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Abstract

Protein folding and dynamics shape all aspects of biology. Far from being rigid
structures, proteins are intrinsically dynamic and undergo hierarchical motions at
different time scales. Models help build frameworks to understand complex biological
phenomena. In particular, the cross-disciplinary fields of protein folding, and dynamics
have benefited immensely by employing model proteins to establish mechanistic
paradigms and theoretical models that collectively shape our ways of thinking about the
biophysics of proteins. In this thesis, | have used molecular chaperones and intrinsically
disordered protein regions as models to investigate how structural dynamics regulate
the biological activity of proteins. Molecular chaperones assist in protein folding and
prevent protein aggregation. The first part of my thesis explores the mechanism of
action of the small ATP-independent chaperone Spy on a topologically complex client,
apoflavodoxin. Previous studies have established the dual functions of Spy as a
“folding-while-bound” chaperone and as a “holdase” that prevents aggregation. My
findings show that the molecular determinant of Spy’s mechanism of action is its affinity
for unfolded conformations of the client. Weak affinity interactions with various folding
states of the client enables it to fold to its native state while being continuously held by
Spy. However, when Spy binds too tightly to (partially) unfolded states, it acts as a
kinetic trap that inhibits folding-while-bound. The second part of my thesis involves
characterizing the structure and dynamics of the disordered protein SERF in the context

of its RNA-binding properties. In my research, | investigate the interplay between the

Xii



structural dynamics of SERF and its interaction with RNA, both in dilute solution and
within phase-separated RNA-protein condensates. | have developed and characterized
an in vitro model RNA-protein complex comprising SERF and the model helix-junction-
helix motif found in the 5’ end of the human immunodeficiency virus type 1 (HIV-1)
transactivating response region (TAR) RNA. The conserved N-terminal segment of
SEREF is disordered and interacts with RNA. Upon binding TAR, SERF undergoes
global compaction, leading to slower structural dynamics. SERF and TAR can form
condensates by associative phase separation. In the future, we will use the SERF-TAR
system to study molecular features that drive the formation of RNA-protein
condensates. Collectively, using two disparate systems offers insights into how the
dynamically accessible conformational space of proteins determines their biological

functions.
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Chapter 1 Introduction

1.1 Structural Dynamics in Mechanisms of Chaperone Function'

Protein structures observed through X-ray crystallography primarily appear as
rigid macromolecules. However, proteins are flexible and dynamic entities that exist in
ensembles of interconverting states’. The concept of proteins as statistical ensembles
has profoundly inspired biologists to explore the rich conformational diversity of proteins
that exists beyond their uniquely defined native state?. Molecular chaperones are
guardians of the proteome that assist in protein folding and prevent the accumulation of
aberrant protein conformations that can lead to proteotoxicity. ATP- independent
chaperones do not require ATP to regulate their functional cycle. In recent years,
several groups have demonstrated the ability of ATP-independent chaperones to
directly affect the folding energy landscape of their client proteins. These chaperones
function through mechanisms that involve either modulating their internal dynamics or
recognizing client conformations with specific dynamic properties. Here, | will introduce
the molecular chaperone Spy, which is the model system chosen for my studies. | will
also provide a brief overview of other extensively characterized ATP-independent

chaperones that regulate client binding and release through conformational transitions.

1 Section 1.1 of this chapter was published in, and adapted from Mitra, R., Wu, K., Lee, C., & Bardwell, J.
C. ATP-independent chaperones (2022). Annu Rev Biophys., 51, 409-429. Annual Reviews permits the
reproduction of articles by the author for the purpose of an academic thesis. Kevin Wu and | contributed
equally to this article and are co-first authors.



1.1.1 Mechanism of the ATP-independent chaperone Spy

Spy is a 16-kDa ATP-independent chaperone discovered in a genetic selection
designed to improve the stability of the protein Im7 in the periplasm of Escherichia coli®.
Spy has a unique fold, a thin, a-helical, cradle-shaped homodimer lacking any globular
core (Fig. 1-1). The concave surface of Spy, with an average thickness of just 9.2 A, is
thinner than the width of a single a-helix. In solution, Spy is a homodimer held together
through an extensive interface that buries ~1,850 A2 per monomer and is stabilized by
antiparallel coiled- coil interactions®. The binding site of Spy contains four hydrophobic

patches surrounded by positively charged residues.

B-factor (A%

40 90 140

Figure 1-1: Crystal structure of the Spy dimer

(left) Ribbon drawing of Spy dimer (PDB: 30EO). The N and C termini are labeled. (right) Molecular
surface of Spy colored based on average B-factors of each residue. Higher B-factors indicate greater
structural flexibility. The disordered N- (residues 1-28) and C-terminal (residues 125-138) regions are
missing in the crystal structure.

ATP-independent chaperones have been traditionally thought only to bind

partially unfolded clients by hydrophobic interactions and prevent misfolding and



aggregation®. Like canonical holdase chaperones, Spy is a potent suppressor of in vitro
aggregation of several substrates like malate dehydrogenase (MDH) that is denatured
by heating at 43 °C or by treatment with chemical denaturants like urea and ethanol®.
Spy is a general chaperone with broad substrate specificity, as evidenced by its ability
also to suppress the aggregation of other proteins like chemically- denatured
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and aldolase (Fig. 1-2)3. The
well-characterized bacterial immunity protein, Im7, was used to elucidate the
thermodynamic, kinetic, and structural features that enable Spy to promote client
folding. Im7 populates an on-pathway intermediate in its folding landscape that is
stabilized®®. Spy binds folded, intermediate, and unfolded states of Im77. Unlike most
chaperones, which are thought to predominantly recognize exposed hydrophobic
surfaces, Spy rapidly binds a fully unfolded Im7 variant (L18A L19A L37A H40W)
through long-range electrostatic interactions, with association rates of the order of 10’
M-1 s7'8 The flexibility and amphiphilic nature of the binding surface allow Spy to
accommodate multiple conformations of Im7, a feature that allows the sampling of
various folding states while Im7 remains bound®'°. Following the initial encounter, the
hydrophobic collapse of the client decreases its affinity for Spy and helps favor

substrate release in a near-native state (Fig. 1-3)%.
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Figure 1-2: Chaperone activity of Spy°.

Spy prevents substrate protein aggregation as monitored by light scattering. Aggregation of thermally or
chemically denatured substrates was measured in the absence or presence of increasing amounts of Spy
(ratios given are Spy: substrate). MDH, malate dehydrogenase; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase. (Reprinted from Quan, S. et al. Nat. Struct. Mol. Biol. (2011) with permission from
Springer Nature)
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Figure 1-3: Folding of the Im7 in the presence or absence of the Spy’.

Im7 is shown as a multicolored protein that is helical in both the folding intermediate (I) and in the native
folded state (N) and lacks any persistent secondary structure in the unfolded state (U). The Spy
homodimer (blue) can bind to all three folding states of Im7, i.e., U, I, and N. ky; and ki are forward rate
constants. kiy and ky; are reverse rate constants. (Reprinted from Stull, F. et al. Nat. Struct. Mol. Biol.
(2016) with permission from Springer Nature)

One advantage of this mode of chaperone action is that, by providing a folding-friendly

surface that loosely cradles the client protein, Spy allows the client protein to fold while
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simultaneously protecting it from aggregation. This is vital because, once a protein is
aggregated, it is difficult for it to recover, especially in an ATP-deficient compartment
like the periplasm. In general, binding of Spy to either folding intermediates or to the
unfolded state will tend to slow folding; however, it enables Spy to inhibit irreversible

aggregation of its clients (Fig. 1-4).

Client
folds while bound
P

folded client

unfolded client

Figure 1-4: The chaperone cycle of Spy''.

Spy (blue) rapidly associates with Im7 (red) through long-range electrostatic interactions, allowing it to
fold while bound. Folding into the native state weakens the interaction with Spy due to hydrophobic burial,
triggering Im7 release and completing the chaperone cycle of Spy. (Reprinted from Mitra, R. et al. Annu.
Rev. Biophys. (2022) with permission from Annual Reviews)

Given the lack of a regulatory mechanism for substrate binding and release, it is
unclear how Spy completes its functional cycle. One possibility is competitive release of
the client from Spy, where Spy is displaced by another periplasmic chaperone that has
a higher free energy of client binding. In such a scenario, the transfer of clients from Spy
could be driven solely by favorable thermodynamics in the absence of ATP-dependent

client release mechanisms. Spy can also be replaced by Im7’s natural binding partner,



colicin E7. The micromolar affinity of Spy for native Im7 is much weaker than the
subnanomolar affinity of Im7 for colicin E7'2. However, Spy and colicin E7 binds to the
same locally flexible regions on fully folded Im7'°. Therefore, the release of Im7 from
Spy can be triggered by folding to the native state due to its energetically favorable

interaction with colicin E710.

1.1.2 Functionally- relevant dynamics in ATP-independent chaperones

ATP-independent chaperones have evolved diverse strategies to regulate their
chaperone activity without nucleotide cofactors and cochaperones. This subsection
describes these mechanisms using two E. coli chaperones, SurA and HdeA, as
representative examples.

SurA is a 45-kDa periplasmic chaperone essential for cell survival in the
stationary growth phase’3. SurA assists in folding several outer membrane proteins
(OMPs) by maintaining them in a state that is competent for insertion or secretion while
they transit the periplasm. E. coli SurA is a modular protein with a core domain
composed of N- and C- terminal regions. SurA has two parvulin- like PPlase domains
(P1 and P2). The core domain of SurA contacts the P1 domain to form a globular region
with an extended substrate-binding crevice, while the P2 domain is separated from the
core by two linkers'*. The PPlase domains appear to be nonessential under at least
some laboratory conditions and P1, though it is parvulin-like in sequence, has no
PPlase activity '°. However, there is some evidence that these parvulin-like domains
can regulate or enhance the in vitro chaperone activity of SurA. The in vitro anti-
aggregation activity of SurA for substrates like OmpT is enhanced by its PPlase

domain(s)'e.
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Figure 1-5: Structure and conformational dynamics of SurA'’

Inter-domain dynamics in solution allow SurA to populate conformations distinct from the crystal structure
(PDB: 1M5Y) shown in (a). For example, the P2 domain is close to the core/P1 domains in (b) and (c).
The binding of unfolded clients results in the conformation (d) that is intermediate between the closed (b)
and open (c¢) conformations adopted by the P1 domain. The SurA-bound OmpX is shown in a collapsed
globule state (represented by a sphere). Crosslinking studies have identified multiple OMP binding sites
in the core domain.

Chaperones need to accommodate and, in some cases, facilitate large
conformational changes within their substrates, so it is not surprising that they, too,
undergo major conformational changes. For SurA, domain-level conformational
dynamics appear important, since introducing a disulfide bond that tethers the P1 and
core domains together results in impaired OMP activity'®. A recent study used an
integrative approach employing mass spectrometry, single-molecule Forster resonance
energy transfer, and molecular dynamics (MD) simulations to show that SurA adopts
conformational states in the solution that differ greatly from the extended conformation
in its static crystal structure, with the P2 domain lying closer to the core and P1 domains

in solution (Fig. 1-5) '7. The results also showed that the P1 domain of SurA adopts



closed and open states at the core—P1 interface, which could be functionally important.
However, the relative abundance of the various open and closed conformations is hard
to pin down, with another study reporting that the hydrodynamic properties of SurA
agree well with the extended arrangement that is seen in the crystal structure where the
P2 domain extends away from the core and P1 domains'®. The free energy of binding of
OMPs to SurA is much smaller than that of OMP folding?°. Therefore, the transfer of
unfolded OMPs from SurA to the BAM can be driven solely by favorable
thermodynamics in the absence of any ATP-dependent release mechanisms.
Regardless, it is still unclear how conformational changes in SurA are coupled to client
binding and delivery to the 3-barrel assembly machinery (BAM) complex for folding into
the outer membrane.

Multiple groups have studied the conformational dynamics of unfolded OMPs
bound to SurA'7:1921.22_Using single-molecule force spectroscopy, Thoma et al. (2015)
showed that, upon partial unfolding by mechanical force, that the FhuA receptor
populates non-native misfolded conformations when allowed to refold in the absence of
chaperones??. However, when refolding occurs in the presence of SurA, unfolded FhuA
inserts into the lipid membrane and folds into native B-hairpins in a stepwise fashion.
SurA alters FhuA folding by decreasing the probability of misfolding and increasing the
probability of its folding into native B-hairpins??. SurA-bound FhuA exists in a dynamic
unfolded ensemble with conformational exchange rates in the milliseconds??.
Crosslinking mass spectrometry and SANS data on another client, the barrel domain of
unfolded OmpA, supports the idea that SurA expands the unfolded client (Fig. 1-6) °.

Two independent studies have also demonstrated that multiple SurA molecules bind to



and expand one molecule of unfolded OmpX'7:21, Collectively, these findings point to
the intriguing possibility that SurA can not only prevent aggregation but can alter the

folding pathway of OMPs, steering them away from misfolded states.

Figure 1-6: Low-resolution model for SurA-unfolded OmpA complex'!

A sparse ensemble of SurA-unfolded OmpA+71 complex was constructed by integrating experimental
restraints from small-angle neutron scattering and crosslinking-mass spectrometry. (Reprinted from Mitra,
R. et al. Annu. Rev. Biophys. (2022) with permission from Annual Reviews)

HdeA is a small, pH-responsive chaperone in the periplasm of enteric
bacteria?24, It is highly upregulated under acid stress and protects several periplasmic
proteins, including other chaperones like SurA and DegP, from aggregation due to pH-
induced denaturation?®. HdeA is chaperone inactive at neutral pH and exists as a well-
folded all-helical homodimer?®. However, the periplasmic pH rapidly shifts from 7 to 2
when bacteria enter the stomach upon ingestion?*. Upon the shift to low pH, HdeA

rapidly monomerizes, unfolds, and becomes active (Fig. 1-7)%’.
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Figure 1-7: Chaperone cycle of HdeA"!

Client protein is in purple and black, and HdeA in space-filling crystal structure models. At neutral pH,
HdeA exists as an inactive dimer. Under acidic conditions (pH 2), HdeA is activated due to
monomerization and partial unfolding. Active HdeA binds acid-denatured clients and prevents their
aggregation. When pH shifts to neutral (pH 7), HdeA releases its client slowly and forms the dimer again.
The monomer structure of HdeA is unknown; for illustration purposes, a single subunit of the dimer is
shown, but the actual structure of the monomer is likely to be expanded and dynamic. (Reprinted from
Mitra, R. et al. Annu. Rev. Biophys. (2022) with permission from Annual Reviews)

Several groups have studied the activation pathway of HdeA using multiple
orthogonal approaches like NMR spectroscopy, constant pH MD simulations, umbrella
sampling simulations, and fluorescence-based pH titrations 2’-3!. Without ATP- based
regulation, order-to-disorder transitions can allow rapid exploration of conformational
space. The activation of HdeA is a complex multistep process. Under acidic pH, HdeA
populates unfolded states in addition to the folded dimer?’. Chemical exchange
saturation transfer NMR profiles show that the apparent exchange rate constant
between folded and unfolded conformations is pH dependent, and the relative
population of disordered states increases as pH is lowered from 3.5 to 2.5%°. Yu et al.

(2019) identified three pH hotspots for acid-induced conformational transitions?°.
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Destabilization of these locks at moderately low pH (3—4) loosens the dimer and
exposes client binding sites. At very low pH (1.5-2), HdeA is fully activated and exists
as a partially unfolded monomer with highly charged and flexible N- and C- terminal tails
and two hydrophobic client binding sites held together by a strictly conserved disulfide
bond. Although the authors of this study identified client binding sites on HdeA,
obtaining high-resolution NMR structures of the chaperone—client complex of HdeA with
the native client MalE is extremely challenging and was not attempted.

In summary, multiple orthogonal approaches combining NMR, FRET, mass
spectrometry, and modeling have uncovered complex conformational dynamics of
chaperones like SurA and HdeA that can regulate chaperone activity. However, the
mechanistic connection between the kinetics of conformational transitions and the
kinetics of client binding and release remains elusive. Furthermore, how these

chaperones operate in periplasmic proteostasis networks is also largely unclear.
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1.2 Dynamic interactions of disordered protein regions with RNA

Intrinsically disordered protein regions (IDPRs) adopt an ensemble of rapidly
interconverting conformations in a shallow free-energy landscape. These regions are
overrepresented in RNA-binding proteins (RBPs) and often have repetitive motifs and a
high prevalence of small polar and charged amino acids, particularly Gly, Ser, Arg, Lys,
GIn, Glu, and Asp. They also show a low content of bulky hydrophobic amino acids
except for Tyr32. Classically, RBPs are recognized as proteins containing canonical
RNA-binding domains such as RNA recognition motif, the K homology domain, the
DEAD box motif, double-stranded RNA-binding motif, and the zinc-finger domain 32.
However, several recent genome-wide studies have led to the discovery of
unconventional RBPs that possess IDPRs capable of directly engaging in or facilitating
protein-protein and protein-RNA interactions33. RBPs are involved in all aspects of RNA
metabolism and associate with RNA in ribonucleoprotein (RNP) complexes like the
spliceosome, ribosome, and RNP granules. Here, | will outline some of the distinct roles
of disordered regions in RBPs:

e Disordered sequences like RGG/RG motifs in RBPs like G3BP1 and FUS have
intrinsic RNA binding activity34. RNA can induce a disorder-to-order transition in the
RGG/RG motif in disease-related protein FMRP35.

e Disordered regions can regulate the RBPs of proteins without directly interacting
with RNA. The carboxyl terminal domain of RNA polymerase Il can regulate the
interaction of RNA polymerase Il with RBPs involved in posttranscriptional

processing of MRNA®. The conformational heterogeneity of carboxyl terminal
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domain itself is regulated by phosphorylation in serine residues of the YSPTSPS
heptads?.

e Disordered low-complexity sequences present in RBPs play a regulatory role in the
formation of membraneless organelles known as RNP granules. These sequences
engage in multivalent interactions, driving the phenomenon of liquid-liquid phase
separation®-4°, In Chapter 3 of my thesis, | investigate the involvement of disordered
regions in facilitating RNA-protein interactions within the context of a model phase-

separating RNP complex formed by an RNA- binding protein called SERF.

1.2.1 SERF is a small protein with a highly conserved disordered region

MOAG-4/SERF (Modifier of aggregation-4/ Small EDRK-rich factor) is a group of
evolutionarily conserved proteins (Pfam: PF04419) that modulate amyloid formation.
Van Ham et al. identified SERF in a forward genetic screen in Caenorhabditis elegans
to identify regulators of amyloid aggregation and proteotoxicity*'. To do this, they
mutagenized worms that express a transgene carrying a polyQ stretch of 40 residues
fused to a yellow fluorescent protein (Q40::YFP) in the body-wall muscle cells to identify
novel modifiers of aggregation (moag) that suppress amyloid aggregation (Fig. 1-8A-C).
One of the mutants (moag-4) carried a point mutation, G210A, in the gene Y37E3.4,
showing a 75% reduction in the number of aggregates (Fig. 1-8D). The moag-4
mutation is a missense mutation in the MOAG-4 protein, changing the conserved
methionine at position 49 into isoleucine. A comprehensive phenotypic characterization
of moag-4 in C. elegans models of neurodegenerative diseases led the authors to
conclude that the loss/inactivation of MOAG-4 suppresses aggregation and

proteotoxicity for various disease-associated amyloidogenic proteins like polyglutamine
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protein, amyloid-beta, and alpha-synuclein. In neuroblastoma and HEK 293 cell lines,
human orthologs of MOAG-4, SERF1A, and SERF2 increased the aggregation of

mutant Huntingtin (Htt-Q74) and increased cell death (Fig. 1-8E, F).
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Figure 1-8: Role of MOAG-4/SERF in amyloid aggregation*'

Confocal images of C. elegans with wild-type (A), G210A point mutant (B), or deleted (C) moag-4 gene,
expressing Q40::YFP in the body-wall muscle cells. Soluble and aggregated YFP-tagged polyQ proteins
are observed by diffuse and focal fluorescence signals, respectively. (D) Quantification of aggregates in
Q40 worms with wild-type, point mutant, or deleted moag-4. (E) The percentage of SK-N-SH
neuroblastoma cells showing aggregation and cell death after being transiently transfected with SERF1A
or SERF2, or control (dsRed2), and HA-tagged huntingtin exon 1 with either 74 polyQ repeats (HA-
HDQ74) or 23 polyQ repeats (HA-HDQZ23). Huntingtin exon 1 with 23 polyQ repeats is a control mutant
that does not form aggregates. (F) Q74 aggregation and cell death were quantified in HEK 293 cells
transfected with a nontargeting siRNA (control) or siRNA targeting SERF1A or SERF2 and HA-tagged
Q74 huntingtin. (Reprinted and modified from van Ham T et al. Cell. (2010) with permission from Elsevier)

The kinetic mechanism by which SERF-enhances amyloid formation was studied
by Meinen et al. using amyloid-B protein (AB40) and a-synuclein (aS)*2. They showed
that the SERF homolog YDL085C-A from Saccharomyces cerevisiae accelerates
amyloid formation at substoichiometric concentrations. Although SERF did not alter the
basic mechanism of AB40 amyloid aggregation, it significantly accelerated the rate

constant for primary nucleation. SERF was also able to reduce the half-time of aS
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aggregation. Typically, the kinetics of amyloid formation is monitored by measuring the
fluorescence of an amyloid-specific dye called thioflavin T (ThT) that binds B-sheet rich
structures. The lag time in amyloid formation experiments indicates the energetic barrier
for forming ThT-invisible amyloid nuclei from monomers. Since SERF affects primary
nucleation, ThT-based kinetic experiments were not particularly informative. Native ion
mobility-mass spectrometry (IM-MS) was employed to probe the conformational
changes in amyloid proteins in the presence of SERF. This MS approach preserves
native-like structures and interactions in the gas phase*3. lons generated by nano-
electrospray ionization get separated in a drift tube filled with a neutral gas under the
influence of a weak magnetic field. lons migrate based on their orientationally- averaged
collision cross-section (CCS), which determines their drift time. Following the ion
mobility separation, the ions are injected into a Time-of-Flight analyzer, where they
separate based on the mass-to-charge (m/z) ratio.

