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ABSTRACT

XIN ZOU: Using Aureochrome to Control Protein-prioténteractions with Light

(Under the direction of Klaus Hahn)

Protein-protein interactions occurring with prediseing and subcellular localization are
critical for regulating various cellular behavioyst it is difficult to study these behaviors besau
there are no practical means to generate proteiiprinteractions at precise times and placeiwén |
cells. Photoactivatable proteins provide a way &mipulate protein-protein interactions with light
vivo. Recently, a blue light receptor Aureochrome wiasalvered in stramenopile algeaucheria
frigida. It has a basic region domain, leucine zipper doraad a LOV (Light, Oxygen, Voltage)
domain. Blue light treatment strongly enhances Acheome binding to target DNA, implying that
Aureochrome is a blue light-regulated transcripfiactor. To control protein-protein interactions by
taking advantage of Aureochrome, we characterizedight-regulated dimerization of Aureochrome.
With co-immunoprecipitation assays, we showed éHatcine zipper coupled with a LOV domain
(F144-K348) is sufficient for light-dependent dinzation. Critical mutations or deletion of the
leucine zipper destroy the dimerization, indicatingt the leucine zipper domain is critical for
dimerization. Mutation of the LOV domain also distsithe response to light. Deletion of 25 amino
acids at the C-terminus leads to light-independéntrization, implying that an autoinhibition
mechanism is involved. By introducing a salt briggetation in the leucine zipper domain, we are
able to re-engineer Aureochrome to generate honerifiation rather than heterodimerization, which
could potentially be valuable in many applicatidfsrther to verification of the dimerization of
AUREOL in living cells, we expect AUREOL to be ugdbr precisely controlling protein-protein

interactions temporally and spatially with light.
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CHAPTER 1

BACKGROUND AND INTRODUCTION

Proteins activities and protein-protein interacsiane highly dynamics in living
cells"?. Precise control of proteins activities and tltieractions are essential for regulating
various cellular behaviors. Through perturbingsalhd monitoring the response, we are able
to study the role of proteins and their interactidowever, it remains difficult to control
proteins activities or protein-protein interactiatgrecise times and places in live cells.
Traditional methods, such as knockdown, knockodteogenous expression, perturb
protein activities in hours or even days. The aggion of these methods are greatly limited
when they are used to study cell behaviors hapgenithin minutes or even seconds, such
as membrane ruffling, cell protrusion and migratia@hemical induced dimerization has
been widely used to regulate protein-protein irdgoas in living cells, especially control of
signal transduction and transcription proce$gdes: example, a Rapamycin-triggered
heterodimerization strategy has been used to dgmotein dimerization in living cells to
activate and inhibit small GTPase signaling patisvayRho GTPases were directly
activated or inhibited within seconds, followedd®}l morphological changes. However, it
remains challenging to control proteins dynamicgisfly within subcellular dimensions.
Cell behaviors are not only controlled by proteacsivities but also regulated by localization.
Therefore, although chemical-induced protein dizaron methods have provided new ways

to perturb biological systems, lack of tissue sf@ty and temporal resolution restricted by



cell permeation and diffusion limit applicationBesides, it could be difficult to deliver
molecules for these methods to tissuesriafvo studies. A system that is able to control
protein activities or protein-protein interactiomgh high temporal and spatial resolution will

benefit cell behavior research tremendously.

Recently, genetically encoded light regulated systbave been developed based on
plant photoreceptors. One such systenbased on the LOV (light, oxygen and voltage)
domain from phototropfit. Racl mutants were fused to the LOV domain ane wesrically
blocked by the LOV domain until blue light irrad@i. Upon blue light activation,
photoactivatable Racl (PA-Racl) could generateigglydocalized cell protrusions and
membrane ruffling. Localized Racl activation byelawas sufficient to drive directed cell
migration. This system could be applied to Cdc42 rwt to RhoA, which is also in the Rho
family. Proper three dimensional orientations bemvthe LOV domain and the fused protein
are required and limit the extension of this photivation approach to other proteins with

very different three dimensional structures.

