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Figure 4-14 Individual talin molecules bind vinculin upon stretch.

(A) DHFR-Vinculin was labeled by TMP-Atto655. Two ends of talin were tagged with GFP and
mCherry, respectively, as described in the previous report.® Intensity of TMP-Atto655* (TMP
Atto655 that's between GFP and mChery which tagged on a single talin dimer) were monitored
as indication of number of vinculin bound to talin. (B) Fluorescence micrograph of FACs where
single talins and vinculins were detected. Green = GFP; Red = mCherry, Purple = Atto655. (C)

Fluorescence intensity of vinculin and extent of talin stretch over time. X-axis is the time in
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second. Y-axis indicates the talin stretching (in nm) and vinculin intensity in arbitrary units. R is
the Pearson correlation coefficient between the two curves. N is the number of points when the
single molecule algorithm successfully locates a single pair of talin dimer. Dotted line indicate the
under sampled region, i.e. when the two measurement points are more than 5 seconds apart.
Positive correlation between talin stretching and vinculin intensity (measured by single molecule

recognition) was observed in most traces.

Currently our confidence to draw conclusion on our hypothesis has been limited
by the modest quality of the SM data. In one experiment 120 frames were typically
acquired in each channel. However, for most of the traces more than 80% of frames have
been discarded because of photo-bleaching and/or failure to meet the SM criteria (round
point-spread function; single-step photo-bleaching etc.). Based on these encouraging
preliminary results we are not improving our methods by (1) developing new algorithm
for better recognition of specifically bound TMP-Atto655; (2) optimizing experimental
procedure to achieve stable quality of expression; and (3) trying brighter fluorophores
emitting more photons than Atto655 which helps in SM localization. Together we hope
live cell SM imaging with TMP-tag would uniquely help us to unravel the molecular

mechanism of FAC dynamics.

4.3.6 Analysis Of Vinculin Dynamics Using FRAP

The hypothesis that stretched talin recruits vinculin has been supported by
previous in vitro studies and our SM measurements. However, previous studies have also
shown that vinculin mutants lacking talin binding motif still localize to FAC. Our multi-
molecule measurements also found no significant correlation between talin stretching and

vinculin binding events at ensemble level. Here we address this discrepancy by FRAP
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experiments of wild type vinculin in comparison to vinculin variant A50I, in which a

single amino acid mutation interrupts talin binding.

+ T

Vinculin FL AS0| GFP, Vinculin FL GFP, CV1, Vineulin FL ASOI GFP, Vinculin FL GFP, RPTP,
CV1, TIRF FRAP TIRF FRAP RPTPR, TIRF FRAP TIRF FRAP

Figure 4-15 Fluorescence recovery time constant (1) of vinculin:A50l in contrast to wild
type full length (FL) vinculin.

Cells were transfected with plasmids encoding EGFP-vinculin and EGFP-vinculin:A50lI,
respectively. FRAP experiment was performed using TIRF microscope with 488 nm laser for

bleaching. The significance of T has been defined in Section 4.3.2.

Significantly, in a variety of cell lines vinculin:A50I variant showed a
significantly faster dynamics than wild type vinculin. This result, together with live cell
imaging, suggested during FAC assembly, vinculin might not be primarily recruited by
stretched talin; however, talin stretching has a strong impact on vinculin dynamics,

‘locking’ the vinculin recruited to FACs.

4.4 Discussions

Together these results have established the TMP-tag as a robust tool for multi-
color live cell imaging with high resolution, which is difficult with FPs. Atto655 features
(1) far-red emission spectrum that is readily resolvable with mCherry, (2) high photon
output which is crucial for super-resolution and SM imaging, and (3) intrinsic photo-

switching compatible with intracellular environment with blinking rate modulated by
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excitation laser power - to date none of the FPs have all these three highly favorable
properties. By improving the TMP-tag technology, we have enabled highly efficient and
selective protein labeling inside of live cells and demonstrated high resolution imaging in
various cell lines using confocal and TIRF microscopy. These achievements have been a
major milestone marking the transition of the TMP-tag technology from proof-of-
principle stage to real world application.

Moreover, we have also demonstrated multi-color super-resolution and SM
imaging in live cells using the TMP-tag. Significantly, multi-color super-resolution
imaging in live cells has been extremely challenging using FPs, due to their limited
photon output. Similarly, SM detection in live cells using FPs remains a heroic effort was
limited to two colors at best. The TMP-tag has solved the problem by selectively labeling
proteins in live cells with a high photon output, photo-switching fluorophore. In our study
of FAC dynamics, TMP-Atto655 combined with FPs has enabled 3-color SM imaging in
live cells, providing remarkable insights in the molecular mechanism of force sensing.
We envision the TMP-tag technology would bring more breakthroughs in future
applications.

Our previous hypothesis on talin stretch and vinculin recruitment was built mostly
on in vitro evidences: force stretches talin and thus exposes vinculin binding sites; then
vinculin is recruited to FACs by binding to stretched talin. The intriguing results from our
ensemble and SM analysis of FAC dynamics implied that in live cells the scenario might
be far more complicated than what we had proposed: (1) in mature FACs vinculin
binding may not depend on talin stretch; (2) in newly spreading cells vinculin might not

be primarily recruited to FACs by talin stretch; (3) at SM level vinculin binding and talin
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stretching was likely to be correlated; and (4) binding to talin significantly reduced the
rate constant of vinculin dissociation — in other words, locking the vinculin at FAC. All
these results demonstrated the importance of live cell imaging experiment: the test tube is
such a different environment from the cell that critical features may be lost—additional
regulatory proteins, the role of the cellular architecture and compartmentalization, the
impact of the cell being far from an equilibrium state, etc. A particularly interesting
finding was that ensemble and SM imaging showed different correlation between talin
stretching and vinculin binding, indicated how the imaging technology impacted our
insight in molecular biology of the cell.

The significance of our preliminary results in SM analysis has been limited by the
quality of images. Particularly, the background fluorescence from unbound and/or
specifically bound TMP-Atto655 plus the modest photon output and photo-stability of
EGFP and mCherry were the two major technical hurdles. We envision overcoming these
hurdles by (1) developing a fluorogenic TMP-Atto655 that is switched on by binding to
eDHFR, thus reducing the background fluorescence; and (2) using multiple orthogonal
chemical tags with high photon output fluorophores instead of FPs. Currently these two
solutions are being investigated by the Cornish lab.

The quantification of protein stretching, binding and release from FACs can
discriminate between the major mechanotransduction models: (1) that stretch-relaxation
cycles cause accumulation of modified adhesion protein signals or (2) that forces directly
activate signaling pathways. Further, the development of quantitative tools for in situ
experiments will be broadly enabling for investigating molecular mechanism in biology.

The long-term goal of our collaboration with the Sheetz lab is to study force sensing and
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FAC remodeling in live cells with dynamic SM imaging. The 3D STORM using
astigmatism should enable us to define how components are binding relative to the
membrane as well as laterally. We are measuring the dynamics of adhesion protein
movement to the nucleus and the studies of the dynamics in the adhesion appear to relate
to rigidity sensing. The tools developed here will enable us to approach the problem at
the level of single submicrometer pillars where it is clear that the cells are pulling to a

constant displacement.
4.5 Experimental Methods
45.1 Synthesis Of TMP-Atto655.

45.1.1 Synthesis Of Compound 4-1

In a 100 mL round-bottomed flask, dissolve intermediate 2-1 (1.381 g, 5 mmol) in
DMF (15 mL) and then add K,COs; (3.46 g, 25 mmol) and ethyl 5-bromovalerate (1.58
mL, 10 mmol). The TMP-OH and ethyl 5-bromovalerate will dissolve in DMF while the
K,COs only partially dissolves, resulting a white suspension. Heat the reaction mixture in
70 °C oil bath under Ar for 5 h while stirring, during which the solution may turn yellow
or slightly brown. After cooling to room temperature, extract the reaction mixture with
brine (100 mL) and EtOAc (3 X 40 mL). Combine the organic phase; dry over MgSO4
and remove EtOAc by rotary evaporation. Purify the crude product by flash
chromatography (MeOH/DCM, 1:10 v/v over silica gel) to yield compound 4-1 (1.1 g, 2
mmol, 54 % yield; Rf = 0.48 in MeOH/DCM, 1:10 v/v). 'H NMR (400 MHz, CD;0D,

25°C): 6=7.50 (s, 1 H), 6.51 (s, 2 H), 4.11 (q, J = 9.6 Hz, 2H), 3.89 (t, J = 8.0 Hz, 2H)
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3.77 (s, 6 H), 3.63 (s, 2H), 2.39 (t, J = 8.8 Hz, 2H), 1.86 — 1.65 (m, 4H), 1.23 (t, ] = 9.6

Hz, 3H). MS (FAB+) m/z Calcd. for Cy0H»305N4 [M+H]+:405.21. Found: 405.31.

45.1.2 Synthesis Of Compound 4-2

In a 100 mL round-bottomed flask, dissolve compound 4-1 (404 mg, 1 mmol) in
methanol (25 mL). Then add NaOH in water (1 N, estimated volume 3 mL) to this
solution until a small amount of beige precipitate is formed. Then stir the reaction
mixture under air for 4 h and the precipitate should disappear. Then titrate the reaction
mixture to pH 4 with HCI (1 N, estimated volume 3 mL) and beige crystals will form
from solution. Filter the crystal and wash with brine and water (cooled at 4 °C) to yield
compound 4-2 (290 mg, 0.77mmol, 77%). "H NMR (DMSO-d6): 6=7.51 (s, 1 H), 6.54 (s,
2 H), 3.77 (t,J = 8.0 Hz, 2 H), 3.70 (s, 6 H), 3.51 (s, 2H), 2.26 (t, J = 9.2 Hz, 2H), 1.67 —

1.62 (m, 4H).MS (FAB+) m/z Calcd. for C;sH40sN, [M+H]":377.17. Found:377.42.

4.5.1.3 Synthesis Of Compound 4-3

Prior to the synthesis, bake a 25 mL round-bottomed flask at 95 °C for 48 h. Right
before setting up the reaction, the flask should be further dried by propane flame. Add
compound 4-2 (56 mg, 0.15mmol), BocNH-PEG-NH; (96 mg, 0.3 mmol, 2 equiv) and
PyBOP (155 mg, 0.3mmol, 2 equiv.) to the hot flask and put under vacuum. After the
flask cools to room temperature (after approximately 1 h), add DMF (10 mL) and DIEA
(130 uL, 0.745 mmol, 5 equiv) to the flask under Ar. Stir the reaction mixture at room
temperature overnight and then remove solvent by rotary evaporation and purify the
crude product by flash chromatography (MeOH/DCM, 1:30 over silica gel) to yield
compound 4-3 (37 mg, 36 % yield, Rf = 0.33 in DCM/MeOH 15:1 v/v). '"H NMR (400

MHz, CD;0D, 25 °C): §=7.24 (s, 1 H), 6.56 (s, 2 H), 3.93 (m, 2 H), 3.81 (s, 6 H), 3.52 (s,
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2 H), 3.52-3.50 (m, 12 H), 3.26 (t, J = 6.8 Hz, 2 H), 3.12 (t, J= 6.4 Hz), 2.26 (t, J = 7.2
Hz, 2 H), 1.80 — 1.70 (m, 8 H), 1.43 (s, 9 H). HRMS (FAB+) m/z Calcd. Cs3Hs4O0Nj

[M+H]": 679.40. Found: 679.40.

45.1.4 Synthesis Of Compound 4-4
Compound 4-3 was deprotected by stirring in TFA in DCM (50 %, v/v) for 1 h
and remove solvent by rotary evaporation. The deprotection reaction is quantitative so

that the resulting compound 4-4 is used for the next step without further purification.

4.5.1.5 Synthesis Of Compound 4-5

In a 25 mL round-bottomed flask, mix compound 4-4 (2.3 mg, 3.9 umol) with
Atto655-NHS ester (1 mg, 1.6 umol) and DIEA (2.8 pL, 16 umol) in DMF (1 mL). Stir
the reaction mixture overnight under Ar and remove solvent with rotary evaporation.
Subsequently purify the crude product (~ 5 mg) by reverse phase HPLC to yield
compound 1 (1 mg, 0.95 umol, 57 %). HPLC condition for C18 semi-prep column: start
with 10:90 acetonitrile:water (v/v), gradient elution for 80 min, end with 60:40
acetonitrile:water (v/v). Retention time: 33 — 34 min. "H NMR (400 MHz, CD;OD, 25 °C)
0=7.79 (d,J=1.7 Hz, 1H), 7.47 (d, J = 1.5 Hz, 1H), 7.24 (s, 1H), 7.07 (s, 1H), 6.94 (s,
1H), 6.45 (s, 2H), 3.82 (t, J = 6.2 Hz, 1H), 3.77 (m, 2H), 3.7 (s, 6H), 3.67 — 3.53 (m,
18H), 3.51 (m, 2H), 3.23 (m, 2H), 3.06 — 2.90 (m, 4H), 2.52 (dd, J = 13.6, 4.4 Hz, 1H),
2.45-2.36 (m, 2H), 2.24 (t, J = 7.4 Hz, 2H), 2.06 (m, 4H), 1.85 - 1.70 (m, 8H), 1.70 —
1.61 (m, 2H), 1.52 (s, 3H), 1.43 (s, 3H), 1.38 (t, J = 7.2 Hz, 7H). MS (FAB+) m/z Calcd.

for C55H78012N9S [M]+I 1088.55. Found: 1089.15.
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4.5.2 Optimization Of The TMP-Tag Technology For Three-Color Live Cell

Imaging

4.5.2.1 Vector Construction

Construction of eDHFR-vinculin vector: The gene encoding eDHFR was
amplified using PCR from the previously published V1008 vector® with primers pDHFR-
Agel2: 5°- CCA CCG GTA CCA TGA TCA GTC TGA TTG CGG CGT TAG -3’ (Agel,
coding strand) and pDHFR-Sacl 5’- CCG AGC TCG GCC AGA ACC ACC AGA CCG
CCG CTC CAG AAT CTC AAA GC -3’ (Notl, noncoding strand). The fragment was
then inserted between the Agel and Sacl sites of vector encoding EGFP-vinculin
replacing the EGFP gene.

