
REPORTS 

into various nondividing cells. Neverthe- 
less, these effects of Vpr on nuclear lamin 
and NE architecture merit further evalua- 
tion in terms of their potential to facilitate 
HIV infection of terminally differentiated 
macrophages. 
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Interaction of the Response 

Regulator ARR4 with 


Phytochrome B in Modulating 

Red Light Signaling 
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The Arabidopsis thaliana response regulator 4, expressed in response to phy- 
tochrome B action, specifically interacts with the extreme amino-terminus of 
the photoreceptor. The response regulator 4 stabilizes the active Pfr form of 
phytochrome B in yeast and in planta, thus elevates the level of the active 
photoreceptor in vivo. Accordingly, transgenic Arabidopsis plants overexpress- 
ing the response regulator 4display hypersensitivity to  red light but not to  light 
of other wavelengths. W e  propose that the response regulator 4 acts as an 
output element of a two-component system that modulates red light signaling 
on the level of the phytochrome B photoreceptor. 

Phytochromes (phy) are redfar-red revers- ated an ARR4-specific antiserum to analyze 
ible photoreceptors that regulate many as- the expression of this protein in planta. This 
pects of plant development (1). They are antiserum detected the ARR4 protein in 
synthesized in the dark in the inactive Pr form stems, leaves, and flowers but not in roots 
and converted by red light into their active (Fig. 1B). Thus. the expression pattern of 
far-red light-absorbing Pfr form. In Arahi- ARR4 overlaps in great part with that of 
dopsis the phy family is encoded by five phyB. The amount of ARR4 remained below 
genes (PHYA to PHYE). whose products for- detection level in seedlings grown in dark- 
ward the light signal to downstream transduc- ness. whereas in light, the accumulation of 
tion components by separate signaling mech- the protein was detectable 1 day after germi- 
anisms (I. 2). Light signal transduction is nation (Fig. 1C). Accumulation of ARR4 was 
mediated by proteins that interact with phy- induced by white or red light in dark-grown 
tochromes in the cytoplasm and the nucleus seedlings. whereas far-red light was ineffec- 
(1, 3). The cyanobacterial phytochrome, tive (Fig. ID). Hourly pulses of 5 min of red 
Cphl, is a light-regulated histidine kinase light given over a period of 24 hours also 
( 4 ) , therefore it appeared conceivable that induced accumulation of ARR4 protein (Fig. 
eukaryotic phytochromes may also function ID). The inductive effect of red light was 
as sensor kinases (5). yet no eukaryotic phy- reversed by a subsequent far-red light pulse 
tochromes displaying histidine kinase activity (Fig. ID). Accumulation of ARR4 was also 
have been described ( 6 ) .  analyzed in Arahidopsis phyA and phyB mu- 

The Arabidopsis EST and genome data- tants. It was reduced in red light-irradiated 
bases contain several genes for plant response phyB-mutant seedlings, but was unaffected in 
regulators with similarity to the Escherichia ph,vA-mutant (Fig. 1E). These data suggest 
coli response regulator CheY (7 ,  8). One of that phyB dominates the photoregulation of 
the identified clones was identical with the ARR4 expression, although participation of 
recently published Avabidopsis response reg- other photoreceptors, especially in white 
ulator 4 (ARR4. Fig. 1A) (9. 10). We gener- light, should not be excluded. 

To investigate a physical interaction of 
' Institut fur Biologie II / Botanik, Universitat Freiburg, ARR4 with phyB, copurification experiments 
Schanzlestrasse 1, 79104 Freiburg, Germany. 2Mole- were performed. Wild-type phyB, a mutated 
kulare Botanik, Universitat Ulm, Albert-Einstein-Allee phyB resulting in a reduced red light-sensi- 
11, 89069 Ulrn. Germany. 'Institute of Plant Biology, 
Biological Research Center, P.O. Box 521, 6701 tive phenotype [phyB-101 ( l l ) ] ,  and phyA 
Szeged. Hungary. 	 were expressed in yeast (12). Functional pho- 
*To whom correspondence should be addressed. E- toreceptors were obtained by self-assembly 
mail: harterkl@uni-freiburg.de with chromophore in crude extracts and far- 
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D pFR pWpFR pR light7 1a-ARR4 

