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Two Small Spatially Distinct Regions of Phytochrome B 
Are Required for Efficient Signaling Rates 
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We used a series of in vitro-generated deletion and amino acid substitution derivatives of phytochrome B (phyB) ex- 
pressed in transgenic Arabidopsis to identify regions of the molecule important for biological activity. Expression of 
the chromophore-bearing N-terminal domain of phyB alone resulted in a fully photoactive, monomeric molecule lacking 
normal regulatory activity. Expression of the C-terminal domain alone resulted in a photoinactive, dimeric molecule, also 
lacking normal activity. Thus, both domains are necessary, but neither is sufficient for phyB activity. Deletion of a small 
region on each major domain (residues 6 to 57 and 652 to 712, respectively) was shown to compromise phyB activity 
differentially without interfering with spectral activity or dimerization. Deletion of residues 6 to 57 caused a large in- 
crease in the fluence rate of continuous red light (Rc) required for maximal seedling responsiveness, indicating a marked 
decrease in efficiency of light signal perception or processing per mole of mutant phyB. In contrast,deletion of residues 
652 to 712 resulted in a photoreceptor that retained saturation of seediing responsiveness to Rc at low fluence rates 
but at a response leve1 much below the maximal response elicited by the parent molecule. This deletion apparently reduces 
the maximal biological activity per mole of phyB without a major decrease in efficiency of signal perception, thus sug- 
gesting disruption of a process downstream of signal perception. In addition, certain phyB constructs caused dominant 
negative interference with endogenous phyA activity in continuous far-red light, suggesting that the two photoreceptors 
may share reaction partners. 

INTRODUCTION 

Phytochromes are the best characterized of the photorecep- 
tors that control many aspects of early seedling development. 
These molecules are dimers with a monomeric molecular mass 
of 4 2 5  kD. Each monomer consists of two major structural 
domains: a chromophore-bearing, globular N-terminal domain 
(Vierstra and Quail, 1986) and an extended C-terminal domain, 
which carries the dimerization sites (Jones et al., 1986; Vierstra 
et al., 1987; Edgerton and Jones, 1992; Cherry et al., 1993). 

In Arabidopsis, the phytochromes are encoded by five differ- 
ent genes-PHYA through PHYE (Sharrock and Quail, 1989; 
Clack et al., 1994). Contrasting photosensory functions of the 
phyA and phyB holoproteins have been defined through anal- 
ysis of responses to constitutive overexpression of (Boylan and 
Quail, 1989, 1991; Kay et al., 1989; Keller et al., 1989; Cherry 
et al., 1991; Wagner et al., 1991; McCormac et al., 1993) and 
mutations in (Nagatani et al., 1991, 1993; Somers et al., 1991; 
Dehesh et al., 1993; Parks and Quail, 1993; Reed et al., 1993; 
Whitelam et al., 1993; Wagner and Quail, 1995; Xu et al., 1995) 
both sequences. phyA controls deetiolation (inhibition of 
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hypocotyl elongation, hook opening, and cotyledon expansion) 
in continuous far-red light (FRc), whereas phyB is primarily 
responsible for deetiolation in continuous red light (Rc). phyA 
is most abundant in dark-grown seedlings (m50-fold phyB lev- 
els), whereas, due to light-induced phyA degradation, phyB 
is more abundant in Rc (approximately twofold phyA) (Somers 
et al., 1991; Quail, 1994). The function of phyC, phyD, and phyE 
remains unclear. 

The molecular mechanism of action of neither phyA nor phyB 
is understood. In attempts to identify functionally important 
structural domains of oat phyA, severa1 researchers have ana- 
lyzed the effect of in vitro-generated deletion and amino acid 
substitution rnutants on the ability of the photoreceptor to cause 
increased inhibition of hypocotyl or stem elongation when over- 
expressed in transgenic Arabidopsis or tobacco, respectively 
(Cherryet al., 1992, 1993; Stockhaus et al., 1992; Boylan et al., 
1994). Taken together, these data indicate that the N-terminal 
domain is sufficient for spectral integrity but not for normal 
biological activity of the protein and that regions at the N and 
C terrnini of phyA are necessary for normal biological activity. 
Some differences were observed in the biological activity of 
similar constructs between tobacco and Arabidopsis, but the 
reasons for this observation are not understood (Cherry et al., 
1992; Boylan et al., 1994). 
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No such structure-function analysis has been reported 
for phyB, which shares 500/0 amino acid identity with phyA 
(Sharrock and Quail, 1989; Dehesh et al., 1991). Accumulat- 
ing evidence suggests that differential-photosensory specificity 
is due directly to the differences in primary structure of phyA 
and phyB rather than to differential expression of the two pho- 
toreceptors (Somers and Quaíl, 1995; Wagner et al., 1996). 
Thus, structural analysis of phyB may identify elements re- 
quired specifically for phyB activity and/or regions required 
for activity of both photoreceptors. Here, we have used over- 
expression of a series of site-directed mutants of phyB in 
transgenic Arabidopsis to approach this question. 

RESULTS 

phyB Deletion and Amlno Acid Substitution 
Derivatives Are Overexpressed at High Levels 

To analyze the functional importance of structural domains of 
Arabidopsis phyB, we generated seven different deletion de- 
rivatives and one point mutation derivative of phyB, as shown 
ín Figure 1. All constructs share the first five amino acids of 
phyB (small black boxes). The phyBlphyD group of phyto- 
chromes carries a 10- to 37-amino acid N-terminal extension, 
which is not found in the other phytochromes (Clack et al., 
1994). Four N-terminal deletions were constructed to test (1) 
the ímportance of this N-terminal extension (AN57, lacking 
amino acids 6 to 57); (2) the function of additional N-terminal 
regions, which were shown to be important for phyA activity 
(Cherry et al., 1992; Boylan et al., 1994) (AN90 and AN103, 
lacking amino acids 6 to 90 and amino acids 6 to 103, respec- 
tively); and (3) the biological activity of the C-terminal domain 
when overexpressed by itself (AN633, which lacks amino acids 
6 to 633). All four constructs can be detected immunochemi- 
cally with a monoclonal antibody (MAb B2), which recognizes 
an epitope between amino acids 652 and 712 of phyB. (Epi- 
tope analysis is described in Methods.) The C357-S phyB 
derivative carries a single amino acid change, which converts 
the chromophore attachment site at cysteine 357 to serine. The 
resulting molecule is predicted to be spectrally inactive, as is 
phyA carrying this mutation (Boylan et al., 1994), because the 
thiol group involved in covalent chromophore attachment is 
changed to an inactive hydroxyl group. 