Construction of talin-eDHFR vector: The gene encoding eDHFR was amplified
using PCR from the previously published V1008 vector with primers pDHFR-Agel3: 5°-
CCG CTA GCG CTA CCG GTC GCC ACC ATG ATC AGT CTG ATT GCG GCG T -
3’ (Agel, coding strand) and pDHFR-Mfel 5°- CAG CTT CTG CCA ATT GAC CAG
AAC CAC CAG AAC CCC GCC GCT CCA GAA TCT CA -3’ (Mfel, noncoding
strand). The fragment was then inserted between the Agel and EcoRlI sites of vector

encoding EGFP-talin replacing the EGFP gene.

4.5.2.2 Mammalian Cell Electroporation

This protocol is designed for the Neon electroporation system from Invitrogen.
The general procedure also applies to other electroporation apparatus, potentially with
minor modification according to the manufacturer’s manual.

RPTP cells and CV1 cells were cultured in DMEM media supplemented with 10%

FBS and 1% penicillin/streptomycin. For electroporations, ~ 5x10° cells were digested



194

with 0.25% trypsin and harvested by centrifuging at RT, 1000 rpm for 5 min. Cells were
then washed once with 1 mL 1XPBS and resuspended in the Resuspension Buffer R with
1 pg of DNA and 20 uM TMP-tag. The electrode chamber was filled with 2 mL of
Electrolytic Buffer E. Carefully take up cell suspension using the Neon pipette and Neon
tips, leaving absolutely no air bubble in the tip. Apply the Neon pipette and tip in the
electroporation apparatus and run the electroporation program. For RPTP cell the voltage
is 1700 V for 20 ms, 1 cycle. For CV1 cells the voltage is 1350 V for 20 ms, 1 cycle.
After electroporation is finished, immediately transfer the cells to fresh media and
incubate for 12 h. Prior to live cell imaging, wash the cells with 2X media and image the

cells in the media.

45.2.3 Live Cell Imaging

TIRF and super-resolution images were acquired on a Nikon N-STORM system
with 1.49NA 100x oil immersion plan apochromat objective with 120um working
distance. Laser powers for excitation wavelengths at 488 nm, 561 nm, and 647 nm were
65 mW, 150 mW, and 100 mW, respectively. Images were recorded on a Andor DU897
cooled, back-thinned EMCCD, with 512x512 pixels and 16 um width. The imaging
system was calibrated for chromatic aberration, dark current, and read noise using Zeiss
100 nm yellow beads and 250 nm Invitrogen Tetraspeck beads.

Confocal images were acquired on a spinning-disk confocal inverted microscope
(PerkinElmer UltraVIEW VoX), with 100x oil immersion lens (1.40 NA, UPlanSApo
100x) and back-thinned electron multiplier CCD camera (C9100-13, Hamamatsu

Photonics).
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Both Nikon and PerkinElmer microscopes were equipped with an environmental
chamber (37 °C and 5% CO,) for long-term time-lapse imaging.

Acquired images were analyzed by ImageJ (NIH).

4.5.3 Single-Molecule Analysis Of Vinculin Binding In Response To Talin

Stretching

45.3.1 Cell Transfection And Staining

One week prior to SM imaging, CV1 cells were transfected by electroporation
with plasmids encoding EGFP-talin-mCherry and then incubated with non-selective
media for one week. Cells were then harvested and electroporated with plasmids

encoding eDHFR-Vinculin and 20 pM TMP-Atto655 for SM imaging.

4.5.3.2 Single-Molecule Analysis

The SM localization methods have been previously reported by the Sheetz lab.’
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Chapter 5

Development Of A Short Peptide Chemical Tag



201

5.1 Chapter Overview

One major advantage of chemical tags over FPs is their potentially smaller sizes.
In this chapter I described efforts towards developing a short peptide tag which was
supposed to impose minimal perturbation on the function and dynamics of the target
protein. In general, we used high throughput screening approaches to pull out TMP-
binding peptides from a constrained short peptide (CSP) library. Unlike other peptide-
based chemical tags, the peptide tag we designed was highly modular and did not require
enzyme catalyzed modification, thus would be especially favorable for high resolution
live cell imaging.

Specifically, we designed and constructed a CSP library in which the random
peptide sequence was flanked by two constraining motif to reduce the entropy lost during
binding. We initially attempted to screen the library using the yeast-three-hybrid (Y3H)
technology that was previously developed in the Cornish lab. The Y3H system allows the
CSP library to be screened inside of living cells, which would potentially eliminate the
commonly encountered issues of intracellular stability and solubility.

To perform Y3H screening, I first synthesized various chemical inducers of
dimerization (CIDs), including TMP-Dex and A-TMP-Dex and confirmed their efficacy
and robustness in our Y3H model system. Then I tried to screen the real library using
TMP-Dex but was obstructed by the high frequency of false positives. I then ran a series
assays to understand the nature of these false positives.

Meanwhile our collaborators also constructed several peptide libraries and
screened them for TMP-binding peptides using phage display technology. After they

picked up some primary hits, I took over the revalidation works and measured the



202

binding affinity of peptide/TMP complex by using fluorescence polarization technique. I

also examined the specificity of binding by performing competition assays.

5.2 Introduction

As discussed in Chapter 1, a short peptide is the ideal chemical tag because it is
less likely to interfere with the natural function of the protein. However, to date, none of
the short peptide chemical tags reported have shown the robustness required for high
resolution imaging. The FIAsH tag centering a tetracysteine core was by design an ideal
peptide tag: it is small, covalent, and fluorogenic.' However, the application of FIAsH tag
in live cell imaging has been limited by (1) background labeling of endogenous Cys-rich
proteins; (2) cytotoxicity of the arsenic reagent; and (3) incompatibility with high photon
output fluorophores. Another plausible strategy is to tag the target protein with a peptide
sequence that would be recognized and modified by an enzyme.? Since most natural
enzymes resist dramatic modification to enable direct incorporation of a fluorophore-
conjugated substrate, to date the reactivity and modularity of these enzyme-mediated
peptide tags still cannot meet the criteria for high resolution imaging of intracellular
proteins.

Designing a peptide tag around the TMP ligand has the potential to overcome this
bottleneck because the ligand has shown to selectively bind DHFR with low nonspecific
background labeling of endogenous proteins in living cells. The recent demonstration that
proximity-induced reactivity can be used to create a selective covalent linkage supports
the possibility of further engineering the TMP-tag to a short peptide tag, potentially
allowing for the creation of a covalent interaction between TMP and a peptide aptamer

that non-covalently binds the ligand with moderate affinity (Figure 5-1). Moreover,
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compared to the peptide tags directly binding to fluorophores (such like the FIAsH tag),
the TMP-based peptide tag would benefit from being modular and thus compatible with

high photon output probes.

Fluorophore

Figure 5-1 Covalent short peptide chemical tag.

We propose to create a short peptide covalent chemical tag via proximity-induced reaction. A
short peptide that binds non-covalently to TMP with high affinity will be selected from a random
peptide library. Upon binding to the A-TMP-probe, the nucleophilic Cys residue on the peptide
and the electrophilic acrylamide of A-TMP-fluorophore will be positioned to react and form a
covalent bond.

Precedent in the physical organic chemistry literature suggests that even a
micromolar binding interaction should be sufficient for efficient proximity-induced
reactivity.” Since peptides with picomolar affinity to small molecules have been selected
from random peptide libraries®, we propose to identify a short peptide that binds to TMP
with moderate affinity and then covalently link the two via proximity-induced reaction.

Here we designed a peptide library of a short random peptide flanked by two 7-
mer constraining moieties. We constructed the library in yeast via homologous
recombination, and then screened the library using yeast-three-hybrid assay. Meanwhile,
our collaborators in the Sidhu laboratory (Prof. Sachdev Sidhu, University of Toronto)

also constructed similar peptide libraries and screened them using phage display assay.
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Primary hits from the phage display screening were subsequently characterized by

fluorescence polarization assay.
5.3 Results

5.3.1 Design Of A Constrained Peptide Library

Studies have shown that structurally constrained peptide aptamers have much
higher small molecule binding affinities than unconstrained peptides, because the former
benefits from less entropy loss upon binding. Therefore, we designed a random 12-mer
library to be screened for peptides that bind to acrylamide-TMP (A-TMP). The constraint
is a dimerization domain that flanks the library, a repeated 7-mer sequence known to
dimerize and fold into a stable B-sheet, EFLIVKS. This scaffold has previously been used
to isolate peptides that bind TexasRed (a rhodamine-based fluorophore) with picomolar
affinity from random libraries using phage display.*

Short peptides that bind to A-TMP will be selected using the yeast three-hybrid
(Y3H) assay. Preliminary research demonstrated that a TMP-dexamethasone (Dex)
heterodimer can activate transcription in a yeast three-hybrid assay, successfully
dimerizing two halves of a transcriptional activator, a dihydrofolate reductase (DHFR)-
DNA-binding domain (DBD) fusion protein and a glucocorticoid receptor (GR)-
transcriptional activator domain (AD)-fusion protein (Figure 5-2).° Therefore, it is
reasonable to assume that it would be possible to select for a short peptide that binds
either noncovalently with high affinity or covalently to an acrylamide-trimethoprim-

dexamethasone (A-TMP-Dex) heterotrimer .
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Figure 5-2 The trimethoprim-dexamethasone (TMP-Dex) yeast-three-hybrid system.

A heterodimeric ligand (TMP-Dex) bridges a DNA-binding domain-dihydrofolate reductase fusion
protein (DBD-eDHFR) and a transcriptional activator domain-glucocorticoid receptor fusion
protein (AD-GR), effectively reconstituting a transcriptional activator (DBD-AD) and activating

transcription of a downstream reporter gene.

To isolate a peptide aptamer of TMP, the same system would be used except that
the DBD would instead be expressed as a fusion protein to the constrained short peptide
(CSP) library (Figure 5-3). Peptides that bind to TMP of the heterotrimeric A-TMP-Dex
with moderate affinity and contain a nucleophilic Cys residue would react with the
acrylamide electrophile to form a covalent bond. Dex binding to the GR-AD fusion
protein would dimerize the transcriptional activator (DBD-AD) and activate transcription
of LEU2 reporter, allowing selection for peptide aptamers of A-TMP-Dex by growth in
synthetic complete media without leucine (SC Leu’). Alternatively, if selection using the
Y3H assay is not successful, more well-established binding selections such as phage

display could be used to isolate a short peptide that binds to TMP or A-TMP.
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Figure 5-3 Selection of a constrained short peptide that binds TMP.

A constrained short peptide (CSP)-DNA-binding domain (DBD) fusion protein binds to TMP of the
heterotrimeric ligand, A-TMP-Dex, with moderate affinity and consequently the acrylamide
electrophile reacts with a Cys residue on the CSP to form a covalent bond. Dex binds to the
glucocorticoid receptor (GR)-B42 transcriptional activator domain (AD) fusion protein, effectively
reconstituting a transcriptional activator (DBD-AD) and activating transcription of a downstream
reporter gene. The DBD we used was from repressor LexA that binds four tandem LexA

operators integrated in yeast chromosome.

5.3.2 Construction Of The Constrained Peptide Library

To isolate a peptide that binds with high affinity to TMP, a library was
constructed of a randomized 12-mer NNK (N represents A/T/C/G; K represents G/T)
peptide library flanked by a repeated 7-mer sequence of the dimerization domain,
EFLIVKS. Here we used NNK instead of NNN to reduce the probability of truncation
(NNK encodes relatively less stop codons than NNN). Since the selection will be carried
out using the Y3H assay, the entire library will not be able to be covered because the

library size would be limited by the transformation efficiency of the DNA into the yeast.
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To achieve the largest library size possible, the peptide aptamer library will be
incorporated into the Y3H expression vector via S. cerevisiae in vivo homologous
recombination (Figure 5-4), which has been demonstrated to yield a library size of 10
unique transformants. Therefore, the constructed library was flanked on each end by >30

bp of homology to the expression vector, which is required for in vivo homologous

recombination to occur.

CJ-34 Paretn strain

: pV398 w

Electrcporatlon

pV398 pv398
P Homologous //’

\ Recombination

Figure 5-4 Homologous recombination to generate short peptide library.

The short peptide library was designed to be incorporated into the expression vector via in vivo
homologous recombination. A random 12-mer NNK library was encoded between two 7-mer
sequences, EFLIVKS, that is known to dimerize into a stable B-sheet. The repeated 7-mer
sequence is represented in different colors because different alternate amino acid codons were

used to prevent self- and cross-dimerization during cassette construction by PCR. The
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constrained library is flanked on either end with >30 bp of homology (C-terminus of LexA gene
and 5’-end of ADH terminator, respectively) to the vector to facilitate homologous recombination
with the linearized expression vector in vivo. Transformation (via electroporation) of linearized
vector DNA and cassette led to in vivo recombination to generate the vector encoding LexA-

constrained short peptide (CSP) library.

For selection of peptide binders via the Y3H assay, the library will be expressed
as a fusion to the DNA-binding domain LexA. As shown in Figure 5-4, the library would
be designed to undergo homologous recombination with the vector pMW103 which
encodes LexA. The 5’ end of the cassette encodes 33 bp of homology to the C-terminal
end of LexA gene (pink), followed by a (GSG), linker which has been previously
demonstrated to be a flexible enough linker prevent interference with proper folding of
the separate domains.® Following the linker are the codons encoding the amino acids MG,
which would prevent proteolysis of an N-terminal fusion peptide. Next, is the peptide
constraint, EFLIVKS (salmon), followed by the 12-mer NNK library (orange), and the
repeated 7-mer of the constraint, EFLIVKS (light orange). After the constrained peptide,
codons encoding GPP are included to prevent proteolysis of the C-terminal fusion
followed by a stop codon and 33 bp of homology to the ADH terminator (yellow) for
homologous recombination. After homologous recombination, the resulting plasmid
would encode LexA-CSP library controlled by a GAL promoter, which can be induced
by galactose and raffinose (Gal/Raf) in media.