Light regulated protein-protein interactions vianggcally encoded dimerization
based on plant domains are also being developeiffénent labs®*> One of them is based
on theArabidopsis thaliana photoreceptor phytochrome B (PhyB) and phytochrome
interaction factor 3 (PIF3), which dimerize upod fight illumination and dissociate upon
far-red light illumination. Despite the rapid res#aility of dimerization with far-red light
illumination, this system requires a bilin cofactound only in plants and some light-sensing
lower organisms, limiting the application to otlmeganisms as the cofactor needs be added
exogenously, especially fam vivo studies. Another system took advantage of the-ligh

dependent dimerization of FKF1 and Gl, two proteireg control flowering irArabidopsis



thaliana™. FKF1 contains a LOV domain which responds totligh a flavin

mononucleotide (FMN). Blue light illumination indes formation of a covalent bond
between FMN and cysteine 91 of FKF1, leading FKd-hihd to protein Gl Although this
system does not need exogenous chromophore, tegckiof the dimerization are slow,
requiring tens of minuté§ In 2010, Kennedy et al developed a rapid ligigutated
dimerization system based on a basic helix-loop¢tpebtein Arabidopsis CIB1 and
cryptochrome 2 (CRY2J. No exogenous cofactors are required for the Bystée response
upon light activation happens within seconds amddiimerization is reversible. Although the
CIB1 and CRY2 are a little oversized, this systeovges a very powerful potential

platform for controlling a wide range of proteinepgin interactions.

Recently, a blue light receptor Aureochrome wasalisred in stramenopile algae
Vaucheria frigida™. Two homologs, AUREO1 and AUREO2, were identifi€tey were
composed of 348 and 343 amino acids, respectitzgigh has one putative basic
region/leucine zipper (bZIP) transcription-regudatdomain and a single LOV domain near
the C-terminus (Figure 1A). The LOV domains of AUREand AUREO2 are similar to the
LOV1 and LOV2 domains from plant phototropins. htl® conserved amino acids residues
necessary for the FMN binding and cysteinyl addoichation’® were found in AUREO1
and AUREOZ2 respectively, indicating that these ginst may functions as photoreceptors

(Figure 1B°).

AUREOL1 binds flavin mononucleotide (FMN) via its M@omain, possibly forming
a cysteinyl adduct to the C94a carbon of the FMNnujmht activation. This process is
reversible, with a half-life of around 5 minuteIGhift assays showed that AUREOL1 binds

to DNA upon light activation, indicating that AUREQunctions as a transcription factor



which is regulated by light. However, AUREO2 does irely on light activation. Besides,

transcription factors with bZIP domains usuallydin DNA by forming
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Figure 1 Structure and aligned sequences of Aureochromesfrom V. frigida. A, basic
region/leucine zipper (bZIP) and LOV domains are red and blue, respectively. B,
sequence alignment of AUREO1 and AUREQO2. bZIP a@¥ Idomains are indicated with

red and blue frames, respectively. Basic aminosagid colored in orange and heptad leucine
residues of bZIP domains are colored in red. Therigks indicate identical amino acids
between AUREO1 and AUREG2

dimers via a leucine zipper, which is typically eegidue repeat-helix (heptad). These
results indicated that AUREOZ1 possibly dimerizesrufight activation. By fusing AUREOL1
with target proteins, we could potentially take adtage of the light regulated dimerization

to control protein-protein interactions with lighttcould provide us with a powerful



genetically encoded tool to control protein-proteiteractions or protein activities in living

cells with high spatial and temporal resolution.

Figure 2 Varying topology structures of coiled coils. Heptad positions (denoted abcdefq)
are shown in small letters. Predominantly hydrophiabnd predominantly polar/charged
residues are colored with gray and orange, resfagtiA, the canonical 3-4 heptad repeat,
in which hydrophobic residues are located at agapdsitions, is found for many coiled coils
including dimers, trimers, and tetramers. B, Anartallel tetramer with a 3-3-1 repeat. C. A
parallel seven-helix coiled coil with a 3-1-2-1-dngphobic patteris.

A leucine zipper, which is a very common structianend in transcription factors, is
typically a 7 residue repeathelix (heptad). The heptad repeat typically hgdrbphobic
residues at a and d position for interactions, @oldr/charged residues at e and g position
(Figure 2). A large number of structural variati@me found among coiled coils, such as
dimers, trimers, tetramers and pentamers. Theix bakntations and alignments may vary
as well as they can form homocomplexes or heterptsras. Protein designers have shown
great interest in the coiled colil structures, whigdre among the first rationally designed
structure¥’. Hydrophobic-polar patterning imposes associaionelices, and charge

patterning and other features can be used to cepésificity. For example,



homodimerization could be engineered to heterodaagon by making one helix basic and
another acidit *®Besides this, they could be engineered for vagnupose®*® such as

increasing binding affinity.

In this study, we propose to develop blue lightutated dimerization based on
AUREOL. This system will provide a platform to canltprotein-protein interactions by light
within seconds and subcellular dimension. It ha®is# advantages, such as fast response,
reversibility, and no requirement for exogenousactdrs. The leucine zipper domain, with
potential in various engineering possibilities, lsas homodimerization or
heterodimerization, different kinetics, also copfidvide a wide application to control

protein-protein interactions in living cells.



