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Abstract 
When a plant emerges from the soil, it faces a critical developmental transition 

from utilizing stored energy to grow rapidly toward the light, to developing 

chloroplasts and beginning photosynthesis.  While it is known that this process involves 

massive transcriptional reprogramming of the nuclear and plastidial genomes, the 

connections between chloroplast development and nuclear light signaling events are not 

well understood.  One very promising target for investigating these connections is 

HEMERA (HMR), a dual-localized regulatory protein that is found in both nuclei and 

chloroplasts. HMR was previously identified as pTAC12, an essential component of the 

plastid-encoded RNA polymerase complex responsible for transcription of chloroplast 

photosynthetic genes.  In the nucleus, HMR acts within the phytochrome signaling 

pathway as a transcriptional co-activator of a subset of growth-relevant genes in 

response to light, to regulate the elongation of the embryonic stem, or hypocotyl.  

HMR’s combination of roles in the nucleus and chloroplasts are dramatically 

demonstrated by the phenotypes of the hmr mutant, with a long hypocotyl and albino 

leaves when grown in the light.   

While the functions of HMR in each compartment have been studied separately, 

the mechanisms by which the HMR protein is targeted to each compartment have not 

yet been determined.  To address this, I characterized the localization signals of HMR 
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with a combination of in vitro approaches and characterization of transgenic Arabidopsis 

lines.  These experiments revealed that HMR has a cleavable N-terminal chloroplast 

transit peptide within its first 50 amino acids, while two predicted nuclear localization 

signals proved not to be highly functional.  Surprisingly, HMR in the chloroplasts and 

nucleus appeared to both be the same cleaved form of the protein. We thus identified 

the mature form of HMR by mass spectrometry, finding that it begins from lysine as the 

result of transit peptide cleavage and possibly additional N-terminal processing.  

Through GST pull-down assays, we determined that this mature form of HMR was fully 

capable of interacting light signaling components.  However, analysis of transgenic lines 

showed that expression of mature HMR alone could not complement the long-hypocotyl 

phenotype of the hmr mutant.  Analysis of the transcription of HMR nuclear target genes 

confirmed that mature HMR lacked nuclear functionality.   

Further investigation revealed that mature HMR does not accumulate within the 

nucleus, most likely as a result of its nonfunctional nuclear localization signals.  

However, addition of the transit peptide from the small subunit of Rubisco fully 

restored nuclear accumulation and function of mature HMR in Arabidopsis.  Additional 

experiments testing the localization of a simple model of dual-targeted proteins with 

two types of localization signal showed that transit peptides might take priority over 

nuclear localization signals.  These results together suggest an unexpected model of 

localization where HMR is first targeted to the chloroplasts, and then it is subsequently 
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re-localized to the nucleus, thus connecting its nuclear and plastidial functions.  Further 

investigation of this proposed retrograde plastid-to-nucleus translocation pathway 

promises to shed additional light on the link between nuclear light signaling events and 

chloroplast development. 
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1. Introduction to Phytochrome Signaling and De-Etiolation  

1.1 Phytochrome signaling triggers de-etiolation 

As a seedling first germinates, it immediately faces a pressing challenge – reach 

the light so it can begin photosynthesis.  Plants have developed two distinct 

developmental programs to follow in these critical early stages.  In the dark, seedlings 

follow a developmental program known as skotomorphogenesis, characterized by a 

rapid elongation of the embryonic stem (hypocotyl), and inhibition of chloroplast 

development in the cotyledons, which remain bent in an apical hook to protect them as 

the seedling pushes its way upward through soil.  Skotomorphogenetic development 

serves to focus energy on hypocotyl growth to allow the seedling to reach the light.  If a 

seedling does successfully emerge from the ground, then it rapidly begins a 

developmental transition called de-etiolation, in which it establishes a photoautotrophic 

lifestyle utilizing photosynthesis to produce energy.   

This light-dependent developmental program, photomorphogenesis, is 

characterized by repression of hypocotyl elongation, opening of the apical hook, leaf 

expansion, and critically, development of photosynthetically active chloroplasts (Chen 

and Chory, 2011).  As might be expected from such a dramatic change in phenotypes 

between dark-grown and light-grown seedlings, the transition to photomorphogenesis 

involves wide-scale transcriptional reprogramming in both the nuclear and plastidial 

genomes.  This reprogramming is so massive that up to a third of genes in the 
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Arabidopsis nuclear genome are differentially regulated in light vs. dark-grown seedlings 

(Leivar et al., 2009; Ma et al., 2001). 

Light is thus one of the most important environmental signals that plants must 

detect.  Not only does it serve as the energy source for photosynthesis, but it also acts as 

a critical environmental cue for plants throughout their lives from germination to 

flowering (Franklin and Quail, 2010; Kami et al., 2010).  In accordance with the 

importance of light to plant development, a wide range of photoreceptors have evolved 

to allow plants to detect light across the spectrum from UV-B to far-red (Chen et al., 

2004; Christie et al., 2012; Kami et al., 2010; Rizzini et al., 2011; Wu et al., 2012).  Plants 

can thus continually fine-tune their development to match their environment based on 

changes in light quality and quantity. 

Among these photoreceptors, some of the most important for establishing 

photomorphogenesis are the red (R) and far-red (FR) sensitive phytochromes (phys) 

(Franklin and Quail, 2010).  Phys act as homodimers conjugated to a light-sensitive 

chromophore called phytochromobilin.  This chromophore can undergo configuration 

changes after absorbing photons of the appropriate wavelength, resulting in two 

relatively stabile conformations of phy holoproteins: an inactive R light-absorbing Pr 

form, and an active FR light-absorbing Pfr form (Burgie and Vierstra, 2014; Nagatani, 

2010; Rockwell et al., 2006; Ulijasz and Vierstra, 2011).  In Arabidopsis there are five 

phytochromes, phyA-phyE, which collectively control responses to R and FR (Clack et 
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al., 1994; Sharrock and Quail, 1989).  While each of the five phys contributes to light 

perception, the photolabile phyA is the dominant receptor for responses to FR light and 

dark-to-light transition, while phyB is the primary receptor for light responses in 

continuous R light (Chen and Chory, 2011; Franklin and Quail, 2010; Kami et al., 2010; 

Tepperman et al., 2006). 

Almost all of the transcriptional reprogramming of nuclear genes in response to 

R light can be attributed to the action of phys (Hu et al., 2013; Leivar et al., 2009; 

Tepperman et al., 2006).  Upon being photoactivated, phys are translocated from the 

cytoplasm into the nucleus.  Once inside the nucleus, active phys accumulate within foci 

called photobodies, which act as subnuclear photosensory domains (Chen et al., 2003; 

Chen et al., 2005; Kircher et al., 1999; Sakamoto and Nagatani, 1996; Van Buskirk et al., 

2012; Van Buskirk et al., 2014; Yamaguchi et al., 1999).  Likely at photobodies, 

phytochromes exert their function in nuclear reprogramming by negatively regulating 

the activity and stability of a group of basic helix-loop-helix (bHLH) transcription factors 

called Phytochrome Interacting Factors (PIFs). Eight PIFs have been identified in 

Arabidopsis, PIF1, PIF3-8, and PIL1 (PIF3-Like 1), and collectively they act 

antagonistically in photomorphogenesis with partially overlapping yet distinct functions 

(Huq et al., 2004; Huq and Quail, 2002; Khanna et al., 2004; Leivar et al., 2008a; Li et al., 

2012; Luo et al., 2014; Ni et al., 1998).  In the dark, hypocotyl elongation is promoted by 

PIF1, PIF3, PIF4, PIF5, and PIF7, which collectively promote transcription of growth-
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relevant genes involved in synthesis of, and response to, the plant growth hormone 

auxin (Al-Sady et al., 2008; Huq et al., 2004; Huq and Quail, 2002; Leivar et al., 2008a; 

Leivar et al., 2008b; Li et al., 2012; Lorrain et al., 2009; Pfeiffer et al., 2014; Procko et al., 

2016; Shin et al., 2009).  In addition to their role in promoting hypocotyl elongation, PIFs 

are also involved in the repression of chloroplast development associated with 

skotomorphogenesis: PIF1, PIF3, and PIF5 have been shown to inhibit the expression of 

photosynthesis-associated nuclear genes, giving a degree of nuclear control over the 

plastids (Huq et al., 2004; Kim et al., 2011; Moon et al., 2008; Shin et al., 2009; Stephenson 

et al., 2009).  Phys and PIFs together provide an elegant mechanism for light-mediated 

transcriptional reprogramming.  In dark-grown seedlings most PIFs accumulate to high 

levels, but upon transition into light, photoactivated phys interact directly with the PIFs 

to repress their transcriptional activity and promote their degradation, thus inhibiting 

growth and activating the nuclear photosynthetic genes (Al-Sady et al., 2006; Leivar and 

Quail, 2011; Lorrain et al., 2008; Oh et al., 2006; Park et al., 2012; Qiu et al., 2015; Shen et 

al., 2005).  

1.2 Phytochrome signaling and chloroplast biogenesis 

While the regulation of PIFs by phys explains much of the transcriptional 

response to light for nuclear-encoded genes, it does not directly explain activation of the 

plastid-encoded photosynthetic genes.  The plastidial genome of land plants encodes 

approximately 120 genes encoding components required for transcription, translation, 
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and photosynthesis (Lopez-Juez, 2007; Sugiura, 1992; Wakasugi et al., 2001).  To 

transcribe these genes, plastids have two distinct classes of RNA polymerase: a single 

subunit phage-type nuclear-encoded polymerase (NEP), and a eubacterial-type plastid-

encoded RNA polymerase (PEP) – a historical legacy of the plastid’s origin as a bacterial 

endosymbiont (Allison et al., 1996; Barkan, 2011; Hricova et al., 2006; Lerbs-Mache, 1993; 

Liere et al., 2011).  Most plastid-encoded have promoters allowing transcription by 

either the NEP or PEP, providing an element of redundancy (Demarsy et al., 2012; 

Demarsy et al., 2006; Legen et al., 2002).  However, the NEP preferentially transcribes 

most housekeeping genes, while photosynthetic genes are primarily transcribed by the 

PEP (Allison et al., 1996; Hajdukiewicz et al., 1997; Hubschmann and Borner, 1998). 

Appropriately, regulation of PEP activity is the primary mechanism by which the 

nuclear genome exerts control of plastidial gene expression in photomorphogenesis 

(Chun et al., 2001; DuBell and Mullet, 1995; Thum et al., 2001).  The PEP complex 

consists of a combination of plastid- and nuclear-encoded subunits, with the core 

bacterial polymerase used as a scaffold for a battery of nuclear-encoded accessory 

proteins (Barkan, 2011; Pfalz and Pfannschmidt, 2013).  The plastid-encoded components 

of the PEP include the eubacteria-like α, β, β', and β" core subunits (Hu and Bogorad, 

1990).  Separately, sigma factors required for promoter specificity and additional PEP-

associated components are encoded within the nuclear genome, and these components 

are imported into the plastids to form functional PEP (Melonek et al., 2012; Pfalz et al., 
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2006; Pfannschmidt et al., 2000; Steiner et al., 2011; Suzuki et al., 2004).  Many nuclear-

encoded proteins involved in the PEP have been identified in large-scale proteomics 

experiments with PEP isolated either in soluble form, or membrane-bound 

“transcriptionally active chromosome.” These experiments identified twelve nuclear-

encoded proteins essential for the PEP activity, known as PAPs (PEP-Associated 

Proteins) or pTACs (plastid Transcriptionally Active Chromosome proteins) (Pfalz et al., 

2006; Pfalz and Pfannschmidt, 2013; Steiner et al., 2011).  The existence of these plant-

specific proteins required for PEP function hints at the mechanisms by which phy-

signaling events in the nucleus can result in regulation of gene expression in the 

plastids.   

Adding to the complexity of nucleus-plastid coordination is the phenomenon of 

retrograde signaling, whereby the plastids exert control of nuclear gene expression.  

Retrograde signaling from defective chloroplasts can influence the expression of nuclear 

phy-regulated genes, initially demonstrated by treatment with herbicides norflurazon 

and lincomycin, which repress carotenoid biosynthesis and plastid gene translation, 

respectively (Mayfield and Taylor, 1984; Oelmuller et al., 1986).  Plants grown in the 

presence of either of these inhibitors have defective plastids – in the case of norflurazon, 

by photobleaching, and with lincomycin, lack of plastid-encoded protein products – 

which leads to potent repression of the nuclear encoded photosynthetic genes.  Further 

investigation has shown more specifically that deficiency in PEP activity leads to this 
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observed repression (Koussevitzky et al., 2007; Martín et al., 2016; Woodson et al., 2013).  

This presents a rather complicated regulatory logic between the nucleus and plastids: 

nuclear-encoded PAPs/pTACs are required for PEP activity, while PEP activity is 

required for expression of nuclear photosynthetic genes.  While some of the 

PAPs/pTACs have been shown to be essential for the PEP’s function, knowledge of how 

they function within the PEP complex remains limited.  Learning how these proteins 

function may prove to be the key in understanding how light perception in the nucleus 

leads to concerted gene expression in both the nucleus and plastids. 

1.3 HEMERA/pTAC12 is a dual-localized phy signaling 
component required for chloroplast development 

A major breakthrough in linking nuclear phy signaling events to chloroplast 

development occurred with the discovery of HEMERA (HMR) in a genetic screen for 

phyB mislocalization in continuous R light (Chen et al., 2010).  While the hmr mutant 

showed defects in photobody assembly, even more dramatically it had a unique 

combination of long-hypocotyl and albino cotyledon phenotypes (Figure 1).  The long-

hypocotyl phenotype indicated a deficiency in phy signaling, while the albino 

cotyledons suggested that the HMR protein could possibly be a link between phy 

signaling and chloroplast development.  With this combination of phenotypes, hmr 

represents the first member of a novel class of photomorphogenetic mutants. 
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Figure 1. Phenotypes of the hmr mutant.  Dark-grown wild-type Col-0 seedlings 
develop elongated hypocotyls, and chloroplast development is repressed.  Red light 
promotes cotyledon opening, represses hypocotyl elongation, and triggers chloroplast 
development.  The hemera mutant has a combination of long-hypocotyl and albino 
cotyledon phenotypes, indicating defects in phytochrome signaling and chloroplast 
biogenesis.  Figure adapted from Chen and Chory (2011). 

Identification of the causative locus for the hmr mutant revealed another major 

surprise – HMR had previously been identified as pTAC12, one of the essential nuclear-

encoded PEP-associated proteins (Pfalz et al., 2006; Steiner et al., 2011).  The phyB 

mislocalization and long-hypocotyl phenotype of hmr clearly indicated that HMR was a 

phy signaling component, but phys act in the nucleus while pTACs were identified from 

chloroplasts.  This seeming contradiction is explained by the result that HMR localizes to 

both the nucleus and chloroplasts, as demonstrated by nuclear fractionation experiments 

as well as immunolocalization in fixed seedlings (Figure 2)(Chen et al., 2010).  HMR’s 

dual localization pattern suggests that it plays distinct roles to regulate nuclear and 
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plastidial gene expression, consistent with its dual long-hypocotyl and albino cotyledon 

phenotypes. 