The parent strain CJ-34 (Figure 5-4) was constructed based on EGY48 which has
four tandom LexA operators (purple) and a LEU2 reporter gene (dark green) integrated
into yeast chromosome for growth selection. Two extra plasmids were introduced: V398

encoding the rGR-B42 fusion protein in Y3H system; and pMW112 encoding LacZ gene
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regulated by LexA operator for ONPG (ortho-Nitrophenyl-f3-galactoside) colorimetric
assay. The pMW103 plasmid has a HIS3 marker; pV398 has a TRP3 marker; pMW112
has a URA3 marker. After library transformation and homologous recombination, the
resulting yeast strain was named CJ-Library3, which normally grew in SC (Glec HTU")
media. When the carbon source is switched from glucose to Gal/Raf, the LexA-CSP
library will be expressed, and the hits that binds A-TMP would induce dimerization of
the LexA and B42, initiating the transcription of LEU2 reporter gene. Therefore, if we
plate the library on SC (Gal/Raf HTUL") plate supplemented with A-TMP-Dex, the

library will be selected and only colonies encoding a TMP-binding peptide can grow up.

5.3.3 PCR Amplification Of The CSP Library Cassette

Initial experiments have optimized the library cassette construction to improve the
efficiency of amplification of the desired DNA fragment using PCR (Figure 5-5A).
Analysis of the PCR products of the initial library showed that the dimerization domains
preferentially annealed to each other rather than to the library template and blocked the
synthesis of the desired product. Therefore, a new library was constructed in which the 5’
and 3’ dimerization domains were encoded by alternate codons based on the preferred
codon usage in S. cerevisiae. The amplification of Library3 was achieved by two rounds
of PCR and the products were purified by PAGE gel, as shown in Figure 5-5B&C. The
integrity of the Library3 was further established by restriction digestion by Mbol and
HpyCH4V, which recognized part of the EFLIVKS sequences on the upstream and

downstream of the randomized sequence, respectively (Figure 5-5D).
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Figure 5-5 Amplification of the library cassette.

The amino acids of the dimerization domain were encoded using (A) the same and (B-C)
alternate codons. (A) Amplification of first PCR reaction of Library 1. Expected to get 162 bp
product. Actually got a shot fragment (lane 1) presumably formed due to primer dimerization. (B)
Amplification of first PCR reaction of Library 3 using alternate codons. Product was expected to
be 162 bp, and was shown to be close to anticipation (lane 1). (C) Amplification of second PCR
reaction of Library 3. Product was expected to be 180 bp, and was shown to be close to
anticipation (lane 1). (D) Restriction digestion of Library 3. Lane 1: Mbol digestion; expected to
cut the 180 bp Library3 into two fragments: 66 bp + 114 bp, both visible on the gel. Lane 2:
HpyCHA4V digestion; expected to cut the 180 bp Library3 into two fragments: 32 bp + 148 bp. The
148 bp piece was visible on the gel along with the intact Library3. The 34 bp fragment might be
too short to resolve. In both lane 1 and 2 there were minor bands (~150 bp in lane 1; ~130 bp in
lane 2) which were presumably formed due to non-specific digestion. In each gel “L” represents
ladder and the lengths were indicated by short white bars and base pair numbers (bp) were

labeled on the left side.

5.3.4 Transformation Of Library3
After amplifying the Labrary3 DNA cassette by two rounds of PCR, the DNA (~

2 ng) was then pelleted by ethanol and sodium acetate and combined with double
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digested backbone pMW103 (1 pg) for electroporation into parent yeast strain CJ-34.
After electroporation, the resulting yeast strain CJ-Library3 was plated on SC (Glc HTU")
plate so that all cells with successful homologous recombination could grow. After 3 days
yeasts were growing on these plates forming a lawn. All cells were scraped and diluted to
10® cells/mL (10X library size per mL) and stored in 15% glycerol at — 80 °C. Meanwhile,
a small portion of CJ-Library3 was diluted by 1:10° and plated on SC (Glc HTU") for
colony counting, which confirmed the library size to be 10’ different colonies. As control,
1 pg of double digested pPMW103 was also transformed into the same parent strain, and
the total number of background colonies was estimated to be 10,

Before going forward for library screening, I also investigated the integrity of the
peptide library by sequencing. Specifically, I extracted plasmids from CJ-Library3 by
yeast mini-prep. Then the DNA extracted was pelleted and introduced into E.coli TG1
cells by electroporation. Hundreds of colonies formed on LB-Kan plate. I picked up 10
colonies and amplified the CSP library region by colony PCR. Sequencing results of the
colony PCR products were shown in Table 5-1 (Cys codon in green letters; stop codon in
red letters). Briefly, 7 out of 10 colonies sampled encoded correct CSP; 2 colonies
encoded truncated peptide (expected truncation rate was 32% for a 12-mer random
peptide encoded by NNK); 1 colony had frame shift. Significantly, 3 out of 10 colonies
encoded at least one Cys in the randomized region (expected percentage for Cys-
containing peptide was 32%), which would possibly form a covalent bond with A-TMP

via proximity-induced reaction.

Table 5-1 Sequencing results of 10 colonies in CJ-Library3.

Colony No. | DNA Sequence of the Randomized Region Comment

1 ATG ATG ATT CTT GAG CTG TTG ATT AAG | Correct with Cys.
TCTTTG TGT
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2 CAT TCT TTT TGT GTG TCG CTT CAT TCG | Correct with Cys.
GGG ACG AGT

3 AAT TTT AGT TTT TGT ATG AGT AAG CGT | Truncated.
ATT CAG TAG

4 AAG GTG TAT TTT AAG AAT CGT GTG ATT | Correct.
AGT GTG TAT

5 GCT CCT CAT GAT CTT CAT TGT ATT GGT | Correct with Cys.
ATT AAT CCG

6 AGT GTG AGG GTT TAG ACG ATG GAG CTT | Truncated.
CGG TAG GCG

7 TTT ACT CTG GTG CCT GAG GTT TTG AAT | Frame shifted.
CCT CAT CAT

8 GCG TCT AGT CGT CTG GTG ACG TGG ACT | Correct.
CTG TCG ATG

9 TTT ACT CTG GTG CCT GAG GTT TTG AAT | Correct.
CCT CAT CAT

10 GTT ATT GGG GTT AGG CAG TTT AAT AGT | Correct.
CAG GGG CAT

5.3.5 Synthesis Of A-TMP-Dex

A previous study on another chemical inducer of dimerization (CID)
methotrexate-dexamethasone (Mtx-Dex), which also induces dimerization of eDHFR and
GR, has shown that the linker length between Mtx-Dex was crucial for efficient
dimerization.” For Mtx-Dex, a linker with 15 - 17 atoms in total between Mtx and Dex
has been found to be optimal. Therefore, to synthesize the covalent CID A-TMP-Dex I
decided to try two different linker lengths by using 1,6-diaminohexane and 1,10-
diaminodectane, corresponding to 16 and 20 atoms between TMP and Dex in total,
respectively.

The parallel synthetic route for A-TMP-C6-Dex (C6 represents 1,6-
diaminohexane used for spacer) is summarized in Scheme 5-1 and Scheme 5-2. In brief,
the dexamethasone was derivatized by selectively oxidizing the B-keto alcohol using
sodium periodate in acidic solution, following the previous report on synthesis of Mtx-

Dex.® Then the carboxylic acid group in compound 5-1 was coupled to N-Boc-1,6-
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diaminohexane and the Boc protective group was subsequently removed by TFA,

yielding intermediate 5-3.

5-3

Scheme 5-1 Synthesis of compound 5-7 A-TMP-C6-Dex (part 1).
Reaction conditions: a. NalO4, H,SO,, EtOH, H,O, RT, 24 h; b. N-Boc-1,6-diaminohexane,
PyBOP, DIEA, DMF, RT, 16 h; c. 1:1 TFA:DCM (v:v), RT, 1 h.

The other half of the synthetic route was based on the synthesis of the second-
generation covalent TMP-tag.” Specifically, H-Asp(OBu-")-OH, a commercially available
aspartic acid derivative, was treated with acryloyl chloride to yield carboxylic acid 5-4.
Amine 2-3 was prepared by O-alkylation of 4’-hydroxy-TMP with a three-carbon Boc-
amino iodide followed by TFA deprotection of the Boc group, as described in Section
2.3.2. Coupling of carboxylic acid 5-4 and amine 2-3 by EDCI led to tert-butyl ester 5-5,
which was subjected to TFA deprotection to yield carboxylic acid 5-6, a key intermediate

that was conjugated to amine 5-3 to yield the final product 5-7 A-TMP-C6-Dex.
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Scheme 5-2 Synthesis of compound 5-7 A-TMP-C6-Dex (part 2).
Reaction conditions: a. acryloyl chloride, Na,CO3, H,O, RT, 1 h; b. EDCI, HOBt, DIEA, DMF, RT,

16 h; c. 1:1 TFA:DCM (v/v); d. EDCI, HOBt, DIEA, DMF, RT, 16 h.

Similarly, the synthesis of A-TMP-C10-Dex (C10 represents 1,10-diaminodecane
used for spacer) was summarized in Scheme 5-3. The compound 5-1 Dex-COOH was
coupled to excessive 1,10-diaminodecane by EDCI, and the amino group in crude
product was protected by Boc group to facilitate flash chromatograph. After purification,
compound 5-8 was treated with TFA to remove the Boc group, affording intermediate 5-9.

Coupling of 5-9 with 5-5 yielded the final product 5-10 A-TMP-C10-Dex.

c NH, <‘.
59 +56 — N OMe 0
NH SN O/\/\N)H/\rr
OMe HoNH oo noe
)
5-10 /

Scheme 5-3 Synthesis of compound 5-10 A-TMP-C10-Dex.
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Reaction conditions: a. i) 1,10-diaminodecane, PyBOP, DIEA, DMF, RT, 16 h; ii) Boc,O; b. 1:1
TFA:DCM (v:v), RT, 1 h. c. EDCI, HOBt, DIEA, DMF, RT, 16 h.

Both calculation and sequencing results has revealed that only ~30% of the
peptide in the CSP contains Cys residue. That means if we screen the library using only
A-TMP-Dex, 70% of the peptides in the library would not be able to for a covalent bond.
Therefore we planned to screen the CSP library using not only A-TMP-Dex, but also
non-covalent TMP-Dex as well. Once we pull out a hit that binds to TMP with moderate-
high affinity, we can then install a Cys residue via site-directed mutagenesis. Additional,
we also need the non-covalent TMP-Dex as a control for characterizing the covalent A-
TMP-Dex, as to be described in the next section.

The synthesis of TMP-Dex has been described in a previous publication.” Here I
synthesized a similar molecule via a shorter, more efficient synthetic route, as summarize
in Scheme 5-4. Specifically, the Dex-C10-amine (compound 5-9) was conjugated to
compound 4-2 TMP-COOH (synthetic route described in Section 4.3.1), yielding the

final product 5-11.

NH,
NS OMe
+ Py CoOH 2 o
H,N N O/\/\/
4-2 OMe

Scheme 5-4 Synthesis of compound 5-11 TMP-Dex.

Reaction condition: a. EDCI, HOBt, DIEA, DMF, RT, 16 h.
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5.3.6 Characterization Of A-TMP-Dex

5.3.6.1 Quantification

All final compounds (5-7, 5-10, 5-11) were dissolved in anhydrous DMF, and
concentrations were measured by using UV-Vis absorption spectrometry (Figure 5-6).
Then the concentrations were adjusted to 5 mM by adding anhydrous DMF and the stock

solution was stored at -80 °C before using for Y3H assays.
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Figure 5-6 Quantification of TMP-Dex and A-TMP-Dex.

(A) Left: UV-visible absorption curves of standard solution of 1:1 trimethoprim:dexamethasone
(TMP:Dex) at various concentrations, as indicated in legend, in addition to the absorption curve of
compound 5-11 TMP-Dex diluted by 200 times (1:200). Anhydrous DMF was used as solvent for
all solutions. Right: linear regression of absorption at 292 nm of standard solutions. (B)

Experimental conditions and plotting methods were same to that of (A). To quantify the
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concentration of A-TMP-Dex (compound 5-7 and 5-10), standard solutions were made of 1:1:1

acrylamide:TMP:Dex.

5.3.6.2 Lacz Assay

After quantifying the CIDs, I then evaluated their dimerization activity by
performing a LacZ assay in Y3H system. For non-covalent CID TMP-Dex (compound 5-
11) T used Y3H strain V830 which has a LEU2 reported controlled by pLexA integrated
into yeast chromosome, along with three plasmids encoding LexA-eDHFR (pMW103),
rGR-B42 (pV398), and a LacZ reporter controlled by pLexA (pMW112), respectively.'
Notably, strain V830 has been previously used to evaluate other CIDs including Mtx-Dex
and TMP-Dex.’ For covalent CIDs A-TMP-C6-Dex (compound 5-7) and A-TMP-C10-
Dex (compound 5-10), I created a yeast strain CJ-43 that was mostly the same as V830
except for that LexA-eDHFR was replaced by LexA-eDHFR:L28C. Additionally, a
yeast-two-hybrid (Y2H) strain V1017 and a deactivated Y2H strain V780 was used as
positive and negative controls, respectively.'

The LacZ assay utilized ortho-nitrophenyl-p-galactoside (ONPG; this assay is
also called ONPG assay) that can be cleaved by LacZ gene product, B-galactosidase,
producing a colored compound ortho-nitrophenol. The LacZ activity, a direct indicator of
efficiency of the Y2H or Y3H system, can then be quantified by measuring absorption at
420 nm after normalization by cell density and reaction time. The results of LacZ assay
of compound 5-7, 5-10 and 5-11 were summarized in Figure 5-7. Briefly, all three TMP-
based CIDs showed significant dimerization efficiency in a dosage-dependent manner. At
5 uM concentration, compound 5-10 A-TMP-C10-Dex showed highest dimerization

activity, followed by compound 5-11 non-covalent TMP-Dex, and compound 5-7 A-
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TMP-C6-Dex. Significantly, the covalent A-TMP-Dex, with a favorable linker length
(compound 5-10), has been demonstrated to be a stronger CID compared to the non-

covalent TMP-Dex. In compound 5-7 the linker might be too short to efficiently induce

transcription.
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Figure 5-7 LacZ (ONPG) assay of CID 5-11, 5-7 and 5-10.

The identity and concentration of CID and strain numbers were labeled at the bottom. Yeast cells
were cultured in 96 well plate using SC (HTU Gal/Raf) media containing various CIDs as
indicated in figure legend. No CID was used for V1017 and V780 control strains. After 72 h
incubation at 30 °C, yeast cells were harvested and resuspended in water to quantify cell density
(measured as ODG600, optical density at 600 nm) before lysed by Y-per reagent. Then the cell
lysate was treated with ONPG and incubated at 37 °C for 10 min. Supernatant was isolated by

centrifugation and OD420 was measured on a UV-visible absorption plate reader.

