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Chapter 1

Concerted Complex Assembly and GTPase Activation

In the Chloroplast Signal Recognition Particle

A version of this chapter has been published as:

Nguyen, T.X., Chandrasekar, S., Neher, S., Wdlerand Shan, S. (201B)ochemistry50
(33), 7208-7217.



Abstract

The universally conserved signal recognition plati(SRP) and SRP receptor (SR)
mediate the cotranslational targeting of protem<ellular membranes. In contrast, a unique
chloroplast SRP in green plants is primarily detidato the post-translational targeting of light
harvesting chlorophylla/b binding (LHC) proteins. In both pathways, dimetiaa and
activation between the SRP and SR GTPases meldatietivery of cargo; whether and how the
GTPase cycle in each system adapts to its digtirzsdtrate proteins have been unclear. Here, we
show that interactions at the active site essefaralGTPase activation in the chloroplast SRP
and SR play key roles in the assembly of the GTRaseplex. In contrast to their cytosolic
homologues, GTPase activation in the chloroplad®-S5R complex contributes marginally to
the targeting of LHC proteins. These results denmates that complex assembly and GTPase
activation are highly coupled in the chloroplastFSBnd SR and suggest that the chloroplast
GTPases may forego the GTPase activation stepkayg eegulatory point. These features may

reflect adaptations of the chloroplast SRP to #levery of their unique substrate protein.



Introduction

Cotranslational protein targeting by the signalogmnition particle (SRP) and the SRP
receptor (SR) is a universally conserved pathwagmsal for the proper structure and function
of the cell. Cytosolic SRP recognizes ribosomessieting SRP substrates and, via interactions
with SR, delivers its cargo—the ribosome-nascenairchcomplexes—to the eukaryotic
endoplasmic reticulum or the prokaryotic plasma tmeme [1,2]. The functional core of SRP
consists of a universally conserved SRP54 subonitfh in bacteria, and an SRP RNAJ[3].
SRP54 is comprised of three domains: (i) a methiemich M-domain, which provides the
binding site for the substrate protein and the &RIA [4]; (i) a GTPase G-domain that shares
homology with the Ras-fold[5]; and (iii) an N-temal N-domain that interacts with the
ribosome [6,7]. Together the N- and G-domains casepa structural and functional unit called
the NG-domain. The SR (FtsY in bacteria) also dostan NG-domain highly homologous to
that in SRP54. The GTP-dependent interaction betwiee NG-domains of SRP and SR guides
the delivery of cargo to protein translocation mmaehes on the target membrane, and
subsequent GTP hydrolysis in the complex drivesdissociation of SRP and SR, recycling
them for additional rounds of protein targeting [8]

A notable exception to this classic SRP pathwaprevided by the chloroplast SRP
(cpSRP) [9]. The cpSRP pathway still uses the aweseSRP54 and SR GTPases (called
cpSRP54 and cpFtsY, respectively). However, cpSRRRsIthe otherwise universally conserved
SRP RNA and is instead a heterodimeric protein dexnpomprised of cpSRP54 and cpSRP43,
a novel SRP subunit unique to the chloroplast eegrplants [10-13]. The most significant
difference between the cytosolic and chloroplasP Skathways lies in the nature of their

substrate proteins. The cytosolic SRP must recegitéz cargos within a milieu of translating



ribosomes in the cytosol, based on signal sequehegsliffer widely in size, shape, and amino
acid composition. In contrast, the cpSRP is dedatarimarily to the post-translational delivery
of the light-harvesting chlorophyll a/b binding (CH family of proteins [14,15]. LHC proteins
are synthesized in the cytosol and imported inte thloroplast stroma, where they are
recognized and captured by the cpSRP [10]. Analegouthe cytosolic SRP pathway, the
interaction of cpSRP with cpFtsY brings the LHCtpios to the Albino3 (Alb3) translocase on
the thylakoid membrane, where the LHC proteins iategrated and assembled into light
harvesting complexes [16].

The similarities and differences between the mitosand chloroplast SRP pathways
raise intriguing questions: How do the targetingchiaeries in each pathway meet the unique
challenges posed by their substrate proteins, drat are the roles of the SRP and SR GTPases
in this adaptation? Extensive work on the cytos@iRP showed that during the SRP-FtsY
interaction a series of discrete conformationalnges provide multiple opportunities to exert
regulation [17-21]. Assembly of a stable SRP-FteMplex requires the formation of a transient
“early” intermediate, which subsequently rearrangiesa stable, “closed” complex. GTPase
activation in the complex requires yet another resagement, the movement of the highly
conserved insertion box domain (IBD) loops, whidsipons multiple catalytic residues adjacent
to the bound GTP molecules and activates GTP hysisol[17]. Importantly, each GTPase
rearrangement allows the SRP and FtsY to senseeapdnd to their biological cues. A correct
cargo can accelerate the assembly of the SRP-BtsYlex while delaying its GTPase activation
[19]. Delayed GTP hydrolysis provides an importamte window for the targeting complex to
search for the translocation machinery before Gydrdiysis drives its irreversible disassembly.

Once at the target membrane, the movement of th2 Il®ps, which mediates GTPase



activation, is crucial for driving the initiatiorf protein translocation [22]. Finally, the timindg o
GTP hydrolysis provides an important fidelity chpolat: incorrect cargos, which fail to delay
GTPase activation, could be more promptly rejectedugh premature GTP hydrolysis [19].
Thus, the uncoupling of complex assembly and GTRaseation steps in the bacterial SRP and
FtsY is crucial for ensuring the efficiency andefitly of cotranslational protein targeting.

On the other hand, the cpSRP handles substra@mmof a completely different nature.
The LHC family of proteins comprises 30-50% of petein content in the thylakoid membrane
and are likely the most abundant membrane protinesarth. The sheer abundance and rapid
turnover of these proteins demand a highly robust efficient pathway for their targeting and
integration. Compared to its cytosolic homologymecific substrate selection is much easier to
achieve in the cpSRP, as members of the LHC prédemly are highly homologous and share a
conserved sequence motif, L18, that is specificedigognized by the cpSRP. Consequently,
many features have evolved in the cpSRP pathwdynhs represent adaptations to its unique
substrate proteins. For example, cpSRP uses cpSiPdficiently capture the LHC proteins
[23] as well as to help localize the targeting ctaro Alb3 on the thylakoid membrane [24].
Here we address this issue from a different petsmeavhat are the similarities and differences
in the GTPase cycles of the chloroplast versussojio SRP and SR? Are there distinct features
of the cpSRP54 and cpFtsY GTPases that may rdfieat adaptation to the cpSRP pathway?
Using a combination of fluorescence and mutati@malyses, we dissected the molecular steps
during the interaction of cpSRP54 and cpFtsY armabgd the role of the GTPase cycle in the
targeting of LHCP. The results showed that, despigny similarities with their bacterial

homologues, cpSRP54 and cpFtsY undergo a much str@@mlined GTPase cycle in which the



complex formation and GTPase activation procesgesighly coupled. These differences may

have evolved to maximize the efficiency of targgtiar the highly abundant LHC proteins.



Materials and Methods

Mutagenesis, Protein Expression and PurificationThe bacterial expression plasmid
for cpSRP54 was constructed by inserting the codiaguence of mature cpSRP54 from
Arabidopsis thalianabetween the Ndel and Hindlll restriction sitespBT41(a) (Novagen).
cpSRP54 was overexpressecEischerichia coliRosetta BL21 cells (Invitrogen) at 37 °C using
0.5 mM IPTG (EMD Biosciences). cpSRP54 was puritigdcation exchange chromatography
in buffer A (50 mM Tris-HCI, pH 7.5, 150 mM NaCl%bglycerol), first using SP-Sepharose FF
beads (GE Healthcare), followed by a MonoS HP col®E Healthcare), both using a linear
gradient of 150-600 mM NacCl.

The construct expressing mature cpFtsY fuseditwetioxin was a generous gift from R.
Henry [25]. Thioredoxin-fused cpFtsY was overexpessin Escherichia coli BL21-DE3* cells
(Invitrogen) at 37 °C using 0.5 mM IPTG (EMD Biosntes). cpFtsY was first purified over
Talon resin (Clonetech) in buffer B (50 mM KHEPHE®] 7.5, 150 mM NaCl, 1 mM PMSF)
following manufacturer’s instructions. Followingrdmbin digestion to remove the thioredoxin
tag, cpFtsY was further purified by anion exchaolgematography over a MonoQ column (GE
Healthcare) in buffer C (50 mM Tris, pH 7.5, 50 nNACI, 1 mM EDTA, 2 mM DTT) using a
linear gradient of 50-300 mM NacCl, as previouslgalided [26].

cpSRP54 and cpFtsY mutants were constructed usineg QuikChange protocol
(Stratagene) and were expressed and purified usagame procedures as those for the wild-
type cpSRP54, with the following exceptions. Cyssl@and single cysteine mutants of cpFtsY
were expressed i&scherichia coliBL21-DE3* cells (Invitrogen). Inclusion bodies ¢aming
mutant cpFtsY were solubilized using 8 M urea. 8itilzed cpFtsY was refolded into the native

structure by dialyzing in refolding buffer (100 mMis-HCI pH 8.0, 400 mM Il-arginine, 5 mM



reduced glutathione, 0.5 mM oxidized glutathionemplete EDTA free protease inhibitor
cocktail tablet). The refolded proteins were dialyzin buffer A and purified by affinity

chromatography using Ni-NTA (Qiagen) followed byian exchange chromatography using
MonoQ as described above for wild-type cpFtsY.

Fluorescence Labeling For FRET experiments, single cysteine mutantsewabeled
with maleimide derivatives of coumarin N-(7-dimdtayino-4-methylcoumarin-3-yl)maleimide
(DACM) and BODIPY-fluorescein-N-(2-aminoethyl)mai@de (BODIPY-FL) (Invitrogen).
Proteins were dialyzed in labeling buffer (50 mM KPES, pH 7.5), 300 mM NaCl, 2 mM
EDTA, and 10% glycerol) and treated with 2 mM TC&PRT to reduce disulfide bonds. The
labeling reaction was carried out with a 30-foletess of dye over protein for 2 h at 4 °C and
stopped by addition of 2 mM DTT. Acrylodan labelimgas done similarly except that the
labeling reaction was carried out for >12 h at 4 TGe excess dye was removed by gel filtration
using Sephadex G25 resin (Sigma-Aldrich). The dimwe of DACM, BODIPY-FL, and
acrylodan €63 = 271000 M™* e, es04 = 797000 M cm™, andese; = 201000 M cm?,
respectively) was used to determine the conceatratf labeled protein. The labeling efficiency
was typically over 80% for all the probes, and biaekground labeling estimated from cys-less
or cys-lite constructs was less than 10%.

Fluorescence Measuremenfll measurements were carried out at 25 °C in absdifer
(50 mM KHEPES pH 7.5, 150 mM KOAc, 2 mM Mg(OAcP.01% Nikkol, 10% glycerol) on a
Fluorolog 3-22 spectrofluorometer (Jobin Yvon). Fdormation of the GTP-bound
CpSRP54-cpFtsY complex, 2 mM GTP (Sigma-Aldrichswaed to ensure that both proteins
were predominantly GTP-bound. The amount of GDPegdred during the course of the

experiment was minimal, as estimated from the G&Rate constants. For complex formation



with 5'-guanylylimidodiphosphate (GMPPNP), 208 GMPPNP (Sigma-Aldrich) was used.
For equilibrium or kinetic measurements using FR&T excitation wavelength of 380 nm was
used, and the donor fluorescence emission was arediat 450 nm. The FRET efficiency was
calculated as described [18]. For measurementg @grylodan-labeled cpSRP54, an excitation
wavelength of 370 nm and an emission wavelengé®6fnm were used [19].

Equilibrium titrations were carried out using anstant concentration of labeled protein

and varying concentrations of the binding partn€he data were fit to eqs 1 or 2

[cpSRP54]+ [cpFtsY]+K 4 — \/([cpSRP54] + [cpFtsY]+ Kd)2 —4 x[cpSRP54][cpFtsY]
2 x[cpSRP54]

(1)

Fobs =F1 %

[cpSRP54]
Fobs =F1 * K. T TcoSRP54]
d +[CPSRP54]

2)
where Fobs is the observed fluorescence at acpkati protein concentration, F1 is the
fluorescence with saturating protein, aKd is the equilibrium dissociation constant of the
complex.

The association rate constaky,) for the cpSRP54-cpFtsY complex was measured using
the stop-flow apparatus as described in ref [18f. FRET, 0.5uM DACM-labeled cpFtsY was
mixed with 1-50uM BODIPY-FL-labeled cpSRP54 in the presence of 2 nm&MP. For
measurements based on acrylodan fluorescencgM &crylodan-labeled cpSRP54 was mixed
with 1-50 uM wild-type cpFtsY. The observed rate constarkgd( for each reaction were
plotted against cpSRP54 or cpFtsY concentratisspeetively, and fitted to a linear (eq 3) or
hyperbolic function (eq 4)

kobsa = Kon [Protein] +Kof 3

N [protein] (4)

Koo =
obs =17 K 4 +[protein]
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in whichkpsis observed rate of association at a particulatgom concentratiork,, (slope) is the
association rate constant ak .pp (y-intercept) is the apparent dissociation ratestant, andk;
andKy are defined in Figure 2E.

The dissociation rate constamt) was determined by a pulse-chase experimentM?2
wild-type cpFtsY was incubated with QUM acrylodan-labeled cpSRP54(234C, A142W) for 10
min to form the GTP-bound cpSRP54-cpFtsY complekraixed with 200 mM EDTA or a 20-
fold excess of unlabeled cpSRP54 to drive disaasioni of the complex. The time course for
decrease in acrylodan fluorescence was fit to @lesiexponential function to obtain the
dissociation rate constant. Both the complex aasioti and dissociation kinetics were measured
on a Kintek stopped-flow apparatus.

GTPase AssaysAll GTPase assays were performed at 25 °C in dsgHgr as described
previously [26]. GTP hydrolysis reactions were dated and analyzed as described in ref [27].
The reciprocally stimulated GTPase reaction betweghtsY and cpSRP was measured in
multiple-turnover experiments ([GTP] > [E]) withsanall fixed amount of cpSRP54 (100 nM),
varying concentrations of wild-type or mutant cpftsand 100 uM GTP. The cpFtsY
concentration dependence of the observed kai¢ {as fit to eq 5

[C[)FtSY]
k =k —_— 5
obs cat X K [CthSY] ( )

in which k.ot is the maximal rate constant with saturating cgFad K, is the concentration of
cpFtsY required to reach half saturation. Analogsetips were used when cpSRP54 mutants
were tested, with the concentration of cpSRP54goeanied instead that of cpFtsY.

The affinity of mutant cpFtsY for cpSRP54 was deiieed using an inhibition assay that
measures the ability of mutant cpFtsY to competéh wiild-type cpFtsY and inhibits its

interaction with cpSRP54, as described in Sétead [17]. The data were fit to eq 6
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K, K [cpFtsY(mt)]

K. he =k
obs 70 X[chtsY(mt)] + K, 7 [cpFtsY(mt)] + K;

(6)

in which K| is the inhibition constanky is the rate constant of GTP hydrolysis in the abseof
the inhibitor, andk; is the rate constant of GTP hydrolysis from th&RP54-cpFtsY(mt)
complex. At subsaturating concentrations of thelwype cpFtsY (Kn,), the value oK; equals
K¢, the dissociation constant of the cpSRP54-cpFtyY@gomplex. Analogous setups and
analyses were used when cpSRP54 mutants were.tested

Gel Filtration. Complex formation was carried out in column bufegd mM KHEPES,
pH 7.5, 200 mM NaCl, 2 mM Mg(OAg)2 mM DTT]. 10uM of cpSRP54 was mixed with 10
uM wild-type or mutant cpFtsY in the presence of 480 GMPPNP and incubated on ice for 10
min before loading onto Superdex 200 (GE HealthcaReference runs of the individual
proteins confirmed the identities of the peaks.

LHCP Integration Assay. The thylakoids were collected from chloroplast®-e12 day
old pea seedlings (Laxton Progressive 9) hypotdigitgsed in lysis buffer (10 mM KHEPES,
pH 8.0, 10 mM MgQ) for 10 min as described by Yuat al. [28]. The stromal extract was
removed, and the thylakoid pellet was resuspenddysis buffer and washed twice in import
buffer (50 mM KHEPES, pH 8.0, 330 mM sorbitol) caining 1 M KOAc to remove residual
cpFtsY associated with the membrane. Thylakoidsewesuspended in import buffer to a
concentration of 1 mg chlorophyll/mL (1x). Each 1pD light-harvesting chlorophylla/b
binding protein (LHCP) targeting/integration reacticontained 1Q.L of in vitro translatedS-
methionine-labeled LHCP, 50L of 1x salt-washed thylakoid, 50 mM GTP, 50 mM ATIR5
uM cpSRP54, and varying concentrations of cpFtsY.aldgous setups were used when
cpSRP54 mutants were tested. The reactions weobated at 25 °C for 10 min before being

guenched on ice. The reaction mixtures were thersnotreated for 40 min and centrifuged to
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remove any nonintegrated LHCP in the supernatdré.ré&sulting pellets were resuspended in 2x
SDS and analyzed by SDS-PAGE. The two lower bahds represent the protease-protected
fragments of the integrated LHCP (25 and 18.5 kWd@ye quantified using a Molecular

Dynamics Storm 840 and ImageQuant software (GEthesle).
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Results

Fluorescence Assays to Monitor the cpSRP54—cpFtsiteraction. To directly
visualize the interaction between cpSRP54 and adpiftseal time, we developed fluorescence-
based assays, which have been used in the bacstRland other systems to elucidate key
features of protein interaction mechanisms. To #mnd, we constructed cys-lite and cys-less
versions of cpSRP54 and cpFtsY, respectively. cflBRas a solvent exposed cysteine 198
which can be mutated to serine to obtain cys-ji8RP54 without disrupting its interaction with
cpFtsY (Figure 1.S1A); the remaining two cysteimexpSRP54 are likely buried inside the
folded protein, based on homology modeling with,Fiind did not react significantly with
fluorescent dyes in control experiments (SuppleamgnEigure 1.S1B). cpFtsY contains five
native cysteines, all of which were replaced wignirees. Cys-less cpFtsY was purified from
inclusion bodies and refolded into the native strieee Refolded cys-less cpFtsY interacted with
and stimulated cpSRP54’s GTPase activity with efficies within two-fold of that of wild-type
cpFtsY (Supplementary Figure 1.S1C).

As the crystal structure of cpSRP54 or its comphath cpFtsY is not available, we
constructed a homology model of the cpSRP54-cpEts¥plex based on superposition of the
crystal structure of apo-cpFtsY onto that Taf aquaticusFtsY in complex with Ffh (Figure
1.1A). On the basis of this model, single cystemese introduced at solvent exposed positions
and labeled with fluorescent dyes using thio-spectiemistry. In FRET experiments, a cysteine
was engineered at residue 321 of cys-less cpFtsY labeled with DACM as the donor
fluorophore, and a cysteine was introduced at vesiB4 of cys-lite cpSRP54 and labeled with
BODIPY-FL as the acceptor dye (Figure 1.1A). Botbles are located at the N—G domain

interface of the respective GTPases and are 30aft ag estimated from the homology model.
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Significant FRET was observed upon assembly otg&RP54-cpFtsY complex in the presence
of GTP (Figure 1.1B). At saturating protein concatibns and when complications from GTP
hydrolysis were minimized (see below), the FRETicedhcy in the cpSRP54-cpFtsY complex
was 0.60 (Figure 1.2F). In addition, the cysteihesaidue 234 of cys-lite cpSRP54 was labeled
with an environmentally sensitive dye, acrylodaorrfation of the cpSRP54-cpFtsY complex
with GTP induced a blue shift and a 30% increas¢he fluorescence intensity of this dye
(Figure 1.1C), providing an additional measuremehtthe cpSRP54—cpFtsY interaction.
Fluorescently labeled cpSRP54 and cpFtsY interaai#id and activated each other's GTPase
activity with rate constants within 2-fold of thelertype proteins (Supplementary Figure 1.S1D
and E). Further, both the FRET and fluorescencengghaof cpSRP54(234C)-acrylodan upon
complex formation could be competed away by EDTAualabeled protein (Supplementary
Figures 1.S2A and B). Thus, these fluorescenceysssathfully report on the kinetics and
stability of the cpSRP54—cpFtsY interaction.

