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ABSTRACT. Phytochromes are ubiquitous red/far-red wavelength-sensitive photoreceptors in plants. Oat
phytochrome A is a phosphoprotein. Phytochrome A (phyA) possesses two spatially different sites for
phosphorylation with cAMP-dependent protein kinase (PKA) [McMichael & Lagarias (1B@@hemistry

29, 3872-3878]. To assess the modulation of protein conformation by phosphorylation/dephosphorylation
and its possible implication in phytochrome-mediated signal transduction, the conformations of phytochrome
have been probed by PKA catalyzed phosphorylation. The phosphorylated species were purified and
analyzed, along with untreated phytochrome, by limited proteolysis, circular dichroism (CD) and
fluorescence quenching measurements. No significant changes in secondary structure of the phyA molecule
after its phosphorylation were observed by CD. However, a subtle topographic and/or electrostatic effect
of the phytochrome phosphorylation was detected by the time-resolved fluorescence quenching of Trp
residues with Csions. N-Terminal phosphorylation at $gwas unique to the Pr form, but both Pr and

Pfr phytochromes were phosphorylated at the hinge region to some extent. Phosphorylation at the hinge
region resulted in noticeable changes in the proteolytic patterns, inhibiting cleavage near the phosphorylation
site and favoring tryptic digestion of the LgsgAsnss7 peptide bond. Phosphorylation at the N-terminus

did not cause observable changes in the helical structure of this region, but had an inhibitory effect on
proteinase V8 accessibility at a site near the chromophore attachment. The functional relevance of protein
phosphorylation of phyA is also discussed.

Phytochromes (phyA, B, C, D, and E; Hershey et al., 1985) Phytochromes are cytosolic proteins. It is possible that
are homodimeric photochromic proteins that serve as a lightan initial event in the phytochrome-mediated signaling
switch in regulating a great number of biochemical processesinvolves a post-translational modification of the photo-
at various stages of plant development (Pratt, 1982; Quail, receptor itself. Protein phosphorylation can promote con-
1991, Furuya, 1993; Quail et al., 1995). The early molecular formational changes in the proximity of/or at sites distant
steps which follow the phototransformation of the red light from the phosphoamino acid. These changes serve regula-
absorbing form (P)to the far-red light absorbing form (Pfr)  tory roles for enzyme activity and/or protein recognition.
are still undetermined. The possible involvement of phos- Gene transcription and translation, hormonal response,
phorylation in the light signal transduction mediated by membrane transport, cell growth and division, and light
phytochrome has been implicated (Park & Song, 1990; harvesting are all intracellular processes controlled by
Romero et al., 1991a,b; Sommer and Song, personal com-phosphorylation (for review, see Johnson & Barford, 1993).
munication). Protein kinase activity has been found to be No direct connection between phytochrome phosphorylation
part of/or associated with purified phytochrome (Wong et and signal transduction has been shown, but this receptor
al., 1986; Grimm et al., 1989; Kim et al., 1989; Biermann |evel post-translational modification may have far-reaching
etal.,, 1994). Phytochrome, itself, is a phosphoprotein (Quail effects on signal transduction.
e';]al., hl97é|3, H(;mtt)& Pratt, 1?80)' Phytocl?rome Als arllso Studies on rhodopsin kinase (Wilden & Kuhn, 1982),
e, O Ao sl SeTege recepor inaso (Beraw et al, 1909, an
kinase ar?d C?at—ac?ivated phospﬁolipid-depsndent pr%tein p-adrenergic receptor kina_seg(Benovic etal, 1991) suggest
kinase’(Wong et al., 1986: McMichael & Lagarias, 1990) that receptor phosphorylation is a general mechanistic motif

N k ' " in G-protein coupled signal transduction. Mitchell et al.

(1992) demonstrated that phosphorylation of rhodopsin did
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dodecyl sulfate; ECL, enhanced chemiluminescence; PMSF, phenyl- ; ; ;
methanesulfonyl fluoride; EDTA, ethylenediaminetetraacetic acid; BSA, In the present study, we describe a detailed comparative

bovine serum albumin; TCA, trichloroacetic acid; Mab, monoclonal analysis of phosphorylated (as Pr and Pfr) phytochrome and
antibodies. the untreated chromoprotein. The objective is to determine
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if phosphorylation of Ser-17 and Ser-598 in phytochrome A exception, that calcium tartrate gel was used instead of
causes detectable protein reorganization, thus further impli- hydroxyapatite. Kinase A had a specific activity of 600 nhmol
cating phosphorylation as a regulatory mechanism in the light of phosphate incorporated into histone Type IIA riifmg
signaling pathway. Some phosphorylation events result in of protein)* at 30°C under standard conditions (Roskoski,
only steric blocking of binding sites or have no known 1983) as determined with Pierce phosphocellulose units. The
function and are called “silent” phosphorylations. However, stock solution, 0.8 mg/mL in 50 mM Tris-HCI buffer, pH
lack of phosphorylation induced conformational changes 7.2, containing 0.1 mM EDTA and 5 mM 2-mercaptoethanol,
would not rule out a regulatory role, where the negatively was diluted to the desired concentration with 20 mM Tris-
charged phosphate group inhibits ligand or protein interaction HCI buffer, containing 0.1 mM EDTA and 1 mg/mL bovine
by simply blocking the contact site sterically and/or elec- serum albumin, and 1@L of the solution was used for

trostatically (Johnson & Barford, 1993). radioactive phosphorylation measurements. For limited
proteolysis experiments, the kinase A stock solution was

MATERIALS AND METHODS diluted 10 times with 20 mM Tris-HCI buffer, pH 7.4, before
use.

