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Abstract, Asgisera have been raised i rabbits ageinst dibyarozeatin yivo-
e and fsopentepyladenosine, and e crosy-reRRtly thatacieristics

“¥e been axamived in detail. These antisera. sogether with an antiserom
Previousty raised against 2eatin riposiGe. nve HRRR fﬁo.‘g{ﬁ‘itd n radiotm-
Porgassays. Separative procedures that enaie 2 wide tange of materaily
Phictuer, (g cyeokinins 10 be separaked priot 1& anlyds by cadm}mmuno—
54y fave beea develaped. The atcuracy With whih e ﬁm\\nwmg oyto-
Mg e be quentified by our mettods, whidh emplay Witkied eylokinin
Ceavery markers, bas been cstmated: zeattn rinasile, 206, dhydsor
Rady aanide, dibydrozeatin, O-ghicosyl zeatin foositie, O-ghatos
“Cdttn, G-glucosyl dihydrozeatin rivoside, O-Boeosys Shydioreatin,
‘?mf“?"q"%&s%%idé , zhatin T-glucoside, wpinic sl wopentvoyladenosing,
% tsopentenyladenine.

g; i‘{%«'m@ oueus {0 fow concentrations 1 phant Vissues, sad i}zw grantifics-
*'\\“iy;j§ @mé(e'\x\mc (see Levbam (978, Badenoch-Jones et #. X‘%&’b‘}. S s
S CHEGing., vadioimmunoassay (REA) has several avantages over atier-
Y mathads available, pacticularly, 118 senswivity *axyi SRRRCILY.
%cbmf ¢ gresead stdy we have rajsed Atisera in TARRAS againel Bopaenyt
o Hsene (ARIPY and difydrozeatin ¥ooside &k@\ﬁ}%‘%@ apd charatierized
‘\“;‘S‘a}g{;? detad. Tagether with an antiierym eBicited against Teata 5ibosiie
g f;;j Badenoch-Joves el ok, 19840), we bave developed smelhoids whesehyy
it fese theag astisera in RIA enables 1hi guantification o 2wk sangs of
g ity gecurelag eytokinas, Zeanin {2 and PRYL were Yo S TENWENY &y
A\ TS Lo fie isalated aud ave now known 1o ocons widely in Plants Letham
* Letha, and Paiai 19833, Cytokinin free pases ave (ns Rashy aive foss

o o SOl e oz
R (Letham and Palni 1983), and hence guanihoanon of vhe Tol range
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(isopentenyladenine (iP) and dihydrozeatin ((diH)Z), as well as Z) is partict’
larly important. iP is the dominant cytokinin in mosses (Bopp et al. 1986) an
slime mold (Tanaka et al. 1978) and in the former it exerts a regulatory rolé 1
morphogenesis. ([9R]iP is prominent in certain higher plants (Letham and P'aln‘
1983), and in some (water chestnut and Azolla) it appears to be the princip?
cytokinin (Tsui et al. 1983, Hashizume et al. 1986).

(diH)Z and (diH)[9R]Z, which are resistant to cytokinin oxidase, re:preSent
stabilized forms of Z, and these dihydro compounds and their O-glucosides 2
the dominant cytokinins in some legume tissues (see, e.g., Palmer et al. 1981,
Summons et al. 1979A). The O-glucosides of cytokinins are ubiquitous meta’
olites, which may be storage forms of cytokinin (Letham and Paini 1983), bu}
their exact function is unclear. As with the O-glucosides, the exact function 0
cytokinin nucleotides is unclear, but isopentenyladenosine 5’-phosphat46
([9R-5'PJiP) may be the initial cytokinin formed during cytokinin biosyntheSlS
in plants. These issues will be resolved only when the endogenous levels ¢
these cytokinins can be determined readily in relation to plant deve]opment'
Methods for separating the above cytokinins, prior to their quantification
RIA, have been developed and are reported herein.

Materials and Methods
Cytokinins for Cross-Reactivity Tests, and Other Chemicals

The sources of many of the chemicals used in this study have been given by,
Badenoch-Jones et al. (1984b). Sources of additional chemicals are as follows:
iP, cis-Z, benzylaminopurine riboside ([9R]BAP), and almond [.J,-glucosidas
were purchased from Sigma Chemical Company. cis-Z was purified by HP’
(Waters uB C-18, 7.8 mm X 30 cm, 30% (v/v) methanol in 0.2 M acetic aCl,d)'
cis[9R]Z was purchased from Calbiochem. Hydroxybf:nzlaminopllf‘nﬂ
((0OH)BAP) and hydroxybenzylaminopurine riboside ((0OH)[9R]BAP) were
generous gift from Dr. R. Horgan, University College of Wales, AberystW)".fi
The enantiomers of (diH)Z, (+)-(diH)Z and (-)-(diH)Z), were a generous glf
from Dr. J. Corse, Western Regional Research Center, U.S. Departmef}t 0
Agriculture, Berkeley, California, and the corresponding ribost ¢
((+)-(diH)[9R]Z, (-)-(diH)[9R]Z) were kindly supplied by Dr. S. Matsubar®
Laboratory of Applied Biology, Kyoto Prefectural University, Kyoto, Japa%
Dihydrolupinic acid ((diH)[9Ala]Z) and dihydrozeatin-9-glucoside ((diH)[9G] %)
were synthesized by the previously published methods of Parker et al. (197 5
and Summons et al. (1980), respectively. Zeatin nucleotide ([9R-5'P]Z) “ﬁe
synthesized according to Summons et al. (1983). [*H]sodium borohydr! y
(spec. act. 2442 GBq mmol 1), for the synthesis of the [IR]iP tracer, was P‘iﬂ
chased from New England Nuclear, Boston. [*H]sodium borohydride (41
GBq mmol 1), for the synthesis of the (diH)[9R]Z tracer, and [*H](diH)Z (11 P
GBq mmol~1) (used as a recovery marker) were purchased from Amersh? j
International Ltd, Amersham, U.K. [*H][9R]Z (141 GBq mmol 1) was & ge?
erous gift from C. H. Hocart. PH}(diH)[9R]Z (189 GBq mmol 1) (used 3560
recovery marker) was synthesized by an unpublished method. Silica gel
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},)F254 for TLC was purchased from E. Merck (Darmstadt, West Germany). The

fo lowing dyes were used as markers for TLC: meldota blue (dye A), toluidine
b)"“e, (dye B), drimarene brillant blue K-BL (dye C), rhodamine B (dye D), and
$0sin (water-soluble, yellow shade; dye B). The sources of the dyes have been
Sven previously (Badenoch-Jones et at, 1984a), except for eosin, which was
#irchased from BDH Chemicals, Poole, U.X.

