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Abatract-Intact cultural tomato cells elutcd with dilute salt solutions yielded two soluble prccunors (Pl and P2) to 
the bound cxtensin network. HFdcglycosylation of PI and P2 (with methanol as scavenger) followad by tryptic 
degradation and HPLC on Hamilton PRP-1. gave unique tryptic peptide maps The Pl mopconsisted predominantly 
of the dcoa- and hcxadccapeptides, HS and H20 (PI-HS) Scr-HygHyp-HygHygThr-HypVI11-Tyr-Lys, and (H20) 
Ser-HypHygHypHypVal-Lys-~~T~-His-Pro-Thr-HypVal-Tyr-Lys; the P2 map consisted almost entirely of the 
di- and octapcptidcs, H3 and H4: (P2-H3)Tyr-Lys; (H4) !kr-HypHypHypHyp-Val-Tyr-Lys, and small amounta of a 
do&y related dccapeptidc containing intramokcularly-linked isodityrosine: (Hl 1) Se-r-HypHypHypHypVal- 
l/ZIDT-Lys-1/21DT-Lys. Roth Pl and P2are therefore highly pcriodicstructurs Pl consists toaconsiderabkextcnt 
of repeatal HS and HM peptide blocks, whik P2 may consist entirely of a singk repeating dccapcptide Ser-HypHyp 
HypHypVaI-Tyr-Lys-Tyr-Lys with occasional isokucinc for valinc substitutions, and varying only in the extent of 
intramolecular IDT formation, which could stiffen tbc mokcuku rod. In PI. singk tyrosinc residues oazur within the 
hexapcptide Val-Lys-Pro-Tyr-His-Pro region of H20. This nonglycosylatcd region is stcrically unhindered. Assuming a 
polyprolinc II conformation, all the basic r&duff of H20 lie in the same plane (available for pcctic binding), whik the 
hexapeptidc tyrosinc residue lies out of that plane and is therefore a prime candidate for the postulated i~~ernxokcuIar 
isodityrosinc crosslink. Our sequences also reveal fundamental tctrapeptidc and tripeptidc pcri&icitics of tomato 
cxtcnsin precursors: the contiguous daxuncrs andhexad ccamcrs consist of hydroxyprolinc tctraptptida separated by a 
relatively few tripcptidc sequences. (notably Tyr-Lys-Ser. Val-Tyr-Lys, Thr-HypVal, Val-Lys-Pro, and Tyr-His-Pro). 
Furthermore, the presence of the pcntapcptidc Scr-HypHypHyp-Hyp in all the repeat peptides shows that cxtcnsin, 
like many synthetic block copolymers, consists of relatively rigid domains (glycosylatcd Ser-Hyp-Hyp-Hyp-Hyp) 
separated by intervening (non-glycosyhtcd) Ikxibk spacers. Thus extensin is welldesigned for its suggested role in 
mechanically coupling the ccllulosic load-bearing polymers of the primary cell wall through formation of a network of 
definai porosity. 

Ih-lRODUCTlON 

Primpry cell walls contain the firmly-bound 
hydroxyprolinc-rich glycoprotein (HRGP) extcnsin [l] 
whose apparent insolubility had limited determination of 
its primary structure [2-4]. Recent work changes that 
picture. It is now ckar that although the bulk of cxttnsin is 
firmly bound, and presumably covalcntly crosslinked 

l PruenI address: Depanmcnl of Microbtoiogy and 

Immunology. UnrversiIy of NorIh Carolina, Chapel Hill NC 
27514. U.S.A. 

t This research subnuIIal by J J.S. in parGal fuffilwnI of the 
rcquircmenIs of Michigan Suw Universay for the degree of 
Doaor of Philosopy in Bowy and Plant PaIho1og.y. 

Abbreviations: HA, hydroxyprolinc arabinosidc; HFBA. hep 
tiuorobuIyti acid; HRGP, hydroxyprolinc-rrh glycoprotein; 

PI and Pz glycosylatal exIensIn prazurws; dPI and dP2, HF- 
deglycosylated cxIensm prozursorr; IDT. IsodiIyrosmq PRP- 
I. polysIyrene reversed-phase; PTH. phcnylthiohydantoin; 
ODS. oc~dccyls~lne; CAPS. chroouwgraphy applaa~ions pa- 
kage sofware; Iryptidc. IrypIie peptde. 

[S-7]. soluble extensin is present to a greater or lesser 
extent in thcall wallduringgrowth [8-lo]. Furthermore, 
solubk extcnsin clutcd from the cdl wall of intact tomato 
all suspensions yielded two components (PI and P2) 
displaying kinetic and chemical properties indicating the 
role of PI and P2 as precursors IO firmly-bound extensin 
1’11. 

Availability of the two soluble cxtcnsin precursors (Pl 
and P2) in milligram quantities has allowed us to continue 
and extend our earlier structural work. Here we report the 
partial characterization of PI and P2 by tryptic dcgra- 
dation of the HFdcglycosylatcd polypcptidcs, dP1 and 
dPZ. followed by HPLC peptide mapping and subsequent 
automated Edman degradation of the purified peptides. 
The rryptic peptide maps were dominated by a very few 
major peptides, none of them larger than a hcxadccapep 
tide, indicating a repetitive and therefore highly periodic 
cxtcnsin polypcptide backbone. Tbesc pcptidcs are the 
lirst scquenad for an HFdeglycosylatcd protein and also 
provide the first cvidencc for the location of prolyl 
residues in cxtcnsin. Interestingly, prolinc oaurs in a 
domain containing a tyrosyl residue tentatively identified 
as a prime didate for intermokcular crosslinkage. 
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Precursor isoffzion, frocrionatio~ and composition 

We iadatai precursors as prtiously described [ 111 but 
with the following moditicotioos: (i) Elution of intact cells 
with 25 mH aluminium chloride gave higher crude pre- 
cursor ykkis than SO mM cakium chloride although final 
yiekis of purified precursors were not signilicantly dif- 
ferent. For exampk, 15 I. batches of tomato cell suspen- 
sion gave co 0.6 kg wet weight or 30 p dry weight cells 
after Ildays growth on M6E medium. Aluminium 
chloride clution consistently y-iekkd cu2OOmg TCA 
sohlbk crude prazulso t (3Omg each pure Pl and P2) 
whik CaCll elution yielded co 120 mg crude which pvt 
similarykldsofpureP1andP2. 