Two additional constructs were designed to test the func- 
tional importance in phyB of putative dimerization sites reported 
for phyA (Edgerton and Jones, 1992,1993). A652-712 (lacking 
amino acids 652 to 712) removes the phyB equivalent of the 
putative central dimerization site and AC1087 (lacking amino 
acids 1087 to 1172) of the putative C-terminal dimerization site 
reported for phyA. Finally, A652 (which lacks amino acids 652 
to 1172) is the reciproca1 deletion to AN633 (above) and tests 
the activity of the globular, chromophore-bearing N-terminal 
domain, when overexpressed by itself. 
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Figure 1. Schematic of phyB-Derivative Constructs Used for Arabidop- 
sis Transformation. 

Full-length phyB (top) and eight phyB-derivative constructs used for 
transformation and phenotypic analysis in Arabidopsis are shawn drawn 
to scale (hatched boxes). The name of each construct is indicated at 
left. Amino acids are numbered above. All constructs are deletion de- 
rivatives except (23574, which carries a single amino acid change 
(cysteine 357 is mutated to serine). The small, filled boxes at the N 
termini indicate the first five amino acids of phyB that are retained in 
all constructs. The open boxes above the constructs represent the lin- 
ear tetrapyrrole chromophore. The asterisks below AN633 and AC652 
indicate the positions of epitopes recognized by two MAbs (MAb 82 
and MAb B1, respectively) used for immunochemical detection of the 
polypeptides. 

For immunochemical detection of constructs C357-S through 
AC652, a second MAb (MAb 61) was used, which recognizes 
an epitope on phyB, overlapping with amino acids 90 to 103. 
All constructs (including phyB) were transformed into Arabidop 
sis (ecotype NO-O), using the vector described by Wagner et 
al. (1991), so that each was comparable to the reference phyB 
overexpressing line A 6 0  (Wagner et al., 1991). At least 50 in- 
dependent transgenic lines were generated per construct, and 
after testing for the transformation marker, the level of overex- 
pression was analyzed immunochemically in each line. 

To enable determination of the biological activity of the phyB 
derivatives, the expression level of each construct should be 
comparable to that found in the A 6 0  reference line overex- 
pressing unmutagenized phyB. Figure 2 shows the hypocotyl 
length of at least five independent transformants for each con- 
struct in Rc (22.0 pmol m-2 sec-l) as a function of the amount 
of phyB or phyB derivative overexpressed compared with A 6 0  
and the untransformed control (NO-O). The amount of the trans- 
gene expression was either determined spectrophotometrically 
(AAA; Figures 2A to 2F) or densitometrically from immuno- 
blots for AN633 and C357-S, which were spectrally inactive 
(Figures 2G and 2H). We were able to identify transgenic lines 
that showed overexpression comparable to that seen in A 6 0  
for all phyB derivatives except AC1087. This construct was ex- 
pressed at very low levels in at least 60 independent transgenic 
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lines, suggesting that this deletion renders the resulting poly- 
peptide (or mRNA) unstable (data not shown). For all other 
constructs, the transgenic lines chosen for further analyses, 
based on an overexpression level similar to that of phyB in 
the ABO line, are indicated in Figure 2. 

Analysis of hypocotyl elongation of transgenic lines that over- 
express Arabidopsis phyB at different levels showed that 
overexpression levels of approximately three- to fourfold that 
of endogenous phyB already resulted in the full inhibition of 
hypocotyl elongation (saturation of the response; Figure 2A). 
By comparison, the A652-712 lines appeared to be partially 
active because hypocotyl elongation was reduced as compared 
with NO-O, but not as much as in seedlings overexpressing 
phyB at similar levels (Figure 28). AC652 (Figure 2C) appeared 
to be biologically inactive (the hypocotyl length was equal to 
that of NO-O) over a wide range of expression levels. At the 
highest level of overexpression (WlOO-fold that of the endoge- 
nous phyB level), hypocotyl elongation appeared slightly 
enhanced in AC652 as compared with NO-O. Deletion of the 
N-terminal phyBlphyD-specific extension (AN57) resulted in 
an almost fully active polypeptide (Figure 2D) over a range 
of expression levels when compared with lines overexpress- 
ing phyB. A slight loss of activity was apparent for AN57 at 
lower levels of expression under the conditions used here. More 
extensive deletion of N-terminal regions (AN90 and AN103; 
Figures 2E and 2F) resulted in a significant reduction of bio- 
logical activity as compared with phyB or AN57. Neither of the 
spectrally inactive constructs (C357-S or AN633; Figures 2G 
and 2H) were biologically active over the range of expression 
levels analyzed. 

Figure 3 shows the immunochemically detectable amount 
of overexpressed phyB in the lines chosen for further study 
(Figure 2) as well as in the highest level AC1087 overexpress- 
ing line. Two different MAbs (recognizing epitopes on either 
the N-terminal [MAb 611 or the C-terminal [MAb 821 domain) 
were used as probes, and levels of phyB derivatives were com- 
pared with the untransformed NO-O and ABO lines included 
on both blots. Figure 3A shows that all N-terminal deletions 
were expressed at levels equivalent to that of phyB in ABO. 
Endogenous phyB could be observed faintly in NO-O as well 
as in the deletion constructs. The amount of spectrally active 
protein in each line is shown below the blot (Figure 3C) and 
was found to parallel the immunoblot data, except for the spec- 
trally inactive AN633 protein. However, the amount of phy3 
in this lhe, as determined by densitometry, was equal to that 
in ABO (Figure 3C). Figure 38  shows that the level of expres- 
sion in A652-712 was approximately equal to that of phyB in 
ABO, whereas (3357-S and AC652 were expressed at slightly 
higher levels and AC1087 at much lower levels. The AAA data 
paralleled the immunoblot data, except for the spectrally in- 
active (2357-S construct, in which the densitometrically 
determined phyB levels agreed with the visualization of the 
immunoblot data (Figure 3C). The apparent slightly weaker 
signals in AN633 and AC652 were due to their position at the 
bottom of the gel and were not observed when higher percent- 

age gels were probed. The molecular masses of all deletion 
constructs were similar to the expected size (data not shown). 
Some smaller products could be observed in the ABO, AN57, 
and C357-S lanes. These are most likely degradation products 
generated postextraction (data not shown). 