 

Figure 2. Localization of HMR in Arabidopsis.  (A) Western blots of Arabidopsis and 
Broccoli protein fractions reveals HMR protein is found in total (T), nuclear (N), and 
chloroplast (C) protein fractions. SiR and Pol II were used as chloroplast and nuclear 
controls, respectively.  (B) Immunolocalization of HA-tagged HMR in fixed transgenic 
Arabidopsis cells shows that HMR is localized predominantly in chloroplasts (arrows) 
with a smaller fraction within nuclei (inset, arrowheads).  Red, HMR; blue, 4’,6-
diamidino-2-phenylindole (DAPI).  Panel A is reproduced from Chen et al. (2010).  

Currently, the biochemical function of HMR/pTAC12 in promoting PEP-

mediated transcription of chloroplast photosynthetic genes is not fully understood.  

Recent reports have shown that, in maize, HMR binds to single-stranded DNA and 

RNA, and is essential for accumulation of the PEP complex (Pfalz et al., 2015).  HMR has 

also been shown to directly interact with pTAC7 and pTAC14, though the relevance of 

these interactions in the context of the larger PEP complex is unknown (Gao et al., 2011; 

Yu et al., 2013).  Finally, as in Arabidopsis, maize pTAC12/HMR is dual-localized to 

plastids and the nucleus (Chen et al., 2010; Pfalz et al., 2015). 
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The number of proteins associated with the PEP greatly complicates any attempt 

to dissect their individual functions in plastidial transcription.  In the case of HMR, 

however, investigation into its separate nuclear function has proven fruitful.  Consistent 

with being a phy signaling component, HMR interacts directly with photoactivated 

phyA and phyB, and can also interact with all PIFs (Galvao et al., 2012; Qiu et al., 2015).  

Interestingly, a transcriptional activation domain was discovered at the C-terminus of 

HMR, and this domain allows HMR to act as a transcriptional co-activator on a subset of 

PIF-activated genes, promoting the degradation of PIF1 and PIF3 in the process (Galvao 

et al., 2012; Qiu et al., 2015).  This seemingly paradoxical mechanism, promoting both 

PIF activity and PIF degradation, explains the regulation of two classes of nuclear HMR-

regulated genes: Class A genes are induced in the hmr mutant as a result of the 

accumulation of PIFs, while Class B genes require HMR and PIFs for their activation, 

and are consequently repressed in the hmr mutant (Figure 3). 

To begin to dissect HMR’s nuclear and plastidial functions, PIF1, PIF3, PIF4, and 

PIF5 were knocked out in the hmr mutant background, which resulted in a rescue of the 

hmr long-hypocotyl phenotype.  It did not, however, rescue the albino cotyledon 

phenotype, indicating that hmr’s nuclear and plastidial functions can be separated (Qiu 

et al., 2015).  The current model of HMR’s function is that in the nucleus HMR acts along 

with phys and PIFs to control hypocotyl elongation (Figure 3), while it also has a PIF-
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independent function in promoting expression of PEP-dependent genes, likely 

attributable to the specific chloroplast-localized pool of HMR. 

 

Figure 3. Model for HMR's nuclear function.  HMR (orange) binds directly to PIFs 
(green) at the promoter of Class B genes.  HMR’s transcriptional activation domain (red) 
then allows activation of these genes, possibly by recruitment of the mediator complex, 
general transcription factors, or otherwise stabilizing the Pol II RNA polymerase 
complex.  In the process of activating the Class B genes, HMR promotes the degradation 
of PIFs.  While the degradation of PIF1 and PIF3 results in inhibition of hypocotyl 
growth, activation of the Class B genes allows some degree of hypocotyl elongation in 
the light, allowing fine control over the degree of growth inhibition. 

1.4 Unanswered questions 

The majority of focus in understanding the mechanisms of phytochrome 

signaling has been on nuclear regulators, for the simple reason that phys act within the 

nucleus to regulate nuclear genes.  Accordingly, much is known about the mechanisms 

behind phys, PIFs, and other nuclear factors that regulate the expression of the 

thousands of genes that are differentially regulated between plants grown in the light 
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and dark.  Separately, researchers in the chloroplast development field have uncovered 

many of the key proteins required for chloroplast development, and the processes of 

photosynthesis are so well known that they are routinely taught at the high school level.  

Connecting light perception in the nucleus with chloroplast development has proven to 

be far more challenging, perhaps in part due to the fact that identification of phy-

signaling mutants focused on screening for mutants with long hypocotyls in the light, or 

short hypocotyls in the dark – a terminal phenotype that may only be easily noticed after 

early phy signaling events have already occurred. 

The discovery of HMR then, was rather fortuitous.  In attempting to identify 

genes responsible for the very early phytochrome signaling events, an unexpected 

connection between light perception in the nucleus and chloroplast development was 

found – the hmr mutant, with its combination of long-hypocotyl and albino cotyledon 

phenotypes, along with the HMR protein’s dual localization to both the nucleus and 

chloroplasts, provides a perfect model for connecting signaling events occurring in the 

nucleus and plastids.  Initial characterization of the functions of HMR has focused on its 

roles in each compartment separately – in the plastids as pTAC12, a component of the 

PEP complex; and in the nucleus as HMR, a regulator of PIF activity and stability. 

My goals then, were to begin to consider both pools of HMR/pTAC12 together, 

and investigate the connections between the two.  One rather glaring question that had 

yet to be answered was that of how HMR is localized to the plastids and nucleus within 



 

13 

the same cell – a key question for understanding if HMR is involved in the coordination 

of gene expression between these two organelles.  To this end, I have identified the 

localization signals of HMR through a combination of in vivo and in vitro experiments 

with recombinant forms of HMR to study its putative localization signals in isolation as 

well as in the context of the full protein.  The surprising observation that HMR protein in 

the nuclear and plastidial pools shares the same size suggested that they were actually 

the same form of the protein, and so I identified the mature form of HMR and tested its 

functionality.  I discovered that mature HMR is incapable of accumulating in the nucleus 

if expressed by itself in the hmr mutant background.  While initially a disappointing 

discovery, I later show that targeting this mature form of HMR to the chloroplasts fully 

rescued its accumulation and function in the nucleus.  The work to be described here 

thus lead to a model of HMR localization and function where it must first be targeted to 

the chloroplasts before being processed to a mature form, which is then somehow re-

localized to the nucleus by an unknown plastid-to-nucleus retrograde protein transport 

system.  Along with the help of other lab members and outside collaborators, these 

results help to bridge the gap between nuclear and plastidial HMR by determining the 

mechanism by which HMR is targeted to both compartments, and showing that the 

nuclear and plastidial functions are connected through this targeting mechanism.
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2. The Nuclear Localization Signals of HEMERA are not 
Highly Functional 

2.1 Introduction 

The dual-localization pattern of HMR poses an intriguing question – how can a 

protein be partitioned between two different subcellular compartments?  In general, 

intracellular protein targeting is accomplished with specific localization signals, and 

many proteins possess multiple types of signals for different organelles.  For proteins 

targeted to the nucleus and another organelle, competition between signals and 

differential accessibility can regulate partitioning between the two target compartments 

(Karniely and Pines, 2005; Krause and Krupinska, 2009; Krause et al., 2012; Silva-Filho, 

2003).  Proteins localized to the nucleus and plastids by a dual-targeting mechanism 

would therefore be expected to possess both a chloroplast transit peptide (cTP) and a 

nuclear localization signal (NLS). 

For HMR, initial analyses of the amino acid sequence predicted that it possesses 

two bipartite nuclear localization signals (NLS) (Chen et al., 2010), but analysis with the 

ChloroP algorithm predicts that HMR lacks a chloroplast transit peptide (Emanuelsson 

et al., 1999).  While this means the presence or absence of a cTP is unknown, the 

prediction of two NLSs provides a starting point for identifying HMR’s targeting signals 

and determining the mechanism behind its dual nuclear/plastidial localization. 
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2.2 Results 

2.2.1 Total and nuclear HMR protein have similar molecular weights 

While it was previously known that HMR is localized to both the chloroplasts 

and nuclei in Arabidopsis (Chen et al., 2010), it was unclear if the form of HMR in both 

compartments were the same, or if they represented two differentially processed forms.  

To answer this question, protein was extracted from Arabidopsis seedlings expressing 

HA-tagged HMR in the hmr-5 mutant, separating nuclear and total protein for 

comparison.  I then did western blots with anti-HA antibodies to compare total protein 

from HMR-HA with serial dilutions of the nuclear fraction.  As expected, HMR-HA was 

found within the nuclear fraction.  Surprisingly, HMR-HA from the nuclear fraction 

migrated the same distance as HMR-HA from total protein in the SDS-PAGE gel (Figure 

4).   

 

Figure 4. Nuclear fractionation of HMR-HA.  Protein from whole seedlings or isolated 
HMR-HA/hmr-5 nuclei was compared by immunoblot.  Nuclear HMR-HA protein was 
serially diluted, and protein from Col-0 seedlings was used as a negative control.  Anti-
HA antibodies were used to detect recombinant HMR-HA, while anti-SiR antibodies 
were used as a control for the plastidial fraction. 
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Obtaining this experimental result in HA-tagged HMR transgenic lines provides 

the advantage of being able to use highly specific monoclonal antibodies for detection, 

rather than polyclonal anti-HMR antibodies for detecting the un-tagged protein.  

However, it is still important to determine if the endogenous HMR protein in wild-type 

plants is also the same size in plastids and nuclei.  Thus, nuclear and chloroplast protein 

fractions were isolated from Col-0 seedlings, and the size of HMR protein was compared 

between total, nuclear, and chloroplast fractions.  As expected, HMR appeared as a 

single band in immunoblots, and this band ran in the gel at the same molecular mass in 

all three fractions. These results indicate that HMR indeed localizes to the nucleus in 

Arabidopsis, and the nuclear and total HMR have the same size.    

 

Figure 5. HMR is the same size in nuclei and plastids.  Protein was isolated from total 
(T), nuclear (N) and plastidial (P) fractions of Col-0 seedlings and compared by western 
blot. Anti-HMR antibodies were used to detect HMR, while Pol II and SiR were used as 
nuclear and plastidial controls, respectively.  Data were obtained in collaboration with 
Chan Yul Yoo. 

These results are rather surprising given that HMR has two predicted nuclear 

localization signals and is also found within chloroplasts.  The majority of chloroplast-

targeted proteins possess cleavable N-terminal transit peptides.  If HMR were targeted 

to the chloroplasts by a transit peptide, and to the nucleus via its nuclear localization 
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signals, then the expectation is that the plastidial pool of HMR would have a reduced 

size due to transit peptide cleavage, while the nuclear portion would be full-length.  The 

result that HMR exists as a single form suggests two possible models.  First, full-length 

HMR could be targeted to the nucleus by its nuclear localization signals and to the 

chloroplasts by a non-canonical targeting mechanism (Miras et al., 2002; Radhamony 

and Theg, 2006).  Alternatively, HMR is targeted to the chloroplasts with a transit 

peptide, and then through some unknown mechanism it is subsequently re-localized to 

the nucleus, resulting in a cleaved mature form of HMR in both compartments. 

2.2.2 The predicted nuclear localization signals of HMR are 
insufficient for nuclear targeting of a YFP reporter 

The first of these possibilities, that the nuclear and total protein fractions contain 

full-length HMR, requires that HMR possess a nuclear localization signal.  Indeed, HMR 

has two predicted bipartite nuclear localization signals, NLS1 and NLS2 (Figure 6), each 

with containing the canonical stretches of basic amino acids separated by a short linker 

region (Raikhel, 1992).  To ensure that the molecular weight of a reporter protein was 

above the nuclear pore’s passive diffusion limit of 60 kDa (Wang and Brattain, 2007), I 

generated constructs containing each of these nuclear localization signals, either 

separately or together, fused with YFP and GUS (YG) with a combined mass of 

approximately 95 kDa.  As controls, I also included YG alone and YG with the strong 

viral SV40 nuclear localization signal (YG-NLS). 



 

18 

 

Figure 6. Schematic of recombinant proteins for testing HMR's NLS1 and NLS2.  Each 
construct consists of YFP-GUS (YG) fused with one or both of HMR’s predicted bipartite 
nuclear localization signals (NLSs).  YG alone and YG with the SV40 NLS (PKKKRKV) 
were used as negative and positive controls. 

These recombinant proteins were transiently expressed in tobacco leaves and 

then their localization was characterized by confocal microscopy.  As expected, YG alone 

was excluded from nuclei, whereas the YG-NLS control showed strong nuclear 

localization in every cell observed (Figure 7).  In contrast, NLS1, NLS2, and NLS1/NLS2 

(2NLS) were clearly insufficient to target YG to the nucleus. 
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Figure 7. Localization of YG-NLS constructs.  Confocal images were taken of tobacco 
epidermal cells expressing the indicated recombinant proteins from Figure 6.  Tissue 
was collected three days after agroinfiltration and stained with DAPI before imaging.  
White arrowheads indicate nuclei.  Scale bars equal 50 µm. 

Quantification of the microscopy results confirmed the observation that neither 

of the predicted HMR nuclear localization signals was sufficient for nuclear targeting of 

YG (Figure 8).  Although a small fraction of cells expressing YG-NLS1, YG-NLS2, or YG-

2NLS had detectable nuclear localization, the vast majority of the protein was localized 
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to the cytoplasm of cells and the localization pattern more closely resembled the YG 

control than YG-NLS.  These results demonstrate that the predicted nuclear localization 

signals of HMR are not strongly functional. 

 

Figure 8. Quantification of subcellular localization for YG-NLS constructs.  The 
percentage of cells with YFP signal in the nucleus or cytoplasm for each of the 
recombinant proteins was determined by examining at least sixty DAPI- and YFP-
positive cells.  Error bars represent the standard deviation of three independent 
experiments.      

2.3 Materials and Methods 

2.3.1 Plant growth conditions 

Arabidopsis seeds were surface-sterilized by rinsing once with 70% ethanol, 

followed by 50% bleach plus 0.01% Triton X-100 for 10 minutes.  Seeds were then 

washed four times with sterile dH2O and plated on half-strength MS with Gamborg’s 

Vitamins (Caisson Laboratories), 0.5 mM MES (pH 5.7) and 0.8% (w/v) agar (Caisson 

Laboratories).  Seeds were stratified on plates in the dark at 4°C for five days.  Seedlings 

were then grown in a continuous white light incubator (Percival Scientific) for 96 hours.  

For localization experiments, tobacco seeds were rinsed in dH2O and then were sown 
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directly on soil.  Seedlings were then grown for 4 weeks in a growth chamber before 

infiltration. 