A broad charge-state distribution was observed for SERF, indicating an
intrinsically disordered protein*4. Furthermore, the lower-charge-state ions detected in
the nano-Electrospray ionization process had multiple arrival time distributions in the ion
mobility step. The arrival time distributions were fitted to Gaussian functions to obtain
CCSs that for SERF ranged from 9 to 22 nm?. The authors detected 1:1, 1:2, and 2:1
complexes of SERF: AB40 and 1:1, 1:2, 2:1, and 2:2 complexes of SERF: aS in
equimolar mixtures of SERF and either AB40 or aS. The 1:1 complexes of SERF: AB40
and SERF: aS had extended conformations and retained the conformational
heterogeneity observed for SERF alone. The authors proposed a model wherein weak

interactions of SERF and monomeric Ap40 or aS lead to the formation of “fuzzy
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complexes” exhibiting significant conformational and stoichiometric heterogeneity.
These extended complexes accelerate the primary nucleation step in amyloid fibril
formation by an unknown mechanism.

Recently the human SERF1a protein has been found to localize to nucleoli and
can facilitate the nucleolar incorporation of fluorescently labeled RNA#®. The positively
charged N-terminal segment of human SERF1a was previously shown to interact with
a-synuclein and single-stranded RNA. While the exact role of SERF in amyloid diseases
is still unclear, the cellular localization and physicochemical properties of SERF
suggests that RNA binding is its main function in the native cellular context. We were
unable to detect any sequence and structure preferences of SERF with the RNA Bind-n-
Seq method (unpublished). RNA Bind-n-Seq is a high-throughput in vitro method for
characterizing the binding spectra of RNA-binding proteins based on in vitro affinity-
based isolation of RNA-protein complexes and deep sequencing of bound RNA%.
Since, SERF lacks any recognizable folded RNA-binding domain, it is unlikely that it has
specific sequence preference. This places SERF in the company of over 95% of
unconventional RBPs that lack canonical RNA binding domains, and also do not exhibit
sequence specificity for RNA-target3247. Therefore, the RNA-binding properties of SERF

can be mechanistically studied with any RNA sequence of choice*.
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Chapter 2 Elucidating Substrate-Specific Mechanisms of the
Chaperone Spy?

2.1 Background

Topologically complex proteins often populate misfolded intermediates that act
as kinetic traps*°. Such intermediates often expose hydrophobic surfaces that make
them prone to aggregation. ATP-dependent molecular chaperones like GroEL- GroES
rescue trapped intermediates and facilitate substrate folding®C. In contrast, ATP-
independent chaperones generally bind tightly to non-native substrates and prevent
protein aggregation but are not thought to directly facilitate substrate refolding®. The
simple designations of “foldase” or “holdase” may underemphasize the microscopic
structural heterogeneity of chaperone—substrate complexes®'. Substrates bound to
ATP-independent chaperones such as trigger factor, SecB, and the sHsps can adopt a
wide range of conformations ranging from near-native to unfolded states®-4. We have
shown that the ATP-independent chaperone Spy binds protein folding intermediates of
substrate proteins such as Im7 and Fyn SH3 and allows for the folding of substrate
proteins while they remain chaperone bound”-%°. Spy loosely binds to different folding

states of these model substrate proteins. Although the folding rate constant for these

2 The contents of this chapter were published in Mitra, R., Gadkari, V. V., Meinen, B. A., van Mierlo, C. P.,
Ruotolo, B. T., & Bardwell, J. C. (2021). Mechanism of the small ATP-independent chaperone Spy is
substrate specific. Nat. Commun, 12(1), 1-13. Springer Nature permits the reproduction of articles by the
author for the purpose of an academic thesis. | performed all the experiments in this chapter except the
analytical ultracentrifugation experiments and native ion mobility-mass spectroscopy. Recombinant
proteins were expressed and purified by Ke Wan from the Bardwell lab. All authors contributed to the
research design, data analysis, and writing.
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two simple substrates decreases with increasing concentrations of Spy, it does not go to
zero at saturating Spy concentrations where essentially all the substrate molecules are
chaperone bound, evidence that folding of the substrate occurs while it is chaperone-
bound®®. In this mechanism, substrate release is not a prerequisite for substrate folding.
We have found that the folding-while-bound mechanism depends on relatively weak
chaperone—substrate interactions®®. Variants of Spy that bind SH3 with stronger affinity
than wild-type (WT) Spy significantly slow the folding of bound substrate®. The
substrates of Spy tested so far have been small, topologically simple, all 3-sheet or all
a-helical model proteins. We wanted to test if the folding-while-bound model is
generalizable to larger substrates with complex topologies such as those found in many
proteins.

Here, we chose apoflavodoxin from Anabaena PCC 7119 (AnFld) and
Azotobacter vinelandii (AzoFld), both well-studied folding models that populate
kinetically trapped off-pathway intermediates®—°. Their a/f topology is ancient and
frequently found in common folds such as TIM barrels, Rossman folds, FAD/NAD(P)-
binding domains, and P-loop-containing hydrolases. This study aimed to test whether
the folding-while-bound mechanism adequately describes the effect of Spy on the
folding of proteins with complex topologies using the flavodoxin-like fold as an example.
Our results show that Spy’s mechanism is surprisingly substrate specific. In the case of
AnFId, Spy traps denatured polypeptides in a non-native state, thereby inhibiting AnFld
folding. This dual functionality of Spy as both a folding-while-bound chaperone and a
holdase rests on opposing thermodynamic requirements. The folding-while-bound

paradigm requires Spy to weakly bind the various folding states of the substrate.
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In contrast, a holdase binds non-native states tightly, so folding transitions are
not feasibly thermodynamically. We show that the mechanism of action of the
chaperone Spy is dictated by the difference in binding affinities for partially unfolded
states of different substrates to Spy. This work highlights the need to shift from
monolithic enzyme-inspired views of molecular chaperones toward more complex

models that incorporate the possibility of multiple substrate-specific mechanisms.
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2.2 Results

2.2.1 Spy inhibits the folding of ApoFId by kinetic trapping

Spy belongs to an emerging class of chaperones that allow protein folding while
the substrate remains bound to the chaperone®®. The substrates studied in detail so far,
namely Im7 and SH3, are small proteins (10 and 7 kDa, respectively) with very simple
3D structures (just a-helices or just B-strands, respectively). We wondered if the folding-
while-bound mechanism of Spy applies to more complex substrates that include both a-
helices and B-strands and have a more complex folding pathway than the substrate
proteins tested so far. To investigate this, we chose the apoflavodoxin AnFId as our
substrate, as its native state has an a—f parallel topology and as AnFId exhibits a more
complex folding pathway than either Im7 or SH3 in that it folds via a three-state
triangular mechanism with an off-pathway intermediate (Fig. 2-1a)%°. In this mechanism,
most of the molecules in the intermediate conformation need to unfold prior to refolding
into the native conformation. However, a small fraction of molecules can directly fold
from the intermediate to the native state. First, we verified that the previously
established triangular folding mechanism for flavodoxin folding is functional under our
buffer conditions (40 mM HEPES-KOH pH 7.5, 100 mM NaCl), which we considered to

be more physiological than the previously used buffer (50 mM MOPS pH 7.0) (Fig. 2-2)

7,59
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Figure 2-1: Kinetics of apoflavodoxin folding in the presence of Spy.

(a) Folding pathway of apoflavodoxin from Anabaena PCC 7119 (AnFId) and Azotobacter vinelandii
(AzoFId). N, U, and | are the native, unfolded, and intermediate states. In the case of AzoFld, lo+ and lon
are the off-pathway and on-pathway intermediates, respectively. (b) Fluorescence traces for the refolding
of 0.09 uM AnFId in the presence of various concentrations of Spy dimer (0-9.1 uM after mixing). The
time axis is shown in a logarithmic scale. AU arbitrary units. The traces of AnFlId refolding in the presence
of 0-0.5 uM Spy dimer could be fit to a sum of two exponentials, and traces for higher Spy concentrations
could adequately fit a single exponential function. The absence of the fast phase at higher Spy
concentrations most likely indicates that Spy completely blocks the direct folding pathway from unfolded
to native AnFld. (c) A plot of the observed rate constants (kobs) for AnFld WT folding as a function of Spy
dimer concentration. (d) Initial fluorescence values were calculated from the fit of the kinetic datasets. AU
arbitrary units. The binding isotherm was plotted with normalized initial fluorescence intensity during
AnFId WT refolding in the y-axis and fitted to a one-site binding model. All experiments were conducted in
HN buffer at 25 °C. The value reported is the mean + s.e.m. of the fit.

We studied the refolding of AnFId in the presence of Spy by monitoring the tryptophan
fluorescence in a stopped-flow fluorimeter upon diluting urea-denatured AnFld into

refolding buffer containing increasing concentrations of Spy, as described previously”.
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We observe two kinetic phases of AnFld folding; a major kinetic phase, where the
amplitude is proportional to the fraction of denatured molecules that directly fold to the
native state (N), and a minor phase whose amplitude is proportional to the fraction of
molecules that transiently populate the off-pathway intermediate and therefore need to
unfold before productive refolding®®. In the presence of Spy, the observed rate
constants (kobs) Of both phases decrease substantially until at the highest Spy
concentration (~9 uyM), a single folding phase remains that has a small kops value
(0.1s7") (Fig. 2-1b, c). This indicates that Spy significantly slows the folding rate of
AnFld, like for Im7 and SH3. However, both Im7 and SH3 can fold to the native state,
albeit slowly, even at saturating Spy concentrations”->°. In contrast, binding to Spy
prevents the folding of AnFld almost completely, as evidenced by the dramatic decrease
in the folding amplitude upon increasing Spy concentration (Fig. 2-1b). At Spy
concentrations higher than ~9 uM, the amplitude of the fluorescence change was
extremely small, indicating that most of the denatured AnFld molecules are kinetically
trapped in a folding-incompetent bound state. Both the unfolded (U) and intermediate (1)
states of AnFId are less fluorescent than the native state®®. Since AnFlId in the presence
of Spy is substantially less fluorescent than it is in the native state, we reason that Spy
kinetically traps AnFlId in a non-native state that is partially or completely unfolded (we
term this state U*). It appears that Spy binds very rapidly to AnFId and prevents folding
since the fluorescence decreases within the ~25 ms dead time of the stopped-flow
instrument. The interaction of Spy and the U* state is tight with a dissociation constant
(Kp) of 0.35 uM (Fig. 2-1d). The affinity of Spy for AnFIdY" in folding experiments is ~13-

fold tighter than observed for Spy binding to the intermediate and unfolded states of Im7
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(Ko =4.7 uM for both) and ~8-fold tighter than that between Spy and unfolded SH3
(Kb =2.9 uM), both of which fold while bound to Spy”°°. Due to these high-affinity
interactions, the kinetic trapping of AnFId in the Spy-bound U* state apparently

necessitates release from Spy before productive folding can occur.
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Figure 2-2: Mechanism of apoFId folding; analysis of purified ApoFlid.

(a) The kinetics of AnFld folding has previously been followed by monitoring its intrinsic tryptophan
fluorescence®. Fluorescence trace for the kinetic refolding of AnFld monitored by 11.5-fold dilution of
1.04 uM AnFld denatured from HN buffer containing 5 M urea into HN buffer. The average of 10 — 12
traces was fitted to a sum of two exponentials given by the equation y = m;e ™2t + mye ™+ + m; where
y is the fluorescence at time t, m{ and ms are the amplitudes, m> and my are the observed rate constants
for the major and minor phases, respectively, and ms is the final fluorescence. A.U., arbitrary units. The
black line shows the best fit of the data, and the table shown contains the fit parameters. Note the
logarithmic scale in the time axis. AnFId’s tryptophan fluorescence increased in two kinetic phases: a
major (fast) phase with an amplitude of 64.7 % and a minor (slow) phase with an amplitude of 35.3 %.
The rate constant for the major phase is 5.4 s*" and that of the minor phase is 1.05 s™'. (b) — (c) Before
studying the effect that Spy has on AnFld folding, we first wanted to determine if AnFld folds via a similar
mechanism in our previously used HN buffer that contains physiological concentrations of NaCl (100
mM), as it does in the 50 mM MOPS buffer used by Fernandez-Recio and co-workers that lacks any
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added salt®®. To understand AnFld’s folding mechanism, we followed AnFId folding and unfolding under
conditions of varying urea concentration. The natural logarithms of the folding and unfolding rate
constants were plotted as a function of urea concentration to obtain the chevron plot shown in (b)
Observation of a logarithmic dependence of both the folding and unfolding rate constants on denaturant
concentration would indicate a single transition state barrier with no folding intermediates, i.e., a two-state
folding mechanism®'. Our data, however, reveal a major refolding phase and a slower minor refolding
phase; the latter shows a marked curvature (nonlinearity) of the folding limb, meaning that the folding rate
at low denaturant concentrations increases with increasing denaturant concentration. The observation of
such a “rollover” in the folding arm of the chevron plot is taken as strong evidence for the existence of an
off-pathway intermediate®'. Fernandez-Recio and colleagues found that the slow refolding phase does
not represent prolyl cis-trans isomerization in the unfolded state and is independent of protein
concentration in the 1 - 18 uM range®. (c) To verify that AnFid does not aggregate in our kinetic refolding
experiments, we varied the protein concentration (0.5 uM — 15 uM) in the folding experiments. Both
phases were independent of protein concentration. The unfolding kinetics shows two phases, exhibiting a
linear dependence on urea concentration. While a 3-state linear off-pathway mechanism can adequately
explain the two folding phases and the fast-unfolding phase, the slow unfolding phase can only be
accommodated in a triangular mechanism in the absence of other factors such as aggregation and the
purified protein containing a fraction of FMN-bound species (i.e., the holo-protein). (d) Absorbance
spectra of HN buffer alone (in red) and 100 uM purified AnFld were recorded thrice (in blue, green, and
orange). The mean absorbance value at 450 nm of the protein is 0.0028, similar to the absorbance of the
buffer alone. The absence of any signal at 450 nm in the absorbance spectrum of the purified protein
indicates the absence of holo-protein in the sample. Also, analytical ultracentrifugation confirmed that the
purified native protein is monomeric (Figure S3a). Together, these observations indicate a triangular
folding mechanism of AnFld in HN buffer.

2.2.2 Rapid binding of Spy is coupled to the partial unfolding of ApoFId

Having shown that Spy inhibits the folding of AnFld, we wondered if Spy interacts
with AnFId’s native state. Holdase chaperones are known to preferentially bind to non-
native unfolded or misfolded proteins®2. On the other hand, folding-while-bound
chaperones also bind to the native state. Thus, one way to distinguish between a
holdase and a foldase is to determine the relative affinities of the chaperone for native
and non-native states. If Spy is functioning as a holdase with AnFld we expect Spy to
bind the native state with much weaker affinity than fully and partially unfolded states.
We found a binding stoichiometry of 1:1 between AnFId and the Spy dimer using
analytical ultracentrifugation (AUC) (Fig. 2-4a). There is a very rapid decrease in
fluorescence upon mixing Spy and AnFld (Fig. 2-3a). The amplitude of this burst phase
reaches saturation at high Spy concentrations, consistent with the very rapid binding of

Spy to the native AnFId (Fig. 2-4b). However, the interaction is weak, with an apparent
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dissociation constant (Kpapp) of 40 uM, 114-fold weaker than the Ko for Spy with AnFIdY”
(Fig. 2-3b). The Kbapp for native AnFId is similar to that previously observed for the
interaction of Spy with native Im7 (Ko =20.5 uM) and SH3 (Kb =50 uM)"-%>. These
comparable binding affinities for diverse substrates indicate that weak (micromolar)
affinity for native substrates is a general property of Spy. This makes sense; tight
binding of a chaperone to the native state might inhibit substrate function. Whether Spy
inhibits folding or allows the substrate to fold while bound may depend mainly on

whether Spy has an affinity for non-native states.
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Figure 2-3: Interaction of Spy and native apoflavodoxin.

(a) Change in intrinsic tryptophan fluorescence of 0.09 uM AnFld WT with time in the absence and
presence of various concentrations of Spy (0—54.8 uM after mixing). Time axis is shown in logarithmic
scale. AU arbitrary units. The black lines shown for each Spy concentration are best fits of each dataset
to a single exponential equation. (b) AnFld WT-Spy binding as monitored by intrinsic tryptophan
fluorescence of AnFld. Spy dimer was titrated into 17.2 uM native AnFld WT at 25 °C. The binding
isotherm is plotted with change in fluorescence (F) as normalized by fluorescence intensity relative to
native AnFId fluorescence (Fy) in the y-axis. Black line shows the fit to a one-site binding model. (c), (d)
SV-AUC experiments showing frictional ratios (f/fo) and sedimentation coefficients for ¢. AnFld WT alone
and (d) AnFld WT in the presence of 2.5-fold excess of Spy dimer in 40 mM HEPES-KOH (pH 7.5),

25 mM NaCl. Data were analyzed by two-dimensional sedimentation analysis (2DSA) followed by
analysis with a genetic algorithm, further validated by a Monte Carlo analysis. (e), (f) ITC analysis for the
interaction of Spy and AnFld FI98N at 10 °C. The low temperature minimizes enthalpy changes due to the
binding-induced unfolding of AnFld. Five hundred and fifty micromolar Spy dimer in the syringe was
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titrated into 50 uM AnFld F98N in the cell. The thermogram in (e) was integrated and fit to a one-site
binding model, as shown in (f) to obtain thermodynamic binding parameters. N stoichiometry of binding, K
association constant, AH enthalpy change, AS entropy change. Values reported are the mean + s.e.m. of
the fit.