(ii) We surveyed several weak cation exchangers (no- 
tably ~x~thy~ll~~ (DL52), BioRex 70, CM- 
Sepharose and CM-Trisacryl) and optimixed pfscursor 
separation conditions by changing from CMC to BioRex 
70 (lC0-200 mesh), and using a salt gradient super- 
imposal on a decreasing pH gradient as described in the 
Exp&mentaL This resolved Pl into two components 
(Pla and Plb; Fig. 1) of almost idattical amino acid 
composition (Table 1) but diitinguished by the slightly 
higher hi&line and lysine COntent ofP1 b (consistent with 
its later elution from the cation exchanger). P2 reamined a 
single peak of composition similar to that previously 
pub&&cd [ 113. Subsequently we use Pl as an inclusive 
term when describing features common to both Pla and 
Plb. 

(iii) Gel lilttrtion of each precursor (Pla, Plb and P2) 
on Sepharose CMB gave single retard& symmetrical 
perks (at - 1.5 VO) of characteristic composition 
(T&k 1). Tlte presme of threonine, histidine and proline 
in Pl readily distinguish PI from P2. Pl contained no 
isodityrosine but, contrary to our earlier report [ 113, P2 
consistently gave a Tyr:IDT molar ratio of 8:l (or 
Hyp:IDT of 20: 1). After geI filtration via HPLC on 
Dupont GF-250 the intact precursors &ted essentially at 
V,. Remarkably, even after HFdeglycosylation Pla and 
Plb elutai at V,, while P2 remained adsorbed to the 
column. Succinylation of dP2 overcame this probl*n; 
suazinylated dP2 eluted at V,. 

0 64 

OS’ 

Fig. 1. &Rex 70 ation achnngc chromatographk qw’ation 
of Pla. Plband P2 Injected 1ZOmgcnAeprecursc-r (28 gceflr 
DW. 5dayculturc.co ISye PCV. eMed with 4 1.25 mM MCI,; 
see Expcrimcn(al) in 12 ml 30 mM pH 7.6 NsPi buffer. Sunpk 

pH - 7.8. sampk conductwtry = 4.9 mmhos. 

Tabk I. Amino and Eompositions* of 
PIa and Plb 

Aminobcid Plr Plb 

HYp 327i3.4 30.9 2 4.9 

&P 1.4io.5 1.9iO.6 
Thr 6.2 *OS 6.5~0.5 
ser 9.8* 1.0 9.5io.9 
Glu l.SkO.6 1.6k0.4 
RO 9.6*23 10.2 f 1.2 

GlY f.7* 1.1 2.0 f 0.6 
AL 2920.5 1.9io.7 
VI1 8.3 kO.8 7.1 20.8 
Ik 1.0*0.2 1.1 kO.2 
LeU 1.0*0.3 O&*0.5 

Tyr 7.7* 1.0 8.0~ 1.1 
PhC 0.0 f 0.0 0.0 * 0.0 
Hir 6.1 f0.7 7.1 f I.1 

LYs 9.5* 1.3 10.3 f 0.9 

AIR 0.1*0.3 1.2kO.5 

*Expressott as mol%fs.d. (an&sex of 
10 diKerent prcpamtions). 

Sugar ano(ysis. We previously reported hydroxyproline 
arabinoside pro&s of Pl and PZ [I 11. A complete 
quantitative sugar analysis of Pl and P2 showed 
90mole%arcrbinose,67mok%~osePndZmok% 
gluco3c (< 1% marmost, xylose and rhamnose). The 
Ara:Hypmoluratiowas258:1forP1and~%:1forP2. 
HFdeglycosylation of Pl and P2 followed by dialysis 
removed > 98 Y$ of the sugar and gave a weight loss of 
60%. 

Precursor tryptic digcshn, HPLC pepfide mapping and 
Edwm degr&hon 

(i) Trypsin digesrion of glycosykued Pla, Plb und Pt. 
Incubation with trypsin (48 hr)did not clcaveglycosylatal 
Pla as judged by GF-250 HPLC gel filtration. Plb was 
slightly less resistant to trypsin, degrading within 24 hr to 
give a minor peak at 1.1 V,, in addition to the main GF- 
250 peak at V,. However, glycosylatal P2 gave a single 
retarded peak at V, (salt) on GF-250 after 24 hr incub- 
ation with trypsin, indicating extensive degradation. 

(ii) Trypticpeptidem~psof dPloanddPlb,andpri~y 
smuwe of he major Iryptides. Trypsin rapidly cleaved 
HFdyllycosylated Pl (dP1) In a pH-stat the naction 
was 50 7; complete within 20 min and virtually complete 
by 5 hr (%“, theoretical cleavage, excluding Lys-Pro, 
Tabk 2). Sephadcx G-25 gel filtration resolved the com- 
plete tryptic digest into two retarded peaks (Sl and 52; 
Fig. 2). with two minor shoulders on the high molecular 
weight side of S 1. 