E 
WL D R FR light 

phyB 1 - la-ARR4 

Fig. 1. Expression of ARR4 in Arabidopsis seed-
lings. (A) Representation of ARR4. The NH,-
terminal receiver and COOH-terminal output 
domains and the relative position of amino 
acids conserved in receiver modules are indi-
cated (9, 70). D*,, is the phospho-accepting 
aspartate (27). (B) ARR4 is differentially ex-
pressed in Arabidopsis. lmmunoblot with pro-
tein extracts from different tissues of 3-month-
old Arabidopsis plants. (C) ARR4 accumulatesin 
light-grown Arabidopsis seedlings. lmmunoblot 
with protein extracts from seedlings grown for 
1 to 5 days in darkness (D)or under continuous 
white Light (WL). (D) Induction of ARR4 accu-
mulation depends on light quality and phyB. 
lmmunoblots with protein extracts from seed-
lings grown for 3 days in darkness and then 
exposed for 12 hours (lanes I), 18 hours (lanes 
2) or 24 hours (lanes 3) to continuous WL, R, or 
FR light or were exposed for 24 hours to hourly 
light pulses of 5 min of red (pR), 5 min of red 
followed by 5 min of far-red (pWpFR)or 5 min 
of far-red (pFR). D, darkness. (E) Expression of 
ARR4 is differentially regulated by phyto-
chrome photoreceptors. lmmunoblots with 
protein extracts from wild-type (WT), phyB 
mutant (phyB), and phyA mutant (phyA) Ara-
bidopsis seedlings grown for 3 days under con-
tinuous WL, R, or FR light or kept in darkness 
(D).ARR4 was detected with a specific antiser-
um. All techniques in Figs. 1 to 4 are as de-
scribed in (16). 

red or red light was applied to produce the 
inactive Pr or active Pfr forms, respectively 
(12). Equal amounts of photoreversiblephyB, 
phyB-101, or phyA were then incubated with 
recombinant, Strep-tagged ARR4. In contrast 
to phyA, phyB, and phyB-101 copurified 
with ARR4 (Fig. 2A). Although the Pr form 
and Pfr form of phytochromes exhibit differ-
ent protein conformations (13), ARR4 binds 
to both (Fig. 2A). Coimmunoprecipitation ex-
periments with the ARR4 antiserum using 
protein extracts from ARR4-overexpressing 
Arabidopsis seedlings confirmed the interac-
tion of the response regulator with phyB (Fig. 
2B). To map the domains of the phyB protein 
that mediate this interaction we performed 
yeast two-hybrid analyses. ARR4 interacted 
with full-length phyB, the extreme NH2-ter-
minus of phyB ( ~ h y B ' - ' ~ ~ )but not with any 
other phyB domains or with the NH,-termi-
nal domain of phyA ( ~ h y A ' - ' ~ ~ ;Fig. 2C). 
The NH,-terminus of phyB did not interact 
with a different, type-A ARR, namely ARRS, 
and the B-type response regulator ARR2 
(Fig. 2C; 9, 14). Thus, it appears that red 
light-induced accumulation of ARR4 can 
lead to the formation of a specific phyB: 
ARR4 complex in vivo because of unique 
properties of these molecules (2, 9, 10). 

Recently, it was observed that a fraction 
of cytoplasmic phyB is transported into the 
nucleus in response to light treatment (3,15). 
Intracellular partitioning of an ARR4-GFP 

fusion protein in parsley protoplasts demon-
strated that ARR4-GFP was detectable in the 
cytoplasm and the nucleus independent of 
irradiation (Fig. 2D), suggesting that the in-
teraction of ARR4 with phyB is not restricted 
to any of these cellular compartments. 

To examine the functional relevance of 
the observed phyB:ARR4 interaction, we 
generated transgenic Arabidopsis lines over-
expressing ARR4 under the control of the 
constitutive viral 35s promoter (Fig. 3A). 
These transgenic lines had a shortened hypo-
cotyl compared with the wild type in red 
light, but no differencewas observed in dark-
ness or after irradiation with far-red or blue 
light (Fig. 3B). A fluence-ratelresponse anal-
ysis of hypocotyl elongation revealed that 
the photoresponsiveness of a representative 
ARR4-overexpressing line to red light was 
enhanced over a broad range of light intensi-
ties (Fig. 3C). A similar hypersensitivitywas 
observed when the root length and number of 
leaves developed at flowering of wild-type 
and transgenic seedlings were compared 
(Id). These data suggest that overexpression 
of ARR4 specifically interferes with phyB-
dependent photomorphogenic responses and 
that ARR4 acts on the phyB photoreceptor 
itself. 