We observed a slow exponential decrease in the fluorescence of AnFld in the
presence of Spy (kovs = 0.04 s7") after the burst phase (Fig. 2-3b). This decrease is not
due to Spy quenching AnFId fluorescence because the final fluorescence decreases
hyperbolically with Spy concentration (Fig. 2-4c¢). Instead, we suggest Spy binding
leads to a conformational change in AnFld. This conformational change may involve the
Spy-mediated unfolding of a minor population of native AnFld to a thermal intermediate-
like state (I7), which was observed to be less fluorescent than the native state®3. The
native and IT states have largely similar structures, including two hydrophobic cores
formed by a-helices packing onto a central B-sheet. Only the loop connecting 84 and o4
and the long loop splitting the strand B5 are disordered in I'. To further explore the
nature of bound AnFId, we used a previously characterized mutant, F98N, that mimics
the I state®4. At saturating concentrations of Spy, the fluorescence of the AnFld WT—-
Spy complex at 340 nm is 0.33 times that of the fluorescence of AnFId WT alone (Fig.
2-3b), a value remarkably close to the fluorescence of AnFld FO8N (0.39 times that of
the WT) (Fig. 2-4d). This similarity in fluorescence values supports the idea that the
binding of Spy is coupled to the partial unfolding of AnFld to an I'-like state. Additional
support for this proposed partial unfolding comes from studying the interaction of Spy
and AnFId in low ionic strength solutions. AUC experiments revealed that in HEPES
buffer containing very low salt concentrations (25 mM NacCl), AnFld WT also exists in
predominately two conformations that have the same sedimentation coefficient but

different frictional ratios (f/f0) (Fig. 2-4e and Fig. 2-3c). The major conformation (native
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state) contributes ~60% of the absorbance signal and has a frictional ratio close to one,
typical of globular proteins. The minor conformation contributes ~40% of the signal and
resembles the partially unfolded IT in that it is more expanded with a frictional ratio of
~1.7. In the presence of excess amounts of Spy, only a single AnFld WT species is
seen (Fig. 2-4e and Fig. 2-3d), indicating that the conformational heterogeneity of
AnFId seen under non-denaturing conditions is lost upon interaction with Spy. We
cannot ascertain whether, in the low ionic strength buffer, only the I state of AnFlId
binds Spy and, in doing so, pulls the equilibrium away from the native state or whether
Spy also binds native AnFld and partially unfolds it to a state that resembles IT. Under
physiological salt concentrations, however, most of the AnFld molecules populate the
native state (Fig. 2-4f). Isothermal titration calorimetry (ITC) experiments showed that
Spy binds the WT and F98N mutant with dissociation constants of 28.2 and 1.8 uM,
respectively (Fig. 2-4g, h and Fig. 2-3e, f). The ~16-fold higher affinity of Spy for the I
mimic than for WT should shift the equilibrium of Spy-bound AnFld towards the more
expanded thermal intermediate. Thus, the molecular basis for binding-induced partial
unfolding of native substrates appears to be the higher affinity of Spy to more unfolded

conformations®°.
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Figure 2-4. Interaction of Spy with AnFld WT and FI98N

(a) Sedimentation profiles of AnFld WT in the absence (red) or presence of Spy dimer (in 1:1 mole ratio)
(blue) from analytical ultracentrifugation experiments conducted at 48,000 rom and 20 °C. The protein
samples were prepared in 10 mM potassium phosphate pH 7.5 buffer, and the concentration of AnFld
was 8.8 uM. (b) initial and (c) final fluorescence was obtained from the fit of the kinetic data sets for the
interaction of Spy and 0.09 uM AnFld WT. The plot shows the relative fluorescence signal normalized to
fluorescence of AnFld WT alone (Fy), i.e., AF/Fo where AF= Fo— F, as a function of Spy concentration. The
black line shows the best fit for a one-site binding model. (d) Fluorescence emission spectra of 5 uM each
of AnFld WT (red) and F98N (blue) in HN buffer at 25 °C. The excitation wavelength used was 295 nm
and emission were monitored from 310 nm to 400 nm. The slit widths were 5 nm each. Note the
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fluorescence intensity at 340 nm. (e) Sedimentation of AnFld WT in the absence (red) or presence of Spy
dimer (in 1:2.5 mole ratio) (blue) was conducted at 48,000 rpm and 20 °C. The protein samples were
prepared in 40 mM HEPES-KOH pH 7.5, 25 mM NaCl buffer, and the concentration of AnFld was 8.7 uM.
(f) SV-AUC experiment showing frictional ratios (f/fo) and sedimentation coefficient for 17.6 uM AnFld WT
in 40 mM HEPES-KOH (pH 7.5), 100 mM NaCl at 50,000 rom, and 22 °C. The plot shows the two-
dimensional sedimentation analysis (2DSA) followed by analysis with a genetic algorithm, further
validated by a Monte Carlo analysis. (g) — (h) ITC data showing the binding of Spy dimer to AnFld WT at
10 °C. The titration syringe was filled with 550 uM Spy dimer and 50 uM AnFld WT was filled in the cell.
The thermogram in (g) was integrated and fit to a one-site binding model, as shown in (h) to obtain
thermodynamic binding parameters. N, the stoichiometry of binding; K, association constant; AH,
enthalpy change; AS, entropy change. Values reported are the mean t s.e.m. of the fit. A.U., arbitrary
units.

2.2.3 Spy binds tightly to a partially unfolded mutant of ApoFid

If the binding of Spy tightly to partially or fully unfolded conformations of AnFld
inhibits AnFId refolding, then Spy should have a higher affinity to destabilized mutants of
AnFId than it does to the WT protein. We combined two destabilizing mutations in AnFlId
(L105A and 1109A) to generate AnFId 2A%5. Sedimentation equilibrium experiments
showed that this protein is monomeric and soluble (Fig. 2-6a). Multiple lines of evidence
indicate AnFld 2A is partially unfolded. CD spectra indicate the A2 mutant has lost about
30% of its alpha-helical content (Fig. 2-5a and Table 1), though its B-sheet content is
unchanged (Table 1). Other evidence that the 2A mutant is partially unfolded includes a
decrease in intensity and a redshift in tryptophan fluorescence (Fig. 2-5b) and an
increase in ANS (1-anilino-8-napthalene sulfonic acid) binding (Fig. 2-5c¢).
Sedimentation profiles show that the mutant is expanded relative to the WT protein (Fig.
2-6a) and urea denaturation profiles indicate that the mutant is highly destabilized, (Fig.
2-5d) and it unfolds more rapidly than WT (Fig. 2-6b). Limited dispersion in the 'H
dimension of the 2D ['H-"°N] HSQC-TROSY NMR spectra of the mutant between 7.5
and 8.5 ppm indicates that it is mostly disordered, though 48 residues maintain native-
like backbone "N shifts (Fig. 2-5e and Fig. 2-6¢, d)®. Together, our experiments

indicate that the AnFId 2A mutant is partially unfolded. Collectively these observations
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support our model that Spy kinetically traps AnFld in a partially unfolded state by rapid
and tight binding, thus functioning as a holdase.

Table 1: Secondary structure determination from far UV CD spectra

Protein Secondary Percentage
structural element

Helix 35.4 %

Sheet 16.6 %

AnFld WT Turn 5.3%
Others 42.6 %

Helix 25.2 %

Sheet 16.2 %

AnFld 2A Turn 12.3 %
Others 46.3 %

Fluorescence experiments indicate that Spy rapidly binds the 2A mutant with a Kp app of
0.1 uM (Fig. 2-5f). ITC and kinetic unfolding experiments indicate that AnFId 2A exists
in two binding-competent conformations interacting with Spy with comparable affinities
of 0.38 and 0.23 uM (Fig. 2-6e, f). These affinities measured for AnFld 2A are similar to

the 0.4 uM Kb found for Spy’s interaction with the U* state of AnFId WT.
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Figure 2-5: Characterization of the AnFId2A mutant and its interaction with Spy.

(a) Far-UV CD spectra of AnFld WT (red) and AnFIld2A mutant (green) in 0.1 M potassium phosphate
buffer (pH 7.5) at 25 °C.(b) Intrinsic tryptophan fluorescence emission spectra of the native states of
AnFld WT (green), AnFld 2A mutant (blue), and denatured AnFld WT in 5 M urea (red) in HN buffer at
25 °C. (c) Fluorescence emission spectra of ANS alone (red) in HN buffer and in the presence of AnFld
WT (green) or AnFid 2A mutant (blue) in HN buffer at 25 °C. The fluorescence intensity of ANS increases
2.8-fold upon binding the mutant compared to the WT. (d) Urea-induced denaturation of AnFld WT (red)
and AnFld 2A mutant (blue) monitored by tryptophan fluorescence emission at 340 nm in HN buffer at
25 °C. The data were normalized to each protein's fluorescence signal (Fs4) in the absence of urea. The
denaturation curve of the WT protein was fitted to a two-state unfolding model (solid black line) and that
of AnFld 2A was fitted to a third-degree polynomial (broken black line). (e) "H dimension of the 2D ['H-
5N] HSQC-TROSY spectra of 0.2 mM AnFld WT (red) and 2 A (blue). () Titration of Spy dimer to 10 uM
AnFld 2A as monitored by the intrinsic tryptophan fluorescence. The black line shows the fit of the
fluorescence intensity as a function of Spy dimer concentration to a tight binding model. A.U. arbitrary
units. The value reported is the mean + s.e.m. of the fit.
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Figure 2-6: Further characterization of AnFId2A and Spy-AnFIld2A interactions

(a) Sedimentation of (17.6 uM each) AnFld WT (red) and 2A mutant (blue) at 50,000 rom and 22 °C. The
protein samples were prepared in HN buffer. (b) Major and minor unfolding phases of AnFld WT (red and
blue circles, respectively) and those of the 2A mutant (red and blue triangles, respectively) were obtained
by fitting the unfolding kinetics in various urea concentrations to a sum of two exponentials. Black lines
show the linear fit of the natural logarithm of kops for the major unfolding phase as a function of urea

concentration according to the equation In k,; = In kff/%o + % [Urea], where kﬁ;ois the unfolding rate

constant in 0 M urea, myr is the urea-dependence of the unfolding rate constant, R is the gas constant,

and T is the temperature in Kelvin. The ki’;o values for the major unfolding phase of AnFld WT and 2A

mutant are 0.007 s”' and 3.96 s, respectively. The mysvalues for the major unfolding phase of the AnFlid
WT and 2A mutant are 0.88 kcal mol" K" and 0.61 kcal mol’ K, respectively. The ki’;o and myrvalues for
the minor phase in AnFld WT unfolding are 0.033 s and 0.48 kcal mol' K, respectively. Observing two
unfolding phases for the A2 mutant is consistent with two populations at equilibrium without aggregation.
(c) 2D ['H-5N] HSQC- TROSY spectra of 0.2 mM AnFld WT (red) and 2A (blue). The cross peaks in the
spectra of the 2A mutant that could be assigned unambiguously are shown in green boxes along with the
corresponding peak in the WT protein. (d) Crystal structure of AnFld WT showing the residues that could
be assigned in the 2A mutant (magenta), residues L105 and 1109 that are mutated (blue and encircled in
blue dotted circles), unassigned residues in the spectra of the mutant (cyan) and residues also
unassigned in the WT protein (gray). (e) The interaction of AnFId2A mutant and Spy was studied in a
stopped-flow fluorometer by monitoring tryptophan fluorescence of AnFld following 11.5-fold dilution in
HN buffer containing 0 uM (red), 4.6 uM (blue) and 9.1 uM (orange) Spy dimer. (f) ITC data showing the
binding of Spy dimer to AnFld 2A mutant at 5 °C. The titration syringe was filled with 1.2 mM Spy dimer
and 100 uM AnFld2A was filled in the cell. The thermogram was fitted to a two-site binding model, which
represents two conformations of AnFlId 2A in equilibrium that can both bind Spy. The thermodynamic
parameters for the two binding species are shown. N, the stoichiometry of binding; K, association
constant; AH, enthalpy change; AS, entropy change.

2.2.4 Spy forms a compact chaperone—client complex with ApoFId

To probe the interaction between Spy and AnFld, we employed native mass
spectrometry (MS), which detects non-covalent protein—protein interactions in the gas
phase. Native MS is particularly well-suited for analyzing mixtures such as co-incubated
proteins and their complexes, as each population is separated by mass®’. When
coupled to ion mobility (IM), native IM-MS enables gas phase structural measurements
of the mass-resolved proteins and complexes. The IM arrival time distributions (ATD) of
individual ions can be converted to rotationally averaged collision cross-section
distributions (CCSD). The centroid of these distributions can be reported as the
rotationally averaged collision cross section (°TCCSnz, CCS). CCS is a charge-

independent structural parameter that correlates with the surface area of the ion®8. It is
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sensitive to domain-level rearrangements that occur in solution prior to ionization. For

instance, a rigid protein with a single solution conformation exhibits a Gaussian

ATD/CCSD, whereas a dynamic protein exhibits a multimodal or extended

ATD/CCSD*°.
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Figure 2-7: Native IM-MS to study AnFId and its complex with Spy.

(a) Collision cross-sections of AnFld WT (orange circles), Spy (red circles), Spy: AnFld WT (blue circles)
versus m/z. The complex of Spy: AnFld 2A (blue triangles) is also plotted to compare the complexes. (b)
lon mobility mass spectrum of AnFld WT (orange) co-incubated with SpyP (red). Complexes of SpyP:
AnFld WT are highlighted in blue.

Using native IM-MS, we first compared WT AnFId and the destabilized 2A mutant. The
CCSs of AnFId 2A are similar to those of AnFId WT, indicating that both samples have a
similar structural ensemble (Fig. 2-8b and Table 2). The small difference observed in
CCS can be attributed to the small shift in mass of 2A vs. WT. The broad CCSD of both
AnFId’s (Fig. 2-7 and Fig. 2-8b), ranging from 18 to 20 nm? for the compact states and
20 to 45 nm? for the extended unfolded states, indicates that the proteins are structurally
heterogeneous in solution. The highest charge states exhibit collision cross-sections
equal to those observed for proteins nearly two to three times the size of
apoflavodoxin”®7!. Such conformational heterogeneity is expected as AnFId is
destabilized in low ionic strength buffers like the 20 mM ammonium acetate solution

used in these experiments®72, Using this buffer is fortuitous as it allows us to detect the
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native state and otherwise sparsely populated partially folded states of AnFld. The
degree of protein folding can also be assessed by inspection of ions' charge state
distribution (CSD). Natively folded compact proteins with rigid structures have a CSD
spanning 2—4 charge states. In contrast, both AnFld proteins analyzed in this work have
a broad multimodal CSD spanning 14 charge states, including “completely unfolded”
higher charge states (12+ to 19+), some “partially unfolded” charge states (9+ to 11+),
and some “folded”, compact charge states (6+ to 8+) (Fig. 2-8) confirming that these
proteins populate various conformations in solution. The unfolded 9+ to 19+ charge
states account for 15 + 2% of total AnFId 2A signal intensity while only accounting for
1.5+ 0.6% of total AnFId WT signal intensity (Fig. 2-8a). Although AnFld WT and AnFId
2A both apparently sample the same structural ensemble, the equilibrium of AnFld 2A is
clearly more shifted towards the unfolded states than AnFld WT. Next, we analyzed
complexes formed between Spy, and both AnFld variants. Three CSDs were observed
between 2000 and 4000 m/z corresponding to AnFld, Spy and Spy in complex with
AnFlId (Fig. 2-7 and Table 2). The Spy: AnFld complexes, containing either AnFld WT
or AnFlId 2A, consistently exhibit lower CCSs than the larger more unfolded forms of

ANFId (z = 15+ to 19+).
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Figure 2-8: IM-MS spectra and CCSDs of AnFid WT and 2A mutant
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(a) The mass spectra of AnFld WT and AnFld 2A were normalized by intensity and overlaid to compare the
charge state distribution and their relative intensities. The AnFld WT mass spectrum is shown as a black
trace, and the AnFld 2A mass spectrum is shown as a red trace. The inset shows the mass range between
800 and 1600 m/z zoomed in. The intensities of these low m/z “unfolded” forms of AnFld 2A are greater
than those of AnFld WT, indicating that more of AnFld 2A is unfolded in solution. (b) The PTCCSy; of AnFld
WT and AnFId 2A plotted together to show the similarity in CCS between the two forms of AnFld.

Table 2: CCSDs of AnFld (WT and 2A), Spy, and Spy-AnFld complex

D , AnFld WT (18920.4 + 0.4 Da) AnFld 2A (18,837.0 + 0.3 Da)
CCS (nm?) STD R.S.D. (%) CCS (nm?) STD R.S.D. (%)
19 4473 0.27 0.60 44.56 0.07 0.16
18 43.03 0.06 0.15 42.86 0.08 0.19
17 41.17 0.20 0.49 41.17 0.17 0.42
16 39.13 0.16 0.41 39.26 0.16 0.40
15 37.16 0.17 0.47 36.90 0.12 0.32
14 34.75 0.20 0.58 34.57 0.09 0.25
13 32.03 0.15 0.48 32.02 0.37 1.15
12 25.85 0.16 0.63 26.14 0.13 0.50
12 31.06 0.26 0.83 30.05 0.10 0.33
11 22.71 0.18 0.78 22.84 0.07 0.30
AnFld 11 26.31 0.48 1.81 27.30 0.31 1.13
10 21.00 0.12 0.58 20.99 0.06 0.29
10 23.01 0.51 2.20 24.60 0.03 0.14
9 19.83 0.04 0.19 19.81 0.01 0.06
8 19.02 0.02 0.12 19.11 0.06 0.30
7 18.86 0.03 0.14 18.81 0.05 0.27
6 18.53 0.03 0.14 18.43 0.05 0.27
D , Spy-AnFld WT (50,849 + 1 Da) Spy-AnFld 2A (50,762 + 1 Da)
CCS (nm?) S.D. R.S.D. (%) CCS (nm?) S.D. R.S.D. (%)
13 36.79 0.02 0.05 36.51 0.06 0.16
Spy-AnFid 12 36.39 0.07 0.19 35.91 0.06 0.16
11 35.94 0.06 0.16 35.50 0.08 0.22
10 35.79 0.19 0.54 35.26 0.05 0.14
D 2 Spy dimer (31,931 + 2 Da)
CCS (nm?) S.D. R.S.D. (%)
11 26.29 0.08 0.30
Spy dimer 10 25.65 0.15 0.59
9 24.87 0.21 0.83
8 23.81 0.21 0.89
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Since Spy does not undergo major changes in structure and dynamics upon substrate
binding, we attribute the changes in CCS upon complex formation to changes in the
conformation of AnFId upon Spy binding®'°. Measurements of intermolecular
paramagnetic relaxation enhancement effects in the Spy—Im7 complex by NMR
spectroscopy showed that the binding of Spy induces compaction of a dynamic
ensemble of unfolded Im7 L18A L19A L37A'0. The compaction of an unfolded client in
complex with Spy is proposed to facilitate intramolecular contacts necessary to fold
while bound?®19. Collectively, our results from spectroscopy-based kinetic experiments
and IM-MS reveal that such client compaction may also stabilize kinetically trapped

states that cannot fold in a chaperone-bound form.

2.2.5 The chaperone-binding surface of ApoFld is dynamic

Using NMR spectroscopy, we set out to characterize the binding surface of AnFid
at the residue level. Upon the addition of sub-stoichiometric amounts of unlabeled Spy,
we observed a loss of signal intensity, as quantified by the peak heights in the (2D) ['°N,
"H]-TROSY NMR spectra of [U-?H, °N, '3C]-labeled AnFId (Fig. 2-10a). Considering
both the increase in size upon complex formation (size of apo-AnFld is ~19 kDa and that
of the AnFld-Spy complex is ~50 kDa) and the micromolar affinity of the interaction, we
reasoned that line broadening could be caused by increased tumbling time and/ or
increased chemical exchange in the ys-ms time scale. Therefore, we attempted to map
the binding surface of AnFId for Spy by plotting the ratio of peak intensities of AnFld
residues in the absence and presence of 0.75% unlabeled Spy. Residues were
considered to be part of the interaction site if they underwent greater than 2/3 of the

average loss in peak intensity upon Spy binding (Fig. 2-9a). These residues largely
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colocalize on one surface of native AnFld (Fig. 2-9b, ¢ and Fig. 2-10b). However, we
cannot eliminate the possibility of additional binding sites on AnFId as chemical shift
assignments were unavailable for stretches of contiguous residues G9-S17 at the

phosphate-binding site and C54-Y70 at the FMN-binding site”3.
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Figure 2-9: NMR spectroscopy to map the Spy binding surface of AnFld.