2.3.2 Nuclear fractionation 

  Nuclei were isolated from Arabidopsis seedlings with some modifications to our 

previously described protocol (Galvao et al., 2012). Seedlings were ground in liquid 

nitrogen, and then two volumes (mg/µL) of nuclear extraction buffer containing 20 mM 

PIPES-KOH (pH 7.0), 10 mM MgCl2, 12% hexylene glycol, 0.25% Triton X-100, 5 mM β-

mercaptoethanol, and 1x EDTA-free protease inhibitor cocktail (Roche) was added to the 

ground tissue.  The crude lysate was filtered through a 40 µm cell strainer, and 

incubated on ice for 10 minutes.  The filtrate was then loaded on top of 2 mL of 30% 

Percoll (Sigma-Aldrich) and centrifuged at 700g for 5 minutes at 4ºC.  Filtration through 

Percoll gradients was repeated five times for each sample to ensure removal of all 

chloroplast debris.  Nuclear pellets were resuspended in extraction buffer containing 100 

mM Tris-HCl (pH 7.5), 100 mM NaCl, 1% SDS, 5 mM EDTA, 5 mM DTT, 10 mM β-

mercaptoethanol, and 1x EDTA-free protease inhibitor cocktail (Roche). 

2.3.3 Protein extraction and western blots 

Arabidopsis seedlings or tobacco leaves were harvested, immediately frozen in 

liquid nitrogen, and stored at -80°C until needed.  Total protein was then extracted by 

grinding samples to a powder in liquid nitrogen, and then resuspending in two volumes 

(mg/µL) of extraction buffer containing 100 mM Tris-Cl pH 7.5, 100 mM NaCl, 5 mM 
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EDTA, 1% SDS, 5 mM DTT, 10 mM β-mercaptoethanol, 40 µM MG115 (Sigma-Aldrich), 

40 µM MG132 (Sigma-Aldrich), 1× phosphatase inhibitor cocktail 3 (Sigma-Aldrich), and 

1× EDTA-free protease inhibitor cocktail (Roche).  Laemmli protein sample buffer was 

added to the crude extracts, which were then boiled for 10 mins and centrifuged at 

15,000×g for 10 mins.  The supernatant was used for western blots. 

Extracted proteins were separated by SDS-PAGE, and then transferred to 

nitrocellulose membranes.  Membranes were probed with the monoclonal anti-HA 

antibodies at a 1:1000 dilution (Roche).  Polyclonal antibodies against chloroplast 

ferredoxin-sulfite reductase (SiR) (Chi-Ham et al., 2002) were used at 1:1000 dilution.  

Peroxidase-conjugated anti-mouse secondary antibodies (Bio-Rad) were used at 1:5000 

dilution.  Signals were detected by chemiluminescence using a SuperSignal kit 

(ThermoFisher Scientific). 

2.3.4 Plasmid construction 

To clone constructs for testing the predicted nuclear localization signals of HMR, 

YFP without a stop codon was ligated into the KpnI and BamHI sites of pCHF3 to give 

pCHF3-YFP(N). Then GUS, lacking a stop codon and flanked by BglII and BamHI sites, 

was amplified by PCR and ligated into the BamHI site of pCHF3-YFP(N) to give pCHF3-

YFP-GUS. The control constructs, YG-NLS and YG, were generated by ligation of 

annealed oligonucleotides encoding the SV40 NLS or a stop codon into the BamHI and 

SalI sites of pCHF3-YFP-GUS. Constructs YG-NLS1, YG-NLS2, and YG-2NLS were 
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generated by amplifying segments of HMR by PCR and then ligating them into the 

BamHI and SalI sites of pCHF3-YFP-GUS. 

2.3.5 Transient expression in N. benthamiana 

Proteins were transiently expressed in N. benthamiana leaves as previously 

described (Roberts et al., 2011). Agrobacterium tumefaciens strain GV3101 was 

transformed with each construct by electroporation.  Cells were grown overnight, 

pelleted, and then resuspended in half the volume of the original culture of infiltration 

buffer, containing 10 mM MgCl2, 10 mM MES.  Cells were then induced with 200 µM 

acetosyringone (4’-hydroxy-3’,5’-dimethoxyacetophenone).  Three hours after induction, 

cells were diluted to an optical density of 0.95 (600 nm). Experimental cells were mixed 

in equal volumes with A. tumefaciens expressing the P19 silencing suppressor (Voinnet 

et al., 1999) before infiltration into the abaxial side of N. benthamiana leaves.  Samples 

were collected and stained with 4',6-diamidino-2-phenylindole (DAPI) for microscopy 

three days after infiltration. 

2.3.6 Confocal microscopy 

Confocal microscopy was performed using a Zeiss LSM 510 inverted confocal 

microscope with a 10x/0.3 Plan-Apochromat air objective. EYFP fluorescence was 

monitored using 505-550 nm bandpass emission filter and 514 nm excitation from an Ar 

laser. DAPI was monitored with a 420-480 nm bandpass emission filter and 405 nm 



 

24 

diode laser excitation.  Chlorophyll was observed with a long-pass 575 nm filter and 405 

nm diode laser excitation. 

2.3.7 Quantification of nuclear and cytosolic localization 

For quantifying nuclear localization, YFP-GUS-tagged constructs were 

transiently expressed in tobacco, and confocal microscopy was used to take a Z-stack of 

images through the epidermal layer of each sample at 10x magnification.  For each 

image, all DAPI-positive cells with YFP signal were marked in NIH ImageJ 

(http://rsb.info.nih.gov/nih-image/) and twenty cells were randomly chosen for analysis.  

All optical sections for each cell were examined for co-localization of DAPI and YFP.  

Localization was scored as “not nuclear” if there was no detectable YFP signal inside a 

given nucleus, or if in any optical section the YFP signal appeared as a ring around, but 

not within, a nucleus.  Conversely, localization was scored as “nuclear” if YFP was 

clearly visible within the center of a nucleus in the optical section with maximum DAPI 

signal.  Each cell was marked as having cytosolic localization if there was YFP signal 

visible around the cell’s border. 
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3. Characterization of HEMERA’s Chloroplast Transit 
Peptide 

3.1 Introduction  

How does HMR reach the chloroplasts? Over the course of evolutionary time, the 

majority of genes encoding essential chloroplast proteins have been moved into the 

nuclear genome of plants, and a number of eukaryote-specific factors have evolved to 

allow control of plastidial gene expression (Barkan, 2011; Pfalz and Pfannschmidt, 2013).  

Thousands of proteins are required for chloroplast function, yet plastidial genomes 

encode only 120-135 genes (Lopez-Juez, 2007), thus necessitating mechanisms to 

transport nuclear-encoded proteins into plastids.  The most common mechanism by 

which this is accomplished is through cleavable N-terminal transit peptides, ranging in 

length from 30-100 amino acids (Bruce, 2000).  HMR has been previously predicted to 

not possess a transit peptide (Chen et al., 2010; Emanuelsson et al., 1999), but this 

prediction has yet to be experimentally validated.  

Determining whether HMR has a transit peptide is critical to understanding the 

mechanism by which it is targeted to both compartments.  Based on the observation that 

the nuclear and plastidial forms of HMR are the same size (Figure 4, Figure 5), the lack 

of strongly functional nuclear localization signals (Figure 7, Figure 8) argues against a 

model in which HMR is targeted separately to the nucleus and chloroplasts.  However, 

this argument only holds if HMR does possess a transit peptide, as in that case we 

would expect the plastidial form of HMR to be a smaller, processed form of the protein.  



 

26 

To investigate whether HMR has a transit peptide, I collaborated with Hitoshi Inoue and 

Danny Schnell, currently at Michigan State University, to test whether HMR can be 

imported into chloroplasts in vitro.  In parallel, I used tobacco and transgenic Arabidopsis 

lines to identify the minimal required sequence for chloroplast import of HMR.  

Together with the nuclear localization signal results, transit peptide identification 

provides a basis for understanding the localization signals of HMR and their roles in its 

subcellular targeting and function.    

3.2 Results 

3.2.1 HMR has a cleavable N-terminal transit peptide for chloroplast 
localization 

HMR isolated from plastids and nuclei has the same size, as demonstrated here 

(Figure 5) and consistent with previous reports (Chen et al., 2010; Pfalz et al., 2015).  If 

HMR were to possess a transit peptide, then it would be expected that the form of HMR 

observed is smaller than full-length HMR due to proteolytic cleavage of the transit 

peptide upon chloroplast import.  The existence of such a transit peptide has yet to be 

demonstrated experimentally, and as such we sought to determine this.  To directly test 

if the N-terminus of HMR is required for chloroplast localization, I cloned constructs 

with two different fluorescently tagged forms of HMR, either full-length HMR with YFP 

(HMR-YFP) or a truncated version lacking the first 16 amino acids (HMR∆16-YFP).  I 

then transiently expressed these proteins in tobacco leaves and examined the 

localization of the recombinant proteins by confocal microscopy.  As would be expected 



 

27 

with a transit peptide, full-length HMR-YFP localized within plastids, while deletion of 

the N-terminal 16 amino acids resulted in a total loss of plastid localization (Figure 9A).   

Next, I compared the protein size of HA-tagged HMR (HMR-HA) transiently expressed 

in tobacco with that of full-length HMR-HA produced by in vitro 

transcription/translation.  

 

Figure 9. The N-terminus of HMR is required for chloroplast import and cleavage.  
(A) Confocal images of tobacco epidermal cells expressing full-length HMR-YFP or the 
truncated HMR∆16-YFP.  Arrowheads indicate plastids. DAPI, 4',6-diamidino-2-
phenylindole; Chl, chlorophyll.  (B) Immunoblot analysis showing that HMR-HA 
transiently expressed in tobacco migrated at a smaller size than in vitro translated (IVT) 
HMR-HA, while HMR∆16-HA is the same size in tobacco and produced in vitro.  Full-
length IVT products are indicated with red arrows.    

As a comparison, I compared these protein sizes to that of a truncated form of 

HMR lacking its N-terminal 16 amino acids, HMR∆16-HA both in tobacco and produced 

in vitro. Tobacco-expressed HMR-HA was clearly smaller in size than the in vitro 

translated full-length form, indicating that in tobacco, HMR-HA is cleaved (Figure 9B).  



 

28 

In contrast, HMR∆16-HA appeared the same size when produced in tobacco or in vitro, 

showing that the cleavage of HMR-HA depends on an intact N-terminus. 

As an alternative method of demonstrating that HMR has a transit peptide, we 

collaborated with Danny Schnell (Michigan State University) and Hitoshi Inoue to do in 

vitro chloroplast import assays.  In these assays, the target protein is produced in vitro, 

incubated with isolated energy-depleted Arabidopsis chloroplasts, and then ATP is added 

to begin import. Non-imported protein is then digested with the protease thermolysin, 

leaving only the fraction of protein within chloroplasts.  These experiments showed that 

in vitro translated HMR fused with FLAG and His tags (HMR-FLAG-His) could be 

directly imported into isolated Arabidopsis chloroplasts, resulting in a smaller, truncated 

form of the protein within chloroplasts as revealed by digestion with thermolysin 

(Figure 10).  This result, along with the comparison of IVT vs. tobacco-produced HMR, 

clearly demonstrates that HMR possesses a chloroplast transit peptide that is cleaved 

upon chloroplast import. 

 

Figure 10. Chloroplast import assays with in vitro produced HMR.  HMR-FLAG-His 
was produced by in vitro translation (IVT) with 35S-methionine and used in chloroplast 
import assays.  Thermolysin was added to remove non-imported HMR-FLAG-His 
proteins, and protein fractions were compared by western blot and phosphorimaging. 
The thermolysin-treated sample showed only a mature form with a reduced size. 
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3.2.2 HMR’s transit peptide resides within the first 50 amino acids 

Next, I wanted to define the HMR transit peptide – knowing which portion of 

the HMR protein is used for chloroplast import and subsequently cleaved would 

identify the mature form of HMR, and thus allow us to do experiments to investigate its 

separate functions in the nucleus and chloroplasts.  To accomplish this, I fused various 

N-terminal fragments of HMR, ranging from 20-60 amino acids (Figure 11), to YFP for 

use in tobacco transient transfection experiments.  

 

Figure 11. Constructs used for finding the minimal HMR transit peptide.  The 
schematic of full-length HMR at top indicates the known domain structure: PIR, 
phytochrome-A-interacting region; NLS, predicted nuclear localization signals; TAD, 
transcriptional activation domain. Constructs with YFP and fragments of HMR’s N-
terminus were cloned into vectors with the 35S promoter. 

I then transiently expressed these constructs in tobacco, and examined the 

localization of the recombinant proteins by confocal microscopy.  While N20-YFP and 

N31-YFP were localized exclusively in the nucleus and cytoplasm, N50-YFP and N60-

YFP also showed some localization to plastids (Figure 12A).  I then extracted protein 

from the tobacco leaves expressing these constructs, and compared protein sizes by 

western blot with anti-YFP antibodies.  Consistent with the observed localization, N50-
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YFP and N60-YFP appeared as two bands – an upper band representing the nuclear and 

cytoplasmic protein and a lower band representing chloroplast-localized protein after 

cleavage of the transit peptide (Figure 12B). 

 

Figure 12. Identification of HMR's transit peptide by transient transfection in tobacco.  
The constructs from Figure 11 were transiently expressed in tobacco by agroinfiltration 
and then tissue was collected for analysis 3 days after infiltration.  (A) Confocal images 
of representative tobacco epidermal cells expressing the indicated constructs.  The rbcS 
transit peptide was used as a control for chloroplast localization (cTP-YFP). DAPI, 4',6-
diamidino-2-phenylindole; Chl, chlorophyll.  Arrows indicate nuclei, while arrowheads 
indicate plastids.  Scale bars are 20 µm.  (B) Western blot analysis of recombinant 
proteins extracted from the leaves used for microscopy.  Anti-GFP antibodies were used 
for immunoblotting.  
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While the results from tobacco suggest that the minimal transit peptide of HMR 

is within the first 50 amino acids, the weak localization to plastids compared to the cTP-

YFP control indicates that transient expression in tobacco is not the optimal 

experimental method to determine the transit peptide of HMR in Arabidopsis.  To more 

definitively identify the transit peptide, I generated transgenic Arabidopsis lines 

expressing the constructs from Figure 11 in the Col-0 background.  I then examined the 

ability of the HMR N-terminal peptides to target YFP to the chloroplasts by confocal 

microscopy in 4d-old seedlings.  As in the tobacco experiments, N20-YFP and N31-YFP 

localized to nuclei and the cytoplasm and failed to localize to chloroplasts.  In contrast, 

N50-YFP and N60-YFP were exclusively localized to chloroplasts (Figure 13A).  I then 

did western blots to compare these proteins extracted from transgenic seedlings to the 

same proteins produced by in vitro translation.  N20-YFP and N31-YFP from transgenic 

seedlings were the same sizes as their corresponding in vitro translated forms, while 

N50-YFP and N60-YFP were smaller in vivo than their full-length in vitro translated 

forms (Figure 13B). One surprising observation of these experiments is that, while N60-

YFP is larger than N50-YFP in vitro, the mature forms when expressed in Arabidopsis 

have similar molecular mass – suggesting that N60-YFP undergoes further proteolytic 

processing after the transit peptide has been removed.  Thus we conclude that HMR’s 

minimal transit peptide is within its first 50 amino acids, and after cleavage, it 

undergoes additional processing to give the final mature form of HMR.   
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Figure 13. HMR's minimal transit peptide is within the N-terminal 50 amino acids.  
(A) Confocal images showing the localization of the constructs from Figure 11 in 
hypocotyl cells from transgenic Arabidopsis seedlings.  Chl, chlorophyll.  White 
arrowheads indicate nuclei, while yellow arrowheads indicate chloroplasts.  (B) 
Immunoblot analysis of the proteins from Figure 11 made by in vitro translation (IVT) or 
extracted from transgenic Arabidopsis lines (A.t.).  Recombinant proteins were detected 
with anti-GFP antibodies.    
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3.2.3 HMR’s N-terminus may form inter- and intramolecular disulfide 
bonds 

One of the initial hypotheses about HMR’s role in coordination of nuclear and 

plastidial gene expression is that its partitioning between the nucleus and chloroplasts 

could be regulated by environmental conditions.  In particular, altering the accessibility 

of localization signals in dual-localized proteins such as HMR could change its 

partitioning between compartments (Karniely and Pines, 2005; Krause and Krupinska, 

2009; Krause et al., 2012).  Given that we know HMR has a transit peptide, I examined 

the protein sequence of HMR’s N-terminus, and found a striking sequence feature – the 

protein only possesses five cysteine residues, and all of them are within the first 60 

amino acids.  Chloroplast-targeted preproteins must be imported through the TOC and 

TIC (Translocons of the Outer and Inner Chloroplast membrane) complexes in 

denatured form, and it is therefore possible that the formation of disulfide bonds 

between cysteines in the transit peptide could inhibit chloroplast import and thus affect 

HMR’s partitioning.  Indeed, analysis with the disulfide bond prediction algorithm 

DiANNA (Ferre and Clote, 2005) shows five high-scoring potential disulfide bonds 

(Figure 14). 
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Figure 14. The N-terminus of HMR has predicted disulfide bonds.  The protein 
sequence of HMR (top) has five cysteine residues, all within the first 60 amino acids.  
The first 86 residues of HMR were used for disulfide bond prediction with DiANNA 
(Ferre and Clote, 2005), which revealed five high-scoring predicted disulfide bonds 
(bottom). 

