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Modification of the coding sequence enhances plant expre s ion of 
in ect control protein genes 

(Baell/us thunng,,.nsu/ ln!>«'t•reshlant plants/ s)nlhtl K' gent':S) 

FRLDt RI K J. PERL <'. Rov L. F ws. Du,-,. A . DEA . YLVt L . M PHLRSO 1• A DD vm A . Ft IIH0Ft 

Pl.anl &..ttn .. c-,. \lon\J.ntO Company. 700 Che~lcrficlJ Village P.ukwJ,y, °"'lcrficld, MO ftJl 

C,m,m,mumrd h\ l t'Q Sthl'II, Junut1f) J.; , /991 

ABSTRACT Increased e).pression of the insert control 
protein g('n t'!t of Ba<illt1s rlwri11gimsis in plants has been critical 
to the deH~lopment of geneticaH) impro, ed planls "ilh agro• 
nomicall) acceptable le, eb of insect resistance. The expression 
of the cry/A(b) gene "a" <'ompared to par1iall) modilied (J Cfc 
nuclrotide differen e ) and to fully modified (21 ro nucleolide 
differem:e} ay/A(b) and cry/A(c) genes in tobacro and lomato. 
The modified genes increased the frequent) of plants that 
produced the proteins at quantities i,ufficienl to control insects 
and dramatical!) incn-ased the lt,els of tht>se proteins. Among 
the most high!) opressing transformed Jl lants for each gene. 
the plants "ith the partial!) modified cry•IA(b) gene had a 
10-fold higher le,tl of inseet ronlrol protein and 1llants "ilh the 
full) modifit.-d cry/A(b) had :1 JOO-fold higher le, el of CQI (b) 
protein corn pared" ith the "ild-1) pe gene. Similar results "ere 
obtained "ith the full) modifi('d cry/A(c) gene in plants. 
S1>e<'ilk sequen(.'CS of the partiall) modifird c:ry/A(b) gene " ere 
anal) zed for their ab Hit) to affect cry/A(b) gene expression in 
lobaC(."0. The D, M"quence of a single region " as identified as 
important lo the irnprmement of pl:ml expression or the 
cry/A(b) gene. The inneaSM lt'\els of cry /A(b) mRNA Wt're not 
~irC'CII) proportional to the int'reased le,el of CQ IA(b) protein 
111 ~lants tr:111.sformed " ith lhe modified c-,y/A(b) genes. indi­
catmg thal lhe nucleotide i,equence of these genes had an effec1 
in impro, ing their tran~lationul eflirienc) in plants. 

l n~ect on1rol protem-, from a prokar)ot1 sour e, Bacillus 
rlwrr111:1e11Hs var 4unwki (IJ r 4 , ref I) are speelfi for 
lcp1dopteran msect"i and C'(h1bu no ac1I\ll) agJms1 humans. 
other, ertebra1c .... and benc I ial insects (2). The~e properties 
ha, e made the gene-, or the ... e mse I -specific proteins attrac­
tive cand1da1es for genet1 mod1fi a11on or crops~ r protec­
t ton against lep1dopteran pC"il S. Genes en odmg lepi­
dopteran-,pcc1fi msc-ct conirol protems have been cloned 
and .._,equcnccd Tnmca1cd gene,. v. h1ch produce msecuc,d­
all) ac1I,e prolc-111. hJ\C been e,presscd m tomato ( ). 
tobacco <-0. and cotton (5). Field 1csh of the~e plants 
rc\ealed that higher le\eh of 111sec1 control pro1em 111 the 
plant tIs\ue v. ould be required to obtam commerciall) useful 
plant, (6). 

