, cpSRP43ACD3, cpSRP54 M-domain, and
cpSRP54 were performed as previously described.*® Commercially synthesized genes (Life
Technologies Corporation) for mature sized mutant cpSRP54 R66E K69E and mutant cpSRP43
with 23 amino acid residues deleted from the N-terminus were cloned into pGEM-4Z plasmid
vector using Kpnl and Hindlll sites. Hindlll linearized DNA was used to produce in vitro
tanscribed/translated mutant cpSRP proteins in a wheat germ system. In vitro
transcribed/translated wild type proteins: pLHC, cpSRP43, cpSRP54 and recombinant wild type
cpFtsy were produced as described previously (Goforth et al., 2004 & Lewis et al., 2010).

Transit complex formation

Mutant cpSRP43 or mutant cpSRP54 described above were examined for their ability to
support transit complex formation as described in Goforth et al., 2004 with the following changes:
20ul of each in vitro translated wild type cpSRP or mutant cpSRP proteins were incubated with
20ul of 35S-labeled in vitro translated pLHC, Mg-ATP (10mM final) in a 80ul assay. For each

assay, 15ul of the sample was analyzed by native-PAGE and phosphorimaging.
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Integration Assay

Mutant cpSRP proteins were examined for their ability to support LHC integration as
described previously in Marty et al., 2009 with the following changes: 50ul of the buffer washed
thylakoids were incubated with 4ug of recombinant cpFtsY, GTP (1mM final), 20ul of each in
vitro translated wild type cpSRP or mutant cpSRP proteins and 20ul of 35S-labeled in vitro
translated pLHC in a 150pul integration assay. After incubation, integrated LHC was recovered as
a degradation product by digesting the thylakoids with thermolysin. 15ul of the sample from each
assay was analyzed by SDS-PAGE and phosphorimaging. Buffer washed thylakoids may contain
residual cpFtsY.

Ensemble FRET

Ensemble FRET titration experiments were performed titrating cpSRP43 into cpSRP54.
cpSRP54 was labeled with the donor Alexa488 and cpSRP43 with the acceptor Alexa594, with a
dye to protein ratio of 10 to minimize the nonspecific fluorescence labeling. Excess free dye was
removed from labeled proteins via size exclusion chromatography. Fluorescence Correlation
Spectroscopy (FCS) experiments for free Alexa594 and cpSRP43 protein labeled with Alexa594
were performed in order to confirm that size exclusion chromatography effectively separated the
free dye from the labeled protein. Calculations determined less than 4% free dye was present in
the cpSRP43-Alexa594 solution using a 2-component diffusion model. The Alexa488 labeled
cpSRP54 protein concentration for the FRET experiments was fixed at 50 nM. with titration of
Alexa594 labeled cpSRP43 or unlabeled cpSRP43 from 0 nM to 1000 nM. Titration data for
unlabeled cpSRP43 was used to correct for quenching by the unlabeled protein. The fluorescence

spectra were measured using Photon Technology International (PTI) Quantamaster 4 fluorometer.

The FRET efficiency is determined using
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E=1-(Io/ Ipo)

where Ip is the intensity of the donor in the presence of the acceptor labeled proteins or unlabeled
proteins, and Ipo Is the initial intensity of the donor. To remove any quenching caused by the
unlabeled protein, the unlabeled cpSRP43 FRET values were subtracted from the labeled cpSRP43
FRET values. Each point was then divided by the labeling efficiency of cpSRP43-Alexa594. The
data was fit using the Hill equation, which is (Vmax * X) / (k + x), where x is the concentration of
Alexa594 labeled cpSRP43 protein. The fitted graphs provide a maximum FRET value (the FRET
value of the fully-bound complex) and a kp value. The maximum FRET is used to calculate the
corresponding average interdomain distances of the cpSRP43 and cpSRP54 heterodimer. The
FRET distance equation is E = Ro® / Ro® + r®, where E is the maximum FRET value, and r is the
FRET distance between the dyes. Ro is corrected based on the Alexa488 quantum vyields of
Alexad88 labeled cpSRP54 proteins involving FRET, with the given Forster distance for the
particular dye pair based on the quantum yield of the free dye (60 Angstroms or 6nm). The obtained
ko values are similar to those obtained by ITC experiments on unlabeled proteins, supporting that

the fluorescent dye does not affect the binding of cpSRP43 and cpSRP54.