To test these predictions experimentally, I chose to transiently express the same 

constructs used for identifying the transit peptide (Figure 11) in tobacco, extract total 

protein in reducing or non-reducing conditions, and then compare proteins from both 

samples with western blots.  Since cysteines 54 and 57 are very close to the end of the 

N60-YFP construct and may thus not interact with other residues in the same way as in 

the context of full-length HMR, I also included an additional construct containing the 

first 86 amino acids of HMR, N86-YFP (Figure 15A).  As shown in Figure 15B, the 

mobility of N31-YFP in SDS-PAGE changes depending on if the protein is extracted 

under reducing or non-reducing conditions, consistent with a post-translational 
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modification like a disulfide bond altering the protein’s conformation.  Another striking 

result from this experiment is that dark protein streaks appear in the non-reduced 

samples, which may indicate that these fragments of HMR are forming intermolecular 

disulfide bonds with other proteins, and these bonds are eliminated by protein 

extraction when samples are boiled under reducing conditions. 

 

Figure 15. HMR's N-terminus forms redox-dependent protein complexes.  (A) 
Schematic of constructs with fragments of HMR’s N-terminus fused with YFP.  The 
positions of cysteine residues are indicated in white.  For each construct, the localization 
in tobacco is indicated: CP, chloroplast; N, nucleus; Cyt, cytosol.  Dotted lines indicate 
predicted disulfide bonds. (B) Western blots of constructs transiently expressed in 
tobacco.  Samples were collected 3 days after infiltration and protein was extracted 
either by boiling in buffer containing DTT and β-ME, or under non-reducing conditions 
without boiling.  A box indicates the size shift of N31-YFP, and arrows indicate cleaved, 
imported protein fractions.  Anti-GFP antibodies were used for immunoblots.  Results 
for N20-YFP are from a separate experiment.   

To verify that this protein streak is actually due to cysteine residues within the 

recombinant proteins used in these experiments, I used the smallest (N20-YFP) and 
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largest (N86-YFP) constructs and used site-directed mutagenesis to introduce a cysteine-

to-serine mutation at residue 16 (C16S), and then expressed these constructs in tobacco, 

again extracting protein in reducing or non-reducing conditions.  As an additional 

control to ensure that the protein streaks are specific for the HMR fusion proteins and 

not an experimental artifact of the antibodies used, I did western blots with two 

different polyclonal anti-GFP antibodies (Figure 16).  While the blots show that wild 

type N20-YFP has the protein streak when extracted under non-reducing conditions, it is 

eliminated by the C16S mutation as well as by boiling the samples in reducing 

conditions.  In contrast, non-reduced N86-YFP has the streak with or without the C16S 

mutation, showing that cysteine 16 is not specifically required for this protein streak.  

Collectively these results suggest that HMR may form both intramolecular disulfide 

bonds within its transit peptide, as well as intermolecular disulfide bonds with other 

proteins.  Determining the biological significance of these interactions remains an open 

question, and will provide a clearer view of whether HMR’s partitioning between the 

nucleus and chloroplasts is a mechanism for fine-tuning gene expression in the nucleus 

and plastids in photomorphogenesis.  
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Figure 16.  Cysteine 16 is sufficient for the nonspecific protein streak.  The indicated 
constructs, fused to the N-terminus of YFP, were transiently expressed in tobacco, and 
protein was extracted 3 days after infiltration either in reducing or non-reducing 
conditions.  Two different anti-GFP antibodies were chosen for immunoblots to ensure 
the protein streaks were not an artifact of the antibody used.     

3.2.4 The efficiency of HMR’s minimal transit peptide depends on its 
N-terminal cysteines 

In attempting to understand sequence determinants of HMR’s transit peptide 

involved in the efficiency of chloroplast import, identifying the appropriate 

experimental system can be problematic.  As an example, the YFP fusion constructs 

containing the minimal transit peptide of HMR are fully imported into chloroplasts in 

Arabidopsis (Figure 13), and thus subtle effects of point mutations may be missed.  One 

solution is to use N50-YFP expressed in tobacco as an experimental construct – it is 
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inefficiently imported into tobacco chloroplasts and thus appears as two bands in 

western blots (Figure 12B), allowing for quantification of imported and non-imported 

protein.  An additional benefit of using N50-YFP as a model for HMR’s transit peptide is 

that it only has three cysteine residues and three predicted disulfide bonds (Figure 15A), 

thus reducing the combinatorial complexity of five cysteines in full-length HMR.  To test 

the hypothesis that intramolecular disulfide bonds can reduce the efficiency of the HMR 

transit peptide, I used site directed mutagenesis to mutate each cysteine (residues 16, 25, 

and 33) to serine in the N50-YFP construct, either individually or in combination, 

expressed each construct in tobacco, and then compared the relative fraction of imported 

and non-imported protein by western blot.  As expected, each construct appeared as two 

bands, with an upper full-length preprotein, and a cleaved mature form (Figure 17A).  I 

quantified the ratio of imported to total protein for each protein, and surprisingly found 

that, while mutation of C16 had no significant effect on plastid import efficiency, the 

C25S and C33S mutations reduced, rather than increased, the efficiency of chloroplast 

import (Figure 17B).  If disulfide bond formation inhibited chloroplast import, we would 

expect to see the opposite – mutating cysteines would prevent formation of disulfide 

bonds, and thus increase the fraction of cleaved N50-YFP.  Instead, it appears that these 

cysteine residues are important for either the import efficiency of HMR’s transit peptide, 

or for the efficiency of cleavage by the stromal processing peptidase during import. 
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Figure 17.  Mutation of N-terminal cysteines inhibits HMR transit peptide’s function.  
(A) Western blot of proteins transiently expressed in tobacco.  Wild-type and cysteine-
to-serine mutant forms of N50-YFP were expressed in tobacco leaves, and protein was 
extracted three days post infiltration (3 dpi).  Anti-GFP antibodies were used for 
immunoblotting.  (B) Quantification of transit peptide cleavage.  Bars show the ratio of 
the lower, cleaved band in blot (A) to total protein for each construct.   

3.3 Materials and Methods 

3.3.1 Plasmid construction, Arabidopsis transformation, and in vitro 
translation 

For producing HMR-HA by in vitro transcription and translation, HMR-HA was 

subcloned from pCHF3-HMR-HA (Qiu et al., 2015) and ligated into the XmaI and PstI 

sites of pCMX-PL1 (Umesono et al., 1991).  For HMR∆16-HA, HMR lacking the first 16 

amino acids along with along with the linker-3×HA tag was amplified by PCR, flanked 

by BglII and PstI sites, and ligated into the BamHI and PstI sites of pCHF3 (Fankhauser 
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et al., 1999).  HMR∆16-HA was then subcloned into the XmaI and PstI sites of pCMX-

PL1. 

The constructs for identifying HMR’s minimal transit peptide were generated 

from pCHF3-YFP, which was cloned by ligating YFP flanked by SalI and XhoI sites into 

the SalI site of pCHF3.  Segments of HMR’s N-terminus were amplified by PCR and 

ligated into the BamHI and SalI sites of pCHF3-YFP.  rbcStp-YFP was cloned by 

amplifying the DNA sequence encoding amino acids 1-69 of rbcS from cDNA, and then 

the product was ligated into the BamHI and SalI sites of pCHF3-YFP. These constructs 

were either used for transient expression in tobacco, or were transformed into Col-0 

plants with Agrobacterium tumefaciens strain GV3101.  Seedlings were then screened on 

kanamycin plates to identify transformants.   

For producing these HMR N-terminus YFP fusion proteins in vitro, each of the 

constructs were digested from pCHF3 with KpnI and SalI, and then were ligated into the 

KpnI and XhoI sites of pCMX-PL2.  The TNT T7 Coupled Reticulocyte Lysate System 

(Promega) was used to produce proteins in vitro according to manufacturer’s 

instructions. 

3.3.2 Chloroplast import assays 

Hitoshi Inoue performed the chloroplast import assays at the University of 

Massachusetts, Amherst using previously described protocols (Li and Schnell, 2006).  

Briefly, [35S]-labeled substrate proteins were produced using the TNT T7 Coupled 
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Reticulocyte Lysate System (Promega).  Chloroplasts were isolated from 12-14 day-old 

Col-0 plants, depleted of internal ATP, and then incubated with the substrate proteins in 

the absence or presence of ATP for 20 minutes, giving the IVT and –Thermolysin 

samples.  Thermolysin treatment was performed to degrade non-imported protein, and 

chloroplasts were isolated with a 35% Percoll cushion to give the +Thermolysin sample. 

3.3.3 Protein extraction and western blots 

Western blots were done as previously described in Section 2.3.3, using protein 

extracted from 4-day-old Arabidopsis seedlings, tobacco leaves 3 days after infiltration, or 

in vitro translated protein as appropriate.  For the experiments comparing protein 

isolated under reducing and non-reducing conditions, the reduced samples were 

prepared as in Section 2.3.3.  The non-reduced samples were prepared with the same 

buffer, but replacing the DTT and β-mercaptoethanol with the dH2O, and the 10-minute 

boiling step was omitted.  

3.3.4 Transient expression in N. benthamiana 

Proteins were transiently expressed in tobacco by agroinfiltration as described in 

Section 2.3.5.  

3.3.5 Confocal microscopy 

Microscopy was done as described in Section 2.3.6, but with a 20x/0.8 Plan-

Apochromat air objective for both tobacco and Arabidopsis samples. 



 

42 

4. Defining the Mature Form of HEMERA 

4.1 Introduction 

Now that it has become clear that the sequence of HMR contains a 

minimal transit peptide within its first 50 amino acids, the observation that 

nuclear and plastidial HMR appear to be the same size implies that the mature 

form of HMR in both compartments has undergone cleavage as a result of 

import into chloroplasts.  While the first 50 residues of HMR are sufficient for 

chloroplast import, the result that N60-YFP appears to be further processed after 

import means that the precise identity of mature HMR is still unknown. 

To resolve the ambiguity of what the true N-terminus of mature HMR is, 

we used mass spectrometry to identify the mature form of affinity-purified HA-

tagged HMR in Arabidopsis.  We then tested if the identified mature form of HMR 

(HMRm) had the biochemical properties previously described for full-length 

HMR (Galvao et al., 2012; Qiu et al., 2015), namely interaction with 

phytochromes and PIFs.  Those previous reports showed that HMR’s N-terminal 

phyA-interacting-region 1 (PIR1, Figure 6A) mediates both HMR-phy and HMR-

PIF interactions.  PIR1 spans the first 115 amino acids – which also contains 

HMR’s transit peptide, thus raising the question of whether HMRm can still 

interact with PIFs and phytochromes after its transit peptide has been cleaved. 
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In a complementary approach to testing the biochemical properties of 

HMRm in vitro, I also generated transgenic lines expressing HMRm in the hmr-5 

mutant background (HMRm-HA/hmr-5) and characterized them for rescue of the 

phenotypes of hmr-5 including hypocotyl elongation, greening, and expression of 

plastidial photosynthetic genes.  Examining the nuclear role of HMR in gene 

expression poses a unique challenge due to the combination of nuclear phy-

signaling and chloroplast development phenotypes in hmr-5.  Because retrograde 

signaling from plastids alters the expression of many nuclear light-regulated 

genes (Woodson and Chory, 2008), defects in the expression of these nuclear 

genes in hmr-5 could be due to either the deficiency of HMRm protein in the 

nucleus, or a secondary effect of the defects in chloroplast development.  I thus 

used qRT-PCR to identify HMR nuclear target genes whose expression is not 

affected by plastid-to-nucleus retrograde signaling, and used them as markers to 

assess the nuclear function of HMRm in the HMRm-HA/hmr-5 transgenic lines.  

The results of this section thus define the mature form of HMR and determine 

whether it is functional both in vitro and in planta. 

4.2 Results 

4.2.1 Identification of the mature form of HMR by LC-MS/MS 

Identifying the mature form of chloroplast proteins has become an active 

area of investigation, and recently there have been methods developed to define 
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the “N-terminome” on a large scale (Rowland et al., 2015), finding evidence that 

N-terminal processing after transit peptide cleavage is widespread across 

nuclear-encoded chloroplast proteins.  However, these initial attempts to define 

the mature forms of chloroplast proteins have not yet included HMR.  To 

identify it ourselves, we isolated HA-tagged HMR from 4-day-old HMR-

HA/hmr-5 transgenic seedlings (Galvao et al., 2012; Qiu et al., 2015) by affinity 

purification with anti-HA antibody-conjugated agarose beads.  We then 

separated proteins by SDS-PAGE, and stained the gel with SimplyBlueTM 

SafeStain, a colloidal Coomassie reagent, to verify that HMR-HA protein had 

been successfully purified in quantities sufficient for mass spectrometry.   

Samples were then submitted to the Duke Proteomics Core Facility.  The 

band containing HMR-HA was excised from an SDS-PAGE gel, and then 

digested with endoproteinase GluC, which cleaves peptide bonds C-terminal to 

glutamate or aspartate (Drapeau et al., 1972).  The resulting peptides were then 

analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).  

