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Summary. 1tiolated maize and soybean seedlings were grown for several days in
atmospheres enriched with Q18. Hydroxyproline subsequently isolated from the seed-
lings by column and thin-layer chromatography was labeled with excess 018, but proline
was not. Control experiments in which seedlings were grown in H2018 and unlabeled
atmospheres demonstrated that neither proline nor hydroxyproline was labeled with excess
01'. It was concluded that oxygen fixation is an essential feature of hydroxyproline bio-
synthesis in these seedlings, and that the hydroxyl oxygen atom in hydroxyproline is de-
rived from molecular oxygen and not from water; similar results have been reported
previously for sycamore cell suspensions.

Within recent years increasing interest has been
shown in the oxygenative pathway of biological oxida-
tion, by which 02 is incorporated into organic mate-
rial by direct addition of molecular 02. The most
recent reviews appeared in a journal article bv Havai-
shi (7) and also in book form (8). The enzymes
which catalyze oxygenation (i.e., 02 fixation) reac-
tions are generally called oxygenases and hydroxyl-
ases, in accord with recent proposals (18) and recom-
mendations (23), as well as recent usage in the liter-
ature [e.g., see reviews by Hayaishi (7) (9)]; speci-
fically, oxygenases catalyze the addition of both atoms
of the O0 molecule to a molecule of substrate, whereas
hydroxylases catalyze the addition of 1 atom of 02,
and the second atom probably is reduced to water.

In most investigations of 02 fixation, tissues and
enzyim preparations from microorganisms and ani-
mals have been utilized. Very few reports have been
published concerning 02 fixation in higher plant tis-
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fulfillment of the requirements for the Ph.D. degree; the
results reported here were obtained during the tenure (by
E. R. Stout) of a National Defense Education Act Fel-
lowship. This investigation was supported in part by the
United States Atomic Energy Commission, Contract No.
AT- (40-1) -2834, and by a grant (G-21410) from the Na-
tional Science Foundation. Approved as Journal Series
No. 2152 of the Florida Agricultural Experiment Stations.

2 Present address: Department of Botany, University
of Maryland, College Park, Maryland.

sues [e.g., see Goldfine and Bloch (5)]. One of
these few reports is that of Fritz et al. (3), who in-
cubated etiolated maize seedlings in atmospheres
labeled with 018 and concluded that a small fraction
of the absorbed 02 gas was incorporated into or-
ganic material through the agency of enzymes which
catalyze the direct addition of molecular 02 to organic
substrates. Also, Lamport (13), on the basis of
results obtained from 1 experiment in which a sus-
pension of sycamore cells was grown in an atmos-
phere enriched with 018, reported that the oxygen
atom of the hydroxyl group in hydroxyproline came
from molecular 02.

T,he metabolism and role of hydroxyproline has
been the subject of increasing interest during recent
years. This amino acid was found to be localized
in the protein associated with the primary cell wall in
sycamore cells (15) and in other species of higher
plants (2) (22). Lamport (14) in a recent review
stressed the importance of the hydroxyproline-rich
protein in primary cell wall structure, and discussed
the possible role of hydroxyproline in cell wall ex-
tension. Scharpenseel and Wolf (25) observed that
the conversion of proline to hydroxyproline in fetal
skin preparations depends on a supply of molecular
0,2. Fujimoto and Tamiya (4) and Prockop et al.
(21) demonstrated with the use of 018 that the hy-
droxyl oxygen atom of hydroxyproline in chick em-
bryo collagen is derived from molecular 02-

The present investigation was undertaken to dem-
onstrate the incorporation of molecular 02 into hy-
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droxvprolinie of etiolated miiaize ancd sovybean see(llings.
Some preliminary work involving the estimation of
the amouint of hydroxyproline as a fuinction of seed-
Iing age was necessary and is reported also. A short
commmunicationi concerniing this inv-estigation has ap-

peared (27).