CHAPTER 2

RESULTSAND DISCUSSION

2.1 Characterization of light regulated dimerization of AUREOL1
To develop a light regulated protein-protein intgien based on AUREOL1, we first

investigated whether the dimerization of AUREOIight regulated. It was previously
reported® that AUREO1 contains a bZIP (basic region + leacipper) domain and LOV
domain. Typically the basic region binds to the DM&jor groove while the leucine zipper
dimerizes. Therefore we propose that portions oRED1 containing a leucine zipper and

LOV domain (F144-K348) are sufficient for dimeriuat.

As showed in Figure 3A, we labeled the AUREO1 (FK&48) containing leucine
zipper and LOV domains with His-Myc (HM) tag or §tanVenus (FV) tags and studied
their dimerization by co-immunoprecipitation (corIBimerization of AUREO1was
examined in HEK 293 cells coexpressing HM and Fyg&l AUREOL (F144-K348). Two
groups were examined at the same time with ambghitactivation or without light
activation (performed under red light). Cell lysateere co-immunoprecipitated with anti-
Flag beads and detected with anti-Myc or anti-m\einutthe following western blotting. As
showed in Figure 3B, HM-AUREO1 was detected indbdP with ambient light activation,
which means HM-AUREOQOL1 co-immunoprecipitated with-BYUREO1. However, there was
no co-1P of HM-AUREO1 detected by anti-Myc in therkl This indicated that AUREOL1

(F144-K348) was sufficient for light regulated dimzation. The ambient light was sufficient



to activate the dimerization of AUREOL1 in timevitro biochemical studies. When the

AUREOL is in the dark without light activationdbes not dimerize.

A v-AUREOL: Flag-mVenus AUREO1 (F144-K348)
HM-AUREO1: His-Myc AUREO1 (F144-K348)
B Dark Light
HM-AUREO1
CosiP FV-AUREO1

Input

Figure3 AUREO1 (F144-K 348) is sufficient for light regulated dimerization. A,
AUREOL1 (F144-K348) was tagged with Flag-mVenus (BYHis-Myc (HM) respectively.
B, AUREOL1 (F144-K348) dimerizes upon light actieatj but not in the dark. HM-
AUREOL1 was detected by anti-Myc and FV-AUREO1 wetedted by anti-mVenus.

Furthermore, we investigated which regions arécatifor the light regulated
dimerization of AUREOL. It has been known thatléhecine zipper domain forms a parallel
or anti-parallel coiled-coil motif that functions a flexible DNA binding arms for

transcription factorS. To study if the leucine zipper is involved in tienerization of



AUREOL1, we deleted the leucine zipper but only kbptLOV domain (0217-K348) and
tagged this with Flag-mVenus (Figure 4A). Usingraikar strategy, as discussed in Figure 3,
we studied the role of the leucine zipper with Poaksay. As showed in Figure 4B, LOV
domain alone (0217-K348) does not dimerize with ATR (F144-K348), indicating that
the leucine zipper is required for the dimerizattd AUREOL. In addition, as a 7 residue
repeata-helix, the leucine zipper normally dimerizes viallfophobic interactions in a and d

positions®.
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FV-LOV: AUREO1 (0217-K348)

FV-AAA: AUREO1 (F144-K348, L156A, N160A, L163A)

FV-C254A: AUREO1 (F144-K348, C254A)

(
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FV-Aureo: AUREO1 (F144-K348)

HM-Aureo: AUREO1 (F144-K348) [His-MycH Lz ]—[ LoV ]—
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N
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Co-IP
Co-IP
FV-AUREO1
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Input Input
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Figure4 Both theleucine zipper and the LOV domain arecritical for light regulated
dimerization of AUREOL. A, the constructs used in the co-IP experimenthtoacterize
the light regulated dimerization of AUREOL. B, dada or mutations of the critical residues
on the leucine zipper destroys the dimerizatiorst€inpe 254 to Alanine mutation destroys
the dimerization too. C, deletion of the C-termifiD823-K348) leads to dimerization
independent of light regulation.



To test if the AUREO1 dimerizes via the hydrophadhteractions between the
leucine zipper motifs, we introduced site mutationthe a and d positions. The residues
leucine 156, asparagine 160 and leucine 163 of AORKEF144-K348) were mutated to
alanine and tagged with Flag-mVenus (FV-AAA). Assked in the co-IP in Figure 4B, the
dimerization of AUREOL1 was destroyed by the sit¢atians. It suggests that the AUREO1

dimerizes by the hydrophobic interactions of itsciee zipper motif.