Fractionation of the complete tryptic digest via 
gradient+lution reverse-phase HPU= gave peptide maps 
of Pla and Plb which were remarkably similar (Fig. 3a 
and b). DuPont Zorbax ODS (used initially) resolved 20 
tryptides (data not shown) while Hamilton PRP-1 im- 
proved the resolution of the more hydrophobic peptides, 
resolving 28 tryprides. However both columns showed 
two major peptides, HS and H20 (Fig. 3), which together 
accounted for 44 Y0 of the total absorbance at 273 mm and 
33 % of the total recoverabk peptide weight (70“~; peptide 
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Tab&c 2. PI and P2 tryptic cleavage (afla HFdegIycoayhtion) via tbc pH stat 

Amt. 

digested* 
(mg) 

No. clunbic 

%oftbLvr&aI 
% of total ckaved~ No.ckavalpcrmokzuk~ All % dangcl 

2Omin 2hr Shr 2Otnin 2hr Shr Mmtn 2hr 5hr 
. --_-- 

dP1 1.3 55 4.5 6.8 7.7 14 20 23 24 56 85 % 
dP2 6.5 49 9.2 11.7 14.3 28 35 43 54 51 63 79 

l HFdcglycosylatcd prccurso~a dP1 and dP2 prepared as dcamibcd in Expertmental 

tCakuktcd from . . 
total peptide pg 

-- uUngl33astbcavemgcruiducwcight. 
average residue weight 

$C&ulatcd from pH-stat delivery of NaOH ~1 cquivaknt to -1 peptide bond tived and expressed as a perantap of the 
total peptide mol in second oAtttn. 

gIkst estimate of M, is co 40 k. an interpolation M on: our SDS-PAGE data [ 1 I] of apparent 55 k and 53.5 k for dP1 and dP2 
(ovcrcstimata), C&l gradient omtrifugation of a siatilu MOI HRGP [IO] &ing 35 k, and the cDNA sequcna [21] of a arrot 
HRGP giving 35 k. Taking the avenge residue weight (derived from the compositton) of 133 gives 300 rcsiducs/mokcuk for both 
PI and P2. allowing cakulation of the number of bonds ckavedfmokcule from pcrant cleaved (third cohtmn). 

IlPl IS 10 mol Yr, lyrtnc and thus would have 30 bonds availabk for ttyptic ckavagq cxapt for the four unckavabk Lys-Pro bonds. 
Peptide compositions suggest more as pcptida H21-H28 contain more than one lysinc (Table 3) Therefore we a~rmai for six 
trypsin-resistant lysyl bonds Edtnan degradation showed that P2 abo contained trypstn-resistant lyryl bonds (lyrine surroundal by 
IDT in HI 1 and Hl2) If Tyr:IDT - 8: 1. tbcrc are six such bends in P2. 

1 Exprcssa no. clcavrd~mok~~le as a percentage of no. dmvabk/mokzuk. 

eo tc 80 90 loo 

Fraction Nunbw 

Fig 2. Scphadu G-25 gel filtration of dP1 tryptic digest. 
Injected 9 mg fruzc dried dP1 tryptida (dtssolvcd in 0.5 ml 

0.1 M HOAc) and cdkmd 120 2-m) fracttotu. 

racovety from PRP-1; Table 3). Amino acid analysis 
(Table 3) and sequencing via automatad Edman dcgra- 
dation (Table 4) showed that HS and H20 were decapep 
tide and hexadccapcptide respectively (in accord with 
their G-25 elution bchaviour. HS in peak S2 and H20 in 
S1) with sequences as follows: HsHIN-Scr-HypHyg 
HypHyp~r-HypVal-Tyr-LAUGH, and HZO- 
HzN- Scr -Hyp Hyp Hyp Hyp- Vai-Lys-Pro-Tyr-His- 
Pro-Thr-Hyp-Val-Tyr-Lys-COOH (note trypsin did not 
cleave Lys-Pro [ 123). Verification of H20 via chyatotryp 
tic cleavage yielded the two predicted pcpttdcs Cl and C2 
(Tables 3 and 4) with sequences as follows: CI -H,N-Scr- 
HypHypHypHypVal-Lys-Pro-Tyr-COOH and CZ- 
H,N-His-Pro-Thr-HypVaf-Tyr-COOH. 

(6) Plil 

s ‘------/ 
004- 

OOJ* 
c! ’ 
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Fig. 3. HPLC pcptidc map of Pls and Plb. (a) 104 of a 
trypain d&cst containutg 100 141 dPla tryptida (b) & (a) exoept 
10 4 reaction mix contained 100 w dP1 b ttyptida No pepttdes 
dutodbcforc4Ominalthough thcvoidcontainedminoramounts 

of scrine and glycinc. 
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60 70 6” 90 100 110 

Frectm Nmber 

Fig 4. Scphadcx G-25 gel filtration of dP2 tryptr L~CSI 
injcctal 5 rng frccrc drial dP2 tryprides (dissolved in 0.S ml 
0.1 M HOAc) and mlkc~ed 120 2-ml frxtions. Sla contained 
pcprdc H2. SI containal H4. HS(6) and H9. SIC contained HI. 

and S2 contruncd H3 (sac FIN. 5). 

(Fig. 5). The two major pcptidcs (H3 and H4) accounted 
for 60 %of the total absorbance at 280 nm and 55 y,, of the 
total recoverable pcp~idcs by weight (Table 5) whik a 
third (HI 1) accounted for 15 7, of the total absorbance 
and 10% of the total weight. The remaining minor 
peptides accounted for 25 y0 of the absorbance and 35 y0 
of the weight (probably a high estimate due to inclusion of 
major peptides from overlap of pooled fractions). 