Two-Step Complex Assembly.Using the fluorescence assays, we characterized th
kinetics and stability of the interaction betwe@SBP54 and cpFtsY. These analyses, however,
were complicated by the hydrolysis of GTP, whictcuwrs quickly in the cpSRP54-cpFtsY
complex and drives rapid disassembly of the GTRaseplex. In the bacterial SRP and FtsY
GTPases, this problem can be overcome by usingdhkydrolyzable GTP analogue GMPPNP,
which provides a good mimic for GTP to support @fint assembly of a stable SRP-FtsY
complex [18]. However as shown below (Figure 1.ZHYJPPNP does not provide an adequate
mimic of GTP to support stable complex assemblywbeh cpSRP54 and cpFtsY. To overcome
this problem, we used the mutant GTPases, cpSRR32{&) or cpFtsY(A168W). The

corresponding mutations in bacterial SRP and Ft§¥h(A144W) and FtsY(A335W),
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respectively, specifically disrupted GTPase aciratn the Ffh-FtsY complex without affecting
rapid and stable complex assembly [17]. Similabpth mutants in cpSRP54 and cpFtsY
allowed a stable cpSRP54-cpFtsY complex to beiefiily assembled (Figures 1.3B and 1.4B),
but specifically blocked GTP hydrolysis in the cdexp and thus provided a reasonable estimate
for the kinetic and thermodynamic stabilities o thild-type cpSRP54-cpFtsY complex.

We determined the kinetics of complex assemblthepresence of GTP by following
either the gain of FRET (Figure 1.2A) or the insean fluorescence of acrylodan-labeled
cpSRP54 (Figure 1.2B). Surprisingly, the compleseatbly rate constanks) measured using
FRET was over three-fold faster than that deterthim&ing cpSRP54(234C)-acrylodan (Figure
1.2C). This difference was not caused by a largdetdrious effect of acrylodan labeling at
CpSRP54(234C) on complex assembly, as cpSRP54(28%¢pdan exhibited comparable
activity in the stimulated GTPase reaction to tp&RP54 and cpFtsY labeled with the FRET
dyes (compare Supplementary Figures 1.S1D and l.®lHnstead, we reasoned that the
difference in the observed complex assembly raiesesafrom the fact that the acrylodan probe
reports on a local conformational change surroundasidue 234 that accompanies complex
assembly, whereas FRET directly reports on appration of distance between cpSRP54 and
cpFtsY as soon as a complex is formed. This rdisedoossibility that assembly of the stable
CpSRP54—cpFtsY complex occurs in two steps, withithtial formation of an intermediate
detected by FRET followed by conformational reagement to form a more stable, final
complex detected specifically by cpSRP54(234C){adian.

To provide additional evidence for this model, amalyzed the concentration dependence
of the observed complex assembly rates using cp&RB5C)-acrylodan. If formation of a

stable complex occurred in a single bimolecularoassion, then the observed complex
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assembly rate constants should increase linearthh wicreasing protein concentration. In
contrast, if additional steps were required fobltaomplex assembly, deviations from linearity
would be expected. Indeed, the observed compleetvddy rate constant exhibited a hyperbolic
dependence on cpFtsY concentration and platealgd awith saturating cpFtsY (Figure 1.2D).
Control experiments showed that this plateau wéikaln to be caused by protein aggregation or
inactivation at high concentrations (Supplementaigure 1.S1E). These results are consistent
with the formation of a transient intermediate wdhKy value of 30uM during complex
assembly (Figure 1.2E), such that complex formatienrate-limited by the bimolecular
CpSRP54—cpFtsY association at low protein concgotrs but becomes rate-limited by a
unimolecular rearrangement from this intermediate saturating protein concentrations.
Together, these results strongly suggest that ddgerhthe cpSRP54-cpFtsY complex requires
at least two steps.

We further determined the kinetic and thermodymastabilities of the cpSRP54-cpFtsY
complex. The affinity of the cpSRP54-cpFtsY compleas measured by equilibrium titrations
using mutant cpSRP54(A142W) or cpFtsY(A168W), asd& TP hydrolysis from the wild-type
complex will artificially raise the observed eqbilium dissociation constari§) (Figure 1.2F vs
Supplementary Figure 1.S3A4). These analyses yieldedg value of 300-500 nM using both
the FRET assay and acrylodan-labeled cpSRP54 @-ih@F and Supplementary Figure 1.S3B
and C). In addition, pulse-chase experiments gadissociation rate constant of 0.03 for the
CpSRP54(A142W)-cpFtsY complex (Figure 1.2G). Injeoation with the association rate
constant measured above (Figure 1.2C), this yiell&d value of 200 nM for this complex,

consistent with the value determined from equilibrititrations.
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IBD Loops Play Essential Roles in Both Complex Assnbly and GTPase Activation.

To probe the molecular determinants essentialiferrteraction between cpSRP54 and cpFtsY,
we generated a collection of site-directed mutahP&ses that map to the putative interaction
surface of cpSRP54 and cpFtsY based on structwalology, with an emphasis on the
universally conserved IBD loops (Figure 1.1A, magerand Supplementary Tables 1.S1 and
1.S2). Control experiments showed that the basaP Ginding and hydrolysis activity
(Supplementary Tables 1.S3 and 1.S4, respectiwad@ythe individual cpFtsY and cpSRP54
mutants were comparable to that of the wild-typetgins, ensuring that defects did not arise
from disruption of the global structure of the mutaroteins. We then screened the mutants by
monitoring the reciprocally stimulated GTPase neacbetween cpSRP54 and cpFtsY (Figures
1.3A,B and 1.4A,B). As demonstrated above, the dempssembly rate constants measured
directly using the fluorescence assays agreed witl the value ok.o/Km (3 x 10 Mt s in

the stimulated GTPase reaction; further, dissamiatf the ®""cpSRP54-cpFts¥™™ complex
(0.030 5% is at least 20-fold slower than GTP hydrolysienir this complex (0.778. Both
observations indicate that in the stimulated GTRasetion the value d&../K, is rate-limited

by, and hence reports on, the rate of assemblystdlde cpSRP54—cpFtsY complex, whereas the
maximal rate constark.,; reports on either GTP hydrolysis from the compdexa rate-limiting
rearrangement that activates the chemical step.

The vast majority of mutants exhibited defects tims reaction (Table 1.1 and
Supplementary Tables 1.S1 and 1.S2). Among thenturpations of the IBD loops produced
the most deleterious effect on the reciprocallyjnatated GTPase reaction between cpSRP54 and
cpFtsY (Table 1.1), consistent with their high emmnary conservation. Inspection of the

concentration dependence of the stimulated GTRas#ions further suggested that the majority
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of these mutants have defects in both the compéserably and GTP hydrolysis steps. For
example, the cpFtsY(A169W) and the correspondin§RiP54(A143W) mutations not only
reduced the GTPase rate from the complex by ovdol80(Figures 1.3A and 1.4A and Table
1.1, keay), but a significantly higher concentration of mmitgroteins were required to reach
saturation (Figures 1.3A and 1.4A, insets and Tabl#, K;). Only two mutations,
cpFtsY(A168W) and cpSRP54(A142W), were exceptiddwth mutants reduced the maximal
rate of GTP hydrolysis by 15-50-fold (Figures 1 @&l 1.4B and Table 1.k;5), but saturation

in GTPase rate could be reached at low proteineranations, suggesting that efficient complex
assembly could occur in these mutants (Figures ar@B1.4B, insets, and Table 1K1,).

To further dissect the contribution of each resitln complex assembly and/or GTPase
activation, we used a well-established inhibitiossay (Figures 1.3C and 1.4C) [17]. For
example, if a mutant cpFtsY could bind cpSRP54faileed to efficiently hydrolyze GTP, then it
would compete with wild-type cpFtsY in binding amdibit its stimulated GTPase reaction with
cpSRP54. Under subsaturating concentrations of vilé-type cpSRP54 and cpFtsY, the
inhibition constanK; obtained from this assay represents the dissonianstant between the
mutant and its partner GTPase. In agreement weh #inetic parameters from the stimulated
GTPase reactions, cpFtsY(A168W) and cpSRP54(Al4&Mibited strong competitive binding
to their respective partner GTPases, with inhibimmnstants below 0.2M (Figures 1.3C and
1.4C, open circles, and Table 1KL). In contrast, all the other deleterious mutationthe IBD
loop severely impaired complex formation (Table)l.Eor example, cpFtsY(A169W) and
cpSRP54(A143W) could not act as competitive inbitsitin the inhibition assay and exhibiti€d

values over 5@M (Figures 1.3C and 1.4@).
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To independently corroborate the results fromitigbition assay, we used gel filtration
and fluorescence analyses to independently evaloatmutational effects on the stability and/or
conformational changes of the complex. In geldtibn analyses, which qualitatively assess the
ability of the mutant proteins to form a kinetigatable complex [29,30], cpSRP54(A142W)
and cpFtsY(A168W) assembled complexes with efficies within two-fold of the wild-type
proteins (Figures 1.3D and 1.4E, red vs black). te other hand, all the other deleterious
mutations in the IBD loops (residues D163, R1666%Dbf cpFtsY and D137, R140, A143 of
cpSRP54) showed no or little detectable complemé&tion (Figures 1.3D and 1.4E). Similarly,
fluorescence assays showed that mutant cpSRP54(R14Xhibited the same complex
assembly rate constant as wild-type cpSPR54 (FigutB), and both cpSRP54(A142W) and
cpFtsY(A168W) assembled stable complexes with thi@iding partners (Supplementary Figure
S3B and C). In contrast, complex formation coultl m® detected for mutants cpSRP54(D137A)
and cpSRP54(A169W) using the fluorescence assdg (dz shown). Together, these results
strongly suggest that the IBD loops, which provids catalytic motifs for GTPase activation,
are also intimately involved in the assembly of ¢p&RP54—cpFtsY complex.

Two additional lines of evidence support this aotiand showed that in the
cpSRP54-cpFtsY complex interactions at the catafdtive site are tightly coupled to assembly
of the GTPase complex. First, several mutationthenIBD loop of cpSRP54 caused extensive
blue shift and increase in fluorescence intensityhe acrylodan labeled at cpSRP54(234C)
compared to that of wild-type cpSRP54 (Figure 1.4H)s indicates that perturbation of the IBD
loop effects a change in the local environmenhatNG-domain interface of cpSRP54, a region
critical for efficient complex assembly (Supplensgt Table S1 and ref [30]). Second,

replacement of th@,y-bridging oxygen of GTP strongly reduced both tate r(data not shown)
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and the stability of the complex (Figure 1.2F), @MPPNP could not induce the change in the
fluorescence of acrylodan-labeled cpSRP54(234Ch ummplex formation (data not shown).

Thus, interactions at sites critical for the cheahieaction are also integrally involved in the
complex assembly process.

Defects in Complex Formation and GTPase ActivatiorBlock LHCP Targeting. To
assess the contribution of the individual stepgpSRP54 and cpFtsY's GTPase cycle to the
protein targeting reaction, we tested the effetthe mutant cpFtsY and cpSRP54 GTPases on
the targeting and translocation of LHCP. The ovVesdficiency of LHCP targeting and
integration was analyzed based on protease protectiLHCP upon its proper integration into
salt-washed thylakoid membranes (see MaterialsMethods).In vitro translocation reached
completion after 10 min and the reaction saturatedpFtsY concentrations above 150 nM
(Supplementary Figures S5A and S5B, respectivély). the basis of these observations, a
concentration of 500 nM and a time point of 10 miare used to test the effect of mutant
proteins on the efficiency of the targeting reattio

In general, a significant defect in LHCP integoatwas observed only with a >10-fold
reduction in the individual steps of cpSRP54 anféitg}’'s GTPase cycle (complex formation or
GTPase activation). This is analogous to obsemstio the cotranslational protein targeting
reaction carried out by bacterial SRP and FtsY E1d suggests that the targeting of LHCP by
cpSRP and cpFtsY is not the major rate-limitingpste the translocation/integration assay.
Nevertheless, this assay revealed moderate togstieiects in LHCP integration for most of the
mutant GTPases (Figures 1.5A,B and Supplementagyré&i S5C). The two mutants that
specifically block GTPase activation, cpSRP54(A132\&hd cpFtsY(A168W), reduced

translocation efficiency 2-fold (Figure5A,B), suggesting that activated GTP hydrolysisha t
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cpSRP54-cpFtsY complex is not crucial but does rhadeluthe efficiency of the targeting
reaction. In comparison, mutant GTPases that ampair complex assembly, such as
CcpFtsY(A169W) and cpSRP54(A143W), showed strongefeats in LHCP targeting and
translocation (Figure 1.5A,B). The reduction innBtcation efficiency of the various GTPase
mutants correlated with their values kf,/Kn in the GTPase assay, an indicator for the
efficiency of complex assembly (Figure 1.5C,D). |Ediively, these results demonstrate that
efficient assembly of the cpSRP54—cpFtsY complextusial for the targeting and integration of
LHCP, whereas GTPase activation and/or GTP hydsolgiays a modulatory role to help

enhance the efficiency of targeting.
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Discussion

The interaction between the SRP and SR GTPasegmdektargo proteins to a target
membrane and hence plays a crucial role in thegorogalization of membrane proteins. During
the interaction of the bacterial SRP and SR, foionabf a stable complex is a two-step process
that requires initial formation of a transient ‘lgarintermediate, followed by a slow
rearrangement of this intermediate to a stable éenffigure 1.6, black line, steps 1 and 2)
[18]. Here, real-time fluorescence analyses striomsgiggest that a two-step assembly process
also occurs during the interaction between cpSR&#l cpFtsY. First, the complex assembly
rate constant measured by acrylodan, which detedtxal rearrangement at the NG-domain
interface accompanying complex formation, is sigaifitly slower than that reported by the
FRET probes, which are less sensitive to the camdtipnal state of the complex. Further, the
observed complex assembly rate constant exhiliitgoarbolic, instead of linear, dependence on
protein concentration. Both observations are irtdiezof the presence of an intermediate during
complex assembly (Figures 1.2F and 1.6, red li@shnpared to the bacterial SRP and FtsY, the
assembly intermediate formed by the chloroplast &3€B is less stabl&{ 30uM compared to
4-8uM in the bacterial complex [18]) but rearrangesh® stable complex much fastég (6 $*
compared to 0.6-1"5for the bacterial complex [18]) (Figure 1.6, resl black lines, step 2).
These observations suggest that the transientmetiate assembled by the chloroplast GTPases
is more productive and possibly requires less extenrearrangements to attain the final
complex than their bacterial homologues. This isstgtent with our previous observation that
cpFtsY is preorganized into a conformation moredcmive to stable complex assembly than the

bacterial FtsY [26,32].
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An important feature of the bacterial SRP systenthat movement of the IBD loops,
which activates GTP hydrolysis, can be conceptualiy experimentally uncoupled from the
rearrangements, in the rest of the protein, thatiate stable complex assembly [17,22].
Numerous mutations in the IBD loops result in speanhibition of GTPase activation, without
significantly disrupting formation of the compled?]. Given these observations, it was
surprising to find that the vast majority of mudais in the IBD loops of cpSRP54 and cpFtsY
severely compromised assembly of the GTPase complaz raises the possibility that in the
cpSRP54-cpFtsY complex these two steps are mdrdyticoupled, as the catalytic active sites
are also intimately involved in the assembly of ttemplex. Supporting this notion is the
observation that conservative perturbations at dite of chemical transformation, such as
replacement of thes, y-bridging oxygen of GTP with —NH-, severely disreght complex
stability and assembly rate, in contrast to thetdreed SRP with which GMPPNP specifically
inhibits GTP hydrolysis [31]. Further, mutationstbg IBD loops induced large changes in the
fluorescence of an acrylodan dye over 30 A awathatNG-domain interface, suggesting that
the GTPase active sites are intimately linked tesscrucial for complex assembly. Taken
together, these observations suggest that durengqtaraction between cpSRP54 and cpFtsY the
complex formation and GTPase activation steps ayiel\ncoupled, in contrast to the cytosolic
SRP-FtsY complex in which these processes occtwondistinct molecular steps (Figure 1.6,
step 3, black vs red lines).

What gives rise to this difference? To addressdestion, one might begin by reflecting
on the role of the multiple conformational stepgimy the assembly and activation of the
cytosolic SRP-FtsY complex. Uncoupling complex fation and GTPase activation allows each

of these steps to provide an independent fideltgc&point, thus providing the SRP multiple
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opportunities to reject the incorrect cargos [I9is is crucial for the bacterial SRP to achieve a
high fidelity of substrate selection, as it hasdoognize highly divergent signal sequences and to
distinguish between the correct and incorrect carbased on subtle variations [20]. We
speculate that the absence of a similar challengattaining specific substrate selection may
underlie the different behavior of the chloropl&StPases. In contrast to the cytosolic SRP, the
CpSRP is primarily dedicated to a highly conserizetC family of proteins, and the cpSRP43
subunit can provide highly specific recognition tifese substrates [14,15,23]. Although
cpSRP54 also participates in the cotranslationgketang of several membrane proteins (such as
D1 protein) [33], the number and diversity of thesbstrates are much more limited than those
handled by the cytosolic SRP. It could thereforesbeisioned that the chloroplast SRP system
can afford to forego the GTPase activation stegnagdditional regulatory point.

Consistent with this notion, GTPase activationypla less essential role in protein
targeting by the cpSRP than the cytosolic SRP paghw the cytosolic SRP pathway, mutant
GTPases that specifically block the activation of RGhydrolysis severely inhibit protein
targeting at late stages [31]. Thus, the moleadarrangements that lead to GTPase activation,
notably the movement of the IBD loops, play an esakrole in the unloading of cargo from the
SRP and the initiation of protein translocation.clontrast, mutations that specifically inhibit
GTPase activation in the cpSRP54-cpFtsY complewltesls in only a 2-fold reduction in the
targeting of LHCP. Although in previous reportse thbservation that GMPPNP inhibited LHCP
targeting has implicated a crucial role of GTP loygkis for LHCP targeting and integration
[24,25], our findings here suggest that these defeould instead arise from the failure of
GMPPNP to support efficient and stable cpSRP54-sdpfEbmplex assembly. Indeed, mutant

GTPases that impair complex assembly between cp$SRIRB cpFtsY led to much larger
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deleterious effects on LHCP targeting, and the asfen their targeting efficiency correlated
with their defects in complex assembly. Thus, GEPastivation or GTP hydrolysis plays a
modulatory role in enhancing the targeting efficeof LHCP but is not as crucial as is the case
with the cytosolic SRP. The ability of cpSRP43 b@dtly interact with the Alb3 translocase and
thus regulate substrate binding and release [24nBghit allow the cpSRP pathway to bypass the
use of GTPase activation as a critical mechanisndriee the unloading of cargo from the
CpSRP; this possibility remains to be tested.