Materials and Methods

Planit Material. Maize grain (Zca mays L., Wf9
X 38-11, fertile version) and(I soybean seeds [Glycinc
max (L.) Merr., Hardee v,ariety] were soaked for 6
hours in runnllinig tal) water, and then were sown in
wetted vermiiiculite, either in alumiinumti trays (for hy-
(roxypreline estimations) or in 250 ml Erlenmeyer
flasks (for Q1" experiments) with 10 to 12 seedlings
per flask. Germinationi and subsequent growth took
place at 250 in the (lark with only occasional expos-
ures to white light. Age of see(llings was calculated
froml the tinme of inimilersioni in water.

018 1lfethodology. O.. gas colitaininig approxi-
mlately 10 atomii percenit 018 was lprepared by elec-

trolysis of 018-eenriched water purchased from the
\Weizmann Institute of Scienice, Rehovoth, Israel:
the exact atom fractioln for each electrolyzed sample
was determinie(d by (liltiting aln aliquiot with nitrogeln
and analyzinig by mass spectrometrv. T'he 02. gas

obtained froiii electrolysis was passed througlh a col-
umn of soda lime to insure the remloval of traces of
ozone (1)(10).

Seedlings in 250 ml Erlenmeyer flasks were ex-

posed for several days to labeled 0., gas mixed with
nitrogen (volume ratio, 20:80). Ai vial containiing
5 ml of 40 % K()H with a filter paper wick was

placed upright insi(le each flask. Each flask wvas
equipped with a 1-hole rubber stopper into which a

short piece of glass tubing was fitted. To introduce
labeled gas nwixture into a flask at the beginning of
an experiment, the flask was evacuated with a water
aspirator and theni filled to atm of pressure. 0.

gas absorbed by the respiring seedlings wAas replace(d
every 12 hours with pure 02 gas of the same 019 ein-
richment. The vermiculite was wetted with suiffi-
cient water at the start of an experiment so that
fturther a(lditions of water wvere not nieeded.

For experiments in whlich seedlings were grown in

water labeled with ('18, the gas phase was air con-

taminiig the normal enrichment of 0-. Labeled water
containing 1.52 or 1.33 atonii percent 018 excess was

purchased from Bio-Rad Laboratories, an(l wvas adde(d
to the Erleiimeyer flasks at the time of sowiing.

HIvIroxivprolibc in Amiuio Acidl MVixtutres. At
harvest, a sample of seedlin.-s whiclh ha(l attaine(l aii
average size was selecte(l. Maize enidospermiis and
soybean seed coats were remiioved an(l discarded, and

the fresh weight of the tissue was recordedl. For
hydroxyproline estimations, 4 to 20 seedlings were
taken, depending on the age and species of seedlings.
The sample was chopped finely with a razor blade
and ground to a slurry in ice-cold water in a mortar
with a pestle.

h'l'e groun(l plant mlaterial was hydrolyzed in 6
N HCl for 24 hours at about 1080 under a water-
cooled reflux condenser. The hydrolysate was de-
colorized with activated carbon, and the acid was
removed by evaporation on a rotary evaporator. T'he
residue was dissolved in water, and the solution was
passed throtugh a 20 X 1.5-cm column of Amberlite
R- l20(H+), medium-porosity, cation exchange resin.
The colutin l.vas elute(l with 2 N NH40H, and the
eluate was evalporated to dryness on a rotary evapor-
ator. The residue containing the amino acids was
dissolved in 0.05 N HCl and was stored at 50.

Hydroxyproline in these amino acid mixtures was
estimated by the colorimiietric mlethod of Neumllani an(l
Logan (20) as modified by Leach (16). Also. the
hvldroxyproline content of the cell wall fraction wvas
measured, so that estimates could be made of the per-
centage of hy,droxyproline in the cell wall as com-
plare(l to the total tissue. To isolate the cell wall, the
slurry of plaint material obtained by grinding in a
mlortar with pestle was further ground at 0( for 2
minuites in a mlotor-driven Teflon tissue homogenizer.
T'lhe fraction obtained from the ground material by
filtrationl through Miracloth (Chicopee Manufactur-
inig Corporation) was designate(d as cell wall (22).
This fraction was treated as above to obtainl anmino
aci(l mixtuires.