SAXS Data Collection & Fitting

SAXS data for cpSRP were collected at the Cornell High Energy Synchrotron Source
(CHESS) as described at the G1 station.®” A concentration series from 0.25 mg/ml to 7 mg/ml was
collected using ten one-second exposures each to a g range of 0.8 A, Data was processed in the
RAW software and visualized in the ATSAS package’s Primus which was used for extrapolation
to zero.88 SAXS data for cpSRP43, cpSRP43 bound to cpSRP54 M-domain, and cpSRP43 bound
to cpSRP54 M-domain were collected at the SIBYLS beam line as described.?® %0 A concentration

series from 1 mg/ml to 3 mg/ml was collected for each with a 6 second exposure. SIBYLS data
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was processed in Primus. The Pored volume, distance distributions and plots were obtained using
Primus. The volume of correlation (V¢) was determined using Scatter.%*

Flexible fitting of the data was accomplished using BILBOMD for conformational
ensemble generation while FoXs and MES were used for SAXS profile calculation and fitting.%%
% Briefly, BILBOMD uses accelerated all-atom molecular dynamics simulation to sample
configurational space according to a user selected radii of gyration (Rg) distribution. The full
cpSRP43 structure was built from the folded segments comprised of a CD1-CD?2 crystal structure
(PDB ID 3UI2) and an NMR CD3 structure (PDB ID 1X3P).% % Residues 1 to 29 and 258-267
were assigned as disordered chains as 1 to 29 were predicted to be disordered according to MobiDB
and previous FRET experiments indicate CD3 remains flexible when cpSRP54 is bound.®* *7 For
fitting of cpSRP43 the segment between the first and second helices of Ank4, residues 190 to 197,
were permitted to be flexible, leaving the possibility of displacement of the second Ank4 helix.
The previously developed homology model for cpSRP54 was used in this analysis.**> The M-
domain construct used in fitting of the cpSRP43 and cpSRP43ACD3 bound data was as
described.*® The NG-domain and M-domain core were kept folded while the G-domain to M-
domain linker (residues 296 to 330), M-domain finger-loop (residues 345 to 365), and the C-
terminal extension of the M-domain (residues 458 to 471) were regarded as intrinsically disordered
as was determined using SAXS. The cpSRP structure was built from these using the previously
determined crystal structure in which a short peptide of the C-terminal extension was bound to the
linking segment between cpSRP43’s Ank4 and CD2. This allowed the cpSRP54 C-terminal
extension to remain bound to cpsRP43 in the simulations.

For cpSRP43 and cpSRP43 bound to cpSRP54 M-domain, an Rq range of 20 A to 65 A

was used initially to find the optimum Ry space for sampling. This was determined for each
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construct to be 35 A to 55 A. Final runs for the analysis of the SAXS for cpSRP43 M-domain
bound and unbound used this range. For cpSRP, an Rq range of 10 A to 100 A was used initially
to find the optimum Ry for sampling. This was determined to be 35 A to 65 A. Final runs for the
analysis of SAXS for cpSRP used this range. A total of 600 configurations per Rg were sampled
for all constructs. After each run the theoretical scattering patterns of each conformation were
calculated using FoXs and a minimum ensemble of structure capable of fitting the SAXS data were
calculated using a genetic algorithm, MES.

Intramolecular smFRET PDA Fitting

SmFRET histograms from previously-published FRET-labeled cpSRP54%° were fit using
the probability distribution analysis (PDA) method as previously described.®® Briefly, this method
determines theoretical rates of interconversion between two or more states when the rate(s) is on
the timescale of the molecule’s diffusion through the confocal volume. FRET efficiencies for the
states and an initial guess for the rate constants are provided to the algorithm which then minimizes
the sum of squared error (SSE) between the theoretical and experimental histogram by changing
the rate constants. The algorithm was implemented in C++ with the calculated FRET efficiencies
of the modeled structures used as inputs (source code will be made available via github).
Specifically, FRET efficiencies of 0.91 (+/- 0.06), 0.70 (+/- 0.06) and 0.25 (+/- 0.12) were used.
A larger standard deviation was used for the 0.25 FRET state as it corresponds to a decoupled,
flexible state. One-hundred iterations using random initial rate constants between 10s™ and 1000s"
1 were used to examine the minimization landscape and calculate the uncertainty in the rate
constants and equilibrium distributions. The lowest five SSE for each were used for the final

calculations.
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Intermolecular smFRET