Collectively, these results suggest a more strieachicpSRP54—cpFtsY interaction cycle
compared to their bacterial homologues (Figure, é)ich might be a consequence of their
adaptation to targeting a different set of substrabteins. This pair of GTPases is primed to
efficiently form a complex and to quickly turn ouwlye complex (through rapid GTP hydrolysis),
bypassing conformational steps that serve as impbfidelity checkpoints in the bacterial SRP
pathway. These features could allow the cpSRP gthav cater to the LHC family of proteins,
whose sequence conservation allows specific substedection to be more easily achieved, but
whose high abundance demands a highly efficiegetarg pathway with rapid turnover. In this
light, one might further speculate that the comptexies of dynamic conformational changes
observed for the bacterial SRP-FtsY GTPase compbetd be fine-tuned to allow efficient
targeting only in response to the correct signgusaces while minimizing the targeting of
empty ribosomes and incorrect cargo proteins. Tikergent properties of the bacterial and
chloroplast SRP and FtsY GTPases might reflecewfft mechanisms to achieve the balance
between efficiency and selectivity as the two patysvadapt to distinct challenges posed by their

substrate proteins.
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Table 1.1 Summary of equilibrium and kinetic properties @IS&RP54 and cpFtsY IBD-loop

mutants
; " L1

mutations Kear(Min™) Km (UM) kealKm (UM™min™)  Ki(UM)  Kq(UM)
WT 27+3 ) 1.6+0.3 (1) 18+3 1) 0.8
A142W cpSRP54 0.50 +0.34 (0.02) 0.24+0.17 (0.2) 2.8+1.7 (0.2) 0.11+0.09 044, 0.16
A168W cpFtsY 1.8 +0.1 (0.07) 0.27+0.02(0.2) 6.8+0.6 (0.4) 023%0.15 052
D137ACpSRP54 1.0+05 (0.04) 5.1+01 (3) 0.19+0.09 (0.01) 20+1.3
D163A cpFtsY 15+04 (0.05) 50+0.1 (3) 0.34+0.06 (0.02) ND
R140A CpSRP54 3.4+02 (0.1) 6.3+12 (4 0.54+008 (0.03) 0.51+0.20
R166A CpFtsY 43+08 (02) 51+17 (3) 0.89+0.18 (0.05) 3.2+1.4
A143L cpSRP54  0.23 +0.05 (0.008) 20 +1 (13)  0.012 +0.003 (0.001) > 40
A143W cpSRP54 0.52+0.07 (0.02) 15+7 (10)  0.037 +0.012 (0.002) > 40
A169L cpFtsY 0.32+0.10 (0.01) 15+2 (10)  0.031 +0.019 (0.002) > 40
A169W cpFtsY  0.36+0.15(0.01) 13+5 (8) 0.028 +0.001 (0.002) > 40
F165A cpFtsY  28+3 (1) 0.8+0.3  (0.5)38+10 ) ND
A167W cpFtsY 11 (0.4) 7.4 (5) 1.5 (0.1) ND

®values in parenthesis are relative to that of tiid-type proteins, which is normalized to 1.
ND, not determined’Apparenty values were obtained from equilibrium titratiorsing FRET

in Figure 2F and Supplementary Figure @gparentky values were obtained from equilibrium
titrations using acrylodan-labeled cpSRP54 in Seqintary Figures S%y obtained from

Kot/ Kon-
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Figure 1.1 Fluorescence assays to report on complex assdmebleen cpSRP54 and cpFtsY.
(A) The positions of the FRET donor (yellow spheag)l acceptor (red sphere) probes in cpFtsY
and cpSRP54, respectively, mapped onto a homologgemof the complex generated by
superimposing the crystal structure of cpFtsY (2p@#o that of thd. aquaticusfh-FtsY NG
domain complex (1RJ9). The same residue in cpSRWag also used for labeling with
acrylodan. The IBD loops in cpSRP54 and cpFtsYhaghlighted in magenta. (B) Fluorescence
emission spectra of donor-labeled cpFtsY (N6, green), acceptor-labeled cpSRP54u{2,
blue), and their complex formed with 2 mM GTP (re(f}) Fluorescence emission spectra of
acrylodan-labeled cpSRP54(234C) in the absencer{yrand presence (red) of cpFtsYu(d).
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Figure 1.2 Thermodynamic and kinetics for formation of theSRP54-cpFtsY complex. (A)
Complex assembly between 0,oM cpFtsY(321C)-DACM and 2uM cpSRP54(234C)-
BODIPY-FL, measured in a stopped-flow apparatusiescribed in Materials and Methods.
Single-exponential fit of the data gavek@s value of 1.53 3. (B) Complex assembly between
0.5 uM cpSRP54(234C)-acrylodan andu® cpFtsY, measured in a stopped-flow apparatus as
described in Materials and Methods. Single-expdakfit of the data gave ks value of 1.02
s'. (C) Association rate constants for cpSRP54—cpltsYiplex formation with GTP measured
by FRET @) and acrylodan fluorescenae).(Linear fits of the data gave complex assembily ra
constants K,) of 5 x 10 and 1.57 x 1WM™s* with FRET and acrylodan fluorescence,
respectively. (D) A hyperbolic dependence of compéssembly rate constants on cpFtsY
concentration. The data were fit to €@n the Materials and Methods, which gavKgavalue of
30 uM and a rate constant of 6 st saturating cpFtsY. (E) A two-step schematicpBRP54—
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cpFtsY complex assembly. (F) Equilibrium titratioh the cpSRP54-cpFtsY complex formed
with GTP (@) or GMPPNP &) measured by FRET. Complex formation with GTP wasied

out using mutant cpFtsY(A168W) to minimize GTP hylgisis. The data were fit to eq 2, which
gaveKqvalues of 0.3uM with GTP and 7uM with GMPPNP. (G) Dissociation kinetics of the
CpSRP54(234C, A142W)-cpFtsY complex, measured sxitbed in the Materials and Methods.
Single-exponential fit of the data gave an appadésgociation rate constant of 0.038 After

subtracting the GTP hydrolysis rate from this caemp0.008 %), the corrected dissociation rate

constant was 0.030's
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Figure 1.3 Effects of cpFtsY mutations on its stimulated G3@eeaction with cpSRP54. (A, B)
The stimulated GTPase reactions of wild-type cpRts)yand mutants cpFtsY(A169W) (part A,
e and inset) and cpFtsY(A168W) (part 8 and inset). (C) Inhibition assays for determinihg
affinities of mutants cpFtsY(A168W)J and cpFtsY(A169W) «) for cpSRP54. The figures
show representative data, and Table 1 summarizesaterage values from two or more
measurements. (D) Gel filtration analyses of staloleplex formation of cpSRP54 with wild-
type cpFtsY (black) and mutants cpFtsY D163A (blu®)66A (green), A168W (red), A169L
(magenta), and A169W (cyan).
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Figure 1.4 Effects of cpSRP54 mutations on its stimulated &@SEPreaction with cpFtsY. (A, B)
The stimulated GTPase reactions of cpFtsY with ayme cpSRP54 o) and mutants
CpSRP54(A143W) (part As and inset) and cpSRP54(A142W) (part 8,and inset). (C)
Inhibition assays for determining the affinities ohutants cpSRP54(A142W)o) and
cpSRP54(A143W) «) for cpFtsY. The figures show representative daiad Table 1
summarizes the average values from two or more ine@ents. (D) Mutant cpSRP54(A142W)
(o) exhibits the same GTP-dependent complex assekibgétics as wild-type cpSRP54)
measured using acrylodan-labeled cpSRP54(234Cesxided in the Materials and Methods.
Linear fits of data gave complex formation ratestants of 1.9 x T0and 2.3 x 10M™ s for
mutant and wild-type cpSRP54, respectively. (E) @&lation analyses of stable complex
formation of cpFtsY with wild-type cpSRP54 (blackhd mutants cpSRP54 D137A (blue),
R140A (green), A142W (red), A143L (magenta), andlBW (cyan). (F) Fluorescence emission
spectra of the acrylodan labeled at cpSRP54(23d4Gha wild-type protein (black) compared
with mutants cpSRP54 D137A (blue), A142W (red), &add3W (cyan).
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Figure 1.5 Effect of mutant GTPases on the targeting andgmateon of LHCP into thylakoid
membranes. LHCP-dpl and -dp2 denote the two 1&132&rkDa protease-protected fragments
that represent LHCP successfully targeted and riated into the thylakoid membrane. Pre-
LHCP was added to the reaction after the protaasgnent and served as a loading control. (A,
B) LHCP integration efficiency by the individual EfsY and cpSRP54 mutants, respectively.
The top panels show representative data, and thierlpanels show quantification of two or
more measurements. All the data were normalizedabof the wild-type protein, which was set
to 100%. (C, D) Correlation of the translocatiorfiede of cpFtsY (part C) and cpSRP54 (part D)
mutants with theik../Kn, values.
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Figure 1.6 Free energy profile for the GTP-dependent binding activation cycles between the
SRP and SR GTPases from bacteria (black) or chesbgred). The values for the. coli
GTPases were obtained from refs [19] and [27]. &ndard state of UM was used. The
activation free energies were calculated from theeoved association and dissociation rate
constants usingG* = -RT In(kh/ksT), whereR = 1.987 cal K* mol™, Planck constartt = 1.58

x 107" kcal s*, Boltzmann constanks = 3.3 x 10’ kcal s, andT = 298 K. Equilibrium
stabilities of complexes were calculated ushg= AG° — RT In(K/K°®).
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Supplementary Table 1.S1Summary of different classes of mutational effécts

Mutational Effect

CpFtsY Mutants

CcpSRP54 Mutants catmon

| — Complex formation defective
Il — GTPase activation defective

lIl — Both steps defective

Neutral Mutations

G288\W
A168W

N135A
N135W
D163A
R166A
Al169L
A169W

F165A
Al67W
R220A
G288A
G289A
G289W

G255W

Al42W

Q109W
D137A
R140A
A143L
A143W
G256W

R193W

Q109A

NG interface
IBD loop

Dimer interface
Dimer interface
IBD loop

IBD loop

IBD loop

IBD loop

NG interface
IBD loop

IBD loop
Dimer interface
NG interface
NG interface
NG interface
Dimer interface

®Mutations of homologous residues in cpSRP54 andisdp&re presented in the same
row, except for cpSRP54(Q109A).
Pkinetic parameters from Jaru-Ampornpetral.[30]



36

Supplementary Table 1.SXKinetic parameters of additional mutants outsitithe IBD

loop
Mutants Kear(min™) Ky (LM) kealKm (UM min™)
WT 27+3 (1) 1.6+03(1) 18+3 )(1
CpFtsY
N135A 59+21(0.2) 43+09(3) 1.4+0.2 (0.1)
N135W 8.0+1.2(0.3) 27+09(2) 33+12 (0.2
R220A 26 (1) 2.2 (1) 12 (0.6)
G288A 23 (0.9) 1.1 (0.7) 22 1)
G289A 24+1  (0.9) 1.1+0.2(0.7) 23+3 (1)
G289W 29+9 (1) 25+12(2) 14+10 (0.8)
CpSRP54
Q109A 16 (0.6) 2.0 (1) 8.2 (0.5)
Q109W 7.7 (0.3) 4.2 3) 1.9 (0.1)
R193W 18 (0.7) 2.8 (2) 6.3 (0.4)
G255W 38+3 (1) 41+4 (26) 0.93+0.15(0.05)
G256\ 6.5+0.2(0.2) 33+6 (21) 0.20+0.03(0.01)

%.at andK, values for mutants that are severely compromisedimplex formation are
determined by extrapolation, as saturation of ieaat/as not reached up to fM of

mutant protein.



Supplementary Table 1.S3Mant-GTP binding affinity to the individual mutant
GTPase8

GTPase constructs Ky (LM)

CpFtsY

WT 1.8
D163A 1.2
R166A 3.1
Al68W 3.1
Al169L ND
Al69W 3.3
G288W 0.92
cpSRP54

WT 6.7
D137A 2.6
R140A 58
Al42W 2.6
Al43L 68
Al143W 3.5
G255W 8.2
G256W 35

®Mant-GTP (Jena Bioscience) binding assay was paddras described in Jaru-
Ampornparet al.[26].
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Supplementary Table 1.SBasal GTPase activity of cpFtsY mutants

cpFtsY construct kea(min™) K (LM)
WT 0.0039+0.0009 1.1+04
N135A 0.0077 £0.0022 0.34 £0.04
N135W 0.0020 £+0.0002 1.3+1.1
R166A 0.0028 £0.0003 1.9+0.1
D163A 0.011 0.44
F165A 0.0124 £0.0096 1.2+0.3
Al67W 0.0032 1.9
Al168W 0.0023 £0.0002 1.1+0.6
Al169L 0.0038 2.1
A169W 0.0088 £0.0029 1.9+0.9
R220A 0.0050 +0.0008 1.6 +0.3
G288A 0.0031 £0.0002 0.58+0.18
G288W 0.0039 +0.0002 0.34 +£0.16
G289A 0.0029 £ 0.0006 0.71+£0.41

G289W 0.0030 + 0.0006 0.40 +0.25
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Supplementary Figure 1.S1Cys-lite cpSRP54 and cys-less cpFtsY and their
fluorescently labeled versions are enzymaticaltivac All GTPase assays were
performed as described in thethods. cpSRP54(234C) refers to the cys-lite construct
with a cysteine mutation at position 234 on cpSRPE&gFtsY(321C) refers to the cys-
less construct with a cysteine mutation at posi#iah on cpFtsY. (A) The reciprocally
stimulated GTPase reaction of cpSRP54 W)lar cpSRP54 cys-lites) with cpFtsY.
Fits of the data to Eq 5 gake: values of 56 and 54 minrespectively. (B) cpSRP54
cys-lite and cpSRP54(C234) were labeled with BODR.Yfor 2hrs and loaded on a
10% SDS-PAGE gel. (C) The stimulated GTPase reactiapSRP54 with cpFtsYo]

or cys-less cpFtsYe|). Fits of the data to Eq 5 galg; values of 56 and 39 mifn
respectively. (D) The stimulated GTPase reactiorpétsY with cpSRP540|), or of
cpFtsY(321C)-DACM with cpSRP54(234C)-BODIPY-Fe)( Fits of the data to Eq 5
gavek.a: values of 39 and 20 nifnrespectively. (E) The reciprocally stimulated®zEe
reaction of cys-lite cpSRP54) or cpSRP54(C234)-acrylodas)(with cpFtsY, which
gavekes values of 51 and 43 nilnrespectively.



40

>

donor only /’M\\ complex

+ chase
> 15 | \"..;:-w.

11

Fluorescence (A.U.)
s
t“' ;
'y
'
i
5
LA
B
Fluorescence (A.U.) 3
w
i
\,\
W, S
)A
-
.o""‘f‘
A
v
A

o5 & - e,

’f.-""' donor + acceptor 234C - acrylodan only
0 i L L L L 1.5 L L L L L
400 420 440 460 480 460 480 500 520 540
Wavelength (nm) Wavelength (nm)

Supplementary Figure 1.SZRET and acrylodan fluorescence signals from
cpSRP54cpFtsY complex could be competed away by EDTA dalbeled cpSRP54.
(A) Fluorescence emission spectra of cpFtsY(3218EM (0.5 uM) in the absence
(green) and presence ofi®1 cpSRP54(234C)-BODIPY-FL, with (blue) or withoued)
10 mM EDTA as the chase. Complex assembly wasedaout in 2 mM GTP. (B)
Acrylodan fluorescence increase upon formatiorhefdpSRP5¢cpFtsY complex (green
vs. red) could be chased by a 20-fold excess @haed cpSRP54 (blue). Complex

formation was carried out using UM cpSRP54(234C)-acrylodan @ cpFtsY, and 2
mM GTP.
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Supplementary Figure 1.SEquilibrium titrations of the cpSRP54¢cpFtsY compin
GTP using different fluorescence assays. (A) Cempkssembly measured by FRET,
using wildtype cpSRP54 and cpFtsY. (B) Complex adsg measured using
cpSRP54(234C)-acrylodan and cpFtsY(A168W). (C) glemassembly measured using
cpSRP54(234C, A142W)-acrylodan and cpFtsY. The wate fit to Eqs. 1 or 2 in the
Methods, and th&q values are reported in Table 1.1.
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Supplementary Figure 1.S4Defects of additional cpSRP54 and cpFtsY IBD looptants in
complex formation and GTPase activation, measuyeithd stimulated GTPase reaction. (A, B)
The stimulated GTPase reactions of wildtype cpSRB)»4and mutants cpSRP54(D137A) (part
A, o) and cpSRP54(R140A) (part B). (C, D) The stimulated GTPase reactions of wpet
cpFtsY ), and mutants cpFtsY(D163A) (part €) and cpFtsY(R166A) (part Ds). The
figures show representative data, and Table 1.Tarmes the average values from two or more
measurements.
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Chapter 2

Mechanism of an ATP-Independent Protein
Disaggregase.
Part I. Structure of a Membrane Protein Aggregate

Reveals a Mechanism of Recognition by Its Chaperone

A version of this chapter has been published as
Nguyen, T.X., Jaru-Ampornpan, P., Lam, V.Q., CagpPiszkiewicz, S., Hess, S., and Shan, S.

(2013)J. Biol. Chem 288 (19), 13420-30.



48

Abstract

Protein aggregation is detrimental to the maimegadf proper protein homeostasis in all
cells. To overcome this problem, cells have evoleedetwork of molecular chaperones to
prevent protein aggregation and even reverse pgigtiotein aggregates. The most extensively
studied ‘disaggregase’ systems are ATP-driven nmaglecular machines. Recently, we reported
an alternative ‘disaggregase’ system, in which 8&kDa subunit of chloroplast Signal
Recognition Particle (cpSRP43) efficiently reversies aggregation of its substrates, the light-
harvesting chlorophylé/b-binding (LHC) proteins, in the absence of extergaérgy input. To
understand the molecular mechanism of this novéligg here we used biophysical and
biochemical methods to characterize the structack raature of LHC protein aggregates. We
show that LHC proteins form micellar, disc-shapggragates that are kinetically stable and
detergent-resistant. Despite their non-amyloidauma the LHC aggregates have a defined
global organization, displaying the chaperone radam motif on their solvent-accessible
surfaces. These findings suggest an attractive amesim for recognition of the LHC aggregate
by cpSRP43 and provide important constraints toindefthe capability of cpSRP43's

disaggregase activity.
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Introduction

The proper folding of proteins into their nativeustures is essential for the function and
survival of cells. However, environmental stresgjeuular crowding, and potential exposure of
hydrophobic regions of proteins during their bioggs [1-3] pose challenges to protein folding
in vivo. In this setting, improper intra- or intermoleauiiateractions can lead to the aggregation
of proteins. Aggregate formation is detrimentalctlls as it removes functional proteins [4].
Moreover, some aggregates, both amorphous onethaseé that lead to highly ordered amyloid
fibrils, are toxic to cells and have been implichie a variety of protein folding diseases [5-7].

Cells have evolved elaborate mechanisms to ovexctira problems associated with
protein aggregation. A specialized class of mokacudhaperones, the ‘disaggregases’, can
perform the energetically uphill process of reuwagsprotein aggregation. Thus far, studies of
disaggregases have been dominated by the Clp/Hsfaldily of AAA™ ATPases (ATPases
associated with various cellular activities), sashClpB in prokaryotes and Hsp104 in yeasts [3].
Both are large hexameric rings (>500 kDa) powengdhechanical forces from ATP hydrolysis
and require additional co-chaperones to efficiedisassemble a variety of protein aggregates
[8,9]. The complexity of these disaggregase systams the promiscuity in their substrate
selection has made it difficult to pinpoint theiplecular mechanisms of action. Further, AAA
disaggregase machines were only found in prokargoteyeast, and no homologues have been
identified in higher eukaryotes outside of plastaisd mitochondria. It is conceivable that
alternative mechanisms of disaggregation, suctha@secently described Hsp110-70-40 system
[10,11] could be used in higher eukaryotes. An wstdading of alternative disaggregase
systems can shed light on novel principles and w@r@sins by which cellular chaperones

overcome protein aggregates.
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Previously, we identified an efficient disaggregastvity in the chloroplast Signal Recognition
Particle 43 subunit (cpSRP43). This provides anmgta in which a relatively small protein
scaffold (38 kDa) can recognize and disrupt largetgin aggregates in an ATP-independent
mechanism [12], in contrast to the Clp/Hsp100 fsioil disaggregases. cpSRP43 is part of the
protein targeting machinery, the cpSRP, that medidhe delivery of the light-harvesting
chlorophylla/b-binding (LHC) family of proteins to the thylakoirdembrane [13-15]. The most
abundant member of the LHC family, LHCP, compris88% of the proteins on the thylakoid
membrane and is arguably the most abundant membpratsin on earth. The sheer abundance
of these proteins and their highly hydrophobic ratdemands highly effective chaperones that
protect them from aggregation before arrival at tiembrane. In the chloroplast stroma, this
chaperone function is provided by cpSRP43, whidecéfiely protects LHC proteins from
aggregation and can even reverse preformed largé pidtein aggregates [12,16]. cpSRP43
recognizes a highly-conserved 18-amino acid loopwéen the second and the third
transmembrane (TM) domains of LHC proteins, termd® [17,18]. In previous work, we
showed that the specific interaction of cpSRP43whe L18 motif is crucial for the chaperone
and disaggregase activity of cpSRP43 [12]. This@hér observations led us to propose that, in
the absence of external energy input, cpSRP43 ssadfic binding energy with its substrate
proteins to remodel and rescue LHC protein aggiegét 2].

To gain insights into the molecular mechanism thaderlies cpSRP43’s novel
disaggregase activity, we need to first understhednature of the LHC aggregate and identify
the structural features that facilitate its disadsly by cpSRP43. To this end, we examined the
nature and structure of the LHC aggregate usinghyisical and biochemical techniques. We

show that LHC proteins form disc-like particles lwa relatively amorphous hydrophobic core,
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but exhibit a defined interior/exterior organization which the L18 recognition motif is
displayed on the solvent-exposed surface. Thisestgan attractive mechanism for cpSRP43 to

recognize the LHC aggregates and thus initiate theassembly.
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Materials and Methods

Materials. LHCP, Lhcb5 and their mutants were purified undematuring conditions as
described [12], except that 6M GdmHCI was usedeau$tof 8M urea for Lhcb5. 13\4 and re-
crystallized thioflavin T (ThT) were generous giftsm Dr. J. W. Kelly. 1-anilino-8-naphthalene
sulfonate (ANS) and bis-ANS were from Sigma anditingen, respectively. n-dodecyl-N,N,-
dimethylamine-N-oxide (LDAO), n-dodec@-D-maltopyranoside (DDM), n-octy-D-
glucopyranosideptOG) and n-nonyB-D-glucopyranoside (BNG) were from Anatrace. Triton
X-100 (TX-100) was from Sigma and sodium dodeciede (SDS) was from BioRad. Urea and
GdmHCI were molecular biology grade from MP and n$ag respectively. 1l-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl methanethiosulfongfdTSSL) was from Toronto Research
Chemicals, N-ethyl-maleimide was from Sigma andl-(1-pyrene)-maleimide was from
Invitrogen.

Light Scattering Assay. Light scattering experiments were performed as ipusly
described [12]. For formation of aggregates (Figuf black), unfolded LHCP in 8 M urea was
directly diluted into Buffer D (50 mM KHEPES pH 7.200 mM NacCl) to the desired final
concentration; the final concentration of urea wgsalized among different samples. The CMC
is obtained as the x-intercept from the lineaofithe data [19]. For serial dilution experiments
(Figure 2.3, red), the sample at 1 uM LHCP wasafigrdiluted (by two-fold) into fresh buffer D
and allowed 10 min to equilibrate before taking sueament.