Isolation of Hvdroxyvprolin c fro in Amino Acids.
For 01( analyses, it was necessary to separate hv-
(lroxvprolinie froml the other anmino acids. A number
of seedlings was taken which would contain I mig of
hy(lroxyproline; the require(d nutlmlber of seedlings
couldl be estimated from (lata regar(inig the hydroxv-
proline contenit of the see(dlings (see fig 1). 'T'he tis-
sute was frozeni anld (lrie(l exhautstively for 6 houtrs b1
meanis of a vacuumi puimp evactuating to a pres-
sure of about 0.1 imiicron. The (Irie(l tissue was
then powdere(l in a mortar Nwith a pestle. Amino
acidl miixtures obtainied as described -were treated
with niitrous acid to deamiinate the primiiarv a-amino
.2ci(ls. Th'le niitrous acil was lprepared immediately
prior to use by imixing 1 part of a solution of 30 %
NaNO2O with 2 parts of 9 N HCl. After stan(ingir for
1 hour at room temperature, nitrous acid-aminio aci(l
mixtures were boiled for 1 houtr an(d then conceni-
trate(l on a rotary evaporator; the precipate(l NaCl
wvas remove(d by filtrationi. The a-hvdroxv acicl.
produced by the niitrous acid treatmiient were extracted
w-ith diethyl ether (6) anid (liscardecd, so that onlyl the
iminlo acids (prolille anld hydroxyproline) reniiailie(l
in the nitrouis acidl soluition.

Sinice the primary objective was the investigationl
of 0., fixationi in hlvdroxyprolinie biosynthesis, it was
lesiral)le to recover as imutich of the hydroxyproline
is l)osbl)le from the nitrous aci(d solutions; hlowever,
no effort was made to recover proline quantitatively
since onlv an amount (approxiniately 1 mg) suf-
ficieltlv large for mass spectrometric analysis was

nee(led. Proline and hydroxyproline in nitrous acid
soltutions were separated by coltlmnl chromatography
followed by thin-layer chromatography. A partial
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separation of the amiino acids was made on a 50 X 1
cm column of Dowex 50W-X8(H+); the column was
eluted with 1.5 N HCl (12). Only the 50 to 150 ml
fraction was collected, since this portion of the eluate
was found to contain 96 % of the hydroxyproline if
a mixture containing 1 mg each of hydroxyproline
and proline was placed on the column; this fraction
contained about 30 % of the proline placed initially
on the column. The eluate was evaporated to 1 ml
and the proline and hydroxyproline were then sep-
arated completely by thin-layer cihromatography on a
cellulose absorbent, by the method of Myhill and
Jackson (19). It was found that 'recovery of hy-
droxyproline from thin-layer plates was approxi-
mately 100 % for quantities of about 100 Kg of hy-
droxyproline. Therefore, the entire solution con-
taining the imino acids was placed in 10 or more
spots on the cellulose absorbent, and each spot was
estimated to contain about 100 ug of hydroxyproline.
After thin-layer chromatography, hydroxyproline and
proline were recovered from the plates and then
chromatographed on a 10 X 1 cm column of Amber-
lite IR-120(H+) so as to remove soluble components
which might have been derived from the cellulose or
from traces of chromatographic solvent.

Pyrolysis and Mass Spectrometry. The hydroxy-
proline and the proline which were recovered from
the seedlings were sealed under vacuum in Pyrex
tubes and pyrolyzed to CO. at 5000 to 5500 for 90 min-
utes, according to the method of Lee (17). The
atom percent 018 in CO2 was calculated from peak
heights of masses 44 and 46 (11), which were meas-
ured in a type 21-130 Consolidated Electrodynamics
Corporation mass spectrometer. The abundance of
018 in reagent proline and hydroxyproline was de-
termined for several samples and found to be 0.204
atom percent.

