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Abstract

Gene silencing via micro-RNAs is a cell’s main mechanism in maintaining cellular
homeostasis. This is directly evidenced by the immense number of disease states directly
correlated to the improper function or maturation of a micro-RNA. Initiation of the
canonical micro-RNA maturation pathway begins via substrate selection and processing
of a primary micro-RNA by the catalytic complex, Microprocessor, in the nucleus. The
catalytic unit of this complex, Drosha, has no means to recognize substrate as its double
stranded RNA binding domain has been empirically shown to not bind double-stranded
RNA. Further analysis of this domain via human cell-based processing assays revealed
that, while this domain is not utilized via its canonical nature, is imperative to
Microprocessor function- deletion of the domain leads to complete ablation of primary-
micro-RNA processing. In this thesis, | describe my work toward understanding the role

of this domain utilizing classic biochemical and biophysical techniques.
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Chapter 1: Introduction

|. General Introduction
miRNA Maturation and Function

Micro-RNAs (miRNAs) are a class of single-stranded, twenty to twenty-two
nucleotide (nt) non-coding RNAs that function in RNA interference (RNAIi). RNAI is one
of the primary means through which eukaryotes post-transcriptionally regulate gene
expression. In this cellular process, the mature miRNA binds its complementary
messenger RNA (mRNA) in the RNA-Induced Silencing Complex (RISC) in which
expression of that gene is downregulated via destabilization of the bound mMRNA. miRNA
dysfunction has been implicated in a number of disease states, including a number of
different cancers?, several organ based diseases (i.e. heart disease and kidney disease)?,
mental disorders (including schizophrenia)?, and innate immunity to viral infection®. It is
of utmost importance to study the maturation of these miRNAs so we can better

understand how these disease states arise.

mMiRNA maturation begins in the nucleus, where the Microprocessor complex
cleaves a dsRNA hairpin loop out of a primary RNA transcript (pri-miRNA, Figure 1). The
Microprocessor complex consists of one copy of its catalytic unit, the RNase Ill enzyme
Drosha, and two copies its necessary cofactor, the dsRNA binding protein Digeorge
Syndrome Ciritical Region 8 (DGCRS8). In this complex, it is thought that Drosha
recognizes the single strand-double strand (ss-ds) junction of the pri-miRNA and the

DGCRS8 dimer is hypothesized to clamp the apical stem-loop® 7. Microprocessing yields



a ~60 nt precursor miRNA (pre-miRNA) that possesses a two-nt 3' overhang necessary

for shuttling to the cytosol via the Exportin-5 pathway?.

ORF

pri-miRNA

Figure 1: Cartoon diagram outlining the canonical miRNA maturation pathway. The
nucleus of a eukaryotic cell is depicted in blue and the cytosol in grey. Though a number
of different paths to mature miRNA exist, the maturation pathway represented in this
figure is widely regarded as the canonical, direct pathway.

In the cytosol, the pre-miRNA is further processed by the RNase Il enzyme Dicer,
by which the stem-loop is cleaved to generate the miIRNA-miRNA* duplex- the miRNA
strand will become guide strand in RISC whereas the miRNA* strand will be discarded
and degraded. Dicer has been shown to catalyze this processing event in the absence of
its RNA-binding protein cofactors, which can be the HIV-l TAR RNA binding protein
(TRBP) or the PKR activating protein (PACT), but its catalytic efficiency is significantly
improved in the context of a Dicer-TRBP or Dicer-PACT complex. Specifically, the

presence of TRBP or PACT in the dicing complex has been shown to affect what miRNA-
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miRNA* duplex is generated by facilitating precise cut-site definition®. Following pre-
miRNA cleavage, the pre-RISC complex binds an Argonaute protein which selects the
guide strand of the mIRNA-miRNA* duplex; the non-selected strand (miRNA¥) is
subsequently ejected and degraded?® 1. The sequence of the guide strand defines the

mRNAs that will be targeted by RISC for destabilization and suppression of translation??.

Drosha Pro y Arg CED
. Canonical
dsRBD
peers — IR G- @— |
. Non-canonical
dsRBD
Dicer DEXD|PBD |HeliCgm PAZ 0 Rnase i

Domain
rRer @@
racT @@
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Figure 2: Cartoon diagram depicting the domain architecture of the major miRNA
maturation proteins. Canonically functioning dsRBDs, non-canonically functioning
dsRBDs and RNase Ill domains are represented as red ovals, blue ovals and grey
diamonds, respectively. Domains integral to one maturation pathway component are as
indicated in black boxes. They are abbreviated as Pro- proline rich region; Arg- arginine/
serine rich region; CED- central domain; Rhed- RNA- binding heme domain; DEXD-
Deadbox helicase domain; PBD- protein binding domain; HeliC- C- terminal helicase
domain; and the PAZ domain.

As with many eukaryotic proteins, the domain architecture of the proteins
constituting the miRNA maturation pathway is complex (Figure 2). The RNase Il enzymes
Drosha and Dicer both contain a pair of RNase Il domains, which comprise the catalytic
centers of their respective processing complexes, and a C- terminal double stranded RNA

binding domain (dsRBD). The N- terminal RNase Il domain in each of these enzymes



cleaves the 3’ strand of the premature miRNA and the C- terminal RNase Il domain
cleaves the 5' end®3. The nuclear enzyme Drosha includes N- terminal Arginine/ Serine
(Arg) and Proline (Pro) rich regions which have been shown to function in protein: protein
and protein: RNA interactions in mouse Drosha'4, and a nuclear localization signal.
Drosha also has a central domain (CED) which has no structure or function annotated to

date, but is necessary for effective Microprocessor reconstitution in vitro®.

Although Drosha and Dicer present the same C- terminal architecture of two
RNase Ill domains followed by a dsRBD, the domain compositions of their N- terminal
regulatory regions differ significantly. Dicer's N- terminal region contains a pair of Helicase
domains responsible for unwinding the pre-miRNA and miRNA-miRNA* duplexes (DEDX
and HeliC) and the TRBP/PACT protein binding domain (PBD). Between this region and
the tandem RNase Ill domains is the PAZ domain — a molecular ruler that recognizes the
two nt 3' overhang of the pre-miRNA and positions the RNase Il domains for effective
processing®®. Dicer's C- terminal dsRBD has been shown to enable effective Dicing in
vitro in constructs that do not contain the PAZ domain'®. Conversely, as introduced

above, Drosha’s dsRBD has no identified function to date.

The RNase Il enzymes of bacterial organisms are usually comprised of a single
catalytic domain and a single dsRBD at their catalytic regions. This one-to-one domain
ratio suggests that the eukaryotic enzymes discussed above are depleted in dsRBDs
compared to their prokaryotic progenitors and have evolved to split their function over
multiple genes - obligating complex formation in their function'’. As such, dsRBDs are
the main functional domains of all three dsRNA binding cofactor proteins, DGCR8, TRBP

and PACT; these domains have been the focus of intense study in the Showalter



laboratory. TRBP and PACT are comprised of three dsRBDs in tandem that are linked by
short (~60 amino acid) intrinsically disordered regions (IDRs). Both N- terminal dsRBDs
of TRBP and PACT function canonically and bind dsRNA without nucleotide-sequence
specificity, whereas the C-terminal dsRBDs of these proteins have been shown
empirically not to bind dsRNA in vitro'®. Rather, these domains mediate the protein:
protein interaction with Dicer via the enzyme’s PBD*°. Similarly, Drosha’s dsRBD has
been shown to not bind dsRNA in vitro?°. The main focus of this thesis is to understand

the function and role that this non-canonical dsRBD plays in Microprocessing.

Double-stranded RNA Binding Domains

Every major protein in the miRNA maturation pathway contains at least a single
dsRBD. These domains are small protein domains (65-70 amino acids) that all adopt the
canonical a—B—B—-p—a dsRBD fold?* (Figure 3). While the general juxtaposition of the
secondary structural elements is consistent throughout the domain family, a few
deviations in structure have been evidenced - including an extended al-B1 loop in the
dsRBD of Drosha and the presence of a third alpha helix C-terminal to the dsRBD of the
yeast RNase Il enzyme (Rntlp) that folds back on and interacts with the dsRBD???5. The
o—PB—B—PB—a architecture positions the dsRNA binding face — helix-1, the base of helix-2,
and the B1-B2 loop — for effective substrate binding. It is important to note that while the
general three-dimensional fold of this domain is strictly conserved, sequence is not,

indicating that functional variability in this domain family is a possibility2®.



TRBP dsRBD2
PDB: 3ADL

Figure 3: Ribbon diagram depiction of TRBP’s dsRBD2 binding perfect Watson-Crick
duplex RNA. This figure was generated using the Chimera PDB visualization software
and PDB file 3ADL. The original crystal structure shows the dsRBD’s KR- helix motif in
contact with the junction of two coaxially stacked duplexes. This pair of duplexes was
replaced by a single, perfect Watson-Crick throughout the dsRBD binding face by S.A.S.

The function of a canonical dsRBD is as the domain family nhame suggests — to
bind A- form dsRNA. To perform this function, most dsRBDs contact the dsRNA substrate
at three locations. The first of these interaction regions is with the minor groove of the A-
form dsRNA duplex via the hydrophilic residues constituting the solvent exposed face of

the amphipathic helix-1 of the dsRBD. This contact is facilitated by hydrogen bonding



between the hydrophilic residues of helix-1 and the ribose sugars presented by the duplex
in the minor groove. The second minor groove-based binding region is facilitated by
insertion of the B1-B2 loop into the minor groove. In one of the few nucleotide specific
contacts common to these complexes, this interaction often features hydrogen bonding

of a histidine sidechain in this loop with the carbonyl oxygen of a guanine within the minor

groove?>.