Transmission Electron Microscopy. LHCP aggregates were formed by diluting
unfolded LHCP in 8 M urea into Buffer D to the firmncentration of 2 uM. After incubation at
25 °C for 5 minutes, the sample was diluted five-fotdlammediately deposited onto a glow-

discharged 200-mesh Formvar grid (Ted Pella Ind). @fter 45-second adsorption time, the
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grid was washed in water and then stained with 186yl acetate for 45 seconds. TEM images
were obtained on a 120 kV Tecnai T12 electron nsmope coupled with a CCD camera. The
diameters of the particles were measured usingémh§zp].

Atomic Force Microscopy. 1l uM LHCP aggregate in Buffer D was deposited anto
freshly cleaved mica and incubated for 5 minute25&iC to allow equilibration. The wafer was
rinsed with Millipore water and dried under the wélux of nitrogen. AFM images were taken
immediately after the sample was prepared. A Diditstrument Nanoscope IlIA AFM system
in tapping mode was used throughout at ambientitond. A sharp TESP tip (Veeco, CA) was
used in the experiment. Typical values for the doronstant, resonance frequency and tip radius
were 42 N/m, 320 kHz, and 8 nm, respectively. Blartsizes were obtained by calculating the
projected area of each particle at half maximabieionto the surface. This is because the
apparentateral size of surface features is usually overestimdtezlto the broadening effect of
the AFM tip. The cross sectional area at half theximum height provides a more realistic
distribution of sizes of the particles.

Fluorescence.All fluorescence experiments were carried out inffBuD using a
Fluorolog 3-22 spectrofluorometer (Jobin Yvon). B@-ANS experiments, 1 mM bis-ANS was
added to Buffer D with or without 1 uM LHCP aggregarhe samples were excited at 395 nm
and then scanned from 410 to 620 nm, with the atioit and emission band passes of 2 and 5
mm, respectively. For ThT experiments, 20 mM restalfized ThT was added to Buffer D
containing no aggregate, aggregates from 1 or 5y@P, or 15 uM freshly sonicatedB]&
amyloid. The samples were excited at 440 nm and gitanned from 470 to 570 nm, with the
excitation and emission band passes of 3 and 7 mespectively. For comparison, ThT

fluorescence from 1 and 5 uM unfolded LHCP in 8 tdauwere measured.
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For pyrene excimer experiments, DTT-reduced siogiteine mutants of Lhcb5 in 6 M
GdmHCI were labeled with a 30-fold molar excespyene maleimide at room temperature in
the dark for 2 hours. Excess pyrene was removedebyiltration, and the efficiency of spin-
labeling (90-100%) was determined by LC-MSD 1106iese (Agilent Technologies, Santa
Clara, CA). The samples were prepared by dilutipigpe-labeled Lhcb5 pairs into Buffer D for
a final concentration of 1.5 uM for each varianpe&ra were obtained from excitation at 317
nm and then scanned from 360 to 560 nm, with tlegaion and emission band passes of 3 and
6 mm, respectively. The amount of excimer fluoresee indicated by a red shift to 445 nm, is
normalized against the non-excited fluorescencaasigit 376 nm. Statistically, when two
variants A and B are mixed there is a populatiagtrighution of homo-pairs (e.g. 25% A-A and
25% B-B) and hetero-pairs (50% A-B). The equati@hoty corrects for the real hetero-pair
excimer (Fag):

Fag = 2 X (Fag, app— 0.25M — 0.25k)
where Rg, appis the apparent ratio of excimer fluorescenggy/(-¢) between two pyrene-labeled
variants, and Fand k is the ratio of excimer fluorescence of each imhlial variants measured
separately.

Sedimentation.Unfolded LHCP was diluted to 10 uM in Buffer D amtubated at 25
°C for 5 minutes. Aggregation was complete, judgedhe absence of LHCP in the supernatant
after centrifugation at 13,000 rpm in a microfuge 30 minutes. The pellet was dissolved with
50 ul of detergent or chemical denaturants at mhffeconcentrations for 30 minutes at Zh
The mixtures were then spun at 13,000 rpm in acfuge for 30 minutes, and soluble (S) and

pellet (P) fractions were boiled and visualized3yS-PAGE.
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SDS Solubility. For Figure 2.2B, the assay was performed as destcribr amyloid
fibrils [21]. Briefly, aggregation of 10 uM LHCP iBuffer D preceded for 5 minutes at 25.
The mixture was then mixed with 2% SDS-PAGE loadidfer and either incubated at 26
or 100°C for ten minutes prior to SDS-PAGE. Only the pradéethat migrated into the resolving
gel (e.g. solubilized portion) were visualized.

Spin Labeling and Electron Paramagnetic Resonance &hsurements.Spin labeling
reactions were performed in 6 M GdmHCI, 50 mM KHEREPH 7.5, and 2 mM EDTA.
Reduced and degassed single cysteine mutants bbLere labeled with a three- to five-fold
molar excess of MTSSL at room temperature in thé flar 2-3 hours. Excess MTSSL was
removed by gel filtration, and the efficiency oirsabeling (80-100%) was determined by EPR
using a TEMPO calibration curve according to maatufiger's instructions (Bruker). EPR
spectra were acquired using a 9.4-GHz (X-band) EEPR spectrometer (Bruker) equipped
with an ER 4119HS cavity at 20-2&. To form the aggregate, the individual spin-ladel
proteins in GAmMHCI were diluted into Buffer D. Thencentrations of the aggregate samples
were 30-100 uM. Data acquisition was previouslycdbsd [22].

NEM Alkylation and MS Analysis. Cysteine mutants of Lhcb5 in 6 M GdmHCI were
reduced with 2.5 mM TCEP at RT for 2 hours. Eacliamuwas diluted into Buffer D to a final
concentration of 3.3 UM and incubated on ice foniifutes to form the aggregate, followed by
the addition of 100 uM NEM. The reaction was quenckvith 50 mM DTT at various time
points, concentrated under vacuum, redissolved.280ormic acid, and ca. 25 pmol protein
was analyzed on an LC-MSD SL 1100 series (Agilerite samples were chromatographed on a
2.1 x 150 mm Zorbax 300SB-C3 column (Agilent) usangradient consistent of 0.2% formic

acid and 0.2% formic acid in acetonitrile (89.8%)damethanol (10%). Intact masses were
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measured in the single quadrupole and quantifiedguthe software ChemStation software
(Agilent). Control experiments where different ogtiof un-alkylated and alkylated proteins were
mixed and subjected to MS analysis shows the diaiton of the ratio of alkylated species to
be reliable (Figure 2.6E). The reported accestdsliwere calculated as a ratio of the alkylation

of each cysteine mutant under aggregation BuffeeBus denaturing 6 M GdmHCI.
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Results

LHCP Aggregates Contain Exposed Hydrophobic GroovesTo characterize the
surface features of LHC protein aggregates, we aseektablished collection of small molecule
dyes. Exposure of hydrophobic patches or creviagdsmaggregates can be probed by extrinsic
fluorescent molecular dyes like ANS and bis-ANS,P23. We tested whether the aggregates of
LHCP, the most abundant member of the LHC protamilfy, share this feature. Indeed, the
fluorescence of both ANS (data not shown) and BESAFigure 2.1A) increased significantly in
the presence of 1 uM LHCP aggregate, accompaniedihye shift of the fluorescence emission
spectra. These results strongly suggest that LH@d#egates contain exposed hydrophobic
micro-domains that allow the binding of these dyesnsistent with the highly hydrophobic
nature of this protein.

We next used thioflavin T (ThT) to probe the staual organization of the LHCP
aggregate. ThT is often used as a diagnostic ®rfdhmation of amyloid fibrils generated by
amyloid3(AfB, a-synuclein, and other amyloidogenic proteins [25imilar to bis-ANS, the
fluorescence of ThT exhibited a significant incee@s intensity and a blue shift in spectrum in
the presence of the LHCP aggregate (Figure 2.1 lnhes). The extent of these fluorescence
changes is comparable to that induced by maturdodanijbrils generated by the f&™*° peptide
(Figure 2.1B, redvs. blue and Figure 2.1C). As microscopy analyses miitl indicate fibril
formation in the LHCP aggregate (see below), thesellts suggest that ThT is not highly
specific for amyloid fibrils, consistent with redework observing ThT fluorescence of non-
fibrillar aggregates op-lactoglobulin and transthyretin [19,26]. Inste#lus dye possibly binds
to hydrophobic grooves that are often present iylaich fibrils but can also be generated by

other types of aggregates [27].
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LHCP Forms Stable Aggregates.To probe the stability of the LHCP aggregate, we
tested its solubility in various detergents, inahgdLDAO, DDM, B-OG, BNG, and TX-100. By
analyzing the amount of proteins in the soluble amsbluble fractions after medium-speed
sedimentation (see Methods), we showed that notleest detergents were able to solubilize the
LHCP aggregate at or above respective concentgtigpically used for membrane protein
solubilization (Figure 2.2A).

In addition, we tested the solubility of the LH@Bgregate in SDS using an established
protocol for amyloid fibrils [21]. This assay evates solubility of the aggregate based on the
mobility of the protein in SDS-PAGE after incubatiovith SDS-containing buffer at room
temperature (see Methods). ‘SDS-insoluble’ amylfiilils or oligomeric protein aggregates
cannot enter the resolving gel unless boiled [RHCP aggregate showed significant resistance
to 2% SDS in this procedure, as only 24% of thereggfes could be solubilized and migrated
into the gel without boiling (Figure 2.2B, right ). SDS could solubilize large LHCP
aggregates only after extensive incubation andrgpibf the sample (Figure 2.2B, left panel).
Taken together, the detergent-resistance of the pk@ein aggregate suggests the presence of
highly stable packing interactions within the aggte that must be overcome by cpSRP43.

LHCP Forms Micellar, Disc-shaped AggregatesFormation of large LHC aggregates
can be monitored based on light scattering at 380[12]. The scattering intensity increases
linearly with LHCP concentration above ~100 nM (Fg@.3, black), suggesting that aggregate
formation was complete under these conditions. Hewethe linearity broke down at lower
LHCP concentrations (Figure 2.3 and inset, blatk)s was not due to limitations in instrument
sensitivity: when pre-formed LHCP aggregates wdrtdeat!, linearity in light scattering intensity

was observed at all concentrations and extrapoldtexigh zero (Figure 2.3 and inset, red).
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These observations show that: (i) the LHCP aggeegstkinetically stable and virtually

irreversible once it has formed; and (ii) formatiohthe LHCP aggregate requires a critical
protein concentration, reminiscent of the criticatellar concentration during micelle formation.
An analogous, ‘critical aggregate concentration’ 15 nM was obtained for the LHCP

aggregates from these data (see Methods). Thislleslikee characteristic begins to suggest a
globular morphology of the LHC aggregates.

To directly observe the global structure of LHGQyepates, we examined them using
transmission electron microscopy (TEM) and atonoecé microscopy (AFM). Negatively
stained TEM images revealed LHCP aggregates to itoeillar particles (Figure 2.4A,B).
Analysis of the size of these particles resultedaindistribution that fits well to a Gaussian
function, with diameters of ¥2 nm (Figure 2.4C). Consistent with the EM imag&sM
analysis also showed LHCP aggregates to be digmedhparticles (Figure 2.5A,B) with mean
areas of 214+94 nh{Figure 2.5C), or mean diameters ofthénm, in good agreement with the
EM measurements. Strikingly, the heights of theregates measured by AFM are ‘quantized’
and peaked at integrals of 0.7-0.8 nm (Figure 2aBD inset). These results suggest that LHC
proteins form disc-shaped aggregates with a heglx7-0.8 nm, and these discs can further
stack upon one another.

The L18 Recognition Motif is Displayed on the Aggrgate Surface.To probe the
global structure of LHC aggregates at higher rdasmiy we engineered 30 single-cysteine
mutations, which span every 5-10 residues througltio& entire protein sequence of Lhcb5
(Figure 2.6A, blue). Lhcb5 is a close homologuelBICP (Supplementary Figure 2.S1) that
strongly depends on the cpSRP pathway for its Inegie and whose aggregate is efficiently

prevented and disassembled by cpSRP43 [12,28kiAdle-cysteine mutants were able to form
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light-scattering aggregates with the same extedtkametics as wildtype Lhcb5, and thus can be
used to probe the assembly of the wildtype aggee@@@agure 2.6B).

With each single-cysteine mutant, we used two peddent methods to measure their
relative positions on the LHC aggregate. In thstfapproach, we labeled each cysteine with the
nitroxide spin probe MTSSL in 6M GdmHCI, allowedr faggregation in aqueous buffer, and
used electron paramagnetic resonance (EPR) spampywdo investigate the local backbone
mobility of each specific site in the aggregatepr@be buried inside the aggregate will engage in
strong interactions and have more restricted matiam those on the solvent-exposed surface,
and hence exhibit broader central linewiddtHj and hyperfine splitting (hfs) in the overall
spectral width (Figure 2.6C, green versus red specAs a control, EPR measurements were
carried out for each protein variant solubilizedsM GdmHCI; all spin labels displayed similar,
low values ofAH under these conditions, indicating the high mgpibf the residues in the
unfolded protein (Figure 2.6C, black).

Upon formation of the aggregate, the spin probeallithe TMs, loop 1 (between TM1
and TM2) and the C-terminus of Lhcb5 displayed high values and broad EPR spectra,
suggesting that they are highly immobile and liketygaged in strong inter- or intramolecular
interactions (Figure 2.6D, Supplementary TablaH™* values are plotted). In contrast, spin
probes placed in the L18 motif and the N-termint§g®3 are highly mobile, indicating that
these regions are free from any extensive interastin the aggregate and are likely solvent-
exposed (Figure 2.6D). In addition, spin labelthatN-terminus of Lhcb5 also displayed highly
mobile spectra.

To independently probe the global architecturéld€ protein aggregates, we examined

the susceptibility of the individual cysteine resd to alkylation withN-ethyl-maleimide
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(NEM). The cysteine residues on the solvent-acbkssurface of the aggregate will react
rapidly and efficiently with NEM, whereas those iedr within the aggregate will be alkylated

much less efficiently (Figure 2.6F, green versukaerves). The efficiency of alkylation can be

guantified by intact mass spectrometry and provaldsect measure for the solvent accessibility
of individual residues in the LHC aggregate (FigRréE). As a control for the intrinsic bias in

the reactivity of cysteines at different positioeach single-cysteine mutant was solubilized in
6M GdmHCI and tested in parallel experiments (FegRu6F, black).

In agreement with the results of EPR measurem#mgesidues within the TMs exhibit
low efficiency of alkylation, ranging from 20-40%, contrast to the almost complete alkylation
of the respective cysteines under denaturing comgdit(Figure 2.6G and Supplementary Table
1). Residues in loop 1 and the C-terminus of the&Clptotein exhibit slightly higher alkylation
efficiency, 40-60%, indicating that these regioms partially buried in the aggregate but to a
lesser extent than the TMs. In contrast, residumethe L18 loop and the N-terminal end of TM3
proximal to L18 are almost completely alkylated -(diD%), suggesting that these sites are
highly solvent accessible and presented on theiextaf the aggregate. Finally, residues in the
N-terminus of Lhcb5 showed almost 100% reactivétyain demonstrating the exposure of this
region on the aggregate surface.

Although the burial of TMs in the Lhcb5 aggregmtexpected due to their hydrophobic
nature, the low mobility and inaccessibility of ppd and the C-terminus of Lhcb5 were
surprising. We therefore asked if the burial ofs#hdoop regions results from topological
constraints imposed by the neighboring TMs, or fritw@ inherent physicochemical property of
the looping sequence. To address this questiom|tereed the location of L18 in Lhcb5 by either

swapping it with loop 1 (TM1-L18-TM2-TM3) to consttt the LoopSwap (LS) mutant, or with
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the protein sequence C-terminal to TM3 (TM1-TM2-TH4B8) to construct the Cterm mutant.
The aggregate formed by both constructs can beiedsoy cpSRP43 (Figure 2.7A), suggesting
that cpSRP43, despite its specific interaction WitB, can tolerate variations in the remainder of
its substrate’s sequence.

To probe the accessibility of individual motifs time L18-swapped mutants, we probed
the accessibility of engineered single cysteineseath domain by NEM alkylation. The
alkylation efficiency of each motif in both L18-sp@ed mutants is similar to that of wildtype
Lhcb5: the L18 motif is highly accessible and allnoampletely alkylated, whereas loop 1 and
the C-terminus regions exhibit medium levels ofylkon (Figure 2.7B-D). These results
indicate that the intrinsic properties of theseusgges/domains determine their accessibility in
the aggregate, and demonstrate that the L18 masifahstrong tendency to be displayed on the
surface of protein aggregates.

LHC Aggregates Contain an Amorphous Hydrophobic Coe. To determine whether
the TMs of the LHC protein make specific intermailee contacts in the buried core of the
aggregate, we exploited the ability of pyrene lalielform excited-state dimers (excimers) when
they are within 4-10 A of each other. High pyreneimer fluorescence reports on close
proximity between specific sites within the aggtegd o this end, we mixed two proteins, each
labeled with pyrene at a single cysteine residuglli pair-wise combinations, allowed them to
form the aggregates, and monitored for pyrene exciftnorescence at 455 nm relative to the
monomer fluorescence at 375 nm (see Methods). Aesitive control, we used a double-
cysteine mutant V139C-L140C and labeled both pmsstiwith pyrene probes. The excimer ratio
of this construct was high, ~0.8 (Figure 2.8A). As hegative control, pyrene labeled L180C

was used (excimer ratio = 0.08; Figure 2.8A).
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Two important lessons were learned from the resaflthese measurements. First, many
pyrene pairs exhibit excimer fluorescence inteesitsubstantially above the background and
above the other pyrene pairs, with excimer ratibs .30 for homo-pyrene pairs at multiple
residues in TM1 (67, 72, 88, and 92) and for midtipetero-pyrene pairs in all three TMs
(Figure 2.8B). Second, these excimer fluorescentensities were still modest, up to 0.36
(Figure 2.8B). These values are far below the walaé 0.6-0.8 expected for specifically
interacting pairs that are always in close proxymithese data indicate that in the LHC
aggregate, the TMs form extensive intermoleculartacts in its hydrophobic core, but these
interactions are much less specific than thoserebdan amyloid fibrils [29].

Taken together, the results demonstrate that:H{} proteins form highly stable, disc-
shaped aggregates; (ii) despite the possibly anooipmature of the LHC aggregate core, it
contains a defined global organization that careliably probed; and (iii) the L18 motif, among
other regions of the LHC protein, is displayed loa surface of the aggregate and thus poised for
interactions with cpSRP43 (Figure 2.9). These tessiiggest an attractive model in which
cpSRP43 could recognize the L18 motif presentethersurface of the aggregate, providing a
starting point for its action as a disaggregasethiey, the exposure of the N-terminus and the N-
terminal end of TM3 suggests additional potentialeiaction sites with cpSRP43 during

aggregate recognition.
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Discussion

The ability of cpSRP43 to prevent and reverse Lpgti@ein aggregation demonstrates the
diversity and capability of cellular chaperones &mghlights a disaggregation mechanism that
relies on binding interactions instead of extemargy input. The robustness and simplicity of
the cpSRP43-LHC disaggregase system provides aortopgy to unravel the mechanism by
which a relatively small, ATP-independent chapercae rescue insoluble protein aggregates. In
this work, biophysical and biochemical analyseshaf structure and energetics of the LHCP
aggregate help define the capability of cpSRP43 gwotein disaggregase and suggest an
attractive mechanism for how this chaperone reaagnthe LHC protein aggregates to initiate
the disaggregation reaction.

Using kinetic analyses, we previously showed tp#RP43 can actively remodel and
disassemble LHC aggregates [12]. To gauge the anmfuenergy cpSRP43 must overcome
during disaggregation, here we examined the stabdf the LHC aggregates. The results
indicate that LHC aggregates are stable both laakyi and thermodynamically. First, extensive
dilution of the aggregate did not lead to re-sdlmétion, suggesting that LHC aggregates, once
formed, are kinetically stable. This is in contréstthe ‘salting out’ effect, in which protein
precipitates are reversibly produced when the pratencentration exceeds the solubility limit
[30]. Second, LHC aggregates are resistant toiatyasf detergents, even up to 2% SDS, akin to
highly stable fibrils and insoluble amyloid oligoreg31]. The stability of the LHC aggregate
further supports the notion that its reversal rezgpiithe active participation of cpSRP43 to
engage and disrupt the aggregate and showcaseapheity of this chaperone as a disaggregase.
The morphology of the LHC aggregates bears resembléo those of the soluble oligomeric

intermediates that often precede amyloid fibrilnfiation, which are disc-shaped, 9-25 nm in
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diameter, and 2—-3 nm in height [32,33]. Althoughlieawork tends to categorically describe
these protein aggregates as ‘amorphous’, accumglatata suggest that there are nonetheless
degrees of organization in some of these aggregi@és5]. For instance, the folding
intermediates of bovine growth hormone, phosphagbie kinase, P22 tailspike and coat
proteins participate in specific intermolecularenactions in their aggregation pathways [36-38].
Likewise, although highly specific intermoleculateractions have not been detected in the LHC
aggregates, more detailed analyses at the indivigsalue level provide convincing evidence
that LHC aggregates have a defined ‘interior’ aedeérior’ that can be reliably probed, arguing
against complete disorder in these aggregates.