The photoconversion of the inactive Pr 
into the active Pfr form and the Pfr-to-Pr dark 
reversion involves major structural changes 
in the NH2-terminusof the phytochrome mol-

Fig. t. ARR4 interacts 
with B-type phyto- A phyB phyB-101 phyA B 
chromes and is local- pt, p, py, pt, pr pt, pfr pr pt, kD 
ized in the cytoplasmic '05 ]TIa-phy~and nuclear compart- mIa-phy 
ment (A)ARR4 copuri-
fies B-type but not A-
type phytochromes 
from yeast extracts + + - + + - + + - ARR4-
containing the corre-
sponding Pr or Pfr r n 
fbrms. copurified phy-
tochromes were moni- BDlAD 
tored by using phyB-
and phyA-detecting BDIphyBn 
antibodies (22) and ARR41phyBn 
ARR4 with a specific
antiserum. (B)In planta ARR41phyBi87-i'71 
interaction of ARR4 BDIARR4 
with phyb The A R R C  p h y ~ i . i n 1 ~ ~ ~ 4  
specific antiserum co-
immunoprecipitates 
phyB from protein ex- phYA'"wlARR4 
tracts derived from phyB1-'mlARR5 
ARR4-overexpressing phyBl-lnlARR2 
seedlings. As a control 
the corresponding pre-
immune serum was walactosldase actlvlty 
used. (C) Phytochrome: 
ARR4 interaction analysis in the yeast two-hybrid system. The interaction of the indicated fusion 
proteins was monitored by P-galactosidase activity.The immunoblot of the inset showsthe ex ression 
of AD-phyB1g7-1171(lane I), AD-phyBFL(lane 2). BD-phyA1-13' (lane 3), and BD-phyB1-lT3b e  4). 
Asterisk, nonspecific band. (D) lntracellular partitioning of ARR4. Epifluorescenceimages of transiently 
transformed parsley protoplasts (23) expressing ARR4GFP that were irradiated for 12 hours with white 
Light (light) or kept in darkness (dark). nu, nucleus; no, nucleolus; cy, cytoplasm. 
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ecule (13). The interaction of phyB with 
ARR4 may interfere with these changes 
and could be the reason for the hypersen- 
sitive phenotype of the ARR4-overexpress- 
ing lines in red light. This interference can 
be determined by measuring the degree and 
kinetics of the Pfr-to-Pr dark reversion in 
yeast cells (1 7). Therefore, yeast cells con- 
taining functional phyB were irradiated 
with a red light pulse and then transferred 
to darkness. The levels of total phyB and 
Pfr only were spectroscopically determined 
(1 7). About 20 and 45% of the initial pool 
of Pfr reverted back into the Pr form within 
20 min after irradiation for phyB (Fig. 4A) 

and phyB-101 (Fig. 4B), respectively. This 
indicates that the mutant phenotype of the 
Arabidopsisphy-BIOI allele, which results in 
an amino acid exchange in the COOH-termi- 
nus of the phyB molecule, is indeed caused 
by a higher Pfi-to-Pr conversion rate (11). 
Dark reversion of the Pfr form was reduced to 
about 15%, when ARR4 was coexpressed 
with phyB or phyB-101 (Fig. 4, A and B). 
This reduction was specific for -4, be- 
cause ARR2 did not effect dark reversion 
(Fig. 4C). These data show that ARR4 stabi- 
lizes phyB in its active Pfi form by inhibiting 
the Pfi-to-Pr dark reversion in yeast. More- 
over, the inhibition of the phyB-101 dark 
reversion suggests that NH,-terminus-bound 
ARR4 modulates the interdomain crosstalk 
within the phy molecule. 