I he msc t control protems .ire highly e,:pressed III their 
natural ho I. /J tlwrmg1enJ1f. p to 5<Y1 fthc total protem 
m ... porulah::d cuhures of 8 .r /.., arc the msect onirol proiems 
depos11ed as Cr) ... 1aI, wnh111 the cell. l n-..cct con1rol protem 
gene., are e,:pres..,ed v.ell m l:.sclteridtu, tol, (7) or J>u udom­
o nt1.!. (8). Poor C'(pre,~I011 m plams Is a \\ell-reported char­
a~tcn,t1c of1hc IJ .t .l,, 111".ICCt control protcm-... Trnncatmg the 
gcnc:. keeping C~".lcntmll) !he N-1ermmal half of the protcm 
mt:\cl . rc~uI1.., 111 1mpro\Cd e,p~es,Ion f 1he gene 10 plants to 
bmclydete ·1ablc levels ( . 4).1 he use of different promoiers. 
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fusion proteins. and leader <,cquencc, ha, not s1g111fi anti) 
mcreascd mse I control protcm gene cxpre,,Ion (4. 9). 

\ c hypo1hes1zed thm a gene wuh ;.1 \equencc adapted for 
a Gram-pos1uve proi..aryote m,iy nol be the appropna1e 
codmg sequence for effi Ien1 pl,rnt cxprc,sIon E, ammauon 
of the msec1 control protein gene cod mg ,cqucnce md1 a1ed 
thal II differs significantly from plant gene, m G+C conicnt 
Multiple sequences mo11f-. that Jrc not common m the odmg 
region of plant gene, v.ere found to be common m tht 
v.1Jd-type (\VT) <11 IA(b) sequence. I he,e m ludcd I ahzed 
regions of A ~ T nchncs, resembling plant mtrom (10). po-
1ent1al plant polyaden; I; lat1on "gnal sequence (l II. 
1\rITA sequences. wh1 h have been , hov.n 10 destab1hze 
~~)~*A mother s) stem, c1::n. and codon\ rarcl) used m plant\ 

Tv.o approaches v.ere 111111ated to mcrea\c the le,el of 
Cr) IA{b) and Cr) IA (c) 111\CCt contro l pro1ems m genclt all) 
modified plants. First. D A ,equcn es predicted 10 mh1b11 
cfli 1ent plant gene e-..:press1on J.t both the 1ramlat1onal and 
mR A level v.erc electively rcmo,cd 1hroughou1 the codrng 
sequence by sue-dire ted mutagenes1'i to partmll) mochf> the 
gene (PM gene) wnhou1 changing the ammo acid sequence 
Wholesale changes m the D hara tcnz.ed the second 
approa h. which required the u,c of a full) modified (FMl 
yntheuc gene. The FM gene-; en ode proteans nearl) 1den· 

ttcal m ammo acid sequence to the wr gene rhcse con· 
stru h ¼ere a more rigorous apph ation of the prmc1plc\ 
u.,ed to generate the PM gene. talmg into a counl add111onal 
fac1ors su h a., odon us.,;.1gc m plan1,. potcn11al secondan 
strncture of mR A . and potent1c.1I regulator) sequen es 
lnse t control protcm IC\ eb m plants mcrcascd as a conse· 
qucnce of mod1fica11011 of the D1 A ,cquencc. up to 100-fold 
O\'er levels seen y, 1th the v. 1ld-1ype gene m plants. The 
increased gene C'(pressIon appear-. 10 be the resuh of m· 
creased translauonal cffic1ency. 'I he higher level of insect 
control protem 1n the..,c pla111, v.,1.._, directly correlated 10 

m reased m.!iec1Ic1dal ac11v11y ·1 he demons1r-.it1on of 1hc 
uuhty of 1hcsc gene, to pro\ 1dc protection from 1n".le l'i has 
far-reachmg 1mphca11ons for the future of mscct-re~btanl 
plants and for the apph at1on of the,e gene mod1fica11on 
prmc1ples to the de-sign of hetcrologou\ genes for h1gh-Jc\el 
expression m plants. 

MATERIALS AND METH ODS 

Modificalions of lhe Coding Sequence of lnsec-1 Control 
G~nes. The cod mg sequence or the \ I gene in pMON99!l 

Abbreviation°' WT. Y.1ld type. PM. p.trtt.ill) rnod1fied . FM. full! 
modified. 1 HW. tobacco hornv.orm; IJ I J. .. JJm ,11111 1huru11t1e11i1 
\ ar J.t1rlwJ.1 
;-ro Y.hom repnnt reques.1s. should~ addre ... ~cd 
Present addres.s.: Center for AI DS Rc,earch. 111,crnt> of l.1. 

i ~ ma- 81rmmgham. B1rmmgh.im. AL 3529J 
rhe sequence reported m this p.iper has. been depos.1ted in thC' 

GenBank data base (accession no. M60856) 

Biochemistry: Perlak et al. 