Reagents and AntibodiesAcrylamide, bis(acrylamide),
SDS, and other chemicals for gel electrophoresis were
obtained from Bio-Rad Laboratories (Richmond, CA). High
range marker protein standards were obtained from Bio-Rad
and low molecular weight standards from Pharmacia (Alame-
da, CA). Trypsin and proteinase froBtaphylococcus aureus
V8 were from Sigma Chemical Co. (St. Louis, MO), and

ToyoPearl HW-65S was purchased from ToyoHaas (Mont- Preparation of Dephosphorylated Phytochromhyto-

gomeryville, PA). Site-specific phytochrome monoclonal . i
antibodies (Oat-22, Oat-25, and Pea-25) were the generous?hrome solution [1.5 mL. (1.5mg); 0.4 mol of phosphate/

gift of Prof. L. H. Pratt. Horseradish peroxidase anti-mouse mol] was _mcub_ated as Pr at room temp_erature with.g0
IgG conjugate was obtained from Promega (Madison, WI) of prostatic acid phosphatase for 45 min and then for an
Monoclonal anti-phosphotyrosine antibodies (clone IG2, 200 addlt!onal 45 min as 'Pfr. Dephosphorylated phytochrome
ug/mL), enhanced chemiluminescence (ECL) reagents kit was isolated by passing the reaction mixture through a 0.7
and Hyperfilm-ECL were from Amersham (Arlington Hills, gu?ffrcmHC;g igg{:&l%eqlu#?\;aée:gﬁt%ﬁ) '\T MCT”;;SCI
IL). Phosphocellulose units for radioactive kinase assays ., m,Mp MnCI; The ungound hvtochrome f?aciiyon was
were obtained from Pierce (Rockford, IL)32P]JATP (3000 désalted on Bib-GeI P_6 in 20 mpMXI'ris-HCI buffer. oH 7.5
Ci/mmol) as the tetrakis(triethylammonium) salt in 10 mM P70

Tricine was purchased from NEN Research Products (Boston,TEgr SIZ?(fn CvSirt]r? 'gﬁirﬁerehgfeﬁaggepgﬁtgﬁzgﬂnﬂﬁndg? ?r? es i
MA). Con A Sepharose was obtained from Pharmacia phory phosp

Biotech. Calcium tartrate gel was prepared as described bydephosphorylated protein. Prior to use, alkaline phosphatase

- (Sigma Chemical Co.) was passed through a concanavalin
Ahkr_em and Dro_zhdenyuk (1.989)' All other chemicals were A column and the fraction eluted with 100 mM methyl
obtained from Sigma Chemical Co. . .
. . D-glycopyranoside (approx. yield 20%) was used for de-
Phytochrome PreparationdNative 124-kDa phytochrome

e : . phosphorylation.
was purified from 3.5-day-old etiolated oat seedlingsena Radioactie Phytochrome Phosphorylation Assayhe
sativa L.) in the Pfr form as described recently (Lapko &

. ; A phosphorylation mixture was comprised of 1 mg/mL phy-
Song, 1995), using two ammonium sulfate precipitation steps ;ochrome (Pr or Pfr) in 20 mM Tris-HCI buffer, pH 7.5,

followed by ammonium sulfate back-extraction (ASBE) and containing 0.2 mM EDTA, 2 mM MgG| 1 mM 2-mercap-
gel filtration on Toyopearl HW-65. Specific absorbance ratio toethanol, and 15QM [35P]ATP (400 cpm/pmol). The
(Aese/Azso) OF phytochrome preparations was 1-0D04. reaction was initiated by adding %€ of kinase solution

A modification to our method was used to determine if (gjjuted with 0.1% BSA to ensure the desired enzyme:
phosphate content varies in different phytochrome prepara-phytochrome ratio) and performed at 30. At different
tions. Phytochrome with a SAR 1.03 was prepared using  time points, 1QuL of reaction mixture was added to 20
the following procedure. All initial steps including am-  of 25 mM EDTA in 20 mM Tris buffer, pH 7.5, and 28
moniurr_l sulfate precipitations were performed under green of the guenched mixture was used for determinatiord?f]|
safety light with phytochrome as Pr, and then ASBE was incorporation using Pierce phosphocellulose separation units
performed with Pfr as indicated earlier. for radioactive kinase assay according to the manufacturer's

A phytochrome preparation isolated as Pr (SARD.74) recommendation.
was used to compare the autoradiographic data of tryptic |solation of Phosphorylated Phytochrome Speci€hirty-
digest for phytochrome purified as Pr with those for six microliters of kinase A (0.8 mg/mL) was added to 3 mL
phytochrome purified as Pfr. Isolation of phytochrome in of native phytochrome in the Pr or the Pfr form (0.9 mg/
Pr form was performed essentially as described previously mL, phosphate content 0.4 mol/mol) in 20 mM Tris-HCI
(Lapko, 1989) using two step chromatography on calcium buffer, containing 2 mM MgG| 0.2 mM EDTA, 1 mM
tartrate gel, and DEAE-Toyopearl followed by gel filtration  2-mercaptoethanol, and 1%M ATP. After 1 h at 30°C,
chromatography on Toyo-Pearl HW-65. All steps were the reaction mixture was quenched by addition of 330
performed under green safety light. of 150 mM EDTA in 20 mM Tris-HCI buffer (pH 7.5) and

Protein Kinase A Preparation.The catalytic subunit of  passed through a Bio-Gel P-6 column (2:6 8 cm)
cAMP-dependent protein kinase (kinase A) was isolated from equilibrated with 20 mM Tris-HCI buffer, pH 7.5, containing
bovine heart according to Fletcher et al. (1986) with one 0.2 mM EDTA (buffer A) to remove most of the ATP which

Prostatic acid phosphatasevas purified from human
prostatic adenoma tissue using concanavalin A chromatog-
raphy and affinity chromatography antartrate sepharose
essentially as described by Van Etten et al. (1978). Activity
of prostatic acid phosphatase was »0mg measured with
p-nitrophenyl phosphate as the substrate at pH 5.0 or 250
uJ/mg in 20 mM Tris-HCI buffer, pH 7.5 (25C).
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interferes with reliable further separation. The phytochrome Phosphate DeterminationPhytochrome solution (360
fraction was applied to a calcium tartrate gel column (.7 400 uL; 2.5-3.0 nmol) was precipitated with an equal
3.5 cm) equilibrated with buffer A. The column was washed volume of 20% TCA at OC. After centrifugation (5 min,
with 10 mL of buffer A, and the phytochrome was eluted 500@), 40 uL of 10% magnesium nitrate in ethanol was
with 60 mM phosphate buffer, pH 7.8, containing 0.2 mM added to the precipitate. Ashing of the sample and the
EDTA. The phytochrome fraction was passed through a Bio- subsequent phosphate determination were performed as
Gel P-6 column (1.5¢< 12 cm) equilibrated with buffer A.  described by Buss and Stull (1983). For determination of
The collected phytochrome fractions were concentrated if acid labile phosphate, phytochrome precipitated with TCA
necessary using Centriprep-30 concentrator (Amicon) andwas incubated with 30@L of 10% TCA for 25 min (90
stored at—70 °C in small aliquots. °C), chilled, centrifuged, and treated as indicated earlier. For
Phytochrome Phosphorylation witif?P]JATP for Auto- phosphate analysis of dephosphorylated phytochrome, 0.5
radiography. To 190 uL of phytochrome as Pr or Pfr 0.7 mg of the chromoprotein was used.
solution (1.5 mg/mL) in 20 mM Tris-HCI buffer, containing Protein Assays.Phytochrome concentrations were calcu-
0.3 mM EDTA (pH 7.5), were added 32 of 20 mM MgCl, lated using a molar extinction coefficient at 668 nm of 1.32
(in 100 mM Tris-HCI buffer, containing 10 mM 2-mercap- x 10° M~! cm™! (Lagarias et al., 1987). All other protein
toethanol, pH 7.5) and 4iL of kinase A solution (diluted concentrations were determined according to Bradford (1976)
10 times). The reaction was initiated by addition of 48 with bovine serum albumin as a standard.

