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Abstract

The yeasts Schizosaccharomyces pombe and Saccharomyces cerevisiae utilize
not only serine/threonine/tyrosine phosphorylation that is dominant in the eukaryotic
kingdom, but also employ histidine/aspartate phosphorylation that is mainly used in
prokaryotic cell signal transduction systems. MPRI1, the histidine-containing
phosphotransfer (HPt) protein from S. pombe, has a C-terminal portion (160 residues out
of 295 total) that is 42% identical to YPD1, the HPt protein in S. cerevisiae. Not only is
the histidine phosphorylation site of YPD1 (residues 62-71) completely conserved in
MPRI1, but also the solved structure of YPD1 is very similar to the predicted structure of
the C-terminal domain of MPR1. Yet the additional N-terminal 135 residues of MPR1
have no apparent sequence homology to any known protein. To identify the possible
roles of the N-terminal portion of MPRI1, studies were conducted to test the
phosphotransfer ability in vivo and in vitro of truncated MPR1 (the C-terminal domain of
MPR1, or MPR1AN), in comparison to wild type MPR1 to see the effect of deletion of
the N-terminal portion of MPRI1. Yeast two-hybrid analysis was also used to assay
protein-protein interactions between MPRI/MPRIAN and the cognate response
regulators (RR). The results revealed that the C-terminal domain of MPRI1 could
function as an HPt protein, while the N-terminal domain might enhance the phospho-
receiving and phosphotransfer ability of the C-terminal domain by enhancing the
interaction between the HPt protein and the response regulator proteins. The N-terminal
domain of MPRI might help to form a binding surface that would dock the response

regulator proteins.

xi



The yeast two-hybrid assay indicates that MPR1 interacts with the response
regulator domains of MAK3 (one of the three histidine kinases) and MCS4, but not with
MAKI1, MAK2 and PRR1. PRRI1-RR weakly interacts with MAK1-HK, MAK2-HK and
MAK3-HK. In vitro phosphorylation assay results showed that MPR1 could receive
phosphoryl groups from phospho-MAK2-RR and transfer them to MCS4-R4, but not to
PRRI-RR. These results suggest that one branch of the pathway is formed by
MAK2/MAK3—=MPR1—=MCS4, and the other one is MAK1—PRRI1 in the His-Asp
phosphorelay pathway in S. pombe.

HPt proteins may have phosphotransfer specificity toward different response
regulators. The phosphotransfer between YPD1 and SSK1-R2 was more rapid and
favored than phosphotransfer between YPD1 and SKN7-R3 in vitro, while in a
heterologous assay MPR1 favors phosphotransfer to SKN7-R3 over SSK1-R2, which is
opposite to YPDI. To investigate any structural basis behind this phenomenon, the
phosphotransfer specificity of mutated YPD1 and MPR1 was tested in vitro. None of the
mutants could invert phosphotransfer specificity of YPDI. It is possible that the
combined differences between the two proteins are responsible for the difference in

phosphotransfer specificity.

xii



1. Introduction

1.1. Two-component signal transduction

Signal transduction systems are abundant in all living cells. Upon sensing stimuli
from the extracellular environment, the corresponding signal transduction pathway then
transduces the signal from the surface of the cell to the inside of the cell, leading to
changes in gene expression and protein activity. Cell responses like these are critical for
cells to survive and adapt to drastic changes in their extracellular environment. In
bacteria, the predominant signaling mechanism is a phosphotransfer pathway referred to
as a “two-component” signaling pathway, which transmits signals by protein
phosphorylation (reviewed in Parkinson et al., 1992; Stock et al., 1995; Mizuno et al.,
1998; Stock et al., 2000; West et al., 2001).

The central core of the two-component pathway is a histidine protein kinase
(HK) and a response regulator protein (RR) (Stock et al., 1995; Stock et al., 2000). HKs
do not resemble the better-studied serine/threonine and tyrosine kinases, either in
sequence or structure (Thomason ef al., 2000). HKs belong to an ancient enzyme family
that utilizes ATP to drive reactions, a family that also includes topoisomerase II and the
chaperone Hsp90 (Tanaka et al., 1998; Bilwes et al., 1999; Stock et al., 1999). HKs
usually consist of a transmembrane domain that detects extracellular stimuli (sensor
domain) and a conserved kinase core (histidine kinase domain) that catalyzes
autophosphorylaton at a conserved His residue (Robinson et al., 2000). RRs contain a
conserved receiver domain that catalyzes phosphotransfer from the phospho-His of the

HK to its own conserved Asp residue (Robinson et al., 2000). Being multidomain



proteins, RRs also contain a variable domain that elicits the output response (Figure 1-1).
The most common response is the regulation of gene expression; other responses in
eukaryotes include regulation of the mitogen-activated protein kinase pathway (MAPK
pathway) (Maeda et al., 1994), control of motility (Falke et al., 1997), and modulation of

cyclic nucleotide levels (Thomason et al., 1998).

1.2. His-Asp phosphorelay signal transduction in lower eukaryotes

The first discoveries of the two-component pathway in eukaryotes were through
the finding of the SLN1 gene when studying the N-end rule in protein degradation (Ota
et al., 1993), and the discovery of the ETR1 gene when isolating ethylene-induced genes
in plants (Chang et al., 1993). Then genomic projects expanded the list of sensor kinases
and response regulators that exist in lower eukaryotes like plants and fungi (Maeda et
al., 1994; Perraud et al., 1999). It seems that a multistep “phosphorelay” instead of the
simple two-component system is more popular in these eukaryotes. In these
phosphorelays, sensor kinases are hybrid proteins that contain both a histidine kinase
domain and a response regulator or “receiver” domain. Furthermore, phosphotransfer to
a second response regulator is mediated by a third protein, a histidine-containing
phosphotransfer (HPt) protein (Figure 1-1) (Brown et al., 1993).

Although no His-Asp phosphorelay pathway has been found in the animal
kingdom, histidine kinase-like proteins exist in mammals (reviewed by Besant et al.,
2005). They either contain sequence motifs similar to histidine kinases, or were found to

be able to transfer a phosphoryl group from a histidine residue to another molecule like



histone H4. Possible existence of histidine phosphatases supports this idea (reviewed by

Besant et al., 2005).

The fundamental type of two-component system

T

ATP- His-P Asp~P
| HK ] C_RR effector) = Cell response

The multi-step phosphorelay system

M 4
ATP C.HiS“' mgp P His~ P ASp~P

~

[ HK | RRD =P Cell response

Figure 1-1. Two-component phosphotransfer system. A fundamental two-component
phosphotransfer system consists of a transmembrane sensor HK and a cytoplasmic RR. HKs catalyze
ATP-dependent autophosphorylation of a conserved residue H (histidine). The phosphoryl group (P) is
then transferred to a conserved Asp residue (D) within the conserved regulatory domain of an RR.
Phosphorylation of RR activates a downstream effector domain, which elicits a cellular response. The
multi-step phosphorelay system has a hybrid HK that has a RR domain. Multiple phosphotransfer

reactions occur and a His-containing phosphotransfer (HPt) protein is involved.

1.3. His-Asp phosphorelay pathway in Saccharomyces cerevisiae

The His-Asp phosphorelay system in Saccharomyces cerevisiae was the first one
identified in eukaryotes and is also the best characterized to date. This two-component
system is located upstream of the HOG (high osmolarity glycerol) MAPK (mitogen-
activated protein kinase) cascade involved in adaptation to osmotic stress (Brewster et
al., 1993; Maeda et al., 1994; Posas et al., 1996) (Figure 1-2). The components are:

SLNI, a hybrid sensor kinase, with an N-terminal extracellular sensing domain, linked to



a cytoplasmic histidine kinase domain (HK), and a response regulator domain at the C-
terminal end (RR); YPDI, the histidine-containing phosphotransfer protein (HPt); SSK1
and SKN7, the response regulators (Maeda et al., 1994; Posas et al., 1996). Under
normal growth conditions, SLN1 autophosphorylates and transfers the phosphoryl group
to YPDI via its receiver domain, and ultimately to SSK1. Phosphorylated SSK1 inhibits
activation of the redundant MAPKKK SSK2 and SSK22, which are the components in
the downstream HOG pathway. Hyperosmotic stress inhibits SLN1, which in turn leads
to dephosphorylation of SSK1 and the activation of the HOG pathway (Posas et al.,
1996) (Figure 1-2). SKN7 is a transcription factor that reacts to cell wall damage and
oxidative stress (Brown et al., 1993; Brown et al., 1994; Morgan et al., 1997; Alberts et

al., 1998; Ketela et al., 1998; Li et al., 1998).

1.4. His-Asp phosphorelay pathway in Schizosaccharomyces pombe

A His-Asp phosphorelay system is also found in Schizosaccharomyces pombe
(Cottarel et al., 1997; Shieh et al., 1997, Ohmiya et al., 1999; Aoyama et al., 2000;
Nguyen et al., 2000). The system controls the activity of the WAK1 (also WIK1, WIS4)-
WIS1-STY1 (also SPC1 and PHH1) MAPK pathway (Figure 1-2) (Shiozaki et al.,
1997). Many of the components have been found to be homologous to their counterparts
within the HOG pathway of S. cerevisiae. STY1 is the MAP kinase in the cascade that
reacts to multiple stresses, including osmotic stress, oxidative stress, heat shock and UV

light.
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Figure 1-2. Multi-step phosphorelay pathways in S. cerevisiae and S. pombe. The
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phosphorelay pathways in the two kinds of yeast react to different stresses. Both of them control a

downstream MAPK pathway. The components are homologous to the counterparts in the other yeast.

1.4.1 Three histidine kinases: MAK1, MAK2, MAK3

Three histidine kinases exist in S. pombe: MAKI1, MAK2 and MAK3 (for
MCS4-activating kinase, Buck et al., 2000) (also known as PHK3, PHK1 and PHK2
respectively, as pombe histidine kinase, Aoyama et al., 2001). All of them have a
histidine-kinase domain and a response regulator domain at the C-terminal portion. They
also contain several additional domains that are absent in S. cerevisiae homologue SLN1
(Buck et al., 2000). Both MAK2 and MAK3 contain one PAS/PAC domain, a domain
that has been identified in a variety of prokaryotic sensors of oxygen or redox (Crews et
al., 1999), while MAK1 has two such domains in parallel (Buck et al., 2000) (Figure 1-

3). Two motifs are found in MAK2 and MAK3, but not in MAKI1. The first one is a



GAF domain, which has been identified in a number of phototransducing proteins like
phytochromes and plant ethylene receptors (Aravind ef al., 1997; Buck et al., 2000). The
GAF domain has a well-defined function, which is cGMP binding (Charbonneau ef al.,
1990). The second is a domain that is homologous to a family of atypical
serine/threonine kinases from prokaryotes, such as Mycobacterium tuberculosis PknB
(Buck et al., 2000) (See Figure 1-3).

MAK?2 and MAK3 regulate STY1 activity in response to peroxide stress, while
deletion of the MAKI gene did not affect STY1 phosphorylation. MAK2 and MAK3 gene
deletions caused reduction of PYP2 and GPX] mRNA transcription in presence of | mM
hydrogen peroxide, while MAKI deletion affected CTTI" mRNA level. It was believed
that two phospho-relay systems were required to protect S. pombe from peroxide stress,

one controlled by MAK1, the other one controlled by MAK2/3 (Buck ef al., 2000).

S.c. SLN1 N RR XS

S.p. MAKI1 N— @eedk]l— @ c

s.p.Mak2 N—C ) o @[ Bk RR_X¢

Sp-MAK3 x (D & e — @ c

® Receiver domain . Transmembrane domain
@ Histidine kinase @ PAS/PAC motif

@ GAF domain O Putative Ser/Thr kinase
Figure 1-3. The domain structure of sensor Kinases in S. pombe and S. cerevisiae.
SLNI1 in S.cerevisiae has a transmembrane domain. MAK1, MAK?2 and MAK3 have domains that do not
exist in SLN1, the PAS/PAC domain, GAF domain and a putative Ser/Thr kinase domain. All of the four

kinases have a RR and an HK domain at the C-terminal portion.



1.4.2 Two response regulators: MCS4 and PRR1

MCS4 (mitotic catastrophe suppressor) in fission yeast was originally identified
as a positive regulator of mitosis, suppressing the lethal hyperactivation of the central
mitotic regulator CDC2 (Booher et al., 1987; Mloz et al., 1989; Shieh et al., 1997). The
S. pombe cdc2-3w weel-50 double mutant displays a temperature-sensitive lethal
phenotype termed mitotic catastrophe. Six mitotic catastrophe suppressor (MCSI-6)

genes were identified and mutations in them suppress the cdc2-3w weel-50 temperature-

sensitive growth defect (Cottare ef al., 1997).

MCS4 is structurally and functionally homologous to SSK1 from the budding
yeast S. cerevisiae (Maeda et al., 1994), thus it is thought to be the putative response
regulator in the stress pathway in fission yeast (Mloz et al., 1989; Cottare et al., 1997,
Shieh et al., 1997; Shiozaki et al., 1997). The identity between the two proteins is mostly
confined to the C-terminal ends where the conserved response regulator domains reside
(Cottarel et al., 1997) (Figure 1-4). The MCS4 522 amino acid protein is 55% identical
to SSK1 in the carboxy-terminal response regulatory domain, while it is 18% identical
on average to a number of bacterial response regulators (Shieh et al., 1997) (Figure 1-4).
It is believed to be a response regulator monitoring environmental signals and regulating
the G,/M transition partially through the WIK1 (also WAK1, WIS4)-WIS1-STY1 kinase
cascade (Shiozaki et al., 1997). This conclusion was based on the findings that deleting
the MCS4 gene prevented activation of STY1 in response to a variety of environmental
stresses (Shieh et al., 1997), and that double deletion of the WAK I and MCS4 genes gave

an effect on STY1 activation and PYP2 induction similar to the single deletion of WAK1



(Shieh et al., 1997). Also, MCS4 was shown to associate with WAKI1 in vitro (Shieh et

al., 1997).

MCS4RY FASLLEGVIPPINVLIVEDNIINQKILETFMKKRNISSEVAKDGLEALEKWKKKSFHLIL 410
SSKIR2 _ _TTSEKVFPKINVLIVEDNVINQAILGSFLRKHKISYKLAKNGQEAVNIWKEGGLHLIF 554

X . ¥XXXEXEXXRNZR L IR B L1 EX ¥ LI LI L1 BKE

MCS4RY MDIQLPTMSGIEVTQEIRRLERLNAIGVGAPKLTQPIPEKDQLNENKF_QSPVIIVALTAG470
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Figure 1-4. Sequence alignment of the response regulator domains of SSK1-R2 and

MCS4-R4. The RR domain of SSK1 (named as SSK1-R2) and MCS4 (named as MCS4-R4) are 55%

identical. The identical residues are indicated by *. The highly conserved and conserved residues are

indicated by : and . respectively.

Besides regulating the STY1 MAP kinase pathway, MCS4 also controls the
G,/M transition in cell division in S. pombe by influencing an unknown pathway that is
required for the correct timing of CDC2 kinase activation (Shieh et al., 1997). This was
based on the observation that neither a WIS deletion nor a STY/ deletion was sufficient
to suppress mitotic catastrophe caused by hyperactivation of CDC2, while a MCS4
deletion mutation could suppress mitotic catastrophe (Shieh et al., 1997).

Although deletion of the MCS4 gene in S. pombe was viable to cells, the
transition from G2 to M phase in cell division was delayed and cells divided in elongated
shape (Aoyama et al., 2000). The conserved aspartate residue in the RR domain of
MCS4 is D412. A D412N mutation in MCS4 did not affect cell growth rate, but caused

cells to divide at a smaller size (11.4+0.4um) compared to a wild-type cell (14.3+0.2um)



(Buck et al., 2000), suggesting that dephosphorylation of MCS4 partially blocked
activation of STY 1. The phenotype resembles that of the deletion of PYPI, the gene that
encodes MAP kinase phosphatase (Buck et al., 2000).

Another putative response regulator in S. pombe is PRR1, a protein consisting of
539 amino acid residues. It is homologous to the S. cerevisiae response regulator SKN7
(622 amino acids), sharing 32.8% identity overall (Ketela ef al., 1999) (Figure 1-5). Both
of them contain a receiver domain at the C-terminal domain, which may serve as a
phospho-acceptor in a phosphorelay. D418 in PRR1 is thought to be the phospho-
accepting aspartate residue. The N-terminal portion of PRRI1 is similar to mammalian
heat shock factors (HSFs), with 24.7% identical to mouse HSF-2 (Ketela et al., 1999)
(Figure 1-6).