Drosha dsRBD ..J&..GkGPs IQoaEmcaanm..
Dicer dsRBD M cversYR1aKsanar..

pccr8 dsrRBD1 .. V..cTrassKKraKnkaar..

DGCR8 dsRBD2  ..%..cwckNKRveKoraso..
TRBP dsRBD1 .dL..cocpsKKaaKukaak..
TRBP dsRBD2 V.cscrsKKLaKrnaaa..
TRBP dskBD3  ..5.GsaTTREAARGEAaR..

Figure 4: Ribbon diagram of KR helix motif of Drosha’s dsRBD (PDB: 2KHX) with residues
of interest highlighted and annotated in the adjacent sequence alignment with the
corresponding color. The sequence alignment shows the KR helix motif region and an
important amino acid position for through-space interaction with this region on helix-1.

While the minor groove interactions described above are important, strong
thermodynamic evidence suggests that the most critical dsRBD-dsRNA interactions are
mediated by the N- terminal end of helix-2, which projects basic amino acid sidechains
into the major groove of the dsRNA duplex?® (Figure 4). This interaction is driven by the
chemistry of the KR helix motif at the base of helix-2, which is comprised of a KKxAK
sequence element?!: 25, The terminal amino groups of the lysine sidechains form charge-
charge interactions with the non-bridging oxygens of the phosphate backbone. In some

cases, the lysine positions of this motif may substitute arginine®® 27, As all of these



interaction regions take place where the sequence of the RNA cannot be read out, due
to the fact that the minor groove presents the ribose moieties and underside of the
nucleobases and the deep and narrow nature of the major groove sterically inhibits

interaction with nucleotide faces, dsRBD: dsRNA interactions are non-sequence specific.

Canonically functioning dsRBDs bind to a single turn of A- form dsRNA duplex,
utilizing the aforementioned binding mode, with low micromolar apparent dissociation
constants (Ka)?> 2830, Conveniently, these binding affinities establish the dsRBD
concentration at which half of the potential saturating dsRNA lattice sites are occupied3®
31, dsRBDs exhibit a dsRNA lattice length dependence where binding becomes tighter as
dsRNA lattice length increases. This phenomenon is amplified in multiple dsRBD
containing systems, indicating that it may be physiologically significant whether these
domains exist in isolation or in tandem?3° 3%, The notion that individual, canonical dsRBD
function is not excessively variable makes study of non-dsRNA binding dsRBDs

especially exciting, namely dsRBD3 of TRBP and Drosha’s dsRBD.

Further inspection of the KR helix motif sequence of these domains illustrates why
they are non-dsRNA binding. Both of these domains deviate from canonical KR helix motif
sequence at the positions which drive dsRBD: dsRNA binding, resulting in a lack of
positive charge density at the canonical dsRNA binding face. This lack of positive charge
density results in dsRBD3 of TRBP and Drosha’s dsRBD being unable to bind dsRNA in
vitro!® 20, A recent biophysical study from the Doudna laboratory characterized the non-
canonical function of dsRBD3 of TRBP in mediating protein: protein interaction with the
RNase Il enzyme Dicer. Such a definitive role of Drosha’s dsRBD has yet to be realized®®.

Interestingly, the interface of the Dicer: TRBP interaction utilizes the pB-sheet face of



dsRBD3 of TRBP and not the non-canonical KR- helix motif. This implies that the protein:
protein interaction mediating function of the domain is not reliant on KR- helix motif
chemistry, save for the inability of the domain to bind dsRNA. It is the position of this
thesis that Drosha’s dsRBD functions in a different, non-canonical manner in that the
domain utilizes its unique KR- helix motif chemistry in an obligate role during

Microprocessing.

The Microprocessor Complex

It is of utmost importance to understand the functional details of the
Microprocessor complex as the substrate selection of this complex ultimately determines
which primary transcript sequences become miRNAs. This interest is further compounded
by the fact that Drosha, the catalytic unit of the Microprocessor complex, is the only
obligate factor in the canonical miRNA maturation pathway that does not contain a dsRNA
binding- competent dsRBD. This suggests that Drosha is unable to recognize pri-miRNA
substrates, save for what substrate specificity may be imparted by its RNase Il domains.
Recognizing this, early works studying the Microprocessor complex tested hypotheses in
which DGCRS8, which is obliged to select the target pri-miRNA substrate, subsequently

recruits Drosha for substrate processing®?.

In agreement with these early hypotheses, multiple groups have shown that neither
recombinant DGCR8 nor Drosha reconstituted Microprocessing in vitro, but effective
Microprocessing was recovered when both proteins were present3? 33, DGCR8's role was

established to hinge on the function of its dSRNA binding ‘core’ fold - in which the tandem



dsRBDs of the cofactor form a pseudo-dimeric fold, sandwiching a short C- terminal helix
between the B-sheet faces of each dsRBD34. This domain architecture positions the
dsRNA binding faces of each dsRBD opposing one another, indicating that either the fold
must rearrange for both domains to engage dsRNA or the pri-miRNA must have enough

flexible elements to conform to DGCRS8 core?®: 35,

This phenomenon, as well as reported in vivo and in vitro Microprocessing assays,
suggest that pri-miRNA structural elements may contribute to Microprocessing’: 337, One
region of interest is the basal ss-ds junction, which is hypothesized to be sensed by
Drosha via an unknown mechanism3¢ 37, The deformability of the Drosha cut site and a
secondary site one turn away are also hypothesized to play integral roles in the
processing efficiency of the pri-miRNA3®, Finally, a DGCR8 dimer is hypothesized to
clamp the apical loop of the pri-miRNA via their RNA-binding heme domains’. Since
dsRBDs do not bind with sequence specificity, it may make some sense that certain

structural elements of a pri-miRNA substrate might play a role in pri-miRNA selection.

This Microprocessing model of DGCR8-driven substrate selection and subsequent
recruitment of Drosha persisted for a decade until recent results from the Kim Lab
challenged many of these hypotheses®. In this seminal paper, the authors conclude that
the only protein regions needed to reconstitute Microprocessing in vitro are the central
domain through the native C- terminus of Drosha and the C- terminal seventy-three
residues of DGCRS8®. Strikingly, these regions include no domains that have been
demonstrated to recognize the pri-miRNA substrate and suggest Microprocessor
assembly is substrate independent. Drosha’s non-dsRNA binding dsRBD offers an

interesting route of study in that the reason it cannot bind dsRNA is quite clear (Figure 4).
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In this work, we assert that Drosha’s dsRBD is imperative to proper in vivo Microprocessor
function. This hypothesis will be established from both a biophysical and functional
standpoint in an effort to elucidate the function of this domain (Figure 5). In this work,
biophysical analyses will test characteristics of Drosha’s dsRBD in isolation and full-length
protein based Microprocessing assays will probe the domains function in this context. The
combination will provide a deep and powerful understanding of this domains role in

Microprocessing.

WT Drosha dsRBD Canonical KR Helix Motif [Defunctionalized KR Helix Motif

Microprocessing?

J X X
o X . J o X

T

dsRNA
Binding?

Figure 5: Graphical abstract depicting the experimental design and results of our studies
involving the non-canonical dsRBD of Drosha. The blue oval in the left most frames
depicts the non-canonical WT Drosha dsRBD. The purple oval in the middle frames
represents the domain that results when a canonical dsRBD KR- helix motif is mutated to
that of a canonical dsRBD. In the right most frames, the grey oval depicts the domain
when all KR- helix motif residues are mutated to alanine, removing all amino acid side-
chain chemistry at that region. Green checkmarks represent successful Microprocessing
of model pri-miRNA substrate or dsRNA binding by the domain in vitro. Red ‘X’s’ depict
negative results of these same experiments.
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Il. Technical Introduction
Electrophoretic Mobility Shift Assays

Electrophoretic mobility shift assays (EMSAS) are a class of native poly-acrylamide
gel-based assays centered on the principle that larger complexes, be they any
combination of DNA, RNA or proteins, are less mobile than smaller mass complexes or
molecules®®. To perform these experiments, a ligand is titrated into a constant amount of
labelled macromolecule, usually to a state of saturation, and the resulting gel presents
retardation of the complexes in the lanes that contain higher concentrations of ligand to
macromolecule. The retardation of large complexes comes about as a result of the fact
that they are less likely to travel through gel pores than the components of that complex
or smaller variations thereof. The last major consideration is the visualization of the gel,
which can be achieved by either a covalent label on the macromolecule such as a

fluorophore or radiolabel, or SYPRO protein or CYBR nucleic acid post-stains.

In the case of the EMSASs in this thesis, the macromolecule will refer to a dsSRNA
molecule and the ligand will refer to the dsRBD. The visualization for these assays will be
achieved through an internal radiolabel via a 3?P-y-phosphate at the 5’ end of the model
pri-miRNA, read out using a GE Typhoon-9410 imager. It is important to note that these
experiments are performed such that our protein ligand is titrated into dsRNA
macromolecule across a roughly two-log concentration range as this will allow the
visualization of intermediate bound states. The first ligand concentration is in several
order of magnitude excess of the macromolecule as a means to attain the apparent
macroscopic binding constant of the complex- something that is unattainable had we

performed these experiments using stoichiometric ratios of ligand and macromolecule

12



(Figure 6). Each of these gels contain at least a single negative control lane, in which only
the macromolecule (i.e. the dsRNA) has been loaded in order to provide a visual
reference for the bands present from the unbound dsRNA, alone. Accompanying each
gel image is a fit to the general Hill Equation, generated in MatLab (MathWorks), plotting

fraction bound vs protein ligand concentration (Equation 1).