of 1000uM [32P]JATP (300 cpm/pmol) in 20 mM Tris-HCI SDS-PAGE. SDS-PAGE was performed according to
buffer, pH 7.5. After incubation for 1 h at 3, the reaction =~ the method of Laemmli (1970) employing 8% or 10%
was terminated by addition of 3@ of 150 mM EDTA in acrylamide. The protein bands were visualized with Coo-

20 mM Tris-HCI buffer, pH 7.5, and half of each reaction massie Brilliant Blue R-250 or silver stained using the
mixture was used for digestion in the form treated with PKA. method of Blum et al. (1987).
The other half of each sample was converted to the other Immunoblotting. Protein bands after SDSPAGE were
photoisomer by saturating red or far-red light before diges- transferred to nitrocellulose membrane at 250 V for 1 h. The
tion. Since proteolytic patterns (with trypsin and proteinase membrane was incubated for 1 h at room temperature in 5%
V8) for purified phosphorylated phytochrome (ATP, kinase skim milk in PBS, containing 0.1% Tween-20 (PBS-T), and
A, and EDTA were removed) were indistinguishable from then washed 4 10 min with PBS-T. The membrane was
those obtained for corresponding preparations directly di- probed with a monoclonal phytochrome antibody (incubation
gested in quenched reaction mixturéP]-labeled phyto- for 45 min) and washed # 10 min with PBS-T, and peptide
chrome forms were used for digestion without repurification bands, after incubation with anti-mouse horseradish per-
from the reaction mixture. oxidase labeled secondary antibodies (45 min, 1:10 000
Limited Proteolysis.Phytochrome preparations (Pr phos- dilution) followed by 3x 7 min washing steps with PBS-T,
phorylated, Pfr phosphorylated, and untreated phytochrome,were visualized by ECL. The membrane was then stripped
each in the Pr or Pfr form), 0.8 mg/mL, in 20 mM Tris-HCI by incubation in 50 mM Tris-HCI buffer, pH 6.7, containing
buffer containing 0.5 mM EDTA (pH 7.5) were used for 100 mM 2-mercaptoethanol and 2% SDS, for 30 min at 50
tryptic digestion at 0C. The trypsin:phytochrome ratio was °C and reprobed with other primary antibodies.
1:2000 (w/w). Trypsin (2.5 mg) was dissolved in 2.5 mL  The following primary monoclonal antibodies (Pratt et al.,
of cold H,O (pH 4.5, adjusted with HCI), placed in 1988) were generously supplied by Dr. Lee Pratt and used
microcentrifuge tubes (58g/tube), lyophilized, and stored  for assignment of fragments: Pea-25 monoclonal antibodies,
at—70°C. Just before use, the trypsin was dissolved in 20 specific for the C-terminal part of phytochrome at a 1:2000
mM Tris-HCI buffer (pH 7.5) to the desired concentration, dilution; Oat-25 monoclonal antibodies specific to the
and 10uL of the resulting solution was added to each N-terminus of oat phytochrome (dilution 1:7500); and Oat-
phytochrome preparation. For every set of tryptic digests, 22 monoclonal antibodies specific to the chromophore region
a new portion of lyophilized enzyme was used. At different of oat phytochrome at a 1:7500 dilution.
time points 2QuL of the reaction mixture was taken out and Phosphotyrosine DeterminationPhytochrome prepara-
quenched with PMSF (final concentration 2 mM). After 10 tions along with phosphotyrosine containing standards (phos-
min, the quenched solution was diluted with@50f SDS— photyrosine-BSA conjugate diluted with non-modified pro-
PAGE sample buffer, boiled for 2 min, and stored-at0 tein) after gel electrophoresis were transferred to nitrocellulose
°C. Phytochrome digestion with proteinase V8 at an enzyme: membrane. The membrane was probed with phosphotyro-
phytochrome ratio 1:40 (w/w) was performed at the same sine monoclonal antibody (dilution 1:250), and band detec-

conditions described for tryptic digest. tion was performed according to the ECL protocol as
Preparation of PhosphotyrosireBovine Serum Albumin  described earlier.
Conjugate. Thirty milligrams of 1-ethyl-3-(3-(dimethyl- Autoradiography. The Coomassie stained gels were