Deletion of PRRI in S. pombe was not lethal to cells, but caused cell sensitivity
to cold temperatures (20°C), heavy metal (cadmium) and ~-BOOH/H,0, treatment, but
not to diamide treatment or to osmotic pressure caused by 2.2 M sorbitol (Ketela et al.,
1999; Li et al., 2002). Another phenotype exhibited was failure of prrlA cells to undergo
sexual development (sterility). PRR1 controls not only the expression of CTTI" (encodes
catalase) and TRRI" (encodes thioredoxin), but also the expression of STELI™ (the gene
that controls sexual development in S. pombe) (Ketela et al., 1999; Li et al., 2002) and
MAM?2" (encodes mating pheromone M-factor), MEI2" (encodes a protein that is
committed to meiosis) (Nakamichi et al., 2003). Although one group found that PRR1
was not responsible for GPDI" (encodes glycerol-3-phosphotate dehydrogenase) gene
induction in presence of 1 M KCI (Ketela et al., 1999), another group revealed that

deletion of the PRRI gene reduced the mRNA level of CTA3", CTTI" and GPXI"



(encodes glutathione peroxidase) in presence of 0.6 M KCI (Greenall et al., 2002)
(CTA3" encodes an intracellular cation transporter, a stress gene whose expression is
positively controlled by the STY 1 pathway and negatively regulated by TUP repressors).
It is believed that PRR1 contributed to the high basal level of CTA3" level when TUP

repressor genes were deleted.

PRRILRR TSMSQMGAAVPTTGLWKRQPRILLVEDDELSRRMTIKFLTSFDCQVDVAVDGIGAV 404
SKN7-R3 - . SLTPNAQNNTVTLRKGFHVLLVEDDAVSIQLCSKFLRKYGCTVQVVSDGLSAI 413

PRRI-RR NKANAGGFDLILMDFILPNLDGLSVTCLIRQYDHNTPILAITSNISMNDAVTYFNH 459
SKNT-R3 STLEKYRYDLVLMDIVMPNLDGATATSIVRSFDNETPITAMTYGNIMNQPLITYLQH 468

PREIFRR  GVTDLLVKPFTKLTLLQLLEKKQLLNLL _ _ . QA 488
SKNT-R3 GMNDILAKPFTRDPDLHSILIRYLKDRIPLCEQQLPPRNSSPQTHSNTNTA 517
PRRI.LRR DNSINMSDVPSTKEAKDDKAPVTFYLENDAPMYPQQMLQDPIQADLQHPH_ _ __ _ 537

SKNT-R3 NSNPNTINEQSLAMLPQDNPSTTTPVTPGASISSAQHMVQQGQQEQQHQIFHAQQQ 571

PR R e
SKNT-R} QQHHNATIANARSDVAIPNLEHEINTVPHSSMGSTPQLPQSTLQENQLS 618

Figure 1-5. Sequence alignment of the response regulator domains of PRR1 and

SKN7. The amino acid sequences of response regulator domain of PRR1 (named as PRR1-RR) and that
of SKN7 (named as SKN7-R3) were aligned. The identical amino acid residues are highlighted in yellow

boxes.
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Figure 1-6. The domain structure of the four response regulators in S. pombe and in

S. cerevisiae. RR means response regulatory domain. The arrows point to the active centers that
contain the conserved aspartate residue. S.p.: S.pombe, S.c.: S.cerevisiae. HSF is the abbreviation for heat

shock factor.

While the MCS4 response regulator plays a role in mitotic cell cycling, PRR1
seems to control the S. pombe meiosis process (Greenall et al., 2002). In S. pombe, the
decision to exit the mitotic cell cycle and to start mating requires both the pheromone
(mating partners) and specific nutrient signals (Sugimoto et al., 1991; Aono et al., 1994;
Watanabe et al., 1998). Under starving conditions (when the nitrogen source is limited),
there are several cellular changes, including arrest of cell growth at the G1 phase,
lowering intracellular cAMP levels, the expression of certain genes (STELI', MAM2",
and MEI2"), and initiation of meiosis (Nakamichi et al., 2003). While prrlA cells were
sterile in nitrogen-deficient medium, the PRR1D418N mutation resulted in a precocious
(or rapid) sexual development. The mutated cells underwent mating even in rich medium
and/or anaerobic growth conditions (limited external oxygen). S. pombe wild type cells
cannot enter into the meiotic cell cycle in a nitrogen-deficient medium if under anaerobic

conditions. This suggested that the D418N mutation of PRR1 is a “gain-of-function” and
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PRRI1 could be negatively regulated by the histidine kinases (Nakamichi et al., 2003).
The makl1/2/3A cells and PRR1D418N cells could efficiently enter into meiosis in
nitrogen-deficient medium under anaerobic growth conditions, while wild-type cells
could not, suggesting that the sexual development of S. pombe may also be regulated in
response to oxidative stress (Nakamichi et al., 2003).

Li et al., 2002 cited their own unpublished data that showed truncated PRR1
mutants (truncation of either the N-terminal portion or the C-terminal portion alone)
were not able to complement the prrlA phenotype, while the full-length gene could (Li
et al., 2002), suggesting that full-length PRR1 is required to accomplish its function.

GFP-PRR1 protein (a GFP-PRR1D418N mutation) (GFP stands for green
fluorescent protein) was located mainly in the nucleus, and the localization was not
affected by prior treatment of the cells with H,O, (Li et al., 2002). This suggests that
PRR1 may predominantly be located in the nucleus under normal and oxidative stress
conditions (Li et al., 2002).

makl A cells have reduced CTTI" levels like prriA cells, suggesting that PRR1
may be under the control of MAK1 (Crews et al., 1999), but more direct evidence will

be needed to make the conclusion.

1.4.3 One HPt protein: MPR1

MPRI1 (multistep phosphorelay protein, Nguyen et al., 2000), also known as
SPY1 (S. pombe YPDI like protein, Aoyama et al., 2000), is highly homologous to the
YPDI1 protein in budding yeast and is thought to be the HPt protein in fission yeast. This
32.5 kDa protein is 128 residues longer than YPD1. The C-terminal region of 160

residues is 42% identical to the YPDI sequence. The histidine phosphorylation site of
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YPDI (residues 62-71) is completely conserved in MPR1, whose phosphorylation site is
His-221 (Figure 1-7). However, the additional N-terminal 135 residues of MPR1 have

no apparent sequence homology to any known proteins (Nguyen et al., 2000).

MPR1 MSVYRDNMYMKYDRNFENRVARRNGQARNASLAKTLHDSGIA 42
YPD1l —————m - oo

MPR1 ERARSPSGSAIPHAYRVMNGSGANDTSLPLTSNPAYVALTSR 84
¥YPD1 === m e

MPR1 ISSSKSENNQQLAANETAGAPEGTEETVDISNSISDDHANAK 126
¥YPD1l === mmmmmm e

MPR1 NLPAASVKALVGAGVLSDELSVIAYDMSFEDELIQDKQLIDH 168
YPD1 —-—-—-—-—— - - MSTIP--------—-—- SEIINW 11

MPR1 SVFDQLLEMDDDDEHEFSKSIVWNYFEQAETTIADLQKALEA 210
YPD1 TILNEIISMDDDD-SDFSKGLIIQFIDQAQTTFAQMQORQLDG 52

MPR1 -KDLKKLSSLGHFLKGSSAVLGLTKMRKVCERIQNYG----- 251
YPD1 EKNLTELDNLGHFLKGSSAALGLQRIAWVCERIQNLGRKMEH 94

MPR1 ---------- SLRSR---DGVMKLPSEE------------— 268
YPD1 FFPNKTELVNTLSDKSIINGINIDEDDEEIKIQVDDKDENS 136

MPR1 IALDLISKSLSVVNDFYKDARAYLLDFYEKNSST 295
YPD1 IYLILIAKALNQSRLEFKLARIELSKYYNTNL 167

Figure 1-7. Alignment of the amino acid sequence of MPR1 with that of YPDI.

YPD1 is 42% identical to the C-terminal portion of MPR1. Identical residues of the two proteins are
shaded in yellow boxes. A green arrow marks the phosphorylation site, which is completely conserved

between the two proteins.

1.4.4 What is experimentally known about MPR1?

Besides the sequence alignment and homology, some experimental evidence
supports the hypothesis that MPR1 acts as a HPt protein in S. pombe. The YPD1 deletion
mutation of S. cerevisiae is lethal to the cells (Posas et al., 1996), however, the

expression of the MPRI gene can complement the deletion (Aoyama et al., 2000).
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Although deletion of the MPRI gene (mprIA) in S. pombe does not kill the cells, it
causes severe impairment of STY1 activation (Nguyen et al., 2000). To test whether
His221 of MPRI1 (the residue that aligns with His 64 in YPDI, the site of
phosphorylation) is the phosphorylation site, His221 was substituted with Gln
(MPR1H221Q). This mutated MPR1 was unable to complement the disruption of YPDI
in S. cerevisiae (Aoyama et al., 2000). The same mutation impaired STY1 activation
upon oxidative stress, showing that His221 to Gln mutation completely abolished the
phosphotransfer activity of the protein.

The natural downstream target of MPR1 is thought to be MCS4. Two different in
vivo studies showed that MPR1 interacts with MCS4. One study was a yeast two-hybrid
analysis (Aoyama et al., 2000), the other one used a coprecipitation analysis in which
MCS4 was copurified with MPR1 (Nguyen et al., 2000). Besides regulating STY1
MAPK pathway, MPR1 together with MCS4 may also regulate Go/M cycle during cell
division, because MPRI-deficient cells were precocious in entering the M phase
(Aoyama et al., 2000).

The MPRI gene is not essential for cell growth under standard growth conditions
since its deletion, unlike the YPDI deletion in S. cerevisiae, is not lethal to the cell
(Aoyama et al., 2000). Furthermore, mpriA cells grew well on YES agar plates
containing 1 M KCI (Nguyen et al., 2000, unpublished data), suggesting that the MPRI

gene is not essential for controlling high-osmotic stress (Nguyen et al., 2000).
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1.4.5 Binding specificity of HPt proteins to response regulators

Both S. pombe and S. cerevisiae cells have two response regulators in their
phosphorelay system. SSK1 in S. cerevisiae is involved in hyperosmotic stress response,
whereas SKN7 is involved in cell wall metabolism (Brown et al., 1993, Ketela et al.,
1999, Li et al., 2002), heat shock response (Raitt et al., 2000), nitrogen starvation-
induced diploid filamentous growth (Lorenz et al., 1998), cell cycle control (Morgan et
al., 1995; Bouquin et al., 1999), and oxidative stress response (Charizanis et al., 1999;
Charizanis et al., 1999). To induce the proper cellular reaction in signal transduction, the
HPt protein needs to transfer the phosphoryl group to the correct RR in response to a
specific situation. Binding specificity may decide the direction of the phosphoryl group
flow from the HPt protein to the response regulators. Previous results through the yeast
two-hybrid assay (Porter et al., 2003; Porter et al., 2005) and the YPD1/SLNI-R1 co-
crystal structure observation (Xu et al., 2003) showed that the hydrophobic patch around
the site of phosphorylation on YPD1 is the primary binding surface, while the peripheral
residues may be responsible for the specificity of binding to RRs. Although sharing the
similar core binding area, SSK1-R2 and SKN7-R3 have specific binding residues on
YPD1. Mutation of the specific residues would dramatically affect the binding affinity

(Porter et al., 2005).

1.5. Similarities and differences between the S. cerevisiae and S. pombe

phosphorelay pathways and MAP kinase pathways

There are other similarities between the S. cerevisiae and S. pombe phosphorelay

pathways beside the sequence homology of their proteins. Like YPD1, MPR1 may also
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negatively regulate the MCS4 response regulator, that is, MCS4 is phosphorylated under
normal conditions but is dephosphorylated under the appropriate stress condition
(Aoyama et al., 2000; Nguyen et al., 2000).

However, there are also important features that distinguish the S. pombe
phosphorelay pathway from that of S. cerevisiae. Unlike the SLN1-YPD1-SSK1
pathway, which is inactivated by hyperosmotic stress, the putative MAK2, MAKS3-
MPR1-MCS4 pathway is inactivated by oxidative stress (reviewed by Hohmann, 2002).
The MAPK pathway controlled by the SLN1-YPD1-SSK1 pathway is activated only by
hyperosmotic stress, while the MAPK pathway that is downstream of the
MAK2/MAK3-MPR1-MCS4 pathway (STY1 pathway) responds to oxidative, heat
shock stresses, and nutrient limitation (Baunuett, 1998). Beside the differences in type of
stress, another striking difference is that the STY1 pathway is involved not only in the
regulation of the stress response, but also in mitosis and sexual differentiation (Baunuett,
1998). Furthermore the STY1 pathway controls a transcription factor (ATF1) that is
similar to the transcription factor (ATF2) activated in mammalian cells (Baunuett, 1998)
(Figure 1-2).

As discussed above, the His-Asp phosphorelay systems in budding yeast and
fission yeast have similarities and differences. Differences in sequence homologies may
result in functional similarities or differences. MPRI1 in fission yeast has an additional
160 residues at its N terminal region compared to the sequence of YPDI in budding
yeast, and that raises an obvious question: what function does the N-terminal portion
perform? Does it contribute to the phosphotransfer activity of MPR1, by enhancing or

inhibiting the function of the C-terminal portion in phosphotransfer? Is it involved in
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binding of response regulators and/or in interacting with the upstream histidine kinases?
Or, does it have some other unknown function yet to be determined?

HPt proteins play an important role in His-Asp phosphorelay pathways. Although
only a small group of prokaryotes employ a separate HPt protein in a phosphorelay
(Freeman et al., 1999), HPt proteins are predominantly used in eukaryotic His-Asp
pathways. HPt proteins function as a link between RRs. Genomic sequencing programs
have revealed that many phosphorelay systems have redundant HKs and/or RRs
(Thomason et al., 2000). For example, in Arabidopsis thaliana, there are at least 11 HKs
and 16 RRs that participate in multiple interactions (West ef al., 2001), but the number
of HPt proteins found is lower than that of HKs or RRs in each of the organisms that use
a His-Asp phosphorelay. Most of the organisms have only one HPt, while some of them
do not have any; only Arabidopsis thaliana has 5 HPt proteins (Miyata et al., 1998,
Suzuki et al., 1998). Although more HPt genes may be found with the completion of
genomic programs, it is unlikely that their number will exceed that of HKs or RRs
(Thomason et al., 2000).

In S. cerevisiae, six distinct MAPK pathways have been identified, including the
osmoregulation pathway (HOG pathway), pheromone pathway, morphological switch
pathway, cell wall integrity pathway, cell wall construction pathway, and sporulation
pathway (reviewed by Hohmann, 2002). In S. pombe, only three MAPK cascades have
been defined so far, including the mating pheromone responsive MAPK, the stress
activated MAPK (STY1 pathway), and the cell integrity pathway (reviewed by Yang et

al., 2001).
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The HOG pathway in S. cerevisiae is stimulated by osmotic shock and controls
expression of genes that allow adapting to this stress. The STY1 pathway in S. pombe
also controls the osmotic stress response in S. pombe. The components in the two
pathways share relative high identity and similarity (reviewed by Hohmann, 2002).
However, differences exist between the two pathways since S. pombe is a single cell
organism that shares more features with higher eukaryotes than does S. cerevisiae. First,
in contrast to the HOG pathway in S. cerevisiae, which is activated only by
hyperosmotic stress, the STY1 pathway in S. pombe is activated by hyperosmotic stress,
oxidative and heat shock stresses, nutrient limitation and anisomycin (a protein synthesis
inhibitor), UV light and carbon starvation (Baunuett 1998). In this respect, the STY1
pathway resembles the p38 and SAPK/INK pathway of mammalian cells (Baunuett
1998). Second, the STY1 pathway uses a transcription factor (ATF1) that is highly
homologous to mammalian transcription factor ATF2. Another feature that distinguishes
the S. pombe MAP kinase pathway from that in S. cerevisiae is that the STY1 pathway
not only regulates stress responses but also integrates the responses with two processes
essential to all eukaryotes: control of mitosis and initiation of meiosis (Baunuett 1998).
The G2-mitosis transition of fission yeast could be delayed if the STY1 pathway was
blocked, resulting in delaying of mitosis and causing elongation in cell shape and size.
Shorter sized fission yeast cell could be generated if the STY1 pathway was over-
activated. The STY1 pathway is also required to initiate the mating of fission yeast cells
(Baunuett 1998). Although some observations do link the HOG pathway to cell cycle

control in S. cerevisiae, such as osmotic shock resulting in a temporary arrest in the G2
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phase in mitosis (Alexander et al., 2001), more investigations are needed to relate the
HOG pathway to the mitosis and meiosis processes in S. cerevisiae.

The two-component pathway in S. cerevisiae is responsible for activation of the
HOG pathway under hyperosmotic stress, while that in S. pombe activates the STY1
pathway under oxidative stress. It is not understood yet how osmotic stress signals are
transduced by the STY1 pathway, if it is not through the two component system. PRR1
might partially be responsible for activating the STY1 pathway under osmotic stress,
since CTA’" transcripts were significantly reduced when the prr/A strain was exposed to
0.6 M KCI (Greenall et al., 2002). Others found that PRR1 may not be involved in the

transcriptional response to high salt stress (Ohmiya et al., 1999).