(a) A plot of the ratios of intensities of each assigned cross peak in the ['TH-"SN]-TROSY NMR spectra of
AnFld WT in the presence of a sub-stoichiometric amount of Spy (0.75%) and in the absence of Spy [l +spy)
and I-spy), respectively]. The asterisks denote unassigned residues in the spectra, and the dashed red
line shows the cutoff of average peak broadening for all mapped residues. (b), (c) A red-to-blue color
scale has been used to map the NMR peak intensity ratios on the crystal structure of AnFld (Protein Data
Bank ID code 1FTG) in (b) ribbon and (c) surface representations. Red and blue represent the highest
and lowest intensity ratios in the dataset at 0.784 and —0.002, respectively. A lower intensity ratio, i.e.,
[li+spy/l-spy)] is indicative of a higher degree of backbone perturbation in the presence of Spy. The
unassigned residues in AnFld are shown in gray.

We note that several residues in the two loops, 90—-100 and 120-139, that were found

to interact with Spy based on their intensity ratios have previously been found to be
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unstructured in the otherwise natively folded thermal intermediate of AnFId (Fig. 2-
10c)’4. The binding of Spy to these dynamic regions on AnFld may help stabilize the
partially disordered AnFId in a high-affinity complex. This is consistent with our native
IM-MS experiments, which indicate that the AnFId-Spy complex is more compact than
unfolded conformations of unbound AnFId in the solution. Interestingly, Monte Carlo
simulations using a nucleation-growth model showed that the folding nucleus of AnFid
comprises the loop 90-100 and the segment 120-160 that includes a4, 5, most of the
C-terminal helix a5, and connecting loops; in other words, almost completely overlaps
with the binding surface for Spy”3. While the implications of this finding are unclear, we
speculate that Spy may kinetically trap refolding AnFlId in the non-native U* state by

tightly binding to a folding nucleus formed early during folding.
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Figure 2-10: Interaction of Spy with AnFid

(a) Two-dimensional ['H-1SN] HSQC- TROSY NMR spectra of [U- 2H, 5N, 13C] -labeled AnFld in the
absence (green) and presence of 0.75x Spy (magenta) in 90% (v/v) 50 mM potassium phosphate buffer
(pH 7.5) (in "H20) and 10% (v/v) 2H-0. Gray dotted circle shows a region with several overlapping peaks
that could not be assigned. 70.5% of the published amide cross peaks of AnFld (BMRB accession
number 5011) could be assigned unambiguously in our experiments. (b) Structural representation of the
backside of the Spy-binding surface in AnFld mapped by NMR peak intensity ratios using a red-to-blue
color scale. The unassigned residues are shown in gray. (c¢) Crystal structure of AnFld showing the
residues that interact with Spy in magenta. Amide cross peaks of these residues have intensity ratios
lower than the average value of 0.334. The rest of the protein is colored green, including unassigned
residues in our experiments.

2.2.6 Spy kinetically traps the misfolded molten globule of ApoFId

We have shown that Spy’s ability to inhibit the folding of Anabaena flavodoxin
apparently results from its tightly binding to partially unfolded states. Given the striking
differences between Spy’s mechanism of action for AnFld and simple substrates like

Im7 and Fyn SH3, we wished to test the holdase activity of Spy with apoflavodoxin from
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another species, Azotobacter vinelandii, that populates a stable molten globule
intermediate®’. Molten globules are a class of compact folding intermediates that lack
persistent native tertiary structure but possess a significant amount of native-like
secondary structure’. The flavodoxin from Azotobacter vinelandii, which we term
AzoFId, shares 47% sequence identity and is structurally very similar (RMSD of 0.6 A)
to the flavodoxin from Anabaena with which we did all of the proceeding experiments
(Fig. 2-11a). AzoFId folds via a complex four-state mechanism that involves both the
formation of a stable off-pathway molten globule intermediate (MGoff) that acts as a
kinetic trap and an obligate high-energy on-pathway intermediate (lon) (Fig. 2-1a)°’. The
major kinetic phase during refolding reports on the rate-limiting step of unfolding the
molten globule intermediate formed rapidly after diluting from denaturant %’. The
sedimentation profiles of AzoFId alone and in the presence of Spy showed that the Spy
dimer forms a 1:1 complex with AzoFId (Fig. 2-11b). By monitoring the refolding of
urea- denatured AzoFId in buffer containing increasing concentrations of Spy, we
observed that Spy decreased both the folding rate and yield of AzoFId (Fig. 2-12a). Like
our observations with AnFld, the decreasing fluorescence amplitude with increasing Spy
concentrations indicates that AzoFId cannot undergo efficient folding when bound to
Spy. Kinetic refolding of AzoFId occurs in two phases in the absence of Spy. The minor
folding phase disappears with even low amounts of Spy (> 4.6 uM). The kobs for the
major folding phase decreased hyperbolically with increasing concentrations of Spy and
asymptotically reached the very low value of 0.09 s~ at saturating Spy concentrations
(Fig. 2-12b). The simplest explanation for this observation is that Spy binds more tightly

to both MGoff and U states than it does to native AzoFId, thereby allowing Spy to inhibit
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the folding of AzoFId. The small non-zero kobs value suggests that the unfolding of MGost
can still occur while bound to Spy, albeit at a much slower rate. Notably, the U and
MGorf states are indistinguishable species without denaturant due to a gradual second-
order-like collapse transition of the unfolded protein to the MGof state under equilibrium
conditions’®. Given that the MGor state is reported to be aggregation-prone in the
presence of cytosol-mimicking crowding agents, binding to such misfolded
intermediates is additional strong evidence for Spy having a holdase activity for

flavodoxin-fold substrates’’:78.

(b) B AzoFid

B AzoFld: 0.5 Spy dimer
B AzoFId : 1 Spy dimer

B AzoFid : 2 Spy dimer
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Figure 2-11: Structure of AzoFId and its interaction with Spy

(a) Structural alignment of AnFld (PDB ID 1FTG) (cyan) and AzoFId (PDB ID 1YOB) (orange). (b)
Samples of AzoFId (13.8 uM) in the absence or presence of 0.5x, 1x and 2x Spy dimer in KP buffer were
analyzed by analytical ultracentrifugation at 50,000 rom and 25°C.
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Figure 2-12: Holdase activity of Spy inhibits the folding of apoflavodoxin.

(a) Fluorescence traces of the refolding of 0.1 uM AzoFId C69A in the presence of various concentrations
of Spy dimer (0—182.6 uM after mixing) in KP buffer. The time axis is shown in a logarithmic scale. (b) A
plot of the observed major rate constant for AzoFId refolding (kobs) as a function of Spy dimer
concentration. (¢) Mechanism of substrate-specific action of Spy. Simple substrates can fold while
continuously chaperone-bound because Spy binds the native (N) and unfolded (U) states with weak
affinities. Even at saturating concentrations of Spy, folding occurs because the N-Spy complex is the
most energetically stable form of the substrate. However, large and topologically complex substrates
cannot fold while bound because of Spy’s strong affinity for (partially) unfolded states (denoted
generically by U?). Spy acts as a holdase for such substrates by sequestering aggregation-prone Ut
states. Kinetically, such holdase-like action makes Spy a competitive inhibitor of folding because the Uf—
Spy complex is the most energetically stable form of the substrate.
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2.3 Discussion

Misfolded and unfolded states of cellular proteins are recognized by ATP-
independent holdase chaperones that act by sequestering them to prevent
aggregation®. Our results with the small bacterial ATP-independent chaperone Spy
showed that simple model proteins like Im7 and Fyn SH3 could fold while continuously
bound to Spy, provided the different folding states bind the chaperone only weakly®®.
The relative affinity of Spy to the different folding states of the substrate appears to
determine whether substrate folding occurs while bound to Spy. We previously
observed that the Spy mutants Q100L and H96L inhibit SH3 refolding®®. The
mechanistic basis for the unfolding activity of these Spy mutants was an increase in the
binding affinity of Spy towards unfolded SH3. Furthermore, the affinity of Spy to
unfolded SH3 correlates with the folding rate constant in the presence of Spy. These
Spy mutants are also potent holdase chaperones that suppress the in vitro aggregation
of denatured substrates like aldolase and a-lactalbumin’®. We postulate that only by
binding loosely and with comparable affinity to unfolded, intermediate, and native states
can a chaperone allow folding while bound without interfering with the substrate
protein’s function. In contrast, binding and sequestration of aggregation-prone
denatured states is a hallmark of ATP-independent holdase chaperones®. Nanomolar
affinities for unfolded polypeptides and folding intermediates have been observed for
the interaction of substrates with ATP-independent chaperones such as trigger factor,
Skp, SecB, and sHsps82-84, For instance, the periplasmic holdase chaperone Skp binds
the unfolded outer membrane protein OmpA with a Kp of 22 nM. The chaperone activity

of the human small heat-shock protein Hsp27 is enhanced upon stress-induced
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phosphorylation. The phosphorylation mimic of Hsp27, S15D/S78D/S82D binds a
destabilized T4 lysozyme variant with an apparent affinity of 4 nM8. Although the exact
mechanism varies, these chaperones generally maintain substrates in an unfolded
state, thereby preventing aggregation. That these chaperones bind tightly to non-native
states with different degrees of unfolding intuitively supports their holdase activity. In the
case of Im7 and Spy, the various Im7 folding states bound to Spy can interconvert while
chaperone bound, apparently at least partly due to the weaker nature of the
interaction®1°. In the case of AnFld, the interaction of partially unfolded states with Spy
is substantially tighter, and this tighter binding apparently prevents the folding of the
chaperone-bound substrate. These observations make intuitive sense; tight binding of
the chaperone will hinder conformational transitions in the bound substrate and thus
prevent folding while bound. The inability of sHsps to work as folding-while-bound
chaperones may be partly due to their reliance on short-range hydrophobic interactions
to recognize non-native clients®. This mode of client recognition also prevents them
from binding native proteins, which normally do not expose hydrophobic surfaces. Tight
binding to unfolded and intermediate states render sHsps incapable of spontaneous
release and refolding of clients. The chaperone function of sHsps is therefore limited to
sequestering aggregation-prone unfolded proteins 83. On the other hand, Spy utilizes
mainly long-range electrostatic interactions to recognize and bind unfolded substrates.
Although the Spy-unfolded substrate complex is also stabilized by hydrophobic
interactions, for substrates like Im7 and SH3, binding is weak and allows the substrate

to fold to its native state’-°%. Our work with apoflavodoxin shows that the affinity of Spy
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to partially unfolded substrates is crucial in determining whether Spy’s chaperone
function mirrors that of sHsps (Fig. 2-12c).

Taken together, this work on Spy and apoflavodoxin and our past work on the
effect of Spy on the folding of Im7 and Fyn SH3 establish the central role of the folding
landscape of the substrate in determining chaperone mechanisms. Spy can allow
simple substrates like Im7 and SH3 to fold while bound because unfolded
conformations can transition to the native state on the cradle of Spy. However, relatively
large and topologically complex substrates like apoflavodoxin will be energetically
stabilized in a chaperone-bound unfolded conformation. Our results, therefore, highlight
the importance of substrate-specific mechanisms rather than the paradigmatic roles of
ATP-independent chaperones in protein quality control. Intuitively, multi-functionality
may be advantageous for cellular and organismal fitness as it enables chaperones to

bind to different conformational states of substrates.
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2.4 Materials and Methods

2.4.1 Protein expression and purification

The genes for AnFld and AzoFId C69A were codon-optimized for expression in E. coli
and synthesized by GenScript. The flavodoxin genes were inserted into a pET28b-
based vector with an N-terminal Hiss-SUMO tag by standard restriction digestion and
ligation-based cloning using the enzymes BamHI| and Xhol. The F98N, L105A and
109A mutations were inserted into AnFld simultaneously using site-directed
mutagenesis with a QuikChange kit (Agilent). The primers used for mutagenesis are
listed in Table 3. Plasmid with the Spy gene was obtained from lab collection3. Spy was
purified as described previously®®. The modified pET28b plasmid containing the
flavodoxin gene was transformed into E. coli BL21 (DE3) cells for protein expression.
Cells were grown at 37 °C to early log phase in PEM media containing 100 ug/ml
kanamycin and then shifted to 20 °C for induction by addition of 0.1 mM IPTG. After 16h
of protein expression, cells were pelleted by centrifugation for 20 min at 5000 x g at 4°C.
The pellet was resuspended in lysis buffer containing 50 mM sodium phosphate,

400 mM NacCl, 10% glycerol, pH 8.0 and 0.05 ug/ml DNase and protease inhibitor
cocktail (complete mini EDTA-free, Roche). Following sonication for 8 min on ice, the
cell lysate was centrifuged twice at 36,000 x g for 30 min at 4 °C to pellet the cell debris.
The supernatant was loaded with 20 mM imidazole onto a Ni-His Trap column
equilibrated with water and lysis buffer. The column was washed with lysis buffer
containing 30 mM imidazole. His-tagged flavodoxin was eluted by adding lysis buffer
containing 500 mM imidazole to the column. 500 ug of ULP1 protease was added to the

elution to cleave the His-SUMO tag from the protein. The elution was then dialyzed
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against buffer containing 40 mM Tris, 400 mM NaCl, pH 8.0 at 4 °C overnight. The
cleaved His tag was removed following ULP1 digestion and dialysis by passing through
a Ni-His Trap column that had been equilibrated with lysis buffer containing 30 mM
imidazole. The flow through was collected and 25 mM Tris pH 8.0 buffer was added to
dilute the sample 5-fold. The sample was then loaded onto a HiTrap Q column and the
protein was eluted with a NaCl gradient in 25 mM Tris pH 8.0. The fractions containing
holoflavodoxin were yellow in color and were discarded. The colorless fractions contain
purified apoflavodoxin and hence were collected and concentrated. The protein was
then passed through a HiLoad Superdex 75 column equilibrated with 40 mM HEPES-
KOH (pH 7.5), 100 mM NaCl (HN buffer) for desalting and buffer exchange. The purified
protein was then aliquoted, flash frozen in liquid nitrogen, and stored at =80 °C.
Expression and purification of AnFld F98N, AnFId2A, and AzoFId were done with the
same protocol. "°N-labeled AnFld WT and 2A mutant were expressed in M9 minimal
media containing ""NH4Cl as the sole nitrogen source. The protocol of Marley and
coworkers was used to express [U-?H, '°N, '3C] —labeled AnFld WT in M9 minimal
media prepared in ?H20 and supplemented with ">NH4Cl, '*C-glucose and ISOGRO
growth supplement (Sigma)®. The isotopically labeled proteins were purified with the
same protocol as that used for unlabeled proteins except that the holo-protein fractions
were also collected. Apoflavodoxin was obtained by trichloroacetic acid precipitation to
remove the bound FMN®’. Protein concentrations were determined using the molar
extinction coefficients of 34,100 M-"cm' for AnFld (WT, F98N and 2A mutants) and

29,000 M-'cm-" for AzoF1d87:88,
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Table 3: Primers used in this study

Primer | Mutation DNA Sequence (5’ to 3’)

RMO01 L105A, I1109A CACGCTGGCTAGCCTTTTCCTCCGCAATGCCGATCGCGTCTTGGA
(forward primer)
RMO02 L105A, I1109A TCCAAGACGCGATCGGCATTGCGGAGGAAAAGGCTAGCCAGCGTG
(reverse primer)

RMO03 F98N CGGTTATGCGGATAACAACCAAGACGCGATCGGC
(forward primer)
RM04 F98N GCCGATCGCGTCTTGGTTGTTATCCGCATAACCG

(reverse primer)

2.4.2 Analytical ultracentrifugation

Analytical ultracentrifugation (AUC), sedimentation was monitored by absorbance at
280 nm at 50 krpm for AnFld WT and AnFld 2A mutant. For the binding experiments
containing Spy and AnFld or AzoFld, sedimentation was conducted at 48 krpm and
monitored by absorbance at 280 nm. Sedimentation velocity AUC (SV-AUC) was
carried out using 450 pl loaded into two-sector epon centerpieces with 1.2 cm path-
length in an An60Ti rotor in a Beckman Optima XI-I analytical ultracentrifuge.
Measurements were completed in intensity mode. All SV-AUC data were analyzed
using UltraScan 4 software, version 4.0 and fitting procedures were completed on
XSEDE clusters at the Texas Advanced Computing Center (Lonestar, Stampede)
through the UltraScan Science Gateway (https://www.xsede.org/web/guest/gateways-
listing)®°. The partial specific volume (vbar) of the protein samples (Spy, AnFId, AnFld?A
mutant, AzoFld) was estimated within UltraScan Il based on the protein sequence®®.
Raw intensity data were converted to pseudo-absorbance by using the intensity of the
air above the meniscus as a reference, then edited. Next, 2-dimensional sedimentation
spectrum analysis (2DSA) was conducted to subtract time-invariant noise, and the
meniscus was fit using ten points in a 0.05 cm range®. The arrays were fit using an S

range of 1-8, an f/fp range of 1-4 with 64 grid points for each, ten uniform grid
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repetitions, and 400 simulation points. 2DSA was then repeated at the determined
meniscus to fit radially invariant and time-invariant noise together using ten iterations.
The 2DSA analysis was refined by a genetic algorithm, which helps to define the solutes
and to eliminate any false positive solutions. The distribution between AnFld native state
and AnFld intermediate I” was determined by integrating the peak intensities after
performing the genetic algorithm analysis. The results from the genetic algorithm were

evaluated using a Monte Carlo algorithm®'.

2.4.3 Isothermal titration calorimetry

Thermodynamic analysis of Spy binding to AnFild WT and AnFIld F98N was conducted
by ITC experiments at 10 °C using a MicroCal iTC200 (Malvern Instruments). The
proteins were buffer exchanged into assay buffer containing 40 mM HEPES-KOH (pH
7.5), 100 mM NaCl, using a PD10 desalting column. For the WT and F98N mutants,
550 uM Spy dimer was added in the titration syringe and 50 uM AnFId in the cell. For
the 2A mutant, 1.2 mM Spy dimer was added in the titration syringe and 100 uM AnFlId
in the cell. The fitting of thermograms to one-site or two-site models was done using

Origin software (OriginLab) that was provided with the instrument.

2.4.4 Stopped-flow fluorescence

All stopped-flow experiments were conducted in a KinTek SF-300X stopped-flow
instrument at 25 °C. The tryptophan residues of both the flavodoxins were excited at
295 nm and the emitted fluorescence signal was collected using a 320 nm long-pass
filter provided with the instrument. Urea dependence of AnFld refolding was monitored

by 11.5-fold dilution of 1.04 uM AnFId that was denatured in HN buffer containing 5 M
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urea into HN buffer containing various urea concentrations in a 1:10.5 mix. AnFld
unfolding was monitored in a similar way, except that native AnFld in HN buffer was
diluted 11.5-fold in HN buffer containing increasing concentrations of urea between 0
and 5 M. The final concentration of AnFld in all cases was 0.09 uM. 10-12 traces of 10
s were acquired for each data point and averaged. For refolding experiments at 0.43—
1.9 M final urea concentration, two kinetic phases were observed. However, one
exponential was sufficient to fit the traces from experiments at higher urea
concentrations. Average traces from unfolding experiments at 2.05-3.38 M final urea
concentration were fit to a single kinetic phase, whereas data from experiments at
higher final urea concentrations were fit to two phases. AnFld refolding in the presence
of Spy was monitored by mixing in a 1:10.5 mix, 1.04 yM AnFId in HN buffer containing
5 M urea with HN buffer containing various Spy concentrations (0-27.39 uM Spy dimer
after mixing). 10-12 traces of 10 s duration were acquired for each data point and
averaged. AzoFId refolding in the presence of Spy was monitored using tryptophan
fluorescence intensity as signal in a similar way as AnFld, i.e., by 11.5-fold dilution of
1.4 uM AzoFId in 10 mM potassium phosphate pH 6.0 (KP) buffer containing 6 M urea
into KP buffer containing various concentrations of Spy (0-228.3 uM Spy dimer after
mixing). Each kinetic trace is an average of 7-10 traces that were collected for 50 s. For
stopped-flow experiments to monitor the interaction of native AnFld and Spy, 1.04 uM
AnFId in HN buffer was diluted 11.5-fold into HN buffer containing various
concentrations of Spy. Each kinetic trace was an average of 5-6 traces of 50 s duration
that were acquired with the auto-shutter on to minimize photobleaching during the

experiment. The average trace for each data point was fit to a single exponential. In all
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the experiments with Spy, the background signal of Spy due to its tyrosine residues was
removed. This was done by collecting shots of each concentration of Spy diluted into
buffer and subtracting the average signal of Spy from the kinetic trace of flavodoxin
folding at that Spy concentration. Individual traces were fitted to sums of exponentials in

KaleidaGraph (Synergy Software) to obtain observed rate constants.