Most phyB Deletion Derivatives Are Dimeric and 
Have Unaltered Difference Spectra 

To asses the gross structural integrity of the phyB derivatives, 
we tested their dimerization capabilities, using nondenatur- 
ing gradient gel electrophoresis. The extracts used for Figure 
3 were subjected to high-speed centrifugation (400,OOOg) and 
analyzed by electrophoresis on 4 to 30% nondenaturing gels, 
as shown in Figure 4. Overexpressed phyB was dimeric under 
these conditions (Figures 4A and 48, lanes 2) as is endoge- 
nous phyB (Wagner and Quail, 1995). phyB dimers migrated 
at 317 kD, slightly smaller than the apparent molecular mass 
of phyA (347 kD). As expected, the small N-terminal deletions 
(AN57, AN90, and AN103) also appeared to migrate as dimers, 
with slightly increased mobility as compared with ABO (Fig- 
ure 4A). 

AN633 migrated approximately three times slower (174 kD) 
than predicted from its monomeric molecular m a s  and there- 
fore appeared to be dimerization competent. Data similar to 
these for phyA have been interpreted as indicative of dimeric 
entities, which migrate more slowly than expected because 
the C-terminal domain of phytochrome has an extended con- 
formation (Quail, 1991). In addition, C357-S and A652-712 
appeared dimeric by this analysis when compared with ABO 
(Figure 4B). Thus, it appears that the region between amino 
acids 652 and 712, which corresponds to a putative dimeriza- 
tion site of phyA (Edgerton and Jones, 1992, 1993), is not 
necessary for phyB dimerization. This suggests that for phyB, 
the equivalent of the second, C-terminal dimerization site of 
phyA (residues 1049 to 1094) (Edgerton and Jones, 1992; 
Cherry et al., 1993) may be sufficient by itself for dimeriza- 
tion. However, the amount of A652-712 visualized was reduced 
as compared with the denaturing electrophoresis (Figure 3). 
No other band was seen in the A652-712 lane. Because the 
same extracts were used for both types of gels, one possibil- 
ity to explain the loss in the A652-712 signal is that some of 
this derivative polypeptide was lost (pelleted) during the high- 
speed centrifugation before the native electrophoresis. AC652 
migrated close to its monomeric position on nondenaturing 
gel electrophoresis (Figure 46). A slightly higher molecular 
mass band observed in lane 6 of Figure 46 was apparently 
aberrant because it was not seen in repeat experiments. The 
levels of AC1087 are to0 low for interpretation. 

Only a single band was observed in the AN633 extracts (Fig- 
ure 4A), which could be the result of homomeric complexes 
of AN633. Alternatively, all AN633 could be in heteromeric com- 
plexes with endogenous phyB. To distinguish between these 
two possibilities, we subjected AN633 and NO-O to native 
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Figure 2. Hypocotyl Length as a Function of the Leve1 of Overexpression of phyB and of the Mutant phyB Derivatives in Rc (22 pmol m-2 sec-1) 
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electrophoresis and probed the right half of the immunoblot
with MAb B2, which recognizes AN633 and endogenous phyB,
whereas the left half was probed with MAb B1, which only
recognizes endogenous phyB (Figure 4C). Based on analysis
of the expression of phyB and 35S promoters (Somers and
Quail, 1995), at least some of the constitutively expressed
AN633 should be present in the same cells as endogenous
phyB. However, no endogenous phyB was detectable in the
174-kD band when analyzed with MAb B1 (Figure 4C, left). In
addition, with neither MAb was a significant reduction of en-
dogenous phyB levels at 317 kD observed in the AN633 lanes
compared with the NO-O lanes, suggesting that the 174-kD
band consists of AN633 homomeric complexes alone.

Figure 4D further supports the conclusion that the 174-kD
band in AN633 plants represents homomeric AN633 com-
plexes. We analyzed NO-O, a phyB null mutant (derived from
phyB-1), AN633, and AN633 in the homozygous phyB-1 back-
ground by native electrophoresis. The 174-kD band was present
at equal levels in the phyB null mutant and NO-O (wild type)
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Figure 3. Levels of phyB and phyB Mutant Derivatives Overexpressed
in Selected Lines.

Shown are immunochemical, spectral, and densitometric determina-
tions of phyB levels in the extracts of all lines chosen (as given in Figure
2). Epitopes recognized by MAb B2 (between amino acids 652 to 712)
and MAb B1 (near amino acids 90 to 103) are indicated with asterisks
above the diagram.
(A) Immunoblot probed with MAb B2.
(B) Immunoblot probed with MAb B1.
(C) Amount of overexpressed phyB or phyB derivative in each line as
determined by spectral (AAA/ng of crude protein) or densitometric (ng
of phyB/ng of crude protein) analysis.
(A) and (B) show crude extracts of 7-day-old Re-grown seedlings that
were subjected to denaturing gel electrophoresis (6.5%) and immu-
noblotting. Sixty micrograms of crude protein was loaded per lane.
The line names (constructs are given in Figure 1) are indicated above
each lane; the untransformed wild-type extract lane is to the left (NO-O).
Molecular mass markers are indicated to the left (in kilodaltons). The
arrow points to full-length phyB (122 kD).

Figure 2. (continued).