Amino acid analysis (Table 5) and Edman degradation 
(Table 6) showcd that H3, H4 and HI 1 were dipcptide, 
octapcptide and dccapcptide respectively (corroborated 
by G-25 clution data) with scquenccs as follows: H3- 
H,N-Tyr-Lys-COOH; H+HzN-Scr-HypHypHyp 

HypVal-Tyr-Lys-COOH; H I I -H*N-Scr-HypHyp 
HypHypVal-1/21DT-Lys-1/21DT-Lys-COOH. 

The minor tryptida H5 (or H6) and H12 are isoleucinc 
for valinc subtitution analogs of H4 and HI I rcspcct- 
ivcly. The proportion of ttyptide H9 dazreaxd drastically 
during digestion (Fig. 5) with a cot~~mitan~ increase in 
H3 and H4. H9, isolated from a 90 min digest (Fig. 5), has 
the provisional scquencc: H9- HaN-Tyr-Lys-Scr-Hyp- 
HypHypHypVal-Tyr-Lys-COOH (Edman dcgrad- 
ation showed Lys and Hyp in the correct positions, but 
Val and Tyr were idcntificd equivocally). 

HI and HZ (Table 5) had compositions similar IO H3 
and H4 rcspcctivcly, except Hl and H2 contained no 
tyrosinc. dityrosine or isodityrosine despite the absorp- 
tivity at 280 nm. Scphadex G-25 gel filtration showed HI 
in SIC and H2 in Sla whik H3 and H4 appeared in S2 and 
Sl b respectively. Eliminating light and maintaining a low 
tcmpcrature during the prazursor preparation virtually 
climinatcd HI and HZ from the pcptide map. 

Partial tryptic digests of dP2 (4 min) followal by gel 
filtration gave a void peak and a retarded fraction (SO) 
bctwan the void peak and Sla. Compktc digestion of SO 
gave typical P2 ptptidc maps cxapt for an enrichment in 
H 1 and H2. Edman degradation of H I and H2 yicldcd an 
unknown PTH-amino acid at residue 1 in HI and residue 
7 in HZ (Table 6). 

DISCUSSION 

Although the primary structure of extensin is incom- 
pkte, the data here. rcprcscnting the first pcptidcs sc- 
quenced from HF-dcglycosylated material. permit the 
following conclusions: 

Tryptic pcptidc maps of precursors Pla, Plb and P2 
showcd remarkably few major tryptidcs; thcsc occurred in 
molar ratios very much greater than one compared to the 
minor pcptides. As ttyptic digestion was essentially com- 

Tabk 5. Amino aad compositions of P2 tryphc pcp~~molar ra110s 

Amino 8cid HI H2 H3 H4 H5(6) H9 HII. HI2* 

HYP 

ASP 
Thr 
Ser 
GIU 

RO 

GlY 
Ala 
Val 
Ik 

LCU 

TY 

Phe 
HIS 
LYS 

Ar6 

4.2 (4) 3.9 (4) 3.6 (4) 4.1 (4) 3.6 (4) 3.0 (4) 

1.0 (I) 1.1 (I) 1.0 (I) I.0 (I) I.0 (I) I.0 (I) 

0.9 (I) 0.9 (I) 0.2 0.7 (I) 0.9 (1) 0.6 
0.7 (I) 0.4 (I) 

0.7 (1) 1.0 (I) 0.5 (1) I.2 (2) 

1.0 (I) 1.3 (1) 1.0 (1) I.0 (1) I.0 (I) 1.6 (2) 1.7 (2) 2.2 (2) 

:. (W/WV 15.0 39.4 (9.6) 
“dAll, 5.4 6.5 29.9 29.8 7.1 1.0 14.3 1.8 

*Also contain IDT as determined by (1) cochromatography with S*A,, [q. (2) Edman wtmn of H I I and 
HI2 (Tabk 6). and (3) UV spaztra characteristic of IDT [7]. 

t “/. of total weight recovered from PRP-I HPLC cdumn. 



Extcnsin periodic structures 102-l 

pktc, these major peptides represent repeating unitsalong 
the cxtcnsin potyPcptick b&bone. 

The tryptide mapsallow us to detcratinc tk rcl8tcdnus 
of Pla and Plb, and the periodicitks of Pl and P2. Pla 
containsH2butlackstkminorpcptidcsHlS.l9,2Z23 
and24ofPlb.PlaandPlbalsogavcsrmllditTercncesin 
relative peptide yktds (Fig. 3). Despite these difi- 
the overall peptide maps of Pla and Plb are remarkably 
similar, and indicate a periodic structure for both Pla and 
PlbbascdonrepcatsofHSandH2Owhichacurina2:l 
molar ratio. 

Tab& 6. Amino acid scqucnozs of P2 try~tic p@cks 

Csk RCsiduC O0 Y~ekl of PTH-amino acid 

F”H I_ QO nmol m cuu _.... --___ 
I Unk A 

2 LYS 
3 

P2iH2 (2W nmol in cup) 
I Scr 

2 Hyp 

3 Hyp 

4 Hyp 

5 Hyp 
6 Val 

7 Unk A 

8 LYS 
9 Unk A 

P2jHx6111 g nmol tn cup) ..- . 
I Scr 

2 HYP 

3 HYP 

4 HYP 

5 Hyp 
6 Ik 

7 TYr 
R LYS 
9 - 

mH1_2 (IO nmol in_ q~p) 
I scr 

2 HYP 

3 HYP 

4 HYP 

5 HYP 
6 Ik 
7 

8 Lyl 
9 Unk B 

IO LYS 
P2Ji! (64.5 nmo! i? cup) 
I +yr 
2 Lys 
3 - 

P2/H4 (_240 nmol in cup) 
I Scr 

2 HYP 

3 Hyp 

4 Hyp 

5 Hyp 
6 Val 

7 Tyr 

8 LYS 
9 - 

101.4. 