2.4.5 Fluorescence spectroscopy

All fluorescence spectra were acquired on a Cary Eclipse Fluorescence
Spectrophotometer. In tryptophan fluorescence-based titrations, binding was monitored
by tryptophan fluorescence of apoflavodoxin; 17.2 uM of AnFid WT or 10 uM AnFId 2A
in 1 ml of HN buffer was titrated with increasing concentrations of Spy in a 10 mm
quartz cuvette containing a magnetic stirrer. After each addition, the contents of the
cuvette were manually mixed with a pipette and allowed to equilibrate inside the
spectrophotometer for 2—3 min. Spectra were collected at 25 °C with an excitation
wavelength of 295 nm and emission wavelengths scanning from 310—400 nm. Both
excitation and emission slit widths were set to 5 nm. For each addition of Spy, spectra
were collected in triplicate over a period of 0.5 min and then averaged. Average spectra
for each titration point were corrected for dilution from the titrant additions. For AnFId
WT, the fluorescence emission at 340 nm for every titration point was normalized with
respect to the emission of flavodoxin alone, plotted as a function of Spy dimer
concentration, and the binding isotherm fitted to a square hyperbola equation, Eq. (1).
For AnFId 2A, the fluorescence emission at 340 nm was plotted as a function of Spy
dimer concentration and fitted to a quadratic equation for tight binding, Eq. (2).

(F-Fi)/Fi=(Bmax *[L]) / (Kp + [L]) (1)
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F=0.5"(F, (C+[L]+KD-\/(C+[L]+KD)2-4*C*[L])+I (2)

where, F is the fluorescence signal, Fiis the fluorescence of AnFld WT in the absence
of Spy, [L] is the Spy dimer concentration, Bmax is the maximum fluorescence change,
Kb is the dissociation constant, Fo is a fluorescence correction factor, C is the
concentration of AnFld 2A, and / is the y-intercept. The fluorescence emission spectra
of native AnFld WT and the AnFId 2A mutant were recorded by dissolving the protein in
HN buffer, and the spectra of denatured AnFld WT was recorded in HN buffer
containing 5 M urea. All the proteins were used at a concentration of 10 uM. The
spectra were collected at 25 °C with an excitation wavelength of 295 nm and emission
wavelengths from 310—400 nm. Both the slit widths were 5 nm. Each spectrum was
acquired three times and averaged.

ANS binding assays were conducted by monitoring the fluorescence emission spectra
of 1-anilino-8-napthalene sulphonate (ANS) in HN buffer in the presence and absence
of 5 uM AnFld WT or 5 uM 2A mutant. The final concentration of ANS was 250 uM.
ANS was excited with a wavelength of 385 nm and emission was recorded from 400 to
700 nm. The excitation and slit widths were 5 nm. The spectra shown are each an
average of five scans.

For chemical denaturation by urea, 10 yM AnFIdWT or 5 yM AnFId2A was added to 1
ml HN buffer containing various concentrations of urea ranging from 0-5 M and
incubated for ~30 min at room temperature. Fluorescence spectra were recorded at 25

°C with excitation wavelength at 280 nm and emission monitored at 340 nm.
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2.4.6 Circular dichroism spectroscopy

Far-UV CD spectra were acquired on a Jasco J-1500 CD spectrometer. The spectra
were recorded in a quartz cell with a path length of 0.1 cm using ~0.2 mg/ml of protein
concentration. The spectra were acquired from 260 to 190 nm with a 0.5 nm data
interval, 50 nm/min scan speed, and at 25 °C unless otherwise specified. Five scans
were collected and averaged. The mean residue ellipticity (MRE) was calculated using
Eq. (3)

MRE = (MRW *®) /(10 *d *c) (3)

Where, MRW is the mean residue weight, O is the observed ellipticity (degrees), d is the
path length (0.1 cm), and c is the protein concentration in mg/ml. The average CD
spectra were deconvoluted with the BestSel algorithm to determine the secondary
structure of the proteins in terms of the percentages of a-helix, B-sheet, turn, and

unordered components®?,

2.4.7 Nuclear magnetic resonance spectroscopy

The ['H-""N] — TROSY HSQC NMR spectra of AnFld WT and the 2A mutant were
recorded using Watergate solvent suppression at 25 °C on a Bruker 600 MHz
spectrometer equipped with the ("H/'°F)-X broadband CryoProbe Prodigy. [U- "°N] —
labeled proteins were exchanged into NMR sample buffer (50 mM potassium phosphate
buffer (pH 7.5) containing 0.1 M NaCl) using a PD10 desalting column (GE Healthcare).
The samples were 0.2 mM of protein dissolved in a mixture of 90% (v/v) NMR sample
buffer (in 'TH20) and 10% (v/v) 2H20. The spectra were acquired using a total of 2048
complex points in t2 and 512 increments in t1 with 8 scans per increment over a

spectral width of 9.6 kHz and 2.1 kHz in the 'H and '*N dimensions, respectively. To
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study the interaction of AnFld and Spy, [U- ?H, "®N, '3C] —labeled AnFId and Spy were
exchanged into 50 mM potassium phosphate buffer (pH 7.5) without any salt using a
PD10 desalting column (GE Healthcare). "®*N-TROSY spectra were collected at 25 °C
with 0.2 mM AnFId dissolved in 90% (v/v) buffer (in "H20) and 10% (v/v) 2H20 and then
titrations were done by addition of appropriate volume of Spy to the NMR tube. A total of
2048 data points in t2 dimension and 256 increments in t1 with 16 scans per increment
were acquired. The spectra were processed using NMRPipe suite, analyzed, and

plotted in NMRFAM Sparky®3%4,

2.4.8 Native ion mobility-mass spectrometry

Prior to analysis, Spy and AnFld were exchanged from storage buffer into 20 mM
ammonium acetate (pH 7.4) by Micro Bio-spin size exclusion spin columns (Bio-Rad).
Spy-AnFld complexes were formed by mixing Spy dimer and AnFid at 1 uM final
concentration in 20 mM ammonium acetate solution (pH 7.4) and co-incubating on ice
for ~5 min. Aqueous samples were transferred into the gas phase via nano electrospray
ionization (nESI) using a capillary voltage of 900—-1,000 V. The ions were analyzed on a
modified Agilent 6560 drift tube ion mobility quadrupole time-of-flight mass spectrometer
(DTIM-Q-TOF) (Agilent)”"-%5. The drying gas (N2) temperature was set to 25 °C, and the
flow was reduced to 1.5 I/min. The instrument was operated with 99.9999% nitrogen
gas, front funnel pressure of 4.52 torr, trap funnel pressure of 3.80 torr, drift tube
pressure of 3.947 torr, quadrupole pressure of 2.48 *10-° torr, and TOF flight tube
pressure of 1.699 *10~7 torr. The IM separation was carried out under low field
conditions (~18.5 V/cm), and the ion arrival time distributions were fit to Gaussian

functions using using CIUSuite2%. The centroids of the fit Guassian functions were
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converted to rotationally averaged collision cross section (°TCCSnz2) by a single-field
calibration using Agilent Tune Mix ions as previously described®”. The PTCCSn2
measurements reported are the average of three technical replicate measurements, and
the error reported is the standard deviation. Raw data were analyzed using Agilent IM-

MS Browser 10.0 and mMass98.99,
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Chapter 3 Characterizing the Structural Dynamics of SERF-RNA

Interactions3

3.1 Background

Ribonucleoprotein (RNP) granules are founding members of a growing class of
biomolecular condensates formed through multivalent interactions of RNA and RNA-
binding proteins (RBPs)'9-192, Numerous examples have established the role of RNA-
RNA and RNA-protein interactions in regulating the composition, material properties,
and dynamics of RNP granules'%3-198_However, as pointed out recently, the structural
and dynamic properties of proteins and nucleic acids that give rise to these
condensates are largely unclear'®. In the early stages of phase separation, critical
nuclei are formed by spontaneous assembly of mesoscopic RNA-RBP clusters%.111,
Unfortunately, the sub-diffractive assemblies in these early stages are invisible to
diffraction-limited microscopy''2. We think the lack of suitable model systems has
hindered the comprehensive structural analysis of early RNA-RBP clusters. Most
extensively studied RBPs, such as FUS, hnRNPA1, and G3BP1, are large and have
multi-domain architecture'%4113-117 Additionally, IncRNAs and mRNAs that have been
identified in RNP condensates are kilobases in length and adopt complex structures'8-

121, Although these native target RNAs are ideal for in vitro reconstitution, synthesizing

3 The contents of this chapter reflect a manuscript in preparation titled “Mechanisms underlying RNA-
protein condensation”. Kevin Namitz from the Penn State Huck Institutes of the Life Sciences performed
AUC experiments and analyzed the data. Microscopic imaging was conducted by Matthew Crotteau and
myself from the lab of James Bardwell, in collaboration with Jian Guan from the lab of Ursula Jakob.
Recombinant proteins were expressed and purified by Ke Wan from the lab of James Bardwell.
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them in bulk for phase separation assays is difficult or prohibitively expensive. These
considerations make it challenging, if not impossible, to probe the structural properties
of RBPs and RNAs in the context of phase separation (Fig. 3-1). Hence, there is a need
for tractable RBP-RNA pairs that can serve as model systems to characterize
biomolecular structure in condensed phases quantitatively. To maximize our potential
for obtaining structural insights into phase- separating RNP complexes, we have limited
our selection to the remarkably small number of well-characterized RNAs that also
contain ubiquitous secondary structure elements such as stems, loops, and bulges'??. A
model RNA-RBP system allows for elucidating the structure and dynamics of
mesoscopic clusters in sub-saturated solutions that give rise to a macroscopic
condensed phase’"123,

The small EDRK-rich factor (SERF) is a small eukaryotic protein with a highly
conserved N-terminal disordered region. SERF acts as a modifier of amyloid
formation*'.124. We have previously reported that the SERF accelerates the primary
nucleation of amyloid proteins by forming fuzzy complexes'?®. The highly conserved N-
terminal ~20 residues of SERF (N-SERF domain) form an unstructured module tethered
to a folded region’?. Recent work has shown that the human SERF1a protein localizes
to nucleoli and can facilitate the nucleolar incorporation of fluorescently labeled RNA%.
While the exact role of SERF in amyloid diseases is still unclear, the cellular localization
and physicochemical properties of SERF suggest that RNA binding is its main function
in the native cellular context. Over 95% of RBPs that lack canonical RNA binding
domains do not exhibit sequence specificity for their RNA targets324’. Since RBPs often

recognize bulges and internal loops in RNA, we selected a model helix-junction-helix
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motif to build our synthetic RNA-RBP condensate'?”. Small secondary structural
modules like helices and junctions are often used to study RNA folding'28-133. The apical
region (residues 17 - 45) of the trans-activation response element (TAR) RNA from
human immunodeficiency virus type-1 (HIV-1) is the best-studied helix-junction-helix
motif'3413%_ This 29-nucleotide RNA (depicted in Fig. 3-4a) contains two A-form helical
stems (Domain | and Domain Il), a trinucleotide bulge, and a hexanucleotide apical
loop. TAR undergoes dynamic motions over a broad range of time scales'36. Here, we
have established SERF and TAR as a tractable in vitro RBP-RNA complex and
comprehensively characterized their interaction using various complementary methods.
Using solution NMR, we show that the conserved N-SERF domain interacts with TAR
and perturbs its structure. Although binding to TAR slows down the backbone dynamics
of SERF, it does not result in the adoption of a folded structure of SERF in the bound
state. SERF:TAR complexes are compact and not as conformationally heterogenous as
SERF: amyloid protein complexes. Future work will investigate how multivalent

interactions drive the assembly of binary SERF-TAR condensates.
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Figure 3-1: Modular architecture of RBPs and RNAs in RNP condensates

The two RNA-binding proteins shown here, TDP-43 and FUS are large and contain multiple domains'?’.
The RNA molecule depicted here reflects the secondary structural complexity of mRNAs and IncRNAs
often found in RNP granules. RRM. RNA-recognition motif; ZnF. Zinc-finger; NLS. Nuclear localization
signal; NES. Nuclear export signal; PY-NLS Proline-tyrosine-rich nuclear localization signal. (The cartoon
RNA was created with BioRender.com)
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Protein-protein
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Trends in Biochemical Sciences

Figure 3-2: Homotypic and heterotypic interactions that driving RNP granule formation'3?

Ribonucleoprotein (RNP) granules are assembled through multivalent protein—protein, RNA—RNA, and
protein—RNA interactions. The molecular mechanisms that explain the connection between these
multivalent interactions and the stability, composition, and material properties of RNP granules are not
well understood. (Reprinted from Tauber, D. et al. Trends. Biochem. Sci. (2020) with permission from
Springer)
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3.2 Results

3.2.1 NMR illuminates a dynamic, disordered N-SERF domain

As the first step towards comprehensively characterizing the interactions of
SERF and TAR in our model RNP complex, we utilized solution NMR methods to obtain
high-resolution information about the conformational dynamics of SERF. The H,'SN-
HSQC spectrum of SERF, like most IDPs, shows narrow chemical shift dispersion in the
direct ("H) dimension at room temperature (Fig. 3-7a). To circumvent the limitation of
poor signal dispersion, we turned to '3C Direct-Detect NMR spectroscopy'3%-143, The
15N, 13C-CON spectrum shows excellent dispersion, allowing us to obtain unambiguous
backbone and sidechain resonance assignments for every residue in SERF (Fig. 3-3).
13Ce, 13CB, 13C’, and 5N chemical shifts are sensitive to backbone dihedral angles and
report on site-specific conformational (dis)order'44. We measured per-residue
secondary structure propensities as the deviations of the measured '3C® and '3C#
chemical shifts from the sequence-specific random coil chemical shifts for SERF
calculated by the ncIDP predictor '#5. The C-terminal region (CTR) of SERF spanning
E36-K65 shows a high propensity to adopt an a-helix. The human SERF1A protein also
possess a structured C-terminal region with helical propensity’?4. On the other hand, the
conserved N-SERF domain displays conformational disorder but also exhibits small but
measurable a-helical content. This is evident from the slight positive deviations in
secondary chemical shifts from typical random coil values observed in IDPs (Fig. 3-4a).
Further evidence for the disordered nature of the N-SERF segment comes from the
backbone spin relaxation measurements'#6.147_ Both T; and T, rates are sensitive to

global tumbling time and local backbone motions. T> rates are also sensitive to
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conformational exchange in the us-ms time scales. "N-T; profile of SERF is largely
featureless, and the high baseline value is consistent with an overall disordered protein.
The elevated T rates observed in the vicinity of P31 compared to the baseline may be
indicative of enhanced flexibility, potentially arising from hinge-like motions around the
proline residue (Fig. 3-4b). Comparing the residue-specific °N-T> relaxation profiles of
the N-SERF domain and the CTR reveals backbone motions occurring at two different
timescales, indicating the presence of long ys to short ms dynamics within the N-SERF
domain (Fig. 3-4c). Collectively, spin relaxation parameters reveal fast backbone
motions and slower conformational exchange in the N-SERF domain in the free form.
Despite the lack of a persistent structure, transient tertiary contacts and sparsely
sampled compact conformations are often detected in the heterogenous ensembles of
IDPs like a-synuclein'48149 Paramagnetic relaxation enhancement methods (PREs) are
highly sensitive to sparsely populated states with long-range structural contacts'. We
conducted paramagnetic relaxation enhancement (PRE) experiments to probe potential
transient tertiary contacts between N- and C-terminal regions of SERF by monitoring
resonance broadening in the °N,'3C-CON spectrum. Since wildtype SERF lacks
cysteines, we covalently attached a cysteine-specific spin-label to a SERF variant with
Ala63 mutated to Cys. Any residue within ~20 A of the labeled residue will decrease in
intensity due to enhanced relaxation'®!. We noted peak broadening for residues in the
vicinity of the C63 site, consistent with the presence of local backbone contacts.
However, no PRE effects were detected for residues distant in sequence from C63 (Fig.

3-4d). Since PREs are highly sensitive to sparsely sampled compact conformations,
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the absence of PREs strongly indicates that no long-range interactions exist between

the N- and C-terminal regions of SERF, possibly due to strong intrachain repulsion.
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Figure 3-3: '°N,"3C-CON spectrum of SERF
Cross-resonances for every residue of SERF were assigned using "3C direct detection NMR.
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Figure 3-4: NMR characterization of SERF

(a) Secondary structure propensities reported as residue-specific secondary chemical shifts (A(C%aic-
Cc) — (CPca-CPrc)). Backbone relaxation profiles (b) ®N-T1, (c) ®N-T.. Error bars represent uncertainty
in fitting. (d) PRE profiles for MTSSL conjugation to C63 (red arrow), in the A63C mutant of SERF. The
profile in (d) reports data collected using the carbon-start 13C,""N-CON. Residues adjacent to C63 could
not be assigned.

3.2.2 A homogenous SERF-TAR complex

Polycationic proteins and nucleic acids can form polyelectrolyte complexes like
those observed when oppositely charged synthetic polymers are mixed in an aqueous
solution'2. We first tested whether SERF binds with a well-characterized RNA, the HIV-
1 TAR stem-loop, using 3’-FAM-labeled TAR and fluorescence anisotropy. By
monitoring the increase in fluorescence anisotropy, we found that SERF binds TAR with
an apparent dissociation constant (Kpa?) of 0.74 uyM (Fig. 3-5b). Sedimentation profiles
from analytical ultracentrifugation experiments showed that SERF and TAR forms a

homogenous complex with a 1:1 stoichiometry (Fig. 3-5¢).
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Figure 3-5: SERF binds TAR RNA

(a) Secondary structure of TAR RNA depicting the two stems, apical loop and trinucleotide bulge. (b)
Binding curve showing the change in fluorescence anisotropy of FAM-labeled TAR as a function of SERF
concentration. Black line shows the fit to a one-site binding model. (c) Sedimentation coefficient
distributions from analytical ultracentrifugation experiments on samples containing SERF alone,
monitored at 230 nm (green), TAR alone, monitored at 260 nm (red), and 2.5:1 ratio of SERF and TAR
monitored at 260 nm (blue).

3.2.3 Mapping the interaction sites on SERF and TAR

The CD spectrum of TAR exhibits a positive band at 260 nm (CD260),
characteristic of the trinucleotide bulge region. CDz2so reports on base stacking and may
be sensitive to the binding of ligands. The binding of SERF leads to a saturable
decrease in CDze0 signal, likely due to the unstacking of bulge nucleotides (Fig. 3-6a). A
similar decrease in CD intensity is also observed when the HIV Tat protein binds to the

bulge region’3. We titrated SERF into TAR and monitored imino proton resonances in
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the 'H spectrum, and pyrimidines H5/H6 cross-peaks in the 'H-'H TOCSY spectrum of
TAR. The positions and intensities of several 'H resonances in the imino region (10 - 15
ppm) of TAR changed on addition of SERF (Fig. 3-6b). Chemical shift changes at a
particular site can result from changes in the local chemical environment due to ligand
interactions or conformational changes due to binding at another site. To probe the
conformational transitions in TAR that are coupled to SERF binding, we employed 2D
NMR experiments that correlate nucleobase spin systems. The chemical shifts of
pyrimidine H5-H6 cross-resonances in the 'H-'H TOCSY spectrum of TAR were
analyzed and compared in the presence and absence of SERF. We observed notable
chemical shift changes and line broadening in the bulge region (U23, C24, U25) as well
as in several nucleobases adjacent to the bulge, such as C37, C41, and C39, in the
stems (Fig. 3-6¢). However, minor or no chemical shift changes were observed for
nucleotides farther away from the bulge, like C19, C45, C44, and U31. Interactions with
the bulge region of TAR is expected to arrest interhelical motions in TAR by inducing
changes in the inter-helical angle between the two stems'54155. We are currently
probing these conformational differences between the free- and bound- states of TAR
using NMR residual dipolar coupling measurements that are commonly used to study

long-range constraints in TAR%4.
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Figure 3-6: SERF perturbs the structure of TAR

(a) Ellipticity at 260 nm of TAR from circular dichroism spectra. NMR samples for titrations were prepared
with 250 uM TAR (b) 'H spectra of TAR in the absence (red) and presence of 200 uM SERF (green). (c)
'H, "H- TOCSY spectra of TAR in the absence (blue) and presence of 200 uM SERF (red).