Although there is no crystal structure of AUREOdquence blast shows that it may
have a structure similar to the LOV2 domain frAmabidopsis. AUREQOL1 has a cysteine at
residue 254, which aligns with cysteine 450 of LOVAis led to our hypothesis that
AUREOL1 responds to light activation by binding fmvin mononucleotide (FMN) via
residue cysteine 254. To test this hypothesis, wiated residue cysteine 254 to alanine and
tagged with Flag-mVenus for a co-IP test. As shoimggigure 4b, FV-C254A binds to HM-
AUREOL1 very weakly. The binding affinity is muchater than for wild type protein.
Therefore, we believe that the LOV domain respdodmght activation by binding to FMN

via its cysteine 254.

We wonder how the LOV domain binding to FMN leadlshte dimerization of the
leucine zipper domain. Interestingly, Aureochroras two homologs AUREO1 and
AUREO?2. Although they have similar motifs and setpes, only AUREOL, but not
AUREO2, binds to FMN, indicating that only AURECH.regulated by light. Comparing
these two homologs, AUREOZ2 lack ten amino acid2@Q332) in the c-terminus, which is
likely a a-helix predicted by second structure prediction. pigpose the hypothesis that the
leucine zipper is blocked by the C-terminus of AUREINn the dark. When it is exposed to

light activation, LOV domain binding to FMN leads ¢onformational change and further

10



releases the block of the leucine zipper. To tasthypothesis, we compared the light
regulation of AUREOL1 with or without the C-termin{i3323-K348). As showed in Figure
4C, AUREOL1 (F144-K348) only dimerize when it isiaated by light. Meanwhile,
AUREOL (F144-D323) always dimerizes, even withaghtl activation. It indicates there is
an interaction between the leucine zipper and @iters and the dimerization of leucine
zipper is blocked. Conformational change of the Ldd/ain caused by binding to FMN

diminishes this interaction and releases the block.

( Dark Light
FMN
s OV e Zipper.
e sy T
FMN

Figure 5 Theautoinhibition model of thelight regulated dimerization of AUREO1. To
sum up, AUREO1 (F144-K348), which mainly containsucine zipper and LOV domain, is
sufficient for light regulated dimerization. Bothetleucine zipper and LOV domain are
critical for the dimerization. Deletion of the lene zipper or site mutations at critical
positions destroys the dimerization. It is highbspible that the C-terminus blocks the
dimerization of the leucine zipper domain. Activchtey light, the LOV domain binds to the
FMN and goes through a conformational change, wretdases the blockage of the C-
terminus leucine zipper and further leads to timeedization. We propose the auto-inhibition
model to explain the light regulated dimerizatid?lAQREOL as showed in figure 5. A
crystal structure of the AUREOL in the dark wilbpide more accurate explanations and
insight about the model.

11



2.2 Engineering AUREOQOL to control heterodimerization rather than homodimerization

One advantage of developing light regulated prepeatein interactions with
Aureochrome relies on its leucine zipper, whichriical for the dimerization. The leucine
zipper widely exists in transcription factors famerization interaction. Previous studies
have shown that engineering could be used to thigedynamics, affinities, or switch from
homodimerization to heterodimerization. If we coaltjineer Aureochrome to produce
herterodimerization, this light regulated protenoe{ein interactions system would provide far

wider applications.

As shown in Figure 6A, the leucine zipper is apeaa-helix (view from top to
bottom). Residues at positions a and d are resplerfeir hydrophobic interactions. Besides
this, positively or negatively charged residuepaitions e and g could interact with each
other. It has been shown that homodimerizatiorotine zippers can be converted to
heterodimerization by introducing salt bridges @sipons e and'g. To engineer
Aureochrome to produce heterodimerization, we desigeveral pairs of salt bridge (R-E or
K-E) mutations at positions e and g in differengeats. Then we tested if they can form
heterodimers but not homodimer, using co-IP expemissimilar to what we did previously.
With extensive trials, we finally found that intnaction of an R-E salt bridge at residues

E159 and K164 generated constructs that workedpas ®f heterodimers.