Results

Hydroxyproline Content of Seedlings. As shown
in figure 1, the amount of hydroxyproline in etiolated
maize is 8 ,ug per seedling for 0.25-day seedlings, and
increases to 80 jug per seedling for 12-day seedlings.
For etiolated soybean, the amount of hydroxyproline
ranges from 35 ,ug per seedling for 0.25-day seedlings
to 300 ,ug per seedling at the fourteenth day after
the start of germination. It is also evident from
figure 1 that the maximal amount of hydroxyproline
in a single soybean seedling (300 jug) is almost 4
times the maximal amount found in a single maize
seedling (80 jg).

Differences in hydroxyproline conitent between
maize and soybean seedlings were also evident when
hydroxyproline conitent was expressed in ug per g
fresh weight (fig 2). For both maize and soybean,
each g of fresh weight contains 140 ug at the 0.25-
day stage of development. The amount of hydroxy-
proline per g of fresh weight of maize tissue then de-
creases to 50 ,ug by the fifth day after germination
and remains at -that level even to the fifteenth day
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FIG. 1. The hydroxyproline content in ,ug per seed-
ling of etiolated maize and soybean seedlings, expressed
as a function of seedling age.

> 300 0-- Soybean
._

3: - 0o-o Maize
( 250

s 200

0 150
z

0~~~~~~~~~~
°r 100 OX

0 50

I

0 2 4 6 8 10 12 14

AGE (DAYS)

FIG. 2. The hydroxyproline content in ,ug per g fresh
weight of etiolated maize and soybean seedlings, expressed
as a fuinction of seedling age.

after germination; on the other hand, the hydroxy-
proline content of soybean decreases to 125 ug per g
fresh weight at the 3-day stage and then increases to
260 jug per g fresh weight by the thirteenth day after
the start of germination. Probably the initial de-
crease in the amount of hydroxyproline in each g of
fresh tissue is related to a relatively large uptake
of water during the first few days of germination.
For each g of fresh weight, the maximal amount of
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hy(lroxyprolinie in soybean (260 Mg/g fr wt) is ab)otit
5 tiiiies the amount in miiaize (5r0 [Lg g fr wt).

Seedlings of all ages fromi0.25-day to 14-day
were exaniimied with respect to the percentage of hy-
droxyl)rolimie in the cell vall fractioln. It was foiiicd
that the bulk of the hyvdroxvproline wvas in the cell
wall. For miiaize seedlling-,, the aniotint of hydroxy-
prolinie in the cell wall fractioii was 70 to 83 % of
the total in the seedlings. whereas for sovbean the
amounit was 80 to 93 %. The amiioulit of liydroxyprol-
inie associalted vith the cell xxall ilicreased with in-
creasing age of the seedliiigs.

ExChatlgc of Oxygeni A to1;ns of Hydr-oxyproliu e
(Iin rinig HydrolAsis. In experimiients in which the
origini of oxygen atomiis is exainiime(l. it is necessary to
avoi(l the exchalige of the oxygen atomis with water
of the miieditumi. In particullar, it was liecessary to
verify that the hydrolytic method wliclh xas employed
to isolate hydroxyproline di(d iiot resuilt in the ex-
change of the hydroxyl oxygen atomii. Rittenhierg et
al. (24) found that oxvgen atoms of the carboxyl
groups of tyrosine and serilie excliamiged xx-ith those of
the meditim during heatiiig at 1080 with 6 N HClI
but the oxygen atoms of the hvdroxvl group did not
exchanige. Fujimoto amid Tamiya (4) and Prockop
et al. (21) obtained siniilar restults with hydroxyprol-
ime. In the present investigation, 20 nmg of reagent
liydroxyprolilie were sealed ini a glass tube together
wvith 4 nil of 6 N HCI coiitaiiiiiig 1.15 atom percent
excess H,01 R, and the contents of the tube were
heated at 108° for 24 hoturs. Tlnhe hvydroxyproline
was recovered and pyrolyze(d to Co). The results
which were obtained confirmiie(d that 2 of the oxvyen
atomis exchanged completely with water, but the thir(d
remainedtunexchaanged. These restults are consisteiit
with the view that exchanlge of the 2 carboxyl oxygen
atoms, but iiot the hydroxvl oxygeii atoni. occurred
(ltring acidl hydrolysis.