1.6. Significance

The fission yeast Schizosaccharomyces pombe is a member of the
archiascomycetes, believed to belong to an ancestral assembly of the ascomycetes. S.
pombe has been an excellent alternative fungal model to S. cerevisiae. First of all, S.
pombe 1s almost as easily cultured and manipulated as budding yeast (S. cerevisiae).
Secondly, S. pombe is well characterized as to molecular genetics, since the genome
sequence has been finished recently. More importantly, a phylogenetic analysis using
nuclear small subunit rRNAs (GOBASE), suggests that S. pombe branches off before the
divergence of budding yeasts. This statement is supported by phylogenetic analyses
using mitochondrial sequence data (Fungal mitochondrial genome project led by
B.F.Lang). Another advantage of using S. pombe as a model is that S. pombe uses the

universal translation code for all ubiquitous mitochondrial genes, which clearly
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distinguishes it from other ascomycetes that have one or more codon reassignments
(GOBASE). Thus, using S. pombe as a model organism will help us to analyze proteins
from human and other higher eukaryotes, leading to a better understanding of biological
processes. S. pombe is only second to S. cerevisiae in ease of genetic manipulation
within the kingdom of eukaryotic organisms. It has served as an excellent model system
in biological research (Wood et al., 2002). The genome sequencing was completed by
the Wellcome Trust Sanger Institute (www.sanger.ac.uk). The total number of the genes
in S. pombe is substantially lower than the number found in S. cerevisiae (Wood et al.,
2002). This fact, combined with the fact that S. pombe is farther evolved than S.
cerevisiae, implies that the genes in S. pombe are more efficiently used. Yet MPR1, the
only HPt protein found in S. pombe, contains additional sequence at its N-terminus that
is not homologous to any known protein.

Although there is evidence that mammalian histidine kinases exist as a remnant
of mammalian evolution from bacterial origins (Besant et al., 2005), no such genes that
resemble HPts and RRs in His-Asp signal pathways have been found in animals. This
fact makes His-Asp phosphorelay systems potential therapeutic targets for drug

development.

1.7. Research focus

The two-component signal transduction system in S. cerevisiae has been studied
quite thoroughly so far, but the one in S. pombe, whose host is closer to higher
eukaryotes, is less characterized. Many questions remain to be solved. What is the

possible function of the N-terminal portion of the HPt protein MPR1 in the
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phosphotransfer pathway? How is the phosphoryl group transferred in the pathway,
starting from three histidine kinases, ending up with two response regulators? What are
the functional differences between MPR1 and YPD1? How would the mutations on the
binding surface of YPDI affect the phosphotransfer to RRs in vitro, if the YPDI is
altered to be more like MPR1, and vice versa?

The presence of three histidine kinases (HK) in the His-Asp phosphotransfer
pathway in S. pombe seems redundant when compared to the number of histidine kinases
in S. cerevisiae, the less evolved species (there is only one HK). Having more than one
HK may help distinguish interaction with RRs in the pathway under different stresses.
The yeast-two hybrid method was used to detect interactions between the proteins (or
domains) of the phosphorelay pathway in S. pombe. The HPt protein in S. pombe has an
extra N-terminal portion which is not homologous to any known protein. To investigate
the possible function of the N-terminal portion, MPR1 was truncated at the N-terminus
and the function of the mutants was tested in vivo and in vitro. To further investigate the
binding preference of YPDI to RRs, some of the residues that are putatively responsible
for binding specificity were mutated to the corresponding ones on MPR1. The mutants

were expressed and their phosphotransfer activity was tested in vitro.
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2. Functional Characterization of the Phosphorelay

Protein MPR1 from S. pombe

“Reproduced in part with automatic permission from [Tan, H., Janiak-Spens, F. & West, A. H. (2007).
Functional Characterization of the Phosphorelay Protein Mprlp from Schizosaccharomyces pombe. FEMS

Yeast Research. In press] Copyright [2007] Elsevier B. V.

2.1. Introduction

The multi-step phosphorelay system in the fission yeast Schizosaccharomyces
pombe is primarily involved in regulating cellular responses to oxidative stress (Nguyen
et al., 2000; Buck et al., 2001), but also is implicated in regulation of the cell cycle
(Shieh et al., 1997; Aoyama et al., 2001). Many of these components have homologous
counterparts within the HOG1 MAPK pathway of S. cerevisiae. In S. pombe, however,
there are three hybrid histidine kinases (MAKI1, MAK2 and MAK3) (Aoyama et al.,
2001; Buck et al., 2001), and two response regulator proteins, MCS4 and PRR1, that are
homologous to the S. cerevisiae SSK1 and SKN7 response regulators, respectively
(Cottarel, 1997; Shieh et al., 1997; Shiozaki et al., 1997). MPRI is highly homologous
to the YPDI1 protein in budding yeast. Deletion of the MPRI gene in S. pombe causes
severe impairment of STY1 activation (Nguyen et al., 2000). MPR1 together with
MCS4 has been implicated as a regulator of the G,/M cell cycle transition during cell
division, because MPR1-deficient cells are precocious in entering M phase (Aoyama et
al., 2000). The C-terminal 135 residues of MPRI1 is ~42% identical to the full-length

YPDI sequence, including the putative site of phosphorylation (His221) (Nguyen et al.,
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2000) (Figure 1-7). However, the N-terminal 160 residues of MPR1 have no apparent
sequence homology to any other known protein.

Expression of the full-length MPRI gene in S. cerevisiae can complement a
ypdIA strain and rescue cell lethality (Aoyama ef al., 2000). However, unlike the ypdIA
lethal phenotype in S. cerevisiae, the MPRI gene is not essential for cell viability under
standard growth conditions (Aoyama et al., 2000). The downstream target of MPRI1 is
thought to be the response regulator MCS4. Two kinds of in vivo studies suggest that
MPRI interacts with MCS4. One is the yeast two-hybrid analysis (Aoyama et al.,
2000), the other is co-immunoprecipitation in which MCS4 was copurified with MPR1
(Nguyen et al., 2000).

HPt proteins (or HPt domains) are generally composed of about 170 amino acids
but share weak overall sequence similarity. However, their three-dimensional structures
are highly conserved (Madhusudan et al., 1996; Kato ef al., 1997, Xu & West, 1999;
Mourey et al., 2001; Sugawara et al., 2006), all composed of a four-helix bundle core
with the histidine phosphorylation site located in the middle of the helical bundle in a
solvent-exposed position.

Among the many HPt genes identified from 20 different fungal genomes, only
the S. pombe MPRI gene appears to encode a multidomain protein (295 amino acids)
(Krantz et al., 2006). The high degree of sequence similarity between YPD1 and the C-
terminal region of MPR1 suggested to us that the MPR1 C-terminal domain alone may
be able to function as an HPt protein in vivo and in an in vitro reconstituted
phosphorelay assay. We show here that N-terminal truncation mutants of MPR1

(MPR1AN) are indeed able to complement an S. cerevisiae ypdIA strain. An obvious
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question arose: what function does the N-terminal domain perform? Here we present
evidence that the N-terminal domain of MPR1 enhances protein-protein interactions and
consequently phosphotransfer between MPR1 and its upstream and downstream

response regulator domains.

2.2. Materials and methods

2.2.1 Materials

All chemicals (including water) used were of ultrapure grade. Gateway cloning
kit, restriction enzymes and T4 DNA ligase were purchased from Invitrogen. Pfu, Pfu
Turbo and Pfx DNA polymerases were obtained from Stratagene. Culture media for
bacterial and yeast growth was bought from Difco. Low-melting agarose was purchased
from Cambrex Bio Sciences. Plasmid DNA was purified using QIAprep® spin Miniprep
kit purchased from QIAGEN Inc. Plasmid DNA samples were sequenced by Microgen
in the University of Oklahoma Health Sciences Center to confirm designed mutations.
Chitin beads used to purify protein was from New England Biolabs. Chelating
Sepharose'™ Fast Flow was from Amersham Pharmacia Biotech. 30% Acrylamide/Bis
used in SDS gel was purchased from Bio-Rad. TEMED was from Amersham Pharmacia
Biotech. 5-Fluoroorotic acid (5FOA) was obtained from Sigma-Aldrich. IPTG
(Isopropyl-p-D-thiogalactoside) was from Gold Biotechnology. [y-**P]-ATP was from
Amersham Pharmacia Biotech. CPRG (Chloro-phenol-red--D-galactopyranoside) and
ONPG (O-nitrophenyl-B-D-galactopyranoside) was purchased from Roche. Anti-Gal4
activation domain antibody was from Sigma-Aldrich. Fluorescent ECF substrate was

purchased from Amersham Pharmacia Biotech. The rabbit anti-MPR1 antibody was
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produced by Cocalico Biologicals Inc. All of the E.coli expression hosts were from

Invitrogen.

2.2.2 Construction of deletion mutants of MPR1

Wild-type MPRI and YPDI genes were subcloned into the pRS315 low copy
shuttle vector (a kind gift from Dr. Jan Fassler, University of lowa). The resulting
plasmid pRS315-MPR1 (OU plasmid No. 198, abbreviated as OU pl“198) served as a
template for making six of the seven N-terminal deletion constructs (AN36, AN70,
AN101, AN120, ANI145 and ANI160) using the QuikChange insertion/deletion
mutagenesis strategy (Stratagene). The resulting OU pl” are 253, 254, 255, 256, 259,
257, respectively. The primer pairs used in PCR were two complementary
oligonucleotides designed to remove the desired gene segment (listed in Table 2-1). For
the PCR reactions, the denaturation temperature was set to 95 C for 50 seconds, the
annealing temperature was 50 C for 50 seconds, and the extension temperature was 68 C
for 14 minutes. Dpn I (10 units) was used to digest methylated parental DNA while
retaining the newly synthesized DNA. After transformation into E. coli DH5a cells and
overnight culture, plasmid DNA was isolated and subjected to DNA sequencing
(University of Oklahoma Health Sciences Center Laboratory for Genomics and
Bioinformatics) to confirm the deletion mutations. For the MPR1AN167 construct (OU
pl*258), the primer pairs were designed to amplify the gene segment encoding residues
168-296 with unique flanking restriction enzyme sites to facilitate subcloning of the

amplified fragment into the pRS315 vector.
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MPR1 deletion Oligonucleotide sequence

construct

AW289 AN36 fprimer 5'-CACACAATAATGTCTACTCACGATTCTGGCATAGCTGAACG-3"'
AW290 AN36 rprimer 5'-CGTTCAGCTATGCCAGAATCGTGAGTAGACATTATTGTGTG-3"'
AW406 AN70 fprimer 5'-CACACAATAATGTCTACTCCACTGACCTCAAATCCTGCTTATG-3"'
AW407 AN70 rprimer 5'-CATAAGCAGGATTTGAGGTCAGTGGAGTAGACATTATTGTGTG-3"'

AW291 AN101 fprimer 5'-CACACAATAATGTCTACTGCTGGCGCACCTGAAGGCACGGAGG-3"'
AW292 AN101 rprimer 5'-CTCCGTGCCTTCAGGTGCGCCAGCAGTAGACATTATTGTGTG-3"'
AW408 AN120 fprimer 5'-CACACAATAATGTCTACTGACCATGCGAATGCCAAAAATC-3'
AW409 AN120 rprimer 5' -GATTTTTGGCATTCGCATGGTCAGTAGACATTATTGTGTG-3"'
AW293 AN145 fprimer 5'-CACACAATAATGTCTACTCTTTCAGTAATTGCTTACGATATG-3'
AW294 AN145 rprimer 5'-CATATCGTAAGCAATTACTGAAAGAGTAGACATTATTGTGTG-3'
AW410 AN160 fprimer 5'-CACACAATAATGTCTACTCAAGACAAACAGCTCATTGATC-3'
AW41l AN160 rprimer 5' -GATCAATGAGCTGTTTGTCTTGAGTAGACATTATTGTGTG-3"'
AW428 AN167 fprimer 5'-CAAGACAAACAGATGTCTACTCATTCCGTTTTTGACCAGTTG-3"'

AW429 AN167 rprimer 5'-CCCCGATATCTTATGTAGAAGAATTTTTTTCATAAAAG-3"'

Table 2-1. Oligonucleotide primer pairs used for PCR-mediated deletion

mutagenesis. For each primer, an AW number was designated to it. Fprimer means the primer is

forward, rprimer means the primer is reverse.

2.2.3 Protein expression and purification

The MPRI gene cloned in a pCR2.1 vector was a kind gift from Dr. Kazuhiro
Shiozaki (University of California, Davis) (OU pl"94). The MPRI gene was then sub-
cloned into the pDEST17 expression vector using the Gateway cloning reagents and
recommended procedures (Invitrogen). The plasmid pDEST17-MPRI (OU pl“115) was
transformed into BL21(SI) (Invitrogen) cells (OU strain 243) in order to express the
Hise-tagged MPR1 protein in E. coli. Protein expression was induced with 0.2 M NaCl
at 16 C for 20 hours. A 4 mL Ni*" resin column (Chelating Sepharose Fast Flow,

Amersham Pharmacia Biotech) was used to purify the Hise-MPRI1 protein generated

26



from 1 L cell culture. The pDEST17-MPRI plasmid was truncated to pDEST17-
MPRIANI160 using QuikChange mutagenesis (OU pl*276). Purification of Hise-
MPR1AN160 in BL21(DE3)plysS cell (Invitrogen) (OU strain 345) was similar to that
of His¢-MPR1.

The PCR product encoding the C-terminal RR domain of MCS4 (MCS4-R4,
residues Glu345-Arg523) was generated using S. pombe genomic DNA as a template.
The MCS4-R4 gene fragment was cloned into a pET16b expression vector with Nde I
and Bam HI restriction sites (OU pl"274), and the resultant protein, His;o-MCS4-R4, was
expressed in BL21(DE3)pLysS cells (Invitrogen) (OU strain 351). Isopropyl-f-D-
thiogalactopyranoside (IPTG) was added to a final concentration of 0.2 mM to induce
expression of His;o-MCS4-R4 at 16°C for 6 hours.

The PRRI-RR gene fragment was cloned into a pET21a vector (using Nde I and
Xho I sites, OU pl*287) in order to express a C-terminal His-tagged protein, PRR1-RR-
Hise (residues Lys365-Lys540). Expression of PRR1-RR-His6 was in BL21(DE3)Star
RIL cells (Invitrogen) (OU strain 368) with 0.6 mM IPTG at 16°C for 20 hours.
Similarly, the RR domain of MAK2 (residues Ser1695-Arg2022) was cloned into a
pET21a vector (using Nhe I and Xho I sites, OU pl*344) and the resultant protein,
MAK?2-RR-Hisg, was expressed in BL21(DE3)Star cells (Invitrogen) (OU strain 435)
and induced with 0.4 mM IPTG at 16°C for 22 hours. All His-tagged proteins were
purified using Ni*'resin column chromatography. = The His;(-MCS4-R4 protein
purification required an additional gel filtration (Sephadex G50) step. The proteins were
buffer exchanged to final buffer (20 mM Tris-HCI, pH8.5 for MAK2-RR-Hiss, pH 7.0

for other proteins, 10% Glycerol, 100 mM NaCl, 1 mM BME) to get rid of imidazole.
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The S. cerevisiae phosphorelay proteins, YPD1, GST-SLN1-HK, SLNI-R1,
SSK1-R2, SKN7-R3, were purified following methods described previously in our

laboratory (Janiak-Spens & West, 2000).