SL4 (U 21.2)+ 

(K 1.444. U 17.8) 

21.9 

22.8 

40.6 

m.0 
m.4 
17.4 (0 6.9) 

8.9. (V 61. 0 3.3) 

I.1 (U 1.5. V 0.6) 

4.4. (K 2.7. V 1.2) 

19.5 

37.9 

53.9 

45.9 

39.8 

22.4 (015.7) 

26.9 (I 7.6. 011.5) 

10.6 (Y 59. I 5.0) 

(K 4.1. Y 7.2) 

< 10.0 

21.0 

38.0 

39.0 

46.0 

32.0 (015.0) 

(I 6.0) 

17.0 

6.0. 

14.0 

75. I 

31.3 (Y < I “.) 

(KI 1.9) 

10.5 

75.4 
49.5 

21.8 

57.8 

44.8 (0 8.8) 

45.0 (V 14.0) 

8.4 (Y 3.8) 

CW Residue ye Yield of PTH-unino acid 

P2fH I I $10 nmol in cup) __ -__. 
I !kr 

2 Hyp 

3 HYP 

4 HYP 

5 HYP 
6 Val 

7 

8 LYS 
9 Unk B 

39.8 

98.2 

118.0 

68.0 

81.3 

64.0 (021.7) 

(V 17.7.0 8.7) 

17.7 (U 22 v 4.7) 

18.2. (K 18.3) 

*Used PTH RF = 1 for unknown; unknown A had a 

PTH rctentlon time of ~0.1 relative to Norku. 

Unknown B had a PTH retention time of co 1.1 rehvc to 

Norku and is probably PTH-IDT. 

tOther Prmno a&s indcatcd by the standard smglc 

ktta abbrmations (0 - Hyp. U - unknown) 

i 

Minutes 

Cb) ‘P2 
_ .- .-_ 

,I2 b aw.1, 

0 10. ’ 3 

006 

2 
- * 006. 

0 04 

001 

000 
JO 31 40 4b 50 55 00 

Mnutes 

Fig. 5. HPLCpcptkkmrpsofdP2(a) IO~ofatrypsmdigcst 

containing 10O~dP2 tryptidaaftcr9Ominradion time. Note 

dotninrnr of H9 peak. (b) 10 4 of a dP2 tryptic dtgcst (30 pg 

t~)~al2hr~lon.A1I~s~ondH12durppar 

a&r 24 hr r&ion (not shown). Note reduction of H9 peak. 

Maps in (a) and (b) are from difTcrent bat&u. No peptides dutcd 

before 30 min although the void contahzd atimu amounts of 

scrinc. glycinc and ahnine. 



1028 J. J. Slcmc et al. 

Tryptidc HZ0 is particularly sign&ant; its sequence is 
quite unlike any others obtained earlier from tomato [ 131 
and it contains the interesting hexapeptidc ‘insert’ Val- 
Lys-Pro-Tyr-His-Pro as an obvious putative site for 
intermolecular (IDT) crosslinkage (munting for its 
absence from earlier tryptic digests of wall-bound cx- 
tensin?) We estimate (Table 2) that H20 occurs about six 
times in Pl which, assuming the w)o residue polypeptide 
exists In a polyproline II conformation as an extended rod 
of 80.100 nm [ 141, yields an average crosslink separation 
of 13-17 nm. 

The P2 tryptidc map was much simpler than those of 
Pla and Plb. It consisted csscntiahy of two major 
tryptidcs (H3 and H4) with a third minor but quite 
noticeable tryptide (Hll) containing IDT. PZ/HI I is 
identical to the dccapcptide S2AI 1 isolated earlier [S, 133 
from wall-bound extensin. Ikcausc the octapeptide H4 
and the dipeptidt H3 are cquimolar, and because we were 
able to isolate the IDT-linked daapeptidc HI I, Scr-Hyp 
HypHypHypVaCI/ZIDT-Lys-I!ZIDT-Lys. we suspect 
that the entire structure of P2 consists of the repeated 
decapcptidc Hll. with occasional isolcucinc for valine 
substitutions and varying only in the extent of intra- 
molecular IDT formation. An alternative model consist- 
ing of contiguous octapcptidcs (H4) separated by runs of 
contiguous dipeptida (H3) is feasible, but inconsistent 
with short-term tryptic digests of dP2 which gave the 
IDT-fra tryptide H9 (Tyr-Lys-Scr-HypHypHypHyp 
Val-Tyr-Lys. Fig 5) but no Tyr-Lys multimen. H9 gcner- 
ation rctlccts the differing stabilities of pcptide bonds to 
tryptic cleavage: Lys-Scr IS more polar and hcncc more 
stable than Lys-Tyr [ 121. 

It is now possible to discuss the role of IDT and 
putative crosslink domains in more detail: IDT, originally 
observed in cell wall glycopcptidcs [ 131. and then idcnti- 
ficd in cell wall hydrolysatcs [S. 61 and tryptic peptides of 
bound cxtcnstn [7]. appears to be correlated with pro- 
gressive insolubilization of cxtcnsin monomers during the 
incubation of isolated cell walls [IS]. These results. 
together with the identification here of the putative 
crosslink sites Val-Lys-Pro-Tyr-His-Pro (hcxapcptidc 
domain in tryptidc PI /HZO), Thr-HypVal-Tyr-Lys (from 
PI/H5 and HZO). and Val-Tyr-Lys-Tyr-Lys (from P2). 
make IDT the prime intermolecular crosslink candidate 
for cxtcnsin. 