This analysis identified 94 unique HMR peptides covering 76% of the full-length 

HMR sequence (Figure 18A).  The N-terminal-most peptide identified spans 

amino acids 58-78, with the sequence KKEDGDGDVSEGSKKSEEGFE (Figure 

18A and B) Consistent with this being the N-terminal end of HMR, the residue at 

the C-terminal side of this peptide is a GluC cleavage site, while the residue 
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preceding this peptide is cysteine.  This means that cleavage between cysteine 57 

and lysine 58 was most likely done by an endogenous Arabidopsis peptidase, and 

thus the mature form of HMR (HMRm) begins from lysine 58. 

 

Figure 18. Identification of the mature form of HMR by LC-MS/MS.  (A) LC-
MS/MS analysis of HA-tagged HMR.  HMR-HA was immunoprecipitated from 
HMR-HA/hmr-5 seedlings, digested with endoproteinase GluC, and then 
analyzed by LC-MS/MS.  Residues identified by MS analysis are highlighted.  
The red box indicates the N-terminal-most identified peptide.  (B) Annotated 
MS/MS spectrum of the N-terminal peptide KKEDGDGDVSEGSKKSEEGFE.  
Data were obtained in collaboration with Erik Soderblom from the Duke 
Proteomics Core Facility. 
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4.2.2 The mature form of HMR interacts with photoactivated 
phytochromes and PIFs in vitro 

Previous lab members have shown that full-length HMR interacts with 

both phyA and phyB, with a preference for the photoactivated Pfr forms (Galvao 

et al., 2012).  In addition, it has been shown that HMR interacts with all seven 

PIFs and PIL1 (Qiu et al., 2015).  To test if the newly-identified HMRm, lacking 

the first 57 amino acids, retained these biochemical properties originally 

described for full-length HMR, I did GST pull-down assays alongside Yongjian 

Qiu to investigate the interactions of GST-tagged HMRm with in vitro translated 

phytochromes and PIFs.   

First, GST-HMRm and GST were produced in E. coli, and then we 

immobilized the GST-tagged proteins by incubating with glutathione-Sepharose 

beads.  These immobilized bait proteins were then incubated with in vitro 

translated (IVT) phyA, phyB, and PIFs.  For the phytochrome interactions, we 

used apoproteins without the chromophore, or reconstituted holoproteins with 

the phycocyanobilin chromophore (Terry et al., 1993) and then did the binding 

steps in continuous red or far-red light to test interaction with the Pfr and Pr 

forms, respectively.  These experiments showed that GST-HMRm did pull down 

both phyA and phyB, with a preference for the Pfr forms over Pr (Figure 19A). 
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Figure 19. Mature HMR interacts with phyA, phyB, and PIFs in vitro.  (A) GST 
pull-down assays showing interaction of HMRm with phyA and phyB in vitro.  
Recombinant GST-HMRm and GST, produced in E. coli, were used to pull down 
in vitro translated HA-tagged phyA or phyB apoproteins (apo) or holoproteins in 
Pfr or Pr forms.  Input and bound phytochromes were detected by immunoblot 
with anti-phyA or anti-phyB antibodies.  (B) GST pull-down assays showing 
interaction of HMRm with all PIFs in vitro.  E. coli expressed GST-HMRm and 
GST were used to pull down in vitro translated HA-tagged PIF1, PIF3-8, PIL1, 
SPT, and ALC.  Input and bound proteins were detected with anti-HA antibodies 
(top panels).  Immobilized GST-HMRm and GST are shown in Coomassie Blue-
stained SDS-PAGE gels in the bottom panels.  I, 10% input of prey protein; G, 
GST; H, GST-HMRm.  Data were acquired by both myself and Yongjian Qiu. 
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GST-HMRm also successfully pulled down all PIFs and PIL1, but it 

showed no detectable interaction with SPATULA (SPT) or ALCATRAZ (ALC), 

both of which lack the APB (Active Phytochrome Binding) motif required for 

interaction with HMR (Khanna et al., 2004; Qiu et al., 2015).  These results clearly 

show that HMRm interacts with the same phytochrome signaling components as 

have been previously described for full-length HMR, thus retaining its 

biochemical properties in phytochrome signaling after transit peptide cleavage. 

4.2.3 Mature HMR rescues neither the albino nor long hypocotyl 
phenotypes of hmr 

Next, I wanted to test whether HMRm is functional in vivo, so I generated 

transgenic Arabidopsis lines expressing HA-tagged HMRm in the hmr-5 mutant 

background (HMRm-HA), and chose two independent transgenic lines for 

characterization. HMRm-HA failed to rescue the albino phenotype of hmr-5 

(Figure 20A), and consistently, it also failed to rescue expression of PEP-

dependent chloroplast genes (Figure 20B).  These results are unsurprising, given 

that HMRm lacks a transit peptide, and is thus unable to exert its function in the 

chloroplasts.  More interestingly, HMRm-HA also failed to rescue the long-

hypocotyl phenotype of hmr-5 (Figure 20A and C), a rather surprising result 

given that repression of hypocotyl elongation in the light is presumably a 

function of the nuclear pool of HMR (Qiu et al., 2015). 
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Figure 20. Mature HMR fails to complement hmr-5.  (A) Images of 4-day old 
Col-0, hmr-5, HMRm-HA/hmr-5 or rbcStp-HMRm-HA/hmr-5 seedlings grown in 
96 µmol m-2s-1 continuous red light. (B) qRT-PCR analysis of the transcript levels 
for representative PEP-dependent genes in the same lines as in (A).  Transcripts 
were measured relative to PP2A, and error bars are standard error of three 
replicates.  (C) Hypocotyl length measurements for the seedlings shown in (A).  
Error bars are the standard deviation for at least 20 seedlings. 

4.2.4 Investigation of plastid-dependence in light-regulated 
gene pathways 

The next goal in characterizing these HMRm-HA lines is to examine 

expression of HMR nuclear target genes.  While it does not appear that HMRm-

HA can rescue hypocotyl elongation in hmr-5, there may be subtler differences 

between the HMRm-HA lines and hmr-5 in gene expression.  One major 

challenge however, is posed by retrograde signaling from plastids to the nucleus. 
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The expression of many nuclear-encoded light-regulated genes are controlled by 

retrograde signaling (Woodson and Chory, 2008).  Therefore, one major 

challenge in characterizing function of HMRm-HA in albino HMRm-HA/hmr-5 

lines is to determine whether alterations in nuclear gene expression are due to 

HMRm-HA or the defect in chloroplast biogenesis exhibited in these lines. 

As a first attempt to address this challenge, I chose a series of marker 

genes for known light-regulated gene pathways: LHCB1 for photosynthesis (Jiao 

et al., 2007), CHS for anthocyanin biosynthesis (Chory et al., 1989; Deng et al., 

1991; Su and Lagarias, 2007), NR2 for nitrogen fixation (Oelmuller and Briggs, 

1990), and PIL1 for growth (Leivar et al., 2009) (Hornitschek et al., 2012).   I used 

qRT-PCR to analyze the expression of these genes in Col-0 seedlings or the weak 

hmr-22 mutant (Qiu et al., 2015) grown with or without lincomycin, which blocks 

chloroplast biogenesis through potent inhibition of plastidial translation 

(Koussevitzky et al., 2007; Nott et al., 2006).  To minimize the effects of 

photobleaching on the lincomycin-treated plants, I compared Col-0 and hmr-22 

seedlings in continuous far-red (FR) light, and used dark-grown Col-0 to confirm 

the light-dependence of these genes.  These experiments showed that LHCB1 and 

NR2 are strongly repressed by lincomycin treatment in FR light, while CHS was 

strongly induced under those conditions – thus making them poor targets for 
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assessing the function of HMRm-HA (Figure 21A).  PIL1, on the other hand, was 

not significantly affected by lincomycin treatment.   

 

Figure 21. Identification of plastid-dependent light-regulated gene pathways.  
(A) qRT-PCR analysis of nuclear marker genes in dark-grown Col-0 or FR-grown 
Col-0 and hmr-22.  (B) qRT-PCR analysis of the same genes in dark-grown 
constitutively photomorphogenetic mutants pifq, cop1-4, det1-1, and YHB.  Blue 
and red arrows indicate at least twofold repression or induction, respectively.  
Error bars represent standard error of three replicates.  Seedlings were grown in 
10 µmol/m-1s-1 continuous FR light or darkness for 96h. 
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As another approach to avoid confounding effects of photobleaching, I 

analyzed expression of the same genes in dark-grown constitutively-

photomorphogenetic lines: the quadruple pif1 pif3 pif4 pif5 mutant (pifq)(Leivar et 

al., 2008b; Leivar et al., 2009; Shin et al., 2009), cop1-4 (Deng et al., 1991; McNellis 

et al., 1994), and det1-1 (Chory et al., 1989), along with YHB, which expresses a 

constitutively active allele of phyB (Hu et al., 2009; Su and Lagarias, 2007).  Each 

of these lines display various degrees of photomorphogenetic phenotypes in the 

dark, and can thus serve as models of the light-induced developmental program.  

Consistent with results from Figure 21A, LHCB1, CHS, and NR2 all had 

significant changes in expression with lincomycin treatment in at least one of the 

tested lines, confirming that they are not appropriate for use in testing the 

nuclear function of HMRm (Figure 21B). 

Again, PIL1 demonstrated lincomycin-independence in these 

experiments.  While it does not appear to be misregulated in hmr-22 (Figure 21), 

it has been shown that PIL1 and other growth-relevant genes are repressed in the 

null mutant hmr-5 (Qiu et al., 2015), and a recent report has shown that in 

general, PIF-induced genes are not affected by lincomycin treatment (Martín et 

al., 2016).  While these experiments rule out some potential marker genes, PIF-

induced genes remain as possible markers of HMR’s specific nuclear function. 
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4.2.5 Identification of candidate HMR-PIF target genes 

Next I wanted to identify additional PIF-induced, HMR-regulated genes 

as markers to help assess the function of HMRm-HA in regulating nuclear genes, 

in addition to PIL1.  Based on previous comparisons of HMR- and PIF-dependent 

genes, I focused on two classes of PIF-induced genes: HMR-repressed (Class A) 

and HMR-induced (Class B).  To identify Class A target genes, we compared the 

set of genes induced in the hmr-5 and hmr-22 mutants (Qiu et al., 2015) to 

previously-reported sets of PIF-bound (Leivar et al., 2012) or PIF direct-target 

genes (Pfeiffer et al., 2014).  Similarly, we identified candidate Class B genes by 

doing the same comparisons for genes repressed in hmr-5 and hmr-22.  In total, 

fourteen Class A and twenty-two Class B genes were chosen for analysis.   

I then designed qRT-PCR primers for measuring expression of the 

candidate Class A genes (Appendix A, Table 1), acquired primers for additional 

putative Class A genes from fellow lab member Chan Yul Yoo (Appendix A, 

Table 2), and designed primers for the candidate Class B genes (Appendix A, 

Table 3).  To validate these primer sets, I did PCR using a mix of cDNA from 

dark- and R-grown Col-0 seedlings as template, and used gel electrophoresis to 

examine the products.  All but three of these primer pairs amplified unique 

targets as expected (Figure 22A), and I tested additional primers to replace two 

of the problematic sets (Figure 22B). 
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Figure 22. qRT-PCR primer validation.  After designing primers for qRT-PCR analysis, 
each primer set was tested for for amplification of the expected target sequence from 
cDNA template.  (A) PCR test of the first set of primers designed for each putative HMR 
target gene. qPCR primers for three genes, indicated with asterisks, either failed to 
amplify the desired target, or amplified multiple products.  (B) Additional sets of 
primers for two of the failed target genes.  The first of these replacement primer sets for 
each gene were used for subsequent qRT-PCR analyses. 
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4.2.6 Deficiency in chloroplast biogenesis accounts for much of the 
gene expression defects of hmr-5 mutants 

Next I wanted to test each of these target genes and assess their suitability for use 

as markers for the nuclear function of HMRm.  For the Class A genes, I wanted targets 

that were induced in red-light-grown hmr mutants in a PIF-dependent fashion, but were 

not induced by treatment with lincomycin.  To test these criteria, I did qRT-PCR with 

Col-0 with or without lincomycin, hmr-5, hmr-22, pifq, and quintuple pifq hmr-5 and pifq 

hmr-22 mutants (Qiu et al., 2015).  Similarly, for the Class B genes I wanted PIF-induced 

targets that are repressed in hmr mutants, but are not repressed by lincomycin treatment 

to the same extent, so I compared the expression of these potential target genes in Col-0 

with or without lincomycin treatment, hmr-5, hmr-22, and pifq by qRT-PCR.  I then sorted 

these genes based on their response to lincomycin treatment and whether or not their 

expression was induced (Class A) or repressed (Class B) in hmr-5.  

Among the tested genes, six Class A genes appeared to be induced relative to 

Col-0 both in hmr-5 and in Col-0 +lincomycin (Figure 23), indicating that their 

upregulation in the hmr-5 mutant is most likely a result of the lack of functional 

chloroplasts rather than specifically caused by the deficiency of functional HMR protein 

in the nucleus.  Similarly, eleven of the tested Class B genes showed downregulation in 

both the hmr-5 and Col-0 +lincomycin samples (Figure 24), suggesting that their 

repression in hmr-5 is not a specific consequence of the lack of HMR protein in the 

nucleus.  Finally, two class A and three Class B genes failed to show a gene expression 



 

56 

defect in hmr-5, making them entirely unsuitable for analysis of the HMRm-HA/hmr-5 

transgenic lines (Figure 25).  It is my sincerest hope that future lab members will avoid 

these marker genes when analyzing hmr and hmr-like mutants unless they specifically 

care about secondary effects of plastidial damage for some unforeseen reason.  

 

Figure 23. qRT-PCR analysis of plastid-dependent HMR-repressed (Class A) genes.  
Expression of HMR target genes in the indicated genotypes were tested by qRT-PCR, 
and transcript levels were normalized to PP2A.  Relative to Col-0, these genes are 
upregulated in hmr-5 mutant and in lincomycin treated Col-0 (blue), so their 
misregulation in hmr-5 may be due to defects in chloroplast biogenesis rather than 
deficiency of nuclear HMR.  Seedlings were grown for 96h in 10 µmol/m-1s-1 continuous 
R light.  Error bars represent the standard error of three replicates. 
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Figure 24. qRT-PCR analysis of plastid-dependent HMR-induced (Class B) genes.  
Compared to Col-0, these genes are downregulated in hmr-5 and in lincomycin-treated 
Col-0 seedlings (blue), indicating that their misregulation in hmr mutants is 
predominantly due to defects in chloroplast biogenesis rather than deficiency of HMR in 
the nucleus.  Transcript levels were normalized to PP2A. Seedlings were grown in 10 
µmol/m-1s-1 continuous R light for 96h.  Error bars represent the standard error of three 
replicates. 
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Figure 25. qRT-PCR analysis of genes not misregulated in hmr-5.  In the qRT-PCR 
analyses for identifying HMR’s target genes, some of the genes showed no up- or down-
regulation in the hmr-5 mutant.  (A) BGAL7 and MYB27 were predicted to be HMR-
repressed (Class A), but qRT-PCR analysis indicates they are not actually upregulated in 
hmr-5.  (B) Similarly, three genes expected to be HMR-induced (Class B) were not hmr-
dependent in qRT-PCR analysis.  Transcript levels were normalized to PP2A. Seedlings 
were grown in 10 µmol/m-1s-1 continuous R light for 96h.  Error bars represent the 
standard error of three replicates. 
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4.2.7 HMR regulates two distinct classes of genes in a chloroplast-
independent manner 

The other category of genes included several putative HMR-PIF targets whose 

expression was changed in hmr-5 relative to Col-0, but was not significantly changed by 

lincomycin treatment.  Six Class A genes followed this pattern, all of which are induced 

in the hmr-5 mutant, but not strongly induced in Col-0 with lincomycin (Figure 26).  