-.1s identical in DNA sequence and similar to the truncat d 
iffllOO of ~ry/A(~) (3). Mod1fica11ons in the DNA did n:t 
JJtrthe am1noac1d 'iC~uence of the ry l (b) protein. Partial 
.,dificauon of 1he \ I ,cquencc wa~ by sne-direcied mu­
,4t11csis (14) v.nh 9 oh_gonucleo11de,. labeled A- I as they 
.iwear rn the sequence I he nucleolldc.._, that differ from lhe 
11' ~ucncc are -,hov.n III I Ig. I Rcgmn.-, of the codmg 

IICflCt 1hat v.cre 1.1rgc1ed for mod1fi atI011 v.cre idcnufied 
',Canning 1hc D1 A ,cqucnce for 4 or more onsccutivc 

~me fA) or 1h;mme f I I nuch!ot1de-, rhc,e reg10ns "ere 
)ZCd or the pre,cm:e of poten11al pol) adenylylauon 

:!Ill sequence, O IJ. If there 'w<I\ more than I ignal 
nce\.l. 1thm IO nuclc:ottde,. lhc ,equence Y. as altered If 

·, region of 15-30 nudcotuJc, "'"' '> (Y1 A -t- T , 11 was 
tmd 1f there y,,crc 2 or more A n I ,cquen cs or ,f there 
u ,1 ma~~ po1cn11.il ptrnt r>0l;,1dcn)ly la1ton \ ignal se-

e (At\ I AAA or ,\ \ I \ \I ). ucleoude, u,cd to mod-
1hc D, A ,;,equencc 1111.;rca,cd the O\crall G+ on1en1, 

ICl't,l.\ed planl preferred uk.lon, <DI 'w1thou1 hangmg 1hc 
a 1d \Cquencc: .• rnd d11.J not gcncmte on\ccuuve A +T 

iG•C mmg\ ( ->6). 
l1t< hange< of the I \I gene ( l·M m / AfbJ] required 
,.te \) nthc.._,..._, flln11,h 131o technolog). ~ford. K ). 
'.'icD~A \equen c \\.t\ dc"gncd lo mJ1n1aIn 1he amino acid 

nee and avoid n I A ,cqucnccs and potenual polya­
)l)la11on .._,rgnal ,cqucncc,. Plilnl preferred codon\ ¼ere 

\Cd. Conse Ull"C , trmg, of ,.. I or G ... C nu leo11des of 5 
aorc v.cre_ avoided I he l ·M , n lA(hJ gene t'i compared 10 
\\Tm Fig. 1 ·1 he IM en /A(() gene (5) I'i a 'i)'nlheu 

11ea1ed ,er\lon of the ,n /A(c) gene and encode ammo 
1-615. \econd FM < n /A(c} gene. de,;;cnbcd m Table 

ax:ode\ amm acrd, 29-615. 
Plan! Expression Veclon,. ·1 he gene, for msec1 conlrol "ere 
\tred as 0Integra1e, of a d1-.armcd nopal1ne plasmid (1 ). 
~ mtermediatc " ector, all contam 1hc m'ie I ontrol 

:ttm gcnes (WT. PM . FM . or FM av/A(t)i driven b) 1he 
.-dlov.er mosaic viru, 15 promoter v.nh a duplicated 

er region (16). 