Phytochrome levels were measured by AAA analysis ([A] to [F]) and by densitometric analysis of immunoblots ([GJ and [H]). A schematic of
the construct analyzed is shown at top in (A) to (H).
(A) Transgenic phyB seedlings.
(B) Transgenic A652-712 seedlings.
(C) Transgenic AC652 seedlings.
(D) Transgenic AN57 seedlings.
(E) Transgenic AN90 seedlings.
(F) Transgenic AN103 seedlings.
(G) Transgenic C357-S seedlings.
(H) Transgenic AN633 seedlings.
In (A), the hypocotyl lengths of the untransformed wild-type NO-O, the reference phyB overexpressing line ABO, and a series of plants overex-
pressing phyB at different levels as well as one line each of the spectrally inactive AN633 and C357-S transformants are shown. In (B) to (H),
the hypocotyl lengths of the seedlings containing the construct analyzed are compared with those of the untransformed wild-type NO-O, the
reference phyB overexpressing line ABO, and a series of plants overexpressing phyB at different levels. The lines chosen for further analysis
that have similar overexpression levels as found in ABO are marked by an asterisk.
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Figure 4. Nondenaturing Gel Electrophoresis and Immunoblot Anal-
ysis of phyB and Derivative Constructs.
(A) Native molecular mass of phyB derivatives determined on an im-
munoblot probed with MAb B2.
(B) Native molecular mass of phyB derivatives determined on an im-
munoblot probed with MAb B1.
(C) Native molecular mass of AN633 determined on immunoblots
probed with MAb B1 and MAb B2.
(D) Native molecular mass of AN633 in NO-O and in the phyB-1 (null)
backgrounds determined on immunoblots probed with MAb B2.
MAb B2 and MAb B1 are as described in Figure 3. Molecular mass
of nonstained markers is indicated on the left (kD). The arrows point
to full-length phyB (317 kD).
(A) and (B) show nondenaturing gel electrophoresis of the extracts
used for Figure 3. After centrifugation at 400,000g, the extracts used
for Figure 3 were subjected to native gradient gel electrophoresis (4
to 30%), and 80 ng of crude protein was loaded per lane. The order
of lanes is as given in Figure 3. The asterisk at right of AC652 (B)
denotes an upper band that was not apparent in repeat experiments.
In (C), crude extracts were prepared from 7-day-old etiolated seedlings,
and 14 ng of crude protein was loaded per lane. Three lanes of AN633
(lanes 2 to 4) are flanked by two lanes of untransformed NO-O (lanes
1 and 5). Lane 3 is cut in half vertically. The left half of the blot was

backgrounds, indicating that endogenous phyB is not an inte-
gral component of the transgene-encoded high molecular mass
species.

In Figure 5, the spectral properties of all phyB derivatives
were compared with phyB by difference spectrum analysis,
which is a sensitive indicator of the integrity of those parts of
the polypeptide involved in chromophore interaction. No differ-
ence spectra could be observed in NO-O or in the spectrally
inactive C357-S and AN633 lines because the level of endog-
enous phytochromes was too low for detection in Re grown
tissue under these analytic conditions. All other phyB deriva-
tives showed difference spectra that were very similar to that
seen in ABO, indicating that all spectrally active phyB de-
rivatives are spectrally normal. In addition, as for phyA, the
N-terminal domain of phyB is sufficient for spectral integrity.
Due to the small signal in some of the lines, exact determina-
tion of the position of maxima and minima was difficult. The
small N-terminal deletion constructs appeared to show a slightly
blue-shifted minimum, as had been found for similar deletion
constructs of phyA (Cherry et al., 1992; Boylan et al., 1994).

The N Terminus of phyB and a Small Central Region
Are Important for Normal phyB Activity

To analyze more quantitatively the extent of loss of biological
activity, all transgenic lines expressing phyB and phyB deriv-
atives as well as NO-O (wild type) were grown under two fluence
rates of red light (22.0 umol nrr2 sec~1 and 0.1 umol rrr2

sec"1), as shown in Figure 6A. At 22.0 u,mol m~2 sec~1, we
again observed almost full activity of AN57 and partial activ-
ity of AN90, AN103, and A652-712 as compared with ABO and
the untransformed NO-O control, whereas AN633, C357-S,
AC1087, and AC652 were inactive (also shown in Figure 2).
However, at 0.1 umol rrr2 sec~1 of Re, it was apparent that all
three small N-terminal deletion constructs (AN57, AN90, and
AN103) were biologically inactive: hypocotyl length was indis-
tinguishable from that of seedlings of the same line grown in
the dark. Similarly, NO-O, C357-S, AN633, and AC652 showed
hypocotyl lengths indistinguishable from those of the dark con-
trols, whereas ABO and A652-712 were much shorter in 0.1
umol rrr2 sec~1 Re than in darkness.

To provide a more comprehensive quantitative analysis, we
further investigated hypocotyl elongation over a range of Re
fluence rates for all transgenic lines carrying biologically ac-
tive transgenes as well as for ABO and NO-O (Figure 6B). The

probed with MAb B1, which recognizes endogenous phyB under these
staining conditions, whereas the right half was developed with MAb
B2, which recognizes both endogenous phyB and AN633. In (D),
extracts were prepared and loaded as described for (C). Native
gel electrophoresis of extracts derived from NO-O, AN633, the phyB-1
null mutant, and from a line homozygous for both AN633 and the
phyB-1 mutation was performed, and the immunoblot was developed
with MAb B2.
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Figure 5. Difference Spectra of phyB and phyB Mutant Derivatives. 

Extracts concentrated 26- to 36fold with ammonium sulfate were gener- 
ated from 7-day-old transgenic seedlings overexpressing phyB and 
phyB mutant derivatives grown in Rc. Extracts were subjected to differ- 
ence spectrum analysis without adjusting for equal crude protein 
concentration. The names of the constructs are at right. The position 
of the maxima and minima of phyB are indicated by vertical lines at 
665 and 728 nm, respectively. Arrowheads point to the position of the 
blue-shifted minima ín the Unes carrying small N-terminal deletions. 
The bar to the left of each spectrum indicates 10-3 absorbance units. 

N-terminal deletion constructs were almost fully active in high 
fluence rates of Rc when compared with ABO but showed 
markedly decreased activity in lower fluence rates relative to 
ABO. The data suggest that the small N-terminal deletion con- 
structs require higher fluence rates of Rc for activity than does 
phyB, indicating that these molecules are less sensitive to RC 
on a per mole basis but do not reduce maximal possible sig- 
na1 throughput (capacity) at high fluence rate Rc. Surprisingly, 
A652-712, which showed only weak activity at 22.0 Imo1 m-2 
sec-l Rc, exhibited saturation of the response at 0.1 @mo1 m-2 
sec-l Rc. Thus, this deletion appears to not reduce the per 
mole quantum efficiency but to cause a reduction in the maxi- 
mal signal throughput (capacity) of the molecule. All lines had 
hypocotyl lengths similar to that of NO-O in the dark, indicat- 
ing that the phenotypes observed are red-light dependent and 
therefore most likely due to the activity of the transgenes and 
not to random transformation effects. 