Demonstrating their dependence on PIFs, the induction of these genes in hmr-5 is 

dependent on PIFs, as shown by the lack of induction in hmr-5 pifq.  These genes thus 

can serve as markers of HMR’s specific nuclear function, and I chose four of them for 

later characterization of the HMRm-HA lines: AT1G19530,  LTP2, MPL1, and SAUR36.   

Moving to the Class B genes, seven appeared to be repressed in the hmr-5 

background, while they were not strongly repressed by lincomycin treatment (Figure 

27).  Of these, three showed more than twofold repression in pifq, including AT4G32280 

(IAA29), one of the best-characterized growth-related PIF target genes (Hornitschek et 

al., 2012; Oh et al., 2012; Zhang et al., 2013), and one of the four genes along with PIL1, 

ATHB-2, and XTR7 that were used to characterize the nuclear gene expression defects of 

hmr-5 and hmr-22 (Galvao et al., 2012; Qiu et al., 2015).  Indeed, in a separate experiment 

these genes were both HMR- and PIF-dependent, and three of the four were lincomycin-

independent (Figure 28).  As such, I chose to use IAA29, PIL1, ATHB-2, and XTR7 as 

markers for the specific nuclear function of HMR.  
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Figure 26. qRT-PCR analysis of plastid-independent, HMR-repressed (Class A) genes.  
Multiple genes were identified by qRT-PCR to be induced in the hmr-5 mutant, but 
importantly, were not strongly induced by lincomycin treatment (blue).  Four of these 
genes, AT1G19530, SAUR36, LTP2, and MPL1 were chosen as markers for HMR’s 
nuclear function.  Transcript levels were normalized to PP2A. Seedlings were grown in 
10 µmol/m-1s-1 continuous R light for 96h.  Error bars represent the standard error of 
three replicates. 
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Figure 27.  qRT-PCR analysis of plastid-independent, HMR-induced (Class B) genes.  
This subset of putative HMR target genes are repressed in hmr-5 but not repressed by 
lincomycin treatment (blue), indicating that their misregulation in hmr-5 is not a result of 
defective plastids, but are rather due to a lack of functional HMR in the nucleus.  IAA29 
stands out as a well-known PIF direct target, and as such was chosen for subsequent 
qRT-PCR analyses as a marker of HMR’s nuclear function.  Transcript levels were 
normalized to PP2A. Seedlings were grown in 10 µmol/m-1s-1 continuous R light for 96h.  
Error bars represent the standard error of three replicates.     
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Figure 28. Class B genes are misregulated in hmr-5 in a plastid-independent manner.  
Four Class B genes were analyzed by qRT-PCR in Col-0, pifq, hmr-5, and Col-0 treated 
with lincomycin (linc).  PIL1, IAA29, ATHB-2, and XTR7 are repressed in pifq and hmr-5 
backgrounds (blue arrows).  Except for PIL1, these genes are not strongly repressed by 
lincomycin treatment (grey arrows).  Transcript levels were normalized to PP2A. 
Seedlings were grown in 10 µmol/m-2s-1 continuous R light for 96h.  Error bars represent 
the standard error of three replicates.   

4.2.8 Mature HMR fails to rescue nuclear gene expression in hmr-5 

From physiological experiments, it is clear that HMRm-HA rescues neither the 

the albino nor long-hypocotyl phenotypes of hmr-5 (Figure 20).  To further show that 

HMRm-HA does not function in the nucleus, we tested if the HMRm-HA/hmr-5 

transgenic lines could rescue expression of the Class A and B nuclear target genes.  For 

these analyses we analyzed expression of all eight genes in Col-0 with or without 

lincomycin treatment and hmr-5, and confirmed that these genes are misregulated in 

hmr-5, while lincomycin treatment of Col-0 did not significantly change the expression of 

these HMR-regulated, PIF-induced genes (Figure 29). 
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Figure 29. Mature HMR requires a transit peptide to regulate nuclear target genes.  (A) 
qRT-PCR analysis of representative Class A (HMR-repressed, PIF-induced) target genes 
in 4-day old Col-0, Col-0 with lincomycin (linc), hmr-5, HMR-HA/hmr-5, HMRm-
HA/hmr-5, and rbcStp-HMRm-HA/hmr-5 lines.  (B) qRT-PCR analyses of representative 
Class B (HMR- and PIF-induced) genes in the same genotypes as (A).  All seedlings were 
grown for 96h in 10 µmol m-2s-1 continuous R light.  Transcript levels were measured 
relative to PP2A.  Error bars are the standard deviation of three replicates.  Data were 
acquired in collaboration with Yongjian Qiu. 
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We then looked at the expression of these Class A and B genes in the HMRm-

HA/hmr-5 transgenic lines.  Relative to hmr-5, both representative lines showed similar 

expression levels of three of the four Class A genes (Figure 29A: MPL1, SAUR36, and 

AT1G19530) and three of the four Class B genes (Figure 29B: PIL1, ATHB-2, and XTR7).  

In contrast, full-length HMR-HA fully rescued expression of all tested Class A and B 

genes.  These gene expression results support the conclusion that HMRm, lacking the 

transit peptide of full-length HMR, cannot rescue any of the nuclear defects of hmr-5. 

4.2.9 Targeting HMRm to the plastids with a heterologous transit 
peptide rescues the nuclear phenotypes of hmr 

The result that HMRm-HA shows no functionality when expressed in the hmr-5 

background is rather striking.  Whereas full-length HMR-HA is fully functional in 

complementing the hmr-5 mutant, removing its transit peptide for targeting to the 

chloroplasts eliminates the protein’s nuclear function.  Somehow, the nuclear function of 

HMR is dependent on its transit peptide.  There are two possible explanations for this 

observation: either HMR’s nuclear function depends on it being targeted to the 

chloroplasts, or there is a functional domain within the first 57 amino acids of HMR that 

were removed to generate HMRm, and thus HMRm is the wrong mature form.  To 

differentiate these possibilities, I fused the transit peptide of the nuclear-encoded small 

subunit of Rubisco, rbcStp (Roesler et al., 1997) to HMRm-HA, and then generated 

transgenic lines expressing this protein in the hmr-5 background.  I selected two 

independent rbcStp-HMRm-HA/hmr-5 lines for characterization. 
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Both rbcStp-HMRm-HA/hmr-5 lines fully rescued the albino phenotype of hmr-5 

(Figure 20A) along with the expression of PEP-dependent genes (Figure 20B), indicating 

that HMRm is fully functional in the chloroplasts as long as it has a functional transit 

peptide for appropriate subcellular localization.  Interestingly, rbcStp-HMRm-HA also 

rescued the long-hypocotyl phenotype of hmr-5 (Figure 20C).  Furthermore, rbcStp-

HMRm-HA was able to complement the expression of three of four Class A genes 

(MPL1, SAUR36, and AT1G19530) and all Class B genes (Figure 29).  These results point 

to the conclusion that HMRm is actually functional, but its function in both the 

chloroplasts and nucleus depends on its localization to the plastids. 

4.3 Materials and Methods 

4.3.1 Affinity purification 

To purify HMR-HA for transit peptide identification, HMR-HA lines were 

grown in a continuous white light incubator (Percival Scientific) for 96 hours.  Five 

grams of seedlings were collected and ground to a powder in liquid nitrogen with a 

mortar and pestle.  The powder was the resuspended in co-immunoprecipitation buffer 

containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 

and 1×EDTA-free protease inhibitor cocktail (Roche).  The crude extract was centrifuged 

at 10,000×g for 15 minutes, and the supernatant was further cleared through a 0.45 µm 

filter.  The clarified lysate was mixed with 50 µL of anti-HA antibody-conjugated 

agarose beads (ThermoFisher Scientific) and incubated at 4˚C for four hours.  Washing 



 

66 

and elution with 2× LDS loading buffer were done using an anti-HA spin column kit 

(ThermoFisher Scientific) according to manufacturer’s directions. 

4.3.2 Mass spectrometry 

Eric Soderblom at the Duke Proteomics Core Facility assisted with the LC-

MS/MS analysis of affinity-purified HMR-HA.  Briefly, samples were separated by SDS-

PAGE, the gel was stained with colloidal Coomassie, and then bands were excised and 

digested in-gel with protease V-8 (GluC).  Digested peptides were lyophilized and 

resuspended in 0.2% formic acid/2% acetonitrile.  Each sample was separated by liquid 

chromatography on a Waters NanoAcquity UPLC, and then peptides were eluted from 

the analytical column connected to a PicoTip emitter (New Objective, Cambridge, MA) 

coupled to a Q Exactive Plus mass spectrometer (ThermoFisher Scientific).  MS/MS 

spectra were acquired for the ten most abundant precursor ions for each eluted peptide.  

The LC-MS/MS files were processed in Mascot Distiller (Matrix Science), and then 

searched against a TAIR10 database (Lamesch et al., 2012) with both forward and 

reverse entries of each protei (32,790 forward entries).  The database was searched with 

specificity for peptides full- or semi-GluC peptides with up to 7 missed cleavages.  

Identified spectra were imported into Scaffold (Proteome Software) for analysis. 

4.3.3 GST pull-down assays 

E. coli BL21(DE3) cells, expressing either GST or GST-HMRm from pET42b 

vectors (Novagen), were harvested by centrifugation at 5000×g for 10 minutes, and then 
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resuspended in E buffer containing 50 mM Tris-Cl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 

1 mM EGTA, 1% DMSO, 2 mM DTT, and bacterial protease inhibitor cocktail (Sigma-

Aldrich). All subsequent purification and binding steps were carried out at 4°C. Cells 

were lysed by French press, and the lysate was centrifuged at 10,000×g for 20 minutes. 

Proteins were then precipitated with 3.3 M ammonium sulfate and incubated for 4 hours 

at 4°C. After centrifugation at 10,000×g for 30 min, protein pellets were resuspended in E 

buffer. Insoluble protein was removed by centrifugation at 10,000×g for 1 hour, and the 

supernatant was dialyzed against E buffer overnight at 4°C.   

To immobilize bait proteins, protein extracts were incubated with glutathione 

Sepharose beads (GE Healthcare) equilibrated in E buffer for 2 hours, and then beads 

were washed four times in E buffer with 0.1% Nonidet P-40. HA-tagged prey proteins 

were produced in vitro using the TNT T7-Coupled Reticulocyte Lysate System 

(Promega) according to manufacturer’s protocol, and with previously described 

plasmids (Galvao et al., 2012; Qiu et al., 2015).  TNT products were then diluted in E 

buffer with 0.1% Nonidet P-40 and incubated with bead-immobilized bait proteins at 

4°C for 2 hours. After binding, beads were washed four times in E buffer with 0.1% 

Nonidet P-40, and then protein was eluted by boiling in 1× Laemmli sample buffer. 

Bound proteins were separated by SDS-PAGE, and prey proteins were detected with 

immunoblots using either polyclonal goat anti-HA antibodies (Genescript) or 
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monoclonal anti-phyB antibodies. Bait proteins were visualized by staining SDS-PAGE 

gels with Coomassie Brilliant Blue. 

4.3.4 Plasmid construction and transformation into Arabidopsis 

HMRm-HA was cloned by amplifying HMRm-HA by PCR using pCHF3-HMR-

HA as a template, and the product was inserted into the SalI site of pCHF3 by Gibson 

assembly (NEB).  Similarly, rbcStp-HMRm-HA was cloned by amplifying the rbcS 

transit peptide from cDNA, and HMRm-HA from pCHF3-HMR-HA, by PCR. Both 

fragments were inserted simultaneously into the SalI site of pCHF3 by Gibson assembly 

(NEB). Transgenic lines were generated by transforming hmr-5 heterozygous plants with 

Agrobacterium tumefaciens strain GV3101 carrying either pCHF3-HMRm-HA or pCHF3-

rbcStp-HMRm-HA plasmids, and transgenic seedlings were identified by screening on 

kanamycin plates. 

4.3.5 Plant growth conditions and hypocotyl measurements 

Seeds were sterilized and plated on media as described in Section 2.3.1. For 

lincomycin treatments, plates were supplemented with 0.5 mM lincomycin 

hydrochloride (L2774, Sigma-Aldrich).  For hypocotyl measurements and RNA 

extraction, seedlings were grown at 21˚C in a continuous red LED chamber (Percival 

Scientific), and light intensity was measured using an Apogee PS200 spectroradiometer 

(Apogee Instruments). For hypocotyl length measurements, an Epson Perfection V700 
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photo scanner was used to capture images of seedlings. At least 20 hypocotyls from each 

genotype and treatment were measured with NIH ImageJ software.    

4.3.6 qRT-PCR primer design 

Primers for qRT-PCR were either designed by eye or with Primer3Plus 

(Untergasser et al., 2012) with the following criteria: length 18-25 nt (optimal 20), Tm 

58°C-62°C (optimal 60°C), GC content 30%-80% (optimal 50%), and maximum Tm 

difference within each pair of 3°C.  Candidate primer pairs were further checked for 

primer dimer formation with the ThermoFisher Multiple Primer Analyzer.  As an 

additional precaution, NCBI BLASTN was used to ensure that candidate primers would 

not bind to cDNA sequences other than the desired targets. 

4.3.7 RNA extraction and qRT-PCR 

Seedlings for RNA extraction were collected, frozen in liquid nitrogen, and 

stored at -80˚C before processing. Samples were ground in liquid nitrogen and RNA was 

extracted using the Quick-RNA MiniPrep kit with on-column DNase I digestion (Zymo 

Research). cDNA synthesis was performed with the Superscript II First Strand cDNA 

Synthesis Kit (Invitrogen), using oligo(dT) along with gene-specific primers for 

plastidial genes.  For qRT-PCR, cDNA was mixed with FastStart Universal SYBR Green 

Master Mix (Roche) and primers. qRT-PCR reactions were performed in triplicate with a 

Roche LightCycler 96 thermal cycler. 
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5. Dual Targeting and Retrograde Plastid-to-Nucleus 
Protein Translocation 

5.1 Introduction 

The result that HMRm-HA can only complement the long-hypocotyl and nuclear 

gene expression defects of hmr-5 when it is targeted to the chloroplasts, either with its 

own transit peptide or a heterologous signal, suggests that its function and/or 

accumulation in the nucleus depends on its chloroplast import.  As a corollary, this 

implies that HMRm is somehow transported out of the plastids and into the nucleus.  