What features of the LHC aggregate allow cpSRR¥3etognize it and initiate the
disaggregation process? Answers to this quest@mrantral to understanding the mechanism of
cpSRP43’s disaggregase activity. The results hieoagy suggest that the formation of LHC
aggregates is driven largely by hydrophobic cokagasbury its three TM domains. Importantly,
we showed that the N-terminus of the LHC protelre, L18 motif, and the N-terminal segment
of TM3 are displayed on the solvent-accessibleasarivhen LHC proteins form aggregates. As
the L18 motif is the primary recognition element 6pSRP43, its presentation on the exterior of
the aggregate provides a very attractive mechatigrnvhich cpSRP43 could recognize and
anchor onto the aggregate to initiate the disaseprbcess (Figure 2.9). Conceivably, the N-
terminal fragment of TM3 proximal to the L18 motibuld also contribute to this initial
recognition, as previous work has detected crdsslbetween cpSRP43 and residues at the N-
terminus of TM3 [39]. This and additional mutatibrsdudies suggest that TM3 is a likely
candidate for cpSRP43 to initiate disruptions @& thternal packing within the LHC aggregate

(Jaru-Ampornpaet al, accompanying manuscript).
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Further, the L18-swap experiments show that themd8f is a dominant sequence element that
has a strong tendency to be displayed on the sudé@ protein aggregate, likely due to its
relatively polar amino acid composition and highogensity for disorder (Figure 2.7).
Considering that cpSRP43 has co-evolved with ardedicated to the chaperoning of the LHC
family of proteins, it is intriguing that the lattevolved a polar L18 recognition motif and made
it accessible even when they form aggregates, whakid enable cpSRP43 to readily recognize
the aggregated LHC proteins. Although the physiclalg significance of cpSRP43's
disaggregase activity remains to be directly emhbtl, this observation is consistent with the
possibility that this activity is beneficial, aswiould enable cpSRP43 to rescue aggregated, off-
pathway intermediates during the targeting or imseIof its substrate proteins [40].

The mechanism of aggregate recognition proposee tog cpSRP43 is distinct from
those proposed for ClpB/Hsp104, where exposed patehriched in charged and hydrophobic
amino acids are recognized by the disaggregase$241t can be speculated that a generalized
mode of substrate recognition is optimal for Hspid/or the AAA+ disaggregases, which must
handle a broad range of substrates. In contradicateon of cpSRP43 to the LHC family of
proteins allows them to adopt a more specific affieceve mechanism, in which an exposed
polar motif is used for recognition and ultimat@gables the chaperone to gain access to the
hydrophobic core. This mechanism of aggregate mtog could explain analogous
disaggregase systems reported previously, sucheaMitochondria Import Stimulation Factor
(MSF), whose ability to rescue aggregated mitochahg@recursor proteins also depends on the
basic mitochondrial signal sequence that is likbgplayed on the aggregate surface [43,44].

On the other hand, the L18-swap experiments hedeaalditional mutagenesis studies (Jaru-

Ampornpanet al, accompanying manuscript) strongly suggest thatitkeraction of cpSRP43
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with the remainder of the LHC protein, apart frob8l.is highly adaptable, as a wide range of
unnatural substrates can be effectively bound, etweqed, and rescued by cpSRP43.

In summary, in-depth characterization of the ratand structure of the LHC protein
aggregate suggest an attractive mechanism for et®gnition by cpSRP43, and provide
important constraints for the capability and limita cpSRP43’s disaggregase activity. In the
accompanying paper (Jaru-Ampornpainal, accompanying manuscript), the lessons learned
from this work are leveraged against structuredfiomc analyses to propose a multi-step
mechanism for the disaggregase reaction mediatedcd8RP43. These results provide a
foundation for understanding the molecular basi8 ®P-independent disaggregase systems, and
guide the engineering of specific chaperone-sutestiiaeractions for aggregates of similar

nature.
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Figure 2.1 LHCP aggregates contain exposed hydrophobic ssfas detected by small
molecule dyes. (A) Fluorescence emission spectrd ofM bis-ANS with (blue) or without
(black) 1 uM LHCP aggregate. (B) Fluorescence spemft 20 mM ThT in the absence (black)
and presence of 1 (light blue) or 5 (dark bjud) LHCP aggregate, or 15 pMpA (red). (C)
Quantification of the ThT fluorescence change a# 48n per uM of protein (aggregate).
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Figure 2.2 LHCP aggregates are resistant to many deterg@)jtSedimentation analysis of the
ability of various detergents to resolubilize LH@Bgregates. CMC of LDAO, DDM;-0OG,
BNG and TX-100 are 0.023%, 0.009%, 0.53%, 0.2% @0@%, respectively. P and S denote
the pellet and soluble fractions, respectively. 88)S-solubility assay as described for amyloids
[21] show partial solubility of LHCP aggregates 280 SDS, right panel. The samples were
directly loaded onto the gel and solubility wasgad by the mobility of the protein into the
resolving gel. Quantification using ImageJ revedlet 24% of the LHCP aggregates is soluble
when the sample was not boiled (‘RT’), compare@7&o for the boiled sample (‘10C’). Left
panel shows complete solubilization of LHCP by SB#C 0.23%) after treatment as in (A).



71

0.08

0.06

A, (AU)

0 02 04 06 08 1
[LHCP], uM

Figure 2.3 LHCP forms aggregates after a critical concerdmatiLight scattering intensities

during formation of the aggregate (black) are camgawith those from serial dilution of

preformed aggregates (red). The inset highlights [y phase at low concentrations during
formation of the aggregate. AU, arbitrary units.
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Figure 2.4TEM analysis of LHCP aggregates. (A) Large fielevw of a negatively stained TEM

image of LHCP aggregates. (B) A zoomed-in imagewshthat LHCP aggregates are round

particles. (C) Size distribution of the LHCP aggtss, measured from several independent
experiments. The mean diameter is 12 £ 2 nm.
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Figure 2.5 AFM analysis of LHCP aggregates. (A) Large fieldw of AFM topographic image
showing well-separated LHCP aggregates. Large aexsisire occasionally observed. The scale
bar is 500 nm. (B) A zoomed-in region of the imageeals disc-shaped particles. The lines
indicate particles whose heights were measured lled, and green). The scale bar is 100 nm.
(C) Size distribution of LHCP aggregates, meastnat several regions on the surface. The red
line is a Gaussian fit to the data, which gave anmerea of the particle of 214 AinD) Height
distribution of LHCP aggregates shows three popuiatof 0.8, 1.4, and 2.1 nm. The inset
shows the height profiles for the representativdigas indicated in B. Curves are vertically

displaced for clarity.
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Figure 2.6 Mapping the LHC aggregates reveals exposed m@tif.Lhcb5 sequence, with
residues mutated to cysteine in blue, the TMs umdel in green, and the L18 peptide
underlined in red. (B) Light scattering from aggaegs (Asg) 5 min after dilution of each single-
cysteine mutant into Buffer D, final concentratidnuM Lhcb5 proteins. Values are relative to
that of wild-type protein. rel A360, relatives& (C) Representative EPR spectra of the spin
probes placed at buried site L130C of TM2 (greanh)xposed site L170C of L18 (red) upon
Lhcb5 aggregation, and at L170C when Lhcb5 washdadad in 6 M GdmHCI (black). a. u.,
arbitrary units. (D) Summary of the mobility of fdifent residues in the Lhcb5 aggregate,
reported in values ofH-1. Residues in the TMs are in green, L18 is oh end the remainder
of Lhcb5 is in black. (E) Control experiment shaWwat intact mass spectrometry can be used for
the quantification of the efficiency of NEM alkylah. Wild-type Lhcb5, which contains one
native cysteine (Cys-100), was reacted with NEMcoonpletion in 6 M GdmHCI. Different
known ratios of the NEM-modified Lhcb5 were mixedhwunreacted protein and submitted for
MS analysis. (F) Time courses for the alkylatioacteons of representative cysteines at residues
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L130C and L170C in Lhcb5 aggregates and at redidd@C when Lhcb5 was dissolved in 6 M
GdmHCI. (G) Summary of NEM accessibility of thegsite cysteines in the Lhcb5 aggregate.
The color scheme is the same as in D.
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Figure 2.7 L18 has a strong tendency to be exposed on thacgudf the aggregate. (A) The
extent of wild-type and mutant Lhcb5 aggregategNl) resolubilized by 10 (white), 20 (gray),
and 40 (blackuM cpSRP43. The aggregates formed by L18-swappedntsuT M1-L18-TM2-
TM3 (LoopSwap (LS)) and TM1-TM2-TM3-L18 (C-termingfCterm)) can be rescued by
cpSRP43, although the LoopSwap mutant requiredt@ehiconcentration of cpSRP43. (B) NEM
accessibility analysis of residues in the wild-typggregates. Regions probed include the N
terminus (G50C), TM1 (A80C), loop 1 (N120C), L181@2C), and C terminus (A230C). (C)
and (D) NEM accessibility analysis of the samedess in the LoopSwap construct (C) and in
the C-terminal construct (D). Error bars in all pEnindicate S.D.
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Figure 2.8 Analysis of pyrene excimer fluorescence revealstmorphous aggregate core. (A)

Representative pyrene spectra for the homo-pai@Cl8ere recorded when it was solubilized in
6 M GdmHCI (black trace). Pyrene-labeled homo-paG7C and L180C after aggregate

formation in Buffer D show excimer fluorescenced(r@nd blue traces, respectively). Doubly
pyrene-labeled Lhcbh5 mutant V139C/L140C in Buffers@ved as positive control for pyrene

excimer fluorescence between residues in closermityx(orange trace). a.u., arbitrary units. (B)

The chart lists pyrene excimer fluorescence (18¥8) for all pairwise combinations (see

“Experimental Procedures”); excimer fluorescenceies between 0.21 and 0.29 are highlighted
in yellow, and valueg0.3 are in orange.
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exposed

Figure 2.9Model for the global organization of LHC proteimsthe aggregate. L18 is in red, the
TMs are in different shades of green, and the dthming sequences are in black. The shaded
region depicts the buried core of the aggregate.ckity, only one LHCP molecule in the

aggregate is highlighted.
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Supplementary Table 2.S1Inverse central linewidthAH™) and fraction alkylated by NEM of
individual Lhcb5 cysteine mutants upon aggregatemé&tion in Buffer D as graphed in Figures
2.6Cand2.6E respectively.

Residue Fraction Alkylated AH™ (Gausd)
A10C 0.99 £0.02 0.342
K20C 0.90 £0.02 0.223
L30C 1.00 £ 0.00 0.250
140C 1.00 £ 0.00 ND
G50C 0.88 £0.03 0.251
G60C 0.94 +£0.01 0.139
Q70C 0.47 £0.02 0.123
I75C 0.49 £0.07 0.118
A80C 0.40£0.01 ND
A85C 0.51+£0.04 0.112
Po0C 0.29 £0.07 0.141
C100 0.74 £0.09 0.209

V105C 0.66 £0.00 ND

G1l10C 0.44 £0.02 0.125

N120C 0.60 £0.03 0.125
L130C 0.25+£0.02 0.147

V135C 0.22 £0.05 0.111
L140C 0.30+£0.04 0.112

T150C 0.66 £0.03 0.127

H160C 1.00 £ 0.00 0.272

D166C 0.87 £0.02 ND
P167C 0.84 £0.01 ND

L170C 0.96 £0.05 0.340

L180C 0.90+£0.01 0.241

A185C 0.95+0.03 0.214

L190C 0.48 £0.08 0.116

M195C 0.19+£0.02 0.116
1200C 0.22 £0.02 0.112

V210C 0.81 £0.05 0.129
P220C 0.57 £0.05 0.132

A230C 0.58 £0.02 0.135
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Supplementary Figure 2.S1Sequence Alignment of LHCP and Lhcb5. Sequencenralent
using Clustal Omega shows conservation in LHCP lamtb5 sequences; annotations “*”, “.”
and “.” signify identical residues, conserved sitbBbn and semi-conserved substitution,
respectively. Color scheme of the amino acids aralqred), acidic (blue), basic (magenta) and
others (green). Green bars above sequences reptezesmembrane domains and red bars
represent the L18 motif. BLAST analysis shows LH&RI Lhcb5 share 49% identical amino
acids.
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Chapter 3

Mechanism of an ATP-Independent Protein
Disaggregase.
Part Il. Distinct Molecular Interactions Drive Mult iple

Steps during Aggregate Disassembly

A version of this chapter has been published as
Jaru-Ampornpan, P., Liang, F.C., Nisthal, A., Nguy€.X., Wang, P., Shen, K., Mayo, S.L.,

and Shan, S. (2013) Biol. Chem.288 (19), 13431-45.
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Abstract

The ability of molecular chaperones to overcome mthisfolding and aggregation of
proteins is essential for the maintenance of prgpetein homeostasis in all cells. Thus far, the
best studied disaggregase systems are the Clp/Bisfatfily of “ATPases associated with
various cellular activities” (AAA+) ATPases, whiallse mechanical forces powered by ATP
hydrolysis to remodel protein aggregates. An adteve system to disassemble large protein
aggregates is provided by the 38-kDa subunit of dhioroplast signal recognition particle
(cpSRP43), which uses binding energy with its salbstproteins to drive disaggregation. The
mechanism of this novel chaperone remains uncldare, molecular genetics and structure-
activity analyses show that the action of cpSRPa3 lne dissected into two steps with distinct
molecular requirements: (i) initial recognition,rohg which cpSRP43 binds specifically to a
recognition motif displayed on the surface of tlggragate; and (ii) aggregate remodeling,
during which highly adaptable binding interactiond@ cpSRP43 with hydrophobic
transmembrane domains of the substrate protein e@myth the packing interactions within the
aggregate. This establishes a useful frameworkderstand the molecular mechanism by which
binding interactions from a molecular chaperone lvarused to overcome protein aggregates in

the absence of external energy input from ATP.
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Introduction

Protein homeostasis is vital to all cells and nexguthe proper production, folding,
localization, assembly and degradation of all d¢atlproteins [1]. Crucial to the maintenance of
protein homeostasis is an elaborate network of éxwdbr chaperones’ [2-4], which prevents the
misfolding and aggregation of proteins by protegtexposed hydrophobic residues in non-
native states or unstructured regions and, in sceses, actively promotes protein folding [2].
However, under stress conditions, the folding capaaf the chaperone network could be
exceeded or impaired, leading to protein aggregaficspecial set of chaperone machineries, the
‘disaggregases’, plays a crucial role in rescuimgsé detrimental processes. The best-studied
disaggregases belong to the Hsp100 family: HsptOgast and ClpB in bacteria [5]. Both are
members of the ‘ATPases associated with variouslaelactivities’ (AAA")* superfamily that
assemble into hexameric ring structures [5]. Thlisaggregases use repetitive ATPase cycles
and, in collaboration with their co-chaperones, adat large protein aggregates via translocation
of the substrate protein through their central p¢ée8].

Despite the fascinating activity displayed by CldBp104, their homologues have not
been found beyond bacteria and yeast cells. Nesledgs, multiple lines of evidence indicate that
maintenance of protein homeostasis in mammaliafs g¢el critically dependent on cellular
programs to overcome the deleterious effects oteproaggregation [9]. Recently, it was
demonstrated that ATP-independent actions of thenmmalian Hsp110 and small heat shock
proteins can engage and facilitate the remodelingrotein aggregates in collaboration with
Hsp70 and Hsp40 homologues [10,11]. These obsengmBuggest that cells, especially higher
eukaryotic cells, have evolved alternative straggand mechanisms to rescue protein

aggregates.
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Recently, we described a novel disaggregase sysignoperates independently of ATP:
the 38-kDa subunit of the chloroplast Signal Redtogm Particle (cpSRP43) [12]. The substrates
of this chaperone belong to the light-harvestingordphyll a/b-binding (LHC) family of
proteins, which are delivered by the cpSRP from théoroplast stroma to the thylakoid
membrane [13]. The most abundant member of thislyairtHCP, comprises up to 50% of the
protein content in the thylakoid membrane andkislyi the most abundant membrane protein on
earth [13,14]. LHC proteins contain three hydropbdibansmembrane (TM) helices, making
them highly prone to aggregation as they travergee@us compartments in the cell [14,15].
Recently, we and others showed that the cpSRP48ngubf cpSRP acts as an effective
molecular chaperone for the LHC proteins [12,16ftriguingly, cpSRP43 also efficiently
reverses the aggregation of LHC proteins withoet thquirements for ATP hydrolysis or co-
chaperones [12,16].

cpSRP43 provides a valuable example of a hovebatd ATP-independent chaperones/
disaggregases that operates with energy deriveelysfiom binding interactions with its
substrate proteins. Understanding its mechanisractbn will provide valuable insights into
alternative principles and approaches that can &&d uo overcome protein aggregation
problems. An increasing number of examples speakthe¢ generality of this phenomenon.
Mitochondrial import stimulation factor (MSF) rewes the aggregation of mitochondrial
precursor proteins and restores their import inAdiP-independent mode [17,18]. Small heat
shock proteins play crucial roles in remodeling tpro aggregates and facilitate their
resolubilization by Hsp70/100 [10,19]. Cyclophilimeactivate the aggregates of adenosine

kinase [20]. ATP-independent disaggregase activii@ve also been reported in nematode and
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mammalian tissue [9,21,22]. However, the mechanigmwhich protein aggregates can be
disassembled based solely on a chaperone’s su#bbkinaling energy remains elusive.

Many questions arise in addressing these mechank&inst, what are the precise binding
interactions between cpSRP43 and its substrat@ips® Previous work has demonstrated a
specific interaction of cpSRP43 with a highly canseel 18-amino acid loop, L18, between TM2
and TM3 of LHC proteins [23,24]. However, the alilof cpSRP43 to prevent LHC proteins
from aggregation implies that it must also protéet hydrophobic TMs of the substrate protein.
Consistent with this notion, the binding affinitgtiveen cpSRP43 and full-length LHCP is at
least an order of magnitude higher than that fa& ti8 peptide [12,25]. Thus additional
interactions most likely exist between LHCP and RP83, but the nature of these interactions
remains to be determined. Second, how does cpSBs&ithese binding interactions to effect the
reversal of protein aggregation? Previous kinatialyses revealed that disaggregation is a
cooperative process during which multiple cpSRP4itenules recognize and actively remodel
the LHCP aggregate [12]. However, how the recognitand remodeling of the protein
aggregate was accomplished by cpSRP43 has bedveelus

By combining molecular genetics with kinetic arieerimodynamic analysis, here we
present evidence that the interaction of cpSRP48 kg substrate proteins is comprised of two
components: sequence-specific recognition of th& mbtif and highly promiscuous interactions
with hydrophobic TMs. These interactions enabletiis steps in the cpSRP43-mediated
disaggregation of LHC proteins: initial recognitiand subsequent remodeling and disruption of
the aggregate. The balance of these binding intersc with the energetics of packing

interactions within the aggregate dictates thecigdficy of the disaggregation reaction.
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Materials and Methods

Materials. To construct the LHCP TM mutants (Tal3.1), a pair of unique restrictic
sites was introduced into the expression plasmodding LHCPbefore and after the sequen
encoding TM1, TM2, or TM3. The sequences coding tfer TMs were replaced with PC
fragments encoding alternative TMs using the cpording restriction sites. TM deleti
mutants and Lhgpcysteine mutants were constructusing the QuikChange mutagene
procedure (Stratagene). cpSRP43, LHCP and itsntan@ere purified as describ[12].