Q) Fraction Bound = a (M) +b

[protein]™ + K}

Where [protein] refers to the protein concentration at a given point, n is the Hill coefficient,
Kd is the dissociation constant, and a and b are corrections for curve amplitude and

baseline, respectively?® 3L,

Titration start Titration end
RuAony \  DroshaQuc 3 Y cn ony
x 0.1 2523 «
Protein:RNA _ | WYLV} Drosha dsRBD: pri-mir-16-1
Complex
- *0.3 205.0
Free RNA = = pomwswswmmmeer -
FK,=78:02 M _eeeessse
Fn=45+0.5 Free RNA | i b io o o b o o o b b bt b b -
Fit to i [ §
general Hill 4 L
Equation 5 ®
-ooo.o.uoi"
Colol avpnl s upml sl
10" 10° 10 102

[Drosha Quad] (uM)

Figure 6: Sample EMSA data depicting the representative gel and fit to the general Hill
equation. RNA only lanes will be depicted by ‘RNA’ or an asterisk, the titration lanes
indicated with a wedge, and dissociation constant and Hill coefficient values annotated
within the fit. Error bars are shown for one standard deviation in either direction, calculated
from a minimum of two gels. Shown is a binding interaction (left, Drosha-Quad: ds33) and
a non-binding interaction (right, Drosha-dsRBD: pri-mir-16-1).
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Nuclear Magnetic Resonance Spectroscopy

All NMR experiments presented in this work are heteronuclear single-quantum
coherence spectroscopy (HSQC) based. All NMR protein samples must be uniformly >N
and if used for 3D experiments, 1°C labelled as these spin ¥ nuclei are NMR active. In
the basic 'H->N HSQC experiment, a radiofrequency pulse is applied to all amide protons
in the system, perturbing that set of nuclei and preparing the system for polarization
transfer3®. Polarization is then transferred to the heteronucleus, >N amide nitrogen, via
the insensitive nucleus enhanced by polarization transfer (INEPT) method*°. Chemical
shift of the heteronucleus is indirectly labelled in the subsequent evolution period,
followed by polarization transfer back to amide proton via the inverse of the initial INEPT.
The proton chemical shift is then labelled via the radiofrequency detector on the NMR

instrument.

The resulting HSQC spectrum yields a single signal for each amide N-H pair in
the system (Figure 7). The cross-peaks are distributed in a 2D spectrum at the
intersection of the proton and nitrogen chemical shifts for any given N-H pair. These
chemical shifts are dependent on the chemical environment of the N-H pair and each
HSQC spectrum is unique to a given protein construct. While little structural information
exists solely in the HSQC spectrum, a few distinct characteristics important in this work
can be identified. Generally, well dispersed signals indicate that each residue is in a
unique chemical environment which typically indicates a folded structure. Likewise,
collapse of signals to 8 ppm in the proton dimension indicates that residues in this regime
are solvent exposed and not highly ordered*® 42, Lastly, multiple signals per residue

indicates that the protein construct may be in a state of slow exchange or demonstrate

14



dynamics on a timescale slower than the NMR timescale. It is important to note that
exceptions to these generalizations exist and in order to make more informed structural

and dynamic inference, expansions of the basic HSQC must be employed43 44,
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Figure 7: Representative HSQC for WT Drosha dsRBD. Note the high signal dispersion,
which indicates that the domain is highly ordered. Each signal in this spectrum represents
a single, unique N-H pair in the peptide.

Expanding the HSQC to include a second indirect dimension, typically 13C, is one
of the more commonly utilized expansions in protein NMR. These experiments utilize the
identical polarization transfer pathway as outlined earlier with additional coherence

transfer from the nitrogen to the desired spin system and then back via the reverse path.
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The resulting three-dimensional spectrum can be conceptualized as a data cube in which
each cross-peak represents the amide N-H pair and the carbon or set of carbons in a
given spin system. The most commonly implemented 3D experiments in protein NMR are

the standard triple resonance experiments for protein backbone assignment#5-48.

These pulse sequences are run as two paired experiment sets - the HNCO/
HN(CA)CO and CBCA(CO)NH/ HNCACB. Each set of experiments contains a
unidirectional (HNCO and CBCA(CO)NH) and a bidirectional (HN(CA)CO and HNCACB)
pulse sequence in which backbone carbon resonances for residue i-1 and residues i-1
and i are obtained for a given N-H pair, respectively. This phenomenon is possible
because polarization transfer between the amide nitrogen of residue i and the alpha
carbons of residues i and i-1 occurs concurrently whereas concurrent polarization transfer
from the amide nitrogen of residue i to the carbonyl carbon of residues i and i-1 is not
possible due to vast differences in the coupling constants for Ni/COi and Ni/COi1. The
data obtained from these experiments are usually represented in strip plots that are used
to ‘daisy-chain’ through the protein backbone and assign protein residues to HSQC
signals (Figure 8). This task is made easier because any degeneracy in residue spin
systems is usually broken by this combination of experiments and that mean CA and CB

chemical shifts for all twenty amino acids are well documented (BMRB).
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Figure 8: HNCACSB strip plots showing a sample walk through the peptide backbone. One
key feature of the HNCACB experiment is that CB is 180° out of phase, making for easy
distinguishing of CA and CB. Each strip contains the CA and CB signals for the residue
labelled above the strip and the preceding residue. Identification of self and preceding
residue signals is performed using the unidirectional CBCACONH. Accuracy of this walk
was confirmed with an analogous analysis of the HNCO/HNCACO walk.

Once all of the protein backbone nuclei are assigned, the chemical shift data can
be used in a number of tasks that are essential for the determination of biomolecular
structure and structure/function relationships. For example, in this thesis | will report data
used to collect through-space distance constraints and dihedral angle constraints*® 5 that

enabled us to calculate the structure of the re-functionalized Drosha-dsRBD that is the
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focus of Chapter Il. Complete backbone resonance assignment also enables other
analyses that are integral to determining the dynamics of the peptide at hand, including

per-residue relaxation data®® %2,

Adding dynamic information to the otherwise static structural picture is one of the
main advantages of NMR spectroscopy. To achieve this, a number of NMR experiments
have been designed to probe different aspects of peptide backbone relaxation via slight
modifications to the basic 2D HSQC experiment. Depending on the pulse sequence
modification, longitudinal relaxation (T1), transverse relaxation (T2) and heteronuclear
NOE (hetNOE) data can be obtained. These chemical environment-dependent variables
report on the recovery rate to thermal equilibrium after excitation, the recovery rate to
magnetic equilibrium after excitation, and relaxation after polarization saturation,
respectively®®: 52, These parameters are utilized in a model-free analysis to calculate an
order parameter (S?) that directly reports on the flexibility of the N-H bond vector within
the peptide structure®® 3. In the work presented, the chemical shift derived dihedral
angles, through-space NOE interaction assignments and NMR relaxation data are utilized

as input for solution structure calculation via the XPLOR- NIH software package®“.

Human 293T Cell-based pri-miRNA Processing Assays

In conjunction with the biophysical analyses described above, it is important to
identify the functional manifestations of our biochemical manipulations to the dsRBD of
Drosha. To achieve this, in vitro Microprocessing assays were performed utilizing full

length Microprocessor components and a model pri-miRNA-16-1 substrate. The human
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embryonic kidney cell line (HEK293T) was chosen as it has been optimized for effective
recombinant protein expression and ease of cell line maintenance®®. In preparation for
the processing assay, liposome transfection is employed to introduce plasmid DNAs
encoding the full length protein constructs of choice to the HEK293T cells®®. Once the
cells reach 100% confluence and the target proteins are expressed, the cells are
harvested and lysed to yield a cell lysate containing the protein constructs encoded by

the transfected DNA plasmids.

The processing assays presented in this thesis are performed by incubating end-
or body-labelled model pri-miRNA-16-1 in a number of different protein construct-
containing HEK293T cell lysates for an equivalent period of time. After this incubation
period, the processing reactions are run on a denaturing gel and imaged to yield the
extent to which the substrate was processed. The negative control in these experiments
in which no DNA plasmid is transfected, labelled as ‘mock’, reflects the Microprocessing
function of the endogenous Microprocessor components and the background of all
samples. Knockdown of endogenous Drosha to eliminate background was attempted
using RNAI, but was not tolerated by the cells (Durga Ghosh, personal communication).
The positive control, in which the full- length WT Microprocessor components Drosha and
DGCRS8 are transfected, reflects the Microprocessing efficiency of the native complex.
The other samples depicted in these experiments consist of varying Drosha constructs
and WT full- length DGCR8 and probe the Microprocessing ability of different Drosha
constructs. In these samples, abolishment to ‘mock’ levels indicates that the transfected

Drosha construct cannot process the pri-miRNA substrate. The results of these
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experiments, shown and discussed in Chapter Il, proved integral in providing functional

insight to our biophysical investigation of Drosha’s dsRBD.

[1l. Thesis Overview

Chapter two outlines the work the author performed in probing the role of Drosha’s
dsRBD in Microprocessing. Traditional biophysical techniques and cell-based processing
techniques were utilized in conjunction to tell a holistic story of the domain. Four point
mutations to the KR helix motif region of Drosha’s dsRBD were used to engineer a dsRNA
binding-competent dsRBD, Drosha-Quad. EMSAs and NMR experiments confirmed that
Drosha-Quad had the structure and dynamics of a canonical dsRBD and bound dsRNA
via the canonical dsRBD mode. Processing assays utilizing full length Microprocessor
proteins and model pri-miRNA-16-1 identified that Drosha’s dsRBD is implicated in
Microprocessing. Furthermore, the chemistry at the KR helix motif of this domain is the

driving force of its role.