If cxtcnsin precursors have polyprolinc II helical con- 
formations as reported for glycopcptidcs isolated from 
the cell wall [ I33 and soluble cxtcnsin from carrot [ 141. 

then the lysit~ and hi9tidinc side groups of tryptidc 
PI/H20 lie in one plane while two potential tyrosinc 
crosslinks of PI/H20 are aligned 120 degrees out of that 
plane. We predict that these coplanar positively charged 
clusters of H20 interact strongly with pa& carboxylatc 
ions (possibly assisting mutual mokcuIar orientation) 
thereby facilitating (pcroxidatic? [ 16. 171) crosslinkage 
reactions of the coplanar tyrosine residues oriented 120 
degrees out of that plane. 

The tryptide sequences also reveal fundamental slruc- 
tural similarities and differences between the Pl and P2 
polypeptides. What arc the underlying pcriodicitics of the 
extensin precursors Pl and P2? All major tryptidcs 
sequenced containing hydroxyproline-tetrapeptidcs have 
N-terminal scrinc, and C-terminal lysine. (Compositional 
data for other peptides imply similar N- and C-tcrmini.) 
Thus Lys-Ser occurs frequently because most sequences 
prior to tryptic cleavage are Lys-tryptide-Ser. i.e. Lys- 

[sr Lys]-Ser. Therefore the contiguous dc- 
camcrs and hcxadacamcrs of PI and P2 consists of 
hydroxyprolinc tctrapeptidcs generally separated by rela- 
tively few different tripcptide sequences (Fig 6). Tyr-Lys- 
Ser is common to both PI and P2. Val-Lys-Pro, Tyr-His- 
Pro and Thr-HypVal arc characteristic of PI, while Val- 
Tyr-Lys is characteristic of P2 (note: replacing Pl!HSs 
Thr-Hyp-Val with Val-Tyr-Lys gives the P2 ‘core’ 
daapcptidc). 

The tctrapeptidc and tripcptide pcriodicitics of PI and 
P2 combined with three-fold helical symmetry emphasize 
macromolecular orderliness and suggest fine control of 
crosslink frequency. network topology and ultimately 
wall rheology. Regularly repeated crosslinks would create 
an cxtcnsin network of defined porosity quite possibly 
penetrated by ccllulosc mkrofibrils [ 18, 191. Such mccha- 
nical coupling of the load-bearing polymers in the grow- 
ing fabric of the wall could be as important a determinant 
of cell morphology as the initial orientation of cellulose 
microlibrils [20]. Our pcptide sequencing strategy is 
nicely complemented by genomic cloning and sequencing 
data from the carrot root phlocm disc system [21.22]. 
Carrot clone pDC5Al contains the sequence Scr-Pro- 
Pro-Pro-Pro-Thr-Pro-Val-Tyr-Lys eight t~mcs (the un- 
hydroxylatcd analog of PI;HS), and the sequence Tyr- 
Lys-Tyr-Lys clcvcn times [2l] (note relation to P2). This 
similarity of cxtcnsins from two distant plant famihcs 
(Umbclliferae and Solanaaac). although in related orders 
(Umbcllalcs and Solanalcs), is quite remarkable. 

Dcvclopmcntal regulation of cxtcnsin networks is 

P? decamer 

PC decamer 

PC hexadecamer 

Fig. 6. Tri- ud tctrapeptidc p&odicitka of PI and P2. PI and P2 tnaJor pc@idcs consist of bydroxypohnc 
~etrapcptda separated by rripcptida The ditTcrent tripc@es of PI and P2 are ~nd~~csrcd by their shading 
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suggest& by the existena of at kast two extensin 
precursors (Pl and Pt) whose kvek depend on growth 
phase [ II] and culture medium. The resolution of PI into 
Pta and Plb (Fig. 1) suggests variants of PI due to 
peptidc microheterogeneity (Fig. 3) rather than the major 
differences in pcptidc sequence Setn in P2. Indirect 
evidence for a third precursor (‘P3’) exists in the form of 
three major cxtensin tryptidcs, Scr-HypHypHypHyp 
Scr-Hyp-Lys, Ser-HypHyp-Hyp-Hyp-Scr-Hyp-!Zcr- 
HypHypHypHyp-l:ZIDT-Tyr-l/ZIDT-Lys, and Scr- 
HypHypHypHypLys previously isolated from bound 
extensin 17, 133 but not present in tryptic peptide maps of 
either Pi or P2. The absence of ‘P3’ from salt cluatcs, 
while puzzling. is parallelal by the absence of P2 from 
cells grown on the MET medium. 

In bean cultures the hydroxyprolinc arabinosidc profile 
varies significantly during the growth cyck [23]. As each 
precursor has a characteristic HA profile [I 1 J the kvcls of 
different extcnsin precursors in bean probably fluctuate 
during growth as they do in tomato [ 1 I]. Assuming the 
feasibility of different types of cxtensin network, cells may 
buiM different primary all wall networks as a function of 
position. environment and age. Presumably such develop 
mental rcguhtion woufd involve differential expression of 

an extensin multigene family and the suppression of P2 on 
MET-grown ctlls mny be one such cmple. 