Plan1 Transformation and Rl•genrralion. Agrob,,crt rir,m 
,mens was used to obt.un tran,gc01 1obac o (17) and 

- fl I plants. 
lamunological An:il) ,;;-i,;;. We, tcrn blot anal sis was done as 

.t'ICl'lbcd (5). Ant1bod1c, prepared m rabbit 10 1runca1ed. 
'llturcd mse t ontrol pro1c111 [trypsm-trea1ed Cryl A{c) 
Tt an) isolated from a ·os polyacrylam1de gel "ere used. 

blo1s \I.ere ,en,11Ivc to 1-2 ng per O µg or 101al plant 
~- ELI A anal) \I\ of lran'igemc plant matenal for 

.lllAlb) pro1em u1il1zcd a d1rcc1 double an11bod) sandwich 
iabbu polyclonal .inllbody raised to the crv/A(b) gene 

ie as e'<pres,;;cd m I:.. , ol,. purified as descnbcd (19). 
,:~I A 'A as _o;cnst1Ivc 10 0. S ng per 50 µg of total pro1em. 
td Sat Anal)s1s. SI nu lca,e prote 11011 assays (20) y,,erc 
~htoquan111a1c lhc level, of tn-l A(b)-spcc1fic mR1 A. 

nase-labcled 45-mcr ,ynthcuc oligonuclcot1dc v. 11h 0 
-'tottdes of homolog} 10 the 5' untranslated scqucn c 
SA n to all of the 111,cct control protein gene plan1 

S\\as h)bnd11cd v.11h 40 µgoftotal R A. An 1n1crnal 
~ ofa labeled 55-mcr v.11h 40 nucleoudes ofhomolog 

toclmg sequence of the endogenous tomato 3-l'110/­
j.~lsh1k1matc-5•pho,ph.1tc synthase (EPSPS) mR A 

1~cluded in ca h rea 11011 nu'(!urc. Each lane was 
-<nt-d 1,1, llh a laser dcn,11omctcr for quantitaiion and was 

/ .t.d \\ 1th rc~pcct 10 1he levels of endogenous EPSP 
• \Wal cxpo'ilire, \\Crc scanned to account for film 
ton. 

~ Bioassay. Five neonate larvae of tobacco hornwom1 
~ v.ere placed on a leaf of a plant th:it had been selected 

culture for kanamycm resistance. Insect control was 
till a~ plan1 lissue that c,h1bi1ed 100% mortality to T HW 

StiY.ained no vb,iblc damage after 3 days. 

d 
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RESULTS 
Partial modification of the WT 00· 
po1en1ial plam polyadcnylyl ~ mg_ sequence focused on 
ATITA sequences in regions ~t~ i5'gna/ s~quences and 
resuhmggene. referred 10 a o ig ocal A+ r ~onlent. The 
of the changes made in the : ~~c ::: ~ ne. contame_d a subset 
dcSJgnofthc FM I . g ( able I and Fig. I). The 
all gene e immated A TITA sequences. almost 
ere~~:~~:' d~~l polradednylylauon sequences. greatly Ill· 
mIzed lhc use of ~u c~11 e codonten1 of the gene. and mIm-

re Pam c ons. The PM gene encodes 
~;~no acids 29-607 of the CrylA(b) protem wnh an add111onal 

ammo acids. me1h1onmc and alanine. a1 !he iermmus 
T~e FM gene encodes ammo a ids 1-615. Both gene hav~ 
been e~prcssed m £. rn/i and the proteins show equivalent 
acuvny agamst lcp1d~ptcran insects (da1a n I shown). 

lnsett Control Pro1e111 l..t\eJs in Genetically Modified Plants. 
The plants e,.pressmg the WT. PM . or FM genes Y.ere 
idenufied from the transformed kanamycm-sele ted plants 
by a pnmar, screen b1oassa} agamsl THW {Table 2). 0 
observable damage to the leaf by THW mdica1cd 1hat mge _ 
t1on of small amounts of leaf tissue by THW was sufficient lo 
kill the msccls. The frequency of transgemc plants 1hat 
exh1b11ed mse t ontrol was higher m 1he PM and FM 
lrnnsf~rmed plants than m the plants wnh 1he \ r cn1A(b) 
gene ( fable 2). The modified genes (PM and FM) \\ere 
rou1mely expressed above the b1olog1cal threshold set for 
msect ontrol m toma10 and 1oba o. This oc urrcnce was 
:~1:J~~:ucntl} observed w11h 1he WT gene. especially 111 