Chapter three focuses on the future directions that the author's work could
potentially lead works in the Showalter Lab and others’ studying the miRNA maturation
pathway. These future directions focus on the C- terminal intrinsically disordered regions
of the Microprocessor proteins, Drosha and DGCR8. EMSAs suggested that addition of
the native C- terminus of Drosha to the WT Drosha dsRBD construct yields a dsRNA
binding competent construct. Further NMR analysis revealed that presence of this C-
terminal IDR stabilized the dsRBD fold and may interact with the dsRBD fold or contain

some helical content. NMR analysis of DGCR8’s native C- terminus revealed that this
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domain may not be entirely disordered and it is quite likely that much of this IDR may be

helical in nature.
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Chapter 2: Toward Understanding Drosha dsRBD’s Role

In Microprocessing

Chapter Il Collaborators:

Durga Ghosh: Collaboration with pri-miRNA processing assays; performed Western Blot

analysis.

Debashish Sahu: Collaboration with HSQC Assignment and NMR data collection;
performed NMR structure and dynamics calculations and aided in generation of

associated figures.

[. Introduction

Micro-RNAs (miRNASs) are a class of small (20-22 nt) non-coding RNAs known to
primarily function in the cellular process of RNA silencing. Mature miRNAs have been
shown to suppress genes necessary for tumor cell proliferation, innate immunity and
cellular senescence. In order to execute its role in post-transcriptional gene regulation, a
mature miRNA binds a complementary messenger RNA (mRNA) in the RNA induced

silencing complex (RISC) and inhibits translation of the target mMRNA??,

The canonical miRNA maturation pathway begins with a primary transcript (pri-
MiRNA, often encoded within the introns of nascent mRNA transcripts) that is processed

in the nucleus via the Microprocessor complex, which is comprised minimally of the
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catalytic unit, Drosha, and its processing-dependent cofactor, DGCR8® 32, After this initial
processing, the precursor miRNA (pre-miRNA) is exported from the nucleus via the
Exportin-5 pathway and further processed in the cytosol by a minimal complex of Dicer
and TRBPS8. This complex then associates with an Argonaut protein for transfer of the

miRNA guide strand into RISC where regulation of complementary mRNAs occurs'®: 12,

Double-stranded RNA binding domains (dsRBDs) are present in each major
protein in the miRNA maturation pathway, making them likely candidate domains for RNA
substrate recognition. Each dsRBD fold is comprised of a strictly conserved o—B——p—o
structure; sequence is not necessarily conserved, although some consensus elements
have been identified?®. Both RNase Il enzymes, Drosha and Dicer, contain a single C-
terminal dsRBD, whereas DGCR8 and TRBP each contain multiple dsRBDs. The
canonical binding face for dsSRBDs contains a KR-helix motif beginning at the base of the
second helix, but the presence of the motif is not strictly conserved throughout the
pathway. For example, it is not present in dsRBD3 of TRBP and PACT or in Drosha’s

dsRBD (Figure 9).

The Kim group’s recent identification of the heterotrimeric nature of the
Microprocessor complex and implication of the C- terminus of DGCRS8 in Microprocessing
has brought a greater understanding to this process®; however, there are a number of
questions still unanswered. While most of the DGCRS8 regions have been functionally
characterized, the central domain and dsRBD of Drosha remain functionally
uncharacterized; yet both are obligate in Microprocessing. Recently, the Doudna group
structurally-characterized the role of PACT/TRBP dsRBD3 in mediating interaction with

Dicer, which has motivated us to investigate the role of Drosha’s dsRBD in the
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Microprocessor complex. These domains both exhibit divergence from the canonical KR

Helix motif, the extent of which is vastly greater in the case of Drosha’s dsRBD.

A
o B1 B2 B3 02
* * % *
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Figure 9: Homology of miRNA Maturation Pathway Components.

(A) Sequence alignment of miRNA maturation pathway dsRBDs. Gross secondary
structure is annotated above and shaded boxes are used to annotate structures within
individual sequences. Asterisks and bolded text are used to annotate the residues
mutated to generate the Drosha-Quad mutant.

(B) Cartoon depicting the Microprocessor complex, modelled as such to reflect the recent
results of the Kim Group. DGCR8 (dsRBDs green ovals, IDRs black wavy lines)
recognizes the distal loop while the catalytic unit, Drosha (grey scale, dsRBD blue),
recognizes and processes the apical stem.

(C) Cartoon depicting the pre-RISC Dicer/TRBP/pre-miRNA complex, modelled as such
to reflect the recent results of the Doudna Group. TRBP’s dsRBDs 1 and 2 (Red) interacts
with the stem of the pre-miRNA while dsRBD3 (Blue) modulates the protein: protein
interaction with the catalytic unit, Dicer (grey scale).
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In the following chapter, | present my success in engineering a dsRNA binding
Drosha dsRBD mutant, which was achieved via site directed mutagenesis at the KR-
Helix motif region. | refer to the generated construct throughout as Drosha-Quad.
Biophysical characterization of this engineered domain and cell-based pri-miRNA
processing assays, probing the biological impact for pri-miRNA processing by full length
Drosha possessing the “Quad” variation, are presented. These results demonstrate that
avid dsRNA binding by the dsRBD of Drosha is incompatible with efficient pri-miRNA
processing. Further, they demonstrate the chemistry of the KR- helix motif is the driving
force for Drosha dsRBD’s function in Microprocessing. Thus, these findings bring the field
one step closer to assigning an affirmative role for Drosha dsRBD in Microprocessing and
suggest that the chemistry at the canonical dsRNA binding face of the seemingly

innocuous domain is indispensable.

Il. Materials and Methods
Protein Preparation

Mutants were generated using QuickChange Lightning site-directed mutagenesis
kit (Agilent Technologies) standard procedures from a WT Drosha dsRBD (1259-1337)
sequence in pET-47b(+) vector. Upon sequence conformation, the mutant plasmid was
transformed into BL21 competent Escherichia coli (E. coli) for overexpression. Cells were
grown to ODeoo = 0.500 at which point they were induced with 500 mM final concentration
IPTG at 24 °C for 16 hours. Cells were lysed via sonication and the lysate was clarified

via centrifugation at 4°C. Protein was purified via nickel-affinity column chromatography
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as previously reported. Protein was buffer exchanged in to the desired buffer system,

indicated in each method section below.

NMR Methods

Drosha dsRBD Quad backbone resonances were assigned using standard triple
resonance experiments. Side chain aliphatic carbons and protons were assigned using
triple resonance TOCSY- mixing based experiments. All triple resonance experiments
were performed using 25-40% sparsity non-uniform sampling. Spectra were processed
in Topsin 3 (Bruker) and analyzed using Sparky (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco). Ensemble structures were generated

using XPLOR-NIH.

All experiments were performed on a Bruker Avance Il 600 MHz spectrometer
equipped with a TCI cryoprobe for enhanced sensitivity. The sample conditions for all
experiments were 840 uM protein in 100 mM Cacodylate pH 7.3, 100 mM KCIl and 5 mM

BME. The temperature of the spectrometer bore was 25°C.

EMSA Methods

For the variable length duplexes, the top strand RNA was 5'-end labelled with vy-
32p-ATP and mixed in a 3-fold molar excess of cold bottom strand. The duplex was
purified from an 8% acrylamide native gel. The pri-miRNA 16-1 was similarly labeled with

32pP-ATP and renatured via heating at 90°C for 1 minute and snap cooling at 4°C for 5
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min. Binding reactions were run in 50 mM cacodylate pH 6.0, 50 mM potassium chloride,
5% glycerol (v/v), ImM dithiothreitol, 0.1 mg/ mL Bovine Serum Albumin and 0.1 mg/ mL
herring sperm DNA for thirty minutes at room temperature. The reactions were loaded

onto a 10% acrylamide native gel and run at 200 V for 3.5 hrs at 4°C.

Gels were imaged using a Typhoon-9410 imager and then quantified using the
software ImageQuant (GE Healthcare Life Sciences). Boxes were drawn for the bound
and unbound RNA state and the fraction bound was calculated using the ratio of the
bound RNA intensity to the sum of this value and the intensity of the free RNA state. The
points in the titration curves represent the mean fraction bound from two gels and the
error indicated is the uncertainty of this value to one standard deviation. The curves were

fit to the general Hill equation binding model using Matlab (MathWorks).

Processing Assay Methods

All Drosha constructs and WT DGCR8 were overexpressed in HEK-293T cells.
Plasmid was transfected into cells using Lipofectamine 2000 (Invitrogen) per the
packaged instructions. Mock was similarly treated with Lipofectamine using the same
procedure, but lacking plasmid DNA. Forty-eight hours later the cells were washed and
subsequently harvested using phosphate-buffered saline and lysed via sonication using
a buffer comprised of 20mM Tris, 100 mM KCI and 0.2 mM EDTA at pH 8.0. The lysate
was cleared of cellular debris via centrifugation and combined with RNasin (Promega),
10 fmol 5' y-*2P end-labelled or uniformly a-*2P-UTP body-labelled pri-mir-16-1 and MgCI2

was added to a final concentration of 6.4 mM. The reactions were incubated at 37°C for
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30 minutes and immediately thereafter loaded onto 10% polyacrylamide denaturing gels

for analysis.

Structural calculations of Drosha-Quad mutant

The NMR data on Drosha-Quad was used as the primary inputs for the calculation
of its tertiary structure. The chemical shifts of C’, N, Cq, Cp, Ha and Hn of Drosha-Quad
was used as inputs for the TALOS-N software to obtain ¢ and @ dihedral constraints for
the protein backbone. In addition to this data, we included the 3JunHa Scalar couplings that
report directly on the dihedral angles as described before. We also used a total of 455
NOEs including signals arising from amide-amide and amide-side chain proximity. All
these values were used as inputs into the standard simulated annealing algorithm in
XPLOR-NIH program, which starts from the extended structures folding iteratively into the
final collapsed structure. This final structure is penalized for non-conformity to input data
while favoring least amount of clashes and non-agreement with input data. The final
structures were energy minimized to relax away the steric clashes while conforming the
input restraints. The top ten structures were chosen with the least energy term used for

the minimization and structure calculation.