Overexpression of phyB, AN633, or AC652 Interferes 
with Endogenous phyA Actlvlty 

When we analyzed the effect of overexpression of phyB and 
the phyB deletion derivatives on hypocotyl elongation in FRc, 
we observed dominant negative interference (Herskowitz, 1987) 
of phyB, AN633, and AC652 with endogenous phyA activity, 
as shown in Figure 7. When compared with the effect of Rc 
on hypocotyl elongation (as in Figure 2), an interesting pic- 
ture emerged. lncreasing phyB levels caused an increasing 
dominant negative interference in FRc compared with NO-O, 
whereas it resulted in increasing inhibition of hypocotyl elon- 
gation compared with NO-O in Rc (Figure 7A). In contrast, 
increasing AC652 levels appeared to cause increasing inter- 
ference when compared with NO-O in both FRc and possibly 
Rc (Figure 78). bN633, however, appeared to interfere spe- 
cifically with hypocotyl elongation in FRc: increasing over- 
expression levels led to strong interference with endogenous 
phyA activity when compared with NO-O, whereas there was 
no effect on hypocotyl elongation in Rc (no interference with 
endogenous phyB), as shown in Figure 7C. Finally, (2357-S 
had no effect on hypocotyl elongation in either Rc or FRc at 
different overexpression levels compared with NO-O (Figure 
7D). AI1 other transgenic lines were indistinguishable from the 
untransformed control (NO-O) in 6.0 wmol m-2 sec-l FRc (data 
not shown). 

One possible explanation for the dominant negative pheno- 
type of phyB, AN633, and AC652 is that overexpression of any 
of these phyB derivatives causes a decrease in levels of en- 
dogenous phyA. However, using a phyA-specific MAb, we 
detected no differences in endogenous phyA levels between 
the transgenic lines and the untransformed control (NO-O), 
as shown in Figure 8A; this result indicates that overexpres- 
sion of phyB and phyB derivatives does not interfere with 
endogenous phyA expression. Another possible reason for 
dominant interference in the case of phyB and AC6.52, which 
are both spectrally active, is that they sequester endogenous 
chromophore away from endogenous phyA. Yet hypocotyl 
length was not reduced in any of the transgenic lines in FRc 
in the presence of the exogenous chromophore precursor 
biliverdin, suggesting that chromophore sequestration may not 
be the basis for the dominant negative phenotype of phyB and 
AC652 (data not shown). However, AAA measurements of dark- 
and Rc-grown seedlings suggested that chromophore may be 
limiting to endogenous phyA in seedlings overexpressing phyB 
and AC652 at very high levels, whereas no evidence of this 
effect was observed for ABO (data not shown). 

To test one possible basis for the strong dominant negative 
effect of AN633, which is spectrally inactive and therefore not 
capable of chromophore sequestration, we assayed for poten- 
tia1 heterodimerization between AN633 and endogenous phyA 
in Figure 88. At least some of the dimerization-competent 
AN633 should be expressed in the same cells as endogenous 
phyA, based on analysis of expression patterns of phyA- 
p-glucuronidase (phyA-GUS) compared with cauliflower 



866 The Plant Cell 

A B 
Rc 22 O pmol m2 s-1 

0 Rc O 1 pmol m-2s-l 
14 

E 
- 10 
5 

12 

- $ 8  

p 2. 

4 

2 
O 

I . . 1 "" ' I  ' ' ""T o1 1 10 1 O0 O 
Rc (Kmol/m*s) 

Figure 6. Differential Hypocotyl Elongation Response of Transgenic Seedlings Expressing phyB and phyB Derivatives as a Function of Fluence 
Rates of Rc. 

(A) Hypocotyl lengths of phyB- and phyB mutant derivative-expressing transgenic lines as well as the untransformed control (NO-O) in Rc and 
darkness. Hypocotyl length was determined for >20 4-day-old seedlings grown in Rc of two different fluence rates (22.0 pno l  m-* sec-l and 
0.1 pmol m-* sec-l) or in the dark. Bars represent mean hypocotyl lengths, and each error bar represents one standard deviation. The broken 
line indicates the mean length of the untransformed wild type (NO-O) growing in Rc at 22 pmol m-* sec-l minus one standard deviation. 
(8) Fluence rate response curves of selected phyB- and phyB derivative-overexpressing seedlings. The transgenic lines (listed in the insert) 
that showed significant reduction of hypocotyl elongation in response to Rc, compared with the untransformed wild type (NO-O) in (A), were 
grown in a range of different Rc fluence sates (0.1 pmol m-* sec-l to 22.0 pmol sec-l). Mean hypocotyl length was determined for >20 4-day- 
old seedlings, and each error bar denotes one standard deviation. 

mosaic virus 35s-GUS fusions (Somers and Quail, 1995). Af- 
ter nondenaturing gel electrophoresis of AN633 and NO-O, 
we probed the right half of the immunoblot with MAb 82, which 
recognizes both AN633 and endogenous phyB, and we probed 
the left half with a phyA-specific MAb. No phyA-reactive band 
was present in the AN633 complex, and no reduction of 
homodimeric phyA levels was observed in the AN633 com- 
pared with the NO-O extracts, indicating that there was no 
detectable heterodimerization between endogenous phyA and 
the overexpressed phyB C-terminal deFivative. Taken together, 
the available data suggest that AN633 may interfere with down- 
stream components of phyA signaling. 

DISCUSSION 

N-Terminal and C-Terminal Domains of phyB 
Are Required Contiguously for Activity 

Neither of the two structural domains of phyB are sufficient 
for biological activity when assayed by overexpression in trans- 
genic Arabidopsis. The N-terminal domain of phyB (AC652) 
does not exhibit normal activity when overexpressed by itself, 
even though it is fully spectrally active. These findings could 

indicate that the N-terminal domain does not fold correctly for 
biological activity. Alternatively, dimerization may be required 
for phyB activity because this phyB derivative is monomeric. 
Lastly, deletion of a proposed signal transducing (regulatory) 
region localized on the C-terminal domain may be responsi- 
ble for loss of activity in AC652 (Quail et al., 1995; Wagner 
and Quail, 1995; Wagner et al., 1996). The latter hypothesis 
predicts that a construct that retains this regulatory region, but 
deletes the remainder of the C-terminal domain (including the 
dimerization sites), should be biologically active. One such con- 
struct was generated for phyA but did not accumulate at high 
enough levels in transgenic plants to test for biological activ- 
ity (Cherry et al., 1993). 