Inicorporation of 018 i1tO) Hydro.eyprolinic. The
results of the analysis of 0' ablinidaiice in hydroxy-
lprolinie isolated froiii maize aii(l sovbeaii seedlings
wNhic,h were incubated in atmospheres eiiriched with
018 are showii in table I; sev-eral trial experiliients
in which similar results xx ere obtained are liot tabu-
lated. The (lata show that alplprecial)le aniounts of

Ow'were inicorporated into hydroxyproline from
atmosp)heric 0.. Proline isolated from seedlings ex-
posed to atmospheres enriche(d with 018 did not coin-
taiim an excess of 01'9. [The higher valuie in table I
for atom lpercel-t (C) fouind in miiaize incuhatedl in
(),18 for 4 (lays (0.605) comlpared to 8 (lays (0.383)
is probably related to (lifferenit growth conditioii.o
which exist in (lifferenlt E1rleiinmever flasks; it hala.
been otur expel-ienice that the fresh weigiht inicremenit
of see(llinigs grown ini 250 wl Erleneme\ver flask.s is
not i(lentical ini differenit flasks which receive the
samiie treatmenits with respect to imioistuire. teml)per-
ature. etc. Sinice it xx-as demonstrated (vide stlpra)
that the oxygeni atomi of the hvdroxvl group of hl-
droxyl)rolinie does not exchanige with those of water
duiring the hydrolysis I)rocess, whereas the oxygenl
atoms in carboxvl groups are replaced by those of
water, it couild be concluded that 01' was incorpor-
ated inito the hvdroxyl group of hydroxyprolille.

T'he d(ata (table I) for 018 incorporation into liy-
droxpl)rolilii xbien seedlings xwere exposed to O.,1
are loxxer thiani miight be aiiticipated. That is. the
graplbical in formiiation presented in figure 1 in-dicates
that rougblv1 oneh-lialf of the hvdroxVProline in the
seedlliiigs cain be asstiiiied to be synthesizedl duringi- the
exl)erimenital perio(ds of expostire to 0., ; therefore
it appears reasonable to expect that 018 enrichimenits
in hydroxyl)rolinie iight le as high as 1.6 atoni per--
ceit, or one-lialf X oiie-third X 10 atom l)erceiit
1 .6 atolii lpercelit 019 excess, where miuiltiplicationi 1y
oiie-tliir(l is niecessary because only 1 atom in hlv
droxyp)rolilie is labeled. But the observed enlrich-
miients (0.383 and 0.605 for maize, aidI(0.271 md(l
0.222 for sovbleanl ) are mltuchi less thain 1.6 atom per-
cent 0' excess. No sing,le explaniation for the
measulre(l low einrichinents cani be offered. ilut the
follow ing possibilities exist. Traces of imipurities iii the
reco\elredl -iydroxylpoli)ne. plartictularly illllpurities Con1-
tainiiig relatively high l)roportiolis of oxy'geII atoIIIs,
would affect the iiieastured 01( einrichiiients. Sinlce
the ambotuts of hydroxyplrolilie wilichi w\ere recovere(l
were 1 mig or less, imipurities (e.g., cellulose fromii the
t1iii-layer pl)ates, or traces of water) in the recovered
hlidroxvproline mighit have lowered apprecial)ly the
imleastured 018 enrichnients. \nother possible explan-

Table I. Incorporation of 0.,18 into Hydrox.vpro/inc lv' Lti(/atcd .aia'-c (and SoYbean- Scedlings
AtoIi l)ercent 0O" excess = atom percent 018-normal abundance of (Os (0.204 atom percent).

.\ge (days ) of seedlings
at beginning aii(l

cll(Iof expt

.Atoni percent )'8
excess ill
(or H.0'9

Atoim percent ( )
excess in

hyvdroxypr( 1lin1(
(), Exp,erimlenlts

9.98
10.42
10.36
10.42

TH,,01S Experiments
1.52
1.33

Expt
11m.