We mutated E159 and K164 to R or E, and tagged thi#mFlag-mVenus or His-
Myc respectively. The denotation is shown in FigbiBe With strategy similar to that applied
previously, we investigated the dimerization of Ete and RR mutants. We found that HM-
EE and FV-RR dimerize upon light activation but imothe dark, which is very similar to the

dimerization of HM-AUREO1 and FV-AUREQOL1. Moreovéhnge

12



B

FV-RR: [ Flag-mvenus | AUREO1(F144-k348, E159R, K164R) |

HM-RR: [ His-Myc H AUREOl(F144-K348,E159R,K164R)]

Fv-ee: [ Flagmvenus H{  AUREO1(F144-k348, K164E) |
wv-ee: | HisMye | AUREO1(F144-k348 K164E) |
C HM-AUREO1 HM-EE HM-EE HM-RR
FV-AUREO1 FV-RR FV-EE FV-RR
Dark Light |Dark Light |Dark Light Dark  Light
e s HM-AUREO1
Co-IP
HM-AUREO1

Input

e DD e e @D | R0l

Long time exposure

Co-IP - - - S | HM-AUREO1

Figure6 AUREOL1 isengineered to light regulated heterodimerization by introducing
salt bridges at positionsa and g. A, the leucine zipper is typically a 7 repeahelix (from
top to bottom view). Heptad positions (denoted albgidare shown in small letters.
Predominantly hydrophobic and predominantly polearged residues are colored in gray
and orange, respectively. B, the constructs oh#fterodimerization pairs. C, the co-IP
results of homo- and hetero-dimerization. HM: HigdIFV: Flag-mVenus; EE: AUREO1
(F144-K348, K164R); RR: AUREOL1 (F144-K348, E159R64R).

heterodimerization affinity of HM-EE and FV-RR israparable to that of HM-AUREOL1
and FV-AUREOL. On the other hand, neither the dimagon of HM-EE and FV-EE or
HM-RR and FV-RR is comparable to that of HM-AURE@&1d FV-AUREOL. We did see
some low levels of homodimerization for the EE &Rl pairs with long exposure. However,
the dimerization affinities were much lower thandiype AUREOL. This suggests that
introduction of EE and RR mutations converted thebdimerization into

heterodimerization. Moreover, it reduced the homeization affinity significantly,

13



possibly by the repulsion of the charged residlibs. heterodimer pair provides us a great
module to use light to control two different targedteins interacting with each other, but not

with themselves.

To sum up, we successfully engineered AUREOL frdmoraodimerization to a
heterodimerization domain by introducing the sallid¢ee R-E at E159 and K164. Both
mutants AUREO1 (F144-K348, E159R, K164R) and AURKEBP144-K348, K164E) have

no or much lower dimerization affinities.

14



2.3 Test the heterodimerization of AUREOLin living cells

To regulate protein-protein interactions with AURE@ living cells, we needed to
verify the interactions of AUREOIh vivo as a proof of principle. We proposed a membrane
translocation system to investigate the dimeriratbAUREO1 in mammalian cells. As
showed in Figure 7, we tagged one of the heteratltmg pair with a fluorescent protein
(such as GFP) and anchored it on the plasma memlkui#éima membrane localization tag.
We then tagged the other member of the heterodiaiemith another fluorescent protein
with a different spectrum, for example mCherry. Mgiit light activation in the dark, the
AUREOL1 with membrane localization tag should lamalon the membrane while the other
AUREOL1 without membrane localization tag shouldala® in the cytoplasm. After light
activation, if the AUREOL dimerizes in living celthe AUREO1 without membrane

localization tag will be translocated to the mennmiera

v

Figure7 Testing light regulated dimerization of AUREOL in vivo with a membrane
translocation system. Leucine zipper is shown as a greehelix.

15



mVenus-AUREO1 (F144-K348, K164E) Lyn-mVenus-AUREO1 (F144-K348, K164E)

A
mVenus
B Lyn-mVenus-AUREO1 (F144-K348, K164E) Lyn-mVenus-AUREO1 (F144-D323, K164E)
mKO2-AUREO1 (F144-K348, E159R, K164R) mKO2-AUREO1 (F144-D323, E159R, K164R)
mVenus
mKO2

Figure 8 Testing AUREO1 dimerization in HEK 283 cells with membr ane translocation
system. A, without membrane tag, AUREOL1 localizes in theosyl evenly, while it
localizes on the membrane when it is fused witlya lnembrane tag. B, left panel, co-
expression of Lyn-mVenus-AUREOL1 (F144-K348, K164B) mKO2-AUREO1 (F144-
K348, E159R, K164R); right panel, co-expressiohyi-mVenus-AUREO1 (F144-D323,
K164E) and mKO2-AUREO1 (F144-D323, E159R, K164R).
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Considering that the C-terminus of AUREOL is invaah\in the light regulation, we chose the
N-terminus membrane localization signal from Lyndse. As showed in Figure 8A,
mVenus-AUREOL1 (F144-K348, K164E) localizes in HE®3Zells uniformly, while Lyn-
mVenus-AUREOL1 (F144-K348, K164E), which has the foeme localization signal,
mostly localizes on the plasma membrane, as shoywednfocal imaging. We co-expressed
Lyn-mVenus-AUREOL1 (F144-K348, K164E) and mKO2-AURE[#144-K348, E159R,
K164R) in HEK293 cells and they localized on thembeane or in the cytosol respectively
(as showed in Figure 8B, left panel). We activateicells with ambient light for up to 10
minutes but saw no membrane translocation. Wetdatsb other light sources such as 473
nm or 488 nm lasers, again with no membrane traastm after light activation. To rule out
the possibility that the activation of AUREOL1 dinzettion needed a long time, we in
investigated the dimerizatian vivo by co-expression of lit state mutants. As showed i
Figure 4C and 5, it is known that deletion of D3Z348 leads to the constitutive
dimerization of AUREOL1 with or without light actitran, which suggests AUREO1 (F144-
D323) mutants could be used as lit state mutanesctvexpressed Lyn-mVenus-AUREO1
(F144-D323, K164E) and mKO2-AUREO1 (F144-D323, ER5B164R) in HEK293 cells.
As shown in Figure 8B (right panel), although LyMemus-AUREQO1 (F144-D323, K164E)
localizes to the membrane clearly, mKO2-AUREO1 @&DB823, E159R, K164R) is still