amino)propyl)carbodiimide (EDAC) was added%310 mg wrapped with Saran Wrap and used to expose Kodak X-Omat
in 15 min) to 10 mL of water containing 2.5 mg of bovine AR film for 24 h at room temperature. For radiolabel
serum albumin and 0.5 mg of phosphotyrosine (pH 6.0). quantitation of limited proteolysis fragments, protein bands
After 45 min at room temperature, 500 mg of glycine was after SDS-PAGE and transfer to nitrocellulose membrane
added to the reaction mixture, and it was concentrated towere excised from the dried membrane, placed into vials
1.5 mL using a Centriprep-30 concentrator (Amicon) and with 7.5 mL of scintillation cocktail, and measured on a
desalted on a Bio-Gel P-6 column (2510 cm) in 20 mM Packard 1900 TRI-CARB liquid scintillation analyzer.
Tris-HCI buffer (pH 7.6). The phosphotyrosine content of ~ Amino Acid Sequence Analysi$he 4 h Pr tryptic digest
the conjugate, 0.42 mol/mol of BSA, was determined by was subjected to 8% SDFAGE and transferred to a PVDF
phosphate analysis after ashing. membrane in 10 mM 3-(cyclohexylamino)-1-propanesulfonic
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acid buffer, pH 11, with 10% methanol. The membrane was phosphate content, which was within the experimental error
rinsed in water (3 times, 5 min each), and the bands were of the measurements. A BS#phosphotyrosine conjugate
identified by staining with Coomassie Brilliant Blue R-250. was prepared (0.42 mol of phosphotyrosine residue/mol of
After washing with several changes of 50% methanol/10% BSA) to examine the presence of phosphotyrosine in the
acetic acid, a 63 kDa band was excised. The N-terminal phytochrome samples. Using this positive standard, we
amino acid sequence was determined by the University of detected by ECL analysis BS#phosphotyrosine in a
Nebraska Medical Center Protein Structure Core Facility. mixture containing 99% BSA and 1% BS#Avhosphotyrosine
Circular Dichroism MeasurementsA JASCO-J600 spec- ~ conjugate. Furthermore, in a similar manner it was found
tropolarimeter was used to record all CD spectra. The samethat untreated phytochrome preparations contained no detect-
sample was used for each Pr/Pfr combination, with photo- able phosphotyrosine, less than 0.005 mol/mol of monomer.
conversion being performed in the sample compartment. Most likely, the phosphate is bound to the protein moiety
Phytochrome concentrations from 0.17 to 0.19 mg/mL in by an ester bond with a serine residue.
20 mM Tris, pH 7.8, containing 0.5 mM EDTA, and a 2  Although no significant amount of acyl phosphate, phos-
mm pathlength were used. Data were collected at 0.2 nmphoimidate, or phosphotyrosine could be detected, it was
intervals from 200 to 250 nm. The apparenrhelix, 3-sheet, ~ found that the phosphate pool in untreated phytochrome was
B-turn, and random coil were estimated by the method of heterogeneous. Prostatic acid phosphatase in Tris-HCI
Chang et al. (1978) and Yang et al. (1986). This method buffer, pH 7.6 (under these conditions it has approximately
was chosen because the solvent conditions limited the lower45% of the enzymatic activity found at pH optimal condi-
wavelength limit to 200 nm. The variable selection method tions, pH 5), removed less than half of the phosphate (initial
(Manavalan & Johnson, 1987) is recommended only for data Phosphate content was 0.40 mol/mol of monomer, phosphate
that go to at least 190 nm, with 184 nm being the preferred content of acid phosphatase-treated phytochrome was 0.25).
lower wavelength limit. Deforce et al. (1994) showed that Alkaline phosphatase was more effective for phytochrome
secondary structure predictions made for phytochrome usingdephosphorylation; phosphate content of phytochrome after
the method of Yang et al. (1986) correlate well with results incubation with alkaline phosphatase (30 min at room
obtained using both the method of Manavalan and Johnsontemperature as Pr and 30 min as Pfr) was below 0.03 mol/
(1987) and convex constraint analysis as described by Perczemol of phytochrome.
et al. (1992). Truncation of the spectra at 200 nm resulted Preparation of Phosphorylated Phytochrom@adioactive

in deviations from the magnitude of each component from kinase assays showed that 0.90 and 0.65 mol of phosphate
that previously reported. were incorporated into the Pr and Pfr forms after 1 h of

Fluorescence Quenching Measuremensyptophan fluo- phosphorylation ata PKA:phytochrom'e ratio of 1:75. Es-
rescence data were obtained by time-correlated single photorsentially the same values were obtained upon phosphate
counting (O’Connor & Phillips, 1984) performed on an analyses of treated phytochromes obtained under the same
Edinburgh 299T fluorescence decay time spectrometer. Thereaction conditions usi_ng nonradioactive ATP (0.92 and 0.68
292 nm excitation wavelength was produced by passing theMol/mol of monomer incorporated for Pr and Pfr, respec-
light generated by a Hfilled spark lamp through mono- tively). Phytochrome pretreated with alkaline phosphatase
chromators based on the EI-121 series. The emission(Prand Pfr) showed essentially the sarf#e] incorporation
wavelength, 350 nm, was selected in a similar fashion. A after 1 h of incubation with PKA as did the Pr and Pfr forms
full-width at half-maximum of 1.0& 0.1 ns was maintained ~ ©f untreated phyA. _ _ _
for all instrument profiles. Data analysis was accomplished = An increase in the enzyme:substrate ratio resulted in
using the Edinburgh FLA-900 fluorescence lifetime analysis increased phosphorylation of both forms of untreated phy-
package. Aliquots of a 5 M CsCl stock solution were added tochrome and at an enzyme:substrate ratio of 1:20 Pr was

to phytochrome preparations of 6:0.4 A phosphorylated up to 1.5 mol/mol of monomer, whereas 1.1
mol of phosphate incorporation was obtained for Pfr. Further
RESULTS increases of the enzyme:phytochrome ratio did not show a

significant increase in phosphorylation. However, up to 1.8

Phosphate Analysis of Untreated Phytochrorfiosphate  mol of phosphate/mol of monomer could be incorporated
determination for oat phytochrome isolated as Pfr gave valuesinto phytochrome when phytochrome phosphorylated as Pr
ranging from 0.35 to 0.50 mol of phosphate/mol of monomer, for 45 min (enzyme:phytochrome ratio 1:20) was converted
with a sensitivity of 50 pmol of phosphate. The phosphate to Pfr by red light illumination and phosphorylated for an
content of untreated phytochrome preparations was influ- gdditional 45 min with fresh PKA.
enced to some extent by purification procedure. When initial  Phytochrome samples phosphorylated as Pr with 0.92 mol
purification steps (up to ASBE procedure which implies of phosphate incorporated per mole of monomer, and as Pfr
purification of phytochrome as Pfr) were performed with (0.68 mol/mol of monomer), were used in the present study.
phytochrome as Pr, phosphate content of untreated preparaThe phosphorylation conditions resulted in no detectable
tions was approximately 40% lower than that for preparations denaturation or degradation. All phosphorylated species
purified as Pfr. were repurified from the reaction mixtures and analyzed by