Currently only one plant protein has been described to follow a plastid-to-nucleus 

translocation model, the dual chloroplast and nucleus localized Whirly1 

(WHY1)(Grabowski et al., 2008; Isemer et al., 2012).  Here we at least have incidental 

data to suggest that this may be the case for HMR. 

To test this hypothesis more directly, I did nuclear fractionation with the HMRm-

HA and rbcStp-HMRm-HA transgenic lines and compared the levels of nuclear HMRm 

protein.  Yongjian Qiu repeated these experiments and quantified the relative levels of 

nuclear HMR in these lines.  Given that the predicted nuclear localization signals (NLS) 

of HMR are largely nonfunctional (Figure 7), a simple explanation for why HMRm does 

not go to the nucleus directly is that it simply doesn’t have a strong enough NLS to do 

so.  To test this hypothesis, I generated and characterized transgenic lines expressing 

full-length HMR-HA fused with the SV40 NLS at either the N- or C-terminus.  Finally, 

as a result of these findings, I directly tested whether fusing a chloroplast transit peptide 
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and strong NLS to the same YFP reporter protein is sufficient to establish dual-

localization to the nucleus and chloroplasts, with the assistance of a former 

undergraduate student, Suny Gill.  The experimental results described in this section 

provide evidence and additional details of the mechanism by which HMR and other 

proteins may be dual-targeted to the nucleus and chloroplasts. 

5.2 Results 

5.2.1 Accumulation of mature HMR in the nucleus is dependent on its 
targeting to the plastids 

While HMRm-HA was unable to complement the long-hypocotyl (Figure 20) or 

gene expression (Figure 29) defects of hmr-5, addition of the rbcS transit peptide resulted 

in rescue of these phenotypes, raising the question of why plastidial localization causes 

rescue of nuclear phenotypes. To answer this question, we chose to compare the nuclear 

fraction of HMRm-HA with that from HMR-HA.  In the HMRm-HA lines characterized, 

there was a striking greater than 5-fold decrease in the nuclear fraction of HMRm 

compared to in the HMR-HA lines (Figure 30).  However, this dramatic loss of nuclear 

localization was reversed in the rbcStp-HMRm-HA lines.  Furthermore, the forms of 

HMR in HMR-HA and rbcStp-HMRm-HA in nuclear and fractions were of similar sizes, 

indicating that the transit peptide is cleaved from rbcStp-HMRm-HA leaving just the 

mature form of HMR in the nucleus.  These results argue for the hypothesis that HMR’s 

nuclear accumulation requires plastidial localization. 
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Figure 30. HMR's nuclear accumulation requires its localization to chloroplasts.  
Nuclear and total protein was isolated from HMR-HA, HMRm-HA, and rbcStp-HMRm-
HA transgenic lines and then semi-quantitatively measured with western blots with 
anti-HA antibodies.  Pol II and sulfite reductase (SiR) were used as nuclear and 
plastidial controls, respectively.  Band intensities for the HA blot were normalized to 
each sample’s respective Pol II control, and the nuclear to total ratio (N/T) was 
calculated for each line as shown below the HA blot.  Data were acquired in 
collaboration with Yongjian Qiu.   

5.2.2 HMR with an heterologous nuclear localization signal is targeted 
to chloroplasts 

Is the inability of HMRm to accumulate in the nucleus solely due to the lack of 

strongly functional nuclear localization signals?  If so, it would explain why the wild-

type HMR protein only appears as a single band in immunoblots – with weak nuclear 

localization, the protein would be preferentially imported into chloroplasts.  Can dual 

targeting of full-length HMR be accomplished by appending a stronger NLS to HMR-

HA?  If so, then we would expect the added NLS would result in a disruption of HMR 

partitioning between subcellular compartments (i.e. more HMR in the nucleus), 

resulting in pale cotyledons as in weak hmr mutants, or perhaps stronger repression of 

hypocotyl elongation than in Col-0.   
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To test this, I fused the SV40 NLS (PKKKRKV) to the N-terminus of HMR-HA, 

and generated transgenic lines in the hmr-5 background.  The N-terminus was chosen so 

as to preclude the possibility that the transit peptide is chosen by subcellular targeting 

systems simply because the N-terminus of HMR is translated first.  I then characterized 

these transgenic lines grown under continuous red light.  Somewhat shockingly, NLS-

HMR-HA/hmr-5 seedlings had green cotyledons (Figure 31), indicating that the 

recombinant protein was imported into chloroplasts and thus rescuing hmr-5’s albino 

phenotype.  Consistently, NLS-HMR-HA fully complemented the long-hypocotyl 

phenotype of hmr-5 as well in two independent transgenic lines (Figure 32).   

 

Figure 31. HMR with the SV40 NLS rescues chloroplast development in hmr-5.  
Seedlings of the indicated genotypes were grown in 10 µmol/m-1s-1 continuous R light 
for 96h. NLS-HMR-HA, expressed under control of the 35S promoter, fully rescues the 
greening and hypocotyl elongation phenotypes of hmr-5. 
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Figure 32.  Hypocotyl measurements of NLS-HMR-HA transgenic lines.  Col-0, hmr-5, 
two independent NLS-HMR-HA/hmr-5 lines were grown in 10 µmol/m-1s-1 continuous R 
light (left) or 10 µmol/m-1s-1 continuous FR light (right) for 96h.  Error bars represent 
standard error of the measurements from at least 30 seedlings. 

The green cotyledon phenotype of NLS-HMR-HA lines suggested that the 

protein was localized to the plastids despite an NLS blocking the N-terminus, and so we 

did chloroplast import assays with this recombinant protein to verify that it can be 

imported into chloroplasts.  Indeed, NLS-HMR-HA was successfully imported into 

chloroplasts in vitro (Figure 33), implying that the addition of the short SV40 NLS did 

not disrupt the function of HMR’s transit peptide.  This, combined with the observation 

that NLS-HMR-HA/hmr-5 seedlings were indistinguishable from Col-0, suggests that the 

lack of a strong NLS is not the only factor preventing direct targeting of HMR from the 

cytoplasm to the nucleus. 
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Figure 33. In vitro chloroplast import of NLS-HMR-HA.  NLS-HMR-HA was produced 
by in vitro transcription/translation (IVT) and used for an in vitro chloroplast import 
assay with isolated Arabidopsis chloroplasts.  After addition of ATP to begin import, 
digestion of non-imported proteins with thermolysin leaves a smaller, cleaved form of 
the protein as a result of chloroplast import.  Data were obtained in collaboration with 
Hitoshi Inoue and Danny Schnell. 

5.2.3 YFP with both nuclear and chloroplast targeting signals is 
exclusively targeted to plastids 

It appears as though HMR’s transit peptide takes precedence over the SV40 NLS, 

and thus the protein goes to the chloroplasts preferentially.  Is this true in general for 

proteins with localization signals for different organelles, or is it a special property of 

HMR?  To answer this question, I worked with an undergraduate student, Suny Gill to 

develop a simplified model of dual targeting.  We asked a question that has yet to be 

tested: if a protein has both a transit peptide and a nuclear localization signal, which 

signal wins?  Suny cloned constructs containing YFP fused with the SV40 NLS at the C-

terminus and a transit peptide at the N-terminus, either from HMR, rbcS, or another 

chloroplast-localized protein being characterized other lab members, at the time named 

Son of Hemera (SOH).  As controls we used rbcStp-YFP without the NLS, or YFP-NLS 
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without a transit peptide for chloroplast and nuclear localization, respectively.  We then 

generated transgenic lines expressing each of these constructs. 

 

Figure 34.  YFP with two types of localization signals is targeted to chloroplasts.  
Confocal images were taken of hypocotyl cells from 6-day old transgenic Arabidopsis 
seedlings expressing TP-YFP-NLS constructs, with the transit peptide from HMR, rbcS, 
or SOH fused with YFP and the SV40 NLS. rbcStp-YFP and YFP-NLS were used as 
chloroplast and nuclear controls, respectively.  Examples of chloroplast localization are 
indicated with yellow arrowheads while white arrowheads show nuclear YFP signal. 
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We then looked at the subcellular localization patterns of the recombinant TP-

YFP-NLS proteins by confocal microscopy.  While YFP-NLS alone was found in nuclei, 

the localization patterns of all three experimental constructs, HMRtp-YFP-NLS, rbcStp-

YFP-NLS, and SOHtp-YFP-NLS, was similar to that of the transit peptide control (Figure 

34), with no detectable nuclear localization.  These localization experiments suggest that, 

at least for this pair of localization signals, a transit peptide and the SV40 NLS, transit 

peptides take priority over nuclear localization signals.  As an important next step, these 

TP-YFP-NLS lines could serve as a starting point for a genetic screen aimed at 

identifying factors involved in the intracellular sorting of dual-targeted proteins. 

5.3 Materials and Methods 

5.3.1 Nuclear fractionation 

Fractionation experiments were done as described in Section 2.3.2. 

5.3.2 Plasmid construction and transformation into Arabidopsis 

NLS-HMR-HA was previously cloned by Tao Ma by amplifying HMR-HA by 

PCR with the SV40 NLS sequence encoded in the forward primer (flanked by BglII and 

PstI sites) and then ligating into the BamHI and PstI sites of pCHF3.  Suny Gill made the 

TP-NLS-YFP constructs by PCR-amplifying the transit peptide from HMR (amino acids 

1-86), rbcS, or SOH, and then Gibson Assembly (NEB) was used to insert these 

sequences into the EcoRI site of pCHF3-YFP-NLS (provided by Meng Chen).  Constructs 

were then transformed into Arabidopsis with Agrobacterium tumefaciens strain GV3101 
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carrying the appropriate plasmids.  Kanamycin plates were used to identify 

transformants.  

5.3.3 Chloroplast import assays 

Hitoshi Inoue did the import assays as described in Section 3.3.2.  The vector for 

this experiment was obtained by subcloning NLS-HMR-HA into the XmaI and PstI sites 

of pCMX-PL1 (Umesono et al., 1991). 

5.3.4 Confocal microscopy 

Microscopy was done as described in Section 2.3.6 with a a 20x/0.8 Plan-

Apochromat air objective. 
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6. Discussion 
When HMR was first identified (Chen et al., 2010) in a genetic screen for 

phytochrome mislocalization mutants, the albino phenotype of hmr mutants 

immediately suggested that HMR could be a link between phytochrome signaling 

events in the nucleus and the development of functional chloroplasts.  While it had 

previously been identified as pTAC12, playing an essential role in PEP-dependent 

transcription and chloroplast development (Pfalz et al., 2006), more recent work has 

established that HMR has nuclear function linking phytochrome signaling to chloroplast 

development (Chen et al., 2010; Galvao et al., 2012; Pfalz et al., 2015; Qiu et al., 2015).  

Given the HMR protein’s localization pattern to both nuclei and plastids, understanding 

the mechanisms behind its subcellular targeting to both compartments could provide 

insight into how HMR coordinates the nuclear and plastidial events of 

photomorphogenesis.  More broadly, HMR can serve as a model for the role of dual-

localized regulatory proteins in communication between the nuclear and plastidial 

genomes (Krause and Krupinska, 2009; Krause et al., 2012).  The work described here is 

the first attempt to characterize the mechanisms by which HMR’s dual localization 

pattern is established, and to identify the biologically active form of the HMR protein to 

allow us to dissect HMR’s nuclear and plastidial functions.  
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6.1 Characterization of HMR’s subcellular localization signals 

While it was previously clear that HMR was localized to both nuclei and 

chloroplasts, what was not known was how HMR was targeted to both places.  Initial 

predictions from the protein sequence suggested the presence of two bipartite nuclear 

localization signals (Chen et al., 2010), and it was also (erroneously) reported that HMR 

had a predicted chloroplast transit peptide (Pfalz et al., 2006).  These predictions had not 

been experimentally tested, and my results toward this goal were rather surprising.  

Experiments to test the predicted nuclear localization signals (NLS) clearly show that 

these NLSs show very little functionality – neither of the predicted signals was capable 

of effectively targeting a YFP-GUS reporter to the nucleus (Figure 7, Figure 8).  

Consistently, HMRm-HA, with the transit peptide deleted, was unable to accumulate in 

the nucleus of transgenic Arabidopsis seedlings (Figure 30).  If HMR does not have 

strongly functional NLSs, how then does it accumulate in the nucleus? One strong clue 

comes from the observation that nuclear and plastidial HMR are of similar sizes (Figure 

5).  If HMR possesses a cleavable transit peptide, then it suggests that the nuclear 

fraction of HMR is a cleaved form of the protein that has been moved from the 

chloroplasts through an unknown mechanism. 

As such, identifying whether such a transit peptide exists was critical in 

understanding not only how HMR gets into the chloroplasts, but also to identify the 

form of HMR active in the nucleus.  Through a variety of experimental approaches, we 
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have shown that HMR has a cleavable N-terminal transit peptide.  First, I showed that 

the mature form of HMR in vivo is smaller than the full-length protein produced in vitro, 

indicating that HMR exists as a cleaved form in plants – and this cleavage is abrogated 

by deletion of a segment of HMR’s N-terminus, which also eliminates localization to the 

plastids (Figure 9).  Second, chloroplast import assays clearly show that HMR can be 

imported into isolated chloroplasts in vitro, resulting in a cleaved mature form (Figure 

10).  Third, I showed that the first N-terminal 50 amino acids of HMR are sufficient for 

chloroplast targeting in Arabidopsis (Figure 13).   

Together, these experiments unambiguously show that HMR is targeted to 

plastids via a transit peptide, and this peptide is cleaved to give a smaller mature form.  

The lack of detectable full-length HMR in vivo, as well as the absence of functional 

nuclear localization signals, strongly supports the hypothesis that the nuclear and 

plastidial fractions of HMR contain the same mature form.  Some major questions still 

exist regarding the localization signals of HMR – do the predicted nuclear localization 

signals have any role in HMR’s localization or function?  Are the transit peptide or these 

weak NLSs regulated in some way to modulate their functionality and thus the 

partitioning of HMR between its two compartments?  Working to answer these 

questions will provide a more nuanced view of HMR’s targeting and how it relates to its 

biological function in regulating gene expression. 
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6.2 Identification of the mature form of HMR 

In Arabidopsis, nuclear and plastidial HMR/pTAC12 appear to be the same size 

(Figure 5), and the same phenomenon has been demonstrated for Maize pTAC12, which 

has two distinct forms of the protein, both of which are found in the nucleus and 

plastids (Pfalz et al., 2015).  By showing that HMR has a transit peptide, we have 

established that the mature form of HMR is a cleaved form resulting from cleavage of 

the N-terminus.  The extent of HMR’s proteolytic processing was unknown until we 

used mass spectrometry to identify peptides of affinity-purified HMR-HA digested by 

the protease GluC (Figure 18).  This proteomic approach identified lysine 58 as the start 

of mature HMR, as evidenced the N-terminal-most peptide ending with a GluC cleavage 

site, but beginning at lysine 58.  GluC cannot cleave between cysteine 57 and lysine 58, 

so most likely cleavage of this peptide was the result of an endogenous Arabidopsis 

peptidase.   