We m tentatively that in tomato all cultures, 
extcnsin precursors Pl and P2 create a hctqromultimeric 
network, perhaps with lateral braca of ‘P3’ whose ‘non- 
elution’ might be attributed to a pcriclinal (tangents) 
rather than anticlinal (radial) o~cntation. On the other 
hand secretion of a single major extensin precursor by 
wounded carrot slices [IO] suggests the possibility of very 
tightly crosslinked homopolymeric extcnsin networks 
induced as a specific raponsc to stress such as mechanical 
wounding or infection [24, 251. The entire situation is 
remimsccnt of the analogous metazoan matrix, where rhe 
hydroxyproline-rich glycoprotein collagen is quite de- 
finitely tailored to the tissue (26.27]! 

EXPERI.HENlAL 

Swpmtion cultures. We grew tomato cell suspension cultures 
(derived fromaatllusculturcofthevatiety’BonnteBest’donatal 
to us by Dr. H. Nuraktslu m IW7) in I 1. flasks containing 
S-ml M6E medium at 28 as described previously [Ill. 
For some experiments cells were grown as described but on MET 
UKdlUZ!l. 

The MET median consisted of sucrovand salts as follows (ail 
as tug/l of tnrditxnr swose (18~ Ca(NO,),.IHsO (242k 
KNO, (8Sk KCI (61x Mg.SO..?H,O (2lOk N&NO, (83k 
KH,PO. (170): NaFeEDTA (3% H,BO, (6.21 MnSO..H,O 
(22k ZnSO. 7H,O (8.6); KI (0.83); NaINoO,. 2H,O (0.25): 
CuSO.. 5Hz0 (0.025); CoClr .6H,O (0.025k and myo-inositd 
((iok Thmmiru HCl (3k and 2.4dichlorophenoxyacetic acid (1 L 
in addition. each lttrc of mahum contained the 70”; EtOH 
soluble fronton of 1.25 g Difco yeast extract (dtssolvs;t in X10). 

lrdcuton of crfrde precursors. we prepared the crude pre- 
cursors from cultures of dcstrcd age (4 6 days for high PI yield. 
7 days or bter for hi& P2 yte& when grown on M6E) by rapid 
tiltration of the cultures (IS 30 I I. hurls) on a luge l2Oe 
polypropylene filter followed by a bnef water wash (2 I.), 
suspensiondtheccllpdm 21.25mMA~,~6H10(or50mM 
CaCl, ‘2HaO) for 5 min and thm suction ( x 2). The 4 l. duate 
wasreduosdinvoLtoco 100mlat~.AhiillonofTCAtoafinrl 
concnof lO”,(w;‘v)in rheconcdeluateykldcdspptafta 18 brat 

4‘. Ccnlrifugatton d the TCA treated &ate (at mrptn. 
9Otnin) yielded a hydroxyproline-poor peikt (discarded) and a 
h~rox~r~-~su~te whsch wasdialyxd48 hrrt 4.and 
then frceze-dti. The yieM of cn& prczursor was 
8@2ODmg/Jogdry wt cells (avg. batch sue)dqxnding upon the 
ChItin salt. 

ion rxc&r chomorogr&y. We rouuncly fracltonated 
100-200 mg crude TCA-solubk precursors (10 mg;ml rn 30 mM 
pH 7.6 NaPt buffer) via gradient clutton of a 90 x 1.5 cm id. 
column of BtoRex 70 (lo0 2OOmcsh): the mixing chamber 
conutncd 300 ml 30 mM NaPi buffer (pH 7.6) and the rescrvotr 
contained MO ml pH 6.1 NaPi buffer (~n~ntng 1 M NnCI). The 
tlow was 60 ml/hr (6 ml fracttons), and monitoral at 280 nm 
(ISCO Model UA4). 

HI-’ d#gljrosy&tion. We deglycosylated 5 50 mg glycosylated 
Pla. PI b or P2 in a mrro apparatus (descnbal previously [28]) 
contatntng 2-4 ml anhydrous HI; and S-IO”, anhydrous McOH 
for 1 hr at 0‘. The reaction wps quenchad by pouring into stirred 
Ha0 al 2, to a fins1 concm 5 IO”, (v;v) HF. and then dtalysed for 
16 24 hr at 4 and freeze dnal. Yields were typtcaily 35 40”, of 
the original wt for PI and P2. 

Ammo ord Molyses. We used a highly modified Dionex 
mkroa&mn system with B-X8 resin (Benson Co.) elutcd by 
Pickmng BufTers A and B, and Benson’s buffer C. Fluoromctm: 
detaton after N&Cl oxidation and OPAcoupltngallowcd Hyp 
and Prodetsction [29]. Datacapture was by IBM 9001 computer 
with IBM CAPS software. 

WC estimated the Tyr/lDT ratio in dP2 by reverse phase 
HPLC on Hamilton PRP-I (150 x 4.1 mm) tn an SP8000 liqud 
chrotnatograph. Sdvcnt A was 0.13 O. HFBA and solvent B was 
0.13 “,, HFBA tn 8OP. MeCN (aq). Programmed gradtent elutton 
tnvolvod 0 30’; Solvent B for the first I5 mtn. then a 5 mm hold 
at 30:, B followed by a return to IOO”, A tn the next 5 mm We 
monttorcd the sbsorbanrr at 273 nm (IDT tnax In aod)ond used 
IDT previously punha! [7] and reagent grade I-Tyrosme as 
standards Data capture was vta the IBM Pool and CAPS. 
Deglycosylatton was unperativc, otherwIse sugar degndatton 
products appeared in the chromatograms preventing auzuratc 

Tyr and IDT estimation. 
Su~cv &yus. We analyscd sugars as thetr alditol acetates 

[30] by GC usmg a 6 ft x 2 mm id. PEGS 224 column 
programm& from 130 to 180’ at I ;mtn and using an SP4100 
computing integrator for data capture. 