The exact nature of the phosphate linkage in untreatedabsorbance spectroscopy (photoreversibility conserved), SDS
phytochrome is not known. In an attempt to identify the electrophoresis, and CD measurements. Furthermore, no
phosphoamino acid present in untreated phytochrome, bothdark reversion of Pfr after 1 h of phosphorylation (PKA:
acid hydrolysis and monoclonal antibodies were used. phytochrome ratio 1:75) was observed.
Treatment of a 0.45 mol of phosphate/mol of phytochrome  Our data on proteolytic digestion of untreated phytochrome
sample with 10 mM TCA at 90C to remove acyl phosphate as compared to those for phytochrome phosphorylated as Pr
and phosphoimidate resulted in only aB% decrease in  and as Pfr displayed some differences, but Pr phosphorylated
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Ficure 1: Comparative analysis of tryptic digest of phosphorylated
and untreated phyA and confirmation of PKA phosphorylation sites. . - -
Phytochrome species were separated using 8%-SDE and FiGURE 2: Immunoblot analysis of limited tryptic digest. Phyto-
then silver stained. (a) Undigested phytochrome, (b) 4 h digest, (c) chrome species were digested with for 4 h (a, b, and c) and 20 h
20 h digest. Lane labels are defined as follows: A, B, and C (d, e, and f). After separation by SB®AGE, peptides were ,
represent Pr phosphorylated, untreated, and Pfr phosphorylatedra“SferrEd to nitrocellulose membrane and blotted with phyA Mab’s
phyA, respectively; 1 and 2 denote digested as Pr and digested ad©at-22 Mab, a and d; Oat-25 Mab, b and ; Pea-25 Mab, c and f)
Pfr, respectively. (d) Autoradiogram of 4 h (lanes@® and 20 h and then visualized by ECL. Lane labels are defined in Figure 1
(lanes 7-10) tryptic digests. Undigested Pr and Pfr phosphorylated With the exception of lane B, which is undigested untreated phyA
phytochrome, lanes 1 and 2; Pr phosphorylated phytochrome Used as a positive control for the Mab’s.

digested as Pr, lanes 3 and 7; Pfr phosphorylated phytochrome

digested as Pr, lanes 4 and 8; Pr phosphorylated phytochrome +———-——113kDa <
digested as Pfr, lanes 5 and 9; Pfr Bhosghorglated Sh))/ltochrome 4—591(%’;([)0 —,sf_kgngo —
digested as Pfr, lanes 6 and 10. «—— 66 kDO ——»

L. . 63 kD ——
and Pfr phosphorylated produced very similar proteolytic «——8kba—> o, . o &
patterns. Autoradiography of the tryptic Pr digests (Figure e o bl &
1d, lanes 3 and 4) for both phosphorylated species after 4 h | ( ( ( (
of hydrolysis showed four distinct radiolabeled peptides at S, (SN
113, 76, 63, and 55 kDa. Immunoblotting with N-terminal | k k k—Sm
specific Oat-25 Mab revealed that these peptides did not Sﬂg‘ © ey
contain the intact N-terminus (Figure 1b, lanes 1A and 1C; «— 40kDa —> i
Figure 2b, lanes 1A and 1C, no positive band). The first «+—58/60 kDa——
three peptides were chromophore containing fragments +«—61/63 kba—>

: +— 66 kD ——

[shown by Zi#* fluorescence (data not shown) and immu- «— 9KDQ ———>

noblotting with Oat-22 Mab (Figure 2a, lanes 1A and 1C)]. . - - .
The 76-kDa fragment was likely a result of a cleavage at :::IGURE 3: Schematic diagram of the limited proteolytic fragments
) X rom phyA. The bar in the middle represents the intact protein.

the LysszAlazss peptide bond. Sequence analysis of the 63- The PKA phosphorylation sites, Sermnd Sefgs, as well as the
kDa fragment (Ser-Glu-Lys-Val-lle and Val-lle-Ala-Tyr-Leu)  chromophore attachment site, Gys are shown. The additional
showed this fragment is a result of cleavage at the N-terminal ;ehscisvuneSFar%ii]tgrSugfgégt\‘/ﬂg?ﬁg igﬁfrgfgg l’Cg.?:SﬁPoor:ddti% g;?igsri,tvigﬁs
trypsin-sensitive sites of Pr at AyggSek, and Lyss-Vales . 3
and hydrolysis of the ArgsLeus,4 peptide bond (determined trypsin, and those below are from proteinase V8.
from the molecular mass of this peptide). The 55-kDa of the tryptic digest clearly showed that there are no other
fragment was recognized by Pea-25 Mab (Figure 2c, lanessites of PKA phosphorylation in the phytochrome molecule
1A and 1C) and represents the C-terminal part of phyto- apart from N-terminus and the hinge region. A 59-kDa
chrome. Phytochrome fragments are schematically showntryptic chromophore containing domain which was a main
in Figure 3. component of the 20 h digestion mixture (see Figure 1c, lanes

Pfr digests of phosphorylated phytochromes produced 1A—2C) did not contain the®P]-label, but the 63-kDa
more complicated autoradiographic patterns and showedfragment was labeled heavily. A 38.5-kDa C-terminal
several additional labeled fragments with the intact N- fragment (recognized by Pea-25 Mab, Figure 2c), which was
terminus (recognized by Oat-25 Mab, Figure 2b, lanes 2A formed easily at the initial stage of digestion and is from
and 2C) along with the previously mentioned peptides. cleavage at Lyg>Alasss, did not contain the3fP]-label, but
Comparison of autoradiographic and immunoblot patterns the 55-kDa C-terminal fragment which includes the hinge



6590 Biochemistry, Vol. 35, No. 21, 1996 Lapko et al.

region was strongly labeled. So, labeling of the 113-, 76-, (a)

63-, and 55-kDa fragments was a result of phosphorylation M1A1B 1C2A 2B2C M
at the hinge region, and as an indication of phytochrome 124kD —

phosphorylation at the N-terminus, a labeled 66-kDa frag- KD > —

ment with the intact N-terminus was observed (Figure 1d, et —
= =

lanes 5 and 6). The PKA phosporylation sites and protease
fragmentation were in good agreement with previous reports 30 > g |
(McMichael & Lagarias, 1990; Wong et al., 1986; Grimm g - -

et al., 1986, 1988).

It appears that Pr was also phosphorylated at the hinge F0KD > e e e S
region, resulting in similar proteolytic data for Pr and Pfr ——
phosphprylateq phytochromes. In order to more conclusively (b) B 1A1B1C2A2B2C
determine which of the two phytochrome forms was phos-
phorylated at the hinge region to a greater extent, equal 124kD —> ==

amounts of Pr and Pfr phosphorylated phytochrome, digested
as Pr by trypsin for 4 h, were applied to SBBAGE and
then transferred to a nitrocellulose membrane. Four bands
which include the ?P]-label as a result of phosphorylation 40kD >
only at the hinge region (113-, 74-, 63-, and 55-kDa) were
cut from the membrane and measured for radioactivity. It
was found that Pfr has only a slightly higher preference for
phosphorylation at the hinge region. The ratio Pfr-phosphate/
Pr-phosphate was around 1.3. This is not unexpected if we
take into account that the hinge region is exposed in both 2(7) ';g e Jp—— 1 1
the Pfr and the Pr phytochrome forms.