To compare the spatial relationship of the N-domain of cpSRP54 and CD1 domain of cpSRP43,
SMFRET was used. mcpSRP43 (C179A, C301A, E89C) was incubated with a 10x molar excess
of AlexaFluor594-C5 maleimide in HKM with 100mM KCI for 30 minutes at room temperature.
Cys- mcpSRP54his E20C was labeled with a 10x molar excess of AlexaFluor594-C5 maleimide
in HKM with 100mM KCI and 50% glycerol for 30 minutes at room temperature. Labeled proteins
were then separated from the free dye using a Bio-Gel P-6DG desalting gel filtration column. After
elution, glycerol was added to the cpSRP54 to make a 50% solution. cpSRP was prepared by
incubating the labeled cpSRP43 and cpSRP54 on ice for and the passing them over a sizing
column. Transit complex was then prepared by incubating the prepared cpSRP with L18TM3 and
purifying using a strep tag located on the L18TM3. Both the cpSRP and transit complex were
analyzed via SmFRET. Data collection and processing for the SmMFRET experiments were as
described.*

2.4 Results

cpSRP54 structurally ‘samples’ the LHC-binding region of cpSRP43

A full small angle x-ray scattering (SAXS) study of the full cpSRP heterodimer is
extremely difficult to achieve due to the size of the proteins and the flexibility in both cpSRP43
and cpSRP54 that previously identified using SmFRET.*® 51As a first step towards elucidating the
structure(s) of the cpSRP heterodimer, we examined free cpSRP43 and cpSRP43 bound to just the
M-domain of cpSRP54 (54M), which is known to be the domain that primarily interacts with
CcpSRP43, via SAXS. Details of the SAXS data and fitting are given in the supporting information.
The SAXS calculated density of 0.82g/ml from a V¢ based molecular weight of ~101 kDa and a

Porod volume of 203,418 A3 .5 All-atom molecular ensembles for flexible fitting of the SAXS data
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were generated using BILBOMD. Fitting required the previously uncharacterized 27 amino acid
N-terminal segment of cpSRP43 to be intrinsically disordered, which was also predicted using
MobiDB, as well as flexibility in the linker connecting CD2 and CD3. To Fit the Kratky plot, 4
separate structures of cpSRP43 were necessary, supporting the previous conclusion of cpSRP43
flexibility.®*

We also examined the cpSRP43-54M complex via SAXS (see supporting information for
details). The best fit was obtained using 4 structures to represent an ensemble with relatively large
RMSD values (up to 47.1) and variations in Rq (39.2-58.7 A) indicating significant variation in
the particle shape (Table 1). Fitting the cpSRP43-54M complex was obtained without flexibility
in Ank4 and between Ank4 and CD2. However, it was found that the M-domain samples
configurational space relative to cpSRP43 via an intrinsically disordered C-terminal extension.
Our previous cpSRP54 smFRET results revealed that the flexibility between the M-domain and
NG-domain of cpSRP54 increases upon binding to cpSRP43.4%) Taken together, this data suggests
that the flexibility initially present in the Ank4-CD2 region of cpSRP43 is transferred to the M-
domain of cpSRP54 upon the formation of the cpSRP heterodimer. The is also in agreement with
our previous SMFRET results on cpSRP43 showing reduced flexibility between Ank2-Ank4 and
between Ank2-CD2 upon binding to cpSRP54.6

In order to further examine the mechanism by which cpSRP43 transfers flexibility to
cpSRP54, we employed the probability distribution analysis method using our previously collected
SMFRET data for cpSRP54.4°Using results from the structural models of cpSRP54 obtained via
homology modeling, we estimated the transition rates between the three previously hypothesizes
states, two M-domain to NG-domain interacting “closed” states, termed states 1 and 2, and a non

M-NG interacting “open” state, termed state 3 (See supporting information). The results of the
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PDA fitting of the sSmFRET histograms to the of the 3 structures show that the “closed” state 1 has
a higher occupancy than the “closed” state 2, thus indicating that state 1 is more stable than state
2. The PDA fitting results are used to extract relative transition rates between these three states,
and suggest that the rate of transition from the “open” state 3 toward the “closed” state 1 is strongly
reduced while the reverse rate from 1 to 3 increases. The rate of transition from “open” state 3 to
the “closed” state 2 increases, but so does the reverse rate, leading to no change in the relative
occupancy of the more minor “closed” state 2. These results suggest a weakening of the
interactions in “closed” state 1 towards the “open” state 3 upon binding to cpSRP43, possibly
stabilized by interactions between cpSRP54 with cpSRP43. Since the SAXS data indicates the
cpSRP54 M-domain remains flexible in the presence of cpSRP43, such an interaction would likely
exist between cpSRP43 and the NG-domain of cpSRP54.