SepharoscCL68jl1rarion. We injected I ,.5 mg PI. P2,dPl or 
dP2 (IO t&ml in I M N&l) onto a lOOan x 1.25 cm 1.d. 
column of Sepharose CM&200, dutcd wtth I M NaCl at 13 
ml/hr using a Stgmasnotor peristalrr pump. and monttorcd 
nb6orbanct at 28Onm. 

Zo&mx GF-250 HPU: gel fiftrarion. WC inpfted 200 JIM PI, 
P2, dPl or dP2 (IO m&ml in 0.2 M pH 7 Napi bulfcr contatning 
0.005 O,, NaN,) onto a 250 mm x 9.4 mm t.d. column of DuPont 
CF-250, clutal at I ml/mm with the same buITer using an LDC 
Model I Constamctric Pump (Milton Roy Co.). monrtorcd 
absorbance at 254 nm. 

Try+ dgw. We tncthtcd 0.2-2Omg HF-dcglycosyhted 
exlensin precursors (10 mg/ml) in freshly preparai 2O, (w/v) 
NHIHCO,(a.q.)containtng 111 mM CaCI, (minimum vol. 100 /rl) 
wtth TPCK-ttypsin (Won~ngt~) (substratt:enzyme ratio 
100: 1) at 3&35’ with constant stting. 

PH*Sta.LnsancaFuictKnUvefoiknradtbetimtcourreof 
trypticckmqe under unbufferalconditionrat room temp. (23‘). 
titrmting lo pH 8 with M/l@3 NaOH in a pH-stat using a Coming 
mo&l 135 pHiton meter interfaced IO a Radiometer AutomatK 
Burette Unit. 

HPLC prptue lmppiq7. We obtain4 lryptic pcphdc map6 via 

reverse phase HPLC of tryptic digests on either DuPont Zorbax 
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GDS (250 x 4.6 mm id.) or Ham&on PRP-I (150 x 4.1 mm i.d.) 
columns, usmg progmmmed gradient dution (0.5 ml/mitt) with 
the following mobile phase solvents: A - 0. I3 “/. HFBA and B 
- 0.13 “/. HFBA in 80 >e (v/v) MeCN (4.) For resolution ofdPl 
tryptidcs, tbe gradient &an at 100% A and iluasal@5’/d 
mm) fran 0 to 500% B in lOOmin. For dP2 tryptitk reaohttkm, 
solvent B increased (I Ob/mtn) from 0 to 60y0 in 6Omm. 
Absorbency was monitored at 273 nm. We manually collected 
fractions for analyses allowing for the 2004 dad volume 
between the detector and ‘fr&on collector’. 

S+sdex G-25 gel jSBrolion. WC in*al I-IO mg freezedried 
tryptida (in 0.5 ml 0.1 M HOAc) onto 2 x 100 x l.25an id. 
columns of Sephadcx G-25-80 (fine), eluted with 0.1 M HOAc at 
IO ml/hr using a syringe pump (Hanard Apparatus Co. Model 
22001). collected 2 ml fractions and read their ab6orbna at 230 
(or 280) nm. 

Auroanstrd E&an &groda&m. We seqoatced 5-2OOnmol 
HPLC-pur18cdpeptidu(Smgpolybratcaddedasaarrier[3l] 
without prazycling) using a Beckman 890C Spinning Cup 
Sequencer plus cold trap (0.1 M qtmdrd program [32]), in 
conjunction witha.Scquemat P-6Autoconwrta.ARerScquanat 
conversion of anihnothiazolinone derivatives to the corrcspond- 
ing plwnylthiohydantoins (PTH) in metbanobc HCl (6.25 ml 
AcCl. 43.75 ml MeGH) for 6 min at 65” we dissolved the PTH 
derivatives in I00 pl pH 4.4 Zorbax buffer containing IO nmol 
PTH-norkucine as internal standard [pH 4.4 Zc&ax buffer was 
29 ml, pH 4,4. 0.2 M NaOAc, 551 ml HsO. 42Oml MeCN 
(Spectral Gmde. Burdick & Jackson hboratoti# Muskegon, 
MI 49442) per I.]. and cbromatographal them on DuPont 
Zorbax ODS (250 x4.6mm i.d.) isocratially cluted at 
0.5 ml/min with pH 4.4 Zorbax buffer or pH 5.0 Zorbax buffer 
(500 ml pH 5.0 0.01 M NaOAc and 500 ml M&N pa L) for 
PTH-hi&line identifiattion. We monitored the cluate at 269 nm 
and integrated the peak areas with an SP4100 computing 
integrator. 

More rmntly we luvc used an IBM cyan0 column (250 
x 4.5 mm i.d.) with an SP8030 liquid chromatograph at 40” using 

the following tenury solvent program at a llow rateof0.5 mllmin 

Time %A :teB %C 

Sotvent A: 0.015 M NaOAc (pH 5.8) 0 85 IS 0 
Solvent 8: M&N IO 58 30 I2 
Solvent C: MeGH I4 67 IS I8 

30 50 25 25 
40403030 
44 85 I5 0 

Detection w-as at 254 nm using the SP770 Model 
Spectrophotomctric Detoztor and data ctpture was via the 

IBM 9001 computer running CAPS software. This column and 
solvent program gave better separations of all PTH-amino rids 
and allowed kicntifiation of histidineand arginine wtthout ustng 
a segnrate solvent system [33]. 

PI-H-serine and PTH-threoninc were -times identified by 
the presence ddistinctin peaks resulting from their degmdation 
dunng conversion [WI. but most often these degradation peaks 
merely v&fled identifiatton. 
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