To investigate this aspect in plants we 
generated -4-overexpressing Arabidopsis 
lines in the ABOIA- background (Fig. 4D). 
Absence of phyA (AF) and overexpression of 

Fig. 3. Overexpression of ARR4 modulates the 
responsiveness of Arabidopsis plants to red 
light. (A) immunoblot of ARR4 protein levels in 
4-day-old, dark-grown wild-type (lane 1) seed- 
lings and two independent ARR4-overexpress- 
ing Arabidopsis lines [ARR4-6 (lane 2). ARR4-9 
(lane 3)] by using an ARRCspecific antiserum. 
HSC70, control immunoblot. (B) Hypocotyl 
elongation response of ARR4-6 and ARR4-9 in 
comparison with wild type (WT). Seedlings 
were grown for 72 hours under continuous red 
light (R), far-red light (FR), or blue light (B) or in 
darkness (D). (C) Fluence-rate dependence of 
red light inhibition of hypocotyl elongation in 
wild type (@) and ARR4-6 (B). Seedlings were 
grown for 72 hours under continuous red light 
(R) at the indicated light intensities. D, hypo- 
cotyl length in darkness. 

phyB (ABO) allows in planta spectroscopic 
measurements of the photochemical prop- 
erties of total phyB and Pfr (18). The 
ARR4-overexpressing seedlings again ex- 
hibited an enhanced reduction of hypocotyl 
length in red light compared with ABO/A- 
(Fig. 4E) indicating that the observed hy- 
persensitivity response is not dependent on 
phyA. Analysis of dark reversion showed 
that about 60% of the initial pool of Pfr 
reverted back into the Pr form within 120 
min after irradiation (Fig. 4F). If ARR4 
was overexpressed, the amount of dark- 
reverted Pfr was strongly reduced (Fig. 4F). 
Thus, our data demonstrate that ARR4 sta- 
bilizes the active Pfr form of phyB in yeast 
and in plants-an effect that is manifested 
in the increased hypersensitivity of ARR4- 
overexpressing plants to red light. 

Stabilization of the active Pfr form by 
regulating dark reversion of Pfr appears to 
be a process used by plants to regulate 

I ,  I 
0 20 40 60 80 100 120 0 20 40 60 80 100 120 

Time (min) after inadfation Time (min) after Irradiation 

Fig. 4. ARR4 stabilizes the active Pfr form of B-type phytochromes in yeast and in lanta. Yeast cells 
expressing hotoreversible phyB (A) or phyB-101 (B and C) together with ARR4 [circles in (A) and 
(B)], ARR2 Lircles in (C)], or no response regulator [squares in (A to C)] were irradiated with a red 
light pulse and transferred to darkness. At  the indicated time points the amount of Pfr (black 
symbols) and total phy (white symbols) was spectroscopically measured in vivo (77). The inset of 
(C) shows an immunoblot with protein extracts from phyB-101-expressing yeast cells (lane 1) and 
from cells expressing phyB-101 plus ARR2 (lane 2) by using an ARR2-specific antiserum. (D) 
immunoblots of ARR4 protein levels in 4-day-old, dark-grown Arabidopsis seedlings of the ABOIA- 
genotype (lane 1) and of two ARR4-overexpressing ABOIA- lines [ABOIA--ARR4-S (lane 2). 
ABOIA--ARR4-E (lane 3)] by using an ARRCspecific antiserum. HSC70, control immunoblot. (E) 
Hypocotyl elongation response of ABOIA--ARR4-S (2) and ABOIA--ARR4-E (3) in comparison 
with ABOIA- seedlings (I), which were grown for 72 hours either under continuous red light (white 
bars) or in darkness (black bars). (F) ARR4 stabilizes the active Pfr form of phyB in the ABO/Ad- 
ARR4-E line. Four-day-old, dark-grown ABOIA- (squares) or ABO/Ad-ARRCE (circles) seedlings 
were irradiated with a red light pulse and transferred to darkness. At the indicated time points the 
amount of Pfr (black symbols) and total phy (white symbols) was measured. 
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photomorphogenesis (1 7). Here, we show 
that the enhanced stabilization of phyB-Pfr 
is responsible for the light-hypersensitive 
phenotypes in ARR4-overexpressing lines. 
Moreover, ARR4 contributes to this regu- 
latory mechanism, and the ARR4:phyB in- 
teraction requires the extreme NH,-termi- 
nus domain of phyB. These results raise the 
question whether phyB is the cognate sen- 
sor kinase of ARR4 or whether it is the 
target of a two-component signaling system 
comprising ARR4. Because histidine ki-
nase activity of phyB has not been reported 
and because ARR4 gene expression is also 
induced by cytokinin (Y), phyB may be the 
target of a hormone-modulated signaling 
system rather than the sensor kinase itself. 
The cytokinin receptor CREl is a function- 
al sensor histidine kinase (19, 20), which 
might regulate the activity of ARR4. Ara-
bidopsis seedlings expressing a nonphos- 
phorylable form of ARR4, display a hypo- 
sensitive phenotype to red light (21). This 
observation demonstrates the importance of 
phosphorylation of ARR4 for the modula- 
tion of phyB signaling. Therefore we pro- 
pose that ARR4 may act as a signal module 
integrating both red light (via phyB) and 
hormone (cytokinin) signaling. 
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In the exocytosis of neurotransmitter, fusion pore opening represents the first 
instant of fluid contact between the vesicle lumen and extracellular space. The 
existence of the fusion pore has been established by electrical measurements, 
but its molecular composition is unknown. The possibility that synaptotagmin 
regulates fusion pores was investigated with amperometry to monitor exocy- 
tosis of single dense-core vesicles. Overexpression of synaptotagmin I pro- 
longed the time from fusion pore opening to dilation, whereas synaptotagmin 
IV shortened this time. Both synaptotagmin isoforms reduced norepinephrine 
flux through open fusion pores. Thus, synaptotagmin interacts with fusion 
pores, possibly by associating with a core complex of membrane proteins and/or 
lipid. 