Immunolog, al analysis of plants expressing c1thcrthe \VT 
1hc PM. or the FM B.t.k. msect control protem gene~ 
demonstrated tha1 modification of the 8 .t.J. . gene resuhed m 
increased msect control pro1cin levels in both toba e nd 
tomato. The d1stnbut1on of lhese plan1s by !he levels of 1nse t 
control protem found m leaf tissue revealed tha1 1he PM and 
FM genes had a greater percentage of planls w11h higher 
levels of detectable pro1em compared 10 1ransgcnic plants 
wnh the WT gene (Fig. 2). O\•er 200 tmnsgcnIc 1oma10 plants 
with the WT r ry/A(b) gene Y.ere screened: 3 sho"wed msect 
control and m only plants Y. erc the le\els of protein 
de1c table by We 1ern blo1 analysis. Insect control pro1em 
was barely detectable m 2 plants. near 1he lim11 of de1ec11on 
m this assay (- Ing per 50 µg of101al protem). 

Tomato plan1s e,:pressmg the PM gene shov.cd an increase 
m the percentage of inse 1ic1dal plants (Table 2) and m the 
level or msect control pro1em dete 1ed (Fig. 2A). The 
ma.,ority of the plants 1ransformcd ..., 1th lhe PM gene fall mto 
the I· to 10-ng level and a small percentage (2 of25 plants) of 
1he plants are m 1he loY.er end of the 10- 10 30-ng range 
(0.02'c). 

Toma10 plan1s 1ha1 e,prcs~ed the FM gene contained a 
s1m1lar percentage of msee11c1dal plants compared to plants 
"11h the PM gene {Table 2). A substanual number of plants 
(10 of 29: 34%) "ere found to ontain high msccl ontro/ 
protein levels (Fig. 2A). hgh1ly h1ghcro\'erall levels o~msect 
control protein Y.cre seen wnh 1omato plants transgenic "1th 

Table I ummary of changes made in rhc PM and FM c-ry lA(bJ 
genes ompared to 1he WT crylA(b) gene 

WT PM FM 

o. of bases d1tfcren1 
from \VT 

No. of codons different 
from WT 

G+C contenl 37'1-
No. of potential PPS 18 
No. of AT'TiA sequences lJ 

62 of 1743 

l of l79 
(9 l'f) 
4l'i 

1 
1 

PPSS. plant polyadcnyl)lat1on signal s.equence • 

390 of 18-ll 

Jl6 of 61 
(60'<) 
49(1 

I 
0 
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ATGGAT .V.C.U.TCCGAACATCM TGMTGCATTCCTT AT MTTIITfT M CT MCCC'TG..v.cT ACAAGT A TT AGGT~MN;AA T /ICAAA, Tl 
C C A C A CCCC A T CT f:CT 

A E:£1 
TC~~:=~TTI~~,\G~(,i\~T~~C~..GTGCT~T~~~GCACTACTTCA~AT~T~TGC, -~T~TTTc .. rr.c~tc 

B le c c c c c T I 
AACA..TTMTTMCCAAACM TACAN;.V.TTCCCT~.v.ecCATTTCTA..AT7Ac.Ml,Clu':l M!'CTTTATCA,.Af Tl; 

IV ";~T"t Ar,AC.Aef(i,(' ;M,· _,. :.Ii? ,. 

' 
C CC CCC G C C C CC TC C C' C T 

c ccc ecc l 
! ;C~~T~A~~!~AGT~TT~CAGA~GTT!£TCTTTG(;~' MA".GTceccATTT A • A 

T • 

•rni c1cr.-.,;;cx:;rntc 
A T A CA" 

AA'TAT A 'AA AA. CTA:t fl 

}!; \-, - ,~.--.-, ...!...,!.. __ u 

T • 

AA IA T A ;rc.rA~AA 
T t" t" 

T AT IV, T CMATTT 
C T l C 

./1,,,ti TT A 

' < < 

T AAT 

• 

AAA:A: :Acti...:A:.CATU~tA 
TC C CT~ 

AA. '":',.T A,.!ACT ...:rAA~ ll• 
.._ TCA C C C C 

A "AA!'tM:;ttTATAT,\,;A~ ' 
T C C J C 

Fie.. 1 D:,..A \tqucnc:c of 1he c n / b 
f-\! gene on the hnc bc lov. Th At J gene on !ht numbered lmc v. nh h c differences bc1v.ccn the \VT and PM I c mod1fica11on\ found m 1he P\t ,enc on the hne ab<M ,ad lk 
MO gene-, are ""1thrn lhc ljbelcd bo '<ed Jrca\ CA- I) 