2.2.4 In vitro phosphorylation assay

GST-tagged SLN1-HK was purified bound to glutathione-sepharose 4B resin
(Amersham Pharmacia Biotech AB) as described previously (Janiak-Spens & West,
2000). After buffer exchange to a reaction buffer [S0 mM Tris pH 8.0, 100 mM KCl, 15
mM MgCl,, 2 mM dithiothreitol (DTT), 20% glycerol], 7 uM [y-32P]-ATP (Amersham,
8.3 uCi/uL) and 2.5 uM SLN1-R1 (or MAK2-RR-Hiss) were added into the 7 uM GST-
SLN1-HK solution. After incubating at room temperature for 1 hour, phospho-SLN1-R1
(or phospho-MAK2-RR- Hisg) was separated from the GST-SLNI1-HK-bound
glutathione-sepharose resin by gentle centrifugation. Phospho-SLN1-R1 was then added
to tubes containing an equal molar amount of an HPt protein (YPDI, MPRI, or
MPR1AN160) to react at room temperature for a designated amount of time. Purified
RR domains (SSK1-R2, SKN7-R3, His;(-MCS4-R4, PRR1-RR-Hiss) were then added
(0.6 uM). Aliquots were removed at designated time intervals and the reactions
quenched by the addition of 4X Stop buffer (250 mM Tris pH6.8, 40% glycerol, 8%
SDS, 50 mM EDTA). The samples were then applied to a 15% SDS polyacrylamide gel
and electrophoresed at 200 V for 45 minutes. The SDS gels were wrapped in plastic
wrap and exposed to a phosphorimager screen. The radioactivity of each band was

quantified using a Storm 840 phosphorimager (Molecular Dynamics).
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2.2.5 In vivo complementation assay

The S. cerevisiae strain JF2153 (Mata, canR, cth, his3A200, leu2A1, ura3-52,
trpl1A63, 1ys2A202, ypdIAkan, 2u-PTP2(URA3")), a kind gift from Dr. Jan Fassler
(University of Iowa), was streaked onto a YPAD plate (1% Bacto-yeast extract, 2%
Bacto-peptone, 0.01% adenine sulfate, 2% dextrose, 2% agar). Colonies were picked
from the plate and used to inoculate 5 mL synthetic complete (SC)-Ura (uracil) media in
a 50 mL flask. After overnight shaking at 30°C, about 1 mL culture was added to 95 mL
SC—Ura liquid media in a 500 mL flask at an initial optical density at 600 nm (Agp) of
~0.1.  After shaking at 30°C for ~6 hours (Agp ~0.5), cells were collected by
centrifugation and then washed with 40 mL autoclaved distilled water, followed by 10
mL 1X TE/LiAc solution (10 mM Tris-HCI pH7.5, 10 mM EDTA, 100 mM lithium
acetate). The cell pellet was resuspended in 300 uL 1X TE/LiAC solution. For each
transformation, 50 uL cells, 5 uL freshly boiled carrier DNA (sonicated salmon sperm
DNA, 10 mg/ml) and 100 ng each plasmid DNA were combined in an autoclaved 1.5
mL microcentrifuge tube. 300 uL PEG/LiAc solution (1X TE/LiAc, 40% PEG-3350)
was added and gently mixed with the solution. The mixtures were incubated for 30
minutes in a 30'C water bath, followed by 15 minutes in a 42°C water bath. Then the
reaction mixtures were buffer exchanged with 500 uL autoclaved, distilled water and
plated onto the SC-Ura-Leu (leucine) plates. The plates were incubated for 48-72 hours
at 30'C. Three colonies were picked from each plate and streaked onto SC—Leu plates to
promote loss of the 2u-PTP2(URA") plasmid. Again the plates were incubated at 30°C
for 24-48 hours. Overnight culture in SC—Leu liquid media was prepared by picking

colonies into liquid media and shaking at 30°C. Equal amount of cells were plated on
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SC-Leu+5-FOA (5-fluoroorotic acid) plates (with different concentration of 5-FOA:
0.05%, 0.1%, 0.2% v/v), undiluted or with 1:10 serial dilutions. After incubating at 30°C
for 48 hours, digital pictures of the plates were taken. The assay was repeated three

times.

2.2.6 Yeast two-hybrid assay

Genes of full-length proteins or individual functional domains were cloned into
the two yeast two-hybrid vectors: pDB (Leu") that produces DNA-binding domain (BD)
fusion proteins, pPC86 (Trp’) that produces activation domain (AD) fusion proteins
(ProQuest Yeast Two-Hybrid System, Invitrogen). The genes were: MPRI,
MPRIANI160, MPRIACI135, MAKI~3-RR (RR domains of Mak1~3p), MCS4, MCS4-R4
(RR domain of MCS4), PRRI-RR (RR domain of PRR1). Plasmids (pPC86-MCS4-R4
OU pl*308, pDBleu-MPR1 OU pl*309, pDBleu-MPR1AC135 OU pl*312, pDBleu-
PRR1-RR OU pl*320, pPC86-MAKI1-RR OU pl*325, pPC86- MAK2-RR OU pl*326,
pPC86- MAK3-RR OU pl*327, pPC86-PRR1-RR OU pl*328, pDBleu-MPR1AN160 OU
pl#330, pPC86-MCS4 OU p1#331) (with one gene in pDBleu vector and another gene in
pPC86 vector) were co-transformed into the host strain MaV203 (MATa, leu2-3, 112,
trp1-901, his3A200, ade2-101, galdA, gal80A, SPAL10::URA3, GAL1::lacZ, HIS3yas
Gar:HIS3@LYS2, caan, cyh2R), using the PEG-LiAc method described in
complementation assay. Controls were one plasmid alone or one plasmid with the other
vector. Transformation mixtures were plated onto SC selective medium agar plates,
depending on the plasmid(s) transformed. Three cultures were prepared from three

separate colonies for each transformation in selective media, either SC-Leu, or SC-Trp,
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or SC-Leu,-Trp. The cultures were shaken at 30°C overnight. One mL of such
overnight culture was added to 4 mL of YPAD liquid media (1% yeast extract, 2%
peptone, 0.01% adenine sulfate, 2% dextrose, pH 6.0), and shaken at 30°C until an
optical density at 600 nm (ODgy) reached 1.0. Cells were harvested into 1.5 mL
Eppendorf tubes with | mL into each tube, 3 tubes per inoculants. Thus each colony was
assayed in triplicate. Cells were pelleted in a microcentrifuge, 8000 g x 1 minute and
were washed twice with 1.0 ml assay buffer (100 mM HEPES, 150 mM NaCl, 5 mM L-
aspartate, 1% bovine serum albumin, 0.05% Tween 20, pH7.0). Dry cell pellets were
frozen in a -80°C freezer overnight and were resuspended in 100 uL assay buffer the
next day. Cells were lysed by six rounds of immersion in liquid nitrogen and incubation
in 37°C water bath. CPRG (2 mM) (chlorophenol-red-B-D-galactopyranoside in 900 ul
assay buffer) was added to the cell lysate to start the reaction. The reaction mixture was
incubated at room temperature overnight, then quenched by adding 250 uL. 6 mM ZnCl,.
Cellular debris was removed by centrifugation, 8000 g x 1 minute, and the ODs74 value
of the supernatant was measured. [-galactosidase units were calculated using the
equation f-gal unit = 1000 x ODs74/ (¢ X V X ODgg), where ¢ is time in minutes and V is

the volume of the initial aliquot.

2.2.7 Western blot analysis

Cells were handled in the same way as in the [-galactosidase assay until right
after the freeze/thaw cycles. A parallel culture was set aside for Western blot analysis.
Glycerol was added to 10% final concentration as a cryopreservative to store the sample

at —20°C. Total cell protein concentration was measured using BioRad’s Bradford
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assay. Gel loading buffer (4X: 250 mM Tris pH6.8, 40% glycerol, 8% SDS) was mixed
with the samples. The same amount of protein per lane was loaded on 10% or 15% SDS
polyacrylamide gels and electrophoresed at 200 V for 40 minutes. The gel was then
electroblotted onto polyvinylidene difluoride (PVDF) membranes in transfer buffer
(25mM Tris pH8.3, 192 mM glycine) at 35 V for 30 minutes and then at 25 V for 1 hour.
After washing the PVDF membranes with blocking buffer (20 mM Tris, 500mM NaCl,
0.1% Tween 20, 5% dry milk) for 1 hour, GAL4 activation domain (AD) antibody
(Sigma, 1:2000 dilution, in 5% milk) or anti-MPR1 antibody (custom generated at
Cocalico Biologicals Inc., 1:3000 dilution) was added to probe the membranes at 4°C
overnight while gently shaking. An alkaline phosphatase-conjugated goat anti-rabbit
secondary antibody (Sigma, 1:3000 dilution, in 5% milk) was added to probe the 1*
antibody at room temperature for 1 hour. TTBS (20 mM Tris, 500 mM NacCl, 0.1%
Tween 20) buffer was used to wash the membranes between the two antibodies.
Fluorescent ECF substrate (Amersham Biosciences) was added to the membranes and
allowed to react for 5 minutes. After being dried, the membranes were analyzed using a

Storm 840 phosphorimager (Molecular Dynamics).

2.3 Results

2.3.1 Genetic complementation of a ypdIA S. cerevisiae strain

The sequence of MPR1 was aligned with other representative HPt proteins,
including YPD1 from S. cerevisiae, YPD1 from Candida albicans, MPR1 from S.
pombe, ZmHP2 from the plant Zea mays, and the C-terminal 125 residues of ArcB from

E. coli (ArcB®, the HPt domain of ArcB sensor kinase) using the program Clustal X
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(Jeanmougin ef al., 1998). The secondary structure of the C-terminal domain of MPR1
was predicted using the web-based program 123D (http://123d.ncifcrf.gov) (Alexandrov
et al., 1996). This information combined with the known secondary structure of YPD1
from S. cerevisiae (Xu & West, 1999), enabled us to produce a structure-based sequence
alignment shown in Figure 2-1. The crystal structure of YPDI from S. cerevisiae (Song
et al., 1999; Xu & West, 1999) resembles that of ZmHP2 (Sugawara et al., 2006) and
ArcB€ (Kato ef al., 1997), all having a four-helix bundle as the core of the protein. The
secondary structure prediction of MPR1 indicates that the C-terminal region also has a
helical rich composition, with each helix aligning very well with those of YPD1 from S.
cerevisiae (Figure 2-1). While the C-terminal 135 residues of MPR1 show the highest
sequence homology to the other two fungal HPt proteins (41 and 42% identity to YPD1
from S. cerevisiae and C. albicans, respectively), there appears to be a high degree of
structural conservation among all five of these HPt proteins from diverse organisms.
Several amino acid residues around the active site histidine, His64 in ScYPD1 and
His221 in MPR1, are completely conserved (highlighted in red font in Figure 2-1). The
most significant difference is that YPDI has a long linker region between the D and G
helices (residues 89-132), whereas neither ZmHP2, ArcB® nor MPR1 has such a linker
region.

The 123D program further predicts both o and § secondary structure in the N-
terminal region of MPR1. A nested set of N-terminal truncation mutations of the MPR/
gene was created based on the sequence alignment of HPt proteins and protein secondary
structure prediction of MPR1 as presented in Figure 2-1. The resultant deletion mutants

were named according to the number of N-terminal residues removed: AN36, AN70,
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AN101, AN120, AN145, AN160, AN167. The gene fragments for wild type MPR1 and
the mutant genes were cloned into pRS315, a low copy yeast shuttle vector. As a control,
the wild type YPDI gene was also subcloned into the same pRS315 vector. The
plasmids were then transformed into the S. cerevisiae strain JF2153, a ypdIA strain that
contains a 2u-plasmid that overexpresses PTP2, a HOGI-specific protein tyrosine
phosphatase. Deletion of YPDI is lethal to S. cerevisiae cells, due to constitutive
tyrosine phosphorylation and activation of the HOG1 MAPK and resultant
overproduction of intracellular glycerol. Overexpression of the PTP2 gene in the ypdIA
strain can restore cell viability. In our complementation assay, the 2u-P7P2 plasmid
will be lost due to negative selection with 5-FOA, and YPD1 function must therefore be

compensated for in order for cells to survive.
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Figure 2-1.

sequences of full-length MPR1 from S. pombe, YPD1 from S. cerevisiae (ScYPD1), YPDI from Candida
albicans (CaYPD1), ZmHP2 from Zea mays, and the C-terminal domain of the E. coli ArcB sensor kinase
(ArcB) were aligned using Clustal X (Jeanmougin et al., 1998). The secondary structure of the known
crystal structure of ScYPDI1 (above) and the predicted secondary structure of MPR1 (below) are also
shown with a-helices in blue and (-strands in green. The completely conserved residues among the five

proteins are highlighted in red font and indicated below with an asterisk. Other highly conserved (:) or
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less conserved (.) residues are also indicated below the sequence alignment.
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As shown in Figure 2-2, a pRS315 plasmid that contains either the wild type
YPDI or MPRI gene can rescue ypdIA S. cerevisiae cells, indicating that expression of
the full-length MPRI gene can compensate for loss of YPDI1 in vivo (this is consistent
with data reported by the Mizuno group (Aoyama et al., 2000)). Most of the MPRI N-
terminal deletion mutants were also able to complement the ypdIA strain except for
MPRI1AN70 and MPR1AN167. Although cells that express the MPRIAN70 mutant
partially survived on 0.05% and 0.1% 5FOA media, they were not viable on 0.2% SFOA
plates (Figure 2-3). Western blot analysis showed comparable levels of expression and
appropriate molecular sizes for the AN36, AN101, AN120, AN145 and AN160 expressed
mutant proteins (Figure 2-4). However, bands for the AN70 and AN167 were not
visible, indicating that these two truncated proteins may be poorly expressed and/or
structurally unstable in vivo. Although larger deletions were expressed, AN70 may have
cut right through a helix or a (-sheet. The damaged protein could be digested by the
Ubiquitin-proteasome system inside cells shortly after expression. Cells containing
MPR1AN101 exhibited lower survival than cells containing larger deletions (e.g. AN120
and AN145) even though the expressed protein could be detected by Western blotting.
This suggests that residues 101-120 of the MPRI1 protein are required for full HPt
function. MPRI1AN160 is the largest truncation construct that still retains HPt function
according to the complementation assay. Overall, these results demonstrate that the C-
terminal 135 amino acids of MPR1 can function as an HPt protein and can rescue a S.

cerevisiae ypdIA strain.
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Figure 2-2. In vivo complementation assay. S. cerevisiae ypdIA cells (JF2153) that contain
indicated plasmids were plated on selective media (SC —Leu + 0.1% 5FOA). The N-terminal truncations
of MPR1 are named based on the number of residues removed (AN#) or indicated by the number of C-
terminal residues remaining (boxes). Undiluted and serial diluted cells were plated after plasmid

transformation. pRS315 vector control is the negative control, while YPD1 is the positive control.
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Figure 2-3. In vivo complementation assay (continued). The concentration of SFOA was

0.2% comparing with that in Figure 2-2.



Figure 2-4. Western blot of the samples in complementation assay. Anti-MPR1 antibody
from Cocalico Biologicals Inc. was used to detect the expressed MPR1 or MPR1 mutants. There was no
band shown in plasmid control sample. Except MPR1AN70 and MPR1AN167 samples, the other samples
had proteins detected by anti-MPR1 antibody, indicating that the two distorted proteins might be digested

by proteases.

2.3.2 MPR1 and response regulator phosphotransfer specificity

To avoid cross-talk during signal transduction, HPt proteins need to transfer
phosphoryl groups to the appropriate downstream RR in response to a specific stress. In
S. cerevisiae, YPDI1 transfers phosphoryl groups to two distinct RRs, SSK1 and SKN7.
In S. pombe, there are also two RRs downstream of MPR1, MCS4 and PRR1. However,
it is not known whether MPR1 exhibits preferred specificity towards one RR over the
other.

Here we show, using an in vitro phosphotransfer competition assay in which both

RRs are present in equal molar amounts, that YPD1 exhibits a marked preference for
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phosphotransfer to SSK1 over SKN7 (Figure 2-5A), consistent with kinetic analysis in
which a 100-fold faster rate of phosphotransfer between YPD1 and SSK1 was observed
relative to SKN7 (Janiak-Spens et al., 2005). Interestingly, if MPR1 is used in place of
YPD1, we observe the opposite specificity, that is, MPR1 favors formation of phospho-
SKN7-R3 over phospho-SSK1-R2 (Figure 2-5B). It is also worth noting that although
SLN1-R1 can serve as a phosphodonor to MPR1, it does so with far less efficiency than
with the cognate HPt protein YPD1. In control experiments lacking YPD1 or MPRI1,
direct phosphotransfer from one response regulator domain to another was not observed.
It is tempting to speculate that the RR specificity exhibited by MPR1 is due to the
involvement of SKN7 in oxidative stress in S. cerevisiae, which would be consistent
with the role of MPRI in oxidative stress responses in S. pombe. It seems more likely
that molecular structure and surface characteristics of SKN7 resemble that of MCS4, the
cognate RR for MPRI.

The phosphotransfer activity of the truncation mutant, MPRIAN160, was also
compared with that of full-length MPR1 using the in vitro phosphorylation assay with S.
cerevisiae components. Both full-length MPR1 (Figure 2-6A) and MPR1AN160 (Figure
2-6B) can receive phosphoryl groups from the S. cerevisiae phosphodonor SLN1-R1 in
vitro. When the two RR domains SKN7-R3 and SSK1-R2 were included in the reaction,

MPRI1ANI160 still favored phosphotransfer to SKN7-R3 over SSK1-R2 (Figure 2-6C).
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Figure 2-5. Comparison of YPD1 versus MPR1 with respect to response regulator

phosphotransfer specificity. Phospho-SLNI1-R1 was used as a phosphodonor to YPDI1 (panel A)
or Mprl (panel B). Both SSK1-R2 and SKN7-R3 response regulator domains were included in the

reaction mixture in order to test for HPt-to-RR phosphotransfer specificity over the given time course.

Prey protein/domain Bait protein
MPR1 MPR1AN160

MAKI1-RR + -
MAK2-RR - -
MAK3-RR + +
MCS4 +++ ++
MCS4-RR ++ 4
PRR1-RR + -

Table 2-2. Comparative results of protein-protein interactions using a yeast two-

hybrid assay. Control sets of interacting pairs provided with the ProQuest Yeast Two-Hybrid System

(Invitrogen) were used to guage relative strengths of interaction as follows: +++ (moderate), ++
(moderate — weak), + (weak), £ (borderline), — (non-detectable). The cDNA for the weak interaction
control was the human RB and E2F'] genes, while the cDNA for the moderately strong interaction was the

Drosophila DP and E2F genes.
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Figure 2-6. In vitro phosphotransfer activity of MPR1 versus MPR1AN160. The

ability of Mprl (panel A) or MPR1AN160 (panel B) to be phosphorylated by phospho-SLN1-R1 is shown.
Response regulator specificity was determined for the MPR1AN160 mutant (panel C) using the RR

competition assay as shown in Figure 2-5.