Modelfree analysis

The dynamic properties of Drosha-Quad was examined using the Lipari-Szabo
model-free analysis using the ModelFree 4.20 software. The diffusion tensor used in

these calculations were done using the quadric analysis. The three dimensional
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coordinates from the XPLOR structures calculated above from Drosha-Quad were used
in this analysis for the determination of diffusion tensor. The model function 2 was chosen

for the fitting of R1, R2 and NOE relaxations to determine S? and .

lll. Results
KR Helix Motif Chemistry Drives dsRNA binding via dsRBDs

Our initial efforts focused on mutating the KR helix motif region directly as we
hypothesized that it was possible to engineer dsRNA binding function into the domain by
manipulation of this region. Recovery of the KR- helix motif (11317K Q1318K E1321K)
afforded a construct that was not soluble enough to assay. Upon expanding the sequence
alignment to the entire domain, it was clear that the presence of a fourth lysine (K1262)
directly adjacent on helix-1 was an anomaly in the domain family. Mutation of this residue
to a B-branched aliphatic residue (K1262I), more representative of the dsRBD sequence
motif, yielded a domain with dsRNA affinity indistinguishable from that of other dsRBDs

in the miIRNA maturation pathway (Figure 10, Table 1).

In addition to validating that we could engineer general dsRNA binding ability into
the dsRBD of Drosha, it was important from a protein chemistry standpoint to validate the
extent to which Drosha-Quad recapitulates canonical dsRBD function. As such, we
screened Drosha-Quad against multiple lengths of canonical Watson-Crick dsRNA
duplex (Figure 10). Using these EMSASs, we ascertained that Drosha-Quad binding affinity
exhibits a dependence on substrate length, such that as dsRNA lattice length increases,

binding becomes tighter. This trend is the same that we have observed in other canonical
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dsRBDs in the miRNA maturation pathway. This work further reinforces that KR helix

motif chemistry is the primary driving force of dsRBD:dsRNA interaction.
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Figure 10: Electrophoretic Mobility Shift Assays of Drosha-Quad.

(A) Drosha-Quad titrated into pri-miRNA 16-1 analog, (B) ds44, (C) ds33, and (D) ds22
perfect Watson-Crick duplexes. Asterisks denote RNA only lanes and protein
concentration ranges are indicated below the wedge. Fits to the general Hill Equation are
presented below with error bars pertaining to one standard deviation in each positive and
negative direction for 2 gels; dissociation constants and hill coefficient values with errors
to one standard deviation are presented as insets.

Table 1. Best fit macroscopic binding affinities (K4, uM) as determined by EMSA for
dsRBD constructs.

Drosha-Quad Dicer dsRBD DGCRS8 dsRBD1 TRBP dsRBD1 TRBP dsRBD2

Native sequence? 28+0.1 22+0.1 9.7+0.6 N/DP N/D

ds44 6.5+0.6 24+0.1 59+0.1 0.8+0.05 0.8 +0.06
ds33 7.8+0.2 49+0.1 8.8+0.2 0.9+0.3 1.0+0.08
ds22 13.4+0.4 6.5+0.1 21+1.0 35+0.2 1.7+0.1

apri-miRNA-16-1 for Drosha and DGCRS8 constructs and pre-miRNA-16-1 for Dicer and
TRBP constructs.

bBinding not determined.
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Drosha-Quad is Structurally and Dynamically Homologous to WT Drosha dsRBD

Next, we solved the solution structure of Drosha-Quad as validation that our
engineered mutant maintained the three-dimensional integrity of the domain. Analysis of
the HSQC overlay, comparing WT Drosha dsRBD and Drosha-Quad, supports the
conclusion that the overall structure of the domain does not change significantly due to
the mutation process, as evidenced by the minimal peak movement and overall
preservation of signal pattern (Figure 11). Using traditional three-dimensional NMR
experiments in conjunction with the TALOS-N and XPLOR-NIH software packages, we
solved the NMR solution structure of the mutant domain (Figure 11). The twenty best
structures of Drosha-Quad reveal several interesting points: the domain maintains the
canonical dsRBD a—p—p—p—a fold, the proximity of amino acid position 1262 relative to
the KR helix motif validates the necessity of that mutation, and the bundle is well
constrained. The back-calculated NMR statistics confirms that the bundle is not over-

constrained and correlates well with the empirical data (Table 2).

Next, we focused on analyzing the similarity between the Drosha-Quad and
Drosha WT dsRBD structures. Strikingly, the lowest energy structures are nearly identical
save for interactions between the al-B1 loop and the C- terminal tail of the Drosha-Quad
construct (Figure 12). The lowest energy structure overlay convincingly shows how
structurally analogous these domains are- save for some variation in the helix-1 and o1-
B1/ C- terminal tail regions (Figure 12). Thus, we are justified in concluding that these

domains are, structurally, very similar and that Drosha-Quad is irrefutably a dsRBD.
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Figure 11: NMR analysis of Drosha-Quad.
(A) HSQC overlay of WT Drosha dsRBD (hollow black) and Drosha-Quad (purple).

(B) Twenty lowest energy structure bundle for Drosha-Quad. Inset depicts the KR Helix
motif spatial region of the lowest energy Drosha-Quad structure with residues mutated
from WT shown and annotated.
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Table 2: NMR statistics of Drosha-Quad bundle.

NMR Distance and Dihedral Constraints
Distance constraints

Total NOE 455
Intraresidue 289
Inter-residue 166
Sequential (]I —j| =1) 182
Medium range (|l —j| < 4) 398
Long range (|| — j| = 5) 57
Intermolecular 0
Hydrogen bonds 0
Total dihedral angle restraints 128
¢ (TALOS) 64
Y (TALOS) 64
X1 (J couplings) 0

J Couplings (Hz)

3JHNHA 65

Structure Statistics
Violations (mean + SD)

Distance constraints (A) 0.075 £ 0.017
Dihedral angle constraints (°) 1.242 + 0.493
J Couplings (Hz) 0.921 +0.125
Deviations from idealized geometry

Bond lengths (A) 0.004 + 0.000
Bond angles (°) 0.513 + 0.033
Impropers (°) 0.404 + 0.046
Average pairwise rmsd (A)

Heavy 2.74

Backbone 2.01
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Figure 12: Comparative analysis of WT Drosha dsRBD and Drosha-Quad structure.

(A) CA-CA contact map comparing WT Drosha dsRBD to Drosha-Quad. Probabilities for
CA-CA contact between residues are scaled 0 (White) to 1 (Black).

(B) Alignment of WT Drosha dsRBD (blue) and Drosha-Quad (purple) lowest energy
structures.
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While demonstrating the general structural comparison is advantageous, it is
perhaps more rigorous to confirm that the structural dynamics of the Drosha-Quad
construct are consistent with those determined by Wostenberg et al. in 2010 for the WT
domain?® (Figure 13). The calculated order parameters for WT Drosha dsRBD and
Drosha-Quad are nearly identical, indicating that the overall structural dynamics of the
two constructs are indistinguishable (Figure 14). Taking this more holistically, the rigid
secondary structures in WT Drosha dsRBD remain rigid in Drosha-Quad and the dynamic
loops and termini remain so as well (Figure 14). Confirmation that the overall structure
and dynamics of Drosha-Quad were equivalent to that of the wild type domain allows us
to further probe functional differences of the domain, understanding that the only

difference between the two constructs was the chemistry at the KR Helix motif.
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Figure 13: Per Residue Relaxation Data for Drosha-Quad.

(A) Per residue longitudinal relaxation rates, (B) Transverse relaxation rates and (C) {*H}-
5N NOE data collected at 600 MHz.
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Figure 14: Structural dynamics comparison of WT Drosha dsRBD and Drosha-Quad.
(A) Per- residue order parameters for WT Drosha dsRBD and Drosha-Quad.

(B) Worm model plotting order parameter onto the ribbon diagram and WT Drosha dsRBD
and (C) Drosha-Quad. Thicker regions depict residues with low order parameter values
and thinner regions denote residues with order parameters closer to one. Unassigned
residues and proline are scaled to be thinner than even the most rigid regions of the
domains.

Drosha dsRBD KR Helix Motif Chemistry is a Key Component of Microprocessing

Next, we tested the effects that dsSRNA binding competency would have on the
processing ability of the full catalytic unit. Upon mutation to the binding competent
domain, processing of our model pri-miRNA-16-1 substrate is abrogated to mock levels
(Figure 15). Western Blot analyses of the transfected HEK 293T cells confirms that all
mutants were successfully overexpressed (Figure 15). As an additional control, we
mutated the three KR-Helix motif residues to alanine and were afforded an identical result
(Figure 16). We confirmed, through EMSAS, that this mutant does not bind dsRNA (Figure

16). Interestingly, deviation from the WT Drosha dsRBD KR Helix motif chemistry yields
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an identical result to deletion of the domain from the full length enzyme. These results

implicate some function of the KR Helix motif of Drosha’s dsRBD in Microprocessing.

pri-miRNA

I P -

pri-miRNA-16-1
processing
HH
L

Cut 5’ Tail

- R
’ i . Quad

Mock WT  AdsRBD Quad

Figure 15: HEK 293T cell-based processing assays.

(A) 5' end-labelled pri-miRNA 16-1 processing assay gel showing Microprocessing of the
model pri-miRNA. The pri-miRNA and 5’ cut end bands are labelled. All samples were
transfected with their respective full length Drosha plasmid full length DGCR8. The

degradation bands present in mock and all samples result from other active RNases is
the HEK 293T cell lysate.

(B) Western blot confirming over expression of full length Drosha mutants.
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Figure 16: Triple Alanine KR Helix Motif Analysis.