P "eparation of Hapten Conjugates

IQRI{P and (diM)9R)Z were conjugated to bovine serum albumin {(BSA) by a
Todification of the method of Erlanger and Beiser (1964), following the proce-
4res outlined by Weiler (1980).

$ynthesis of Tracers

g“’e tracers for the assay, tritiated [9RJiP dialcohol and tritiated (diHH{9RIZ
ezaicohol\ were synthesized according to the method of Rander}ath and Ran-
ber ath (1973), except that ["HJsodium borohydride rather than {Hipotassium
I0hydride was used as the reducing agent. The reaction produc@s. were puri-
éed by cefluose TLC using acetonitrile-ethyl acetate-n butanol-isopropanol-
M ammonia (4:3..2:2:7, viviviviv) as solvent, Specific activities Qf}&he i‘%m\?
2 (diH){9R|Z tracers were 629 GBq mmol - and 289 GBq mmol !, respec-
\;‘*e}y, Both tracers cochromatographed with their respective authentic unla-
Bed diols and exhibited mass spectra, which would be expected for these
018, The mass spectrum of [9RJIP diol has been recorded previously (Chen &t
2}' 1976} the chemical ionization mass spectrum (CH,) of (GIFHIIRIZ diot was
S follows (mfz with relative intensity in parentheses): 386/384 ty.czﬂsq :
}'2?;’&2}; 358/356 (27.2/84.8); 338 (7.6); 282 (5.7); 266/264 (10.8/44.93: 250 (28.5);
< <100); 204 (12.6).

I .
m’””’?lzatio:z Schedules

Three New Zealand white rabbits were injected with the [9RIP-BSA conju-
B8, and three with the (diH)YRIZ-BSA conjugate. The procedures for in-
®ling ang bleeding the rabbits and for screening and storing the antisera were
\\d‘?SCribed by Badenoch-Jones et al. (1984b), except for the days that the
“Bits were injected. Rabbits were injected with the [SRIP-BSA conjugate on
s 830, 58, 86, and 115, Freund’s complete adjuvant was sed on days 0
R d 3,0: and Freund's incomplete adjuvant was useé on the remaining days.
w2 0bits were injected with the (diH)[9RIZ-BSA conjugate on days 0, 23, 33,
& 164,137,353 283, and 318, and Freund's complete adjuvant was used on
8 8,25, and 252. o
n rabbits developed antibodies against the cytokinin with which they were
ected, byt for each antigen, the best antiserum, in terms of affinity and titer,
2 selected for use in further assays. For [9R]iP, this serum was taken on day
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123 from one of the three rabbits injected with this antigen, and for (diH)[?R]Z
it was taken on day 324 from one of the three rabbits injected with this antige™

Radioimmunoassay

The assay was performed as described by Badenoch-Jones et al. (1984b), W,lth
minor modifications. The (NH,),SO, solution was used at 98.8% saturatio®
rather than 91%, since the former concentration resulted in greater precipit?’
tion of the antigen-antibody complex. The washing procedure employing 50%
saturated (NH,),S0, was omitted, because it was found that, if care was talfe"
to complctely remove the supernatant after centrifugation, nonspecific bindiné
(binding in the absence of antibody) was still less than 1%.

Thin-Layer Chromatography

TLC on silica gel (0.25-mm-thick layer), using butan-I-ol/acetic acid/Wa“ar
(12:3:5, v/v/v) as solvent, was used to separate the following cytokinins ©
groups of cytokinins: [{9AlalZ; [7G]Z and the O-glucosides; [9G]Z; Z/(diH)Z/
[9R]Z/(diH)[9R]Z; and iP and [9R]iP. The cytokinins were located with refé”
ence to dyes as follows: [9Ala]Z—dye A; [7G]Z and the O-glucosides-ﬂdyes,
A and B; [9G]Z—dyes B and C; Z/AdiH)Z/[9R]Z/(diH)[9R]Z—dyes C and D:
and iP and [9R]iP—dye E. Chromatogram zones were packed into colum?
and eluted exhaustively with methanol/water/acetic acid (50:48:2, v/v/v).

High-Performance Liquid Chromatography
The following groups of cytokinins were separated by HPLC: Z/(diH)Z/[‘)R,]Z}
(diH)[9R]Z on a Zorbax Cg column (9.4 x 250 mm) (DuPont Company) usl“]
25% (v/v) methanol in 0.2 M acetic acid as solvent at a flow rate of 5.0 C
min~', and iP and [9R]iP on a Techsil 10 Cg column (8.0 x 250 mm) (HPL
Technology, Cheshire, U.K.) using 30% (v/v) methanol in 0.2 M acetic acid @
solvent at a flow rate of 4.0 ml min—1!, {
The O-glucoside/[7G] Z zone was hydrolyzed with B-glucosidase (Letham 61
al. 1975) and purified using Baker SPE C18 minicolumns (J. T. Baker Chefﬂ‘car
Co., Phillipsburg, NJ) (3ml). Samples were loaded onto the columns in wat !
and eluted with ethanol/water/acetic acid (50:49:1, v/v/v). The resulting C)"Oe
kinins (Z/(diH)Z/[9R]Z/(diH)[9R]Z/[7G]Z) were subjected to HPLC on th
Zorbax Cg column using 20% (v/v) methanol in 0.2 M acetic acid as solvent:

Periodate Oxidation

Periodate oxidation of |7G]Z and [9G]Z was carried out as described by
Letham and Gollnow (1985). Freshly redistilled cyclohexylamine was uset:
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S:anda" d Curves

g&‘\dard curves for [9R]iP and (diH)[9R]Z could be linear.ized over the mea-
Suﬁ“g range by logit transformation of the B/Bo values (Figs. 1, 2). The mea-
Pm g range extended from ~0.03 to 30 pmol for [9R}iP and from ~0.03 to 150
Mol for (diH)[9R]Z. At the following final dilutions in the assay, [9R]iP—
5t 00 and (diH)[9R]Z— 1:10,800, the antisera bound approximately 53% and
am’.‘i’ respectively, of the tracer in the absence of unlabeled riboside. For the
the t£9R]Z‘serum described in a previous study (Badenoch-Jones et al. 1984b),

semal dilution required to give approximately 50% binding of tracer (in the
I nce of unlabeled [9R]Z), under the current experimental _condltlons, was

ar 150.. Nonspecific binding (binding in the absence of gnpbody} was less
inde % in all of the RIAs. Both antisera contained high-affinity antibodies, as
ang] ated by maximum affinity constants (determined from ScatChard plot
an }z'scs of standard curve data) of 2.46 x 10-!* M for the anti-[9R]iP serum

-38 % 10~ M for the anti-(diH)[9R]Z serum.