Determination of Binding Affinity between cpSRP43 and Soluble Protein
Substrates.Two independent methods weused to determine the apparent dissociation catr
K& for cpSRP43ubstrate binding: (i)Prevention of LHCP aggregation by cpSRP
monitored by light scattering at 360 nm after -minute incubation of the substrate protein v
varying concentration®f cpSRP4[12]. The light scattering is linearly proportional tbe
concentration of LHCP except at very low concemdrat [12] [26]). The percentage of soluk
substrates (% soluble) was analyzed as a funcli@p®RP43 concentration. The data wert

to eql,

L e L A b

e, = | - I (1)

in which [L] is the LHC protein concentration and3] is the cpSRP43 concentration.
Fluorescence anisotropy, as described previo[12]. Briefly, all anisotropy measuremel
were conducted at room temperature using a Flugré-22 spectrofluorometer (Jobin Yvol
Fluoresceiniabeled LHCP or its viants (50 nM) weraliluted into buffer containing differel
concentrations of cpSRP43. The samples were exaitéd0 nm and the fluorescence anisotr

was recorded at 524 nm. The data were fit to eqn 2,
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in which Agpsgis the observed anisotropy vallA, is the anisotropy value without cpSRP.4A
is the total change in anisotropy, eKq is the equilibrium dissociation constant. TKy values
measured by these two methods produced consissults for the substra tested (Fig 2A

Thermodynamic and Kinetic Analyses of cpSRP43-Mdiated Disaggregation.
Disaggregation reactions were performed as preljalescribed12], with the exception th:
aggregate formation was alloweo proceed for 1 minute before the addition of cp&RPThe
observed light scattering intensity was normaliethat prior to the addition of cpSRP43. 1
disaggregation time courses were fit to an expaaluinction3,

A=A +4le 7 (3)

in which Ais the observed light scatterirAs is the amount of light scattering é— o, [JAIs the
extent of light scattering change, : kopsg iS the observed rate constant. The fract
disaggregatedK) were calculated aslJA/(CJA+Ag)]. The cpSRP43 concentration dependel
of the value oK were fit to ed4,

|43

=k .
T VIRRRYE FTe 4)
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in which Knax is the extent of disaggregation at saturating cp&REbncentrationKy, is the
concentration of cpSRP43 that enables 50% solaliin of the aggregates, aih is the Hill
coefficient.

Kinetic analysis was performed and analyzed asrithest previously[12] to obtain the
forward rate disaggregation rate constk;, from the observed rate coasts konsg EQ 3) and
the extent of disaggregatiok), The cpSRP43 concentration dependence ck; values was fit

to eq5,
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in which kg is the rate of spontaneous LHCP disaggregatioménalbsence of the chapero
(Kmy is the concentration of cpSRP43 required to achi@mlemaximal disaggregation rah is
the Hill coefficient, andknax is the disaggregation rate constant at saturatip§Re&4:
concentration.
For some of the irreversible mutants (rTable 3.4), neithethe reaction equilibriurnor
the kinetics showedetectable cooperative concentration dependenteseibre, the data we

fit to MichaelisMenten equations (e®6 and7),

ﬁ'. = ﬁ'.'un |4-I|
RN PR L] (6)
o |44
A= 'H"lu'\- Se o
:._.I"-.III I+ | -.lj'l (7)

Although direct evidencegemains to be obtained, the following strongly segs that the
formation of an initial recognition complex betweepSRP43 and LHCP aggregates is

compared to subsequent remodeling and disasserhlihe @aggregate. First, in all the bindi
experiments the cpSRPAMCP interaction is complete within the timescafemanual mixing
(<15 s), much faster than the overall disaggregataes. Second, given an affinity of +2vi

for the cpSRP43-18 motif interaction[12,25] and the ypical range of macromolecul
association rate constants {200° M?'s?), the dissociation rate constant of the recogn
complex would be in the range of— 200 &, much faster than the overall disaggrega
reaction. Together, these observatiouggest that the remodeling and disassembly of

aggregate is the ratmniting step in the disaggregation reaction. Thaere the cpSRP4
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concentration required to achieve half of the matimate of disaggregatio(Ky,, provides an
empirical measureof the average binding affinity of cpSRP43 to thgragate

Determination of the Energetics of Aggregate Formation.The energetics of packir
interactions that drive aggregate formatwere probed with sedimentation assay. Briefly, -
formed LHCP aggregates (10M) were resolubilized by various concentrations of GAmHC
urea for 30 minutes at 2%. The mixtures were centrifuged at 18,000 g fom@nutes, an
soluble (S) and pellet (P) fractions were visualizgy SD-PAGE. The intensity of th
Coomassie Blustained bands for the pellet and soluble fractiwase quantified using Imag
[27]. The data were fit to a twstate model (e8) analogous to that for protein foldi[28]

al = e W

Elsaoubiel =
IEYE

(8)
in which fraction soluble is calculated as [S/(S+R)]Jis the gas constant, and T is tempera
Usp is the urea concentration to achieve 50% solubtinandmis a constant of proportionality

Mathematical Analyses.Linear regression analysis wasrformed using Mathematic
to identify a weighted linear combination Usg and IrK4 values that best reprodiud the Irkmax
values in Table 4. This was carried out by idgmdg the global minimum for the scorit
function (e9):

T R N LT SR T ST )

LHCP Scanning Mutagenesis All molecular biology manipulations, including <directed
mutagenesis, transformation, and plating, wereopedd on a Tecan Freedom EVO lic-
handling robot (Nisthal and Mayo, manuscript ingamation). Constructs werequence verified
and rearrayed into master plates. These master plateedséo inoculate 10 mL volumes

Instant TB autoinduction media in -well plates. After overnight expression at 37 °Ge

hexahistidingagged proteins were purified under dering conditions. Cysteine scanning
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the L18 motif was carried out using QuikChange metesis (Stratagene). Single cyste
mutants of LHCP were analyzed using the light sciat) assay as described in the seci
Determination of binding affinity beeen cpSRP43 and soluble protein substr:

Plate-based Aggregation Prevention and Disaggregase Adty Assay. All LHCP
variants were normalized to 48M, and then diluted to §M in 384-well plates by the liqui-
handling robot. In the aggregaii previntion assay, either p@quimolar (5uM), or a 1:3 mola
ratio (15uM) of traditionally purified cpSRP43 was alreadyesgent in each reaction well. T
reaction was followed by absorbance at 360 nm #dodied to proceed for at least 20 minut
When measting disaggregase activity, the cpSRP43 conceatratras raised to a 1:6 mo
ratio (30uM) and added ~1 min after diluting the LHCP proteito aqueous buffer. Again, t
reaction was followed for 20 minutes by measurimg dabsorbance at 360 nm. Foth types of
assays, the first time point was measured ~5 mer afixing and the final time point was us

for data analysis. Percent chaperone activity imee as

LA | (10)

LI P LR
where the equimolar chaperisso value can be substituted for theysQAvalues of other
chaperone conditions. Relative chaperone actigitthen calculated by normalizing the perc

chaperone activity to the wt LHCP value for eackagplate
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Results

Bipartite Interactions of cpSRP43 with Soluble LHCR To identify binding
interactions of cpSRP43 with LHCP that are crutoalks chaperone and disaggregase activities,
we performed exhaustive alanine scanning mutagenesitHCP and assayed the chaperone
activity using automated protocols on a Tecan Fore&VO liquid-handling robot (Nisthal &
Mayo, manuscript in preparation). Residues in tbeserved L18 sequence between TM2 and
TM3 of LHCP were further mutated to glycine andimgs We tested the mutational effects on
cpSRP43’s interaction with LHCP by measuring thditgbof cpSRP43 to (i) bind and thus
prevent the aggregation of LHCP (Figures 3.1A,B arkD,E); and (ii) reverse existing LHCP
aggregates (Figure 3.1C and 3.1F). Most mutatiotsiade the L18 region, a conserved 18 amino
acid sequence, result in modest to marginal effentboth the prevention and disaggregation
activities of cpSRP43 (Figure 3.1A-C). On the othand, single mutations of every residue in
an FDPLGL motif in L18 had large deleterious effe(digure 3.1D-F), indicating that this motif
plays a crucial role in the ability of cpSRP43 tmd and chaperone LHCP. In contrast,
mutations in the remainder of the LHCP had modesnharginal effects (Figure 3.1D-F). An
independent cysteine mutagenesis scan of the Ld8esee yielded the same results (Figure
3.1G,H). These results extend previous studie2fl2and together, they show that cpSRP43
makes highly sequence-specific interactions withXDPLGX motif in the L18 sequence.

The absence of significant defects resulting fppomt mutations of the remainder of
LHCP (Figure 3.1A-C) suggests that the interactiohepSRP43 with the TMs of LHCP are
likely promiscuous. To provide independent evidefarethis notion and to further probe the
nature of cpSRP43’s interaction with the TMs of tubstrate protein, we constructed LHCP

variants in which the individual TMs are deletedsasapped. In addition, the TMs in LHCP were
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replaced with those from unrelated membrane prstamcluding the tail-anchored proteins
SERP1, Sec61b, and cytochromg(bable 3.1 for nomenclature and composition ofL&lCP
TM mutants used in this study). If the interactiafscpSRP43 with the TMs are sequence-
specific, these mutations should significantly mluhe ability of cpSRP43 to bind and
chaperone LHCP [12]. On the other hand, if theseractions arise from generic hydrophobic
interactions or backbone contacts, these TM replacés should not substantially disrupt the
chaperone activity. We quantitatively measureditineling interactions of the TM mutants with
cpSRP43 using two independent approaches: (i) biigyaof cpSRP43 to bind and thus prevent
the aggregation of LHC proteins, which providesoavenient measure for the apparent binding
affinity (K:") between this chaperone and the soluble LHCPEbilibrium titrations based on
changes in the fluorescence anisotropy of fluoiededeled LHCP upon its binding to
CcpSRP43 [12]. The values df{™ obtained from the two assays were comparable with
another (Figure 3.2A and [12]).

All the LHCP TM mutants tested could be efficigntbound and protected from
aggregation by cpSRP43 (Figure 3.2B-F), with edfigies that differ no more than five-fold
from wild-type LHCP. Some mutants, such/&BM3, SERP2 and Sec2, bound cpSRP43 with
even higher affinity than wild-type LHCP and arenbe more readily protected by this
chaperone (Figure 3.2B-D, green). Collectively, ik TM replacement mutants exhibit
moderate to high binding affinities for cpSRP43,ickhare 10-100 fold higher than that of
cpSRP43 for the isolated L18 peptide [25]. Thi®rsgty suggests that the hydrophobic TMs
contribute additional binding interactions with &f343. Further, these interactions are fairly

generic and highly adaptable, in contrast to thietst sequence-specific interactions of the L18
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motif. Finally, these results show that cpSRP43 pamtect a variety of aggregation-prone
proteins, as long as the L18 motif is present tvigle specific recognition.

A Quantitative Framework to Analyze cpSRP43-Mediatd Disassembly of LHC
Aggregates To understand how the binding interactions fromRP&3 are used to drive the
disassembly of LHC aggregates, it is crucial talgsth a quantitative framework that describes
the energetics of the individual steps of this tieac The disaggregation reaction mediated by
cpSRP43 can be studied under single turnover dondi{28], minimizing complications from
multiple turnover and facilitating interpretatiohaata. Both the kinetics and equilibrium of this
reaction exhibit saturable cooperative concentnadiependences (Figure 3.3A,B; [12]), strongly
suggesting that the reaction involves at least $teps: (i) a higher-order step dependent on
cpSRP43 concentration, presumably the assemblyretagnition complex’ between cpSRP43
and the aggregate (Figure 3.3C, step 1); followediip a unimolecular step independent of
chaperone concentration, presumably involving #raadeling and disruption of the aggregate
to generate resolubilized LHCscpSRP43 complexegufiei 3.3C, step 2). Important parameters
can be extracted from these data to empiricallpntepn the energetics of these steps (Figure 3.3
& Table 3.2). Assuming that the initial recognitistep is fast compared to the subsequent
remodeling steps (see Methods), the cpSRP43 caatient required to achieve half of the
maximal disaggregation rate provides an empiricahsare for the average binding affinity of
cpSRP43 to the LHC aggregate (Figure 3.3A,C andeTal2,(K)). The Hill co-efficient,h,
denotes the minimum number of cpSRP43 moleculdsctiaperatively act together to disrupt
the aggregate (Figure 3.3C and Table 3.2). The mmxrate of disaggregation at saturating
chaperone concentratiokya, Mmeasures the energetic barrier for remodelingdasiipting the

aggregate once the initial recognition complexdamfed (Figure 3.3A,C and Table 3.2). In
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equilibrium measurements, the fraction of LHC pirtderesolubilized at saturating cpSRP43
concentrationsKmax reports on the extent to which the interactioesvMeen LHC and cpSRP43
overcome the forces that stabilize the aggregateallff, at a sub-saturating cpSRP43
concentration, the observed kinetics and equilibriof LHC resolubilization Kipp and Kapp
respectively) measures the overall barrier to rehehtransition state and the final cpSRP43-
LHC complex, respectively.

To provide independent evidence that the disaggi@y reaction can be experimentally
dissected into distinct steps and to probe the cotde determinants that underlie each step, we
characterized mutant cpSRP43 or LHC proteins thetibé different defects in the
disaggregation reaction. Below, we present eviddoncawo distinct classes of mutants that
uncouple the initial recognition of the protein eggate from its subsequent remodeling and
solubilization, and for the distinct molecular detenants and interactions that underlie these
steps.

Interaction with the L18 motif is essential for initial recognition of the aggregateIn
the preceding paper [26], the results of both ebectparamagnetic resonance (EPR) and
chemical modification experiments showed that inCLEggregates, the hydrophobic TMs are
buried in the interior whereas the L18 motif ispdiésyed on the exterior. These results suggest an
attractive model in which cpSRP43 could recogniee It18 motif presented on the surface of
the aggregate, initiating its action as a disagageg If this were the case, mutant LHC or
cpSRP43s that specifically disrupt the L18-cpSRRdt&raction would impair the initial
recognition of the aggregate, exhibiting defects disaggregation at low chaperone
concentrations. As binding is a higher-order precele defects of these mutants could be

overcome when a sufficiently high chaperone comeéinh is used to drive the initial binding.
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To test this hypothesis, we examined how mutatianthe L18 motif of LHC or in the L18-
binding sites of cpSRP43 affect the efficiency saggregation.

We identified two mutations in the L18 motif of ¢y (a close homologue of LHCP),
H160C and L170C, that weaken substrate binding etS§RP43. Equilibrium binding assays
showed that wild-type Lhgbbinds tightly to cpSRP43, withkg"™ value of 10 nM, whereas
mutants H160C and L170C exhibited weakened bindivith K™ values of 30 nM and 1.1
mM, respectively (Figure 3.4A and Table 3.3). Remgally, mutation of Argl61 in cpSRP43
(R161A), which provides an important hydrogen bgrattner with L18 [25], significantly
reduces the binding affinity of cpSRP43 to LHCR® = 1.2 mM, compared to 138 nM with
wild-type cpSRP43; [12]).

Consistent with defects in recognition of the LH@&gygregate, mutant cpSRP43-R161A
exhibited severe defects in the reversal of LHCBregptes at low chaperone concentrations
(Figure 3.4B, magenta vs. blacKable 3.3 Kapp andkap). However, when the concentration of
the mutant chaperone was raised to compensatéddoihding defect, cpSRP43-R161A could
reverse LHCP aggregation. At saturating chaperameantrations, close to 50% solubilization
of the aggregate could be attained (Figure 3.4Bgemt@a and Table 3.3). Analogously, the
aggregates formed by the LRclnutants, H160C and L170C, exhibited defects in the
disaggregation reaction that can be rescued byehighSRP43 concentrations (Figure 3.4C,D
and Table 3.3). At saturating chaperone conceafrsti the equilibrium and kinetics of
disaggregation with the mutant aggregates are nvittvo-fold of those of wild-type Lhcb5
(Figure 3.4C,D and Table 3.3). Finally, all threatamts exhibited much higher values'f,) in
the disaggregation reaction compared to the witek-tgrotein (Figure 3.4 and Table 3.3), which

correlated with their reductions in substrate bigdaffinity (Figure 3.4A and [12]). Together,
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these results showed that L18 binding is a keyirement for the initial recognition of the
aggregate by cpSRP43; further, this recognitiomewan be uncoupled from the subsequent
concentration-independent step(s) in the disaggjoegeeaction.

A Class of LHCP TM Mutants Specifically Blocks theDisaggregation ProcessSince
the LHCP TM mutants contain intact L18 motifs, th@gvide a collection of substrates to probe
for additional molecular requirements that underipSRP43's disaggregase activity.
Surprisingly, although all the TM mutants can bdicefntly bound and prevented from
aggregation by cpSRP43 (Figure 3.2), they exhiloiking differences in the thermodynamics
and kinetics of the disaggregation reaction (Figlie and Table 3.4).

The aggregates formed by some of the TM mutardghbty those oATM3, SERP2,
Sec2 and Cyb2, showed disaggregation kinetics Hmuieacies that are comparable to or even
higher than that of wild-type LHCP (Figure 3.5A-Hhda Table 3.4, green). Notably, the
aggregates formed by a group of mutants, especially3, ATM2, 1-2-2, and 1-3-2, were
virtually irreversible even when saturation in djgeegation rate constants has been reached at
high cpSRP43 concentrations (Figure 3.5A-H and &8b4, red). To a lesser extent, mutants 1-
2-1 andATM1 also exhibited significant reductions in thesatigregation rates even when
saturation was reached at high cpSRP43 concemtsaffeigure 3.5 E-H and Table 3.4). In the
aggregate formed by all these mutants, the L18fn®tighly accessible and solvent-exposed
(Figure 3.6A-C); this and the observation that Htan in disaggregation kinetics can be
reached with these mutants indicate that theiraiefeould not be accounted for by the inability
of cpSRP43 to recognize the aggregate. In additiosubstantial reductions in the maximal
disaggregation rates, the disaggregation reacfitilese mutants lost cooperative dependence on

cpSRP43, further supporting a specific defect ie #bility of cpSRP43 to remodel and
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resolubilize the aggregate. Together, these reputtade strong evidence for the presence of an
additional ‘remodeling’ step in cpSRP43’'s disagge® mechanism, whose molecular
requirements are distinct from the initial recogmtstep.

The Irreversible LHCP TM Mutants Form Ultra-stable Aggregates Unlike the L18-
binding mutants, the irreversible LHCP TM mutards bind reasonably well to cpSRP43. What
caused their defects in disaggregation? The eedubdm chemical modification and EPR
experiments showed that the TM segments are burgdde the aggregate and engage in strong
interactions [26]. We hypothesized that the intepeacking interactions within the aggregates
are altered in these TM mutants, which could preksgmer barriers for cpSRP43 to remodel and
disrupt the aggregate. To test this hypothesis, pn@bed the energetics of the packing
interactions that stabilize the aggregate by qtetivtely analyzing its solubility in chemical
denaturants. Using the sedimentation assay, we eshdalat both guanidinium hydrochloride
(GdmHCI) and urea could effectively solubilize th&ICP aggregate in a concentration-
dependent manner (Figure 3.7A). Quantification loé amount of solubilized LHCP as a
function of urea concentration gave an aggregateb#iazation curve analogous to protein
unfolding curves (Figure 3.7B-E; [28]). Based ortwa-state model, quantitative analyses of
these data yielded information about the energetfcgansfer of LHCP from urea to water
(AG®) and the urea concentration required to ach&¥8% solubilization (Table 3.4, dy see
Methods). These parameters provide quantitativeiresap measures of the energetics of the
internal packing interactions that drive aggredatsation.

The aggregates formed by the LHCP TM mutants ébetita wide range of stabilities,
with Usg values ranging from 2.5 to 5.7 M (Figure 3.7B-E @hdlable 4). Notably, the four

‘irreversible’ mutants that could bind cpSRP43 lutose aggregates could not be efficiently
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resolubilized exhibited the highestd¥yalues (4.7-5.7 M; Figure 3.7B-E and Table 3.4).réd
contrast, some of the mutant aggregates that are raadily re-solubilized by cpSRP43, such as
ATM3, displayed the lowest 4dvalues (2.5-3.3 M; Figure 3.7B and Table 3.4, gre€hese
results strongly suggest that the internal packirigractions within the aggregate provide a
crucial barrier to the efficiency with which cpSRPdan disrupt protein aggregates.

Linear Free Energy Analysis to Probe the Energeti©eterminants of Disaggregation
Efficiency. The collection of LHCP TM mutants, which displayvale range of disaggregation
efficiencies and kinetics (Table 3.4), further aleml us to systematically probe the contributions
of different molecular features and the naturehef tate-limiting remodeling complex (Figure
3.3C, 1) during the disaggregation reaction. Te #nd, we evaluated how the maximal rate of
disaggregationkf,,,) correlates with the two energetic parametersreat varied in this set of
mutants: (i) the binding affinity between cpSRP48] @he solubilized LHCP K:"), which
ultimately drives the disaggregation reaction; é&jdhe energetics of packing interactions that
drive aggregate formation €k), which must be overcome by cpSRP43 during dissgggion. A
strong correlation was found between the maximsdgljregation rate constant and a weighted
combination of the &) andk™ values (Figure 3.8A, R= 0.96), but not with either of the
parameters alone (data not shown). This correlatoongly suggests that once a recognition
complex is formed, the competition between the parknteractions that stabilize the aggregate
and additional binding interactions that cpSRP43aléshes with the TMs of LHCP dictates the
resolubilization of the aggregate. Finally, two thle mutants,ATM1 and ATM3, exhibit
significant deviations from this correlation (FiguB.8A, blue), suggesting preferences in the
disaggregation pathway by cpSRP43 that are notuated for by these two parameters (see the

Discussion).