Importantly, the LacZ assay readout for 5 uM compound 5-10 was comparable to
that of 1 pM Mtx-Dex, which has been confirmed to be a very strong CID — strong and

robust enough to enable high throughput screening.'’ This result implied that the covalent
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A-TMP-Dex may also be capable to pull out a peptide candidate from a large library. In
specific, while the Kp between A-TMP and eDHFR:L28C cannot be directly quantified
(because they quickly form covalent bond after binding), it can be estimated based on the
Kps listed in Table 5-2, which was measured by our collaborator Aaron Hoskins. Not
surprisingly, both modification on TMP-probe and mutation on eDHFR would slightly
impair TMP/eDHFR binding. Therefore we estimate the Kp for A-TMP and
eDHFR:L28C binding to be about tens to hundreds of nM. That means if there’s a
peptide candidate in the library that binds to A-TMP with tens to hundreds of nM affinity,
the proximity-induced reaction would strengthen this interaction and produce a
remarkably high readout (comparable with that of eDHFR:L28C/A-TMP pair) so that this
candidate can be pulled out among other negative colonies. Based on previous studies in
high throughput screening, we believe the tens to hundreds of nM Kp to be a quite

reasonable goal for primary hits.

Table 5-2 Kp in MTEN buffer measured by fluorescence polarization assay.

wt eDHFR eDHFR:L28C
Non-covalent TMP-Cy3 17+ 12nM 37+ 12 nM
Covalent A-TMP-Cy3 45+ 15 nM —

5.3.6.3 Yeast Growth Curve

Although the LacZ assay is very sensitive and robust to quantify the activity of
Y3H system, it is not a high throughput assay and therefore cannot be used for primary
screening of the CSP library, which consists of 107 different colonies. As described in
previous sections, we plan to screen the library by a growth assay taking advantage of the
LEU2 reporter: only the winning colonies with TMP-binding peptide would express

LEU2 gene product that allow them to grow in Leu” media. Before using this system for
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high throughput screening, 1 first characterized its sensitivity and robustness by

measuring growth curves of Y3H systems.

The yeast cell density in liquid culture can be quantified by determining

absorption (also called optical density, OD) at 600 nm (OD600). To evaluate the growth

rate, yeast cells were inoculated on a 96-well plate, starting from OD600 ~ 0.01 (10° cell

/ mL), and then OD600 was monitored every 3 hours. In a complete media, the density of

yeast follows a sigmoid curve, starting with a short lag phase, and then grow

exponentially until OD600 reaches 1 ~ 10.
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The density of yeast cells was measured as optical density at 600 nm (OD600) on 96-well plate.
Yeast cells were inoculated at OD600 = 0.01 and cell density was monitored every three hours.
(A) Yeast-two-hybrid (Y2H) control. The positive strain V1017 and negative strain V780 were
cultured in nonselective (Glc HT') and selective (Gal/Raf HTL") media. (B) Y3H control using Mtx-
Dex as CID. Y3H strain V830 was cultured in i) nonselective media (Glc HT); ii) selective media
(Gal/Raf HTL"); and iii) selective media with 1 uM Mtx-Dex. (C) Y3H strain V830 was cultured in
selective media with TMP-Dex (compound 5-11) at various concentrations. (D) Covalent Y3H
strain CJ-43 was cultured in selective media with A-TMP-Dex (compound 5-10) at various

concentrations.

The yeast growth curves of control strains (V1017 for positive control; V780 for
negative control) were displayed in Figure 5-8A. In SC (Glc HT") media, both V1017 and
V780 grew rapidly, because Leu is supplemented. In SC (Gal/Raf HTL") media, the
Gal/Raf induced expression of Y2H components in V1017, turning on the expression of
LEU?2 reporter gene, which allowed V1017 to grow normally in Leu environment. By
contrast, the Y2H system in V780 was inactivated and therefore it did not significantly
proliferate in SC (Gal/Raf HTL") media.

Figure 5-8B showed growth curves of an Y3H strain (V830) with and without
Mtx-Dex. In absence of CID, strain V830 could only grow in SC (Glc HT") media, not in
SC (Gal/Raf HTL") media, which means the strain was not expressing the LEU2 gene. In
presence of 1 uM Mtx-Dex, the V830 strain could express LEU2 gene and therefore
grow in SC (Gal/Raf HTL") media. Figure 5-8C and D showed the growth curves of Y3H
strains V830 (for non-covalent CID 5-11) and CJ-43 (for covalent CID 5-10) in SC
(Gal/Raf HTL") media supplemented with various concentrations of CIDs, respectively.

The growth curves of V830 and CJ-43 with TMP-Dex (compound 5-11) and A-

TMP-Dex (compound 5-10) at various concentrations were showed in Figure 5-8C&D,
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respectively. Significantly, both TMP-Dex and A-TMP-Dex efficiently induced yeast
growth at 5 uM and 10 pM, compared to the control groups without CID. For both TMP-
Dex and A-TMP-Dex, the activity at 5 uM was similar to that at 10 uM, and was
comparable to the activity of 1 uM Mtx-Dex, which was consistent to the results of LacZ
assay. Interestingly, and of importance for screening of the CSP library, we found that the
CJ-43 strain also started to grow after 70 h even without CID. This background growth
may cause false positives in library screening, and must be carefully controlled. We may

also limit the time of growth screening (< 3 days) to suppress the background growth.

5.3.6.4 Mock Selection

We have further confirmed the viability of our Y3H screening strategy by
performing a mock selection using CJ-43 and A-TMP-Dex. Mock selection is an
experiment to evaluate the efficiency of a screening system to enrich cells with active
Y3H system in presence of excessive negative candidates. Here we use a framework that
has been developed in the Cornish lab that utilizes a colorimetric assay to monitor the
enrichment of “positive’ vs. ‘null’ strains in a growth screening.'” Specifically, Strains
representing positive Y3H interactions were constructed with a B42-GR chimera on a
plasmid that also constitutively expressed B-glucuronidase (gusA) and turned blue in the
presence of the compound X-Gluc. Corresponding null strains contained a B42 construct
with no GR on a plasmid constitutively expressing -galactosidase (lacZ) and turned pink
in the presence of the compound Magenta-Gal. Both positive and null strains possessed
LexA-eDHFR:L28C chimeras and a LEU2 reporter gene under the control of six Lex A
operators integrated into the chromosome, which has been shown to stabilize the

transcription readout.



223

The positive strains were diluted in a range of successively larger library sizes
composed of the null strain to measure the enrichment in increasingly stringent selection
conditions. Strains were grown in the absence or presence of either SuM A-TMP-Dex
(compound 5-10) or Mtx-Dex, respectively, in SC (Gal/Raf HTL") media. Enrichment

was measured by an X-Gluc and Magenta-gal overlay assay.
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Figure 5-9 Mock selection using A-TMP-Dex and Mtx-Dex.

Y3H positive and null strains were mixed with different ratio, as indicated in the legend, and then
cultured in SC (Gal/Raf HTL-) media with (A) no CID; (B) 5 yM Mtx-Dex and (C) 5 uM A-TMP-
Dex. On day 0, day 3 and day 6, small amount of culture from each group was plated on
nonselective SC (Glc HT-) plate. After colonies developed, the identity of each colony can be
determined by overlaying the plate with agarose containing X-Gluc and Magenta-Gal. Positive
strain would turn blue; null strain would turn magenta, allowing the % positive strain to be

measured by counting the colored colonies.

The results of mock selection using Mtx-Dex and A-TMP-Dex were summarized
in Figure 5-9. Significantly, Mtx-Dex and A-TMP-Dex were able to induce enrichment of
positive cell from excessive null cells at 1:10° ratio, which means that if one single
winning hit exists in a library of 10° colonies, the hit may be successfully pulled out
using the Leu” growth assay. At 1:107 positive:null ratio, however, the Mtx-Dex showed
poor capacity while the A-TMP-Dex still efficiently enriched the positive strain.

Interestingly, with both Mtx-Dex and A-TMP-Dex, the enrichment peaked on day 3.
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Longer incubation time did not benefit the selection. This result is consistent to what we
have found in the growth curve assay: negative strains started to grow after 70 h.

In summary, the LacZ assay, growth curve and mock selection together
established the TMP-Dex and A-TMP-Dex as highly active CIDs. Based on these results,
we expect to use the Leu” growth selection to screen the CSP library and find TMP or A-

TMP binding peptide.

5.3.7 Screening Of The CSP Library

After confirming the viability of TMP-Dex and A-TMP-Dex as active CIDs, we
now apply them to screen the CSP library for TMP or A-TMP binding peptides. I first
performed a growth screening in liquid culture, in a procedure very similar to that of the
mock selection. Briefly, the CJ-library3 was cultured in SC (Gal/Raf HTUL") selective
media with 5 uM TMP-Dex. On the 4 day, the culture was diluted by 10°X and plated
on SC (Glc HTU") nonselective plates (plate A). Part of the library was also diluted by
100X on the 4™ day and grown in SC (Gal/Raf HTUL") selective media with 5 uM TMP-
Dex for another 4 days, in hope to further enrich the winning strains. On the gh day, both
diluted and undiluted library culture were plated SC (Glc HTU") nonselective plates
(plate B and C, respectively). After colonies developed on plate A, B, and C, I picked 16
colonies from plate A, 16 colonies from plate B, and 60 colonies from plate C for LacZ
and growth assay. The results were summarized in Figure 5-10.

In brief, although we have found some colonies on plate A, B, or C showing
remarkable LacZ activity (Figure 5-10A), unfortunately, they all appeared to be false
positives. The V830 strain was used as a control which, as anticipated, demonstrated

CID-dependent LacZ expression: the LacZ activity in presence of 5 uM TMP-Dex was
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27 times higher than that in absence of TMP-Dex. By contrast, none of the colonies from
library showed more than 3 fold increase of LacZ activity in presence of TMP-Dex
compared to that with no CID. Similarly, we have also found that most of the colonies
from the library rapidly grew in Leu” media even without TMP-Dex (Figure 5-10B). Here
the V830 strain was used as a negative control that, as anticipated, did not grow
significantly in Leu” media without CID. Another observation from Figure 5-10B was
that, the CID-independent growth in Leu media significantly relied on Gal/Raf induction,
which implied that the false positive was indeed caused by the Y3H system, not the

parent strain.
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Figure 5-10 Characterization of CJ-library3 after selection.
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(A) LacZ activity of colonies from growth screening. 16 colonies from plate A (4 days growing in
Leu selective media with 5 yM TMP-Dex); 16 colonies from plate B (8 days growing in selective
media), and 60 colonies from plate C (8 days growing in selective media, diluted by 1:100 on the
4" day) were picked up and cultured in SC (HTU™ Gal/Raf) media with and without TMP-Dex. For
each plate, colonies were numbered by ranking their LacZ activity in presence of TMP-Dex (from
low to high). Three control strains were assayed under the same condition and listed on the right
side: V830 the Y3H control showing CID-dependent LacZ activity; V1017 the positive control
showing constitutive LacZ activity; and V780 the negative strain showing no LacZ activity. (B)
Growth rate of colonies from screening. Colony numbers were corresponding to that in (A).
Growth rate was determined in two different media (labeled in figure legend) as OD600 48 h after
inoculation over OD600 right after inoculation (OD600 day2/day0Q). Three control strains were
assayed under the same condition and listed on the right side: V830 the Y3H control not growing
in Leu” media without CID; V1017 the positive strain growing in Leu” media depending on Gal/Raf;

and V780 the negative strain not growing in Leu” media.

Taken together, out first round of library screening using Y3H system failed to
pick up a winning candidate due the overwhelming amount of false positives. Therefore I
decided to carefully characterize the nature of these false positive strains before stepping

forward to try different screening strategies.

5.3.8 Characterization Of The False Positives

In our CSP library screening procedure, a false positive referred to a yeast strain
that grew rapidly and exhibited remarkable LacZ activity even in absence of any CID. A
rigorous characterization of the frequency and nature of these false positives is highly
desired in order to evaluate the efficiency of the Y3H technology and figure out strategies

for improving the system.
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Our questions about the false positives included: (1) were they spontaneously
growing up in selective media, or induced by the selective media and/or the small
molecule TMP-Dex? (2) were the short peptides normally expressed in those false
positives? and (3) was the CID-independed growth and LacZ activity caused by the short
peptide, or some mutations on other part of the yeast genome, or both? I designed and
performed a series of experiments to answer these questions.

First of all, I evaluated the growth efficiency and LacZ activity in the native CSP
library that has never been screened. Specifically, I plated CJ-library3 on SC (HTU-
Gal/Raf) non-selective plate without CID, and picked up 48 colonies to inoculate liquid
culture on 96-well plate. The growth efficiency in Leu’ selective media and LacZ activity
(both in absence of any CID) were assayed as described before. Figure 5-11 summarized
the results: within 3 days 12 out of 48 colonies (20% false positive rate) significantly
grew up in Leu media, most of which even faster than the positive control (V830 Y3H
strain in presence of TMP-Dex). One day 2 the false positive rate was much lower: only
one colony from the library grew up. However, on day 2 the positive control did not
significantly proliferate either. By contrast, the LacZ assay gave mostly negative results:
all colonies displayed very low LacZ activity compared to the positive control.
Unfortunately, the LacZ assay is not high throughput enough to screen a library

with >107 colonies.
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Figure 5-11 Growth efficiency and LacZ activity of the native library.

48 colonies were picked up from the native CJ-library3 that had not been screened using any
CID. (A) Growth rate was quantified as OD600 on day2 or day3 over that of day0 in SC (HTL"
Gal/Raf) selective media without CID. All colonies were inoculated at OD600 = 0.01 — 0.07. CJ-34
was the parent strain constructed by transforming EGY48 with plasmids V398 and pMW112. The
positive control (+ control) was V830 culture with 5 uM TMP-Dex; the negative control (- control)
was V830 cultured in selective media without CID. Colonies were numbered by ranking OD600
day3/dayO0, low to high. (B) LacZ assay were performed as described before. All colonies were
cultured in SC (HTU™ Gal/Raf) media without CID. Positive and negative controls were the same

as that of (A). Colony numbers were corresponding to that in (A).