CrOSS‘Reactivity Studies

&?tissera specificities were determined by cross-reactivity studies, and the re-

ang. (;re shown in Fig. 3 for the anti-[9R}iP serum and in Fig. 4 for the

of the IH)[9R]Z serum. The slopes of the logit transformation curves for most

Swe compounds tested were generally similar to, though almost mvargably
I than, the slope of the logit-transformed standard curve for the antigen.

B . .
AR, (0OH)BAP, [9R]BAP, (0OH)|9R|BAP, and [9R-5'P]Z for the anti-[9R]iP
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g
@ 0 \ Fig. 2. Logit transformation of
S ' the mean standard curve for
o ; {diH)9R)Z. Bars indicate SE ¢
~ 2 \ = 21). B, binding of tracer {0
-3 " antibody in the presence of
2 (diH}YRIZ standards; Bo,
- \s binding of tracer to antibody
-5 L] L1 L1 . the absence of (diH){9R]Z.
0.01 0.05 01 65 10 5 10 5S¢
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serum, and cis-Z, cis[9R]Z. [9R-5'P|Z. and (9AlalZ for the anti-(diH)[9RIE
serum had slopes very significantly lower than that of the corresponding staf’
dard. (+)~(diH)[9R)Z and (=)-(diH)[9R]Z cach had the same cross-reactivity
with the anti-(diH)[9R])Z serum (Fig. 4a), but this cross-reactivity was lower
than that of the racemic mixture ({*)~(diH)[9R]Z) against which the ant”
serum was raised. Similarly, (+)-(diH)Z and (-)~(diH)Z each had the samé
cross-reactivity with the anti-(diH)[9R]Z serum (Fig. 4c), but this cross-reac
tivity was fower than that of the racemic mixture (()—(diH)Z). 4

Molar cross-reactivities were calculated and are presented in Tables 1, 2, a0
3 for anti-[9R]Z, anti-{9R]iP and anti-(diH)[9R)Z sera, respectively. Results aré
expressed as the inverse of the molar concentration of the compound at B
= (.5, relative to the concentration of the riboside antigen required to produce
the same effect (multiplied by 100).

No cross-reactivity was found for AMP or [7G)Z when tested against e_'ﬂher
of the antisera in amounts up to 5000 ng or 500 ng per assay tube, respectiv®
Very slight activity was detected for [7G]Z (1000 ng per assay tube) againstt ¢
anti-(diH)}{9R]Z serum. No cross-reactivity was found for adenosine or adenin®
when tested against the anti-(diH)[SR]Z serum in amounts up to 1000 ng ?e(
assay tube. No cross-reactivity was observed for O-glucosyl zeatin riboS’dtf
{{OG)IBR])Z), O-glucosyl dihydrozeatin riboside ((diH OG)[9R}Z), or o-gh
cosyl zeatin ((OG)Z} when tested against the anti-]9R}iP serum in amounts “_
to 500 ng per assay tube. Slight activity was observed for the latter two O-8
cosides at 1000 ng per assay tube. Small (but measurable) cross-reactivity was
found for O-glucosy! dihydrozeatin ({(dilf OG)YZ) against the anti-[9R]iP seru®
(Fig. 3¢). No cross-reactivity was found for (OG)Z when tested against
anti-(diH)[9R]Z serum in amounts up to 250 ng per assay tube, and only Ycrs
slight activity was observed at 500 ng per assay tube. The other O-glucoslde_
were tested at higher concentrations and were found to exhibit small, but m¢?
surable, cross-reactivity against this antiserum (Fig. 4a; Table 3).

Data have been published for the anti-[9R]Z serum raised in our laboratory
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(Badenoch-Jones et al. 1984b), but further cross-reactivity tests have been
done, ang the data are shown in Table 1. Also shown in Tables 1-3 are molar
CI‘O‘SS-rezaxctivities published in the literature for anti-[9R]Z, anti-[9R]iP, and
anti-(diH)[9R]Z sera.

g?mparison of Cross-Reactivities of Antisera from Different Rabbits Injected
th the Same Antigen

For both of the antigens, antisera obtained from different rabbits had similar
ST0ss-reactivity characteristics. For example, anti-(diH)[9R]Z serum from a
S¢Cond rabbit had cross-reactivities of 33.7%, 32.9%, and 7.2% against (diH)Z,
(le){gG]Z, and (diH)[9Ala]Z, respectively; corresponding xialues for the se-
tCted antiserum were 32.4%, 21.9%, and 10.4%. Anti-[9R]iP serum from a
Secong rabbit had cross-reactivities of 61.9%, 11.0%, and 3.7% against
~S'PJiP, iP, and [9R]Z. respectively; corresponding values for the selected

tiserum were 37.9%, 19.4%, and 2.6%, respectively.

Effect of PHI[9R]Z Recovery Marker on the Radioimmunoassay

SV hen performing RIA in our laboratory, we have employed high-specific-ac-
Y [*H][9R]Z, BHI(diH)[9R]Z. and/or [*HI(diH)Z as recovery markers to
.“eount for losses of cytokinins during sample purification prior to RIA. To
Westigate the effect of such markers on the RIA, graded amounts (0 to 77.4
4 (4608 dpm)) of [*H][9R]Z were added to six sets of [9R]Z standards. Anal-
?% of these spiked samples by RIA employing the anti-|9R]Z serum (Fig. 5)
ndfCaIEd that, provided the appropriate blanks are used (i.€., the tubes to
P Ich 1o antiserum and no standard were added were also spiked), addition of
QH]DR]Z to the assay (up to 77.4 Bq) did not alter the shape of the standard
Ve, When ~33.6 Bq (2000 dpm) [PH][9R]Z (or more) was added, and if the
eppropriate blanks were not used, the standard curves were affected at the top
“? (most notably, the 10- and 50-ng points) in a direction that would resuit in
® Underestimation of sample [9R]Z concentration.