We observed significant signal loss due to resonance broadening in the >N, 3C-
CON spectrum of SERF upon adding TAR. Therefore, we used 'H-detection-based
NMR experiments to monitor TAR-induced chemical shift differences in SERF. We
could unambiguously assign amide crosspeaks for 62 out of the 67 non-proline residues
of SERF using the 2D "°N,3C-CON fingerprint spectrum and 3D HNCO/HN(CA)CO
spectra collected at 25 °C The interaction sites for RNA are not broadly distributed in
the sequence of SERF. Significant chemical perturbations were observed for residues

located in the conserved N-SERF domain. In contrast, residues in the C-terminal helix
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show little chemical shift change on adding TAR (Fig. 3-7b). Although most IDPs adopt
folded structures to varying degrees upon binding to their targets, some retain
conformation disorder in the bound state %157, TAR did not induce stable secondary
structure in the disordered N-SERF domain. The negative secondary chemical shifts of
some of the residue in this region indicates some preference for extended
conformations in the bound-state, perhaps to maximize intermolecular contacts (Fig. 3-
7¢).75N-T> relaxation measurements show reduced backbone motions on binding TAR
(Fig. 3-7d, e). The decrease in T2 rates observed in the TAR-bound state may be
attributed to slower microsecond-millisecond conformational exchange processes. The
small values of ®N-"H NOEs in the N-SERF domain of free SERF indicates a high
degree of backbone fluctuations in fast picosecond-nanosecond timescales. By
contrast, the region spanning residue 40 — 60 is more ordered with ®°N-"H NOEs close
to 0.5, indicating alpha-helical conformation (Fig. 3-7e). Although the TAR-bound state
is less dynamic than free SERF, the "*N-'H NOEs are below 0.5, suggesting that the N-
SERF domain does not adopt a stable helical conformation when bound to TAR.
Collectively, our NMR relaxation analysis suggest that the interactions of SERF with
amyloid proteins are structurally distinct from those with RNA. SERF forms
conformationally heterogenous fuzzy complexes with AB40 and a-synuclein“?. The
conformations adopted by SERF in the bound state presumably depends on the nature
and lifetime of the interactions that drive complex formation. SERF does not adopt a
defined structure in the presence of TAR but loses some of its internal dynamics. The
precise modulation of structure and dynamics within the ligand-bound ensemble of a

disordered domain could play a crucial role in determining the functional outcome of
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RNA binding in a physiological context'®8. For instance, the composition, localization,
and material properties of RNP granules can be altered by RNA'%%-161 Next, we
directed our focus towards investigating the global hydrodynamic properties of the
SERF-TAR complexes in order to assess the long-range organization of these
assemblies.
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Figure 3-7: Interaction with TAR constrains SERF dynamics
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(a) 'H, °N- HSQC NMR spectrum showing cross-peak assignments for 62 out of the 67 non-proline
residues of SERF. (b) chemical shift differences in °N,’"H-HSQC NMR spectrum of °N, 13C-labeled
SERF in the presence of TAR. Average chemical shifts differences in amide cross-peaks were calculated
as Adn-+ = [(Adun)?+(AdN/5)?]"2 where Adun, and Ady are the chemical shifts (ppm) in THN and 1°N
dimensions respectively. Residue-specific (c) secondary chemical shifts (A(C%aic-C°c) — (CPraic-CPrc)).
(d) '5N-T; relaxation (e) {H}-"5N heteronuclear NOE of SERF alone (red), and in the presence of TAR
(blue). Error bars represent uncertainty in fitting.

3.2.4 The SERF-TAR complex is globally compact

Our findings indicate that the SERF-TAR complex exhibits distinct dynamic
properties compared to the unbound components. Both TAR and SERF sediment as
monomers in analytical ultracentrifugation experiments. The frictional ratio (#/fy) reports
on particle asymmetry and is independent of molecular mass®. Frictional ratios of 1.1 to
1.35 have been observed for globular compact proteins’®?. IDPs have extended
structures with significantly larger values of f/f,'631%4 The pseudo-3D plot shows that
SERF exists in a rod-shaped (extended B strand-like) dimer and a compact monomer,
characterized by frictional ratios of ~1.9 and ~1.45, respectively (Fig. 3-8a). A frictional
ratio of ~1.4 for TAR indicates that it exists in a globally compact conformation in
solution (Fig. 3-8b). Strikingly, the 1:1 complex of SERF and TAR is compact and
appear to be similar in global dimension to TAR itself (Fig. 3-8c). The van Holde-
Weischet (vHW) analysis (Fig. 3-8d) involves utilizing the sedimentation coefficients
obtained from SV-AUC data and plotting the boundary fraction of each species'®®. The
sedimentation coefficient distribution of SERF alone and TAR alone shows a peak at
~0.9 and ~2.2, respectively. In a sample containing TAR and 2.5-fold molar excess of
SERF, unbound SERF is detected at a sedimentation coefficient of 1.0 (60% of
boundary fraction) and TAR-bound SERF between 1.25 and 2.2 (40% of boundary
fraction). 100% of TAR is bound and sediments with a uniform boundary of ~2.4.

Although the binding sites for amyloid proteins like a-synuclein also reside in the N-
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SERF domain, the binding affinity for monomeric a-synuclein is 9 uyM, a value that is
over 10-fold weaker than the affinity of 0.7 uM for TAR (Fig. 3-5b)*2. The tighter binding
to RNA may explain the loss of conformational heterogeneity in SERF when it is bound
to RNA. In contrast, when interacting with a-synuclein, SERF forms heterogeneous
complexes with broad cross-sections #2. The residue-specific interactions in IDRs that

lead to single-chain compaction in dilute solutions, also significantly contribute to driving
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Figure 3-8: Sedimentation behavior of SERF and TAR in free and bound states
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Sedimentation velocity- analytical ultracentrifugation (SV-AUC) experiments showing Pseudo-3D plots of
frictional ratios (f/fo) and sedimentation coefficients of (a) SERF monitored at 230 nm, (b) TAR monitored
at 260 nm, and (c) SERF-TAR complexes monitored at 260 nm in solution containing 2.5:1 ratio of SERF
and TAR. Only TAR-containing species will be detected in (c). Data were analyzed by two-dimensional
sedimentation analysis (2DSA) followed by analysis with a genetic algorithm, which was further validated
by a Monte Carlo analysis. (d) vHW analysis of multi-wavelength AUC experiments with SERF and TAR
mixed in a 2.5:1 ratio (extinction coefficient of TAR (green), extinction coefficient of SERF (violet)), TAR
alone (cyan), and SERF alone (red).

3.2.5 SERF undergoes associative phase separation with TAR RNA

Beyond saturation concentration, IDPs can spontaneously condense into phase-
separated droplets in the presence of oppositely charged multivalent partners. To test if
SERF and RNA can form charge-driven condensates, we added TAR to an aqueous
solution of SERF with PEG as a molecular crowder. This resulted in the formation of
spherical micrometer-sized spherical droplets that fused with the conservation of
volume. Confocal fluorescence images showed the co-enrichment of SERF and TAR in
droplets doped with fluorescently labeled components (Fig. 3-9a). No droplets were
observed under the same conditions without RNA. The phase separation of the SERF-
TAR system can be best described by complex coacervation, a type of associative
phase separation that occurs primarily due to electrostatic attractions between
oppositely charged polymers'8. We observed an increase in the number of spherical
droplets when the concentration of SERF was increased from 50 uM to 100 uM, while
keeping the TAR concentration constant at 20 uM. The number of droplets did not
change appreciably between 100 uM and 500 uM of SERF (Fig. 3-9¢). The
fluorescence of cy5-SERF recovered after photobleaching within a window of 3 min
(Fig. 3-9b). There was little to no fluorescence recovery of cy3-TAR over ~ 3 min,
indicating that TAR in these droplets is immobile. This suggests that SERF is liquid-like
in the phase-separated droplets, but RNA displays solid-like properties. Differences in

the lifetimes of interactions among heterotypic SERF-TAR pairs and homotypic SERF-
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SERF and TAR-TAR pairs can result in differences in material properties inside
condensates'®®. G-rich sequences like poly-rG can undergo phase separation into gel-
like condensates owing to the formation of G-quadruplex structures'%170, RNA can also
drive liquid-to-solid transition in droplets containing RBPs like FUS and hnRNPA1 106,
Hence, we wondered if the hairpin structure of TAR is responsible for the gel-like
dynamics. We mixed SERF with 30-nucleotide rA RNA (rAso) and observed spherical
coacervates similar to those with TAR. Like TAR, we observed slow FRAP recovery of
FAM-labeled rAso doped into the SERF-rAso mixture phase-separation conditions. (Fig.
3-9d). A complex coacervation mechanism has been proposed for the formation of
nuclear bodies by the disordered domain of Nephrin in mammalian cells'’'. Simple
model peptide/ RNA systems like cationic peptide-poly(U) RNA complexes have been
demonstrated to form liquid-like condensates by complex coacervation'’?. The observed
differences in FRAP recovery between SERF and RNA within the complex coacervates
formed under our experimental conditions indicate that binary RBPs-RNA condensates
can exhibit heterogeneous internal dynamics, which is not replicated in coacervates

formed by cationic peptides and homopolymeric RNAs.
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Figure 3-9: Co-phase separation of SERF and RNA
(a) Confocal images showing colocalization of SERF (cyan) and TAR (pink). (b) FRAP recovery of SERF

and TAR fluorescence. (c) Brightfield images of SERF-TAR droplets with different concentrations of
SERF at a fixed concentration of 20 uM TAR. (d) FRAP recovery of SERF and rA30 RNA fluorescence.

75



3.3 Discussion

3.3.1 SERF and TAR form a tractable RNP complex

Most in vitro studies on RNP granules have focused on the phase separation of
RBPs like TIA1, hnRNPA1, and FUS under conditions that promote the formation of
protein-only condensates'’3. However, the behavior of purified RBPs in a buffer may
substantially differ from that in cellular RNP granules, where they engage in multivalent
interactions with other proteins and RNAs. It is interesting to note that the specific and
non-specific RNA-RBP interactions that drive RNP granule formation, remain largely
uncharacterized'’4. Therefore, we aimed to identify a model RNA-RBP pair that can
allow us to investigate the role of these interactions in condensate assembly with
residue-specific biophysical approaches. The SERF-TAR complex exhibits key
characteristics observed in RNP complexes that drive liquid-liquid phase separation
through complex coacervation. SERF and TAR form weak, non-covalent interactions
that are driven by electrostatic interactions'”>. The conformational dynamics of SERF
changes dramatically on binding RNA. Although SERF does not undergo a binding-
induced folding transition, possibly due to its charge-rich sequence, hydrodynamic
measurements indicate that the SERF-TAR complex exhibits global compaction. The
entropic cost associated with condensation into RNP granules can be offset by the
compaction that takes place in the dilution and subsaturated regime'”®. Additionally,
locally extended conformations adopted by the RNA-binding region of SERF allows
more enthalpically-favorable interprotein contacts that promote condensation’”.
Collectively, The comprehensive analysis of the molecular properties of the SERF-TAR

complex offers valuable insights into understanding the structure and dynamics of
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phase-separating RNP complexes. This study provides a potential roadmap for further

investigations in this field.

3.3.2 Evolutionary conservation of the N-SERF domain

Alignment-based methods, commonly used to track the evolutionary divergence
of proteins with uniquely folded structures, are not as informative for IDPRs. The lack of
selective constraints to preserve a well-defined 3D structure explains the high
evolutionary rates of IDPRs at the sequence level'’8. Several studies have detected
widespread evolutionary pressure to preserve molecular features that impart “disorder”
to proteins. Here, | will discuss potential evolutionary scenarios that could explain the
high degree of sequence conservation in the disordered N-SERF domain (Fig. 3-10).
One possible explanation is that the N-SERF domain is under selective pressure to
maintain interactions modules, such as short linear motifs (SLiMs). SLiMs are
evolutionary conserved mono-partite sequences that are enriched in disordered regions.
SLiMs often mediate multivalent protein—protein interactions or serve as sites of
posttranslational modifications such as phosphorylation'”®. While we cannot rule out the
possibility that the N-SERF domain contains SLiMs, we did not find any such motif
patterns in the annotated Eukaryotic Linear Motif (ELM) database'®. Sequence
conservation in IDPRs cannot be a consequence of the dangers of native state
destabilization. Nonetheless, evolutionary conservation can arise from structural
constraints to preserve a limited number of specific conformations. The transcriptional
activators of the ETV/PEAS3 family exemplify this conformational sensitivity where
mutations in the four-residue disordered N-terminus lead to conformational

rearrangement in the complex of the transcriptional activation domain with the Med25

a4



coactivator'®'. “Constrained disorder” is a term that has been used to describe residues
where both the amino acid sequence and the structural property of disorder are
conserved'®, This form of conservation has been documented for the C-terminal
domain of the 60S ribosomal protein Rpl5 and the VHL tumor suppressor protein 82,
The similar in vitro binding affinities of the N-SERF domain for various amyloid proteins
and nucleic acids raises another alternative possibility: evolutionary pressure to prevent
nonspecific interactions that may be detrimental to the organism'®. Interestingly, SERF
proteins are not enriched in residues commonly found in low-complexity domains of
RBPssuchasF,Y, S, G, Q, and N. Perhaps the unusual sequence features and
evolutionary history of SERF can be best explained by the presence of “fractional order”
in its conformational ensemble, i.e., the presence of partially- ordered conformations

that are poised to interact with a binding partner.

Homo sapiens (SERF2) MTRGNQRELA RQKNMKKQSD SVKGKRRDD- ----GLSAAA RKQRDSEIMQ QEQKKANEEK EEFK

Fongo abelii MTRGHQRELA ROFMMEKQSD SVEGKRRDD- ----GLSAAA REQRDSEIMQ QEQEKFKANEFE EEFK

Mus musculus MTRGHQRELA ROEMMEKEQSD SVEGKRRDD- ----GLSAAA REQRDSEIMQ QKOKKANEEE EEFK

Xenopus laevis MTRGHQRELA ROENLKENQD KSKE-KEKDD- ----GLSAAA REQRDAQIMQ EKQKKATEEK DDFKE

Homo sapiens (SERF1l) MARGNQRELA ROEMMEETQE ISEGKRKED- ----SLTASQ REQRDSEIMQ EKQKAANEEE SMQTREK

Bos taurus MARGHQRELA ROENMKESQE ISKGKRKED- ----SLTTSQ REQRDSEIMQ QKOKAANERE SMQTREK
Danic rerio MTRGHQRELA ROEMAKEQTD SSEGKRNED- ----GLSAAA REQRDAEIMQ QROKKEEK

Sus scrofa MARCNQRELA ROEKMMEKSQE ITHEGKRKED- ----SLTTSQ REQSSRSQKL EIEVQPGTYF L
Schistosoma mansoni MTRGHQRDLA REENLKKQSE QRESKASSQK DGNEGLTLEE RRLRDAEALR AKQQAKSQAS VPKA

5. pombe MSRGNQRDVD RARNLKKSQ- -ASKKKQAG- -=-----DPTK RLEAQAEIMR AKQRAADERK AAEANGGSKG KK
§. cerevisiae MARGNQRDLA RQKNLKKQKD MAKNQKKSG- =-=-----DPKK RMESDAEILR QKQAAADARR EAEKLEKLKA EKTRR
Canis familiaris MTRGNQRELA RQEKMMEKQSD SVEGKRRDD- --=--GLSAAA RKQSF

Aedes aegypti MTRGNQRELA RERNMEKQOA AQKKNKED-= ==== GLTHEQ BEQRFFPP

Figure 3-10: Multiple sequence alignment of SERF proteins

The software MultAlin was used to align the SERF sequences'®*. Red denotes > 90 % identity and blue
denotes > 50 % identity.
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3.4 Materials and Methods

3.4.1 Oligonucleotides

The HIV-1 TAR RNA fragment used for all our experiments has the sequence 5'-
GGCAGAUCUGAGCCUGGGAGCUCUCUGCC-3'. Unlabeled RNA from Horizon
Discovery and 6-carboxyfluorescein (6-FAM) 3'-labeled TAR RNA from Integrated DNA
Technologies were purchased as HPLC-purified lyophilized solids and were used
without further purification. All solutions were prepared in nuclease-free water (Ambion)
and larger volumes of buffer were prepared in DEPC-treated double-distilled water to
remove RNases. Typically, labeled RNA was dissolved in nuclease-free water to a stock
concentration of 100 uM. The RNA was annealed by heating at 95 °C for 5 min followed

by rapid cooling on ice.

3.4.2 Protein expression and purification

The SERF protein was expressed and purified as previously described*?. Point
mutations were inserted into the codon-optimized S. cerevisiae SERF gene (amino acid:
MARGNQRDLARQKNLKKQKDMAKNQKKSGDPKKRMESDAEILRQKQAAADARREAE
KLEKLKAEKTRR) by site-directed mutagenesis with a QuikChange kit (Agilent) and
were verified by DNA sequencing. The wildtype and mutant SERF genes were cloned
into a pET28 vector that encodes an N-terminal Hiss-SUMO fusion tag for purification
and scarless cleavage by ULP1 protease. The plasmid was transformed into E. coli
BL21 (DE3) cells for protein expression. Cells were grown to early logarithmic phase at
37 °C in Protein Expression Medium (Gibco) or M9 minimal medium supplemented with

1SNH4CI (for expressing uniformly >N labeled protein), both containing 100 pug/mL
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kanamycin. Prior to induction, cells were shifted to 20 °C and then expression was
induced by adding 0.1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG). After 16 hours
of protein expression, cells were pelleted by centrifugation and resuspended in lysis
buffer containing 40 mM Tris, 10 mM sodium phosphate (pH 8.0), 10% glycerol, three
tablets of protease inhibitor cocktail (cOmplete mini EDTA-free, Roche), 0.375 mM
MgClz2, 0.05 ug/ml DNase | and RNase A. The cells were harvested by centrifugation
and lysed by sonication on ice for 8 min and the lysate was centrifuged twice at 37,500
x g for 30 min at 4 °C. The supernatant was loaded on a 5 mL HisTrap pre-packed
column (Cytiva) that had been equilibrated with water and lysis buffer. The column was
washed with lysis buffer and the Hise-SUMO tagged protein was eluted by adding lysis
buffer containing 500 mM imidazole. To remove any undegraded nucleic acids, 2ul
Pierce™ Universal Nuclease (Cat# 88701) and 20 pl MgCl2 (1 M) were added to the
eluate. ULP1 and 10 uL of B-mercaptoethanol were also added to the eluted material
before dialyzing against a buffer containing 40 mM Tris (pH 8.0), 300 mM NacCl
overnight at 4 °C. The cleaved affinity tag was separated from the SERF by passing the
protein solution over a HisTrap column that had been equilibrated with water and lysis
buffer. The flow-through from the column containing the tag-free protein and diluted by
adding anion exchange buffer (50 mM sodium phosphate (pH 6.0), 100 mM NaCl).
Following centrifugation, the protein was passed over HiTrap SP anion exchange
column (Cytiva) that had been equilibrated with the anion exchange buffer. The protein
was eluted with a linear gradient using buffer containing 1 M NaCl. The eluted fractions
were concentrated and loaded on a HiLoad Superdex S75 gel filtration column (Cytiva)

equilibrated with 40 mM HEPES (pH 7.5), 100 mM NaCl. Purified SERF was flash-
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frozen in liquid nitrogen, and either aliquoted and stored at -80 °C, or subjected to
overnight dialysis in 50 mM ammonium bicarbonate pH 8.0 at 4 °C followed by freeze-
drying and storage at -80 °C. Protein concentration was determined with the Qubit
protein assay (ThermoFisher Scientific) following manufacturer’s protocol. Uniformly 15N
and 13C isotope- enriched proteins were expressed following the protocol of Marley et
al. in M9 minimal medium supplemented with '®*NH4ClI, U-'3C-glucose, and ISOGRO

growth supplement (Sigma)®®.