103

Analysis of the relationship between the equilibriand rate constants of disaggregation
provided further insights into the nature of theedamiting remodeling complex (Figure 3.3C,
1). At a subsaturating cpSRP43 concentration (chasd M), the free energy barrieyAG ~
In Kapp and the activation barrieAAG* ~ In Kapp Of the disaggregation reaction showed an
excellent linear correlation for the entire setLéfCP mutants (Figure 3.8B), giving a slope of
[J=73 Analogous to thel-value analysis of protein folding [28], this cdation could be used to
infer the nature and structure of the transiti@teselative tothe substrate (the LHCP aggregate)
and the product (the solubilized LHCP+cpSRP43 cexjpbf the reaction. The observation of an
_I-value that approaches unity implies a fairly lagnsition state and strongly suggests that, in
the rate-limiting remodeling complex, a substantiattion of packing interactions within the
LHCP aggregate are disrupted and those with cpSRRA®rmed, albeit not to the same extent

as those in the resolubilized cpSRP43-LHCP complex.
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Discussion

cpSRP43 provides an example of a novel class apperiones that can effect the reversal
of insoluble protein aggregates based solely on-&tlependent binding interactions with its
substrate protein. The simplicity of this systenmke®it an accessible model system to delineate
the molecular mechanisms as well as the capabditg limitations of ATP-independent
disaggregases. Here, mutational analyses reveagdctl sets of binding interactions that this
chaperone establishes with its substrate protéingher, molecular genetics combined with
thermodynamic and kinetic analyses allowed us &setit the molecular steps during the
cpSRP43-mediated disaggregation reaction and mediktinct molecular requirements and
interactions that underlie each step. These resudtebined with previous work [12,26], led us
to propose a two-step working model for the actadncpSRP43 as a protein disaggregase
(Figure 3.9A).

Bipartite interactions of cpSRP43 with substrate potein. Previous work has
established a specific interaction of cpSRP43 WwitB, a conserved and relatively hydrophilic
segment between TM2 and TM3 of the LHC family adtpins [23-25]. The mutagenesis results
here further demonstrated that this interactioiegalized to the most conserved FDPLGL motif
within L18, emphasizing the highly specific natwfethis recognition. This is consistent with
crystallographic observations in which DPLG wasnfduo form a ‘turn’ that wraps around
Tyr204 of cpSRP43, whereas the side chains ingh®winder of the L18 peptide were not well
resolved [25]. Nevertheless, the ability of cpSRRd3Protect LHC proteins from aggregation
implies that additional interactions must existvesn this chaperone and the hydrophobic TMs
on its substrate proteins. Although the preciseif(spthat mediate these additional interactions

remain to be determined, the results here demaedtrat cpSRP43’s interactions with the TMs
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are highly promiscuous, enabling it to bind andpsrane a variety of substrate variants in which
the TMs were removed or replaced. Some of the mthstvariants could be bound and

chaperoned by cpSRP43 even more effectively thad-tywpe LHCP. Together, these results
establish two important components of cpSRP43'slibgn interaction with substrate protein:

highly specific recognition of the FDPLGL motif the L18 segment, and generic hydrophobic
interactions with the TMs of the substrate protéiait are highly adaptable. As discussed below,
these two sets of binding interactions contributedistinct stages in cpSRP43’s action as a
disaggregase.

Different binding interactions drive distinct stages of cpSRP43’'s disaggregase
activity.

1. Recognition of the aggregate (Figure 3.9A, si¢pTo initiate the disaggregation
reaction, cpSRP43 must first recognize and enghgel HC aggregates. Although additional
interactions cannot be excluded, an attractive a@sim to drive this initial recognition is the
binding of cpSRP43 to the L18 motif, which is despgdd on the solvent-accessible exterior of the
LHC aggregate (Figure 3.9A, step 1). In supporthigs model, mutant proteins that disrupt the
interaction of cpSRP43 with the L18 motif exhibefects in disaggregation at low cpSRP43
concentrations and require much higher chaperoneertrations to reach saturation (Figure
3.9B, AAG;). Consistent with a specific defect of these mistam a binding step, their defects
could be overcome by increasing the chaperone otrati®n, such that the maximal rate and
efficiency of the disaggregation reaction with #esutants are within two-fold of that of the
wild-type protein (Figure 3.9B).

Intriguingly, the values ofK,,), which provide a proxy for the binding of cpSRRd43he

LHCP aggregate, are considerably weaker than tidig of cpSRP43 to the L18 peptide [25]
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and, with the exception cATM1, vary from ~6 to 16 uM across the different TiRutants
(Table 3.4, white and green). On the one hand,viduigtion is much smaller than the up to 50-
fold changes in the binding affinity between cpSBR#d the soluble substrate protein (Table
3.4, Ki™), supporting the notion that interaction with 8 motif is a major driving force for
the initial recognition step and is less sensitiverariations in the TM segments of LHCP. On
the other hand, such variation, though modest,dcaat be explained by the simplest model in
which the recognition step is equivalent to intécacof cpSRP43 with an isolated L18 peptide.
It is possible that the L18 motif is presented iiifiedent configurations on the aggregates formed
by the different TM mutants, which could cause tiserved variations. Consistent with this
possibility, EPR experiments showed that in theregate, spin probes in the DPLG motif
exhibit much lower mobility than the remainder b&tL18 sequence [26], suggesting that this
motif might contact the remainder of the aggregatd needs to undergo a rearrangement in
order to interact with cpSRP43. Additional struaetuor sequence elements presented on the
aggregate surface could also be recognized by cp®ReEonsistent with this possibility,
cpSRP43 crosslinks to residues at the N-terminuBMB [29]; this segment is also exposed on
the surface of the LHC aggregate [26] and avail&drieecognition by cpSRP43.

2. Remodeling and disruption of the aggregate Feg3.9A, step 2)The class of
‘irreversible’ TM mutants (Table 3.4, red), whichxhébits severe defects in maximal
disaggregation rate constankg4y), provides strong evidence for a distinct remouglstep in
the disaggregation reaction (Figure 3.9A, stephak thas different molecular and energetic
requirements to the initial recognition step. ASB®P43 effectively prevents the aggregation of
these mutant LHCPs, the defects of these mutantliseggregation are most likely kinetic,

rather than thermodynamic in origin. Further, tihseyvation that all the ‘irreversible’ mutants
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form significantly more stable aggregates than asyjoe LHCP (Figure 3.9CAAG,y9 strongly
suggests that the packing interactions within tlggre@gate present a major barrier for
disaggregation (Figure 3.9Gmax >> kmay, and that these packing interactions need to be
substantially disrupted in the rate-limiting remtoag complex (Figure 3.8A, species in bracket).

Additional insights into the remodeling step areyided by analyses of the entire series
of TM mutants, which display a wide range of birglimteractions with cpSRP43, packing
interactions within the aggregate, and kineticglishggregation. In this series of mutants, the
best predictor for disaggregation kinetics is pded by a combination of two energetic
parameters: the packing interactions within theragate (o) compensated by the available
binding interactions between cpSRP43 and solubilit¢iCP (K; Figure 3.8A). This
correlation is striking, and implies that the tiéiog state (or rate-limiting remodeling complex)
for the disaggregation reaction involves substamgiebal disruption of the aggregate. Further,
these disruptions are compensated by the estaldighof additional binding interactions of
cpSRP43 with the TMs of the dislodged LHCP molesuke notable example of the latter is
SERP2, which forms an aggregate with & Walue comparable to wild-type LHCP, 1-3-3 or
Cyb2, but displays the fastest disaggregation kiseds cpSRP43 establishes the strongest
binding interactions with this mutant. Togetheredé results strongly support the model that,
once cpSRP43 recognizes and ‘latches’ onto the Lid@dtegate, the competition between its
binding interactions with the TM segments of LHCBIlacules and the packing interactions that
stabilize the aggregate dictates the efficienchefdisaggregation process.

1 value analysis, which compares the extent to winchations affect the barrier to
reach the transition state vs. that to the reslihgioi cpSRP43-LHCP complex, provided

additional insights into the nature of the rateing remodeling complex during the
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disaggregation process. Thevalue of 0.73 observed here rules out early~ 0) transition
states and suggests a fairly late structure forrabelimiting remodeling intermediate [28], in
which a substantial portion of the packing intei@att within the LHCP aggregate is disrupted
and significant binding interactions with cpSRP48/d been established. A slightly alternative
model, which takes into account potential hetereggnin the action of cpSRP43, is that
cpSRP43 disrupts the packing interactions at cefaits of the aggregate more extensively than
at others, giving rise to. anvalue less than unity. As formation of the aggtega a highly
cooperative process [26], it is conceivable thaeesive disruption at multiple parts of the LHC
aggregate could lead to the collapse of the netwbikacking interactions that drive aggregate
formation (Figure 3.9A), thus leading to its soligation.

Perspective The analyses here established two key requirenfentisow a chaperone
can use binding interactions to reverse a protggremate. First, the chaperone must efficiently
recognize and latch onto the target aggregateugfwranteractions with structural or sequence
motifs displayed on the exterior of the aggreg&econd, the chaperone must effectively
compete with and replace the internal packing au#ons of the aggregate, by interacting with
and protecting the segments of the substrate prdteried in the interior of the aggregate.
Although the specifics of each system differ, thegaciples may be generalized to other ATP-
independent chaperones that participate in oriffiaiglprotein disaggregation processes.

Nevertheless, these do not represent all the mialeteatures in the cpSRP43-mediated
disaggregation reaction. Most notably, mutaniBM1 and ATM3 are clear outliers in the
correlation analysis (Figure 3.8A, blue square$lese deviations imply that factors in addition
to the two parameters explored hergg(BhdKgy) contribute to the disaggregation reaction, and

suggest preferred pathways in the action of cpSRP4B example ATM3 forms the loosest
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aggregate and can bind cpSRP43 tightly, but its cdtdisaggregation is significantly slower
than that expected from these considerations. @duplith the observation that N-terminal
residues of TM3 are also highly accessible on tggregate [26] and can contact cpSRP43 [29],
this raises the intriguing possibility that cpSR8ferentially exerts its action on TM3 during
the remodeling process to most effectively disthptaggregate. In contraaffM1 forms one of
the tightest aggregates and has weaker bindingasttens with cpSRP43, yet its maximal rate
of disaggregation by cpSRP43 far exceeded whatdvoeilexpected based on these parameters.
This led us to speculate that TM1 is not a pretersge of action of cpSRP43 during the
disaggregation process. Finally, despite theseatiews, the aggregates formed by both of these
mutants and by ‘hybrid’ substrates containing TMsnf unrelated membrane proteins are
efficiently reversed by cpSRP43, demonstrating&mearkable adaptability of this chaperone.

It is noteworthy to compare the mechanism of aggpe remodeling by cpSRP43 to that
of the ClpB/Hsp104 disaggregases. Much of the hisignto the action of ClpB/Hspl104 are
based on analogy with the ClpAP/ClpXP proteasesviich use cycles of ATP binding and
hydrolysis to drive repetitive movements of thesttdite binding loops, forcing the polypeptides
through a constricted pore in the hexameric assetdl thus unfolding the substrate protein.
By analogy, ClpB/Hsp104 could use ATPase cyclesiriee translocation of a polypeptide,
extracting it out of protein aggregates [30,31].this mechanism, each disaggregase machine
can locally sever an aggregate without disrupting temainder of the aggregate. This is
consistent with the observation that local, ratthean global, structure and stability near the
recognition sites dictate the efficiency of ClpApRI[32,33], and with the ability of Hsp104 to
generate more amyloid fragments and thus promotdoanpropagation [34,35]. Although the

precise molecular details remain to be elucidatedresults suggest that cpSRP43 acts globally,
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rather than locally, on the protein aggregate. fidte-limiting step in the reaction pathway of
cpSRP43 involves the generation of a late interatedn which the packing interactions within
the entire aggregate are extensively disrupted ahidh requires the cooperative action of
multiple cpSRP43 molecules. Conceivably, in theeabe of external energy input, individual
cpSRP43 molecules cannot compete with the packitgractions inside the aggregate and
extract a soluble LHC molecule from it. Instead,ltiple chaperones collectively disrupt and
collapse the entire aggregate (Figure 3.9A). Tisaillte here provide a valuable framework to
probe the capability, effectiveness, and limitasionof this alternative ATP-independent
chaperone mechanism, and to understand the desmgpges by which binding energy can be

used to overcome the problems of protein aggregatio
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TABLE 3.1 Description of the LHCP TM mutants.

MRESATTEEV ASSGSPWYGP DRVEYLGPFS GESPSYLTGE FPGDYGWDTA GLSADPETFS,,

ENRELEVIHS EWAMLGALGC VFPELLSENG VEFGEAVWFE AGSQIFSEGG LDYLGNPSLV, .,

TM1
HAQSILAIWA TQVILMGAVE GYRIAGGPLG EVVDPLYPGG SFDPLGLADD PEAFAELKVK,,,
™2 L18
ELKNGRLAMF SMFGFFVQAT VTGKGPLENL ADHLADPVNN NAWSYATNFV PGK,.,
TM3
Construct LHCP TM Replaced by Sequence of the TM Replacement
Replaced TM from

WT N/A N/A -
ATM1 T™M1 - -
ATM2 T™M2 - -
ATM3 T™M3 - -
1-1-3 TM2 LHCP TM1 PETFSKNRELEVIHSRWAMLGALGCVFPELLSRNG
1-3-3 TM2 LHCP TM3 PEAFAELKVKELKNGRLAMFSMFGFFVQAI
SERP2 TM2 SERP1 ASVGPWLLALFIFVVCGSAIF
Sec2 TM2 Sec61b VPVLVMSLLFIASVFM
Cyb2 TM2 Cytochrome b5 NSSWWTNWVIPAISALIVALMY
1-2-1 TM3 LHCP TM1 PETFSKNRELEVIHSRWAMLGALGCVFPELLSRNG
1-2-2 TM3 LHCP TM2 SILAIWATQVILMGAVEGYRIA
SERP3 TM3 SERP1 ASVGPWLLALFIFVVCGSAIF
132 TM2, LHCP TM3, PEAFAELKVKELKNGRLAMFSMFGFFVQAI

TM3 LHCP TM2 SILAIWATQVILMGAVEGYRIA
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TABLE 3.2 Thermodynamic and kinetic parameters in the dissgggron reaction.

Parameter Definition Assay Equation®

(K cpSRP43 concentration that achieves Disaggregation 5
half maximal rate of disaggregation

h Hill coefficient Disaggregation 5

Kimax Maximal disaggregation rate constant at Disaggregation 5
saturating cpSRP43 concentration

Kmax Maximal fraction disaggregated at Disaggregation 4
saturating cpSRP43 concentration
Kapp Rate constant of disaggregation at a Disaggregation 5

sub-saturating cpSRP43 concentration

Kapp Fraction disaggregated at a Disaggregation 4
sub-saturating cpSRP43 concentration

K 3PP Apparent dissociation constant of the 1. Prevention of aggregation 1,2

soluble cpSRP43.LHCP complex 2. Fluorescence anisotropy

Uso Urea concentration required for 50% Sedimentation 8
re-solubilization of the aggregate

'Reference to equations in Methods.
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TABLE 3.3 Summary of the thermodynamic and kinetic parametd the L18-binding
mutants.

Construct K2 (nM)  (Km)(M) Kmax Kb Kmax(S™) Kok ()
cpSRP43 R161A 1260 >5( >0.40¢  0.02 N.D. N.D.
Lhchs 10 8.8 1.06 0.51 0.029 0.0042
Lhchs H160C 30 64 0.85 0.12 0.025 0.0021
Lhchs L170C 1100 >90 >0.35%  0.03 >0.014 N.D.

Values reported are from Figure 3.1. N.D. = noedatned.
!previously determined by fluorescence anisotrof@y.[1
“denotes the values at the highest cpSRP43 contientused.
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TABLE 3.4 Summary of the thermodynamic and kinetic parametetise LHCP TM mutants.

Substrate  Kmax  Kapp  <Ke>(®M) Kimax(5™) Kabo' (s K& (M) Ugg(m)

WT 0.98t0.02 0.70t0.05  8.8t4.1 2.90.5 0.0420.005 0.00680.001 11%3 3.8:0.2

1-3-3  1.01+0.04 0.72t0.08 11.741.1 1.80.1 0.0680.006 0.00980.001 14434 3.70.1

SERP3 1.19t0.10 0.33t0.03 12.2+1.9 2.6t0.4 0.025+0.005 0.00210.0003 20751 4.0:0.1

1-2-1  0.95:0.01 0.080.01 156t0.3 4.60.4 0.00920.002 0.001%0.0001 234t16  4.4t0.3

ATM1 0.97#0.02 0.13:0.04 42515 1.605 0.053+0.021 0.00120.0002 41376 4.70.0

SERP2 1.05t0.03 0.96t0.04 g85+1.3 2.3t0.2 0.25+0.04 0.042:0.009 o5 3.50.1

ATM3 1.010.02 0.950.03 5707 2.40.3 0.11+0.013 0.033-0.009 26t12 2.5t0.1

Sec2  1.09t0.02 0.8%0.01 6t0.5 2.9t0.3 0.0880.008 0.0170.005 36t17 3.3t0.1

Cyb2 1.12t0.11 0.66t0.04 68:0.4 3.6+0.5 0.056+0.004 0.0086:0.001 5124 3.6t0.2

N.D. =not determined. Values reported are averega fwo or more independent experiments + standard
deviation.

* denotes mutants that are fit with the Michaelis-Menequation (eqs 6 & 7 in Methodg).., values
were estimated for these mutants as the obsergadgtiegation rate constants reached saturatidre at t
highest cpSRP43 concentrations. Accutitg values could not be determined due to the extiesielv
reaction of these mutants at low cpSRP43 concémisgtand are hence not reported.

N/A = not applicable.
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Figure 3.1 cpSRP43 makes highly sequence-specific interaxtiath the FDPLGL motif in the
L18 sequence. A-F, alanine-scanning mutagenesitheofentire LHCP (A-C), and alanine-
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glycine-, and lysine-scanning mutagenesis withie tt18 sequence of LHCP (D-F). The

aggregation prevention activity of cpSRP43 was yas$at 1:1 (A and D) and 1:3 (B and E)

molar ratios of LHCP to cpSRP43. aa, amino acidgt, mutant. In C and F, the disaggregase
activity was measured at 1.6 molar ratio of LHCPcpBRP43. All assays were performed in
384-well plates using a Tecan Freedom EVO liquideiag robot, as described under

“Experimental Procedures.” G and H, single-cysteinbstitutions at individual residues in L18

were tested for their ability to prevent the aggtesn of LHCP (G) and to resolubilize existing

LHCP aggregates (H). In G, a 1:1 ratio of cpSRPA®@ BHCP was used. In H, a 5:1 ratio of

cpSRP43 relative to LHCP (in aggregates) was used.
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values of all the LHCP TM mutants characterizethis study. Values oK 3" were determined
by a combination of light scattering and fluoreszeanisotropy assays.
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wild-type LHCP (black) were shown as a referenceashparison in all four sets. The data in A,
C, E, and G were fit to Equation 4 (black, blued @meen) or Equation 6 (red) to obtddpax
values and extracK;‘gg” values at 4uM cpSRP43. The data in B, D, F, and H were fit to
Equation 5 (black, blue, and green) or Equationed)(to obtairkmax (Kn), andh values and to
extract k;‘glg" values at 4uM cpSRP43. All the thermodynamic and kinetic pargare were
reported in Table 3.4.
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Figure 3.6 Time courses for the alkylation reactions of cysteresidues in the L18 shows
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subjected to intact protein mass spectrometry #seimccompanying manuscript [26].
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The data were fit to Equation 8 (see “ExperimeRmalcedures”) and gavesgvalues (Table

3.4).
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linear fit to the data (R= 0.96).ATM1 andATM3 (blue) were marked as outliers and were not
included in the correlation. (B) value analysis of LHCP disaggregation. The vabfds,,,and
kapp Were calculated from fits of disaggregation edpuilim and kinetic data to Equations 4 and 5
(“Experimental Procedures”), respectively, and tbacentration of cpSRP43 was chosen at 4
mM. Linear fit of the data (black line,”’R 0.98) gave a slope!(value) of 0.73.
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Figure 3.9 A, Working model for cpSRP43-mediated disaggregatieaction. Step 1 depicts
initial binding of cpSRP43 (magenta) to the LHCPgragate (green), which occurs via
recognition of the solvent-exposed L18 motif (re8jep 2 depicts the cooperative action of
cpSRP43 molecules to compete with and disrupt #lo&ipg interactions between the LHCP TM
segments within the aggregate, leading to its udslatation. B and C, qualitative free energy
diagrams summarizing the effects of the L18-bindimgants that disrupt the initial binding step
(B) and the irreversible TM mutants that disrupt iemodeling step (C), as described under
“Results.” The figures are not drawn to scale.
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Chapter 4
Mitigating Protein Aggregation:
Towards the Application of cpSRP43 as a Versatile

Chaperone for Membrane Protein Systems
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Abstract

In recent biochemical studies, the chloroplasn&idRecognition Particle 43 (cpSRP43)
has been shown to possess robust molecular cha&paotinity in preventing and reversing the
aggregation of its cognate substrate, the protbgisnging to a family of light-harvesting
chlorophyll-a/b binding (LHC) proteins. Additionally, it has beégpothesized that cpSRP43'’s
chaperone function is rooted in its tight bindirifinaty to the recognition motif (L18) in LHCs
that is specific, and additional hydrophobic cotgagith the substrate that is more generic. Here,
we show preliminary data to suggest that cpSRP4$eione activity can be extended to
alternative substrates unrelated to the naturakaction. First, we show cpSRP#8vitro can
reverse the aggregation of LHC swap mutants whenestnembrane segments of unrelated
proteins have been swapped to replace that of ydd-LHC. Second, we show the potential of
implementing the co-expression of cpSRP43 and “lafgying” as a strategy to improve the low
yield of membrane proteins in the bacterial expogssystem. Lastly, we demonstrate that
cpSRP43 inhibits the fibrillization of amyloid betseptide (A1.40). These results attest to
cpSRP43’s potential as a molecular chaperone amddas the impetus for further engineering

endeavors to address problems that stem from pratgregation.
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Introduction

The maintenance of functional proteins is handlgdhe protein homeostasis network
that ensures the proper folding of proteins, teafinascent proteins to their cellular destinations
and clears them at the end of their life cycle2][1The working of this network is essential for
the survival of the cell. Failure at any step aldhg network not only deprives the cell of
functional proteins, as proteins are misfolded nactive conformations or mis-localized, but
may also lead to cellular toxic protein aggregati®notein misfolding and aggregation are
associated with a wide spectrum of human diseasest notably those of the amyloidosis
family such as Alzheimer’s and Parkinson’s disd8%e

Since its conceptualization in 1987 by R. JohnsElthe class of proteins known
collectively as molecular chaperones has been showpreempt and sometimes reverse the
phenomenon of protein aggregation [1,4,5]. A paléicsubsection of this family has been found
to traffic membrane proteins in their post-transial form [6-8]. These membrane proteins are
often highly hydrophobic proteins that must traeettsrough an aqueous cytosol before arriving
at their lipid environment. Throughout this procets® membrane proteins must be efficiently
chaperoned to prevent the aberrant protein-pratearaction that leads to their aggregation.
Examples of this class of multifunctional protethg&t demonstrate the intimate link between
molecular chaperone function and membrane prot@gebesis are found in the Hsp70 that
facilitates the translocation of mitochondrial @ios [9,10], the components of the Guided Entry
of Tail-anchored proteins (GET) pathway [11,12]datihe chloroplast Signal Recognition
Particle 43 (cpSRP43) that assists the importyakoid proteins [13,14].