QuaWiﬁcation of the O-Glucosides Following Hydrolysis with B-Glucosidase

(SOG)[gR]Z and (diH OG)[9R]Z (60-ng equivalents of [9R]Z or (diH)[9R]Z, re-
rgm“'ely) and (OG)Z and (diH) OG)Z (120-ng equivalents of Z or (diH)Z,
Mspectively) were each subjected to TLC as described in Materials and
g 0ds. The O-glucoside zone was located with reference to dyes, eluted,
ul hydrolyzed with B-glucosidase. Samples were evaporated, made up in 60
theOf RIA buffer, then analyzed over a range of dilutions by R1A using either
(o M-[9R]Z serum (for (OG)[9R]Z and (OG)Z) or the anti-(diH)[SRIZ serum
¢ r{diH OG){9R]Z and (diH OG)Z). The estimated amounts of cytokinin re-
(O‘éefed were 36.1 ng [9R]Z for (OG)[IR]Z (60.1% recovery), 89.9 ng Z for
eo 2 (74.9% recovery), 27.7 ng (diH)[9RIZ for (diH OG)I9RIZ (46.1% re-
very), and 58.1 ng (diH)Z for (diH OG)Z (48.5% recovery).
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Table 3. Molar cross-reactivities of various purines with anti-(diH)[9R]Z sera. The study of Eber®
et al. (1986) refers to a monoclonal antibody they designated as J23-11-B1.

Compound Present study (1)* (2)* o)
[9RIZ 3.6 _a 1.7 16.!
(diH)[9R]Z 100 100 100 100
(+)-(diH)[9R]Z 523 _ _ —_
(-)-(diH)[9R]Z 46.8 _ . —
z 0.69 — 1.7 13
(diH)Z 2.4 10 67.4 597
(+)-WiH)Z 23.4 — _ _
(-)-(diH)Z 23.0 — . —
[9G1Z 1.64 _ _ —
(WiH)[9G]Z 21.9 _ — —
[9Ala)Z 0.82 _ _ —
(diH)[9Ala)Z 10.4 _ _ -
cis[9R]Z 6.9 _ 10.7 -
cis-Z. 14.2 —_ 1.0 -
[7G1Z 0 — — —~
[9R]iP 1.63 — 1.0 38
iP 0.14 — 0.6 20
(OG)9RIZ <0.01 _ 1.4 -
(diH OG)9R]Z 0.29 — 0.7 -
(0G)Z 0 — 0.3 -
(diH 0G)Z 0.10 — 9.7 -
[9R-5'P]Z 22 — 2.4 -
[9R-5'P]iP 0.69 — — -
AMP 0 — — -
Adenosine 0 <0.0001 <0.001 0
Adenine 0 — <0.001 04
K 0.10 0.02 0.6 3
BAP 0.05 — - 63-

*(1) Zavala and Brandon (1983); (2) Eberle er al. (1986); (3) Hofman ef al. (1985).
8Not determined.

Quantification of {7G]Z and [9G]Z Following Periodate Oxidation

[7G]Z (0- and 120-ng equivalents of Z) and [9G]Z (0- and 120-ng equivalents Of
Z) were periodate-oxidized as described in Materials and Methods. The oxid?
tion product was made up in 60 pl of RIA buffer and assayed over a raﬂgeoz
dilutions by RIA employing the anti-[9R]Z serum. The estimated amount of j
recovered was 137.4 ng (114.5% recovery) for [7G]Z and 119.4 ng (99.5% re
covery) for [9G]Z.

Separation and Quantification of the Major Naturally Occurring Cytokinin®

A mixture of cytokinins comprising the following authentic standards——[9R]%’
Z, (diH)[9R]Z, (diH)Z, (OG)[9R]Z, (OG)Z, (diH OG)[9R]Z, (diH OG)Z, [9G] !
[7G]Z, [9Ala)Z, [9R]iP and iP—and [PH](diH)Z and [*H](diH)[9R]Z as 'rTG
covery markers was subjected to TLC and HPLC as described in Mat?ﬂa“3
and Methods. Following separation of all these cytokinins and [?.-glucosldas §
hydrolysis of the O-glucosides and periodate oxidation of [7G]Z, each cyt
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i? " was gssayed using the appropriate RiA, Each cytokinin was detecied st
N j‘*mh’fed elution time au By, and recoveries (calvulated as a percentage of
g ount of each cytokinin added to rhe initia) Mixvere) were as Soliows:
2 83,69\, 7 (66256, (HHNIRIZ (72.3%). (G2 161.6%), (DGIIRI2
e Sl (OGIZ (31,39, (i OGIIRIZ (50.5%), (diH OGIZ (50.4%), 15612
s 61 (TGIZ (12.9%)., (9AIIZ (68.1%), [SR}HP (49.3%), and TP (34.3%). Re-
\»;?ﬁes Of the recovery markers (calcufated as a percentage of each radioac-
iy LBeavery marker added to the initial mixtare) were as follows: PRYITHZ

VI and (IS SNSRI (82,39,
Biscusging,
Shepip o
PeCificities of Antisera
y | | o :
] 3¢ raived antisera in rabbits against [ORJP and (GHIIRIZ, characterized