uniformly distributed in the cytosol, indicatingette is no dimerization in the living cells.
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A Lyn-mVenus-5GS-AUREO1 (F144-D323, K164E) and mCherry-5GS-AUREO1 (F144-D323, E159R,K164R)
mVenus mCherry

Lyn-mVenus-AUREO1(F144-D323, K164E) and Myc-AUREO1 (F144-D323, E159R, K164R)

Anti-mVenus Anti- M|c

AUREO1 (F144-D323, K164E)-mCherry-CAAX and mVenus- AUREOl (F144-D348, E159R, K164R)
mCherry mVi enus

Figure 9 Optimization of the membrane translocation system.

A, co-expression of Lyn-mVenus-5GS-AUREO1 (F1442B3K164E) and mCherry-5GS-
AUREOL (F144-D323, E159R,K164R). Left panel: mVeohannel; right panel: mCherry
channel. B, co-expression of Lyn-mVenus-AUREO1(FD823, K164E) and Myc-
AUREOL (F144-D323, E159R, K164R). Left panel: immhblotting by anti-mVenus; right
panel: immunoblotting by anti-Myc. C. co-expresstirAUREOL1 (F144-D323, K164E)-
mCherry-CAAX and mVenus- AUREOL1 (F144-D348, E158R64R). Left panel: mCherry
channel; right panel: mVenus channel. All the insaagere performed with confocal
microscopy.




There are several possibile explanations for tméradictory results in the co-IP experiments
and live cell imaging. Firstly, the bulky fluorestgroteins may inhibit or weaken the
dimerization of the AUREO1. We introduced a sede6&S linkers between the fluorescent
proteins and AUREOL to increase the flexibilityvwseén the fluorescent protein and the
leucine zipper domain. However, even with co-exgimesof lit state mutants, there was no
membrane translocation in living cells. Figure 3%ws the co-expression of Lyn-mVenus-
5GS-AUREOQOL1 (F144-D323, K164E) and mCherry-5GS-AURE®B144-D323, E159R,
K164R) which have a GSGSGSGSGS (5GS) linker betweefluorescent proteins and
AUREOL. Other pairs with 1GS, 2GS, 3GS or 4GS lirdéd not show membrane

translocation either (data not shown).

In addition, we deleted the fluorescent proteing stadied the membrane
translocation with immunostaining. We co-expressetnbrane tagged Lyn-mVenus-
AUREOL1 (F144-D323, K164E) and Myc-AUREO1 (F144-D3E359R, K164R), which
were the same constructs used in the co-IP expetinexcept that they had the additional
membrane localization tag. We fixed the cells anchunostained with anti-mVenus and
anti-Myc and imaged with confocal microscopy. Aswid in Figure 9B, the construct Lyn-
mVenus-AUREOL1 (F144-D323, K164E) was localized o membrane clearly. However,
the co-expressed Myc-AUREO1 (F144-D323, E159R, iR)GAas not recruited to the
membrane but remained in the cytosol homogenoumlicating that these two constructs

did not dimerize in cells.

Thirdly, the N-terminus membrane localization sigméght influence the
dimerization of AUREOL in live cells. We replacéavith a CAAX box which is a C-

terminus membrane localization sequence and tegthdh similar membrane translocation
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system as shown in Figure 2.5. We co-expressed AMR[E144-D323, K164E)-mCherry-
CAAX and mVenus-AUREO1 (F144-D348, E159R, K164RHiBEK293 cells and
investigated with confocal microscopy. As showedFigure 9C, the protein with CAAX
(membrane localization signal) localized on the oeme clearly. However, mVenus-
AUREOL1 (F144-D323, E159R, K164R) was not recruitethe membrane and stayed in the
cytosol evenly, suggesting that there was no diraédn between these two co-expressed

constructs.