Pr showed a much stronger preference for phosphorylation 40kD —»
at the N-terminus as compared to Pfr. This was confirmed
by r.adloaCtIVIty measurements of a 40'.kDa fragment with FiIGURe 4: 24 h proteinase V8 digest of phosphorylated and
the intact N-terminus derived from Pfr digests of Pr and Pfr yntreated phyA. After digestion, samples were separated by 10%
phosphorylated phytochromes by proteinase V8. In spite of SDS-PAGE. (a) Silver stained gel; (b) and (c) are the digest blotted
the fact that Pr phosphorylated phytochrome produced awith Oat-25 Mab and Oat-22 Mab, respectively. Lane labels are
smaller quantity of the peptide as compared with Pfr defined in Figure 1 with the exception of lanes B and M. The former

. is undigested Pr phosphorylated phyA, a positive control, and the

phosphorylated (and L_mtre_at_ed phyt(_)chrom_e, Figure 4b, laneg tier is the molecular weight markers.
2A and 2C), the radioactivity of this peptide band for Pr
phosphorylated phytochrome was 2.2 times higher than oneof this and the previously discussed similarity between the
measured for Pfr phosphorylated phytochrome. It should level of [*?P] incorporation of dephosphorylated phyA and
be pointed out that autoradiographic data on tryptic digest untreated phyA, only untreated and PKA phosphorylated
for phosphorylated phytochrome, originally isolated from samples will be discussed further.
etiolated tissue as Pr, were similar to those described for Fluorescence Quenching Measurementshe micro-
phytochrome isolated as Pfr. environments around the 10 Trp’s contained in phytochrome

CD Analysis. The secondary structures of the photo- are sensitive to the red light induced photoisomerization of
reversible forms of phytochrome are shown in Figure 5. The the tetrapyrollic chromophore. In previous studies, it was
spectral data for untreated phytochrome and phytochromedemonstrated that dynamic fluorescence quenchers such as
phosphorylated as Pr are shown in Figure 5, panels a and c;TI*, Cs', |7, and acrylamide were able to reveal conforma-
respectively. In general, the spectra of corresponding light tional changes, and established that the surface topography
absorbing forms have the same shape and within the limitsand packing density of Pr differ significantly from that of
of the noise are superimposable upon each other. A similarPfr (Singh & Song, 1990; Wells et al., 1994). In the present
trend is observed for both phytochrome phosphorylated asstudy, because of its large ionic radius (1.67 A), we decided
Pfr and dephosphorylated phytochrome. In general, the stateto use C% to probe for conformational changes associated
of phosphorylation has no CD detectable influence on the with the addition of phosphate groups at Semd Sejos
secondary structure, as is illustrated in Figure 5. The red The analysis of all fluorescence decays was performed by
light induced increase in-helix at the expense of random reconvolution fit using the Marquardt search algorithm.
coil andg-turn was reproducible regardless of the phospho- Satisfactory fits were obtained using a two exponential
rylation state of the phytochrome. A net gain of ap- model, as determined by randomly distributed residuals and
proximately 3% helical structure, corresponding to a 10% x?'s between 0.8 and 1.2. Fitting of the fluorescence decays
change in the CD signal, was observed upon photoconversioryielded lifetimes of 1.22 and 4.79 ns for Pr and 1.23 and
of all Pr species to Pfr. This elevation in the extent of helical 4.95 ns for Pfr.
structure was however reversed by far-red light initiated back  Figure 6 shows the results of stepwise addition of 5 M
transformation to Pr. CsCl stock solution on the decay time of the Trp fluores-

As was the case for the CD measurements, results fromcence. Although the StettVolmer constants (Table 1) were
subsequent analysis by fluorescence quenching and limitedower than those obtained by Singh and Song (1990), due
proteolysis of dephosphorylated phytochrome were indis- to different sample conditions and decay measurements, the
tinguishable from those for untreated phytochrome. In light general trend of the short component being more accessible

67 kD = L

(c) B 1A1B1C 2A2B 2C

124 kD > ==
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(b) phytochrome dephosphorylated with alkaline phosphatase, (c)
phyA phosphorylated as Pr, and (d) phyA phosphorylated as Pfr.

In (a—d) both the Pr <) and Pfr ¢-+) photoisomers are shown.
For Pr the fractional contributions af-helix = 0.40, 3-sheet=
0.00, g-turn = 0.21, and random structure 0.39 in (a) through
(d). For Pfra-helix = 0.43, f-sheet= 0.00, 5-turn = 0.19, and
random structure= 0.38 (a)-(d).
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FiGure 6: Stern-Volmer plots for C$ quenching of the short
tryptophan lifetime component of untreated phytochrome and
phytochrome phosphorylated as Pr. UntreatediBr Pfr (@®); Pr
phosphorylated PiY), Pfr (O). A sample temperature of 277 K
was maintained throughout.
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Table 1: The SternVolmer QuenchingKs, M) and Rate K,
M~ st x 1079 Constants for Untreated Phytochrome A, PhyA
Phosphorylated as Pr, and PhyA Phosphorylated as Pfr Trp
Fluorescence Quenching (Ctons as Quencher)

71 T2

Kev Kq Ksv Kq
untreated Pr 9.0 7.4 5.6 1.2
untreated Pfr 7.3 5.9 6.6 1.3
phosphorylated as Pr,Pr 24.2 18.6 8.3 1.8
phosphorylated as Pr, Pfr 15.9 12.9 7.9 1.7
phosphorylated as Pfr, Pr 19.3 16.4 6.8 1.6
phosphorylated as Pfr, Pfr  12.1 10.3 6.4 14

aThe light absorbing form of phytochrome used during the decay
measurements.

phytochrome were more accessible to @san those in Pfr
phosphorylated phytochrome.