When the NG domain is added to the structures derived from the SAXS and PDA results
of the cpSRP43 and cpSRP54, structural model(s) of the cpSRP heterodimer are obtained and
shown in figure 2.1. This reveals that the M (orange) and NG-domains (green) of cpSRP54 should
sample cpSRP43 (blue) in the region near the binding site of the LHC (Ank 1-4). Furthermore,
rather than a single NG-domain orientation, the NG-domain orientation changes relative to the M-
domain and cpSRP43. The results support a structural model of the cpSRP heterodimer in which
the NG-domain and M-domain are mobile relative to one another and that both are mobile relative
to cpSRP43.

Using these proposed models, we determined the optimal place to place fluorescent labels
on cpSRP43 and cpSRP54 respectively and performed intermolecular SmFRET to probe these
various structures. The multiple structures are overlaid onto each other are shown in figure 2.2a

which highlights that if dyes are placed at the residues shown, a high FRET and a low FRET state
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should be obvious in the SmFRET histograms. This was indeed determined to be the case, as shown
in figure 2.2(b). The black curve shows that the cpSRP heterodimer in the absence of the subsrtate
samples multiple conformations leading to both low FRET and high FRET. More importnantly,
when the substate is bound (red curve), there is a clear decrease in the low FRET state and an
increase in the high FRET state. This is shown more clearly as a difference histogram in figure
2.2(c). These results highlight that the presence of the L18-TM3 portion (the major cpSRP43-
binding motif) of the substrate stabilizes the state in which the NG domain (green) is brought into
close proximity to the N-terminal tail of cpSRP43.

Specific residues in the M-domain of cpSRP54 stabilizes LHC binding.

The structural sampling model discussed above leads to the ability for the M-domain of
cpSRP54 to interact with the LHC substrate that binds to cpSRP43. It is known that the L18
motif of LHC binds to the Ank-repeat region of cpSRP43%, leaving the TM regions of LHC
protruding from the cpSRP. These hydrophobic domains may interact with hydrophobic domains
on cpSRP43 and/or cpSRP54 before the transit complex reaches the thylakoid membrane. The
structural model allowed us to predict two key hydrophobic residues in the M domain of
cpSRP54 as possible candidates for this interaction — V339 and L370 (Figure 2.3(a). When these
residues were mutated to the Asn hydrophilic residue, transit complex formation was
significantly reduced (Figure 2.3(b)). There was also a decrease in the integration of LHC,
presumably a result of decreased TC formation efficiency.

The N-terminal region of cpSRP43 plays a role in LHC integration but not LHC loading

Interestingly, a combined crystal structure, electron density map of SRP at the ribosome
shows that the N-domain of SRP54 forms a close interaction with ribosomal proteins L35 and

L.23 which bear structural and sequence similarity to the CD1-Ank1 regions of cpSRP43.% In
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fact, electrostatic potential maps of cpSRP54 and cpSRP43 suggest a possible interaction
between the C-terminal exposed loops of the cpSRP54 N-domain the CD1-Ank1 region of
cpSRP43. The positively charged patch on cpSRP54 could complement the negatively charged
portion of the disordered cpSRP43 N-terminal tail. Based on the structural sampling model
discussed above, the flexibility in the cpSRP54 relative to cpSRP43 would allow for the NG
domains of cpSRP54 to come into close proximity to the N-terminal tail of cpSRP43 (Figures
2.2(a) and 2.3(a)). Binding of LHC to the cpSRP locks the NG domain of cpSRP54 toward the
N-term-CD1 domain of cpSRP43 (Figure 2.2), which can be further stabilized by the N-terminus
amino acid residues on cpSRP43.

In order to test whether this interaction between cpSRP43 CD1 and the cpSRP54 N-
domain is functionally important in the structural sampling mechanism described here, we tested
a cpSRP43 N-terminal deletion mutant for its ability to bind LHC and support integration (Figure
2.3(b) and 2.3(c)). The 43 mutant was able to bind LHC to form the transit complex with no
problems, but had a reduced integration efficiency (~60%) compared to the wild type 43 and was
additive to the reduction in integration efficiency 