Remarkably, we have also found that the false positives were caused by the short
peptide: the parent strain CJ-34, which encoded all other parts of the Y3H system except

the LexA-CSP, proved to be negative in both growth and LacZ assays. Another evidence
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was that all false positives were only active in media with Gal/Raf, but not Glc (results
not shown).

The growth and LacZ assays in liquid culture has demonstrated that our original
screening strategy would not be able to pull a winning hit out of the overwhelming
number of false positives. Therefore I switched to plate instead of liquid culture. I first
estimated the background level by plating the CSP library on selective SC (HTL™ Gal/Raf)
plates without any CID (Figure 5-12). Within 3 days hundreds of colonies formed on the
d100 plate (100X dilution of the CSP library) and the total number of false positives were
estimated to be 15,000 colonies among the entire CSP library (0.15%). Although the false
positive rate was much lower than that of the liquid screening, it was still too high to
screen the entire library: I would need to manually pick up 15,000 colonies and perform

LacZ assay on 96-well plates, which was unpractical.

Figure 5-12 False positive colonies on selective plates.
The CJ-library3 was plated on SC (HTUL Gal/Raf) plates without CID. The left plate (d10,
meaning 10X dilution) and right plate (d100) represented the background level of 10% and 1% of

the entire library, respectively.

In summary, although the Y3H system and the TMP-Dex and A-TMP-Dex have
proven to be highly active in model system and mock selection, they still need substantial

improvement before being applied to screen a random peptide library. One possible
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reason for the high false positive rate was that the target molecule TMP of A-TMP
appeared to be very small compared to their binding partner GR-B42. Therefore, a
peptide binding to any part of the GR-B42 protein or interacting with the transcription
machinery would also be able to initiate the transcription of the reporter gene, in absence
of any CID. One possible method to eliminate these false positives is to introduce another
round of ‘counter selection’ aiming to kill the false positive strains. However, a practical
counter selection system had not been developed until very recently (by a colleague in the
Cornish lab). So at that time we decided to switch to another screening strategy for

developing a TMP-binding peptide: the phage display.

5.3.9 Synthesis Of A-TMP-Biotin For Phage Display

For phage display, the target molecule (TMP or A-TMP) is immobilized via
biotin/NeutrAvidin (NA) interaction. Therefore we first need to synthesize TMP-biotin
and A-TMP-Biotin.

The synthesis of TMP-biotin (compound 5-14) was summarized in Scheme 5-5.
Briefly, the biotin-NHS ester was first coupled to N-Boc-1,6-diaminohexane catalyzed by
base. Then the amino group was released by deprotecting the Boc group using TFA,
yielding intermediate 5-13, which was subsequently conjugated to TMP-COOH
(compound 4-2) using EDCI coupling condition, affording the final product TMP-biotin

5-14.
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Scheme 5-5 Synthesis of compound 5-14 TMP-biotin.
Reaction conditions: a. N-Boc-1,6-diaminohexane, DIEA, DMF, RT, 16 h. b. 1:1 TFA:DCM (v:v),

RT, 1 h. c. EDCI, HOBt, DIEA, DMF, RT, 16 h.

The A-TMP-biotin (compound 5-17) was also synthesized via the intermediate 5-

16, which was coupled to Biotin-NHS ester to yield the final product 5-17 (Scheme 5-6).
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Scheme 5-6 Synthesis of compound 5-17 A-TMP-biotin.

Reaction condition: a. EDCI, HOBt, DIEA, DMF, RT, 16 h.

I also synthesized a TexasRed-biotin as a control for phage display. This molecule

was similar to that used in the phage display screening for a TexasRed binding peptide.
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TexasRed-S0,Cl

Scheme 5-7 Synthesis of compound 5-18 TexasRed-biotin.

Reaction condition: a. DIEA, DMF, RT, 16 h.

All final compounds were purified by HPLC and dissolved in anhydrous DMF.
The concentration of the TMP-biotin was determined by measuring UV-visible
absorption at 280 nm (Figure 5-13). The A-TMP-biotin 5-17 was quantified using the
same method by another student Zhixing Chen (data not shown). The TexasRed-biotin 5-

18 was quantified by measuring absorption at 596 nm (¢ = 85,000 M'em™).
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Figure 5-13 Quantification of the TMP-biotin by UV-visible absorption.

Left: UV-visible absorption curves of standard solution of 1:1 trimethoprim:biotin at various
concentrations, as indicated in legend, in addition to the absorption curve of compound 5-14
TMP-Dex diluted by 200 times (labeled as unknown). Anhydrous DMF was used as solvent for all

solutions. Right: linear regression of absorption at 280 nm of standard solutions.
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To revalidate the binding affinity of peptides with TMP and A-TMP using
fluorescence polarization assay, we also synthesized TMP-fluorescein 5-21 and A-TMP-
fluorescein 5-22. The synthesis of compound 5-21 was described in Scheme 5-8.
Importantly, considering the cost of the fluorophore, we first derivatized the TMP-COOH
4-2 by coupling to N-Boc-1,6-diaminohexane, yielding intermedia 5-19. After removing
the Boc protective group by TFA, intermediate 5-20 was conjugated to 6-

carboxyfluorescein-NHS ester in the final step, affording TMP-fluorescein 5-21.
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Scheme 5-8 Synthesis of TMP-fluorescein 5-21.
Reaction conditions: a. N-Boc-1,6-diaminohexane, DIEA, DMF, RT, 16 h. b. 1:1 TFA:DCM (v:v),

RT, 1 h. c. 6-carboxyfluorescein-NHS ester, DIEA, DMF, RT, 16 h.

The compound 5-22 was synthesized by another student Zhixing Chen via the
synthetic route previously reported.” The structure of A-TMP-fluorescein 5-22 was

shown in Scheme 5-9.
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Scheme 5-9 Structure of A-TMP-fluorescein 5-22.
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Both compound 5-21 and 5-22 were dissolved in anhydrous DMF and the
concentration was determined by diluting in PBS buffer and measuring visible absorption

at 494 nm (g = 80,000 M'cm™).

5.3.10 Revalidation Of TMP-Binding Peptide From Phage Display

The phage display screening was performed by our collaborators Dr. Gang Chen
and Prof. Sachdev Sidhu (University of Toronto). Briefly, they constructed and screened
two different short peptide library: (1) a random 16 mer with Cys5 and Cys13 forming an
internal disulfide bond; and (2) a random 13 mer flanked with two EFLIVKS
constraining motifs, with a PG sequence on the C-termini to increase intracellular
stability. Figure 5-14 summarized the results of the first round of screening. Significantly,
two peptides C02 and D10 from library (1) have demonstrated specific binding with both
TMP and A-TMP. One peptide HO7 from library (2), on the other hand, showed high

affinity with TMP but modest affinity with A-TMP.
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Figure 5-14 Primary hits from phage display screening.
The ELISA signal indicated amount of phages binding to the small molecule immobilized at the
bottom of wells. Two different small molecules, TMP-biotin and A-TMP-biotin were used to screen

two peptide libraries. The small molecules were immobilized via biotin/NeutrAvidin interaction. In
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NeutrAvidin control group no small molecule was used; in the BSA control group bovine serum
albumin was added instead of phage library. The three top hits which have considerable ELISA
signal intensity with the small molecule (5-14 and/or 5-17) but not with the controls were listed in
the right table. Black letters indicated randomized sequence; red letters were the constraining

motif and the PG tag to increase peptide stability.

After pulling out the winning peptides from the initial phage display screening, I
first revalidated their binding affinity and specificity by performing fluorescence

polarization (FP) assay. The FP assay measures the extent the fluorescence is polarized:

p= 1 Equation 5-1
I”+IJ_
In Equation 5-1, I} and I, represent emission light intensity parallel and

perpendicular to the excitation light plane, respectively. With a certain fluorophore, the
FP value increases as the dye is bound by or spatially close to a large molecule, such as a
protein, hypothetically due to the restraint on the internal rotation of the fluorophore
molecule around single bonds. Therefore in a solution of TMP-fluorescein (compound 5-
21) mixed with TMP binding peptides, the FP value was anticipated to show linear
relationship versus the concentration of TMP-fluorescein in bound state:
FP = k[C] + FP, Equation 5-2
In Equation 5-2, K represents the proportionality constant; [C] refers to the TMP-
fluorescein in bound state (forming a complex with the peptide); and FP, represents the
intrinsic FP intensity with no TMP-fluorescein.
When [peptide] is orders of magnitude larger than [TMP-fluorescein], it can be
estimated that all TMP-fluorescein molecules are in bound state, and the FP value would

platue:

FPax = k[T]total + FP, Equation 5-3
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In Equation 5-3, [T}l represents the total concentration of the TMP-fluorescein.

Combine Equation 5-2 and 5-3:

FPmax—FPg — [Tltotat Equation 5-4
FP—FP, [ g

By the definition of dissociation constant Kp and conservation of mass:

K, = % Equation 5-5

[T] = [Tleotar — [C] Equation 5-6

In Equation 5-5, [T] and [P] refer to the concentration of TMP-fluorescein and

peptide in free states, respectively. Combine Equation 5-5 and 5-6:

[Tleotar _ [TI+[C] _ [T] Kp .
Cleotal _ 127 _ L1, 4 -2D4 1 E -7
[c] [c] [c] + [P] + guation 5
Finally combine Equation 5-4 and 5-7:
Pmax=TPo _ b 4 q Equation 5-8

FP—-FPy  [P]
When the concentration of TMP-fluorescein is significantly smaller than Kp
(empirically, Kp is anticipated to be in the order of hundreds of nM, while concentration
of TMP-fluorescein used in experiments was 10 nM), most peptides were expected to be
in free states. Thus [P] proximately equaled to the total concentration of peptide. Taken

Pmax_FPO

together, a linear regression of (F T 1) versus % would result in Kp as the slope.
—&hFo

Notably, in this deviation I used TMP-fluorescein as an example. With the A-TMP-
fluorescein (compound 5-22), the calculation of Kp was exactly the same as with TMP-
fluorescein.

The two peptide hits showing highest specific binding affinity with TMP-biotin,
HO07 and D10, were chemically synthesized (by Peptide 2.0 Inc.) and purified by HPLC
for the FP assay. The Kp values were summarized in Table 5-3, with example FP data

and regressing curve displayed in Figure 5-15.
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Figure 5-15 FP assay of peptide D10 binding TMP-fluorescein.

(A) 10 nM TMP-fluorescein 5-21 was mixed with peptide D10 at various concentration (0 — 2000
nM) in presence of 10 mM DTT to reduce the disulfide bond. FP values were measured on 96
well plate using a Perkin Elmer Victor® plate reader equipped with a FP module. (B) Linear
regression to calculate Kp as the slope.

Table 5-3 Dissociation constant (Kp) of peptide HO7 and D10 with TMP-fluorescein and A-

TMP-fluorescein.

Peptide TMP-fluorescein A-TMP-fluorescein
Kp/nM R’ Kp /nM R®
D10 (oxidized)" | 452 0.944 517 0.895
D10 (reduced)’ | 207 0.991 575 0.917
HO7 323 0.982 373 0.913

a. D10 peptide was synthesized with internal disulfide bond.

b. The FP experiments were performed in solution with 10 mM DTT to reduce disulfide bonds.

Significantly, both D10 and HO7 were shown to bind TMP-biotin and A-TMP-
biotin with Kp in the order of hundreds of nM, which were quite fair for the first round of
library screening. Interestingly, the D10 peptide constrained via disulfide bond was
anticipated to show considerably impaired affinity with TMP and A-TMP when the
disulfide bond was reduced by DTT. However, the experimental results were reverse: the

reduced D10 binded TMP-fluorescein even tighter than the oxidized form, while the
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affinity with A-TMP-fluorescein was not significantly affected by DTT. This unexpected
result might imply that the D10 peptide did not bind to TMP or A-TMP in a specific way.
Instead the increase in FP value may be merely due to the aggregated peptide.

In order to make sure that HO7 and D10 specifically bind TMP and/or A-TMP, 1
designed a FP competition assay: 500 nM peptide (HO7 or D10) was incubated with 50
nM small molecule (TMP-fluorescein or A-TMP-fluorescein) in presence of TMP at
various concentrations (0 — 10,000 nM). If the peptide recognizes TMP in a specific
manner, the binding should be efficiently competed by TMP, showing a decrease in FP as
TMP concentration increases. Unfortunately, in competition experiments I have never
observed significant competition using either HO7 or D10; in complex with either TMP-

fluorescein or A-TMP-fluorescein (Figure 5-16 showed representative results).

A HO7 binding TMP-fluorescein; competed with TMP B eDHFR binding TMP-flucrescein; competed with TMP
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Figure 5-16 FP competition assay.
(A) FP assay of 500 nM HO7 peptide binded 50 nM TMP-fluorescein, incubated with TMP at
various concentrations. (B) The same assay with eDHFR as a positive control: 1000 nM TMP

could significantly interrupt the specific binding of eDHFR by TMP-fluorescein.

Remarkably, the theoretical IC50 was estimated to be ~1000 nM (the calculation
will be covered in Section 5.5.6.2) by assuming that the Kp values for peptide/TMP-

fluorescein and peptide/TMP complexes were both 500 nM. Indeed, in the eDHFR
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control group the TMP could efficiently inhibit the eDHFR/TMP-fluorescein binding.
Therefore, the HO7 seemed to bind the TMP-fluorescein in a non-specific manner. The
same result was also observed for all other peptide/small molecule combinations.

Taken together, although in the first round of phage display a couple of peptides
have been pulled out as strong TMP and/or A-TMP binders, the peptide/small molecule
interaction appeared to be non-specific. The peptide did not seem to recognize TMP
molecule mimicking the eDHFR; instead the small molecules might be trapped by non-

specific hydrophobic interaction, or due to the aggregation of the peptide.

5.4 Discussion

In conclusion, we have successfully constructed a CSP library for Y3H screening.
We synthesized TMP-Dex and A-TMP-Dex which have been demonstrated to be strong
CIDs. However, the screening of the CSP library was impeded due to excessive amount
of false positives. In addition, we have been able to pull out several hits in the first round
phage display screening, with Kp in the high nM range. However, using FP competition
assay we have confirmed that these peptides did not specifically bind TMP or A-TMP.