Several other experiments support the hypothesis that mature HMR begins from 

lysine 58.  While the first 50 amino acids of HMR were sufficient for chloroplast 

targeting and transit peptide cleavage in Arabidopsis, a sequence with a longer HMR 

fragment, N60-YFP, appeared to be processed to a similar size as N50-YFP (Figure 13), 

suggesting that the cleaved portion of HMR is between 50 and 60 amino acids.  Another 

concurring observation is that in transgenic Arabidopsis lines, HMRm-HA is the same 

size as the processed mature form of HMR-HA from HMR-HA/hmr-5 lines (Figure 30).   
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From a more functional standpoint, if HMRm is the true mature form of HMR, 

we would expect that it would retain binding activities previously described for full-

length HMR (Galvao et al., 2012; Qiu et al., 2015), and be able to complement 

phenotypes of the hmr-5 mutant when appropriately targeted.  Through GST pull-down 

assays we have shown that HMRm interacts with all PIFs, phyA, and phyB, with a 

preference for the photoactivated forms of the phytochromes (Figure 19).  Confirming 

that HMRm also functions in vivo, fusing the rbcS transit peptide to HMRm-HA 

resulted in a fully functional HMR transgene that could rescue the long-hypocotyl, 

albino cotyledon (Figure 20), and nuclear gene expression defects (Figure 29) of hmr-5, 

supporting the hypothesis that those first 57 amino acids lack any essential function 

beyond chloroplast localization.  We thus conclude that the mature form of HMR in 

Arabidopsis begins with lysine 58.  Additional confirmation can be obtained by mass 

spectrometry analysis of HMR from nuclear protein fractions, though isolating enough 

nuclei to give sufficient HMR protein for LC-MS/MS analysis poses a major technical 

challenge. 

6.3 HMR’s dual localization is established by a retrograde 
plastid-to-nucleus translocation mechanism 

Several mechanisms for the localization of proteins to multiple subcellular 

compartments have been identified and described in yeast, animal, and plant systems 

(Carrie et al., 2009; Karniely and Pines, 2005; Krause et al., 2012).  These mechanisms can 

be divided into three basic categories.  First, a single gene could produce multiple 
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isoforms of a protein, differing by the presence or absence of a localization signal.  One 

example in Arabidopsis is Glutathione S-Transferase F8 (GSTF8).  The GSTF8 gene has 

two distinct transcriptional start sites, one producing a longer protein with a transit 

peptide, and a later start site that produces an isoform lacking the transit peptide, which 

is instead targeted to the nucleus (Thatcher et al., 2007).  It is unlikely that this sort of 

mechanism explains the targeting of HMR to the nucleus and chloroplasts.  No 

alternative transcripts have been identified, and the next possible start codon in the 

HMR transcript encodes methionine 91.  Translation starting from this AUG would 

produce a smaller protein than the mature form of HMR we actually detect – and in fact 

this hypothetical smaller protein appears in in vitro translated HMR-HA, and is clearly 

smaller than the HMR-HA protein produced in planta (Figure 9B). 

The second possible mechanism involves a single polypeptide with multiple 

types of localization signals.  The yeast protein Apn1p possesses both a mitochondrial 

targeting signal and a nuclear localization signal.  This NLS can be masked by a binding 

partner, Pir1p, to promote localization to the mitochondria rather than the nucleus 

(Vongsamphanh et al., 2001).  Several experiments described here argue against that 

hypothesis.   Given our observations that HMR’s NLS1 and NLS2 are weakly functional 

at best (Figure 7, Figure 8), HMR lacking the transit peptide fails to accumulate in the 

nucleus and complement nuclear phenotypes of hmr-5 (Figure 20, Figure 29, Figure 30), 
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and we have never detected full-length HMR in nuclear protein fractions, it is unlikely 

that masking/unmasking of HMR’s localization signals results in dual localization. 

Re-localization from one compartment to another is a third mechanism to explain 

targeting to multiple organelles.  One example of this mechanism in humans is the 

tumor suppressor p53, which usually acts as a transcription factor in the nucleus, but is 

translocated to the outer mitochondrial membrane in response to cellular stress to 

promote apoptosis (Marchenko et al., 2000).  While we have not yet demonstrated an 

environmental condition altering HMR’s partitioning between compartments, several 

lines of evidence suggest that HMR moves to the nucleus after being processed in the 

chloroplasts to its mature form.  These include the fact that nuclear and plastidial HMR 

appear to be the same size (Figure 5), and the result that the nuclear accumulation of 

HMRm-HA is dependent on its targeting to chloroplasts (Figure 30). 

If HMR goes to the nucleus from the chloroplasts, there has to be a retrograde 

plastid-to-nucleus translocation mechanism, and in fact such a model has been proposed 

for another plastidial/nuclear localized protein, Whirly1 (Why1)(Grabowski et al., 2008; 

Isemer et al., 2012).  In the nucleus, Why1 is involved in the regulation of telomere 

length homeostasis (Yoo et al., 2007), and also regulates the transcription of pathogen-

responsive genes (Desveaux et al., 2000; Xiong et al., 2009).  The plastid-localized 

fraction of Why1 is involved in plastidial genome repair (Cappadocia et al., 2010; 

Cappadocia et al., 2012).  More interestingly, Why1 has been found to be associated with 
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the pTAC complex, and was described as pTAC1 just as plastidial HMR was identified 

as pTAC12 (Melonek et al., 2010; Pfalz et al., 2006).  Accordingly, Why1 is required for 

chloroplast biogenesis in maize (Prikryl et al., 2008).  Why1 has been shown to 

translocate to the nucleus in transplastomic maize (Isemer et al., 2012), expressing the 

Why1 gene from the plastidial genome, a result supporting the existence of a plastid-to-

nucleus translocation mechanism that we propose is used by HMR (Figure 35). 

 

Figure 35. Model for HMR's dual-localization and function.  HMR preprotein is 
translated in the cytoplasm, and is then targeted to the chloroplasts with its transit 
peptide (TP, green).  The transit peptide is cleaved to give mature HMR (HMRm), which 
promotes transcription of PEP-dependent photosynthetic genes.  A fraction of HMRm is 
then translocated to the nucleus.  This could be accomplished by (1) an unknown 
retrograde translocon, (2) leakage from damaged chloroplasts, or (3) by direct transport 
through a direct plastid-nucleus connection.  Post-translational modification within the 
chloroplasts (red circle) could promote the nuclear accumulation of HMRm in cases (1) 
and (2), which both require HMRm to be moved into the nucleus from the cytoplasm.  
Once in the nucleus, HMRm represses Class A genes and promotes the expression of 
Class B genes. 
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How does HMR escape from the chloroplasts to be transported into the nucleus?  

One possibility is that HMR could be secreted across the chloroplast membrane into the 

cytoplasm through an unknown translocon.  Alternatively, HMR could leak out of the 

membranes of damaged chloroplasts either through direct environmental damage or by 

autophagy (Woodson et al., 2015).  In either of these situations, it is likely that HMR has 

to be modified in some way, or be co-exported with a binding partner possessing an 

NLS, in order to be targeted efficiently to the nucleus.  Another possibility is transport 

through a direct channel between chloroplasts and nuclei like stromules, though plastid-

to-nucleus protein transport through such a channel has yet to be demonstrated (Kwok 

and Hanson, 2004).   

6.4 Conclusions and future directions 

By identifying the subcellular localization signals of HMR, identifying the 

mature form of the protein, and characterizing transgenic lines expressing this mature 

form, I have shown that HMR is likely dual-localized by chloroplast import followed by 

subsequent translocation into the nucleus.  Confirmation of this model will require 

generation of transplastomic tobacco expressing HMR from the plastidial genome, and 

then determining if this HMR is translocated to the nucleus.  Identifying the cellular 

machinery responsible for this transport remains an open question, but the fact that at 

least one other protein follows a similar mechanism, Why1, suggests that this is a 

promising area full of uncertainty for future research into the coordination of nuclear 
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and organellar genomes.  One approach will be to identify Arabidopsis mutants defective 

in this retrograde transport, which will require identification of mutants in which HMR 

can be localized to chloroplasts, but is absent from the nucleus.  Complicating this 

analysis is the fact that the majority of HMR protein is in the plastidial fraction, so a 

sensitive readout of HMR nuclear localization is needed that it is easy to score for a 

large-scale genetic screen.  Such a pathway may not exist, however, if HMR’s nuclear 

localization is dependent on leakage from damaged chloroplasts.  To determine if this is 

the case, it must be determined if HMR’s nuclear accumulation is increased in response 

to plastidial damage, possibly through a combination of chemical treatments and high 

light intensity. Determining which of these pathways is utilized to target HMR to the 

nucleus is an exciting area of future study, and holds great promise in further 

understanding the mechanisms of coordinating the expression of genes encoded in both 

the nuclear and plastidial genomes. 
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Appendix A 

 

Table 1.  qRT-PCR primers designed for analysis of HMR-repressed genes. 

 

 
Table 2. qRT-PCR primers for identifying additional HMR-repressed genes.   
Accession Gene Name Forward Primer Reverse Primer Notes 
AT5G20710 BGAL7 TCTACACGCTTACGTCAATG AACGCTGAGAAGTGAAATGT Designed by Chan Yul Yoo 
AT3G53200 MYB27 CAATAGTTTCCGGTTTGAAG TGGAGCTGAAAGATGATTCT ″ 
AT5G07010 ST2A CGAGAATCTGAAGAAGTTGG TCCACTAAGGCTGACAATCT ″ 
AT2G45210 SAUR36 GTTCAGGATACAACCGGATA TTGAGTTTGGCTAATGGTCT ″ 
AT2G38530 LTP2 GCATGCAAAGTCAATATTCC AATATTCGAAACATCCGCTA ″ 
AT5G14180 MPL1 TCAGCTACGGTGGTTTAGAT TTCACAAACTGCACATTCAT ″ 

  

Accession Gene Name Forward Primer Reverse Primer Notes 
AT1G79360 OCT2 GAATCCATCTCCAACATCTGTATC TCCGACGAAGAAAGAACTCTC 

 AT4G37220 AT4G37220 TGATATTGGATCGTACCAACTGG CCAAAGTCTCCGCTAAAGAACTG 
 AT1G19530 AT1G19530 CAAGTTGGTAACTCAGGAAGGTG TTCTCCACCATCCACTACTCTTG 
 AT5G42900 COR27 TCTCAAGAACAGTTCAAGGTTC TGCCTTCCGTTAATCCGATG Designed by Yonjian Qiu. 

AT4G33980 AT4G33980 CCAAACACTCAGAGGCGTCAG GGCACAACCTGATCCTCCTTC Melting curve shows only one product. 
AT2G38400 AGT3 CACGAGATTATCGGGGATGTC GATCCATAATGTGCAGAGTCTCG 

 AT1G06570 PDS1 GCTCAGCGATGATCAGATCAAG TATCGTCGGCCTGTCACCTAG 
 AT1G18330 EPR1 TGCTGGGTGACTTGGATCATAG CTTCTTAACGTGAGACAGCAGGAG   
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Table 3. qRT-PCR primers designed for analysis of HMR-induced genes. 

 Accession Gene Name Forward Primer Reverse Primer Notes 
AT3G23810 SAHH2 CTGAGAGGATAAAAGAGCCAAGC TTGGTCACACGCATCAGAAG 

 AT1G06350 AT1G06350 CTTCAAGATACCAAAATGGCTC GTGTCAAATATCCACAAGATATGG 
 AT2G40610 EXPA8 TCTTTCCGAAGAGTACCATGTATG CCTACGTTGGAGATCAGAACG Designed by Yongjian Qiu. 

AT1G29500 SAUR66 TCATTCCAAAGACCAAGTACCC GAATGGTAATGTGATTGGTCCAC 
 AT4G18970 AT4G18970 GGAAATGGATGTTGCGTTC TCTCTGCCTAGCTTCATTTCG Primers failed to amplify desired target. 

  
TCGACAATTGGGAGCTAGAATAAC GCCTAACCCGATTGAGTAGATG Replacement; used for qPCR experiments. 

  
ACGCCAACGACCTCATAAAC TGGACTGCATCCTATTGCAC Additional replacement. 

AT4G36360 BGAL3 GAAAGACCCGTGTCCAAATG GACAAAGGGCTCAATGGTTG 
 AT5G55480 SVL1 GCGCCTGTAGGATTTCATTG CTGCAAAGAATCCCAAGAACTG 
 AT5G18060 AT5G18060 GCCTTCTTTTCAAGCTCTGC ATCAATGGAGCCGAGAAGTC 
 AT4G39800 MIPS1 CCAGGATCCAGTTCAAATCC GCTTCGACAGTGCGTTAATC 
 AT1G64640 ENODL8 GGTGACTCCCTCTTGTTCTTG GATTGGGTCTTTGGTGTTGC 
 AT1G65310 XTH17 ATGGGCTAATGGAAAATCATCTTGTT TACTTTGCACACCTTTCATTCTTGTC (Sasidharan et al., 2010) 

AT3G53250 AT3G53250 CATCTTCATGCGAGAGTTGC CATACACTACCAAATGTCCTCTCG 
 AT5G02540 AT5G02540 TTGCTGATTGCAACGAAGTC GAACTACCTCGGTTTCGATGAC Primers amplified multiple products. 

  
TGCTCTGCATCCAAGTGTG AGCAAGTTTGCTTGGAGTGAC Replacement; used for qPCR experiments. 

  
TTACGGACAATCGAAACTAGCC CCAGGGTGAACTGAATTTGC Additional replacement. 

AT4G32280 IAA29 CACCATCATTGCCCGTATCA CCACAGTAGCCGTTGTTGGA Designed by Meng Chen. 
AT1G64670 BDG1 GGACGCAATATGTGATGAGAAG TGATTCTTGCAAAGCACTAGACTG 

 AT5G12050 AT5G12050 CTGGGCGTATCAAAAGAAGC TCCCTCCATCTTCCACATTC 
 AT1G29440 SAUR63 CGGCCTTTTTAGAGTATCTCG TCTGAAATGATCTGTCTATCTAATCC Primers failed to amplify desired target. 

AT1G29430 SAUR62 TTGCTTGTGTTTTAGAGTTTCG TTATGAGACAACTTAAATGAGAGACC 
 AT3G01550 PPT2 TTGGAAAGGACGCTTTGGAC AGGAGTAACCTTGAACCCATCG 
 AT5G03760 CSLA09 GGCACACATTGTTACCTTCATC TCGAACAGAATCCAAAAGACC 
 AT1G06080 ADS1 ATGGCAATGGTTCGTTGAAG AAGTTGGTTCAAACACACACCAC 
 AT3G14210 ESM1 ATGCATATGGTTGCGGAAAG GATGAGCCATTTCCTCCTGA   
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