Maize

Soybean
2

2

Maize
Soybean

0.25-8
3-7

0.25-8
3-7

0.25-8
0.25-8

0.383
0.605
0.271
0.222

(.00(1
0.000
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ation for the low 018 enrichments in table I involves
the different conditions under which seedlings were
grown; the data for figure 1 were derived for seed-
linlgs grown in trays, whereas those in table I were
based on seedlinigs grownl in Erlenmeyer flasks. W\e
have observed onl nlumiierous occasionls that growtlh of
seedlings in Erlenimeyer flasks, under our conditions,
is ofteni mu-ch less than growth in open trays, and we
have attributed these effects to the production by the
seedlings of unknown volatile emanatioins which are
niot removed completely by the KOH in the vials
which are placed in the Erlenmeyer flasks. Still
another possible explanation for the low 018 enrich-
ments in hvdroxyproline in table I mayvbe related to
the developiment of low 02 tenisioni in Erlenmeyer
flasks. It is possible that at less than normiial O2
tensions, pathways other than that described here may
be utilized in hydroxyprolinie biosynthesis.

E xperineWts zcith H2018. Although the experi-
meints in which the etiolated seedlings were exposed
to atmosl)heres labeled with 018 (see table I) sup-
ported the view that a direct incorporationi of mole-
clilar 02 into hydroxyproline had occurred, another
interpretationi was possible. That is, the possibility
exists that the observed enrichmenit in hydroxyprolinie
was an in(lirect effect caused by the re(duictioni of O.,'1
to water duiring respiration followed by sulbsequenit
incorl)oratioii of H.,IY" inito hydroxyproline. lfow\-
ever, it could be calculated rea(lily (knowing tlle res-
)iratory rates of the seedlings) that the 0'8 in lhy-
droxyprolinie cotul(d not have comiie fromii respiratory
water, assuming thlat respiratory water l)roduce(l
during the incubation period miiixed completely with
the water iniitiallv present in the flask.

Evsen so, the possibility exists that respiratory
\water mnay not mix with the rest of the tissue water.
btit may be conll)artmentalized withlini the cells, and(l
then may be used directly in the biosynthesis of hy-
droxyproline. Therefore, control experiments were
carried out in which seedlings were grown in water
enriched with 018; the gas phase was air conitaining
lnormal C,. The hydroxyproline isolated from seed-
linigs growni under these conditions did not contain an
excess of 018 (table I). Nor did the isolated proline
containi aln excess of 018. The lack of incorporation
of 018 from water- into hydroxyproline eliminates the
possibility that water may serve as the source of the
hydroxyl 0° atomil of hydroxyproline during growth
of the seedlings.

Discussion

From the results presented here, it is evident that O.,
fixation has a cruicial role in hydroxyproline biosyn-
thesis. The data show that atmospheric O., is incorp-
orated directly in1to hydIroxyproline in etiolatedl maize
and soybean seedllinigs. Also, it may be concluded
that the hydroxyl oxygen atom in hydroxyprol ine
is derived from molecular 0,2 and not from water.
Hydroxyproliine is probably prodtuced in these seed-
linlgs froili proline throuigh the aqgency of hvdroxyvlat-

ing enzymes, but direct evidence from enzyme studies
is not presented here. However, even if an hydroxyl-
ase is involved in hydroxyproline biosynthesis, it does
lnot necessarily follow that free proline is converted
to free hydroxyprolinie. In fact, the available evi-
denice inidicates that free proline is niot converted to
free hydroxyproline nior is free hydroxyproline incor-
porated directly into protein (26) ; instead, proline is
probably first activated, and then the activated deriva-
tive is converted to hydroxyproline. WVhether the hy-
droxvlation reaction in higher plant tissues occurs be-
fore or after the incorporation of proline into protein
is not known.

The localization of hydroxyproline in l)roteins
founid in cell walls of several species of higher plants
(2) (15) (22) has been emphasized by Lamuport (14),
who proposed that an hydroxyproline-rich protein has
an important role in cell wall structure anid in the
ability of the cell wall to extend. The present data
also indicate that miiost of the hydroxyproline in etiol-
ated maize and soybealn seedlings is associated with
the cell wall.
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