The most plausible explanation to the false positives in Y3H screening was that
some peptides bind to the protein partner of the Y3H system, not the small molecule CID.
Notably, when the TMP or A-TMP was displayed via interaction between Dex and GR-
B42 fusion protein, the TMP or A-TMP was only expected to occupy a very small
fraction of the protein surface area. Therefore, theoretically the probability to pull out a
false positive by the Y3H strategy would be much higher than that of a real hit. One
possible solution of this problem is to perform another round of counter selection without

CID, killing all the false positive colonies. Now the Cornish lab has developed a highly
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efficient counter selection system based on URA3 under control by an inducible Tet
promoter. We hope this new technology would significantly benefit the Y3H screening in
future experiments.

Although we were not able to pick up a TMP binding peptide using the Y3H
screening strategy, we have established TMP-Dex and A-TMP-Dex as highly robust
CIDs to induce the expression of the target gene. The efficiency of the Y3H system has
been demonstrated using both LacZ and growth assays. Moreover, the A-TMP-Dex was
believed to be the first covalent CID based on proximity-induced reaction. Significantly,
the covalent conjugation of A-TMP and eDHFR:L28C leaded to higher signal readout in
both LacZ and growth assays. This result was very important to guide future works to
construct strong, permanent protein dimerizers.

The phage display was supposed to be a well-established technology to develop
peptide aptamers (peptides binding to a specific material). In previous studies this
strategy has been successfully used to find a constrained peptide binding to TexasRed
fluorophore, a rhodamine-based fluorophore with an extended conjugation system, which
potentially aids the small molecule/peptide interaction. In our experiment, on the other
hand, the target molecule TMP and A-TMP were smaller and less hydrophobic compared
to the TexasRed and as a result, it has proven harder to pick up a binding peptide using
the phage display technology. Possible improvement of the strategy may include (1)
redesign the random peptide library using doped codon to encode more hydrophilic
amino acids, which may reduce the tendency of aggregation; (2) integrate the TMP

competition assay into the screening process, for example, elute the phage library with
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TMP instead of non-specific eluent; and (3) use other screening technology, eg. ribosome
display, which is able to cover a much larger library (up to 10'* different peptides).
Finally, these results also made us to reflect on our original plan to construct a
peptide chemical tag. In theory, it is supposed to be much more difficult for a short
peptide, compared to a protein, to bind a small molecule with high affinity and specificity.
And our efforts on developing a TMP-binding peptide have justified this difficulty.
Indeed, to date there has been very few peptide-based chemical tags that have been
demonstrated to have high reactivity and selectivity — none of them as robust as the
SNAP-tag and TMP-tag that enable live cell imaging of intracellular proteins using
modular fluorophores. On the other hand, a small fluorescent label has always been a
dream for biologist to study biomolecules with minimal perturbation on function and
conformation. Instead of peptide tags, we now believe that the true breakthrough in the
field of chemical tags would be the unnatural amino acid (UAA) mutagenesis technology
that can installs a fluorophore at any part of the target protein as an amino acid side chain.
Currently several other students in the Cornish lab are trying to use the UAA technology

to incorporate a far red dye Atto655 into proteins.
5.5 Experimental Methods

5.5.1 PCR Amplification Of The CSP Library Cassette

The ssDNA library template encoding the scaffold and the randomized 12-mer
NNK library, VWC2133, was amplified using Pfu Turbo and primers VWC2129 and
VWC2134 to generate a 162 bp fragment. The DNA was purified by polyacrylamide gel
electrophoresis. Then, the DNA product was amplified using Pfu Turbo and primers

VWC2130 and VWC2132 and again gel purified to isolate the 180 bp cassette.



242

5.5.2 Transformation Of Library3
The CJ-library3 cassette and the backbone vector pMW103 (digested by Notl and
Xhol) were introduced into parent strain CJ-34. The yeast transformation protocol has

been described in Section 3.4.5.4.

For DNA sequencing, the plasmid encoding CJ-library3 was first extracted from
yeast and then transformed into E.coli and amplified via colony PCR. The protocol for

yeast mini-prep has been described in Section 3.4.5.5.
5.5.3 Synthesis Of A-TMP-Dex

5.5.3.1 Synthesis Of Compound 5-1

Dexamethasone (1.18 g, 3 mmol) was dissolved in 234 mL EtOH and 93 mL H,O.
NalO4 (771 mg, 3.6 mmol) and 2 M H,SO4 (6 mL) was then added to the solution. The
reaction mixture was stirred at RT for 24 h before removing ethanol by rotary
evaporation (leave small amount of water). Then the solution was diluted in 48 mL brine
and the pH was adjusted to 12.0 by adding 1 N NaOH. Wash the aqueous solution with
3X 240 mL DCM and then adjust pH to 3.0 by adding NaHSO,. The product was
extracted by 2X 240 mL EtOAc followd by 2X 240 mL 1:1 EtOAc:DCM (v/v). The
organic layers were then combined and washed with 3X 100 mL brine before dried over
Na2S04 and concentrated, yielding compound 5-1 (1.07 g, 95% yield, Rf = 0.48 in 5:1
DCM:MeOH, v/v). '"H NMR (400 MHz, DMSO0-d6) & 12.39 (s, 1H), 7.29 (d, J = 10.1 Hz,
1H), 6.22 (dd, J = 10.1, 1.9 Hz, 1H), 6.00 (t, J = 1.6 Hz, 1H), 5.23 (dd, J = 4.0, 1.9 Hz,
1H), 4.60 (s, 1H), 4.17 — 4.08 (m, 1H), 2.83 (ddd, J = 11.3, 7.1, 4.2 Hz, 1H), 2.68 — 2.56
(m, 1H), 2.42 — 2.24 (m, 2H), 2.00 (td, J = 11.4, 7.5 Hz, 2H), 1.77 (dt, J = 11.2, 5.2 Hz,

1H), 1.62 (q, J = 11.3 Hz, 1H), 1.53 (dd, J = 13.8, 1.9 Hz, 1H), 1.49 (s, 3H), 1.34 (qd, J
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=129, 4.9 Hz, 1H), 1.06 (ddd, J = 12.2, 8.2, 4.1 Hz, 1H), 1.00 (s, 3H), 0.86 (d, J = 7.1

Hz, 3H). MS (FAB+) m/z Calcd. For Cy;H,7FOs [M+H]:379.18. Found: 379.19.

5.5.3.2 Synthesis Of Compound 5-2

Compound 5-1 (200 mg, 0.528 mmol), N-Boc-1,6-diaminohexane (267 mg, 1.057
mmol), EDCI (303.7 mg, 1.584 mmol), and HOBt (214 mg, 1.584 mmol) were dissolved
in 5 mL DMF and then DIEA (0.92 mL, 5.28 mmol) was added to the solution. The
reaction mixture was stirred at RT for 16 h before concentrated. The residue was then
diluted with 100 mL EtOAc and washed with 2X 50 mL saturated NaHCO5 and 2X 50
mL brine. After drying the organic layer over Na,SO4 and removing solvent, the crude
product was purified by flash column chromatography on silica gel (1:2 hexane:EtOAc,
v/v), yielding compound 5-2 (290 mg, 94% yield, Rf = 0.38 in 1:2 hexane:EtOAc, v/v).
'H NMR (400 MHz, Chloroform-d) & 7.32 (d, J = 10.1 Hz, 1H), 6.63 — 6.56 (m, 1H),
6.27 (dd, J = 10.1, 1.8 Hz, 1H), 6.08 (s, 1H), 4.65 (s, 1H), 4.38 — 4.30 (m, 1H), 4.04 (s,
1H), 3.54 (dq, J = 12.8, 7.1 Hz, 1H), 3.22 (ddp, J = 10.6, 7.3, 3.0 Hz, 1H), 3.16 — 2.94
(m, 3H), 2.60 (tdd, J = 13.7, 6.0, 1.8 Hz, 1H), 2.46 — 2.28 (m, 3H), 2.25 — 2.07 (m, 2H),
1.87 — 1.69 (m, 2H), 1.55 (s, 4H), 1.49 (td, J = 13.3, 6.0 Hz, 4H), 1.42 (s, 9H), 1.33 (dd, J
=17.9, 4.5 Hz, 4H), 1.20 (s, 1H), 1.12 (s, 3H), 0.92 (d, J = 7.3 Hz, 3H). MS (FAB+) m/z

Calced. For C3,H4FN,Og [M+H]": 577.36. Found: 577.1.

5.5.3.3 Synthesis Of Compound 5-3
Compound 5-2 was deprotected by dissolving in 5 mL TFA and 5 mL DCM,
stirring at RT for 1 h. Then the product was obtained by removing solvent by rotary

evaporation, yielding compound 5-3 (quantitative, not purified) as colorless oil.
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5.5.3.4 Synthesis Of Compound 5-4

Acryloyl chloride (502 mg, 449 pL, 5.55 mmol) was added dropwise to a solution
of L-aspartic acid 4-tert-butyl ester (1.00 g, 5.28 mmol) and sodium carbonate (840 mg,
7.93 mmol) on an ice bath. The reaction was then warmed to RT and stirred for another
1h. The pH of the solution was then adjusted to 2 by addition of IM NaHSO4 aqueous
solution. Then the mixture was extracted by ethyl acetate (2 x 100 ml). The organic
layers were combined, dried over anhydrous Na,SO4 and concentrated to yield compound
3 (0.93 g, 3.85 mmol, 73%) as a colorless oil. "H NMR (300 MHz, CDCl3) & ppm: 6.80
(d,J=7.5Hz, 1 H); 6.35(dd, J = 16.8 Hz, 1.2 Hz, 1 H); 6.16 (dd, J = 16.8 Hz, 10.2 Hz,
1 H); 5.75 (dd, J = 10.2 Hz, 1.2 Hz, 1 H); 4.89(m, 1 H); 3.02 (dd, J = 17.1 Hz, 4.2 Hz, 1
H); 2.78 (dd, J = 17.1 Hz, 5.4 Hz, 1 H); 1.44 (s, 9 H). HRMS (FAB+) m/z Calcd. for

C11H 305N [M+H]":244.1185. Found: 244.1181

5.5.3.5 Synthesis Of Compound 5-6

DIEA (259 mg, 348 ul, 2.00 mmol) was added dropwise to a solution of
compound 5-4 (187 mg, 0.77 mmol), compound 2-3 (271 mg, 0.63 mmol, in the form of
TFA salt), DMAP (39 mg, 0.30 mmol) and EDCI (241 mg, 1.26 mmol) in 10 ml
anhydrous DMF at RT. The reaction was stirred for 20 h at RT and concentrated. The
mixture was then purified by silica gel flash chromatography (10% MeOH in DCM) to
give the coupling product 5-5 (co-eluted with starting material 5-4, no pure product
obtained), which was directly dissolved in 20 ml TFA-DCM (1:1, v/v) and stirred for 4 h
at RT. The solvent was removed in vacuo and the crude product was purified by column
chromatography on silica gel (30% MeOH in DCM) to give carboxylic acid 5-6 (127 mg,

253 pmol, 46%) as a colorless oil. '"H NMR (300 MHz, CD;OD) & ppm: 7.25 (s, 1 H);
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6.57 (s, 2 H); 6.24 (dd, J = 17.1 Hz, 9.0 Hz, 1 H); 6.16 (dd, J = 17.1 Hz, 3.0 Hz, 1 H);
5.61 (dd, J = 9.0 Hz, 3.0 Hz, 1 H); 4.80 (m, 1 H); 3.98 (m, 2 H); 3.82 (s, 6 H); 3.68 (s, 2
H); 3.46 (t, = 6.0 Hz, 2 H); 2.87 (dd, J = 16.8 Hz, 6.0 Hz, 1 H); 2.72 (dd, J = 16.8 Hz,
75 Hz, 1 H); 1.88 (m, 2 H). HRMS (FAB+) m/z Caled. for CpHsO7Ng

[M+H]+:503.2254. Found: 503.2273.

5.5.3.6 Synthesis Of Compound 5-7

Compound 5-6 (50 mg, 0.0995 mmol), compound 5-3 (71 mg, 0.149 mmol),
EDCI (57 mg, 0.298 mmol), HOBt (40 mg, 0.298 mmol) were dissolved in 1 mL DMF
and then DIEA (0.92 mL, 5.28 mmol) was added to the solution. The reaction mixture
was stirred at RT for 16 h before concentrated. The residue was then diluted with 50 mL
EtOAc and washed with 2X 25 mL saturated NaHCO3 and 2X 25 mL brine. After drying
the organic layer over Na,SO4 and removing solvent, the crude product was purified by
flash column chromatography on silica gel (5:1 DCM:MeOH, v/v), yielding compound 5-
7 (36 mg, 37% yield, Rf = 0.33 in 5:1 DCM:MeOH, v/v). '"H NMR (400 MHz, Methanol-
d4) 6 7.52 (s, 1H), 7.42 (d, J = 10.1 Hz, 1H), 6.52 (s, 2H), 6.28 (dd, J = 10.2, 1.9 Hz, 1H),
6.23 — 6.10 (m, 2H), 6.07 (t, J = 1.6 Hz, 1H), 5.58 (dd, J = 8.6, 3.4 Hz, 1H), 4.80 (dd, J =
7.4,6.0 Hz, 1H), 4.23 (dd, J =11.2, 2.1 Hz, 1H), 3.95 (dq, J = 6.7, 5.2, 4.4 Hz, 2H), 3.79
(s, 6H), 3.64 (s, 2H), 3.45 (td, J = 6.4, 3.6 Hz, 2H), 3.29 — 3.24 (m, 1H), 3.18 — 3.07 (m,
4H), 2.77 — 2.66 (m, 2H), 2.59 (dd, J = 15.0, 7.4 Hz, 1H), 2.52 — 2.34 (m, 2H), 2.25 —
2.12 (m, 2H), 1.86 (td, J = 8.1, 6.4, 4.0 Hz, 3H), 1.75 (d, J = 11.8 Hz, 1H), 1.58 (s, 3H),
1.54 — 1.43 (m, 6H), 1.37 — 1.27 (m, 4H), 1.19 (s, 1H), 1.09 (s, 3H), 0.89 (d, J = 7.2 Hz,

3H). MS (FAB+) m/z Calcd. For CsoHgoFNgO1o [M+H]": 961.51. Found: 961.52.
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5.5.3.7 Synthesis Of Compound 5-9

Compound 5-1 (200 mg, 0.528 mmol), N-Boc-1,10-diaminodecane (288 mg,
1.057 mmol), EDCI (303.7 mg, 1.584 mmol), and HOBt (214 mg, 1.584 mmol) were
dissolved in 5 mL DMF and then DIEA (0.92 mL, 5.28 mmol) was added to the solution.
The reaction mixture was stirred at RT for 16 h before concentrated. The residue was
then diluted with 100 mL EtOAc and washed with 2X 50 mL saturated NaHCO; and 2X
50 mL brine. After drying the organic layer over Na,SO4 and removing solvent, the crude
product was purified by flash column chromatography on silica gel (1:2 hexane:EtOAc,
v/v), yielding compound 5-8 (co-eluted with starting material, no pure product obtained).
Compound 5-8 was deprotected by dissolving in 3 mL TFA and 3 mL DCM, stirring at
RT for 1 h. Then the product was obtained by removing solvent by rotary evaporation,
yielding compound 5-9 (196 mg, 70% yield) as colorless oil. 'H NMR (400 MHz,
Methanol-d4) ¢ 8.00 (d, J = 15.2 Hz, 1H), 7.42 (d, J = 13.6 Hz, 1H), 6.29 (d, J = 13.6 Hz,
1H), 6.084 (s, 1H), 4.25 — 4.21 (m, 1H), 3.23 — 3.12 (m, 3H), 2.91 (t, J = 10 Hz, 2H),
2.71 —2.68 (m, 1H), 2.40 — 2.36 (m, 1H), 2.25 —2.15 (m, 1H), 1.92 — 1.86 (m, 1H), 1.82
— 1.75 (m, 1H), 1.70 — 1.61 (m, 2H), 1.59 (s, 3H), 1.48 — 1.57 (m, 2H), 1.34 (b, 12H),
1.25 - 1.20 (m, 1H), 1.09 (s, 3H), 0.89 (d, J = 9.6 Hz, 3H). MS (FAB+) m/z Calcd. For

C31H49FN,O4 [M+H]": 533.37. Found: 536.49.