Although we tried different ways to optimize thartslocation system, including
different activation methods, various linkers, éifnt membrane tags and orientations etc,
we did not detect membrane translocation in livdedls. It could be possible that the
dimerization of AUREOL is different when it is archd to the membrane. Our results could
also be due to the sensitivity of the microscopeckon. For example, if there is only a
small portion of the AUREOL dimerizing, we may ketect the accumulation of AUREO1
on the membrane. Therefore, we propose sever&giea to further investigate the

dimerization of AUREOL in living cells as we willstuss in Chapter 2.4.
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2.4 Futuredirections
In this study, we investigated the light regulad@derization of AUREOL with co-IP

experiments and successfully engineered AUREO Eterbdimerize by introducing salt
bridges. We further tested the dimerization of AUREN live cells with membrane
translocation systems. Although we tried multipleys to activate the dimerization and
different combinations of construct, linker or memante location tag, we detected no light
regulated membrane translocation in living cellsefe are several possible reasons. For
example, it is possible that the dimerization of REO1 varies when it is distributed in the
cytosol or anchored on the membrane. Besides,utierdt method we use may not be
sensitive enough to detect the change of proteialitation. For example, if only a very
small portion of the AUREOL is recruited to the nieame by dimerization, the scope may

not be sensitive to detect the subtle change.

In future study, we propose strategies to studyNMHREO1 dimerization in living
cells. One strategy is the luciferase-based prat@mplementation assay, which is thought to
have the most sensitive and highest dynamic ramgang protein-protein interaction
detection methods in living cells, better tharoflescence resonance energy transfer (FRET)
and bioluminescence resonance energy transfer (FRREE shown in Figure 10A,
AUREOL1 will be fused with the N-terminal domainlo€iferase (NLuc) or the C-terminal
domain of luciferase (CLuc) respectively and coregped in cells. Before light activation,
NLuc and CLuc are separated and do not interatt @dath other, therefore the luminescence
is low and close to background levels. Upon ligiivation the AUREOL dimerizes and

NLuc and CLuc will be brought close, which leadshe increase of the luminescence
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produced by luciferase. Vice versa, the lucifei@derity decreases when the AUREO1

dissociates.

R
W
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: UREO UREO
ClLuc /K j\

NLuc Cluc
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E— VY \
AR 01
l loxP  loxP
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Figure 10 Other systemsto investigate the dimerization of AUREOL1 in living cells.

The leucine zipper domain is shown as gredrelix. A, split luciferase complementation
assay. Luciferase is split into N-terminal domaih.c) and C-terminal domain (CLuc). B,
split Cre-loxP system. The arrow shows the loxPm@anation site. The red STOP sign
shows the stop codon. Cre protein is split inteeNrinal domain (CreN) and C-terminal
domain (CreC).

JARAN

Similarly, we could also use split Cre-loxP systehich was initially used in
activating gene expressiomvivo andin vitro?*? It could also be used to delete DNA
sequences in selected cell types of transgenicasiat high efficiencd. It has been shown
that the Cre recombinase can be split into two pepyides (N-Cre and C-Cre, as showed in
Figure 10B). Both N-Cre and C-Cre do not have dat#e recombination activity until they
interact with each oth&?° Before light activation, the STOP codon prevehés
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downstream GFP from transcription. Upon light aatiion, AUREO1 dimerizes to recruit
CreN and CreC together, which will function nortyalhe STOP codon will be removed
by the loxP site recombination and GFP will staréxpress, which could be detected by

fluorescence microscopy.

With these systems, we could not only test the diraon of AUREOL1 in living
cells, but also provides examples of controllingtpin-protein interactions and protein
activitiesin vivo. This could be further applied to controlling atipeotein-protein

interactions or protein activities with optimizatio
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CHAPTER 3
CONCLUSIONS
In this study, we successfully characterized thetlregulated dimerization of
AUREOL. With co-IP experiments, we found that tHéREO1 (F144-K348) containing the
leucine zipper and LOV domain is sufficient for {ight regulated dimerization of AUREOL.
Destroying the leucine zipper interactions withetieins or mutations abolishes the
dimerization. Critical site mutation at cysteinedases the dimerization dramatically. These
results suggest that both the leucine zipper amd.@V domain are critical for light
regulated dimerization. In addition, deletion o @@-terminus (from D323 to K348) leads to
dimerization even in the dark, indicating that atoainhibition between the leucine zipper

and C-terminus might be involved in the light regidn.