Removal of the ligand binding (receptor) domain from cer- 
tain biological molecules, for example, receptor kinases, results 
in constitutive activity of the signaling domain (Rebay et al., 
1993; Struhl et al., 1993). Thus, separation of the chromophore- 
bearing N-terminal (light-receptor) domain from the putative 
signaling activity of the C-terminal domain of phyB (Wagner 
and Quail, 1995) might yield constitutive activity. However, over- 
expression of the C-terminal domain alone (AN633) did not 
result in constitutive deetiolation, even though the molecule 
dimerized efficiently. lnsufficient folding of the C-terminal do- 
main may be responsible for lack of biological activity. 
Alternatively, additional N-terminal regions may be necessary 
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for constitutive activity of the truncated spectrally inactive
molecule. Lastly, a photoconversion-induced change in the
C-terminal domain may be required for activity.

The N-terminal and C-terminal domains of phyB appear to
be required for biological activity in cis, because plants over-
expressing both AN633 and AC652 domains in trans are
indistinguishable from NO-O (data not shown). Possible rea-
sons for the requirement of the contiguous presence of both
domains include the necessity for signal transfer from the
N-terminal to the C-terminal domain of phyB before signal trans-
fer from the C-terminal domain to the cellular interaction partner
of phyB (Wagner et al., 1996).

N-Terminal Extension of phyB Is Important for Normal
Signaling Rates

The N-terminal extension (amino acids 6 to 57) characteristic
of phyB was found to be necessary for the full activity of phyB
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Figure 7. Hypocotyl Length in FRc as a Function of Overexpression
Levels of phyB and phyB Derivatives.

Hypocotyl lengths of 4-day-old transgenic Arabidopsis seedlings over-
expressing phyB and selected phyB derivatives at different levels were
measured after growth in FRc (6.0 nmol m~2 sec^1). The construct
analyzed is indicated in the insert of each panel.
(A) Transgenic phyB seedlings.
(B) Transgenic AC652 seedlings.
(C) Transgenic AN633 seedlings.
(D) Transgenic C357-S seedlings.
Mean hypocotyl length in FRc is indicated and compared with that
in Re (at 22.0 nmol rrr2 sec~1 as in Figure 2) for each construct. The
untransformed control, NO-O, was included under both conditions.
Hypocotyl length is given as a function of densitometrically determined
transgene amounts (nanograms of phyB per microgram of crude pro-
tein). Each error bar denotes one standard deviation.
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Figure 8. Analysis of phyA Levels and Dimerization.

(A) Immunoblot of endogenous phyA in transgenic lines and NO-O.
Crude extracts of 7-day-old dark-grown seedlings were subjected to
denaturing gel electrophoresis (6.5%), followed by immunoblotting and
development with a phyA-specific MAb. Twelve micrograms of crude
protein was loaded per lane. Molecular mass of phyA is indicated at
left (in kilodaltons).
(B) Nondenaturing gel electrophoresis of wild-type and transgenic seed-
lings overexpressing the AN633 phyB mutant derivative. Crude extracts
(14 |ig of crude protein per lane) of 7-day-old dark-grown seedlings
of AN633 and NO-O lines were subjected to nondenaturing gradient
gel electrophoresis (4 to 30%). After being cut vertically in the central
lane, the left half of the blot was probed with a phyA-specific MAb,
whereas the right half was probed with MAb B2, which recognizes
endogenous phyB as well as AN633. Molecular mass of nonstained
markers is indicated at left (in kilodaltons). The arrow points to full-
length phyB (317 kD).

most evident at low fluence rate Re. These data provide strong
evidence for the functional importance of the phyB/phyD-spe-
cific N-terminal extension. The deletion does not interfere with
phyB dimerization. However, the absorption maximum of the
Pfr form in the far-red region of the spectrum may be altered
slightly. The reduced efficiency of AN57 could thus be due to
reduced efficiency of photoconversion or, alternatively, to a re-
duced signal transduction. Because the N-terminal extension
deleted in AN57 is present in the phyB/phyD-type phyto-
chromes but not in phyA (Clack et al., 1994), it may be important
for maximal efficiency of this group of photoreceptors specifi-
cally. In addition, a deletion derivative of phyA (AN52), which
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is the equivalent of AN90 of phyB, was found to show domi- 
nant negative interference in FRc but not in Rc (Boylan et al., 
1994), indicating the importance of the deleted sequence to 
phyA activity specifically in FRc. Moreover, photosensory spec- 
ificity of phyA and phyB has been mapped to the N-terminal 
domain of both photoreceptors (Wagner et al., 1996). Thus, 
the N-terminal extension of phyB is a good candidate for a re- 
gion required for phyB-specific activity. 

A Small Central Region May Be lmportant for Signal 
Transfer of phyB and phyA 

A small region (amino acids 652 to 712) at the N-terminal end 
of the C-terminal domain was found to be important for maxi- 
mal activity of phyB. The A652-712 polypeptide is spectrally 
intact and therefore most likely unaffected in photosignal per- 
ception and photoconversion. It is also apparently dimeric, 
although some perturbation of dimerization properties or 
aggregation of this protein in the cell cannot be excluded. 
AC617-712 retains high sensitivity to low fluence rate Rc, but 
it shows saturation in high fluence rates of Rc at a response 
leve1 much below that seen in seedlings overexpressing phyB. 
This unique fluence rate response pattern indicates a reduc- 
tion of maximal activity per mole of AC617-712 that cannot be 
compensated for by higher rates of photoexcitation. Thus, this 
construct is most likely affected in a process downstream of 
signal perception and intramolecular processing, such as 
reduction in the maximal capacity for signal transfer to down- 
stream components. Recent point mutational analysis of phyB 
has also identified a small C-terminal domain region adjacent 
to that deleted in A652-712 as being important for phyB regula- 
tory activity (Wagner and Quail, 1995). The 11652-712 construct 
deletes the first of two repeat sequences of unknown function 
recently noted by Jones and Edgerton (1994). Deletions such 
as in A652-712 could impact proper folding of the protein. How- 
ever, A652-712 is almost as active as phyB at low fluence rates 
(high sensitivity to Rc), suggesting that the reduction in activ- 
ity per mole phyB may not be due to gross structural aberration. 