2.3.3 The role of the N-terminal domain of MPR1 in protein-protein interactions

In the phosphorelay system in S. pombe, there are three hybrid HKs (MAKI,
MAK?2, MAK3) and two RRs (MCS4, PRR1) that possibly react to oxidative stress, with
only one HPt protein (MPR1) functioning between these HKs and RRs. MPR1 has been
shown to interact with and transfer phosphoryl groups to MCS4 (Aoyama et al., 2000;

Nguyen et al., 2000; Aoyama et al., 2001). Genetic studies also support the existence of
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a phosphorelay system from MAK2 or MAK3 to MPR1 to MCS4 and possibly direct
phosphotransfer from MAKI1 to PRRI, without participation of MPR1 (Buck et al.,
2001). We have used a yeast two-hybrid assay to investigate all possible interactions
between full-length MPR1 or the MprlAN160 mutant, the three RR domains from the
three HKs, and the two RRs MCS4 and PRR1. Full-length MPRI or the gene fragment
expressing MPR1AN160 were cloned into the pDBleu vector in order to express a "bait"
fusion protein with the Gal4p DNA-binding domain, while gene fragments encoding the
RR proteins/domains were cloned into the pPC86 vector in order to express a "prey"
fusion protein with the Gal4p activation domain. Protein expression levels of both bait
and prey fusion proteins were checked by Western blot analysis using antibodies to the
Gal4 activation domain or MPR1 (See Figure 3-3, 4, 5 in Chapter 3). P-galactosidase
reporter activity was measured and the comparative results are shown in Table 2-2. The
strength of interaction was based on comparisons to the control sets of interacting pairs
supplied with the ProQuest Yeast Two-Hybrid System (Invitrogen).

MPRI1 showed strong interaction with full length MCS4, and a more moderate
level of interaction with only the RR domain of MCS4 (MCS4-RR). MPR1 exhibited
relatively low interaction with the MAK3-RR domain and barely detectable interaction
with PRRI-RR and MAKI1-RR. Interaction with MAK2-RR was undetectable. The
results of the yeast two-hybrid assay using the truncation mutant MPRIAN160 were
consistent with that of full-length MPR1 but at lower levels of interaction. An effort was
made to delete the C-terminal domain of MPR1 and test the interaction between the
cognate proteins (domains) with the N-terminal domain of MPR1. But when fused with

the DNA binding domain of GAL4, the C-terminal domain of MPRI1 displayed
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interaction with the activation domain of GAL4 (i.e. false positive). The approach was

not pursued further.

2.3.4 The role of the N-terminal domain of MPR1 in response regulator
phosphotransfer specificity

In order to confirm our observations from the yeast two-hybrid interaction assay,
we expressed and purified the RR domains from MCS4 and PRR1 and tested whether
MPRI1 could transfer phosphoryl groups to the RRs in vitro. Using the heterologous in
vitro phosphotransfer assay with SLN1-R1 as the initial phosphodonor, we observe that
MPRI shuttles phosphoryl groups from SLN1-R1 to MCS4 (Figure 2-7A), but not PRR1
(Figure 2-7B). These results are consistent with genetic data that supports a MPR1-

MCS4 phosphorelay system but not MPR1-PRR1 phosphotransfer (Buck ez al., 2001).

A B
1 5 10 15 1 5 10 15(min)

SRR S e e e s e s - MIPRI

— - PRR1-RR
- MCS4-R4
SN - e v W SINIRI

Figure 2-7. In vitro phosphotransfer from MPR1 to its S. pombe response regulator

proteins. MPR1 was phosphorylated using S. cerevisize SLN1-R1 as a phosphodonor and then the

ability of MPRI1 to shuttle phosphoryl groups to either the S. pombe MCS4 RR domain (panel A) or the
PRR1 RR domain (panel B) was examined.
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The yeast two-hybrid interaction data indicated a lack of interaction between the
MAK2-RR domain and MPR1, however, this result would be in conflict with the genetic
data of Buck ef al., which indicates that both MAK2 and MAK3 function upstream of
MPR1 and MCS4 (Buck et al., 2001).

In order to corroborate our yeast two-hybrid results, we used purified protein
domains and tested them for phosphotransfer activity in vitro. The MAKI1-RR, MAK2-
RR and MAK3-RR domains were expressed in BL21(DE3)Star cells. GST-SLN1-HK
was used to phosphorylate these three RR domains in the presence of [y-">P]-ATP.
However, we only observed phosphorylation of the MAK2-RR (Figure 2-8) under the
conditions described in Methods. To test whether the MAK2-RR can serve as an in vitro
phosphodonor to MPRI1, we incubated phospho-MAK2-RR with either full-length
MPR1 or MPR1AN160. More efficient phosphotransfer is observed with the full-length
construct (Figure 2-8A) than with the truncation mutant (Figure 2-8B), suggesting that
the N-terminal region of MPR1 also plays a role in phosphotransfer. Thus, we conclude
that the hybrid HK MAK2 is part of a multistep phosphorelay system with MPR1 as its
immediate downstream phosphorelay partner. It is possible that interaction between
MAK2-RR and MPR1 in vivo was not observed due to weak binding affinity or steric
hinderance due to the two-hybrid fusion construct.

The yeast two-hybrid assay also indicated that MPR1 interacted weakly with the
MAK3-RR domain. We were unable to confirm whether this is a productive interaction
in terms of in vitro phosphotransfer due to difficulties in phosphorylating the MAK3-RR

domain.
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Figure 2-8. In vitro phosphotransfer from MAK2-RR to MPR1. The RR domain of the
hybrid HK MAK2 was phosphorylated by phospho-SLN1-HK. The ability of full-length MPR1 (panel A)
or MPR1AN160 (panel B) to receive phosphoryl groups from MAK2-RR was tested.

2.4 Discussion

HPt protein plays an important role in His-Asp phosphorelay pathways. Although
only a small minority of prokaryotes employ a separate HPt protein in a phosphorelay
(Freeman, et al., 1999), HPt proteins are widely used in eukaryotic His-Asp muitiple
phosphorelay pathways. HPt proteins function as a connection between RRs. Genomic
sequencing program has revealed that many phosphorelay systems have redundant HKs
and/or RRs (Thomason, ef al., 1999). For example, in Arabidopsis thaliana, there are at
least 11 HKs and 16 RRs taking part in multiple interactions (West, ef al., 2001). But the
number of HPt proteins found is far less than that of HKs or RRs in each organism that
uses His-Asp phosphorelay. Most of them have only one HPt, some of them do not have
any, only Arabidopsis thaliana has 5 HPts (reviewed by West, et al.,, 2001). Although

more HPt genes may be found with the completion of genomic program, it is unlikely
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that their number will exceed that of HKs or RRs (Thomason, et al., 1999). The HPt
protein MPR1 in S. pombe has more than one domain. The C-terminal domain could
receive phosphoryl groups from SLN1-R1 and transfer them to SSK1-R2/SKN7-R3 both
in vivo and in vitro, showing that the C-domain of MPR1 could perform HPt protein
function without the N-domain. Having a multi-domain HPt protein in the His-asp
phosphotransfer pathway in S. pombe must have a purpose, which is different in
comparison with the one domain HPt protein YPD1 in S. cerevisiae. One of the obvious
differences between the pathways in S. pombe and S. cerevisiae is that there are three
HKs in S. pombe pathway while there is only one HK in S. cerevisiae pathway. Our first
hypothesis was that the additional domain of MPR1 could have something to do with
distinguishing the three HKs upstream. This turned out not to be the case. Yeast two-
hybrid results were consistent between MPR1 and MPRI1AN160, but the level of
interaction is weakened when the N-terminal domain is deleted. Deletion of the N-
terminal domain also decreased the phosphotransfer from MAK2-RR to MPR1 in vitro.
This suggests a role for the N-terminal region of MPRI in enhancing or stabilizing
protein-protein interactions. On the other hand, the N-terminal 160 residues of MPR1
may not be essential for RR phosphotransfer specificity, according to the in vitro
phosphorylation assay results. MPR1 has been shown to react with MCS4 in vitro and in
vivo (Aoyama et al., 2000; Nguyen et al., 2000), which agrees with in vitro and in vivo
results in this research. MPR1 did not interact with PRR1-RR in vivo, neither could it
transfer phosphoryl groups to PRRI-RR in vitro, which is consistent with the genetic
deletion result that MPRI caused a mitosis change (Aoyama et al., 2000), but PRRI

caused meiosis disability (Greenall et al., 2002).
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By comparing the two-component systems in fungi and plants, we see a trend
indicating that the N-terminal domain of MPR1 may have other functions other than
discussed above. There is only one HK in §. cerevisiae, three HKs in S. pombe, and three
in C. albicans, 8 HKs in Arabidopsis that contain all the conserved residues required for
kinase activity (Schaller et al., 2002). Arabidopsis also contains proteins related to HK
but lack essential residues for kinase activity (Schaller et al., 2002). These so called
diverged histidine kinases have serine/threonine kinase activity instead of histidine
kinase activity. The HPt protein (YPD1) in S. cerevisiae interacts with both of the two
RRs downstream, while the HPt protein (MPR1) in S. pombe seems react with only one
of the two RRs. There are 5 HPt proteins found in Arabidopsis that contain the
conserved histidine residue, and a pseudo-HPt is also found that does not have the
histidine phosphorylation site. Genomic research showed that 22 response regulators
may exist in Arabidopsis that contain all the conserved residues for enzymatic activity,
and 9 pseudo-response regulators may also exist that miss essential residues for activity.
Although there are multiple HKs, HPts and RRs, not all of them participate in the two-
component system. They may have other biological functions other than histidyl-aspartyl
phosphorelay functions. It is possible that two-component signaling elements evolved to
shift functions to non-histidine/aspartate-related ones (Schaller et al., 2002). From this
point of view, we can suspect that the components in the two-component pathway in S.
pombe, a species that is closer to animals than plants (Schaller ef al., 2002), may perform
other functions beside histidyl-aspartyl phosphorelay. Indeed, MCS4 is required for the
activation of STY1 in response to many stresses beside oxidative stress, such as UV

light, protein synthesis inhibitor anisomycin stress, and temperature shock, but these
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stress-responses do not require phosphotransfer to MCS4 (Thomason et al., 2000; Shieh
et al., 1997). And we cannot exclude the possibility that MPR1 may participate in other
reactions that does not involve the C-terminal portion phosphorelay. The trend of His-
Asp phosphorelay pathway seems to go this way: dominant in prokaryotes — not so
dominant in low eukaryotes — absent in animals. The transition from “not dominant” to
“absent in aninal” generated pseudo His-Asp phosphorelay components that are unlikely
to function in this pathway. Take example of Arabidopsis, it contains pseudo-response
regulators that have complete receiver domain but do not have the essential Aspartate
residue for phosphorylation (Popov et al., 1993; Makino et al., 2000; Schaller et al.,
2000). Similarly, the trend of change of HPt protein from prokaryotes to low eukaryotes
to animals seems to be: exist as a domain in hybrid kinase — independent HPt protein
with one domain — HPt protein with more than one domain — pseudo HPt — no HPt
(no His-Asp phosphorelay). When HPt proteins change to pseudo HPt proteins, they
must have obtained new function that no longer rely on phosphorylation of histidine.
Then the appearance of multidomain HPt proteins before pseudo type of HPt protein
could enable HPt proteins to act in both phosphorelay and nonphosphorelay systems. Or,
the domains other than HPt domain of HPt proteins may play a role in interacting with
other pathways that regulate similar stress conditions.

Another possibility about the role of the N-terminal domain of MPRI1 is that it
might be involved with the N-terminal domains of MAK2 and MAK3. The N-terminal
domain of MPR1 are predicted to have the following site (Prosite): Casein kinase II
phosphorylation site (residue35-38 TIhD; 88-91 SksE; 117-120 SisD; 154-157 SfeD)

Protein kinase C phosphorylation site (residue 82 - 84 Tsr; 87-89 SsK; 132-134 SvK).
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Both MAK2 and MAK3 have an atypical Serine/Threonine kinase domain at the end of
the N-terminal of the proteins (Figure 2-9). This domain has homology to the
serine/threonine kinases from prokaryotes like Mycobacterium tuberculosis PKNB, and
a similar domain also exists in HK1 histidine kinase from Candida albicans. (Buck et
al., 2000). Actually, the alignment result shows that the serine/threonine kinase domains
from PKNB and MAK?2 have 23% identity and about 21% highly conserved, while those
from PKNB and MAK3 share 18% identity and 20% high similarity (Figure 2-10).
Protein phosphorylation forming a phosphoester bond (on residue serine,
threonine or tyrosine) mainly happens in eukaryotes. Bacterial genomic sequence data
and the use of antiphosphoprotein antibodies showed that some prokaryotes also utilize
serine/threonine kinases (PSTKSs) (Potts et al., 1993; Zhang et al., 1996). PSTKs have
been shown to participate in two processes, cell development and pathogenicity.
Although PKNB could phosphorylate MBP (myelin basic protein) (Av-Gay et al., 1999),
a conventional in vitro substrate for serine/threonine kinases, little is known about the
physiological substrates. GarA was found to be a putative physiological substrate of
PKNB (Villarino et al., 2005). Although GarA is a protein of 162 amino acid residues,
similar to the size of the N-terminal MPRI1, these two proteins do not share obvious
similarity. The N-terminal MPR1 may or may not be a substrate of the atypical

serine/threonine kinase domains of MAK2 and MAK3.
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Figure 2-9. Domain structure of the HKs from S. cerevisiae and S. pombe. The domain
structures of SLN1 from §. cerevisiae (S.c.) and MAK1-3 from S. pombe (S.p.) were depicted using
colored shapes. Beside an RR domain and an HK domain at the C-terminal end of the four proteins, SLN1
has two transmembrane domains, MAK?2 and MAK3 have a putative Ser/Thr kinase domain that does not

exist on others.
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Figure 2-10. The alignment of the serine/threonine domains of MAK2, MAK3 from

S. pombe and PKNB from Mycobacterium tuberculosis. The identical residues are indicated
by *, while the highly conserved residues by :. The serine/threonine kinase domains from PKNB and

MAK?2 have 23% identity and ~ 21% highly conservative, while those from PKNB and MAK3 share 18%
identity and 20% similarity.
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2.5 Summary

In summary, we conclude that the C-terminal domain of MPRI1 is a functional
HPt domain capable of complementing a ypd/A strain and substituting for YPD1 in in
vitro phosphotransfer reactions. Our data further suggests that the N-terminal domain of
MPR1 contributes to phosphotransfer efficiency, but not specificity, by enhancing the
physical interaction (e.g. providing a docking site) between the C-terminal HPt domain
and the upstream or downstream RR domains that MPR1 engages. Our data, when
combined with data from the current literature, is consistent with the existence of two
parallel His-Asp phosphorelay pathways in S. pombe (Figure 2-11). One pathway
integrates environmental stress signals through the MAK2 and MAK3 sensor histidine
kinases to MPR1 and MCS4, while the other pathway responds to environmental signals
via. MAK1 and PRRI1 through a MPRI-independent mechanism. More detailed

discussion about the MAK1 to PRR1 branch will be stated in Chapter 3.
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Figure 2-11. Model of His-Asp phosphorelay pathways in S. pombe. The current data

supports the theory that the hybrid HKs MAK2 and MAK3 lie upstream of MPR1 and MCS4 and form a
multi-step His-Asp phosphorelay, while the response regulator PRR1 may be phosphorylated directly by
MAKI.
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3. Additional studies on protein-protein interactions in

the His-Asp phosphotransfer pathway in S. pombe

3.1. Introduction

Ever since MCS4 was identified as an upstream response regulator that mediates
activation of the STY1 MAP kinase pathway in 1996 (Shieh et al., 1997), there unveiled
the research in the two-component pathway in S. pombe. Originally the discovery of the
putative Histidine-Aspartate phosphotransfer pathway was based on amino acid
sequence comparisons. Homologous proteins were found in S. pombe that were similar
to those in the hyperosmotic pathway in S. cerevisiae, thus the assumption was made
that there was a similar two-component pathway in S. pombe. The three histidine kinases
in S. pombe are homologous to SLNI1, the HK in S. cerevisiae, in both the histidine
kinase domain and the response regulator domain. The C-terminal domain of the HPt
protein, MPR1 is similar to YPD1. MCS4 and PRR1 are homologous to SSK1 and
SKN?7, respectively. After finding the possible components of the pathway, the majority
of the published work was focused on genetic deletion studies. The genes that encode
components of the pathway were deleted singly, doubly, or triply, and phenotypes were
observed and compared with that of wild type cells, or the down stream gene expression
level was checked and compared (Ohmiya et al., 1999; Aoyama et al., 2000; Buck et al.,
2000; Nguyen et al., 2000; Ohmiya et al., 2000; Aoyama et al., 2001). The S. pombe
two-component pathway regulates cell mitosis and meiosis processes, thus phenotypic
observations included cell size, cell shape and sexual development. The viability of

mutated strains was also tested under appropriate stress conditions. Although the
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proteins are homologous to their counterparts in S. cerevisiae pathway, but there may be
at least two distinct phospho-relay pathways in S. pombe, regulating oxidative stress
responses. One is comprised of the MAK2/MAK3 through MPR1 to MCS4, while the
other one begins with MAK1 and ends with PRRI, possibly without participation of
MPRI1 (Buck et al., 2000).