Furthermore, we successfully engineered AUREODbtwert it from a
homodimerizer to heterodimerizer by introducing baldges. Based on previous works on
leucine zipper engineering and some trials, we daihiat residues E159 and K164 are critical
for dimerization. Introducing R-E salt bridgegla¢se sites leads to heterodimerization but
no or very weak homodimerization. These mutantemg@lly provide a platform for wider

applications.

In addition, we investigated the dimerization of RBOL in living cells with a
membrane translocation system. With AUREO1 anchorethe membrane or even

distributed in the cytosol, we expected to seeAUREO1 was recruited to the membrane
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upon dimerization. We tagged the constructs witfedint fluorescent proteins and detected
them by confocal microscopy or immunostaining. Hegrewe did not see a membrane
translocation with extensive trials, including difént ways to active the dimerization,
various linkers between AUREO1 and fluorescentgnstor membrane tags, and different
membrane tags. In future study, we proposed tweswaynvestigate the dimerization of
AUREOL in living cells, including split luciferasmmplementation assay and split Cre-loxP

system.

Characterization of the light regulated dimerizatad AUREOL1 established a
possible platform for controlling protein-protemeractions. Engineering heterodimerization
greatly widened the potential applications. Furtesification of dimerization of AUREO1
in living cells will provide a very important gemedlly encoded platform that can be
activated easily with common light sources. Wittufe improvement to the dynamic range,
efficiency and binding affinity by engineering tleeicine zipper and LOV domains, we
expect these modules to be useful for understargtipgisticated biological questions by

precisely controlling protein-protein interacticesnporally and spatially with light.
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CHAPTER 4

METHODSAND MATERIALS

DNA cloning. The cDNA encoding the AUREO1 dhucheria frigida was a gift
from Dr. Hironao Kataokd. AUREO1 was cloned into pTriEX vectors with His-Mgr
Flag-mVenus. Lyn membrane tag was fused with AURB@#&xtension PCR. Site specific
mutations were introduced by overlap extension PCRIuorescent proteins mVenus,
mCherry and mKO2 were inserted with a short GSdlirtk monitor expression and
subcellular localization. Phusion High-fidelity DN#olymerase (NEB) was used in PCR

reactions and all plasmids were verified by DNAs=TLing.

Céll culture. HEK293 cells were maintained in DMEM containingd&BS
following the supplier’s culturing instructions. [Bewere transfected transiently for 16-20

hours using FUGENE 6 (Roche) for co-IP assay oginta

Co-IP assay. The co-IP assay were adopted from a previous ¥esrk our lab.
Flag-mVenus tagged AUREO1 and His-Myc tagged AURIE@istructs were co-expressed
in HEK293 cells by transient transfection using EINE 6 (Roche). The cells were lysed in
50mM Tris pH 7.5, 150 nM NaCl and 1% Trition X-109sis buffer) with addition of
EDTA-free protease inhibitor cocktail (Roche) fd rhinutes at 4C. After centrifugation
for 2 minutes at 4C, the supernatants were incubated with Flag/M2asga(Sigma) at 4C

for 1 hour. The supernatants was washed with tysifer for 3 times and eluted with lysis
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buffer containing 20@g/ml 3X Flag peptide (Sigma). All procedures weoael at £C

under red light (in the dark) or ambient light,ifé@ted by Handee spin columns (Pierce).
The purified protein complexes as well as cell tgsavere fractionated on 4-12% NuPAGE
pre-cast gels (Invitrogen) followed by western laoalysis using antibodies against mVenus

(JL-8, Clontech, 1:5000 dilution) and Myc (9E10gi&a, 1:1000 dilution).

Live cell imaging. Cells for live cell imaging were seeded on covpsstoated with
5 ug/ml fibronectin in Ham'’s F-12K medium free of Ploéred and containing 2% FBS.
Coverslips were mounted in an Attofluor live cdibenber (Invitrogen) placed on a

microscope stage with a heated stage adaptor (Warne

Immunostaining. Cells were washed with media without serum and®B$ and
then blocked with PBS containing 1% BSA for 15 m@suand followed by 2X washes with
PBS. Cells were fixed in PBS containing 4% paratddehyde (PFA) for 20 minutes and
washed for 3 times with PBS. Then the cells werenpabilized with 0.2% Trition X-100 in
PBS for 10 minutes and washed for 3 times with FB&d and permeabilized cells were
incubated with primary antibody dilution in PBS-B$# 1 hour at room temperature of@
overnight and then washed for 2 times with PBS.nTthe cells were incubated with
secondary antibody dilution containing a fluoregdabel for 30 minutes in the dark and

washed with PBS for 3 times.
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