Severa1 lines of evidence indicate that this central region 
is also important for phyA activity. A deletion construct similar 
to A652-712 was generated for transgenic phyA (A617-686; 
Boylan et al., 1994) and resulted in loss of normal transgene- 
encoded phyA activity. Mutational analysis of phyA identified 
a region overlapping with both the region deleted in 8652-712 
and the region identified for phyB (Wagner and Quail, 1995) 
as important for phyA regulatory activity (Quail et al., 1995; 
xu et al., 1995). Lastly, analysis of chimeric phyA-phyB con- 
structs has shown that the phyB C-terminal domain can 
functionally replace the phyA C-terminal domain and vice versa 
(Wagner et al., 1996), indicating that in the context of the full- 
length molecule, the C-terminal domain is functionally equiva- 
lent in both photoreceptors. Taken together, these data strongly 
suggest that the small region at the N-terminal end of the 
C-terminal domain is important for the regulatory activity of 
both phyA and phyB. The data also are consistent with the pos- 

sibility that there is a similar mechanism of downstream signal 
transfer for both photoreceptors. 

phyB Interferes with the Activity of Endogenous phyA 

One unexpected finding was that full-length Arabidopsis phyB 
as well as both halves of the phyB molecule interfere with en- 
dogenous phyA activity in FRc. This dominant negative effect 
(Herskowitz, 1987) is readily observable in low-intensity FRc 
(limiting light signal). 

Photoconversion appears to be important for interference 
by full-length phyB because the spectrally inactive C357-S con- 
struct does not cause a dominant negative phenotype. 
Previously, an ethyl methane sulfonate-mutagenized A60  line 
carrying a mutant transgene-encoded phyB was identified. This 
mutant shows 100-fold greater spectral activity than endoge- 
nous phyB yet does not interfere with phyA activity (Wagner 
and Quail, 1995). The point mutation in this line occurs in the 
proposed C-terminal domain regulatory region and causes 
strong reduction of activity in Rc (Wagner and Quail, 1995). 
The most likely interpretation of these data is that the mutated 
residue in the small (regulatory) region on the C-terminal do- 
main of phyB is not only important for activity in Rc but is also 
necessary for the interference of phyB with phyA activity. It 
cannot be ruled out, however, that at least part of the domi- 
nant negative effect of phyB overexpression is due to 
chromophore sequestration, as discussed for AC652 below. 

Because both AN633 and AC652 interfere with phyA activ- 
ity, the 20 amino acids (633 to 652) common to both constructs 
could be the region involved in dominant negative interference. 
The overlap is adjacent to the deletion found to be important 
in phyB activity (652 to 712). Alternatively, uncoupling of the 
two major domains may result in an activity for each domain 
different from that observed in the context of the full-length 
molecule. Lastly, interference from each construct may be 
caused by a different mechanism. 

Deletion of the signaling portion of receptor molecules of- 
ten leads to dominant negative phenotypes (Rebay et al., 1993). 
Overexpression of phyB (AC652) or phyA (AC617) constructs, 
in which the entire C-terminal domain is deleted, causes a 
dominant negative effect in Rc and FRc (this study; Boylan 
et al., 1994). The dominant negative effect of AC652 is caused 
by neither cosuppression nor formation of nonproductive het- 
erodimers (they are monomeric). We cannot rule out the 
possibility that the dominant negative interference of AC652 
may be due to sequestration of chromophore away from 
endogenous phytochromes, reducing the latter’s activity. Al- 
ternatively, deletion of tbe C-terminal domain might cause 
dominant negative effects by nonproductive interaction of the 
N-terminal domain with a phyAlphyB interaction partner. If so, 
this interpretation would suggest the presence of a regulatory 
element important for phyB and phyA function between amino 
acids 103 and 652 of phyB, as proposed previously (Boylan 
et al., 1994). 
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AN633 causes avery strong dominant negative phenotype 
in FRc. This effect is not due to chromophore sequestration. 
We can also rule out cosuppression of or heterodimerization 
with endogenous phyA. It appears most likely, therefore, that 
AN633 interferes with phyA signal transduction by nonpro- 
ductive interaction with endogenous signaling components, 
possibly via the activity of the proposed regulatory region at 
the N-terminal end of the C-terminal domain common to both 
photoreceptors. This regulatory region may be exposed in the 
AN633 molecule but buried in C357-S, which is also spectrally 
inactive but does not show dominant negative interference. 
Previous data indeed suggest that in the context of the full- 
length molecule, this region is susceptible to proteolysis in the 
Pfr form only (Lagarias and Mercurio, 1985; Grimm e1 al., 1988). 
Thus, phyB and phyA may share signal transduction pathway 
components. 

Because the regulatory region at the N-terminal end of the 
C-terminal domain appears to be important for both phyA and 
phyB signal transduction (this study; Boylan et a\., 1994; 
Wagner and Quail, 1995; Xu et al., 1995; Wagner et al., 1996), 
it is surprising that AN633 causes dominant negative inter- 
ference with phyA but not with phyB activity. The reason for 
this is not understood. The small regulatory region on the 
C-terminal domain of phyB may exhibit a much higher affinity 
for the putative interaction partner than the equivalent phyA 
region, thus drawing the interaction partner away from phyA 
but not from phyB. Alternatively, endogenous phyB may have 
a mechanism for protection against dominant negative inter- 
ference involving this region, like transient binding to the 
putative common reaction partner in Rc (Cherry et al., 1993). 

In sum, we have identified two small regions of phyB that 
are important for efficient signaling rates. One (N-terminal) re- 
gion appears to be important specifically for phyB signal 
perception or transduction. It will be interesting to determine 
whether this region is sufficient to direct phyB specificity in 
the context of a different full-length phytochrome. The second 
(central) region is possibly involved in both phyB and phyA 
signal transduction. Future characterization of these regions 
will no doubt help to identify the phyB and/or phyA interaction 
partners. 