Phosphorylation and interaction have been tested between only MPR1 and MCS4
out of the six in the pathway, showing that MPR1 interacts with and transfers phosphoryl
groups to MCS4 in vitro (Aoyama et al. 2000; Tan ef al., in press). Phospho-transfer
and/or interaction among the other components in the pathway have not yet been
studied. In Chapter 2, the yeast two-hybrid assay was used to test protein-protein
interactions between MPR1 and the response regulator proteins in the pathway. We
showed that MPR1 has no interaction with PRR1-RR in the assay, nor does MPR1
transfer phosphoryl groups to PRR1-RR in vitro. In this Chapter, the yeast two-hybrid

assay is used to determine which of the histidine kinase(s) PRR1-RR may interact with.

3.2. Materials and methods

3.2.1 Yeast two-hybrid assay
See Materials and methods in Chapter 2.
3.2.2 Western blot analysis

See Materials and methods in Chapter 2.
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3.3. Results

The yeast two-hybrid method is a popular and valuable technique to fish out
possible protein-protein interactions in vivo. This system employs reconstitution of the
two domains of a transcription factor GAL4, GAL4 DNA binding domain (BD) and
GAL4 activation domain (AD) (Chien et al., 1991: White, 1996; Bartel et al., 1997,
Robinson et al., 1998; Serebriiskii et al., 2001; Maher, 2002). The AD interacts with
RNA polymerase and initiates transcription of a reporter gene in the galactose operon.
The two GAL4 domains must be physically linked for the reporter gene to be
transcribed. Two hybrid proteins are created by fusing one of the two proteins of interest
to the BD domain, while fusing the other to the AD domain. If the two proteins of
interest interact, the GAL4 transcription factor is reconstituted, transcription occurs and
the reporter gene is expressed. If the proteins do not react, no transcription would occur.
The reporter gene here is LacZ gene that expresses [-galactosidase. By measuring [3-
galactosidase activity, the interaction between the pair of the protein can be quantified.
Experiments aimed at comparing in vitro data with yeast two-hybrid assay data were
successful (Estojak ef al., 1995). The study indicated that the interaction predicted in the
yeast two-hybrid assay correlated well with in vifro data and a direct correlation existed
between the strength of interaction estimated from both assays. Besides the yeast two-
hybrid assay, an in vitro phosphorylation study was also carried out to provide further
evidence.

Proteins/domains were cloned into the two yeast two-hybrid vectors: pDBleu that

gives the BD fusion protein, pPC86 that gives the AD fusion protein. The
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proteins/domains are MAK1~3-HK (HK domains of MAK1~3) and PRR1-RR (RR

domain of PRR1).
SSK1-R2 ==mm e e e e e e e e B
MCS4-R4 e e e e e FAS
MAK2-RR = m e e e e e VEPSQFRASPRKVDQAVVLSS
MAK3-RR === mme e e e VFKSNEDTCNFYSYVNEYGESPKPDD
SLN1-R]l ===m e e SVNLDRPFLQSTGTATSSRNIPT
MAK1-RR ===m—m e e e EEKGKIGALNDMTRKAAMEQKADAE
SKN7-R3  =m e e NLPDQNSLTPNA
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Figure 3-1. Alignment of eight RRs from S. pombe and S. cerevisiae. The RR domains
of SSK1, SKN7, MCS4, PRR1, SLNI1, MAK1-3 were aligned. The identical amino acid residues are
highlighted in red, conserved ones in yellow. Predicted 2™ structure (unless solved) were also aligned.
Green arrows represent 3 sheets, dark red rectangles represent o helices, black lines are linkers. The first
amino acid residue of each RR is highlighted in turquoise. The alignment is accomplished using Clustal X

(Jeanmougin et al., 1998).
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The yeast two-hybrid method has proved effective in assaying protein-protein
interactions and there was a direct correlation between the strength of interaction and the
level of reporter gene expression (Estojak et al., 1995). Thus, yeast two-hybrid data
obtained from testing MPR1 and the cognate proteins (domains) will provide useful data
in verifying that there are two branches in the His-Asp phosphorelay pathway in S.
pombe.

With the exception of MCS4, which was full-length, domains were used instead
of full length proteins, for two reasons. First reason, MAK2 and MAK3 are large genes
that have nearly seven thousand base pairs. It is very difficult to clone them into pDBleu
or pPC86, which are the same size as the two genes. Second, both the PRR/ gene and
the MAKI genes have introns that are outside RR domains. Effort has been made to
generate S. pombe mRNA but failed.

The sequences of PRR1, MCS4, MAK1-3 were aligned with the already known
RR domains of SLN1, SSK1 and SKN7 from S. cerevisiae to determine the RR domains
of the proteins in S. pombe (Figure 3-1). The HK domains of MAK1-3 were determined
by aligning with the HK domain of SLN1 (Figure 3-2). Secondary structures were also
predicted for the proteins to ensure the integrity of the RR or HK domains. Predictions
for RRs are in Figure 3-1, while those predictions for the HK domains of MAKI, 2, 3

are in Figure 3-3, 3-4, 3-5, respectively.
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Figure 3-2 (A). Alignment of four HKs from S. pombe and S. cerevisiae. The HK
domains of SLN1, MAKI1-3 were aligned. The identical amino acid residues are indicated by *. The
highly and less conserved residues are indicated by : and . respectively. The first and last amino acid
residues of each HK are highlighted in gray (also see Figure 3-2 II). The sequence compared is indicated
in the name of each of the HKs. The alignment was accomplished using ClustalW (European

Bioinformatics Institute).
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Figure 3-2 (B). Alignment of four HKSs from S. pombe and S. cerevisiae (continued).
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Figure 3-3. Secondary structure prediction of HK-MAK1. H=helix, E=extended (sheet), L:
is loop .: means that no prediction is made for this residue. The PROF program was employed to do the

prediction (Rost ef al., 1993).
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Figure 3-4. Secondary structure prediction of HK-MAK?2. H=helix, E=extended (sheet), L:
is loop .: means that no prediction is made for this residue. The PROF program was employed to do the

prediction (Rost ef al., 1993).
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Figure 3-5. Secondary structure prediction of HK-MAK3. H=helix, E=extended (sheet), L:
is loop .: means that no prediction is made for this residue. The PROF program was employed to do the

prediction (Rost et al., 1993).

Since MPR1 was known to interact with and transfer phosphoryl groups to

MCS4 in vitro (Aoyama et al. 2000), MPR1 and MCS4-R4 were chosen to do a pilot
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assay to determine which vector MPR1 would be cloned into. When MPR1 was cloned
into the pPC86 vector and MCS4-R4 into the pDBleu vector, no interaction was
observed. When MPR1 was cloned into pDBleu and MCS4-R4 into pPC86, weak
interaction was detected, which is very similar to that observed for YPD1/SSK1-R2
interaction (Porter 2003). Thus MPR1 was cloned into the pDBleu, while all of the other
components were cloned into pPC86. Negative controls were assayed in parallel,
including vectors alone (pDBleu, or pPC86), one vector with the other plasmid (for
example pDBleu/pPC86-MCS4 for pDBleu-MPR1/pPC86-MCS4 pair), and vise versa
(for example pDBleu-MPR1/pPC86 for pDBleu-MPR1/pPC86-MCS4 pair). These
negative controls showed no interactions. Positive controls were provided by the
ProQuest two-hybrid system (BRL/Invitrogen), including controls of various interaction
strengths for determinations of the relative strength of interaction between the proteins
(domains) tested. The cDNA for the weak interaction control was the human RB and
E2F1 genes, while the cDNA for the moderately strong interaction was the Drosophila
DP and E2F genes.

PRR1-RR did not exhibit any obvious interaction with MPRI1, as shown in
Chapter 2. To find out which component(s) interact with PRR1-RR, the HK domains of
MAKI1-3 were put in yeast two-hybrid system to test their interaction with PRRI-RR.
When the PRRI-RR gene was cloned into pPC86 vector and MAKI-3-HK into pDBleu
vector, no interaction could be detected. When PRRI-RR gene was clone into pDBleu, it
showed weak interaction with pPC86 vector control (the negative control). The MAKI-
3-HK genes were cloned into pPC86. The f-galactosidase value was calculated after

subtracting the -galactosidase value of the negative control. Table 3-1 showed that all
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of the three HKs have a weak interaction with PRR1-RR. The B-galactosidase value of
the MAK1-HK was twice that of MAK2-HK, and almost three times that of MAK3-HK.
To prove that PRR1-RR can be phosphorylated by one or more of the three HK domains,
attempts were made to express the three HK domains in vitro, but failed.

To ensure that the all of the yeast two-hybrid results obtained above were not due
to differences in protein expression, but an accurate representation of the strength of
protein-protein interaction, Western blot assays were performed using anti-MPR1

antibody (Cocolica) and anti-AD from Sigma (Figure 3-6, 7, 8).

Bait protein
Prey protein/domain
PRR1-RR
MAK1-HK 1.66 £ 0.49
MAK2-HK 0.77 £ 0.13
MAK3-HK 0.47 £0.05

Table 3-1. Yeast two-hybrid results in f-galactosidase unit. PRR1-RR was cloned into
pDBLeu vector, while the HK domains of MAK1-3 were cloned into pPC86 vector. All of the three HKs
showed a weak interaction with PRR1-RR, with MAK1-HK giving the strongest signal, twice of that of
MAK?2-HK and three times that of MAK3-HK. The cDNA for the weak interaction control was the human
RB and E2F1 genes, while the cDNA for the moderately strong interaction was the Drosophila DP and
E2F genes. The weak interaction control (provided by ProQuest™ Two-Hybrid System) value (Control C)
was 0.39 = 0.08.
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Figure 3-6. Western blot result I. AD-MCS4 was detected using anti-AD antibody. From left to
right, the cells contain the following plasmid(s) respectively: pPC86-MCS4, pPC86-MCS4/pDBleu
(sample 1), pPC86-MCS4/pDBleu-MPR1 (sample 1), pPC86-MCS4/pDBleu-MPR1AN160, pPC86-
MCS4/pDBleu-MPR1AC135, pPC86-MCS4/pDBleu (sample 2), pPC86-MCS4/pDBleu-MPR1 (sample

2). The last lane is the molecular weight marker provided by Invitrogen.

DB-MPR1

DB-MPR1AN160

Figure 3-7. Western blot result II. AD-MPR1 was detected using anti-AD antibody. Comparable
level of proteins for AD-MPR1 and AD-MPRIN160 were detectable. From left to right, the cells contain
the following plasmid(s) respectively: pDBleu-MPR1, pDBleu-MPR1/pPC86, pDBleu-MPR1/pPB86-
PRR1-RR, pDBleu-MPR1AN160, pDBleu-MPR1AN160/pPC86, pDBleu-MPR1AN160/pPC86-PRR1-

RR. The last lane is the molecular weight marker provided by Invitrogen.
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AD-RRs ~
AD-MAK1-3HKs

Figure 3-8. Western blot result III. The expression of AD-MAK1-3-HKs and the RR

domains of MAK1~3 and PRR1 were detected using anti-AD antibody. From left to right, the cells contain
the following plasmids respectively: pDBleu-MPR1/pPC86-MAKI1-RR, pDBleu-MPR1/pPC86-MAK2-
RR, pDBleu-MPR1/pPC86-MAK3-RR, pDBleu/pPC86-MAK3-RR, pPC86-MAKI1-RR, pDBleu-
MPR1/pPC86-MAKI1-HK,  pDBleu-MPR1/pPC86-MAK2-HK,  pDBleu-MPR1/pPC86-MAK3-HK,
pDBleu/pPC86-MAK1-HK. The last lane is the molecular weight marker provided by Invitrogen.

3.4. Discussion

All cellular processes ranging from signal transduction, DNA replication, cell
cycle control to enzymatic reactions, employ protein-protein interactions. A large
number of these interactions that control and regulate cellular processes are transient,
including substrate interactions with kinases, phosphatases, glycosyl transferases and
proteases. Studying protein-protein interactions is important to our understanding of
biological processes. An important and popular tool to study protein-protein interactions
is the yeast two-hybrid method, reconstructing the two domains of transcription factor
GAL4 via the proteins of interest to detect interactions between the proteins. More
refined functional studies can then be carried out to characterize and manipulate the
identified proteins. These follow-up methods include chemical cross-linking, co-
immunoprecipitation, pull-down assays, nuclear magnetic resonance (NMR), mass

spectroscopy, and X-ray crystallography.
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Why do we use the yeast two-hybrid system? There are multiple reasons. First, it
is an in vivo method that employs yeast as the host, giving an environment closer to
higher eukaryotic organisms. Second, only full-length protein or domains of the protein
of interest are needed, making the system a relatively easy screening method. Lastly, it is
a possible to detect weak and transient interactions, since the reporter gene strategy
enables a significant magnification.

Two distinct phosphorelay pathways may exist in S. pombe, regulating oxidative
stress responses, one from MAKI1 to PRR1, the other one from MAK2/MAK3 to MPR1
then to MCS4. The advantage of having more than one histidine kinase or branches is
that different signals can be sensed and transferred to the same regulatory pathway if the
phosphorylation state of a response regulator is controlled by more than one histidine
kinases. Both MAK2 and MAK3 are upstream of MCS4, indicating that they may feed
different signals into this pathway. But as shown in Figure 3-9, MAK2 and MAK3 have
similar domain structures, both having a GAF domain, a PAS/PAC motif and an atypical
serine/threonine kinase domain beside the conserved HK domain and the RR domain.
The sequence similarity between the two proteins is quite high, with an overall 24%
identity and 43% homology. The domain resemblance and the sequence similarity
between MAK2 and MAK3 suggests that the reason for the presence of two similar HKs
in the same pathway is to input different signals. It is possible that MAK2 and MAK3

function as a dimer to activate MCS4.
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The domain structure of sensor kinases in S.pombe.

S.e. SLN1 N D -y M ¢

Sp.MAKI N ool @

sp.Mak2 N—C O o @Bk X c

Sp-MAK3 N—() e K a@@P

@ Receiver domain . Transmembrane domain

@ Histidine kinase . PAS/PAC metif

@ GAF domain O Putative Ser/Thr kinase

Figure 3-9. Domain structures of sensor kinases from S. pombe and S. cerevisiae.
The domain structures of SLN1 from S. cerevisiae (S.c.) and MAK1-3 from S. pombe (S.p.) were depicted
using colored shapes. Beside an RR domain and an HK domain at the C-terminal end of the four proteins,
SLNI1 has two transmembrane domains, MAK2 and MAK3 have a putative Ser/Thr kinase domain that

does not exist on others.

If MPR1 does not function between the histidine kinase MAK1 and response
regulator PRR1, the MAK1—PRR1 pathway fits into a category with more than one RR
(reviewed by Stock et al., 2002), one is the RR domain of MAKI1, the other one is the
RR domain of PRR1. A possible mechanism of having two RR under one cognate kinase
is that one of the two RRs would provide a sink for phosphoryl groups that are passed
from the HK to the other RR, as do CheY1 and CheY2 in the Rhizobium meliloti

chemotaxis system. Another possibility is that the two RRs simply compete for the
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phosphoryl groups from the HK protein, like CheB and CheY in bacterial chemotaxis

(Stock et al., 2002).

3.5. Summary

The yeast two-hybrid assay result showed that MAK1 may directly control the
activity of PRR1. This evidence further supports the idea that there are two branches in
the phosphorelay in S. pombe, one from MAKI to PRRI, the other one from

MAK2/MAK3 to MPR1 then to MCS4.
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4. An In vitro Comparative Study of YPD1- and MPR1-

Response Regulator Binding Specificity

4.1. Introduction

To avoid cross talk during signal transduction, the HPt proteins need to interact
with the appropriate RR in reaction to a specific stress. YPD1, the HPt protein in S.
cerevisiae, has two RRs downstream, SSK1 and SKN7, each being phosphorylated
under different circumstances. In vitro phosphorylation assays have shown that YPD1
transfers phosphoryl groups more efficiently to SSK1-R2 than to SKN7-R3 (Janiak-
Spens et al., 2005; Tan et al., in press), while in contrast MPR1 the HPt protein in S.
pombe exhibits a preference for SKN7-R3 over SSK1-R2 (Tan et al., in press). Studying
the differences between YPD1 and MPRI may help us to understand how the HPt
proteins distinguish downstream RRs when transducing different signals.