3.4.3 Fluorescence anisotropy measurements

The apparent dissociation constant for the SERF-TAR complex was determined by
titrating SERF (0.5 mM stock) into a solution containing 200 nM 3’6-FAM-labeled TAR
RNA (100 pM stock) in 1 mL RNA buffer (15 mM sodium phosphate (pH 6.4), 50 mM
NaCl, 0.1 mM EDTA) that was heated to 95 °C for 5 min and then cooled rapidly in an
ice bath for 10 min or until use. Fluorescence signal was recorded at 25 °C with a Cary
Eclipse Spectrofluorometer (Agilent) using excitation and emission wavelengths of 493
nm and 520 nm (5 nm bandpass for both) respectively, and anisotropy values were

calculated using the following equations:

G = Iﬂ r = Lyy—G.Iyp
Inn Iyy+2G.Iyp

where G is the instrument correction factor, / is the measured fluorescence intensity
with polarizers oriented in directions that are indicated in subscripts (v is vertical and h
is horizontal), and ris the anisotropy. The titration data points were fitted to a single-site
binding equation:

Bmax * [SERF]
Ka,app + [SERF]

T=T0+
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Where ris the anisotropy signal, Bmax is the total signal change, ro is the initial
fluorescence signal of 3'6-FAM-labeled TAR without SERF addition, and Kg app is the

apparent dissociation constant.

3.4.4 Spin-Labeling Cysteine Mutants

MTSSL (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate) stock was
prepared in acetone at a concentration of 100 mg/mL. "®N,'3C- enriched SERF A10C
sample was diluted to 1 mL in Tris buffer, and freshly prepared DTT was added to a
final concentration of 10 mM. The SERF samples were incubated for at least 1 h at4 °C
in the dark to reduce cysteine. The samples were then buffer-exchanged into 50 mM
potassium phosphate (pH 6.5), 50 mM KCI, 1 mM MgClz, 0.01% NaNs using a PD-10
buffer exchange resin (Cytiva) to remove the excess DTT. MTSSL was added to a final
concentration of 1 mg/mL, and the sample was incubated for 1 hr at room temperature
in the dark. The unconjugated MTSSL was removed from MTSSL-labeled SERF
samples using a PD-10 resin equilibrated with 50 mM potassium phosphate (pH 6.5), 50

mM KCI, 1 mM MgClz, 0.01% NaNs. Labeling was confirmed by mass spectrometry.

3.4.5 Solution-state NMR spectroscopy

Chemical Shift Assignment and Secondary Structure Analysis

15N, 13C- labeled SERF was buffer-exchanged into 50 mM potassium phosphate (pH
6.5), 50 mM KCI, 1 mM MgClz, 0.01% NaNs using a Sephadex G-10 desalting column
and concentrated to 0.8 — 1 mM. Samples for NMR experiments were made to a volume
of 500 uL with 5 % D20 for the deuterium spin- lock. All NMR spectra were collected at

27 °C on a Bruker Avance NEO 600 MHz spectrometer with a 5 mm TCl triple-
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resonance cryoprobe. On-instrument processing of all spectra was performed using the
Bruker Topspin software. Peak picking and manual assignments were carried out in
NMRFAM-Sparky 2. Backbone and side-chain chemical shift assignments were
acquired using the 13C direct-detect experiments developed by Scott Showalter’s
group''. Nearest-neighbor correlations to adjacent residues were established using 3D
(HACA)N(CA)CON and (HACA)N(CA)NCO experiments and 2D amino acid-filtered
experiments collected as CACON/CANCO spectra for Asp, Ala, Glu, and CACON
spectrum for Leu/Ala resonances. Side-chain chemical shifts were assigned by
collecting 3D CCCON spectra for aliphatic carbon and 3D H(CC)CON aliphatic proton
resonances. The assignments were mapped onto the 'H,">N-HSQC spectrum using
standard 3D HNCACB, CBCA(CO)NH, HNCO, and HN(CA)CO spectra. Secondary
structure propensity was determined by calculating residue-specific secondary chemical
shifts, i.e., the difference in the measured 3C® and 3CP chemical shifts from the
sequence-specific random coil chemical shifts calculated by the ncIDP predictor for
SERF'85,

Spin Relaxation Measurements

SN T and T2 spin relaxation data were collected as pseudo-3D spectra using "Hn- start
CON experiments developed previously for '3C direct-detect, >N spin relaxation
measurements'®. For T; measurements, 13 fully interleaved spectra were collected
with relaxation delays of 0.02, 0.05, 0.08, 0.1, 0.15, 0.18, 0.2, 0.3, 0.4, 0.6, 0.75, 0.8, 1,
and 2 s. For T2 measurements, 16 fully interleaved spectra were collected with
relaxation delays of 15.68, 31.36, 62.72, 78.4, 94.08, 109.76, 125.44, 156.8%, 172.48,

188.16, 219.52, 235.2, 250.88, 282.24, and 313.6 ms (the asterisks indicate duplicate
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measurements). The decay curves were fitted to a single-exponential function and
reported error bars represent uncertainty in fitting.

Paramagnetic Relaxation Enhancement (PRE) Measurements

13C,15N-CON spectrum was acquired on the freshly prepared paramagnetic sample
containing spin-labeled SERF A10C in 50 mM potassium phosphate (pH 6.5), 50 mM
KCI, 1 mM MgClz, 0.01% NaNs supplemented with 5 % D20. Following data acquisition,
the MTSSL radical was quenched by mixing 1 pL of 0.5 M sodium ascorbate directly
into the NMR tube containing 500 uL of the sample. Following incubation at room
temperature for 10 min, identical NMR spectra were acquired for the diamagnetic
sample. PREs were reported as the ratio of cross-peak intensities under paramagnetic
(Ipara) and diamagnetic conditions (/dia).

RNA titration experiments

The NMR samples contained 100 uM '3C,"*N isotope labeled SERF and 100 uM TAR in
50 mM potassium phosphate (pH 6.5), 50 mM KCI, 1 mM MgCl2, 0.01% NaNs
supplemented with 8 % D20. Resonance assignments of SERF in the presence of TAR
was generated based on a 'H, >N HSQC experiment. The 3D experiments that were
collected for assignments include HNCO, HN(CA)CO, CBCA(CO)NH, and HNCACB.
Spectral comparison was carried out using the assigned 'H, >N HSQC spectrum of
SERF alone as a reference. The T2 measurement was carried out with the same
relaxation delays as for SERF alone. The {'H}-""N NOE was measured with proton
saturation for 2.5 s and determined from the ratio of peak intensity measured in the
saturated and unsaturated spectra.

1D and 2D NMR for TAR
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NMR samples contained (unlabeled) TAR RNA dissolved in buffer containing 15 mM
NaP (pH 6.4), 50 mM NacCl, 0.1 mM EDTA supplemented with 10 % D20. NMR spectra
were collected at 25 °C on a Bruker 800 MHz spectrometer equipped with a 5 mm TCI
triple-resonance cryoprobe. The spectra were initially processed and analyzed in the
Topspin (Bruker) and final images were prepared in MNova (Mestrelab) and NMRFAM-
Sparky®3. 1D "H spectra were acquired using a jump-return echo sequence. The imino
proton resonances of the guanines and uracils are found between 10 - 15 ppm. 2D 'H-

H TOCSY spectrum was collected with a mixing time of 80 ms.

3.4.6 Circular dichroism (CD) spectroscopy

CD spectra of TAR with different concentrations of SERF in 50 mM potassium
phosphate (pH 6.5), 50 mM KCI, 1 mM MgCl2, 0.01% NaNs were acquired on a Jasco J-
1500 CD spectrometer purged with N2. Measurements were taken in a 0.1 mm quartz
cuvette from 200 nm to 325 nm wavelength at 25 °C. Five separate scans were
collected for averaging in each experiment. The average CDz2s0 signal was plotted as a

function of the SERF concentration and fitted to a one-site binding model.

3.4.7 Analytical ultracentrifugation (AUC)

All sedimentation velocity analytical ultracentrifugation (SV-AUC) was performed on a
Beckman-Coulter Optima AUC equipped with absorbance and interference optics. Data
were collected solely in absorbance mode, at wavelengths of either 230 nm (for SERF
peptide backbone absorbance), 260 nm (for TAR RNA absorbance), or every other
wavelength from 220 — 290 nm (36 wavelengths total) for the multiwavelength (MW-

AUC) experiment. SERF, TAR and SERF:TAR complexes were prepared in 50 mM
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potassium phosphate (pH 6.5), 50 mM KCI, 1 mM MgClz buffer without NaNs, which has
a strong absorbance at and below 230 nm. The cells used for these experiments
contained 12 mm titanium centerpieces and sapphire windows (Nanolytics) and were
disassembled and washed with RNase Away™ to avoid RNA cleavage before re-
assembly. Each sector was filled with ~400 pL of sample and placed in an An60
titanium rotor. Using Ultrascan lll software, all four rotor positions could be used for cells
with samples (for the MW-AUC run, only one cell was used because of the time
constraint of collecting 36 wavelengths/cell)®. The rotor was then placed in the
chamber, and a vacuum was established, followed by a 2 hr equilibration time at the
selected run temperature of 22°C. A rotor speed of 55,000 RPM was used for each run.
Acceleration of the rotor was set to 400 RPM/sec, and the time between scans was set
to 3 min for the 230/260 nm runs and was 10 min, 48 sec by default for the MW-AUC
experiment. Cells were scanned for a total of 17.5 hr.

Single-wavelength data analysis

Data were imported into the LIMS database directly from the Optima instrument and
stored locally on the Penn State LIMS server. Data were edited to convert from radial
intensity to pseudo-absorbance, using the intensity of the air above the sample in each
sector as a reference. Initial meniscus estimates and the number of scans included in
the analysis were made manually. First, a 2-Dimensional Spectrum Analysis (2DSA)
(0.5 -10 S with 150 resolution; 1 — 4 f/fo with 64 resolution) with time-invariant noise
fitting was performed, followed by the same analysis with additional radially invariant
noise fitting and meniscus fitting (2DSA-FM). A final time- and radially invariant noise

fitting with iterative boundary fitting (2DSA-IT) was run, and then the selected data were
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fit using the Genetic Algorithm with Monte-Carlo simulations (GA-MC) implemented in
the Ultrascan software. The data were automatically binned for the GA analysis to avoid
bias. For the MC analysis, 32 simulations were used, with 16 parallel threads selected
for processing. Pseudo-3D plots of the GA-MC data were exported for presentation, and
2D distributions of the Sz20w, molecular weight, and frictional ratio plots.

Multiwavelength data analysis

Data were again imported into the LIMS database from the Optima and edited to
pseudo-absorbance. The first meniscus estimate was made and the scans to exclude
were determined and then propagated to all 36 wavelengths for the sector. All 36
wavelengths’ data were fit with 2DSA (same dimensions as above). The 260 nm data
was selected for the meniscus fitting refinement and then that fit was propagated to all
the wavelengths for the subsequent 2DSA-IT fit. Once all the wavelengths were at the
iterative fitting stage, five two-fold serial dilutions of SERF alone (200 uM — 12.5 uM)
and TAR alone (5 uM — 1 uM) were put into a UV/visible spectrophotometer and the
signal from 200 — 300 nm was recorded for each and exported into the Ultrascan
“spectrum fitter” program. All five dilutions were globally fit and the extinction coefficient
of SERF at 230 nm was estimated (20,100 M-!, cm') and the extinction coefficient of
TAR RNA was estimated using an online estimator

(https://www.biosearchtech.com/oligospec-calculator-

6628#:~:text=Extinction%20Coefficient%20Calculation%20%2D%20The %20extinction,

0.9%2C%20t0%20adjust%20for%20hyperchromicity.; 265,275 M-', cm). The data

were then run through the Ultrascan “Optima MWL fit simulation” program to

synchronize the time-grid at all wavelengths, using the original speed and time of the
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experiment. These ISSF files were then imported and edited like standard AUC data,
then put through the “MWL species fit” program, with the species fits from earlier
incorporated. The data were saved as SSF-ISSF files and then imported and edited.
The two files were then analyzed using enhanced van Holde- Weischet (vHW) and the
contributions of each species could then be observed in a vHW plot and compared to

SERF and TAR individually.

3.4.8 Microscopy

All phase separation assays were performed in 15 mM NaP (pH 6.4), 50 mM NacCl, 0.1
mM EDTA containing 10 % PEG 8000 (w/v) at room temperature. Samples were loaded
into glass bottom 96-well plates (Corning) pretreated overnight with 5% (w/v) Pluronic
acid (Thermo Fisher Scientific) and rinsed thoroughly with ddH20. All fluorescent
imaging and FRAP measurements were performed on a Leica SP8 confocal
microscope equipped with LAS X Life Science Microscope Software and 100x objective
lens. FAM-labeled RNA was imaged using 495 nm excitation and 505-550 nm emission.
Cy5 labeled SERF A63C was imaged using 650 nm excitation and 665-740 nm
emission. Photobleaching was performed using Zoom-In mode, with 405 nm and 495
nm (FAM) or 650 nm (Cy5) lasers at 100% power applied to selected condensates for a
duration of 200 msec. The time-lapse was set up to capture three pre-bleach images,
followed by post-bleach images with 5 sec intervals. Image analysis was performed on
LAS X software, and the intensity data of 8 droplets per condition were fitted in

GraphPad Prism.
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Chapter 4 Conclusion and Future Directions*

The broad aim of this thesis has been to study the role of conformational
dynamics in proteins. | have focused on proteins whose dynamics play a central role in
regulating function. The first part of my thesis has explored the mechanism of action of
the small ATP-independent chaperone Spy on a topologically complex client. My
research uncovered substrate-specificity in the mode of action of Spy, prompting us to
propose a model wherein the relative affinity for partially- unfolded states of the client
determines the mode of chaperone action. In the second part of my thesis, |
investigated the structure and dynamics of SERF, a small eukaryotic protein with a
highly conserved disordered N-terminal domain. Furthermore, | have characterized the
intermolecular interactions between SERF and the extensively studied HIV-1 TAR RNA.
| have shown how the SERF-TAR complex can be used as a model system to study the
in vitro phase separation of RNA-protein condensates. | am currently exploring how
molecular-scale conformational properties of SERF-RNA complexes influence the
assembly of phase-separated condensates. Here, | summarize the major conclusions

drawn from my research and discuss potential future directions.

4 Section 4.1 of this chapter was published in and adapted from: he contents of this chapter were
published in Mitra, R., Gadkari, V. V., Meinen, B. A., van Mierlo, C. P., Ruotolo, B. T., & Bardwell, J. C.
(2021). Mechanism of the small ATP-independent chaperone Spy is substrate specific. Nat. Commun,
12(1), 1-13. Springer Nature permits the reproduction of articles by the author for the purpose of an
academic thesis.

Section 4.2 of this chapter was published in and adapted from: Mitra, R., Wu, K., Lee, C., & Bardwell, J.
C. ATP-independent chaperones (2022). Annu. Rev. Biophys., 51, 409-429. Annual Reviews permits the
reproduction of articles by the author for the purpose of an academic thesis. Kevin Wu and | contributed
equally to this article and are co-first authors.
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4.1 Biological implications of substrate-specific chaperone action

Spy's substrate-specific mode of action may enable it to be very effective as an
ATP-independent chaperone. Spy has a dual function; it can facilitate protein folding by
allowing clients to fold while being chaperone-bound or preventing aggregation by
sequestering unfolded substrates or folding intermediates. Foldase chaperones such as
Hsp70, Hsp90, and GroEL exhibit much more complex chaperone cycles that involve
co-chaperone binding and ATP hydrolysis*. Hsp70 chaperones, for instance, depend on
J-domain proteins and nucleotide exchange factors for substrate binding and release.
These cochaperones modulate Hsp70 function by regulating its ATPase cycle'®’. Unlike
these complex and highly evolved foldase chaperones, Spy lacks any known
cochaperones or cofactors that can act to modulate substrate interaction. Instead, Spy’s
interaction with its substrates is, at least in the cases of Im7 and SH3, apparently finely
tuned by evolution to allow for loose binding and, thus, folding while bound. In other
cases, such as the one studied here with apoflavodoxin, Spy binds tightly enough to
inhibit folding while bound, thereby mimicking the action of well-studied holdase
chaperones. For topologically complex model substrates like apoflavodoxin, binding
tighter to aggregation-prone misfolded states may be the only thermodynamic outcome
in the absence of ATPase activity. Our results reveal a substrate-specific mechanism for
Spy where this chaperone exists with a foot in both the “foldase” and “holdase” worlds
and provides interesting insights into both. Since Spy can bind to native proteins with
low affinity and non-native proteins with higher affinity, the question arises as to why
Spy does not interfere with protein function in the cell and why Spy does not become

clogged by high-affinity interactions with folding intermediates. We have previously
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kinetically and thermodynamically characterized the mechanism whereby Spy binds to,
folds, and releases its best-characterized substrate Im7. Periplasmic proteins are highly
stable under normal conditions, which strongly decreases the abundance of periplasmic
folding intermediates which may preclude the need for high levels of Spy under normal
conditions'®. However, Spy is overproduced up to 500-fold in response to treatment by
protein unfolding agents that lead to the accumulation of (un)folding intermediates in the
periplasm. Spy can make up to 25% of the periplasmic protein content?. It is unclear
how clients with no obvious binding partners can be released from Spy during stress or
early in stress recovery. One possibility is that Spy is simply diluted out by cellular
growth following the cessation of stress. A recent study employed comparative
proteomics approaches to identify differentially abundant envelope proteins in spy null
mutant vs. spy-containing Escherichia coli K-12 MG1655 strains under butanol stress.
Four outer membrane proteins (OMPs), OmpC, OmpX, OmpT, and LamB, were
significantly less abundant in spy null mutant cells'®. Periplasmic chaperones, like
SurA, Skp, FkpA, and DegP, perform several redundant functions in OMP assembly
pathways'®. This raises the possibility that Spy is part of a parallel quality control
pathway that manages a specific subset of unfolded OMPs during transit across the
periplasm. Evidence in support of this hypothesis comes from another study that
showed that overexpression of Spy can compensate for defects in the assembly of
OmpX, OmpC, OmpA, and LptD in a Askp AfkpA double mutant'8-1°", The holdase-like
mechanism of Spy might be important in preventing the aggregation of unfolded OMPs

under conditions that inhibit the chaperone activity of other periplasmic chaperones.
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4.2 ATP-independent chaperones affect client folding pathways

The folding process is usually an equilibrium reaction, but aggregation and
proteolysis are generally irreversible and thus need to be avoided by the cell. The action
of ATP-independent chaperones can in large part be explained by models that involve
kinetic partitioning among the association rate of chaperone binding to an unfolded or
misfolded client, the rate of protein aggregation, and the rate of client protein refolding.
ATP-independent chaperones will tend to function as ‘holdase’ chaperones when the
client association rate exceeds the client aggregation and refolding rates (Fig. 4-1a).
Under proteotoxic stress, the cellular concentrations of active chaperones are
upregulated at either the transcriptional or posttranslational levels. Interactome and
gene expression analysis of aging human brains revealed induction of ATP-independent
chaperones'¥?, The association rate between a chaperone and its client protein
increases at higher chaperone levels, making binding more likely than refolding. Thus,
holdase chaperones tend to become kinetic traps that prevent protein aggregation and
inhibit protein folding (Fig. 4-1a). Tight binding with nanomolar affinity has been
reported for many ATP-independent chaperones such as SecB, Skp, and the sHsp
family member Hsp272253.82,85.193.194 'However, this is not a universal feature for ATP-
independent chaperones. Many of these chaperones, such as trigger factor, Spy, and
SurA, have been shown to bind to their client proteins with low affinity, with apparent
dissociation constants in the micromolar range’-17-2281.195_These weak associations
apparently allow these chaperones to suppress protein aggregation effectively. While
these chaperones may not form a stable complex with unfolded proteins, they employ

other mechanisms to protect proteins. One mechanism by which weak-affinity
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chaperones may facilitate folding is by associating with productive partially folded
intermediates. This mechanism has been proposed for the action of trigger factor, which
suppresses protein aggregation and promotes correct folding by stabilizing an
aggregation-prone intermediate on the folding pathway (Fig. 4-1b)8'195, Association
with partially folded proteins has also been observed for two classical holdase
chaperones, the small heat shock proteins (sHsps) Hsp26 and Hsp42°*. Another novel
mechanism for the action of ATP-independent chaperones is to allow the protein to fold
while bound (Fig. 4-1c) ’. This mechanism has been intensively studied by me (Chapter
2) and others (reviewed in Chapter 1) using Spy”'°. In summary, the diverse binding
affinities of ATP-independent chaperones (listed in Table 5) enable them to do much

more than prevent protein aggregation.