Limited Proteolysis of Phytochrome Preparationg/e
used limited proteolysis under mild conditions with trypsin
at an enzyme:substrate ratio of 1:2000 and with glutamic
acid specific proteinase V8 as probes for changes in surface
accessibility introduced by phosphorylation. As the number,
size, and relative quantity of proteolytic fragments are
strongly dependent on the digestion conditions, we performed
a comparative analysis of different phytochrome species in
parallel experiments under the same conditions. Most of the
protease-sensitive sites of native phytochrome were described
previously (Lagarias & Mercurio, 1985; Grimm et al., 1986,
1988), but different phytochrome species displayed to some
extent different behavior as for their preferential cleavage
sites.

Analysis of Tryptic Digest of PKA Phosphorylated Species.
Under mild digestion conditions, several easily accessible
cleavage sites were found for untreated Pr phytochrome.
They include the Lyg-Valgs, Arger-Sek,, and LysszAlazss
peptide bonds. Another pathway of tryptic digestion was
cleavage at the hinge region rather than atkyAlasss,
ultimately forming a 55-kDa C-terminal fragment (Figure
3). As a result of splitting at the above locations, 76-kDa,
59-kDa, 38.5-kDa, and 55-kDa peptides were observed after
10 min, 1 h (data not shown), and 4 h of digestion (Figure
1b, lane 1B). Pfr on the other hand lost the N-terminal region
less readily, and an 83-kDa fragment as well as a 66-kDa
peptide, both with the intact N-terminus, were present in the
4 h digest (Figure 1b, lane 2B). Differences of tryptic
patterns for phosphorylated phytochrome species and un-
treated phytochrome were observed at the initial stages of
tryptic digestion, whereas no significant differences between
Pfr and Pr phosphorylated phytochrome were found. This
was expected, though, in light of the fact that both Pr and
Pfr are phosphorylated in the hinge region.

The main cleavage sites of the Pr and Pfr forms were not
affected significantly by phosphorylation, but the total rate
of hydrolysis at some sites was lower for the phosphorylated

in Pr and the long component being more accessible in Pfrspecies. For example, a larger quantity of undigested 113-

was confirmed for the untreated species in 20 mM Tris.

kDa fragment was detected from the phosphorylated species

Phosphorylation either as Pr or Pfr resulted in an increaseafter 4 h of incubation (Figure 1b) as compared with that

in the short component Sterivolmer constants for both

for the untreated protein. The 4 h digest clearly showed

photoisomers (Table 1), yet the trends were the same as foifformation of an increased amount of a 52-kDa chromophore
untreated phytochrome. Phosphorylation of either Pr or Pfr fragment recognized by the Oat-22 Mab (Figure 2a, compare

did not seem to affect the long componé&at's drastically,

lanes 1A, 1C and 2A, 2C with lanes 1B and 2B). This 52-

but Pr does seem to be preferentially quenched compared tdkDa fragment was a result of a cleavage of the N-terminus

Pfr (Table 1). In general, tryptophans in Pr phosphorylated

and the LysssAsnss; peptide bond as noted by Grimm et
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al. (1986). Also as a result of the increased sensitivity of phosphorylated (as Pr or Pfr) phytochromes resulted in
this peptide bond to tryptic digestion, the phosphorylated formation of additional 69- and 63-kDa peptides correspond-
species after 1620 min of hydrolysis produced a short- ing to Pfr and Pr digest, respectively (Figure 4a, 3b, 3c).
lived 61.5-kDa C-terminal fragment, recognized by Pea-25 Obviously, formation of these peptides was caused by
Mab (data not shown). Untreated phytochrome, in turn, protection of Glggs-Alase; by the phosphate group at Sgr
produced a 55-kDa chromophore fragment (cleavage of theor by phosphorylation-induced local conformation changes
LysserSekss peptide bond), as described previously by atthe hinge region residues. The C-terminal domain of each
Grimm et al. (1986) (see Figure 2a, lanes 1B and 2B), which phytochrome species was more readily hydrolyzed than the
in turn was not detected for the phosphorylated species.N-terminal domain, and after 24 h of digestion no large
Furthermore, phosphorylation at the N-terminus {(getid peptides were identified by Pea-25 Mab.

not interfere with the high susceptibility of the N-terminal

region for tryptic cleavage. Pr phosphorylated phytochrome DISCUSSION

lost its N-terminus as readily as untreated phytochrome did.
Most likely, Seg; and the tryptic-sensitive surface exposed
sites are spatially remote from each other.

Initially, we thought that phosphorylation of Sewould
perturb the conformation of the N-terminal segment of

Several sites C-terminal to the hinge region also had alteregPlytochrome which forms an amphiphitehelical fold upon
accessibility to trypsin as a result of phosphorylation. Pr—Pfr phototransformation (Parker & Song, 1.990’ 199.2;
Immunoblot analysis of the 4 h digest with Pea-25 Mab Parlger et ‘T"'" .1992; Deforce et.al., 1994). Eunctlonal studies
revealed the formation of 52- and 47-kDa fragments from ©f this region imply that alteration of the-helix could have
the phosphorylated phytochrome species (Figure 2c, |aneSS|gn|f|cant effects on phytochrome activity (Cherry et al.,

1A, 1C, 2A, and 2C). The 52-kDa C-terminal fragment was 1992; Stockha_us et al., 1992; Boylan et al., 1994). In th_e
a result of cleavage at Age-Leuss (Grimm et al., 1986). present study, it has been demonstrated that phosphorylation

Exposure of this peptide bond also caused formation of a ©f S€fizand/or Segs has no detectable impact on secondary
63-kDa chromophore domain fragment as mentioned earlier, structure as determined by circular dichroism. The 10% CD

Differences between the proteolytic patterns of phosphoryl- signal increa;e at 222 nm and 3% elevation in helix upon
ated phytochromes and untreated phytochrome were stjjj Photoconversion to Pfr were conserved for all phyA tested,

present after 20 h of digestion (fragment with molecular mass "e92rdless of the state of phosphorylation. The absence of
63 kDa, Figure 1c). a phosphorylation-induced CD variation leaves tertiary