Based on results using the yeast two-hybrid system and the YPD1/SLN1-R1 co-
crystal structure, it was found that the hydrophobic patch around the site of
phosphorylation is the primary binding surface for RRs on YPDI, while the peripheral
residues surrounding the hydrophobic patch may be responsible for the specificity of
binding to RRs (Porter et al., 2003; Xu et al., 2003; Porter et al., 2005). This
hydrophobic patch is located between H64 (the phosphorylation site) and the oA helix
of YPDI, and the patch is conserved among other HPt proteins from fungi, bacteria and
plants (Xu et al., 1999; Porter et al., 2005). The YPD1 oA helix plays an important role

in binding to response regulators (Porter et al., 2003; Xu et al., 2003; Porter et al., 2005).
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Among the 4 helices on YPD1 that form the RR binding surface area with SLN1-R1, aA
has the least number of identical residues between YPD1 and MPR1 (the percentage
identity for oA is 9%, aB is 37%, aC is 73.7%, aD is 61.5% identical). The oA helix
also has a significant number of intermolecular contacts with RRs (Porter et al., 2005).
The X-ray structure P2,2,2; complex of YPD1/SLN1-R1 shows that 27% of amino acid
residues on aA helix on YPD1 forms hydrophobic interactions with SLN1-R1, 18%
forms hydrogen bond interaction with SLN1-R1, compared with 7%/15% residues on

aB helix, 16%/21% on aC helix, and 6%/12% on aD helix (Porter et al., 2003) (Table4-

1.
% of identical % of % of H-bond
residues hydrophobic interactions
between YPD1 contacts in in P2,2,2,
and MPR1 P2,2,2, YPD1/SLN1-
YPD1/SLN1- R1 complex
R1 complex
aA helix 9 27 18
aB helix 37 7 15
aC helix 73.7 16 21
aD helix 61.5 6 12

Table 4-1. Comparison of the four loops that are in contact with YPD1 on SLN1-R1
in the YPD1/SLN1-R1 co-crystal structure. The calculations of percentage were done by

dividing the numbers of identical residues (or hydrophobic interacted residues, H-bonded residues) by the

total number of residues on that certain helix.

In the YPD1/SLN1-R1 co-crystal structure (Xu et al., 2003), four loops in SLN1-
R1 (B1-al, B3-a3, p4-a4, p5-a5) were observed to contact YPDI1 in the crystal form

P2,2,2; and 2 loops (B1-al, f5-a5) in the crystal form P3,. The 2-a.2 loop in SLN1-R1
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is located at the edge of the interface and has no direct contact with YPD1. The p4-a4
loop is not observed to make contact in the P3, crystal form of the complex. Among the
three loops that do make contact with YPDI in both crystal forms, the f1-al loop is
completely conserved between SSK1-R2 and SKN7-R3, while the $5-a5 loop is highly
conserved between the two response regulator domains (Porter et al., 2003). The p3-a3
is the largest loop and least conserved one (Table 4-2). I hypothesize that contact
between YPDI and this 3" loop on different RRs may lead to different strength of
binding between HPt proteins and RRs. The E58 residue on YPD1 may be part of the
contact between YPD1 and the 3™ loop on RRs since the E58 residue is in a very close
proximity to the 31 loop of the RR (Figure 4-1). Instead of E58 on YPDI, the
corresponding position is K237 on MPRI1. Thus, I further hypothesize that the E58

residue on YPD1 may be responsible for RR binding specificity.

Loop RR domain Residues on the loop
SSK1-R2 E D
Plal  gN7R3  E D
B3-a3 SSK1-R2 L Q L PV L S
SKN7-R3 I vV M P N L D
B5-a5 SSK1-R2 K PV
SKN7-R3 K P F

Table 4-2. The alignment of three loops of the two response regulator domains in S.

cerevisiae. The residues highlighted in grey are in close proximity to ES8 on YPDI1. Their contact with

E58 may be responsible for binding specificity with YPDI1.
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Figure 4-1. Molecular surface representation of YPD1 with a partial ribbon

diagram of SLN1-R1. The YPD1 ES58 residue is highlighted in red, and a partial model for SLN1-

R1 is shown in yellow ribbon diagram. YPDI ES58 is close to 3™ loop of SLN1-R1. The figure was
generated using the program PYMOL (DeLano, 2002).

MPR1 IAYDMSFEDELIQDKQLIDHSNFDOLL EHE VWNYFE AETTIADLQKALEA
YPD1___~~ =~~~ MSTTPSEIINW II I IQFID@GAQTTFAQMOROLDG
MPR1 KDLKKLSSLG RIQONYG

YPD1 EKNLTELDNLG RIONLGRKMEHFFPNKTELVNTLSDKSII

MPR1 SLRSRDGVMKLPSEE IALDLISKSLSVVNDFYKDARAYLLDFYEKNSST
YPD1 NGINIDEDDEEIKIQVDDKDENSIYLILIAKALNQOSRLEFKLARIELSKYYNTNL

Figure 4-2. Alignment of MPR1 and YPD1 proteins. The alignment shows that the residues
involving in RR core binding and binding specificity are highly conserved between YPD1 and MPR1. The

residues highlighted in pink are responsible for the core binding (the only one that is not conserved
between the two proteins is in green). The residues in dark blue are putatively responsible for RR
specificity, with the nonconserved residues indicated by yellow arrows. The oA helix of YPD1 (also the

predicted MPR1 corresponding helix) is underlined with a green box.

On YPDI, the histidine-containing phosphotransfer protein in S. cerevisiae, the

residues responsible for the core binding to response regulators are: M20, F27, L31, F65,
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G68, and L73 (hydrophobic), E16, D21, D60 and S69 (hydrophilic). The residues that
are predicted to be involved in interactions with specific response regulators are: S19
(with SLN1-R1), D23, E58, K67, S70, Q86 (with SKN7-R3), W80, E83 (with SLN1-R1
and SKN7-R3), 113, D24, Q38, Q76 (with SSKI1-R2 and SKN7-R3). The sequence
alignment shows that with the exception of D60 (S on MPR1), all other core residues are
identical or highly conserved between MPR1 and YPD1. Even the residues responsible
for putative RR-binding specificity are conserved as well, except three residues, E5S8,
Q76 and W80, which are K215, T233 and K237 respectively on MPR1 (Porter 2004), as
showed in Figure 4-2.

In order to find out what is responsible for the difference in HPt-RR
phosphotransfer specificity, YPD1 and MPR1 were mutated to study the changes in
phosphotransfer in vitro. The mutations include switching the oA helix and site-directed
mutatgenesis of the amino acid residues that are putatively involved in binding

specificity (ES8 and Q76 on YPDI).

4.2. Materials and methods

4.2.1 Construction of YPD1 and MPR1 mutants

YPDI and MPRI were mutated using the Quikchange site-directed mutagenesis
method (Stratagene). MPRI in pDEST17 or YPDI in pUCI12 served as templates in the
PCR reactions. The primer pairs used in PCR were listed in Table 4-3. All of the
procedures are similar to that described in “Construction of deletion mutants of MPR1”
in Chapter 2. The mutagenesis design is shown in Figure 4-3. The resultant plasmids are

pUCI12-YPDI1-swap-E58K (OU plasmid*284, abbreviated as OU pl*284), pUCI12-
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YPDI1-swap (OU pl*300), pUCI2-YPD1-Q76T (OU pl*301), pUC12-YPD1-swap-Q76T
(OU pI*302) and pDEST17-MPR 1-swap (OU pl*250).
The PCR protocol was as follows (final volume was 25 ul):

Pfu cloned buffer (10X) 2.5 ul

Template ~40 ng
5’ primer ~400 ng
3’ primer ~400 ng
dNTP 10 nmol

Pfu Turbo DNA polymerase 1 unit

MPRI-wt  E67aa T i28aa

DHSVFDQLLE

o NWTILNEIL
MPRI-swap *

M1 N177 S186

NWTILNEIIS to
SVFDQLLE

YPD1-wt

YPD1-swap
A

D10E19

YPD1-swap-E58K

A
D10E19 ESS8K

YPD1-Q76T

Q76T

Figure 4-3. MPR1 and YPD1 mutagenesis scheme. The mutations on YPD1 and MPRI,
together with wild type (wt) YPD1 and MPRI, are shown in this figure. The aA helix of YPD1 was

swapped with the corresponding helix on MPR1, and vice versa. Single amino acid residue mutations were

also done on YPD1 and YPD1 swap using Quikchange site-directed mutagenesis method.
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AW404 MPR1l-swap-1f 5’ GACAAACAGCTCATTAATTGGACCATTTTAGACCAGTTGCTTGAG 3’
AW405 MPR1l-swap-1r 5’ CTCAAGCAACTGGTCTAAAATGGTCCAATTAATGAGCTGTTTGTC 3’
AW412 MPR1l-swap-2f 5’ AATTGGACCATTTTAAACGAGATTATTTCGATGGATGATGATGAT 3’
AW413 MPR1l-swap-2r 5'ATCATCATCATCCATCGAAATAATCTCGTTTAAAATGGTCAAATT 3’
AwW454 YPD1 E58K f 5’'GAAAAAAATCTTACCAAATTAGACAATC 3’

AW455 YPD1 E58K r 5’'GATTGTCTAATTTGGTAAGATTTTTTTC 3’

AW456 YPD1 Q76T £ 5’ CTGCATTAGGCTTAACAAGAATTGCCTGGG 3’

AW457 YPD1 Q76T r 5’CCCAGGCAATTCTTGTTAAGCCTAATGCAG 3’

AW416 YPDl-swap-1f 5’'CCGTCAGAAATCATCGATCATTCCGTTTTTAATGAAATTATATCA 3’
AW417 YPDl-swap-1r 5’ AGATATAATTTCATTAAAAACGGAATGATCGATGATTTCTGACGG 3’
AW418 YPDl-swap-2f 5’'GATCATTCCGTTTTTGACCAGTTGCTTGAGATGGATGACGATGATTC 3’
AW419 YPDl-swap-2r 5’'GAATCATCGTCATCCATCTCAAGCAACTGGTCAAAAACGGAATGATC 3’

Table 4-3. Primers used for mutagenesis in Chapter 4. f is forward primer, r is reverse

primer. MPR1 swap and YPD1 swap were mutated in two steps, each step using one pair of the primers.

4.2.2 Purification of YPD1 and MPR1 mutants

The purification of the YPD1 mutants (OU strain 344, 348, 349 for YPD1 swap,
swap ES8K, Q76T respectively) was the same as YPDI wild type purification as
described previously (Xu et al., 1999). The MPR1-swap protein was purified from
inclusion bodies as described for purification of rTEV (Lucast et al., 2000). OU strain
505 (OU pl*250 in BL21(DE3)StarRIL host cell) was induced at 37 °C for 6 hours using

0.5 mM IPTG (Isopropyl- B -D-thiogalactoside). After sonication, the pellet was

resuspended in suspension buffer (6 M guanidine-HCI, 100 mM NaH,PO4, 10 mM Tris-
HCI, pHS8.0) by heating in a 65°C water bath for 4-6 hours. The sample was then pelleted
at 10000 rpm for 20 minutes, using JA-20 rotor at 4°C. The supernatant was loaded on a
5 ml Ni*" resin column, which has been equilibrated with equilibration buffer (6 M Urea,
100 mM NaH,PO4, 10 mM Tris-HCI, pH 8.0). The resin was washed with 20 ml
equilibration buffer, followed by 30 ml wash buffer (6 M Urea, 100 mM NaH,POy,, 10
mM Tris-HCI, pH6.3). The protein was eluted with elution buffer (6 M Urea, 100 mM
NaH,PO4, 10 mM Tris-HCI, pH4.5). 10 fractions were collected at 1 ml each. The

fractions that contain His6-MPR1 were combined and the sample was neutralized to
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pHB8.0 by adding NaOH. Then it was dialyzed in a 4-liter dialysis buffer (100 mM Tris-
HCI, 500 mM NaCl, 5 mM BME, 10% glycerol, pHS8.0), using dialysis membrane
MWCO 6000-8000 (Spectra/Por®). After ~8 hours dialysis, the sample was centrifuged

for 30 minutes to remove any precipitated protein. The supernatant was stored in

aliquots at -80°C or -20°C.

4.2.3 B-galactosidase assay

The plasmid pJF1416 (a kind gift from Dr. Jan Fassler, the University of lowa)
was transformed into OU yeast strain 140 cell (Mata, can®, cth, his3A200, leu2Al,
ura3-52, trp1A63, 1ys2A202, ypdlAkan, 2u-PTP2(URA3"), also a gift from Dr. Fassler,
using the PEG/LiAc method described in Materials and Methods in Chapter 2. SC-Leu-
Trp plates were used to plate the newly transformed cells. After 48 hours in a 30°C
incubator, colonies were picked into 2.5 ml SC-Leu-Trp liquid media and were shaken at
30°C to prepare an overnight culture. One mL of the culture was used to inoculate 4 mL
of YPAD (Yeast extract, peptone, adenine sulfate, dextrose) media at 30°C until an
ODgpp of 1.0 was reached. Cells were collected, lysed and treated according to the
procedure described in the “Yeast two-hybrid assay” in Chapter 2, except that ONPG (o-
nitrophenyl-f-D-galactopyranoside) was used instead of CPRG (Chlorophenol-red-f3-D-
galactopyranoside), and that OD4y, was measured instead of ODs74. [-galactosidase
activity was also calculated as f-gal unit = 1000 x OD4;¢/ (t x V x ODgg), Where t is

time in minutes and V is the volume of the initial aliquot.
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4.2.4 In vitro phosphorylation assay

See Materials and Methods in Chapter 2.

4.3. Results

Changing the hydrophobicity and/or side chain volume of the amino acid
residues peripheral to the RR docking site may change the binding strength of the HPt
proteins to the RRs (Porter, 2004). By using the Quik-change Mutagenesis method, the
oA helix of YPDI1 was switched with the corresponding helix of MPR1. The amino acid
residues were mutated from “NWTILNEIIS” to “DHSVFDQLLE” in YPDI, and vice
versa on MPR1 (Table 4-4). The resultant mutants were named ypd! swap and mprl
swap. The proteins were expressed as YPD1 swap and His6-MPR1 swap. In addition,
YPD1 swapE58K and YPD1 Q76T were constructed to test the binding specificity to

SSK1-R2/SKN7-R3.

acofwtmMpr1 D H S V F D O L L EM

cAof We-YPDT N W T I L N E I I S M
13 14 16 17

Table 4-4. The amino acid residues on the a A helix of YPD1 and the corresponding
a helix on MPRI.

The mutants were expressed in E. coli and an in vitro phosphorylation assay was
performed for each mutant, and compared to wild type YPD1 and MPR1. GST-HK was

incubated with SLN1-R1 and [y->*P]-ATP for 40 minutes to generate SLN1-R1~P, then

SLNI1-R1~P was separated from the mixture and incubated with wild type YPD1 and
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SSK1-R2 (or SKN7-R3). Aliquots were taken at designated time intervals. The samples
were analysed on 15% SDS-polyacrylamide gels and by autoradiography. The mutated

proteins were treated in the same way.

4.3.1 Phosphotransfer from phospho-SLN1-R1 to YPD1 mutants

HPt proteins (domains) have been shown to interact with and transfer phosphoryl
groups from and to non-cognate response regulators in vivo and in vitro (Yaku, et al.,
1997; Chang, et al., 1998; Janiak-Spens ef al., 1999). Both YPDI1 and MPR1 were able
to accept phosphoryl groups from phospho-SLN1-R1 (Figure 4-4, Figure 4-8), but the
phosphorylation level was different between the two HPt proteins. MPR1 was less
efficiently phosphorylated than YPDI1 using phospho-SLN1-R1 as a donor. After
mutating YPDI1 to make it more like MPR1, the mutants (YPD1 Q76T, YPDI1 swap,
YPD1 swapE58K) could all accept phosphoryl group from phospho-SLN1-R1, albeit to
a lesser amount. Figures 4-4 through 4-8 show the phosphortransfer between SLN1-R1
and HPt proteins (YPD, YPD1 mutants, and MPR1) as a function of time. All of them
reached steady state phosphorylation levels at the earliest time point. YPDI received
almost half of the phosphoryl groups from phospho-SLN1-R1 at 1 minute and 3 minutes
time point (Figure 4-4). Compared to wild type YPDI, the YPD1 mutants and MPR1
received less than half of the phosphoryl group from phospho-SLN1-R1 (Figure 4-5, 6,
7, 8). Phospho-SLN1-R1 has a half-life of 13 minutes (Janiak-Spens et al., 1999), which
can explain the decrease in intensity of phospho-SLN1-R1 in the figures. Compared with

YPDI swap (Figure 4-7) which received around one third of the total phosphoryl group
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from phospho-SLN1-R1, YPD1 swapE58K (Figure 4-6) received about one fourth of the

total amount, which is obviously less than that of YPDI1 swap.

10 12 15 (min)
—-YPDI1
. . . —SLN1-R1

Figure 4-4. Phosphoryl transfer from SLN1-R1 to YPD1. YPD1 was incubated at room
temperature with phospho-SLNI1-R1. YPDI received about 50% phosphoryl group from SLNI1-RI~P

before 1 minute reaction.