5.5.3.8 Synthesis Of Compound 5-10

Compound 5-6 (50 mg, 0.0995 mmol), compound 5-9 (79 mg, 0.149 mmol),
EDCI (57 mg, 0.298 mmol), HOBt (40 mg, 0.298 mmol) were dissolved in 1 mL DMF
and then DIEA (0.92 mL, 5.28 mmol) was added to the solution. The reaction mixture

was stirred at RT for 16 h before concentrated. The residue was then diluted with 50 mL



247

EtOAc and washed with 2X 25 mL saturated NaHCO3 and 2X 25 mL brine. After drying
the organic layer over Na,SO4 and removing solvent, the crude product was purified by
flash column chromatography on silica gel (5:1 DCM:MeOH, v/v), yielding compound 5-
10 (30 mg, 30% yield). 'H NMR (400 MHz, Methanol-d4) & 7.51 (s, 1H), 7.41 (d, J =
10.1 Hz, 1H), 6.52 (s, 2H), 6.28 (dd, J = 10.1, 1.9 Hz, 1H), 6.25 — 6.09 (m, 2H), 6.07 (t, J
= 1.6 Hz, 1H), 5.58 (dd, J = 8.7, 3.2 Hz, 1H), 4.79 (dd, J = 7.4, 6.1 Hz, 1H), 4.23 (ddd, J
=11.1, 4.0, 2.0 Hz, 1H), 3.95 (ddq, J = 8.0, 5.7, 3.7 Hz, 2H), 3.79 (s, 6H), 3.64 (s, 2H),
3.45 (td, J = 6.5, 2.8 Hz, 2H), 3.25 (dt, J = 13.1, 7.2 Hz, 1H), 3.17 — 3.07 (m, 3H), 2.71
(dt, J = 13.9, 5.6 Hz, 2H), 2.59 (dd, J = 15.0, 7.4 Hz, 1H), 2.53 — 2.34 (m, 2H), 2.24 —
2.15 (m, 2H), 1.86 (tq, J = 11.7, 6.3, 5.2 Hz, 3H), 1.81 — 1.69 (m, 1H), 1.59 (s, 3H), 1.56
— 1.48 (m, 3H), 1.48 — 1.41 (m, 3H), 1.37 — 1.25 (m, 12H), 1.19 (ddd, J = 12.5, 8.4, 4.3
Hz, 1H), 1.09 (s, 3H), 0.89 (d, J = 7.2 Hz, 3H). MS (FAB+) m/z Calcd. For

Cs4H77FNgO,o [M+H]": 1017.57. Found: 1017.58.

5.5.3.9 Synthesis Of Compound 5-11

Compound 4-2 (151 mg, 0.4 mmol), compound 5-9 (107 mg, 0.2 mmol), EDCI
(115 mg, 0.6 mmol), HOBt (81 mg, 0.6 mmol) were dissolved in 5 mL DMF and then
DIEA (0.35 mL, 2 mmol) was added to the solution. The reaction mixture was stirred at
RT for 16 h before concentrated. The residue was then diluted with 150 mL EtOAc and
washed with 2X 50 mL saturated NaHCO; and 2X 50 mL brine. After drying the organic
layer over Na,SO4 and removing solvent, the crude product was purified by flash column
chromatography on silica gel (4:1 DCM:MeOH, v/v), yielding compound 5-11 (70 mg,
39% yield). MS (FAB+) m/z Calcd. "H NMR (400 MHz, Methanol-d4) § 7.50 (d, J = 2.4

Hz, 1H), 7.41 (d, J = 10.1 Hz, 1H), 6.51 (s, 2H), 6.28 (dd, J = 10.1, 1.9 Hz, 1H), 6.07 (t,
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J=1.6 Hz, 1H), 4.23 (ddd, J = 11.3, 4.1, 2.0 Hz, 1H), 3.91 (td, J = 6.2, 3.4 Hz, 2H), 3.78
(s, 6H), 3.65 (d, = 8.7 Hz, 2H), 3.25 (dt, J = 13.0, 7.2 Hz, 1H), 3.15 (q, J = 5.4, 3.7 Hz,
2H), 3.13 — 3.06 (m, 2H), 2.71 (dd, J = 6.2, 1.7 Hz, 1H), 2.53 —2.42 (m, 1H), 2.42 — 2.34
(m, 1H), 2.25 (t, J = 7.3 Hz, 2H), 2.19 (ddd, J = 15.7, 6.9, 3.2 Hz, 2H), 1.92 — 1.83 (m,
2H), 1.83 — 1.74 (m, 2H), 1.74 — 1.65 (m, 2H), 1.59 (s, 3H), 1.55 — 1.42 (m, 6H), 1.32 (d,
J = 3.9 Hz, 12H), 1.21 — 1.12 (m, 1H), 1.09 (s, 3H), 0.89 (d, J = 7.2 Hz, 3H). For

C49H71FNOg [M+H]": 891.53. Found: 891.54.
5.5.4 Characterization Of A-TMP-Dex

5.5.4.1 Lacz Transcription Assay.

For the LacZ liquid assays, the yeast strains were grown to saturation, and 5 uL. of
the cultures were used to inoculate 95 pL of synthetic complete media lacking histidine,
uracil, and tryptophan and containing no glucose, 2% galactose, and 2% raffinose both
with and without small molecule. The cultures were then grown at 30°C for three days
and then the cells were harvested by centrifugation and the pellets were resuspended in
100 pL of distilled water and transferred to a flat-bottomed 96-well plate to measure the
absorbance at 600 nm. Then, the cultures were transferred back to U-bottomed 96-well
plate, centrifuged for 5 minutes at 2000 rpm, the supernatant was removed, and the
pellets were resuspended in 100 puL of the Y-Per Protein Extraction Reagent and lysed for
30 minutes. To measure the absolute B-galactosidase activity of the cells, the lysate was
incubated with 8.5 pL of 10 mg/mL ONPG for about 10 min at 37°C until the positive
control turned a yellow color. After the incubation, the reaction was stopped by adding
110 pL of 1M Na,COs. The lysates were centrifuged for 5 min at 2000 rpm and the

supernatants were transferred to a flat-bottomed 96-well plate. The absorbance of the
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solution at 420 and 550 nm was measured using the HTS 7000 Plus BioAssay Plate
Reader. The B-galactosidase units were calculated using the following equation: -

galactosidase = 1000 * (A420/[A600 * time in minutes * volume assayed in mL]).

5.5.4.2 Growth Curves For LEU2 Selections

To measure the growth rate of yeast strains under certain conditions, cells from
glycerol stock or patches on plates were used to inoculate 1-mL overnight cultures in SC
(Glc) media with amino acid dropouts to maintain the plasmids. Cells were harvested
(5000 rpm, 5 min, room temperature) and washed 2X with sterile water. For each strain,
the cells were first adjusted to OD600 = 1 and then 2 uL of cell culture was used to
inoculate 198 pL selective media on 96-well plate. At least 4 replicates were performed

for each condition. Growth was monitored by absorption at 600 nm.

5.5.4.3 Mock Selectrion

One mL of SC media containing 2% glucose and lacking histidine and tryptophan
was inoculated from patches of the Y3H and null strains. These starter cultures were
used to inoculate overnight cultures (10-50 mL) of the same media except containing 2%
galactose and 2% raffinose to pre-induce the yeast three-hybrid construct expression.
Cells were harvested, washed 3X with sterile water, and resuspended in the SC media
containing 2% galactose and 2% raffinose and lacking histidine, tryptophan and leucine
for selection. The OD600 of the each strain was determined and cells were mixed to give
10:1, 10°:1, 10°:1, and 10":1 ratios of the null:positive strains. For yeast three-hybrid
selections, Mtx-Dex and A-TMP-Dex were added to a final concentration of 5 uM. Each
selection had a final volume of 3 mL and a calculated initial OD600 of 1. Selections

were shaken at 30 °C. On days 0, 3, and 6, cells were plated on plates containing SC
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media with 2% glucose and lacking histidine and tryptophan and after 2 days of growth,
plates were assayed using the overlay assay described below. After the plates developed,

the number of red and blue colonies on each plate was counted.

5.5.4.4 Magenta-Gal/X-Gluc Overlay Assay.

Potassium phosphate buffer (0.5 M, pH 7.0), 19.8 mL of DMF, 3.3 mL of 10%
SDS, and 3.3 g low-melting point agarose were combined in an Erlenmeyer flask. The
solution was microwaved until the SDS and agarose went into solution. The flask was
cooled in a 65°C water bath. B-mercaptoethanol (165 pL), X-Gluc (165 mg dissolved in
I mL DMF), and Magenta-Gal (50 mg dissolved in 1 mL DMF) were added. After
gentle mixing, a pipette was used to carefully cover each plate with approximately 10 mL
of the agarose solution. The color usually developed sufficiently for plates to be counted

within a few hours.
5.5.5 Synthesis Of A-TMP-Biotin For Phage Display

5.5.5.1 Synthesis Of Compound 5-12

Biotin-NHS ester (100 mg, 0.293 mmol) and N-Boc-1,6-diaminohexane (74 mg,
0.293 mmol) was dissolved in 2 mL DMF and then DIEA (0.51 mL, 2.93 mmol) was
added to the solution. The reaction mixture was stirred at RT for 16 h before concentrated.
The crude product was purified by flash column chromatography on silica gel (9:1
DCM:MeOH, v/v), yielding compound 5-12 (32 mg, 13% yield). '"H NMR (400 MHz,
Methanol-d4) 6 4.53 — 4.46 (m, 1H), 4.30 (dd, J = 7.9, 4.4 Hz, 1H), 3.19 (dddd, J = 12.9,
8.6, 6.5, 5.0 Hz, 3H), 3.03 (q, J = 6.7 Hz, 2H), 2.93 (dd, J = 12.7, 5.0 Hz, 1H), 2.71 (d, J

= 12.7 Hz, 1H), 2.20 (t, J = 7.3 Hz, 2H), 1.66 (ddtd, J = 30.3, 14.3, 7.7, 7.3, 5.6 Hz, 4H),
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1.55 — 1.45 (m, 6H), 1.43 (s, 9H), 1.38 — 1.30 (m, 4H). MS (FAB+) m/z Calcd. For

C21H38N404S [M+H]+Z 443.26. Found: 443.3.

5.5.5.2 Synthesis Of Compound 5-13
Compound 5-12 was deprotected by dissolving in 1 mL TFA and 1 mL DCM,
stirring at RT for 1 h. Then the product was obtained by removing solvent by rotary

evaporation, yielding compound 5-13 (quantitative, not purified) as colorless oil.