I
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Figure 4-1: Diverse mechanisms of ATP-independent chaperones'"

Chaperones are shown as orange crescent-shaped structures, and client proteins are shown in green
and gray. (a) Holdase chaperones. (b) Chaperones that promote client folding by stabilizing productive
intermediates. (c) Chaperones that can allow client folding- while- bound. (Reprinted from Mitra, R. et al.
Annu. Rev. Biophys. (2022) with permission from Annual Reviews)
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Table 4: Client affinities of ATP- independent chaperones'’

ATP-independent Unfolded Client Binding
chaperones affinity
Trigger factor mature PhoA 195 2 uM
mature MBP 53 0.5 uM
denatured GAPDH & 0.32 uM
denatured luciferase 8’ 4.5 uM
SurA OmpA 16 1.8 uM
OmpT 16 9.3 uM
OmpX "7 0.8 uM
Spy Im77 4.7 uM
Fyn SH3% 2.9 uM
Apoflavodoxin (this study) 0.35 uM
Skp OmpLA/ OmpW/ PagP 1% 10 nM
OmpA/ OmpG 82 20 nM
SecB Barnase %7 2nM
pre- mature MBP 193 0.8 nM
mature MBP 193 80 nM
mature PhoA 53 0.5 uM
Hsp27 T4 lysozyme 98 40-200 nM
ttHsp40 mature PhoA'%® 10 uM
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4.3 Structural properties of IDPRs in condensed phase

Solution-state NMR spectroscopy is the most common technique to study
conformational properties of IDPRs at atomic resolution??°. NMR is also well-suited for
probing the interactions, motions, and dynamics of IDPRs like Ddx4, FUS, TDP-43,
NPM1, CAPRIN1, and hnRNPA2 that form phase-separated condensates?®!. The type
of information obtained from NMR experiments on LLPS depends on the phases
present in the NMR sample. Murthy and Fawzi (2020) have categorized NMR samples
into three groups: dispersed-phase, biphasic, and condensed-phase samples?°'. NMR
studies with dispersed solutions use protein concentrations below the saturation
concentration for LLPS. The enhanced relaxation rates of the protein fraction in the
condensed phase led to severe signal broadening for the condensed fraction, making it
possible to monitor the onset of LLPS by observing loss in signal intensity from the
remaining molecules in the dispersed phase. Any changes in the chemical environment
of residues involved in homotypic and heterotypic interactions can be monitored by
observing chemical shift perturbations as a function of protein concentration, as was
done to identify residues that are important for LLPS of the C-terminal region of TDP-
43202 This approach does not always identify specific LLPS-triggering residues, as seen
in the low-complexity domain of hnRNPA2, where minor chemical shift changes were
observed across the entire protein sequence’'S. Biphasic samples contain a suspension
of phase-separated droplets. The protein molecules in the dilute and dense phases
generally have different translational diffusion rates and rotational tumbling times. This
enables the selective isolation of signals from either of the two phases by diffusion

editing or relaxation editing schemes, as shown in a study on the LLPS of an elastin-like
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peptide?°3. In diffusion-editing, pulsed field gradients are used to separate protein
populations based on the difference in molecular diffusion in the dilute and condensed
phases. Relaxation editing exploits the difference in transverse relaxation rates between
protein populations in the two phases. Significantly higher protein concentrations than
the saturation concentration for LLPS is required to overcome the low signal intensity of
the condensed phase caused by the higher viscosity and enhanced R2 relaxation
rates?°’. The most direct method to probe molecules in the condensed phase is to
prepare a macroscopic condensate that completely occupies the observation volume of
the NMR coil. This approach has been successfully used to study phase-separated
RNA-binding proteins like FUS, CAPRIN1, and Ddx4117:204205 However, probing site-
specific interactions in the condensed phase is generally challenging. One successful
approach involves preparing mixed-state samples that contain proteins purified under
specific isotope labeling schemes. In the case of CAPRIN1, intermolecular NOEs
between backbone amide protons of one chain and aliphatic or aromatic protons of
adjacent chains in the condensed phase have been recorded by using specific isotope
labeling schemes to filter-out NOE signals from intramolecular contacts. For instance,
12C/1®N/?H- labeled and "*C/'*N/'H- labeled CAPRIN1 were mixed to obtain residue-
specific contact maps for the condensed phase?®. Intermolecular NOEs revealed
contact sites distributed throughout the sequence of CAPRIN1. Similar intermolecular
NOE-based experiments with 1:1 mixture of either >N/'2C, “N/13C or "®N/'?C, 1“N/'?C
samples for the low-complexity domain of FUS showed that the condensed phase of
FUS, like CAPRIN1, is stabilized by hydrogen bonding, T/sp?, and hydrophobic

interactions involving residues dispersed throughout the sequence’.
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4.4 Proposed model for the assembly of SERF-TAR condensates

A key question we wish to answer is whether RNA-protein interactions in the
dilute phase are maintained in the condensed phase. The choice of a tractable RNA-
RBP pair allows us to probe the role of heterotypic and homotypic multivalent
interactions in stabilizing protein-RNA condensates. In our model of TAR-dependent
assembly, SERF monomers and dimers cannot condense into LLPS droplets due to
interchain and intrachain repulsion. Complexation with TAR neutralizes the charges on
SERF allowing new inter-chain contacts to be established under conditions that promote
phase separation. SERF oligomers can reduce the entropic cost of demixing by giving
rise to “emergent stickers” that are capable of driving phase separation'’®. Therefore,
TAR acts as a nucleator of phase separation but does not provide additional sources of
multivalency in our system. The emergent multivalent network exhibits a beads-on-a-
string-like structure, where RNA acts as an immobile scaffold with adhesive points that
bind SERF molecules. This enables the formation of SERF-SERF crosslinks, leading to
the formation of a macroscopic condensed phase. A few examples demonstrating a
similar mechanism of condensate assembly have been reported so far. Photoinduced
oligomerization drives phase separation by increasing the valence of IDRs in a synthetic
Corelet system?%”. RNA binding can nucleate higher-order fibrous assemblies of the
FUS protein2%8. An auxin response transcription factor, ARF19 in Arabidopsis can
undergo spontaneous polymerization through electrostatic interactions driven by a
folded PB1 domain?%. Molecular simulations are needed to test our model of cluster

formation in the dispersed phase by RNA-mediated higher-order assembly of SERF'7S,
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Appendix

Characterizing an oxygen tunnel in the flavoenzyme oxidase NicA2°

This study focuses on nicotine oxidoreductase (NicA2), a therapeutically relevant
Flavin-dependent enzyme that catalyzes the degradation of nicotine into a non-
psychoactive metabolite, N-methylmyosmine (NMM)?'°. As a Flavin-dependent amine
oxidase family member, NicA2 catalyzes reduction and oxidation reactions by first
accepting electrons from nicotine. This leads to the conversion of its bound Flavin
adenine dinucleotide (FAD) to the reduced hydroquinone form (FADH2), which must be
oxidized after this reductive step to complete the catalytic cycle. Ozis the canonical
electron acceptor for Flavin-dependent amine oxidases?!'. This enzyme has recently
been shown to reduce nicotine levels in the blood and brain of rats following
pretreatment in a dose-dependent manner?'2-215_ Rats pretreated with NicA2 also show
reduced addiction to nicotine in a self-administration model. These findings have
established NicA2 as a promising therapeutic to help in smoking cessation. However,
the WT NicA2 enzyme has extremely slow catalytic turnover with a kcat of ~0.007 s,
making it a poor therapeutic?''-216, In this work, we used a genetic selection approach to
isolate variants with up to a 150-fold improvement in their rate constant for oxidation by

02 and a 10-fold increase in kcat/ Km. Kinetics studies revealed that the mutations found

5 The following materials are adapted from results published in Dulchavsky, M., Mitra, R., Wu, K., ...,
George, O., Stull, F., Bardwell, J.C. Directed evolution unlocks oxygen reactivity for a nicotine degrading
flavoenzyme. (In revision at Nat. Chem. Biol.) All proteins were expressed and purified by Mark
Dulchavsky. | designed the NMR experiments and analyzed the results. HDX-MS experiments were
conducted by Antonio Calabrese and the crystal structures were determined by Kevin Wu. Mark
Dulchavsky and | performed the NMR experiments and wrote the relevant sections.
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in these variants improve catalysis by increasing the rate at which O2 oxidizes NMM-
bound enzyme.

| have characterized the structural features of one such variant of NicA2 v3217,
which contains seven mutations, F104L, A107T, S1461, G317D, H368R, L449V, and
N462S, using NMR spectroscopy. The crystal structures of NMM-bound NicA2 v321
and WT are very similar, with an overall RMSD of < 0.5A. No obvious difference in
these structures would explain the striking difference in their activities. This finding,
which indicates that there may be catalytically relevant dynamic states of NicA2 that are
not captured in “frozen” crystallographic snapshots, prompted us to employ solution
NMR spectroscopy to investigate the structural basis for the increased oxidation rates of
NicA2 v321. Flavoenzyme oxidases often contain tunnels within the protein structure for
the guided diffusion of dioxygen into the protein core that houses the Flavin cofactor?'’.
It has been shown that obstruction or modification of these tunnels can decrease
oxidase activity, which supports the direct role of channels in bringing Oz2 to the active
site 394043 One-way flavoenzymes may modulate the oxidation of FADH: is by
changing the accessibility of these Oz access tunnels. The observed increase in the
oxidation rate of NMM-bound NicA2 in variant v321 raised an intriguing possibility: the
collection of mutations in this variant alters the transport pathway of O2. Upon inspection
of the solvent-accessible surface in the crystal structure of NicA2, we noticed a tunnel in
the region rich in the activity-enhancing mutations in v321. This tunnel extends from the
active site to the solvent-exposed surface of the protein.

To further elucidate the chemical environment of this tunnel, we employed an

NMR site-specific probe. Although hitherto under-utilized for studying flavoenzymes,
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NMR spectroscopy can provide structural and kinetic information on transient events in
enzyme dynamics?'8, Given the large size of the NicA2 homodimer (110 kD) and the
subtle conformational changes we wish to probe, we decided to use 1D '°F NMR. This
approach has two advantages: fluorine serves as an exquisitely sensitive structural
probe for side-chain dynamics, and observation of anything other than a single sharp
peak in the '°F NMR spectrum indicates conformational heterogeneity in the local
environment of the fluorine nucleus?'®22%, |In addition, '"°F NMR often works better for
large proteins than more traditional two-dimensional 'H, "*N-based NMR?2', Therefore,
we used an amber codon suppression strategy to site-specifically incorporate the
unnatural amino acid, 4-trifluoromethyl-L-phenylalanine (tfmF) in the place of Y342, a
residue that is located adjacent to the tunnel observed in the WT protein (Appendix
Fig. 1a)??2.

We observed a single, broad signal in the '°F spectrum of WT NicA2 at -59.8
ppm that can be deconvoluted into two highly overlapping peaks indicative of
conformational motion in intermediate-to-slow exchange in the interior of the tunnel
(Appendix Fig. 1b). On the other hand, the "°F spectrum of NicA2 v321 is strikingly
different, composed of a broad up-field shifted major peak at -60.2 ppm and three highly
overlapping down-field minor peaks (Appendix Fig. 1c). In contrast to the '°F NMR
spectrum for the fluorine incorporated at the tunnel- adjacent Y342 site, a control
substitution at Y313, a position that lies far from the tunnel region, we observed single
narrow peaks in both WT NicA2 and v321 (Appendix Fig. 2a). This suggests that the
multiple peaks we detect with a single tfmF incorporated at Y342 cannot be explained

solely by global structural perturbation. Furthermore, the greater conformational
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heterogeneity in the vicinity of Y342 in NicA2 v321 cannot be explained by the lower
stability of the mutant variant since the WT and mutant enzymes exhibit similar thermal
denaturation curves and activities (Appendix Fig. 3). WT and v321 also demonstrate a
nearly identical elution profile in size exclusion chromatography, excluding the
possibility that the chemical shift differences arise from a difference in size distribution
(Appendix Fig. 4).

In summary, the '°F NMR spectra of the two ligand-free NicA2s demonstrate
higher conformational heterogeneity in the proposed oxygen tunnel in v321 than in the
WT protein. To explore the structural basis of the increased rate of oxidation of v321
over the WT enzyme only when bound by NMM, we decided to compare the '°F NMR
spectra NMM-bound state of wild type and NicA2 v321. NMM addition does not cause
any significant chemical shift perturbation in the WT NicA2, although the peak does
narrow, which suggests that ligand binding may restrict conformational fluctuations in
the tunnel (Appendix Fig. 1d). In contrast, upon the addition of NMM to NicA2 v321, we
observed a substantial downfield chemical shift in the major peak of the enzyme,
possibly due to conformational rearrangement in the tunnel region due to product
binding (Appendix Fig. 1e). Furthermore, at increasing molar ratios, NMM vyields a
narrow major peak whose intensity increases with a concomitant decrease in the
intensity of the apo-state peaks. Thus, NMM binding “pulls” the distinct apo-state sub-
ensembles in slow exchange into a single major conformation, presumably resembling
the crystallized conformation of the NMM-bound NicA2 v321 complex. We confirmed
that these conformational changes are relevant to catalysis by adding excess nicotine to

the enzyme to achieve the NMM-bound, reduced enzyme state that Oz rapidly oxidizes
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in our Kinetic experiments. The resulting spectra after nicotine addition closely overlap
with those representing NMM-bound oxidized enzyme, indicating that NMM-bound
oxidized and reduced states are conformationally indistinguishable (Appendix Fig. 2b).
Therefore, observations made using the NMM-bound oxidized enzyme report on the
enzyme conformation relevant to the oxidation step observed in stopped-flow
experiments.

Paramagnetic relaxation enhancement (PRE) is widely used to obtain long-range
distance restraints in NMR spectroscopy??®. When a soluble paramagnetic reagent like
4-hydroxy-2,2,6,6-tetramethyl-piperidine-1-oxyl (TEMPOL) is added to the solvent, the
extent of paramagnetic broadening depends on the solvent accessibility of fluorine.
Therefore, we decided to use solvent accessibility as a proxy to ascertain the access of
O2 to the proposed tunnel. In the presence of TEMPOL, we observed line broadening in
the major peaks in both the unbound WT and mutant NicA2 (59.8 and 60.2 ppm,
respectively), suggesting that these peaks represent accessible conformations
(Appendix Fig. 5). The major populations of both wildtype and v321 NicA2 appear less
accessible to solvent when bound by NMM than when ligand-free (Appendix Fig. 1f).
However, in both the ligand-free and NMM-bound states, the predominant
conformations of NicA2 v321 have a more solvent-accessible tunnel than the respective
states of the wildtype protein. This may indicate that mutations encoded in v321 allow
greater diffusion of Oz to flavin in this catalytically competent state. This could, at least
partially, explain the increased oxidation rate of NicA2 v321.

It remains unclear how exactly the mutations in v321 affect the steering and

orienting of Oz2 to a catalytically productive location near Flavin. Nonetheless, our results
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pave the way for future studies using approaches like molecular dynamics simulations
with enhanced sampling to probe the connection between allosteric networks and

dynamics of Oz permeation in NicA2 in greater depth.
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Appendix Figure 1: Conformational landscapes of wildtype and v321 NicA2.

a. NicA2 wildtype’s crystal structure (PDB ID: 5TTJ) is displayed with an ~ 1.4 A diameter tunnel identified
by CAVER simulation rendered in magenta??*. FAD is rendered in yellow, Y342 is rendered in grey and
labeled, and frequently mutated residues are rendered F104 in orange, A107 in purple, D130 in green,
H368 in brown, and N462 in turquoise. b. "°F NMR spectrum of wildtype NicA2 with the Y342tmfF
substitution. The black trace represents the raw data, the colored curves represent fits deconvoluted
using decon1d, and the grey trace represents residuals from the fit. ¢. "°F NMR spectrum of NicA2 v321
with the Y342tfmF substitution. d. The signal for wildtype NicA2 Y342tfmF titrated with 0, 0.1, 0.5, and 2.5
mM NMM narrows with increasing NMM, indicating a more restricted sampling of local conformations. e.
NicA2 v321 Y342tfmF titrated with NMM of the same concentrations as labeled, showing collapse into a
single population. f. The PRE ratio for wildtype and v321 in both apo- and NMM-bound states are plotted.
Error bars represent the standard deviation of 3 replicates, and data were analyzed by 1-way ANOVA
with Tukey’s multiple comparisons post hoc. All NMR spectra were acquired at 298 K on a Bruker 600
MHz instrument equipped with Prodigy ("H/'°F)-X broadband cryoprobe and operating at a basic
transmitter frequency of 563.6701729 MHz for the '°F nucleus. One-dimensional un-decoupled "°F
spectra were recorded with 16K data points, 30 kHz sweep width, an acquisition time of 0.288 s,
relaxation delay of 2 s, and 1000 - 5000 transients accumulated per experiment. The '°F chemical shifts
were referenced to either TFA (set at -75.39 ppm) or tfmF (set at -62.0832 ppm). The spectra were
processed in TopSpin 4.1.4 and deconvoluted using the Python-based decon1d fitting program that
assumes Lorentzian peak shapes??5.
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Appendix Figure 2: "°F NMR spectra of Y313tfmF and Y342tfmF substituted NicA2 enzymes

a. Y313 (magenta) was mutated to the amber stop codon, and tfmF incorporated into this position to
serve as a probe for 9F NMR. This position was chosen because it is conservative substitution distant
from the tunnel region and buried in the core of the flavin-binding domain. It should therefore be an
independent readout about global protein dynamics that is not influenced by local tunnel dynamics. Also
displayed are the "F NMR spectra of the Y313tfmF for wildtype and variant NicA2s, which are similar. b.
Nicotine was titrated into NicA2 v321 Y342tfmF to achieve the reduced, NMM-bound state. NMM was
also titrated into the oxidized enzyme. These major species of these spectra overlay closely, indicating
that NMM-bound oxidized and reduced states are conformationally indistinguishable.
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Appendix Figure 3: Qualities of NicA2 19F containing variants.

a. NicA2 wildtype and NicA2 wildtype with tfmF substituted at position 342 have a similar melting
temperature. The intrinsic fluorescence of FAD is quenched upon being bound by protein. As the
temperature of the protein is raised and it begins to unfold, the released FAD is once again fluorescent.
This unfolding signal is monitored in a gPCR machine. A volume of 20 uL of 10 uM NicA2 enzymes were
pipetted to the bottom of a qPCR tray. This was monitored for fluorescence as the temperature was
ramped at 0.5 °C per second with a 30 second hold time per step in a QuantStudio 3 Real-Time PCR
System. Traces represent an average of 3 replicates. b. NicA2 v321 and NicA2 v321 with tfmF
substituted at position 342 have a slightly different, but still similar melting temperature. Traces represent
an average of 3 replicates. c. Circular dichroism spectra of wildtype and the two 'F containing constructs
maintain secondary structure. Samples of 10 uM NicA2 proteins (flavin concentration) were prepared in
10 mM potassium phosphate pH 7.4, 2.5% (w/v) glycerol for circular dichroism experiments. Solutions
were added to 1 mm quartz cuvette. Five room temperature scans were averaged from 260-195 nm using
a Jasco J-1500 circular dichroism spectrophotometer. d. Steady-state kinetic data for the reaction of NMR
variants with nicotine. Values are reported with 95% confidence intervals.
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Appendix Figure 4: Elution profiles of NicA2 wildtype and v321.

NicA2 enzymes were prepared at NMR concentrations (100 uM). 200 uL of each enzyme were injected
onto a Superdex 200 10/300 GL column equilibrated in 40 mM HEPES pH 7.4, 100 mM NaCl, 10% (w/v)
glycerol. An Akta-FPLC system was used to maintain a flowrate of 0.2 mL min-', and absorbance of the
sample monitored at 280 nm. The elution profile of NicA2 wildtype is displayed as a dashed black line,
v321 is a solid cyan line
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Appendix Figure 5: NicA2 enzymes upon addition of TEMPOL

a. Scans were taken before and after TEMPOL was added to 8 mM end concentration in samples of

NicA2 Y342tfmF wildtype or b. v321. ¢. The same experiment was repeated with 5§ mM NMM included in
samples of NicA2 wildtype and d. v321
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