0 1 3 5 7 10 12 15 (min)

—YPD1Q76T
SLNI-R1

Figure 4-5. Phosphoryl transfer from SLN1-R1 to YPD1 Q76T. YPDI Q76T still could
receive phosphoryl group from phospho-SLN1-R1, The steady state was reached before 1 minute reaction.
About 30-40% phosphoryl group was transferred to YPD1 Q76T from SLN1-R1.

0 1 3 5 7 10 12 15 (min)

S S B S e — YPDIswapESSK
—SLNI-R1

Figure 4-6. Phosphoryl transfer from SLN1-R1 to YPD1 swapES8K. SLNI-R1 could
pass phosphoryl group to YPD1 swapES8K, like to YPDI. Only about 30% phosphoryl group was

transferred.
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0 1 3 5 7 10 12 15 (min)

W - — - oo —YPDIswap

Figure 4-7. Phosphoryl transfer from SLN1-R1 to YPD1 swap. YPDI swap could receive
50% phosphoryl group from phospho-SLN1-R1 around 1 minute point.

0O 3 7 10 12 15 17 20 25 (min)

- MPR1

B ———— — e s —SLLN1-R1

Figure 4-8. Phosphoryl transfer from SLN1-R1 to MPRI1. MPR1 could receive phosphoryl
group from non-cognate RR phospho-SLN1-R1 in vitro..

4.2.2 In vitro phosphotransfer from YPD1 mutants to SSK1-R2 and SKN7-R3
Phosphorylated YPDI is capable of donating phosphoryl groups to both SSK1-
R2 and SKN7-R3 in vitro, as reported by Janiak-Spens et al., 1999. The amount of
phosphoryl groups transferred by YPDI1 is significantly different between the two
response regulator domains. From the earliest time point (1 minute), SSK1-R2 received
the majority of the phosphoryl group from YPDI1 (Figure 4-9). Phosphoryl group
transfer between phospho-SLN1-R1 and SSK1-R2 in the presence of wild-type YPD1
was complete within seconds and the majority of the phosphoryl groups were transferred
to SSK1-R2 (F. Janiak-Spens, 2000). In contrast, the transfer between YPD1 and SKN7-

R3 is much slower (Figure 4-9).
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1 3 5 10 15 20 25(min)

- a— T — SKN7-R3
W5k
 —— — _YPDI

LB —SLN1-R1

.

Figure 4-9. Competition between SSK1-R2 and SKN7-R3 in presence of YPD1 and

SLN1-R1~P. YPDI transfers phosphoryl groups to SSK1-R2 and SKN7-R3 in vitro. The amount of

phosphoryl group transferred by YPDI is significantly different between the two response regulator

domains.

The phosphodonor activity of the YPD1 mutants was also tested. YPD1 swap
behaved differently from wild-type YPDI in several ways. First of all, the reaction time
was slower (minutes in the case of HPt~P toward SSKI1-R2) (Figure 4-10). The
percentage of phosphoryl group transferred was much lower at early time points (less
than half toward SSK1-R2). The change in phosphotransfer was before 3 minutes when
YPDI swap transferred more phosphoryl group to SKN7-R3 than to SSK1-R2. Before 3
minutes, the percentage of phosphoryl group transferred from YPD1 swap to SKN7-R3
was more than 50% of the total amount transferred from YPDI swap (i.e. SKN7-
R3~P/{SKN7-R3~P+SSK1-R2~P}), while wild type YPDI transferred more phosphoryl
groups to SSK1-R2 from the earliest time point. Although the phosphotransfer rate from
YPDI swap to SKN7-R3 was faster than from wild type YPD1 to SKN7-R3, YPDI

swap could not stabilize phospho-SKN7-R3.
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1 3 5 10 15 20 25 (min)

FESESEs L
— . — SSK1-R2

—YPDl1swap
w-- 4 —SLNI1-R1

Figure 4-10. Competition between SSK1-R2 and SKN7-R3 in presence of YPD1
swap and SLN1-R1~P. SKN7-R3 received more phosphoryl groups from YPD1 swap than SSK1-

R2 at the 1 minute time point, but over time, accumulation of phospho-SSK1-R2 occurs.

The YPD1 swapES5S8K mutation further changed the phosphotransfer from HPt
protein to SSK1-R2 and to SKN7-R3 (Figure 4-11). The transfer toward SKN7-R3 was
even more intense around 3 minutes’ time point comparing that from YPD1 wild type.
More than 60% phosphoryl group was transferred to SKN7-R3 from YPDI1 swapES8K,
while 40% was transferred to SSK1-R2. Although longer than when wild type YPDI1
and YPDI swap was present, the half life of phospho-SKN7-R3 was still shorter than

that of SSK1-R2 in presence of YPD1 swapES5S8K (Figure 4-11).

10 15 20 25 (min)

Readl : W — SKN7-R3

Figure 4-11. Competition between SSK1-R2 and SKN7-R3 in presence of YPD1

swapES8K and SLN1-R1~P. YPDI swapE58K showed phosphotransfer specificity to SKN7-R3 at

least before 3 minutes’ reaction, then accumulation of phospho-SSK1-R2 occured.
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The YPD1 Q76T mutant displayed similar changes in phosphorelay as that
caused by YPDI1 swap, accumulating phospho-SKN7-R3 only at early time points
(Figure 4-12). The phosphotransfer rate from YPDI1 Q76T to SSK1-R2 seemed to be

slightly slower than from wild type YPDI to SSK1-R2 (Figure 4-12).

1 3 5 10 15 20 25 (min)
W e W e e —SKN7-R3

e — '."—SSKI-RZ
Do —YPD1Q76T
" - e % —SLN1-R1

Figure 4-12. Competition between SSK1-R2 and SKN7-R3 in presence of YPD1
Q76T and SLN1-R1~P. YPDI1 Q76T also transfers phosphoryl group toward SSK1-R1 and SKN7-

R3 in vitro. At 1 minute time point, SKN7-R3 received more phosphoryl group from YPD1~P. All of the

components were of equal molar concentration.

4.2.3 In vitro phosphotransfer activity of MPR1 mutant

Attempts were also made to swap the a helix on MPR1 with oA helix on YPDI,
named MPR1 swap. When the protein was expressed in BL21(DE3)StarRIL cell as an
expression host, the protein was insoluble and had to be purified from inclusion bodies.
To compare the phosphorelay capacity of MPR1 and MPR1 swap, the two proteins were
incubated with phospho-SLN1-R1 at room temperature for 10 minutes. Both MPR1 and
MPR1 swap received phosphoryl groups from phospho-SLN1-R1, only that MPR1 swap
received less phosphoryl groups (Figure 4-13, lanes 2 and 3). MPR1 and MPR1 swap
were also incubated with SSK1-R2 and SKN7-R3 in presence of phospho-R1 for 10

minutes. Compared with MPR1, MPRI1swap transferred more phosphoryl groups to
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SSK1-R2 (Figure 4-13, lanes 4 and 5) and SKN7-R3 (Figure 4-13, lanes 6 and 7) in
terms of percentage. MPR1 swap transferred 50% of its phosphoryl group to SSK1-R2
(Figure 4-13 lane 5), almost 80% phosphoryl group to SKN7-R3 (Figure 4-13, lane 6).
Both percentages are obviously higher than those of wild type MPRI. In the time course
of MPR1 swap’s phosphotransfer to SKN7-R3, the capability of MPR1 swap to transfer
phosphoryl groups to SKN7-R3 was enhanced significantly (Figure 4-14). Almost 100%

of the phosphoryl group was passed on to SKN7-R3 within 10 minutes from MPR1

swap.
1 2 3 4 5 6 7
His6MPR1
— His6MPR1swa
p
’— T - SKN7-R3
e SSK1-R2
) Wy
His6MPR1 + * .
His6MPR1swap + + x
SKN7-R3 P
SSK1-R2 —
oS T

Figure 4-13. Phosphoryl transfer from MPR1/MPR1 swap to SSK1-R2/SKN7-R3 in

presence of SLN1-R1. Phospho-SLN1-R1 was incubated with MPR1 , with (lane 4 and 7) or without
(lane 2) SSK1-R2 and SKN7-R3, at room temperature for 10 minutes. MPR1 swap was treated in the same
way (lane 3 was with phospho-SLN1-R1 only, lane 5 was with phospho-SLN1-R1 and SSK1-R2, lane 6
was with phospho-SLN1-R1 and SKN7-R3). The concentration of reactants was equal except SLN1-R1,

which is one third of the others’.
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Figure 4-14. Time course of phosphotransfer from MPR1 swap to SKN7-R3 in

presence of SLN1-R1. MPRI swap was incubated with phospho-SLN1-R1 at room temperature for

2 minutes. Then SKN7-R3 was added into the reaction.

The decrease on MPRI1 swap’s ability to receive phosphoryl groups from
phospho-SLN1-R1 may be due to disruption of the overall binding capacity to SLN1-R1.
But swapping did enhance MPR1’s phosphorelay capacity toward SSK1-R2 and SKN7-
R3, meaning that the aA helix of YPD1 might be more important in HPt/SSK1-R2 and

HPt/SKN7-R3 interactions than in HPt/SLN1-R1 interaction.

4.2.4 In vivo assay for testing phosphotransfer activities of the YPD1 mutants to
SKN7

A quantitative B-galactosidase assay, an in vivo assay to test phosphotransfer
from HPt proteins to full length SKN7, was used to compare phosphorelay capacity of
YPDI1, MPR1 and YPD1 mutants. The yeast plasmid pJF1416 has an OCH1 promoter, a
promoter that can be activated by phosphorylated transcription factor SKN7 (SKN7~P),
and the activation is SKN7~P concentration dependent (Figure 4-15). The LacZ gene is
the reporter gene under the control of the OCH1 promoter. When both plasmids pJF1416

and pRS315-(YPD1, MPRI1, YPDI mutants) were transformed into the yeast strain

85



OU"140, the phosphotransfer ability of the HPt proteins toward SKN7 can be estimated
by measuring 3-galactosidase activity of the cell lysate (Figure 4-16). The more SKN7

be phosphorylated by the HPt protein, the higher the 3-galactosidase activity.

CEN6/ARSH4
=
=
=
(9., HPt proteins (YPD1,
(d YPD1 mutants, MPR1)
=
OCHI1 promoter l P
SKN7~P (one of the two ¢ SKN7

response regulators,
transcriptional factor)

Figure 4-15. Plasmid pJF1416 used in -galactosidase assay. The yeast plasmid pJF1416
has an OCH1 promoter that can be activated by phosphorylated transcription factor SKN7 (SKN7~P). The

activation of the promoter is SKN7~P concentration dependent. The LacZ gene is the reporter gene under

the control of the OCH1 promoter.

[-galactosidase assay result showed that MPR1 generated more -galactosidase
activity than YPDI1 (Figure 4-16), meaning that MPRI1 transferred more phosphoryl
groups to full length SKN7 in vivo. This result agrees with the observation from in vitro
phosphorylation assay that SKN7-R3 could receive more phosphoryl group from MPRI1
than from YPD1. YPDI swap, YPDI Q76T and YPD1 swapES8K gave similar {3-
galactosidase value as that from YPDI, indicating that the mutations on YPD1 did not
alter YPDI phosphotransfer ability toward SKN7. This again agrees with the

observation in Figures 4-10, 11, and 12.
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Figure 4-16. B-galactosidase assay results. B-galactosidase activity was calculated as: B-gal

unit = 1000 x ODy,y/ (t x V x ODg), where t is time in minutes and V is the volume of the initial aliquot,

0Dy, is the cell density at the start of the assay, OD,», is absorbance by o-nitrophenol.

4.3. Discussion

YPDI1 and MPR1 displayed different phosphotransfer specificity toward the two
response regulator domains from S. cerevisiae. MPR1 transferred more phosphoryl
groups to SKN7-R3 than to SSK1-R2, while YPDI1 favored SSK1-R2 over SKN7-R3. In
order to investigate the reason that leads to this difference, YPD1 and MPR1 were
mutated based on sequence alignment and Porter et al.’s study on response regulator
binding site on YPD1 (Porter et al., 2003; Porter et al., 2005).

The aA helix on YPDI1 has the least number of identical amino acid residues
with MPR1, yet it makes the most hydrophobic interaction and hydrogen bonding with
SLNI-RI1. Based on the fact that the response regulator domains are highly similar to
each other, we presumed that the YPDI1/SLNI1-R1 interaction may represent

YPD1/SSK1-R2 and YPDI/SKN7-R3 interactions to some degree. That was why the
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oA helix on YPD1 was chosen to be mutated to the corresponding helix on MPR1, and
vice versa. In the YPD1/SLNI1-R1 crystal structure (Xu et al., 2003), E58 on YPDI is
located adjacent to the $3-a3 loop, which is the least conserved loop between SSK1-R2
and SKN7-R3. The E58 residue may play a role in phosphotransfer specificity between
HPt proteins and RRs. It was mutated to K, which is the corresponding amino acid
residue on MPR1. Q76 and W80 are the only two residues on YPD that are putatively
involved in YPDI1/RRs specific interactions but they are not conserved on MPR1. Q76
was mutated to T. W80 was planned to be mutated originally, but was not since other
mutations (swapping, Q76T and ES8K mutations) did not change HPt-RR
phosphotransfer specificity.

YPD1 swap, YPD1 swapES8K and YPD1 Q76T did slightly change
phosphotransfer ability compared with wild type YPDI1. The phosphotransfer rate from
the mutated HPt protein to SKN7-R3 was increased in all three mutations, while the
phosphotransfer rate toward SSK1-R2 was slightly decreased in the YPD1 Q76T mutant.
These changes in phosphotransfer rate upon mutation may be due to the change of
binding of RRs to YPD1. But YPD1-RR phosphotransfer specificity was not altered. It is
highly possible that it is not a single amino acid residue’s responsibility, but the
combined differences on MPR1 and YPDI1 that determines HPt proteins’
phosphotransfer specificity toward RRs.

One of the possible reasons that swapping the oA helix of YPDI1 to the counter
part helix on MPR1 caused decreased phosphotransfer from phospho-SLN1-R1 to YPD1
could be increased steric hindrance at the protein-protein interface, since L14 on YPDI1

was mutated to phenylalanine. Another reason that contributed to the decrease could be
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that one of the hydrogen-bond interactions between YPD1 and SLNI1-R1 was disrupted
after the YPDI1 E16 residue was mutated to glutamine. The YPD1/SLN1-R1 co-crystal
structure (both P2,2,2; complex and P3, complex) showed that E16 of YPD1 formed
hydrogen-bond interaction with R1199 on SLN1-R1 (Xu ef al., 2003). The third possible
explanation for decrease could be that the surface area of hydrophobic patch that is
critical for YPD1/SLN1-R1 interaction was changed after 113 of YPD1 was mutated to
valine and 117 was mutated to leucine. 113 of YPD1 with P1196 of SLN1-R1, and 117 of
YPD1 with V1102 of SLN1-R1 are two of the hydrophobic interactions observed on
YPD1/SLN1-R1 co-crystal structure (Xu ef al., 2003).

YPD1 swapE58K received even less phosphoryl group than YPDI1 swap from
phosphoryl SLNI1-R1. A possible reason that the ES8K mutation further disrupted
phosphotransfer from SLN1-R1 to YPDI could be that ES8K mutation decreased
intermolecular contacts between YPD1 and SLN1-R1.

Although swapping decreased MPR1’s ability to receive phosphoryl group from
phospho-SLN1-R1, the mutation increased MPR1’s ability to transfer phosphoryl group
to both SSK1-R2 and SKN7-R3. It may indicate that the A helix on YPD1 might be

more important in interaction with SSK1-R2 and SKN7-R3.

4.4. Summary

The C-terminal domain of MPR1 shares high identity with full length YPD1. The
two HPt proteins displayed different phosphotransfer specificity in vitro toward the two
response regulator domains from S. cerevisiae, SSK1-R2 and SKN7-R3. MPRI

transferred more phosphoryl groups to SKN7-R3 than to SSK1-R2 when the two RRs
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competed for them, while YPDI showed opposite specificity, transferring more
phosphoryl groups to SSK1-R2 than to SKN7-R3. YPDI mutants and a MPR1 mutant
were tested for specificity changes to find out the structural basis behind the specificity
of HPt proteins toward RRs. All of the YPD1 mutants failed to convert YPD1’s overall
preference for SSK1-R2 in phosphodonor activity. Neither the the aA helix, nor the ES8
residue, nor the Q76 residue on YPDI alone are responsible for HPt-RR phosphotransfer
specificity, but may be responsible for binding affinity of RRs to YPDI1 since these
muations changed phosphotransfer rate from YPD1 to RRs. The mutant MPR1-swap had
decreased efficiency in receiving phosphoryl group from phospho-SLNI1-R1, but the
protein had increased ability to transfer phosphoryl group to both SSK1-R2 and SKN7-
R3. It may indicate that the A helix on YPD1 might be more important in interacting
with SSK1-R2 and SKN7-R3 than with SLN1-R1. It is highly possible that it is not a
single amino acid residue’s responsibility, but the combined differences on MPR1 and

YPDI1 that determines the HPt proteins phosphotransfer specificity toward RRs.
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