Analysis of Proteinase V8 Digestd.ikewise, untreated rearrangement as the most probable form of conformational
phytochrome (in Pr and in Pfr forms) Was' digested by change, unlike the myelin basic protein in which almost the

proteinase V8 more readily than phosphorylated phytochromeNtire A-structure of the protein is not only induced but
preparations. 24 and 48 h digestion clearly displayed the Maintained by phosphorylation (Ramwani et al., 1989).
differences between the Pr and Pfr forms of native phyto- The 10 conserved tryptophans contained within phyA’s
chrome as reported earlier by Grimm et al. (1988). They Primary structure have been exploited as probes for topo-
found that Pr to Pfr phototransformation exposed to the graphic rearrangement resulting from Pr to Pfr phototrans-
surface a site located remarkably close to the chromophoreformation (Sarkar & Song, 1982; Singh et al., 1988, 1989;
(GlugszGlngss peptide bond). We confirmed that formation  Singh & Song, 1990; Mizutani et al., 1993; Toyama et al.,
of the 40-kDa fragment was a result of conformational 1993; Wells et al., 1994). A measurable photoisomer-
changes at the site around G#Glnss, by immunoblotting specific difference in the exposure of these residues to
with Oat-25 Mab (Figure 3a, compare lanes 2B and 1B). dynamic fluorescence quenchers (Singh et al., 1988; Singh
This 40-kDa N-terminal Pfr specific domain was formed in & Song, 1990; Wells et al., 1994), attributed to micro-
a significant amount after 24 h of digestion with proteinase environmental changes surrounding them (Wells et al., 1994),
V8. Pr digest did not produce a equivalent fragment without has been clearly shown. Here we probed similar confor-
the N-terminal 6-kDa portion. mational changes modulated by PKA phosphorylation events.
It is interesting to note that formation of the Pfr specific The quencher chosen was ‘Csecause its ionic radius is
40-kDa Chromophore fragment was inhibited for phos_ large and it shows differential quenching behavior with
phorylated phytochromes, especially for phytochrome phos- respect to the short and long lifetime components (Singh &
phorylated as Pr. The slight decrease in formation of the Song, 1990; Wells et al., 1994).
40-kDa fragment for Pfr phosphorylated phytochrome was Phosphorylation-induced changes in the short component
probably a result of the presence of at least 12% Pr in all of the Trp fluorescence decay were confined to increases in
Pfr samples. guencher accessibility with retention of Pr having the more
Proteinase V8, which cleaves the peptide bond at the accessible indolic residues. There was, however, a reversal
C-terminus of negatively charged amino acids (Glu, Asp), of the quenching behavior for the long component of the
easily splits the GlgesAlase; peptide bond in untreated tryptophan fluorescence. However, because the differences
phytochrome (in Pr and Pfr forms). Phosphorylation at the in Stern—Volmer constants are small it is difficult to attribute
hinge region makes this peptide bond more resistant tothem to significant changes in the surface topography of the
digestion, and a number of chromophore fragments with protein. The changes observed did occur for both phyto-
increased molecular mass (by approximately 3 kDa) were chrome phosphorylated as Pr and phosphorylated as Pfr and,
obtained for phosphorylated species as compared withtherefore, must be a result of phosphorylation ataefhe
untreated phytochrome. The phosphorylation site is locatedbehavior of both short and long component quenching may
at this easily cleaved site, and most likely attachment of the also stem from the increased negative charge as a result of
phosphate group to Sggresults in interference of enzyme phosphorylation; this would raise the local concentration of
interaction with peptide bonds in this region. Digests of Cs' in the areas around Seand Segyg and affect the vicinal
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Trp’s fluorescence, due to the electrostatic interaction A partially purified kinase from petunia has been found to
between the ion and the charged residues. The likelihoodphosphorylate the kemptide (LPRASLG), a synthetic sub-
that 2 phosphate groups could, via electrostatic interactions,strate for PKA (Polya et al., 1991). Animal PKA has been
affect all 10 Trp’s spread throughout the protein is very shown to mimic in vivo phosphorylation of theetonoplast
unlikely though. intrinsic protein channel, resulting in a doubling of the
Differences in proteolytic patterns between phosphorylated conductance of the seed-specific vacuolar water channel
phytochrome species and untreated phyA were observed a{Maurel et al., 1994). Furthermore, adenylate cyclase activity
the initial stages of tryptic digestion, whereas no significant in etiolated oat seedling crude extracts has been shown to
differences between Pr and Pfr phosphorylated phytochromebe red/far-red light regulated (Hahn et al., 1991). The red
were found. The latter is to be expected though, in light of light induced increase in adenylate cyclase activity implies
the fact that both photoisomers were phosphorylated in the not only the presence of PKA but also a connection between
hinge region. Wong et al. (1986) also mentioned that tryptic it and phytochrome-mediated signal transduction. Another
peptide patterns were not dependent upon the form of possibility is that PKA is mimicking a calcium-dependent
phytochrome used for phosphorylation. Furthermore, trypsin protein kinase (Assmann, 1995). Some calcium-dependent
and V8 digestion patterns for untreated phyA and dephos- protein kinases phosphorylate peptides that are also phos-
phorylated phyA were indistinguishable. phorylated by PKA. C& has been shown to simulate
Phosphorylation at the hinge region ($grresulted in phytochrome-regulated gene expression (Lam et al., 1989;
more noticeable changes in the phytochrome proteolytic Tretyn et al., 1991; Neuhaus et al., 1993; Bowler et al., 1994).
pattern (with trypsin and proteinase V8) than phosphorylation It remains to be seen if PKA and the accessibility differences
at the N-terminus. Phosphorylation at Sgeexposes some  induced by its catalysis of Sgrand Sefss phosphorylation
sites to trypsinolysis and inhibits both trypsin and V8 are involved in phyA-mediated signaling.
enzymatic attack at other sites. Trypsin attack atskgend
Argszswas elevated in phosphorylated phytochrome, but the CONCLUDING REMARKS
peptide bond at Ly, was blocked by phosphorylation. It In this study, we used the PKA-catalyzed phosphorylation
is also possible that cleavage at kyshecame so efficient 4 hrope for possible conformational changes in phytochrome
that the 55-kDa fragment which resulted from cleavage at 55" modulated by the post-translational modification. From
Lysssawas rapidly degraded and therefore no longer observedne present results, we conclude that phosphorylation may
for phosphorylated phytochrome. Gdywas more resistant  pe pr. and Pfr-dependent and that phosphorylation most
to glutamic proteinase V8 digestion after coupling of the |iely induces subtle conformational changes in Pr and Pfr.

phosphate group to its neighbor, Sgr The combined | 5nnears that PKA phosphorylation of phytochrome at both
trypsin and proteinase V8 data suggest that phosphorylationge,. - and Segs is “nonsilent”.

of Sekgg modulates the protease accessibility from at least
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