The fusion pore represents a pivotal inter- 
mediate in Ca2+-triggered neurotransmitter 
exocytosis. Contact sites between the vesi- 
cle and the plasma membrane presumably 
contain special components capable of 
forming a fusion pore after the binding of 
Ca2+. The fusion pore has been likened to 
the channels that control ion flux across 
cell membranes (I), and like ion channels, 
single fusion pore activity can be observed 
in high-resolution electrical measurements 
(2-5). Whereas plasma membrane ion 
channels are formed by well-characterized 
proteins, the structural components of the 
fusion pore have yet to be identified. A 
molecule likely to be intimately associated 
with fusion pores is synaptotagmin, a syn- 
aptic vesicle protein that binds Ca2+ and 
phospholipid (6). Genetic and biochemical 
studies have suggested a number of possi- 
ble functions for synaptotagmin in vesicle 
trafficking and fusion (7-10). One appeal- 
ing scenario is that soluble N-ethylmaleim- 
ide-sensitive factor attachment protein re- 
ceptors (SNARES) form fusion pores. 
These proteins catalyze the fusion of lipid 
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vesicles ( I l ) ,  and putative fusion pores 
formed by these proteins could be regulated 
by synaptotagmin through rapid Ca2+-
stimulated binding to the SNARE complex 
(12). Here, we examined the role of synap- 
totagmin in specific steps of secretion in 
norepinephrine (NE)-secreting PC12 cells 
using amperometry to monitor release from 
individual dense-core vesicles. 

When an amperometry electrode was 
positioned at the surface of a PC12 cell, 
exocytosis of a single vesicle registered as 
a spike of current as NE was oxidized at the 
electrode surface (3, 13) (Fig. 1). These 
spikes were elicited by depolarization, in 
this case induced by rapid local application 
of KC1 (Fig. 1) (14). Responses to KC1 
were characterized by a latent period with 
no spikes, followed by a period of spikes at 
irregular intervals. Recordings such as 
these provide information about the kinet- 
ics of exocytosis, allowing us to compare 
control PC12 cells (Fig. 1A) with cells 
transfected with either synaptotagmin I 
(Fig. lB), synaptotagmin IV (Fig. 1C) (15), 
or the a l A  (PIQ-type) Ca2+ channel (Fig. 
ID). Because of the irregular nature of the 
release process in a single trial, we counted 
spikes after a given time interval and con- 
structed normalized waiting time distribu- 
tions (Fig. 1E). These plots provide an 
overall time course for secretion that is in 
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