5.5.5.3 Synthesis Of Compound 5-14

Compound 4-2 (22 mg, 0.059 mmol), compound 5-12 (13 mg, 0.039 mmol),
EDCI (22 mg, 0.117 mmol), HOBt (16 mg, 0.117 mmol) were dissolved in 1 mL DMF
and then DIEA (70 pL, 0.39 mmol) was added to the solution. The reaction mixture was
stirred at RT for 16 h before concentrated. The residue was then diluted with 50 mL
EtOAc and washed with 2X 25 mL saturated NaHCO3 and 2X 25 mL brine. After drying
the organic layer over Na,SO4 and removing solvent, the crude product was first purified
by flash column chromatography on silica gel (3:1 DCM:MeOH, v/v) and then by reverse
phase HPLC, yielding compound 5-14 (7 mg, 26% yield). 'H NMR (400 MHz,
Methanol-d4) 6 7.23 — 7.21 (m, 1H), 6.56 (s, 2H), 4.48 (ddd, J = 7.9, 5.0, 1.0 Hz, 1H),
429 (dd,J=7.9,4.4 Hz, 1H), 3.92 (t, J = 6.1 Hz, 2H), 3.81 (s, 6H), 3.68 — 3.64 (m, 2H),
3.22-3.12 (m, 5H), 2.92 (dd, J = 12.7, 5.0 Hz, 1H), 2.70 (d, J = 12.7 Hz, 1H), 2.25 (t, J
= 7.3 Hz, 2H), 2.19 (t, J = 7.3 Hz, 2H), 1.85 — 1.76 (m, 2H), 1.71 (ddd, J = 13.3, 7.2, 4.2
Hz, 4H), 1.67 — 1.55 (m, 2H), 1.50 (tt, J = 6.8, 3.4 Hz, 4H), 1.44 (q, J = 7.7 Hz, 2H),
1.35 (td, J = 6.0, 4.5, 2.4 Hz, 4H). MS (FAB+) m/z Calcd. For C34Hs5;NgOsS [M+H]":

701.37. Found: 701.38.
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5.5.5.4 Synthesis Of Compound 5-15 And 5-16

To the solution of compound 5-6 (82 mg, 163 pumol), N-Boc-1,6-hexanediamine
hydrochloride (62 mg, 250 umol), DMAP (10 mg, 80 umol) in 5 ml anhydrous DMF was
added EDCI (62 mg, 326 umol) and DIEA (63 mg / 85 pL, 490 pumol) at RT. The
reaction was stirred for 20 h at RT before concentrated in vacuo. The mixture was then
purified by silica gel flash chromatography (10% MeOH in DCM) to give the coupling
product. The coupling product was directly dissolved in 5 ml trifluoroacetic acid (TFA)
and stirred for 4 h at RT. The solvent was removed in vacuo and a fraction of the amine
product was further purified by reverse phase HPLC to give A-TMP-C6-NH2, compound
5-16 (12.0 mg, in the form of TFA salt) as white solid. HPLC condition: starting with
10%: 90% acetonitrile: Water, gradient elution for 50 min, end with 40%:60%
ACN:Water. Retention time: 13-15 min. '"H NMR (300 MHz, CD;0D) & ppm: 7.25 (s, 1
H); 6.57 (s, 2 H); 6.22 (dd, J = 17.1 Hz, 9 Hz, 1 H); 6.14 (dd, J = 17.1 Hz, 3 Hz, 1 H);
5.61 (dd, J =9 Hz, 3 Hz, 1 H); 4.81 (m, 1 H); 3.96 (m, 2 H); 3.81 (s, 6 H); 3.67 (s, 2 H);
3.48-3.4(m, 2 H); 3.16 (t, J = 6.9 Hz, 2 H); 2.91 (t, J = 7.5 Hz, 2 H); 2.74 (dd, J = 15 Hz,
6 Hz, 1 H); 2.58 (dd, J = 15 Hz, 7.5 Hz, 1 H); 1.87 (m, 2 H); 1.64 (m, 2 H); 1.5 (m, 2 H);
1.37 (m, 4 H). HRMS (FAB+) m/z Calcd. for C9H4sO¢Ng [M+H]+:601.3457. Found:

601.3459

5.5.5.5 Synthesis Of Compound 5-17

5 uL DIEA was added to a solution of compound 5-16 (5.4 mg, 9 umol) and
Biotin-NHS ester (6 mg, 18 umol) in 1 ml anhydrous DMF. The mixture was stirred at
RT for 12 h before concentrated. Reaction residue was purified by preparative TLC to

give compound 5-17 A-TMP-Biotin. '"H NMR (400 MHz, CD30D) & ppm: 7.52 (s, 1 H);
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6.52 (s, 2 H); 6.19 (dd, J = 17.2 Hz, 8.6 Hz, 1 H); 6.14 (dd, J = 17.2 Hz, 2.4 Hz, 1 H);
5.59 (dd, J = 8.6 Hz, 2.4 Hz, 1 H); 4.79 (m, 1 H); 4.48 (dd, J = 8 Hz, 4.4 Hz, 1 H); 4.29
(dd, J = 8 Hz, 4.4 Hz, 1 H); 3.95 (m, 2 H); 3.79 (s, 6 H); 3.64 (s, 2 H); 3.48-3.4(m, 2 H);
3.19 (m, 1 H); 3.17-3.1 (m, 4 H); 2.92 (dd, J = 12.8 Hz, 4.8 Hz, 1 H); 2.72 (dd, J = 15.2
Hz, 6 Hz, 1 H); 2.70 (dd, J = 12.8 Hz, 4.4 Hz, 1 H); 2.59 (dd, J = 15.2 Hz, 7.6 Hz, 1 H);
2.18 (t, J = 7.2 Hz, 2 H); 1.86 (m, 2 H); 1.78-1.55 (m, 4 H); 1.52-1.38 (m, 6 H); 1.37-
1.26 (m, 6 H). HRMS (FAB+) m/z Calcd. for C39H5908N10S [M+H]+:827.4238.

Found:827.4276.

5.5.5.6 Synthesis Of Compound 5-18

TexasRed-SO,Cl (5 mg, 8 umol) and compound 5-13 (2.7 mg, 8 umol) was
dissolved in 0.5 mL DMF and then DIEA (14 pL, 80 umol) was added to the solution.
The reaction mixture was stirred at RT for 16 h before concentrated. The crude product
was purified by reverse phase HPLC, yielding compound 5-18 (1 mg, 13% yield). 'H
NMR (400 MHz, Methanol-d4) 6 8.57 (dd, J = 1.7, 0.4 Hz, 1H), 8.19 (dd, J = 7.9, 1.7 Hz,
1H), 7.47 — 7.41 (m, 1H), 6.62 (s, 2H), 4.44 (ddd, J = 7.9, 5.0, 0.9 Hz, 1H), 4.26 (dd, J =
7.9, 4.4 Hz, 1H), 3.57 (dd, J = 6.6, 4.6 Hz, 4H), 3.52 (t, J = 5.8 Hz, 4H), 3.17 (dd, J =
9.1, 4.7 Hz, 1H), 3.15 — 3.12 (m, 2H), 3.12 — 3.05 (m, 4H), 2.89 (dd, J = 12.7, 5.0 Hz,
1H), 2.77 (t, J = 7.1 Hz, 2H), 2.70 (d, J = 6.2 Hz, 3H), 2.66 (d, J = 12.8 Hz, 2H), 2.18 (t,
J =17.3 Hz, 2H), 2.12 (q, J = 6.2 Hz, 4H), 2.00 — 1.91 (m, 4H), 1.77 — 1.51 (m, 4H), 1.49
— 1.33 (m, 6H), 1.28 — 1.21 (m, 4H). MS (FAB+) m/z Calcd. For C47HssN¢OsS; [M]":

930.35. Found: 930.5.
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5.5.5.7 Synthesis Of Compound 5-19

Compound 4-2 (20 mg, 0.053 mmol), N-Boc-1,6-diaminohexane (22 mg, 0.106
mmol), EDCI (31 mg, 0.159 mmol), and HOBt (22 mg, 0.159 mmol) were dissolved in 1
mL DMF and then DIEA (92 pL, 0.53 mmol) was added to the solution. The reaction
mixture was stirred at RT for 16 h before concentrated. The crude product was purified
by flash column chromatography on silica gel (4:1 DCM:MeOH, v/v), yielding
compound 5-19 (10 mg, 33% yield). "H NMR (400 MHz, Methanol-d4) & 7.39 (s, 1H),
6.53 (s, 2H), 3.93 (t, J = 4 Hz, 2H), 3.79 (s, 6H), 3.65 (s, 2H), 3.18 — 3.14 (m, 2H), 3.06 —
3.01 (m, 2H), 2.94 — 2.89 (m, 2H), 2.27 — 2.23 (m, 2H), 1.78 — 1.61 (m, 4H), 1.51 — 1.47
(m, 4H), 1.45 (s, 9H), 1.39 — 1.33 (m, 4H). MS (FAB+) m/z Calcd. For Cy9H46NsOg

[M+H]": 575.35. Found: 575.3.

5.5.5.8 Synthesis Of Compound 5-20
Compound 5-19 was deprotected by dissolving in 1 mL TFA and 1 mL DCM,
stirring at RT for 1 h. Then the product was obtained by removing solvent by rotary

evaporation, yielding compound 5-20 (quantitative, not purified) as colorless oil.

5.5.5.9 Synthesis Of Compound 5-21

6-carboxyfluorescein NHS ester (8.2 mg, 17.4 umol) and compound 5-20 (8.3 mg,
17.4 umol) was dissolved in 1 mL DMF and then DIEA (15 pL, 0.087 mmol) was added
to the solution. The reaction mixture was stirred at RT for 16 h before concentrated. The
crude product was purified by reverse phase HPLC, yielding compound 5-21 (6.4 mg, 44%
yield). '"H NMR (400 MHz, Methanol-d4) & 8.16 — 8.05 (m, 2H), 7.62 (d, J = 1.3 Hz, 1H),
7.21 (d, J = 1.1 Hz, 1H), 6.72 (d, J = 2.4 Hz, 2H), 6.64 (d, J = 8.8 Hz, 2H), 6.57 (dd, J =

8.8, 2.3 Hz, 2H), 6.54 (s, 2H), 3.89 (t, J = 6.1 Hz, 2H), 3.78 (s, 6H), 3.65 (s, 2H), 3.35 (s,
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2H), 3.13 (t, J = 6.9 Hz, 2H), 2.22 (t, J = 7.2 Hz, 2H), 1.76 (qd, J = 7.2, 3.5 Hz, 2H),
1.69 (td, J = 9.4, 7.9, 5.2 Hz, 2H), 1.59 — 1.51 (m, 2H), 1.47 (t, J = 6.8 Hz, 2H), 1.38 —

1.30 (m, 4H). MS (FAB+) m/z Calcd. For C4sHysN¢O ;o [M+H]': 833.34. Found: 833.4.
5.5.6 Revalidation Of TMP-Binding Peptide From Phage Display

5.5.6.1 Fluorescence Polarization Assay

The affinity of TMP-fluorescein and for eDHFR was determined by fluorescence
polarization. TMP-Fluorescein at a final concentration 10 nM, was incubated with
purified peptide HO7 and D10 at varying concentrations ranging from 0.1 nM to 500 nM
in MTEN buffer (50 mM morphlinoethane sulfonic acid (MES), 25 mM Tris-HCI, 25
mM ethanolamine, 100 mM NaCl, pH 7.2). By comparing the intensity of emitted
fluorescence both parallel and perpendicular to incident light (measured on a Perkin

Elmer Victor’ FP analyzer), it is possible to compute the amount of bound tracer.

5.5.6.2 Calculation of 1Csg
In the solution of short peptide, TMP-Fluorescein, and inhibitor (TMP or TMP-

Biotin), following two equilibriums exist:

K Ks
E+ 1 ==EI E+S ==ES

In which I: TMP or TMP-biotin; S: TMP-Fluorescein; E: peptide.
The anticipated competition curve is cartooned in Figure 5-17. 1Csq is defined as
the total concentration of inhibitor when the concentration of ES (peptide binding with

TMP-fluorescein), measured as FP signal intensity, reaches 50% of maximum.
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FP = [ES]

ESmax

1
- ESmax [

ICsp

Figure 5-17 Anticipated result of competition assay.

With no inhibitor, [ES] reaches maximum ESpyax. At I, = ICso, [ES] is half of

ESmax-
Therefore: ICsy = I, when [ES] = %ESmax;
[ES] = ES, o when I, = 0.

According to the definition of equilibrium constant and the law of conservation of

mass:

_ [E][S] . i
Ks = “ES] Equation 5-9

— [Eln i -
K; = £l Equation 5-10
[E] + [ES] + [EI] = E, (constant) Equation 5-11
[S]+ [ES] = S, (constant) Equation 5-12
[I] + [EI| = I (variable) Equation 5-13

General method to calculate 1Cs:

Step 1: calculate ESax.

When I, = [I] = [EI], [ES] = ESpax:

ESpmax + [S] = S0 Equation 5-14
ESmax + [E] = Eg Equation 5-15
UL K Equation 5-16
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that is,
[S] = So — ESpax [E] = Ey — ESax
Equation 5-16 can be rewritten as

(SO - Esmax)(EO - Esmax) =K
Esmax s

and expanded as

Esmaxz - (EO + SO )Esmax + EO ) SO = KS ) Esmaxﬂ
or

ESpax: — (Eo + So + Ks )ESpax + Eo - So = 0.

Therefore,

__ (Eg+So+Ks)—/(Eg+So+Ks )%>—4Eg-So
ESax = 5 ,

Step 2: calculate [E].

When [, = ICy, [ES] = %ESmax. From Equation 5-12,
[S] = So — [ES] = So — 5 ESax-
From Equation 5-9,

1
[E] = Kg-[ES] _ 3Ks'ESmax _ KgESmax
[S]  So-3ESmax  250~ESmax

Step 3: calculate [I] and [EI].

From Equation 5-11,
[EI] = E, — [E] — [ES] = Eg — [E] — 5 ESpyax.
From Equation 5-10,

K([EIl _ KI(EO_[E]_%ESmax)

U === [E]

Step 4: calculate ICsy.

- —"’(E"‘[?E;%ES"""‘) + (Eo — [E) = 3 ESax) = (Eo — [E] = 2 ESa) (1 +12).

IC5 = Iy = [I] + [EI] T
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5.7 Selected NMR Spectra
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Name Description Marker | Source
New
PSNAP- PSNAP-Cox8A Amp England
Cox8A )
Biolab

V2492 Cox8A-eDHFR Amp This study
V2605 TOMMZ20-eDHFR Amp This study
V2608 TOMMZ20-eDHFR:L28C Amp This study
pMLC- i -1
eDHER MLC-eDHFR Kan Y. Cai
pMLC- i , .
eDHER:L28C pMLC-eDHFR:L28C Kan This study
V2611 Actinin-eDHFR Kan This study
V2612 Actinin-eDHFR:L28C Kan This study
pDHFR:L28C- | eDHFR:L28C-His6 for mammalian .

- ] Kan This study
Hisg expression
Chapter 3

H2B-eDHFR:L28C on pEGFP-N1 .
CJ-53 (Clontech) backbone. Kan This study
0YD1 Aga2-MC_:S-V5 epitope; backbone for yeast Amp: Trp | Invitrogene
surface display.

Chapter 4
eDHFR- eDHFR-vinculin Kan This study
vinculin
eDHFR-talin | eDHFR-talin on pEGFP-C1 backbone Kan This study
Chapter 5
0V/398 ESALl-B42-(GSG)2-rGR2 2UTRP1 pUC Kan: Trp | B.Carter 2
pMW103 pGAL1-B42 2 TRP1 pUC ori Kan; Trp | R. Brent®
pMW112 8LexAop-lacZ 2luWURA3 pBR ori Kan; Ura | R. Brent®

A2.2 List of Oligonucleotides Used Throughout These Studies

All oligonucleotides were purchased from either Invitrogen (Carlsbad, CA) or

Integrated DNA Technologies (Coralville, 1A). Restriction sites that were used for

subcloning are underlined. Primers used for site-directed mutagenesis and saturated

mutagenesis have the mutations and NNK codons shown in bold. A, G, C, and T

represent the natural DNA bases, while N is an equal mixture of A, C, G, and T and K is

a 50:50 mixture of T and G at that position. All sequences are listed from 5’ to 3.
