\uﬁ?‘" 2ad ¢mofoyed them in RiAs. The extensive t.’rosweacﬁv‘uy data on
3¢ aatsara Gand 0w an anti-(9RIZ serum raised previously; Badenoch-Jones
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et al. 1984b) can be compared with data in the literature for similar antisef?
(Tables 1-3). All the cytokinin antisera show marked selectivity for the Né
prenyl side chain. In most studies so far, cytokinin ribosides have been us¢
for immunogen synthesis, with the ribose moiety forming the bridge t0 the
protein in the immunogen, and the antisera show only weak specificity for t ¢
ribose moiety. Thus, the free bases, the nucleotides, and other 9-substituted
or (diH)Z cytokinins usually show moderate to strong cross-reactivity but g€
erally less than the cross-reactivity of the riboside. In contrast, when antt
bodies were raised against a cytokinin nucleotide ({9R-5'PJiP (Milstone t?t ab
1978), the phosphate group played an important role in antibody recognitio™
Weiler (1982) and Badenoch-Jones et al. (1984b) pointed out that the cros¥
reactivities of various purines to anti-[9R]Z sera raised in different Jaboratori¢®
are very similar. Since then, other workers have raised and characterized su¢
sera (Hansen et al. 1984, Van Onckelen et al. 1984, Barthe and Stewart 19.85’
Turnbull and Hanke 1985, Vonk et al. 1986), and these antisera also have $If
ilar cross-reactivity characteristics to those described previously, particul{lr]y
the antiserum raised by Hansen et al. (1984) (Table 1). The antiserum elicité
by Van Onckelen et al. (1984} was unusual in having a high (63%) cross-rea”
tivity (presumably molar cross-reactivity) with (OG)[9R]Z. The antisert
raised by Turnbull and Hanke (1985) differed slightly from that raised by B
denoch-Jones et al. (1984b) in having higher molar cross-reactivity with [96,]Z
(1009 and 46%, respectively) and in having detectable cross-reactivity wit
{7G1Z (3%) and with (OG)Z (1.8%). )
Other workers have not determined the cross-reactivities of their antise’?
with [9G]Z or {7G]Z, but the monoclonal antibodies developed by Eberle ¢t
(1986) all showed low, but detectable, cross-reactivities with the four O-gluc?
sides. The antiserum raised by Barthe and Stewart (1985) differed slightly from
those raised by other workers in having higher cross-reactivities with 1'
[9R]iP, iP, BAP, and kinetin (K); like the antisera raised by MacDonald €t a
(1981) and Cahill et al. (1986), it had moderate cross-reactivity with (diH)Z' 0
As with anti-[9R]Z sera, the cross-reactivities of various purineSt
anti-[9R}iP sera raised in different laboratories are generally similar (Table 2]'
All antisera (when tested) showed moderate or strong cross-reactivity with I’
[9R-5'PliP, BAP, and [9R]BAP, but the exact molar cross-reactivities agams
each of these compounds varied to some extent—for example, for iP, fro o
17.4% to 100%; for BAP, from 3.8% to 118%:; and for [9R-5'P}iP, from 37%'th
88%. The antiserum raised by Barthe and Stewart (1985) was unusual wit
respect to its high cross-reactivity against K. "
Some details of the cross-reactivity characteristics of anti-(diH)[9R]Z ¢
have been published by Zavala and Brandon (1983) and Hofman et al. (1983)’
and extensive data have been published on a (diH)[9R]Z monoclonal antiPO y
(Eberle et al. 1986), but other results have only been published in prelimlﬂar] A
form (Brandon et al. 1980, Sayavedra-Solo et al. 1983, Griggs et al. 1985) (Tab )
3). Thus, for anti-(diH)[9R]Z sera, there are only limited data for making C_oms
parisons. However, it would also appear that cross-reactivities of Vaﬂf’u
purines to the anti-(diH)[9R]Z sera raised in different laboratories are simila’
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Although the very high cross-reactivity of the antiserum raised by Hofman et
al, (1986b) with BAP and K is rather surprising. o )
or both [9R]iP and (diH)[9R]Z, cross-reactivity characteristics of antisera
19 different rabbits immunized with the same antigen were very similar. This
1}1(;ing is in agreement with the observation noted above that for a given cyto-
10in antigen, the cross-reactivity characteristics of antisera ralsed in dlfferer}t
oratories are similar. This suggests that if one specifically wishes to obtain
Ay cytokinin antibody with cross-reactivity characteristics that are different
om those of cytokinin antisera already raised and cha'ra.cterlzed—.-fon.- ex-
mple, an antibody that is highly specific for a single cytokmm:—then_nt will be
®Cessary to use an alternative to polyclonal antisera elicited in rabl.nt.s. '
. l}e development of an antibody that is specific for a single cytokinin m_lght
"Minate the need for many of the sample purification steps currently required
Tlor to analysis by RIA. However, it would appear that little success has been
2-ch'e"3d in developing monoclonal antibodies that are essenglally' monospe-
[; IC. Woodsworth et al. (1983) developed monoclonal gntqudle.s against
R}ip and [9R]Z with the specific aim of obtaining antibodies with mcrease_d
“Pecificity. Clone JEL 75 showed the greatest specificity for [9R]Z; however, it
Cr()S.S‘rtéacted measurably (6-7%) with [9R]iP, methyithio{9R]Z, cis-meth-
ylth‘.owR]Z, and adenosine. Clone JEL 77 showed the greatest specificity for
[9Rj; , and its cross-reactivity with five other cytokinins was less t.han 5%.
OWever, before this antibody can be considered specific for [9R]iP, much
chore eXtensive and more sensitive data are required on its Cross-reactivity
Aracteristics. o
a rlone et al, (1985) characterized seven monoclonal antibodies developqd
WgamSt [9R]Z. Cross-reactivities against c¢is[9R]Z, (diH)[9R]Z, Z, and [IR]iP
W_ere measured, and each antibody cross-reacted measurably (about 10-200%)
telt_h tWo or three of these cytokinins. Eberle et al. (1986) extensively charac-
o "12ed three monoclonal antibodies developed against [JR]Z and one devel-
Te ®d agajnst (diH)[9R]Z. All antibodies cross-reacted strongly with thelr. cor-
SPonding bases. In fact, cross-reactivity data for the monoclonal antisera
anetr.e very similar to those for polyclonal sera (see Tables 1, 3). Mongclonal
Vi !bodlféS, however, do have an advantage over polyclonal antibodies by pro-
g an indefinite supply of a standardizable reagent. They may suffer from
the 1Sadvantage that assays employing them have a narrower measuring range
0se employing polyclonal antisera (Trione et al. 1985). )
to N the present study, racemic (= )-(diH)[9R]Z was conjugated to B?A prlog
fOrlmmunizing the rabbits to elicit the anti-(diH)[9R]Z sera and w}z;s a S? ufed
ang; th? synthesis of the tracer. Cross-reactivity data for t ed§§ e9CReZ
an dl‘(le)[9R]Z serum revealed that it had equal affinity for (+)=( IZ )E{ ]
eve (T)‘(diH)[9R]Z and equal affinity for (+)-(diH)Z and (—)-—(f_lel) f O‘t’lV'
s T, it had less affinity, by factors of 49.5% and 71.6%, respec.tlve }ii gr t 3
f0!>?:1rate enantiomers of (diH)[9R]Z than for the racemic ()-(diH)[9R]Z, an
| the Separate enantiomers of (diH)Z than for racemic (£ )—(filH)Z- '
€se results suggest that two distinct populations of antibodies were raised,
€qual affinity for their corresponding haptens, but with less affinity (but