METHODS 

Construction, Cloning, and Transformation of 
Phytochrome B Derivatives 

Eight phytochrome 6 (phyB) deletion and point mutation derivatives 
were generated for overexpression in transgenic Arabidopsis (Figure 
1). First, three subclones of full-length phyB in pBA6 (pBSK+; 
Stratagene) were generated: pBSKl (NdeCSpel), pBSKll (Bglll-Pstl), 
and pBKSlll (Spel-BamHI). Polymerase chain reaction (PCR)-gener- 
ated sequences and cloning sites were confirmed by sequencing. The 
three N-terminal deletions of phyB were constructed by using PCR. 
The 5'end of the forward PCR primer for all three constructs contained 
Ndel and Xbal sites for cloning, followed by noncomplementary codons 

for the first five amino acids of full-length phyB (methionine, valine, 
serine, glycine, and valine) and by seven codons complementary to 
amino acids 58 to 64 for construct AN57, to amino acids 91 to 97 for 
construct AN90, and to amino acids 104 to 110 for construct AN103. 
The PCR products were first subcloned into pBSKl (Ndel-Bglll), fol- 
lowed by fusion of a Clal-Mlul fragment to pMAB316 (Wagner et al., 
1991). AN633 was created by using the same procedure, except that 
the forward primer annealed to codons for amino acids 633 to 639. 
The PCR product was subcloned into pBAB (Xbal-Spel), followed by 
fusion to the remainder of phyB in pMAB316 as a Clal-PpuMI frag- 
ment. The single amino acid change of cysteine 357 to serine was 
created by oligonucleotide mutagenesis (Kunkel, 1985) (TGT was mu- 
tated to TCT at position 1079). 

The interna1 deletion in A652-712 was created after two PCR reac- 
tions. The reverse primer of the first PCR reaction annealed to 
nucleotides 1936 to 1956 and created a Hpal site between nucleotides 
1954 and 1959. This PCR product was digested with Ncol and Hpal. 
The second PCR reaction used a forward primer complementary to 
nucleotides 2136 to 2156, except a silent T-to-C change was introduced 
at position 2138 to create a Hpal site between nucleotides 2133 and 
2138. This PCR product was digested with Hpal and Spel. The two 
PCR fragments were subcloned into pBSKll (NcoCSpel) and moved 
into pMAB316 digested with Mlul and PpuMI. The C-terminal deletion 
of AC1087 was introduced bydigesting pBKSlll with PpuMl and EcoRl 
(which also cuts in the polylinker), followed by ligation with pMAB316 
digested with the same two enzymes. This deletes the C-terminal 88 
amino acids and introduces 11 new amino acids (vector in frame) be- 
fore terminating. AN633 was generated by digestion of the A652-712 
phyB derivative with Mlul and Hpal, followed by subcloning as 
MlulEcoRV into pBAB. A Mlul-EcoRI fragment was then cloned into 
the AC1087 derivative of pMAB316. All constructs retained the same 
5' untranslated leader to cauliflower mosaic virus 35s promoter fu- 
sion as described for phyB (Wagner et al., 1991) and were transformed 
into Arabidopsis ecotype NO-O (Nossen), as described previously 
(Wagner et al.. 1991). 

Plant Growth, Hypocotyl Measurements, and Light Sources 

For hypocotyl measurements, seeds were treated as described by 
Wagner and Quail(1995). Seedling growth (hypocotyl elongation) was 
performed in different light regimes (continuous red and far-red light 
[Rc and FRc], continuous white light, and dark) for 3 days. For hypocotyl- 
length determination, seedlings were laid flat on agar plates and pho- 
tographed. The resulting slides were projected onto a digitizing tablet, 
traced, and measured using National lnstitutes of Health image soft- 
ware (public domain; Bethesda, MD). The light sources and photometer 
used were described previously (Wagner et al., 1991). For lower fluence 
rates, neutra1 density filters were constructed from white paper and 
developed using XOMAT autoradiograph film (Kodak, Rochester, NY). 

Tissue Extraction and Spectral Analysis 

For tissue extraction, seedlings were grown as described above ex- 
cept that growth in the different light regimes was allowed for 6 days 
to maximize tissue yield. Crude extracts for denaturing and nondena- 
turing electrophoresis as well as concentrated extracts for spectral 
analyses were prepared essentially as previously described by Wagner 
and Quail (1995). However, the tissue for concentrated extracts was 
ground in liquid nitrogen and rapidly resuspended in extraction buffer, 
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which significantly increased the yield per gram fresh weight. The in- 
strumentation used for spectral analysis was described by Wagner 
et al. (1991). 
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Denaturing and Nondenaturing Electrophoresis, 
Immunoblotting, and Antibodies 

Denaturing electrophoresis was performed as described previously 
by Wagner et al. (1991). For the nondenaturing 4 to 30% gradient elec- 
trophoresis, the resolving gel consisted of 4% acrylamide, 59 mM Tris, 
pH 8.0, and 30% acrylamide. The stacking gel consisted of 4% acryl- 
amide and 79 mM Tris, pH 8.0. The running buffer used was 250 mM 
Tris and 1.9 M glycine, pH 8.6. The sample buffer contained 40% su- 
crose and 100 mM Tris, pH 8.0, and 0.005% bromophenol blue. The 
gel was run to equilibrium (>I6 hr at 150 V) at 4OC. Transfer of both 
gel types was performed for 2 hr at 700 mA in 20% methanol, 150 
mM glycine, and 25 mM Tris, pH 8.6. The antibody-staining procedure 
was described by Wagner et al. (1991). Epitopes of the phyB-selective 
monoclonal antibodies (MAbs) raised against rice (Wagner et al., 1991) 
and Arabidopsis (Somers et al., 1991) phyB were first mapped to the 
N-terminal or C-terminal domain of phyB, using crude extracts of seed- 
lings overexpressing AC652 and AN633, respectively. MAb B1 recognized 
the N-terminal domain of phyB. It also recognized the AN90 deletion 
construct but reacted only weakly with AN103, indicating that it recog- 
nizes an epitope near amino acids 90 and 103. MAb 82, by contrast, 
recognized the C-terminal domain yet failed to recognize the A652- 
712 construct. Therefore, it recognizes an epitope between amino acids 
652 and 712 of phyB. The phyA-specific MAb, which reacts with en- 
dogenous Arabidopsis phyA, was described by Boylan and Quail(1991). 

Densitometric and Spectrophotometric Quantification of phyB 

For densitometric quantitation of the phyB overexpression levels, crude 
extracts were prepared from phyB, C357-S, AN633, AC652, ABO, and 
NO-O. All extracts were then diluted to approximately the same con- 
centration of overexpressed protein. Three seria1 twofold dilutions of 
ABO were loaded, followed by the same three dilutions of extracts from 
five different transgenic lines, and a repeat of two ABO concentrations 
was loaded on each gel. Each immunoblot was stained and analyzed 
individually, and protein concentrations were calculated by using ABO 
as a reference. After video imaging, the intensity of each band was 
analyzed using National lnstitutes of Health image software. Spectral 
quantitation (AAA measurements) was performed by using 10-fold con- 
centrated extracts as described above. 
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