Recently, we and others described a novel funaiocpSRP43 as a chaperone that not

only can prevent but also can reverse the aggoegati proteins without the external energy
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input of ATP hydrolysis or co-chaperones [15,16&ther, the disaggregation mechanism of
cpSRP43 relies on the intrinsic binding with itbsinate, the light-harvesting chlorophgib-
binding (LHC) family of proteins [17,18]. The LHCrqteins are composed of three highly
hydrophobic transmembrane (TM) domains, making theghly prone to aggregation and
requiring a robust chaperone system during thairsit through the aqueous compartment of the
stroma before reaching the thylakoid membrane [19,2Ve have proposed that cpSRP43
employs two modes of substrate binding to fac#itdisaggregation reactions: (1) a sequence-
specific binding of the recognition motif compos&dan 18 amino acid loop between TM2 and
TM3 of LHC proteins, called L18 and (2) a more genbydrophobic interaction with the TMs.
Previous results suggest that the generic hydimiphateractions of cpSRP43 with the
TMs of its substrate allows this interaction to fere adaptable [18]. This more adaptable
interaction allows cpSRP43 to still disassemblesgaltes of LHC mutants that have their TMs
swapped out and replaced with TMs of unrelated nmangproteins, including mammalian tail-
anchored proteins like the stress-associated easiopt reticulum protein 1 (SERP1), the
protein transport protein Sec61 beta subunit (S8cédd cytochromedj18]. With this insight,
we wondered if we could harness the potential isf¢mall chaperone to be engineered to handle
a broader range of aggregation-prone protein satiestr By exploiting the simplicity of the
single-component disaggregase and dualistic spigifand adaptability of the cpSRP43-LHC
system, we can shed light on this model system ¢hat guide the engineering of protein
scaffolds that can target and remove a broad afaggregates of interest [21,22]. Here we
present two application cases that support thet dneangineering potential of cpSRP43 as a
robust chaperone. In the first case, we show lnatisempts at improving the yield of hard-to-

express proteins, specifically SERP1, by employing strategy of cpSRP43 co-expression
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coupled with “L18-tagging” of the protein of intasteas a way to prevent the degradation of these
unstable proteins during synthesis due to theiregaion propensity. In the second case, we
show the capability of cpSRP43 to suppress thdlidation of amyloid beta peptide (A-40),

which is intimately linked with Alzheimer’s disease
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Materials and Methods

Materials. To construct the LHCP TM mutants (Table 1), a mdiunique restriction
sites was introduced into the expression plasmmb@ing LHCPATM1 before and after the
sequences encoding TM2 or TM3. The sequences cdairthe TMs were replaced with PCR
fragments encoding alternative TMs using the cpoading restriction sites. Truncated L18
LHCP mutants, SERP1-L11 and SERP1-L18 were constiumising QuikChange PCR
(Strategene). To construct the co-expression pthsthe PCR fragments encoding for SERP1,
SERP1-L11, or SERP1-L18 were introduced downstrednthe cpSRP43 gene within the
multiple cloning site of the vector pQE (Qiagem)S&P43, LHCP and its variants were purified
as described [15]. % and re-crystallized thioflavin T (ThT) were genesagifts from Dr. J. W.
Kelly. Urea is from Sigma.

Light Scattering Assay. Light scattering experiments were performed as ipusly
described [15]. For formation of aggregates (Figufe black), unfolded mutant substrate in 8 M
urea was directly diluted into Buffer D (50 mM KHEB pH 7.5, 200 mM NaCl) to 2 uM final
concentration. Disaggregation reaction was initi&i@ s after substrate aggregation by addition
of various concentrations of cpSRP43. Kinetic asiglyas performed as described previously to
obtain the forward disaggregation rate (Figure 4.[i5].

Preparation of Amyloid Beta Peptide (1-40). Lyophilized synthetic ABi-40
(DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) was a geerous gift from
the J. Kelly lab and monomerization of the pepiglas followed from protocol [23]. For each
assay requiring By-40, 1 mg of the peptide was dissolved in 600 pL 131313-hexafluoro-2-
propanol (HFIP, Sigma) and incubated at 25 °C for PIFIP was removed by blowing a gentle

stream of argon over the solution, and the regufilm of peptide was dissolved in 5 mM NaOH
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(500 pL) with 3.5 mM TCEP (Thermo Scientific) added amen sonicated for 2 h in ice-cold
water bath. The resulting solution containing moedred amyloid3 was first passed through a
0.22um filter (Millipore) and then through a 10-kDa—cfitGentricon filter (Millipore).

ThioflavinT (ThT) Fluorescence Assay.To detect formation of fibrils using ThT
fluorescence, the monomerizef:A, was diluted 1QuM into 50 mM sodium phosphate buffer
(150 mM NacCl, 3.5 mM TCEP, pH 7.4) containing 20 mdAcrystallized ThT, and aggregation
was initiated with automatic 5-second shaking evdryninutes at 37 °C in a 96-well microplate
reader Flexstation 3 (Molecular Devices). Fluoraseereadings were taken every 10 minutes
with excitation wavelength 440 and emission wavgller185. For experiments testing the effect
of cpSRP43 on fibrillization, cpSRP43 was pre-iretigdal in the buffer in a 1:1 molar ratio.

Transmission Electron Microscopy.ABi-40 Samples with and without cpSRP43 samples
from the ThT assays were taken at t = 48 h, wheh fllorescence has saturated, indicative of
the formation of fibrils. 4 pL of samples of 10 pMB;.40 were immediately deposited onto a
glow-discharged 200-mesh Formvar grid (Ted Pella, ICA). After a 60-second adsorption
time, the grid was washed in water twice and thiamed with 1% uranyl acetate for 60 seconds.
TEM images were obtained on a 120 kV Tecnai T12tela microscope coupled with a CCD

camera. The diameters of the particles were medsisiag ImageJ [24].
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Results

cpSRP43 Can Recognize and Rescue Aggregates of LHGRutants with TMs
Swapped with that of Un-related Membrane Proteins.We first tested the capability of
CpSRP43 to recognize and reverse the aggregatibhlGP mutants where the TMs have been
swapped with those of unrelated membrane protédiesa simple scaffold, we started with a
mutant whose aggregates remain to be recognizeddantantled by cpSRP43, LHCP TM1
deletion mutantATM1) [25]. FromATM1, we replaced the remaining TM2 and TM3 with TMs
of the tail-anchored proteins SERP1 (Serp), Se¢&Ec) and cytochrome b5 (Cyb) to create a
library of all nine possible permutations (See €abll). Of the nine mutants cloned, eight were
successfully expressed and purified from inclusgiodies. Of the eight mutants that we obtained,
we subjected three to be extensively tested om #iglity to be disaggregated by cpSRP43:
Serp/Cyb, Cyb/Serp and Cyb/Sec, corresponding t&8/TM3 swapping.

All three TM-swapped mutants aggregated upon idiubut of 8 M Urea and into
aqueous buffer D and were, indeed, disaggregatedebsddition of cpSRP43 in a concentration
dependent manner (Figure 4.1 A-C). The extent saglyregation is saturated with 1:5-molar
excess of chaperone concentration, similar to riadrted for wild-type LHCP disaggregation
[15,18]. Interestingly, the rate of disaggregatatrthis cpSRP43 concentration for Cyb/Serp and
Serp/Cyb is more than two-fold faster than thatvdél-type LHCP, while the rate for Cyb/Sec
aggregates is comparable to wild-type level (FigdrgD). This suggested that cpSRP43 is
amendable to handling non-cognate protein aggredateoncurrently interacting with generic
hydrophobic TMs and the sequence-specific recagnitotif L18.

Decipher the Minimal Recognition Motif within L18 for Chaperone Activity. To

further test the limit of cpSRP43 in handling ati&tive proteins, we asked if it would accept a
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substrate that it has not encountered, mediatethéybipartite binding from the L18 motif
engineered into the target protein and genericdpusbic contacts with the TM available in the
target. Given that only the FDPLGL motif in L18 $&nsitive to mutations as assayed by
cpSRP43 binding, we asked if we could “trim” downre trecognition motif to minimize the
effects of its insertion on the folding or functiai the target protein [18]. To answer this
guestion, we first deleted seven residues fromNHkerminal end of L18 as it is farther away
from the sensitive FDPLGL motif, constructing LHGHKth only 11 residues left in the
recognition motif (referred to as L11). The L11 LAGnutant could be disaggregated by
cpSRP43 to the same extent of that of wild-typegFe 4.2). However, when one additional
residue was trimmed from L11 either on the N- ont&minal ends, the ability of cpSRP43 to
rescue the aggregate was drastically reduced,lueibning about 20% of the substrate proteins
(Figure 4.2). With this result, we have demonsttaétrimmed” L11 is the minimal recognition
motif required for efficient cpSRP43 disaggregation

Test whether cpSRP43 improves the yield, solubilitpr localization of membrane
proteins in vivo. With the minimal recognition motif construct detened, we proceeded to
construct SERP1-L11 and SERP1-L18, where the retwogmotif L11 or L18 is engineered C-
terminal to the TM of SERP1. However, these mugaoteins were not successfully obtained
due to low expression iR. coli, as the target protein SERP1 itself has low exgas(Figure
4.3, lanes 8 and 9). This is not surprising asawer-expression of membrane proteins often
presents a daunting challenge due to their propefs degradation by the cell during their
expression. Degradation of these membrane proteiastributed to their highly hydrophobic
transmembrane domains that tend to misfold, miileand/or aggregate [26-28]. One strategy

to overcome the abysmal expression of membraneipsohas relied on co-expression with a
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cognate chaperone that will stabilize the finickgmbrane protein [29,30]. Using the same
principle we wondered if we could engineer a nograie protein, like SERP1, that can be
chaperoned by cpSRP43 and thus improve its yieldcdrexpression with cpSRP43. This
strategy not only provides us with recombinantntliproteins to test disaggregase activity of
cpSRP43 towards alternative substrates, it alsis tbe ability of cpSRP43 to overcome the
aggregation of target proteins in a cellular envinent.

To test if the yield of the client proteins can imeproved with co-expression with
cpSRP43, we cloned in the genes for our clientemstdown-stream of the genes encoding
cpSRP43 in the pQE vector under the phage T5 pemnpteviously, expression of cpSRP43
has shown to be robust in this bacterial expressimtem [15]. Our preliminary experiments
showed that the expression of SERP1 (~ 9 kDa pnoteisignificantly enhanced upon fusion
with L18 or L11 and co-expressed with cpSRP43. Eggion of the ~ 11 kDa fusion constructs
Hise-SERP1-L11 and HSERP1-L18 was markedly improved at both tempeeat@nditions
(25 and 37 °C) as detected from whole cell analgsost-IPTG induction samples by Western
blot with anti-His antibody (Figure 4.3, lanes 23 5,6).

CpSRP43 interferes with ABi.40 fibrillization in vitro. Another candidate for an
alternative substrate for cpSRP43’s chaperoneragithe 40 amino acid polypeptide fragment
amyloid beta (8149 whose aggregation is associated with Alzheimdisgase. Although the
guestion of which aggregate form is the toxic spec¢n the pathology is still contested in the
field, we wanted to see if cpSRP43 can interacth wilie hydrophobic polypeptide, as a
preliminary test of the adaptability of this prateFirst, we analyzed the effect of cpSRP43 on
AP1-40 aggregation using a Thioflavin T (ThT) binding agg$31]. Purified ;.40 peptide was

incubated in the presence and absence of cpSRPdJilanlogenesis was monitored by
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measuring ThT fluorescence emission at 485 nm (EiguwdA). In the absence of cpSRP43, we
observed ThT-positivgy-sheet-rich 8.0 aggregates after a lag phase of ~ 30 h, consisiént

a nucleated polymerization mechanism and with presty published studies [23,31,32]. In
contrast, formation of By.40 aggregates was suppressed in the presence of cBSRire
4.4A). cpSRP43 at a molar ratio of Tebuced the ThT fluorescence to ~ 10% comparelab t
in solvent alone.

Next, we investigated the effect of cpSRP43 ¢h.Afibrillogenesis by negative-stain
Electron Microscopy (EM). In the absence of cpSRR¥MBobserved formation of predominantly
fibrillar AB1-40 Structures with a diameter of ~10 nm and length &5-3 um (Figure 4.4B),
supporting the results of the ThT assays and cemgmvith previously published works [33,34].
In contrast, an equimolar concentration of cpSRRA&tive to AB1.40 markedly reduced fibril
assembly in favor of spherical protein aggregatiéis diameters less than ~ 20 nm (Figure 4.4C-
D). It appears that cpSRP efficiently prevents d@heyloidogenesis of By.40 but stimulates the
assembly of compact, spherical oligomers. It reswé&nbe tested whether these oligomers are
the neural toxic species or off-pathway, non-toaiigomers that have been isolated in other

cases [35,36].
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Discussion

These studies reveal that cpSRP43’s interactidin lydrophobic protein motifs is quite
generic and can be used to disrupt a larger sptatéin aggregates beyond LHC proteins, as
long as the FDPLGL motif is present to allow thisaperone to recognize and engage the
aggregate. In order to accommodate for this remerg we showed that the minimal motif for
recognition could be trimmed down to 11 amino adids still contained FDPLGL (Figure 4.2).
Further truncation of this “L11” motif was not etteve in the disaggregation mechanism, likely
because a certain minimal length of peptide is eédad allow for the FDPLGL motif to escape
the aggregate and be exposed for recognition bRE@3. On the other hand, we showed how
cpSRP43 could accommodate mutant substrates byegeaeric interaction with hydrophobic
protein motifs, as TMs swapped from unrelated iregnembrane proteins can still be
disaggregated by cpSRP43 (Figure 4.1). This obgervavas the first implication for the high
adaptability of cpSRP43 to be tailored as a mokactihaperone for alternative substrates.

We first tested the limits of cpSRP43’s chaperoagability by asking if it could improve
the low expression of integral membrane proteiilse SERP1. A major factor that could
contribute to this problem is overload on the chapes and protein targeting machinery in the
bacterial expression systems, which leads to tlgeeggtion, misfolding and/or degradation of
the expressed protein, as manifested by the immuct heat shock proteins and proteases upon
membrane protein expression [37]. As a naturallyivad chaperone that assists in membrane
protein targeting, cpSRP43 is uniquely suited tip lowercome the problem of poorly expressed
proteins by preventing the aggregation and degradaif these proteins. In support of this
notion, our preliminary experiments showed thatdkpression of the membrane protein SERP1

is significantly enhanced upon fusion with L18 drlLand co-expression with cpSRP43 (Figure
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4.3). It remains to be tested whether cpSRP43 mafpstain membrane proteins in translocation
competent conformations and thus allows them tamoee productively integrated into the
membrane, but preliminary data from differentiahttéugation shows SERP1-L18 and SERP1-
L11 is split between the insoluble and the badten@mbrane fraction when co-expressed with
cpSRP43 (C. McAvoy, unpublished data). As protéas are stable in a proper environment are
less likely to be flagged for degradation, thesgainfindings suggest the ability of cpSRP43 to
prevent membrane proteins from aggregating anddgbcape the degradation pathway.

As another testament to the ability of cpSRP43ittd generic hydrophobic protein
segments, the interaction of the amyloid peptigk-A with cpSRP43 was able to affect its
aggregation trajectory. Strikingly, even withouteth18 motif essential for disaggregation,
cpSRP43 could interact non-specifically with th@g Ay peptide to inhibit the formation of fibrils
(Figure 4.4). Unlike the strategy of “tagging” peots with the FDPLGL recognition motif to
improve expression of membrane proteins, introdactdf L11 or L18 into disease-related
aggregation-prone proteins in biological systemads a viable solution. However, this result
highlights the adaptability of cpSRP43 for bindird generic hydrophobic motifs and
demonstrates the feasibility of using engineerow4 to evolve the highly module cpSRP43 to
develop novel, high affinity binding scaffolds fdisease-related targets. Collectively, these
results show the great potential of the LHC-cpSRByEem to be manipulated and adapted to

address the problems associated with protein agtjoeg
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TABLE 4.1 Sequence of TM swap mutant$V domains of SERP1, Sed§land cytochrome

b5 are highlighted in cyan, yellow and magentgpeesvely. L18 motif is in red.
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Figure 4.1 cpSRP43 can rescue LHC aggregates with TM swafiped unrelated membrane
proteins. Disaggregation time courses with varygngcentrations of cpSRP43 (2, 4, 6 and 10
KM correspond to blue, violet, magenta and orargees, respectively) for 2 UM substrates (A)
Serp/Cyb (B) Cyb/Serp and (C) Cyb/Sec. Black tracthe aggregation kinetics of substrates
without cpSRP43. (D) Comparison of TM mutant digaggtion rates at 10 uM cpSRP43 and 2
MM substrate; WT here is the LHCP with TM1 deletetich served as the general platform for
the swapped transmembrane.
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SFDPLGLADD

GSEDPLGLAD

GSFDPLGLADD

VDPLYPGGSFDPLGLADD
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Figure 4.2 The minimal recognition motif within L18 can bedweed to 11 amino acid
containing the essential FDPLGL motif. The amouhtsoluble wild-type LHCP (denoted
VDPLYPGGSFDPLGLADD) is compared to the amount olubte minimal recognition motif
variants in the presence of 5 pM cpSRP43 (five-felktess to aggregate substrate) in
disaggregation assays. The minimal recognitionnfGtsFDPLGLADD) is referred to as “L11”
in the text.
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Figure 4.3 Co-expression of cpSRP43 (**) improves the yield ofl- and L1¢{fused SERP1
(*). Cells grown at 25 °C and 37 °C for 4 hoursaftPGT induction were harvested, lysed v
BugBuster andseparated by SI[-PAGE, then trasferred to nitrocellulose arprobed with an
anti-His antibodycpSRP43, SERP1, SER-L11 and SERP1-L18 are tdrminally His-tagged.
P is the prdPTG induction sampl
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Figure 4.4 cpSRP43 inhibits Pu.4 fibrillization. (A) Effect of cpSRP43 on By.40 (10 uM)
fibrillogenesis with agitation at 37 °C as measubgdthioflavin (ThT) fluorescence. Results
represent means = s.d. (n = 2). (B) Analysis pf.A aggregation reaction by EM of sampleAin
taken at t = 50 h. (B-C) Analysis of cpSRP43-trda?1.40 aggregation reaction whereAs
was added into the solvent with cpSRP43 pre-in@tbat molar ratio of 1:1 ratio. Samples taken
att=50 h.
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