el

With
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both to the same extent) for the opposite enantiomer. It is of interest that when
antisera have been raised against racemic (%) abscisic acid, it would also 8"
pear that two distinct populations of antibodies were produced (Walton et 2"
1979, Rosher et al. 1985), but in this case, antibodies with different affinitics
for the (+) and (-) enantiomers were produced. Because of the more red
availability of racemic (%)-(diH)[9R]Z than the naturally occurri®
(-)-(diH)[9R]Z enantiomer (Fujii and Ogawa 1972), we routinely usé
(+)—(diH)[9R]Z as the standard and apply the appropriate correction factor®
—2.02 and 1.40, respectlvely—-when calculating the amounts of (dnH)[9 ]Z
and (diH)Z in biological samples, in order to avoid underestimation of th hes¢
two cytokinins.

Quantification of Cytokinins by RIA and Associated Separative Procedures

Using the two RIAs developed in this study, and an RIA employing anti- [9R]
serum, it is possible to quantify by RIA a wide range of naturally 0<:currlrl
cytokinins: [9R]Z, Z, (diH)[9R]Z, (diH)Z, [9G]Z, (diH)[9G]Z [9Alﬁ]Z
(diH)[9AlalZ, [9R]iP, iP, [9R-5'P]Z, and [9R-5'P]iP, and, most llke]y’
[9R-5'P](diH)Z. Although not cross-reactive with the antisera, the O- ghic”
sides ((OG)[9R]Z, (OG)Z, (diH OG)[9R]Z, and (diH OG)Z) can be quamtlﬁe
following B-glucosidase hydrolysis to their respective bases or ribosides ©
suggested previously (Badenoch-Jones et al. 1984b), and [7G]Z can be qUa"t
fied following periodate oxidation. The importance of being able to quanU y e
wide range of naturally occurring cytokinins cannot be overemphasized. Thy o
whereas prevnous studies employing bioassays have often placed emphf:\Sls 0
Z and [9R]Z, it is becoming increasingly apparent that other cytokinins may
quantitatively important (see Introduction), depending on the plant spe‘i‘e
the plant tissue, and the stage of growth.

We have previously emphasized the need for the separation of cytoklnmS
prior to analysis by RIA (Badenoch-Jones et al. 1984b), and this requ1rem€“t
now generally well recognized (see Ernst 1986). In this study we have pr
sented methods by which the wide range of cytokinins that might be found 1"
many biological samples can be separated appropriately prior to analySls
RIA. Further work will be required to assess the feasibility of purifying biol% ing
ical samples by the methods proposed in this study. We present a workl ns
model that can be readily modified, or combined with other methods such
immunoafﬁnity chromdtography (Morris et al. 1982). In our model, summ™
rized in Fig. 6, it is envisaged that samples would first be purified by ion e)
change chromatography on cellulose phosphate (Badenoch-Jones et al. 19842
which would separate nucleotides (acidic wash) from bases, ribosides, 2
conJugates (basic eluate). This procedure is known to give almost quantltat
recoveries of cytokinin ribosides (Summons et al. 1979b).

Using a mixture of authentic standards, we have shown that the basic elua® ¢
can then be subjected to TLC, using butanol/acetic acid/water as solvent: ]
separation of the following cytokinins or groups of cytokinins: [9Ala]Z; (7 J
and the O-glucosides; [9G]Z; Z, (diH)Z, [9R]Z, and (diH)[9R]Z; and ip 2 he
[9R]iP. [9AlalZ and [9G]Z can be assayed directly by RIA employing
anti-[9R]Z serum. iP and [9R]iP can be separated from each other by HPL

]

b i

jve
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Cytokinin mixture ([9RIZ, Z, (diH)I9RIZ,
(diHIZ, (OGH9RIZ, (0G)Z, (diH OGII9RIZ,
(diH 0GIZ, 19G1Z, 17G1Z, [9AlalZ, [9RIP,
and P+ PHUAIHIZ and (PMILGHIORIZ as
recovery markers)

Cellylose phosphate ion exchange chromotography

TLC (Butanol / acefit acid / wafer as solvent)

7
arz (761Z/0-qlutosides  [961Z (9RIZ/Z/diHI9RIZ  iP/I9RIIP

{din)Z
B-glucosidase HPLC l
hydralysis {Zorbax U8 cotumn!
Baker €18 minicolumn (9RIZ  (diH) z  (diHZ
[9RIZ /
HPLL / HPLC
‘Zorbax €8 column) /(Techsil-10 C8 column)

/
/ [9R]iP iP
/

1
‘“‘E\Fdim 2 1diHz
19R1Z S

(9Riz ™ / RIA employing
{’ / anti-I9RIiP-serum
i //
pe}‘iodafe RIA employing
ﬁxndanon

anti-(diH)[9R]Z-serum

RIA employing anti-[9R]Z-serum

B
8.6, Model scheme for the separation of cytokinins prior to RIA.