(A) Uniformly a-*?P-ATP body-labelled pri-miRNA 16-1 processing assay gel showing
Microprocessing of the model pri-miRNA. Bands of interest are labelled. All samples were
transfected with their respective full length Drosha plasmid full length DGCR8.

(B) Representative EMSA gel indicating that the triple alanine is not dsRNA binding
competent.

IV: Discussion

The recent success of the Doudna Lab biophysically characterizing the Dicer PBD:
TRBP dsRBD3 interface brought renewed interest to understanding the function of non-
canonical dsRBDs?°. While the non-canonical dsRBD of Drosha and TRBP’s dsRBD3 are
similar in their lack of dsRNA-binding ability, the data presented herein suggests that
Drosha dsRBD’s obligate role in Microprocessing occurs via a very different mechanism
than that of TRBP dsRBD3'’s role in pre-miRNA processing. The Doudna lab definitively

showed that the Dicer PBD: TRBP dsRBD3 interaction occurs via the p-sheet face of
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TRBP dsRBD3*°. The biophysical and biochemical data presented in this work suggest

that Drosha dsRBD’s function is instead driven by the chemistry of the KR- helix motif.

Not only is this system remarkable from a biological function standpoint, it also
intriguing from a protein chemistry point of view. While a number of interesting deviations
from canonical dsRBD structure have been documented, including additional secondary
structural elements and length variations of regions in the dsRBD fold, there are no
examples of a domain utilizing the canonical dsRBD: dsRNA binding face for another
function. Also, while it was not entirely surprising that the KR- helix motif chemistry could
be manipulated to generate a dsSRNA-binding competent domain, it was intriguing that the
Drosha-Quad exhibited canonical dsRNA length dependence and maintained nearly
identical structure and dynamics- such drastic point mutations in a dense, well ordered
region of a small protein domain might be expected to cause a much greater perturbation
to the system. This further confirms that KR- helix motif chemistry is the defining article in

canonical dsRBD function, as well as the non-canonical function of Drosha’s dsRBD.

The in vitro Microprocessing assays were integral in determining this key result-
first in determining that Drosha’s dsRBD is a necessary component of Microprocessing
and second, that the chemistry of the KR- helix motif is obligate to the domain’s function.
Having solved the NMR solution structure of Drosha-Quad and validated that the overall
structure and dynamic characteristics of Drosha-Quad were consistent with that of the
WT dsRBD, we were justified in proceeding to test the consequences of KR- helix motif
manipulation on Microprocessing. Where the Drosha-Quad processing result may point
to dsRNA-binding competency as a reason for Microprocessing ablation, the processing

results of the triple alanine mutant concretely demonstrated that this was not the case. In
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fact, our data strongly supports the hypothesis that Drosha’s dsRBD utilizes the canonical
dsRBD: dsRNA binding face in a novel, albeit yet to be determined, obligate role during

Microprocessing.
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Figure 17: Preliminary pulldown experiment probing a potential G2 interaction with
Drosha dsRBD (and KR- helix motif mutants). G2 was expressed as a GST fusion and
GST- G2 and GST (negative control) were bound to glutathione-agarose beads and
incubated with recombinant Drosha dsRBD constructs. Bands in the pulldown (PD) lanes
at 10 kDa (bottom green ladder band) would indicate an interaction; bands in the
supernatant (Super) lanes indicate presence of protein during the incubation period, but
no binding interaction.

Further reinforcing the importance of this result, recent work from the Kim Lab has
challenged a number of previously employed DGCR8-centric Microprocessing models.
Their work suggested that Microprocessor assembly is non- substrate dependent and the
minimal Microprocessor components needed to reconstitute function in vitro is the C-

terminal region of Drosha, from the CED to the native C- terminus, and the 73- residue
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C- terminal tail of DGCR8 (G2). While no function has been defined for the G2 construct,
the identification of a precise, obligate region on both Microprocessor components is
exceedingly powerful. Future experiments will need to challenge what roles the G2 region
of DGCRS8 and Drosha’s dsRBD, in conjunction or otherwise, play in Microprocessing and
Microprocessor assembly. A number of hypothesis can be realized based on these
results, including one in which the G2 peptide activates Drosha’s dsRBD for substrate
binding or perhaps another in which a G2- Drosha dsRBD complex is the unit responsible
for recognizing the basal ss-ds junction of the pri-miRNA substrate. We attempted a
preliminary pulldown assay to see if the G2 and Drosha dsRBD constructs (and KR- helix
motif mutants) interact in vitro, and our initial results suggest that there is not interaction
(Figure 17). However, this may be an in vitro artifact and this potential interaction should

be studied more thoroughly.
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Chapter 3: Future Directions

[. Introduction

While studying the cooperatively folded domains of the major Microprocessor
components is pertinent, recent work by the Kim Group focusing on the C- terminal tail of
DGCRS8 suggests that this is the only DGCR8 region necessary, in conjunction with
Drosha, to support efficient Microprocessing in vitro®. While this observation provided
novel insight into the miRNA maturation pathway, the notion that intrinsically disordered
regions (IDRs) can play fundamental roles in biological processes is well established®”.
For the past several years, the Showalter lab has focused on studying IDR systems with
interesting functional roles and structural propensities®® 5. These studies include the
important pancreatic transcription factor PDX1, in which the majority of point mutations
leading to phenotypic diabetes exist in the N- terminal and C- terminal IDRs and not the
Homeodomain; RNA Polymerase II's C- terminal domain, the phosphorylation state and
factor loading of which modulates function of the entire complex®; and FCP1, a factor
that is partially helical in the unbound state and undergoes a disorder-to-order transition

upon binding its binding partner, RAP745% 61,

In an effort to investigate if the C- terminal regions of Drosha or DGCR8 possessed
any innate helicity, the helical propensity calculation program, Agadir, was used®? (Figure
18). Inspection of the helical propensity plots reveals that both Microprocessor
components possess C- termini with large runs of residues with high helical propensity.
Along with the C- terminal IDRs of each protein, the dsRBDs adjacent to these IDRs were

similarly plotted. In these plots, the two helices in each dsRBD are not predicted to
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possess high helicity; this is a result of Agadir predicting helicity using sequence only,
having no knowledge of the through-space interactions that form tertiary structures®.
Thus, these observations may be physiologically interesting in that they may play some
role in a protein: protein binding event as many analogous systems do®:. The following
experiments proposed are in an effort to probe the structure and function of these

interesting C- termini.
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Figure 18: Calculated helical propensity for (A) the C- terminus of Drosha and (B) the C-
terminus of DGCR8. Note the scale adjustment between the two plots.
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Il. Preliminary Results and Proposed Experiments for Drosha+

C- terminal to Drosha’s lone dsRBD is a 37- residue IDR. This region, which is
commonly left out of in vitro constructs, has never been structurally or functionally
characterized?? 32 63,64 The first step taken in analyzing this domain was designing and
subcloning a construct that contained Drosha’s dsRBD fused to its native C- terminus,
referred to throughout as Drosha+. Strikingly, when titrated into canonical Watson-Crick
duplex the Drosha+ construct binds dsRNA, albeit with ten-fold weaker binding affinity
than a canonical dsRBD (Figure 19). It is still unclear how this new binding function is
achieved. For example, it is not clear from these experiments whether the IDR somehow
imparts new function to the non-canonical dsRBD, or if the highly basic C- terminus can
bind dsRNA in isolation. Nevertheless, these are important results that need to be further

explored.

One important experiment to perform in the near future is to generate a construct
that contains only the native C- terminus and test its dsSRNA binding competence. This
will assess whether the interesting functionality is imparted by the native C- terminus
alone or in conjunction with Drosha’s dsRBD. It is important to note that if this 37- residue
IDR formed a helix, it will generate a very positively charged helical face. Depending on
the result of this experiment, it will be important to investigate the structure of the C-
terminus in isolation or the Drosha+ construct. Preliminary NMR experiments have been

performed on the Drosha+ construct and the results are quite exciting (Figure 20).
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Figure 19: Representative EMSA for the Drosha+ construct binding to model pri-miRNA-
16-1. RNA only lanes are indicated with ‘RNA’ and the calculated dissociation constant
and Hill coefficient are annotated in the fit to the general Hill equation.
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Figure 20: HSQC overlay of Drosha dsRBD (Blue) and Drosha+ (Red) constructs. The
inset in the top left corner highlights the signal-multiplicity disparity between the
constructs.
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There are a few key observations that can be made from inspecting this HSQC
overlay of Drosha+ and Drosha dsRBD. First, most of the residues contained in the
Drosha+ and Drosha dsRBD have overlapping NMR signals- indicative that the dsRBD
fold itself is not affected by the presence of the C- terminus. Next, the majority of signals
pertaining to the native C- terminus of Drosha+ are clustered in the middle of the HSQC
spectrum, thus indicating that this region is probably an IDR*l. Lastly and most
intriguingly, we observed signal doubling of multiple residues in the Drosha dsRBD
construct?®; in the Drosha+ construct, this phenomenon largely disappears. The presence
of two signals per residue indicates that the Drosha dsRBD construct is in a state of slow
conformational exchange. The fact that this does not exist in the Drosha+ case indicates
that the presence of the C- terminal tail imparts some change to the dynamics of the
dsRBD, leading to the hypothesis that this extension may interact stably with the dsRBD

of Drosha.

To test this hypothesis, it is of utmost importance to assign the HSQC of Drosha+.
In this effort, carbon detect NMR experiments will be used as there is minimal signal
dispersion in the HSQC that will only be further exacerbated in the three dimensional
proton detect experiments. The carbon detect experiments provide better signal
dispersion as the carbonyl carbon signals are more dispersed than the amide proton
signals in IDRs*'. Once these residues are assigned, the same relaxation experiments
performed on the Drosha dsRBD and Drosha-Quad constructs will be performed on
Drosha+ and thereafter compared to the Drosha dsRBD case. Understanding where and

how the presence of the C- terminus affects the dsRBD will influence a number of other
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experiments- including solving the Drosha+ structure via the same methods utilized in the

Drosha-Quad case.