a . . .
se};fchsﬂ 10 Cq column and then assayed by RIA employing the anti-(9R]iP
Qbmm‘ The Z/(diH)Z/{9R]Z/(diH)[9R]Z mixture can be separated into its four
2l I%Onent cytokinins by HPLC on a Zorbax Cg column (Badenoch-Jones et
Sery 84b). Z and [IR]Z can be assayed by RIA employing the anti-{9R]Z
am!.j(“{ and (diH)Z and (diH)[9R)Z can be assayed by RIA employing the
Blug d!H)DR]Z serum. The [7G]Z/O-glucoside mixture can be subjected to B-
op r});ldgse digestion to hydrolyze the O-glicosides to their component faases
[SR}ZOSEdes, and the cytokinins of the resuftant mixture ({7GIZ/ZAdiH)Z/
coly, AdiH){9R]Z) can be separated from each other by HPLC on a Zorbax Cy
Semmn. Z and (9R]Z can then be assayed by RIA employing the anti-[9R]Z
angiqy,, 04 (AH)Z and (diH)(9RIZ can be assayed by RIA employing the
Rl IH)[9R]Z serum. [7G]Z requires periodate oxidation prior to analysis by
W‘“Smg the anti-[9R]Z serum.
b ith both labeled and unlabeled cytokinins, our recovery data suggest a
Cr recovery of the Z/(diH)Z ribosides than the bases. Correcting the re-

0
Yery of bases using the recovery of the PH(diH)Z marker (57.0%) and the
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recovery of ribosides using the recovery of the [*H](diH)[9R]Z marker (82.1%)
gives the following corrected recoveries: [9R1Z (101.8%), Z (116.1%)’
(diH)[9R]Z (88.1%), (diH)Z (108.1%), (OG)[9R]Z (30.2%), (OG)Z (56.7%). ©
diH)[9RIZ (61.5%), (OG diH)Z (88.4%), [9R]iP (60.3%), and iP (60.2%)
These values give an indication of the accuracy with which we can estimal
these cytokinins in biological samples using the techniques we have described:
Clearly, in the absence of high-specific-activity O-glucoside and [9R]iP and !
recovery markers, the accuracy with which these cytokinins can be quantiﬁe.
is somewhat limited, and recovery corrections based on recovery of zeall®
base/riboside markers may underestimate these compounds. .

For the O-glucosides, recovery could be more accurately estimated if v
tiated basc and ribosidc recovery markers were added prior to the B-glucos”
dase hydrolysis step. In the absence of high-specific-activity recovery marke?®
for [9G]Z and [9Ala]Z, the results from this study suggest that the (diH)[9R]Z
marker might provide a suitable estimate of recovery for [9G]Z and the me?
recovery of the (diH)Z and (diH)[9R]Z markers might provide a suitable est”
mate of the recovery of [9Ala]Z, giving corrected recoveries of 107.7% an
97.9%, respectively. The recovery of [7G]Z, as expected, was low, and eve
using the recovery of the [*H](diH)Z marker as a correction factor only give®
corrected recovery of 22.6%. Thus, in the absence of a high-speciﬁc-acti‘”t.‘
[7G]Z recovery marker, recovery of [7G]Z will almost certainly be underes
mated. It is expected, however, that in the near future it will be possible (f
purchase high-specific-activity recovery markers for a wider range of ¢Y
kinins than is currently available.

In this study we have not examined the nucleotides in detail. However,
previous study (Badenoch-Jones et al. 1984b) indicated that it is possible “;
estimate [9R-5'P]Z from the cellulose phosphate wash fraction after fufthe’
purification by DEAE cellulose chromatography. This quantification is P°
sible because of the high cross-reactivity of [9R-5'P]Z with the anti—[ﬁl]1
serum (104%). Data from this study indicate that [9R-5'P]iP has suffiC“,an
cross-reactivity with the anti-[9R]iP serum (37.9%) to enable its quantiﬁcatlof
by RIA. When this work was carried out, a [9R-5'P](diH)Z standard was no
available, although it has now become possible to purchase this compoy
(Apex Organics, Osney Mead, Oxford, U.K.). It is probable thaz
[9R-5'P(diH)Z also shows sufficient cross-reactivity with the anti-(diH)[9_R.]
serum to enable its quantification by RIA. [9R-5'PJiP has low cross-reactiV!
with the anti-[9R]Z and anti-(diH)[9R]Z sera (0.49% and 0.69%, respectivé
and [9R-5'P]Z has low cross-reactivity with the anti-[9R]iP and anti-(diH)[% 7
sera (0.39% and 2.23%, respectively). The cross-reactivities of [9R-5’P](diﬂ)ly
with the anti-[9R]Z and anti-[9R]iP sera are unknown, but they are probz‘b,S
also low. Thus, it may be possible to quantify each nucleotide by RIA anal}’s;),
of the DEAE eluate fractions with its corresponding antiserum, pOsS,‘bS
without the need to correct for the presence of the other cytokinin nucleof'de
in the same sample. Further work is required before it is known whet! ¢
DEAE cellulose chromatography is sufficient purification prior to nucleot!
analysis. ¥

Palmer and Wong (1985) have reported the occurrence of O-glucoside s

ouf
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Clegti
1987

Sdas

des that have also been detected in mistletoe xylem saps '(Hall et al,
- Clearly, these nucleotides could be quantified by RIA following B-gluco-
€ digestion of an aliquot of the nucleotide fraction. ‘
Mike the anti-[9R]Z serum, the anti-(diH)[9R]Z serum shows Quite strong
cr‘)Ss'l’eactivity with cis-Z (14.29) and, to a lesser extent, w.nth cis|9R1Z
770). Hence, it would be desirable to separate the cis and dxhydro com-
poum?s prior to RIA. The chromatographic properties of cis-Z and c~zs[9R]Z are
Scribed in an accompanying study (Badenoch-Jones et al., §melttéd). ‘
[?G]Z and (diH){9G1Z cross-reacted moderately with their corresponding
itisera (46% and 21.9%, respectively) and similarly for {9Ala]Z and
(le)[gA'a]Z (22% and 10.4%, respectively) (see Tables 1, 3; Bandenoch-Jones
§t al. 1984b). Qur data indicate that it would be possible to quantify (diH)[9G)Z
Sin 4 (diH)(9Aa]7, using RIA employing the anti-(diH)[9R]Z serum. However,
tiy, the cross-reactivities of these compounds with this antiserum are rela-
refIY low, the sensitivity of the assay for these compqunds would also be
. Alively low; about 0.1 ng (diH)[9G]Z and 0.5 ng of (_le)[QAla]Z would be
Qequ"ed in order to be detected with any accuracy. (diH)[9G)Z could be hy-
MTOIY Zed to (diH)Z (by periodate oxidation as described in Matenalgvax}d
N Cthods for [7G1Z and [9G]Z) prior to quantification by RIA, but ttge'r_me in
-nsm"ity would only be about 50% (calcuated from the crpSS~r€aCt1V1U€S of
Q; N9GIZ and (diH)Z with the anti-(diH)[9R]Z serum). (diH)[9Ala}Z would
ggéhmmatograph with [9Ala)Z, and (diH)[9G]Z would cochromatograph with
H4 following TLC with butanol/acetic acid/water as solvent. For quanti-

Ying botp [9G1Z and [9AlalZ, it might be considered preferable to separate

;hem from their dihydro forms, because for both cytokinins there is only at?out
01 "old difference in cross-reactivity between the dihydro and unsaturated
S;:HS n both RIAs (employing the anti[9R]Z serum or the antlw{dlﬂb)li?l;]Z
dat‘;;")- These separations can be achieved readily by HPLC (unpublished

There is evidence that [9R)BAP occurs naturally in a cell culture of anise
(%r)nst et al, 1983b) and in tomato (Letham, unpublished data), r;mc;g;hat
Th H)9RIBAP occurs naturally in Populus robusta (Horgan et al. 53
&g S, the need to detect and quantify these cytokgmns by RIA requires co;:s.. -
Rp 190 In some experiments, it may also be of interest to quantify synthetic
[9pyy, S8, in culture media). Some workers have elicited antibodies against
agRlBAP (Constantinidou et al. 1978). We did not produce a separate antlbo'dy
[9;? st [9RIBAP, because our anti-[9R]iP serum cross-;‘eacts strongly with
v 1BAp (30% cross-reactivity) and, to a lesser extent, with BAP (5.0% cross-

szctmty). With this antiserum it is possible to detect 0.1 ng of {9R]BAP}.3§;-
R ASe of the shallower slopes of the logit transformation curves for [9R] BAP,
9Ry: and in particular, (0OH)[9R]BAP, compared with the curve for stan 3}"

q“a)‘P’ the molar cross-reactivity values determined at 50% binding do not ade-
N lely reflect (underestimate) the potential for detecting low Ievels} o{ these
Ang; Pounds, Thys, even though the cross-reactivity of (cOH)[9R]BAP with the
0 1"[:1[2]1'13 serum is only 1.1%, it is possible to detect this compound at the

evel,

Since RIA employing the anti-[9R]iP serum has the potential to detect low
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fevels of [9R]BAP and (0OH)[9R]BAP, the possible occurrence of these Cqm
pounds in biological samples must be borne in mind when one is interpre” -
the results of RIA (employing the anti-[9R]iP serum) analysis of HPLC ffgp
tions off the Zorbax column. The elution times of [9R]BAP and (0OH)[9R]B e
(and also of BAP and (0OH)BAP) in relation to those of [9R]iP and iP OniA
Techsil 10 Cq column are shown in Fig. 7. Hofman et al. (1986b) have used ®/
employing an anti-(diH)[9R]Z serum for quantifying BAP and also K. A ¢© y
parison of the cross-reactivity properties of our anti-(diH)[9R]Z ai‘(e
anti-[9R]iP sera (Tables 2, 3) reveals that the anti-[SR]iP serum is the m%if
appropriate of our antisera to use for quantifying BAP, (0OH)BAP, and th@l'
ribosides, and also K. Anti-[9R]iP sera raised by other workers (Ernst el o
1983a, Barthe and Stewart 1985) also cross-reacted strongly with BAFP #
[9R]BAP (Table 2). of
The RIAs developed in this study were of similar sensitivity, and COYerd
similar measuring ranges, as those reported by other workers. Enzyme-hnk 4
immunosorbent assays (ELISAs) (Hansen et al. 1984, Barthe and Sté oy
1985, Vonk et al. 1986) were generally slightly less sensitive than RIA, but th e
may have advantages of convenience, safety, and cost of equipment and ma

rials.
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. Several deficiencies of the RIA employing the anti-[9R]iP serum developed
€ Present study are apparent. First, for our antiserum, tl}e sensitivity for
antifying the base is only about one-fifth that for quantifying the riboside.
Oltunately, however, of all our cytokinin RIAs, that employing the anti-[9R]iP
Serpm is the most sensitive, and it is still possible to detect as little as ().3.pmol
of ip Second, the anti-[9R]iP serum had the lowest titer of our four antisera,
the fina} dilution in the assay being 1:4500. Apart from the obvious fact that the
SWer the titer, the fewer the assays that can be performed with a given volume
Serum, there is also a greater probability of interference in the assay from
Other €ompounds when the antiserum titer is low. In addition, there are many
Mpounds within plant (and animal) cells with isopentenyl moieties. These
Mpounds resemble iP and [9R]iP, and hence the problem of cross-reacting
Maminants s likely to be greater in the RIA employing the anti-[9R}iP serum
a0 in the other cytokinin RIAs. Data from the present study and from that of
arthe and Stewart (1985) also suggest that anti-{9RJiP sera show low, but
Eead‘ly Measurable, cross-reactivity with a wider range of compounds than do
ther cytokinin antisera. o . .
V€ have previously indicated the importance of using hlgh-spemﬁctafcuv':ty
‘e‘covery markers for assessing losses of cytokinins during sample purification
Prior to'Ry 4 (Badenoch-Jones et al. 1984b). In this study we have successfully
“Mbloyed twg recovery markers simultaneously. About 42 Bq (2500 dpm) of
cach of the markers was incorporated into the original cytokinin mixture. With
:l'recovery of about 75% at the end of the purification procedure, counting
1qUots of about 5—10% of the total sample (i.e., about 94-188 dpm) gave
wounts well over three times background level. Data in Fig. 5 reveal that such
evels of recovery marker in the sample to be assayed (about 2}?0‘470
egm, as about 15~25% aliquots of the total sample are assayed in R1A) have no
®Ct on the RIA. Even considerably higher amounts of recovery mgrker
Woulg not affect the RIA, provided the appropriate b}anks are used in the
U8say, Also, the mass of cytokinin in the sample that is present as recovery

Markey would be about 1000-fold to 10,000-fold less than the 0.05 ng detectable
n the aSSay,
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