[ll. Preliminary Results and Proposed Experiments of DGCR8 G2

DGCRS8’s C- terminus has recently been implicated in Microprocessing via work
from Narry Kim’s group®. From their analysis, they gathered that the only component of
DGCRS8 that was necessary, in conjunction with Drosha, for effective Microprocessor
reconstitution in vitro was the region C- terminal to the adjacent dsRBDs. This striking
functional result, paired with the Agadir prediction that this region has a near 90% helical
propensity, lends this system to a myriad of important experiments. Thus far, | have
subcloned a G2 construct for recombinant expression in E. coli and have successfully
purified the construct and obtained an HSQC spectrum (Figure 21). Interestingly, this
HSQC spectrum, via the relatively high level of signal dispersion and shift of signals up-
field, suggests that the Agadir prediction is likely correct and much of this region is indeed
helical. It is quite possible that this helix imparts the implicated function of this C- terminus

in Microprocessing.
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Figure 21: Representative HSQC of the G2 construct.

Going forward, it is of utmost importance to understand DGCR8 G2’s role in
Microprocessing. The first round of experiments | propose will attempt to ascertain the
complementary Drosha interaction region via a series of deletion and mutation studies.
Proceeding experiments will probe this interaction more deeply via point mutations
targeted at breaking the G2-Drosha interaction as a means to better understand the
interaction. Finally, using x-ray crystallographic techniques this complex should be
structurally annotated. All of these experiments will challenge the hypothesis depicted

(Figure 22). We hypothesize that Drosha forms a complex with two DGCRS8s- an
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interaction which is mediated by the Drosha+ region and DGCRS8s’ C- terminal tails. This
Microprocessor complex formation is followed by substrate selection and subsequent
Microprocessing. This hypothesis differs from preceding hypotheses’: 32 63.64 in that: (1)
Microprocessor formation is dsRNA independent and (2) functional roles for Drosha’s

dsRBD and C- terminal IDR are proposed.

O=—-8 | -8

Figure 22: Cartoon diagram depicting our new model of Microprocessor assembly and
Microprocessing. Drosha is depicted in grey-scale, its dsRBD in light blue and DGCRS8’s
dsRBDs in green.
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Amino
Acid

PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
SER
SER
SER
SER
SER
SER
SER
GLN
GLN
GLN
GLN
GLN
GLN
GLN

Atom
ID

C
CA
CB
CD
CG
HA
HB
HD

HG3
HG2

CA
CB
CD1
CG1
CG2
HA
HB
HD11
HG12
HG21
HN

CA
CB
HA
HB
HN

CA
CB
CG
HA
HB
HG

Atom
Type

I T T OOOO0OZIT ITITOOO0OZITIIIITIOOoOoOoOoOoTITITITITOOOOoOo

Isotope
ID

13
13

15
13
13
13
13

Chemical Shift (ppm)

174.849
62.494
30.061
48.165
25.389

4.233
2.224
3.89
1.827
2.021

177.294
62.546
34.984
11.591
26.844
14.195

3.556
1.959
0.599
1.459
0.78
7.42

118.341

174.216
58.686
59.913

4.14
3.796
7.867

118.043
175.75
56.418
26.763
31.217

3.894
1.934
2.25

Chemical Shift
Error (ppm)

0.001
0.116
0.177
0
0
0.015
0.001

0.018
0.006
0.118
0.166

0.007
0.017
0.007
0.025
0.006
0.007
0.04
0.006
0.142
0.435
0.009
0.022
0.005
0.043
0.013
0.113
1.306

0.001
0.016
0.006
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38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
'
78
79
80

10
10
10
10
10
10
10
10
10
10
10
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
13
13
13
13
13
13
13
14
14
14
14
14
14
14

GLN
GLN
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
GLN
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS

HN

CA
CB
CD1
CDh2
CG
HA
HB
HD11
HN

CA
CB
CG
HA
HN

CA
CB
CG
HA
HB
HG
HN

CA
CB
HA
HB
HN

CA
CB
HA
HB
HN

Z I T T OO O Z2IT T T OO0 O0OoZ2IT IT IT T OoOOoOoOoOozITITOoO0OoOo0ozZzIxTITITITOoO0O0Oo0OoOon0zzT

15
13
13
13

15

8.384
121.528
174.336
55.816
38.168
22.236
21.164
24.05
3.903
1.53
0.806
8.357
120.026
175.196
57.729
20.954
31.594
3.591
7.445
116.55
176.463
56.111
25.406
31.359
3.94
2.123
2.388
8.159
116.948
174.884
55.688
36.819
4.246
2.939
8.255
119.104
174.825
59.649
30.799
3.872
2.863
8.472
119.738

0.004
0.099
0.006
0.074
0.068

0.012

0.01
0.005
0.039
0.009
0.169
9.335

0.004
0.004
0.053
0.002
0.093
0.057

0.057
0.049
0.005
0.055
0.004
0.15
0.061
0.035
0.011
0.003
0.036
0.126
0.13
0.143
0.001
0.003
0.005
0.032
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82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

15
15
15
15
15
15
15
15
15
15
15
15
16
16
16
16
16
16
16
16
16
17
17
17
17
17
17
17
17
17
17
17
17
18
18
18
18
18
18
18
18
18
18

LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
THR
THR
THR
THR
THR
THR
THR
THR
THR
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
ARG
ARG
ARG
ARG
ARG
ARG
ARG
ARG
ARG
ARG

CA
CB
CD1
CDh2
CG
HA
HB
HD11
HG
HN

CA
CB
CG
HA
HB
HG
HN

CA
CB
CD1
CD2
CG
HA
HB2
HD11
HG
HN

CA
CB
CD
CG
HA
HB2
HD2
HG2
HN

I T T T T OO OO O0OZITIT I ITITOOOOoonOozZz2ITITITITOOOOnN?:ZIIITITIIOOO0oOooon

176.334
55.008
39.276
22.508
21.074
24.636

4.164
1.814
0.839
1.609
7.875

120.206

172.543
61.556
67.074
19.069

4.188
3.92
1.32

7.636

111.015

174.215
52.269
39.018
20.678
18.833
23.628

4.366
1.744
0.898
1.502

7.364

121.097

173.362
53.709
28.038
41.199
26.052

4371
1.851
3.104
1.588

7.555

0.003
0.172
0.206
0.039

0.019

0.018

0.028
0.01

0.026
0.003
0.162
0.253

0.012

0.006
0.004
0.032
0.003
0.113
0.141

0.008
0.002

0.197
0.005
0.026
0.004
0.069
0.103

0.013
0.002
0.022
0.008
0.016
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125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

18
19
19
19
19
19
19
19
19
20
20
20
20
20
20
20
20
21
21
21
21
21
21
22
22
22
22
22
22
22
22
22
22
22
22
22
23
23
23
23
24
24
24

ARG
THR
THR
THR
THR
THR
THR
THR
THR
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLY
GLY
GLY
GLY
GLY
GLY
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
GLU
GLU
GLU
GLU
PRO
PRO
PRO

CA
CB
CG
HA
HG
HN

CA
CB
CG
HA
HG
HN

CA
HA2
HA3

HN

CA
CB
CD
CE
CG
HA
HB
HD
HE
HG
HN

CA
CB

CA
CB

Oo0o0z0002zZ2IT I T T I T O00O00O0000ZITITITO0O0ZIT I ITO0O000z2ITIT I O0O0O0O0Z2Z2

15
13
13
13
13

15
13
13
13
13

15
13
13

120.709
171.58
58.936
67.672
18.956

4.387
1.144
8.54

118.668

174.446
54.949
26.872

33.61
4.075
2.196
8.586

124.039

171.105
42.662

3.733
4.046
8.552

111.169

173.525
52.416
31.336
25.839
39.669
21.849

4.453
1.733
1.599
2.93
1.316
7.798

119.376

172.069
51.739
26.486

122.631

173.547
60.521
29.522

0.03
0.005
0.195

0.23

0.005
0.023
0.004
0.03
0.011
0.134
0.03

0.012

0.004
0.038
0.001
0.129

0.007
0.005
0.037
0.004
0.109
0.058

0.004
0.048

0.052
0.003
0.199
0.172
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168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

24
24
24
24
24
24
25
25
25
25
25
25
25
25
26
26
26
26
26
27
27
27
27
27
27
27
27
27
28
28
28
28
28
28
28
28
28
28
28
28
29
29
29

PRO
PRO
PRO
PRO
PRO
PRO
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ASP
ILE
ILE
ILE
ILE
ILE
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
TYR
TYR
TYR

CD
CG
HA
HB2
HB3
HD

CA
CB
HA
HB3
HB2
HN

CA
CB
HN

CA
CB
CD
CG
HA
HB2
HD2
HG2

CA
CB
CD1
CD2
CG
HA
HB2
HD11
HG
HN

CA
CB

OO0 O0OzZIT T T T T OO00000I T T T O0O0000ZIT 0002z T IT T 00000

48.156
24.731
4.402
1.871
2.042
3.688
171.891
53.718
40.677
4.657
2.638
2.287
8.232
121.674
171.291
55.315
37.365
8.108
116.402
172.234
60.676
29.51
48.353
26.057
4.723
1.999
3.688
1.755
172.463
50.999
42.433
21.813
21.011
24.366
4.712
1.564
0.818
1.596
8.477
124.504
173.614
54.959
37.328

0.007
0.01

0.006
3.286
0.211
0.002

0.01
0.004
0.026

0.004
0.037
0.126

0.009
0.017
0.01
0.008
0.006
0.035
0.003
0.122
0.101
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211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

29
29
29
29
29
30
30
30
30
30
31
31
31
31
31
32
32
32
32
32
32
32
32
32
32
32
33
33
33
33
33
33
33
34
34
34
34
34
34
34
34
35
35

TYR
TYR
TYR
TYR
TYR
LYS
LYS
LYS
LYS
LYS
THR
THR
THR
THR
THR
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
LEU
GLN
GLN
GLN
GLN
GLN
GLN
GLN
THR
THR
THR
THR
THR
THR
THR
THR
VAL
VAL

HA
HB3
HB2

HN

CA
CB
HN

CA
CG
HA
HB
HG1

CA
CB
CD
CG
HA
HB2
HD11
HG
HN

CA
CB
CG
HG
HN

CA
CB
CG2
HA
HG1
HN

CA

OOz IT IT T OOO0O0ZITITOO0OO0O0ZzITITITITITOO0O0O0OO0ITITITO0O0Z2ITOoO0Oo0zZ2ITITITI

15
13
13
13
13

15
13
13

5.285
3.471
2.797
8.907
123.137
1725
52.399
34.086
9.344
122.426
60.787
20.082
4.51
3.911
1.22
174.368
52.683
40.207
19.864
23.197
4.44
1.637
0.883
1.508
9.019
129.198
171.615
53.264
28.844
31.205
2.228
7.689
115.992
170.622
59.144
67.805
18.915
4.489
0.597
8.345
119.608
172.242
57.697

0.016

0.008
0.004
0.04

0.021
0.037
0.01

0.006
0.013
0.02
0.005
0.128
0.063

0.016
0.006
0.021
0.008
0.007
0.049
0.02
0.158
0.114

0.01
0.039
0.013
0.069
0.131

0.008
0.002
0.006
0.027
0.007
0.136
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254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
280
281
282
283
284
285
286
287
288
289
290
201
292
293
294
295
296
297

35
35
35
35
35
35
35
35
36
36
36
36
39
39
39
39
39
39
40
40
40
40
40
40
40
41
41
41
41
41
41
41
41
41
41
41
42
42
42
42
42
42
42

VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
GLY
GLY
GLY
GLY

HIS

HIS

HIS

HIS

HIS

HIS
ALA
ALA
ALA
ALA
ALA
ALA
ALA
ARG
ARG
ARG
ARG
ARG
ARG
ARG
ARG
ARG
ARG
ARG
THR
THR
THR
THR
THR
THR
THR

CB
CGl1
CG2

HA

HB

HG11

HN

CA
HN

CA

CB

HA
HB2
HB3

CA
CB
HA
HB1
HN

CA
CB
CD
CG
HA
HB2
HD2
HG2
HN

CA
CB
CG
HA
HB
HG1

I T T OO0 O0OZ2ZIT ITIT IT ITOOOOOZITIITOoOoOoIITITOoOoOozZzITOoOoZzZITITIIOOoOon

13
13
13

32.804
17.159
18.595
4.492
1.934
0.754
8.134
120.795
169.453
41.094
8.229
110.608
172.14
53.584
27.736
4.631
3.3
2.885
171.693
48.979
15.335
4.422
0.896
7.582
128.155
174.236
52.715
29.506
40.879
23.465
4.467
1.609
2.664
1.234
8.09
122.997
171.192
59.75
67.917
18.884
4.448
3.696
1.02

0.125

0.003
0.011
0.006
0.004
0.022

0.005
0.042

0.219
0.061
0.041

0.001
0.006
0.075
0.008
0.007
0.003
0.031
0.007
0.123
0.168

0.008
0.01
0.007
0.007
0.007
0.033
0.01
0.231
0.118

0.008
0.006
0.073
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298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

42
42
43
43
43
43
43
43
43
43
44
44
44
44
44
44
44
45
45
45
45
45
45
45
45
45
45
46
46
46
46
46
46
46
47
47
47
47
47
47
47
47
47

THR
THR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
TYR
THR
THR
THR
THR
THR
THR
THR
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
ALA
ALA
ALA
ALA
ALA
ALA
ALA
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL
VAL

HN

CA
CB
HA
HB2
HB3
HN

CA
CB
HA
HG1
HN

CA
CB
CG1
CG2
HA
HB
HG11
HN

CA
CB
HA
HB1
HN

CA
CB
CG1
CG2
HA
HB
HG11
HG21

I T T T OOOOOO0OZIT IT T OOO0OZITITITITOoOooooonoozITITITOOOZITITITITOOO0Z™IT

8.572
116.202
172.16
54.921
38.22
4.719
2.492
2.593
9.255
127.687
171.33
59.299
67.619
5.162
1.187
8.699
117.178
169.635
57.558
32.829
18.666
20.235
4177
1.527
0.905
9.331
128.199
171.973
46.865
21.198
5.26
1.332
8.961
126.929
170.285
55.384
32.098
17.157
20.007
4.961
1.312
0.062
0.408

0.008
0.028
0.014
0.114
0.07
0.023

0.021
0.006
0.042
0.014
0.082
0.138
0.004
0.015
0.012
0.043
0.005
0.204
0.095

0.004
0.013
0.006
0.038
0.01
0.014
0.02
0.013

0.005
0.057
0.007
0.171
0.216

0.019
0.009
0.048
0.007

67



341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383

a7
47
48
48
48
48
48
48
48
49
49
49
49
49
49
49
49
50
50
50
50
50
50
50
50
50
50
50
51
51
51
51
51
51
52
52
52
52
52
52
52
52
52

VAL
VAL
TYR
TYR
TYR
TYR
TYR
TYR
TYR
PHE
PHE
PHE
PHE
PHE
PHE
PHE
PHE
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
GLY
GLY
GLY
GLY
GLY
GLY
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU
GLU

HN

CA
CB
HA
HB2
HN

CA
CB
HA
HB2
HB3
HN

CA
CB
CD
CE
CG
HA
HB2
HE2
HN

CA
HA2
HA3

HN

CA
CB
CG
HA
HB2
HG2
HN

Z I T T T OOOO0OZIT IT T OOZIT IT ITITOOOoOoo0O0zZz2ITITITITOOOZIIITITOOO?ZT?™IT

15
13
13
13

15
13
13

8.248
118.914
172.504

53.61

40.339

5.217

2.678

9.274
126.815

172.39
54.128

40.24

4.766

2.712

2.628

9.024
119.234
173.659

54.906
26.726
19.726
39.384
18.599

3.502

1.336

2.759

9.035
128.064

170.97
42.553

4.086

4.335

8.893
104.286
172.477

51.709
29.248
31.954
4.617
2.04
2.221
7.71
121.087

0.006
0.041
0.004
0.079
0.203
0.004
0.005
0.008
0.03
0.011
0.086
0.189
0.027
0.006

0.007
0.018
0.004
0.084
0.146

0.015
0.012
0.026
0.025
0.039
0.004
0.082
0.007

0.005
0.039
0.006
0.204
0.117

0.055
0.027

0.005
0.041
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384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

53
53
53
53
53
53
53
54
54
54
54
54
54
54
54
54
54
54
54
54
55
55
55
55
55
56
56
56
56
56
56
56
56
57
57
57
57
57
57
58
58
58
58

ARG
ARG
ARG
ARG
ARG
ARG
ARG
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
ILE
GLY
GLY
GLY
GLY
GLY
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
GLY
GLY
GLY
GLY
GLY
GLY
LYS
LYS
LYS
LYS

CA
CB
CD
HD2
HN

CA
CB
CD1
CGl1
CG2
HA
HB
HD11
HG12
HG21
HN

CA
HA2
HN

CA
CB
HA
HB2
HB3
HN

CA
HA2
HA3

HN

CA
CB
CD

OoOoo0oo0ozITITITOOZITITITITOOOZITITOOZITITITIIIIITOO0O0O0O0O0ZITTITO0O0O0O0O0O0n

13
13
13
13

15
13
13
13
13

173.977
54.25
27.373
41.328
2.941
8.919
126.72
172.161
58.807
37.207
12.548
29.182
15.832
4.549
1.913
0.443
0.865
0.662
8.92
122.215
169.649
42.712
3.774
7.233
107.034
169.55
53.638
40.291
5.264
3.108
2.897
9.739
121.361
168.036
41.978
3.863
4.501
9.408
113.662
174.185
51.418
34.533
26.895

0.004
0.044
0.013

0.011
0.036
0.009
0.126
0.125

0.018

0.019
0.009
0.004
0.005
0.052
0.022
0.25
0.016
0.004
0.032
0.029
0.621
3.935
0.017

0.018
0.011
0.058
0.009
0.032
0.022
0.005
0.006
0.019
0.004
0.088
0.091
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427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

58
58
58
58
58
58
58
58
58
59
59
59
59
60
60
60
60
60
60
60
60
60
60
61
61
61
61
61
62
62
62
62
62
62
62
62
62
62
62
63
63
63
63

LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
GLY
GLY
GLY
GLY
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
PRO
SER
SER
SER
SER
SER
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS
LYS

CE
CG
HA
HB2
HD2
HE2
HG2
HN

CA
HN

CA
CB
CD
CG
HA
HB
HD2
HD3
HG2

CA
CB
HN

CA
CB
CD
CE
CG
HA
HB2
HD2
HE2
HG2

CA
CB
CD

OO0 0O I IT IT T T OO0000ZIT000III T I T O0O0000Z2ZIT00Z2IT T I T ITO0O0

39.664
21.926
5.981
1.633
1.523
2.817
1.335
8.427
117.565
168.361
43.281
8.534
106.06
172.019
61.161
29.185
47.511
23.585
5.242
2.268
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