P1 5 83. a 1runca1ed cn 1A(c·J FM 
homology 10 the cn /A(bJ FM gene Y.Hh substantial 
the 52 FM fr) /AfrJ tmn~ge~~nc1~ep1ctcd m Fig l. Among 
Immunolog1call} analyLed IO P<n-) mato plams that Y. ere 
lo 100-ng range wuh SC\.c~I 

1 
- Y.erc at or abo\•e the 30-

µg of total protein Amo~ a~~:, approaching 100 ng per 50 
iran'.lgcmctomatoplams forc he most highly C"<prcssing 

ac insc I control protein gene. 

Table 2 ompanson of the fra lion f 
on1rol ,... 1,h the \\ T. PM . and FM ge:etant., cxh1bnmg rn~t 

Gene 

Pl,mb Cll.h1b1tmg mscct control/ 
IOtal kanam~c1n-~ lected plants 

Tobacco 

3, 5,116'1) 
25/42 (60'1 ) 

12, 22 rssr; , 

\\ I <n/A(hJ 
PM cn lA rhJ 
H I cn/AfhJ 
l·M <'1 /AftJ 
1-M cnlA(t) " 48 95 t i <'"i) 

•·i ht" cod rng region of the N-tcr 

Tomato 

ll.Z0-1126'!) 
40/ 63 (63'1) 
32/ll (l "f) 
52/ 97 (54q ) 

lhe FM gene-, appeared 10 be expressed 5- 10 IO-fold lugbcr 
than the PM gene and up to 100-fold higher 1han the \Vfgett 

In tobac o plant:, . the Wl gene v.as more poor!} c:1:preooi 
lhan In tomato. bclov. the de1cct1on limn of the Wes1embk.C 
anal} s1s m !he 3 plant... ,;,ho\\lllS mscc1 control against TH\\ 
Anal}:-i1s of tra nsgenic toba o plants (Fig. 28) \qlhthePM 
and FM genes re,e .. 1led re,u l1 ,;, s1m1lar 10 those found 111 

IOmato. There \.\as an mcrca,;,c m the frequency of plant " 
insect con1rol (Table 2) and the le, eb ofmse I con1rolpf'O(CII 
in plants \\ ith the PM gene compared 10 the WT. AS 1 

tomatoes. severa l 1oba co plants (2 of 25: 8'1-) with tht p\l 

gene contained 10- 30 ng of 111 sc I control protein per 50}1! 

of tota l pla111 proiem. 
. Transgemc tobacco plant.., \\I th the FM gcnc demon~uatcd 
improved C"<prcs:-i I011 of the B.t .J.. protein over the PM gene 
plam s. Several tobacco planb ,, 1th the F~1I genes contaud 
deicc1ablc le vels of I11 ::.cc t control protein > 0 ng per 50 ,I 
oftoial pro1cm {> 0.1 11-). Frg. 28 show:,, a /ugh percent~ ci 
tobacco plant s wnh the FM tn•IA(h) gene in the 30- 10 I(»C 
r~nge but only l3 plan ts with thi s construct "ere anal}ztd· 
Exicnsivc analysis was done with pM ON5390. a FM tru&-

·o 

6<) 
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■ ll'T/Jlk 

8 P"l H tk 

□ F"l H t k 

A 

< 1 n~ I Ill n1-t l() .;30 ng :}0- 100 ng 

Fie. 2. D1s1nbu11on of 1oma10 (A) and tobacco (8) plants 1ha1 
u h1b1ted rn<.c I control The numbers of1omato plants that C.l(h1b1tcd 
m\Ctt control u,;ed to calculate 1he pcrccnrage of 8 1.4 protein levels 
areas rollows. WT gene. jJ_ PM gcnc. 6) , FM gcnc, 55; FM r r)'/A. (C'} . 
97. The number., of tobacco plant~ arc ns follo,... s WT gene, 3. PM 
itne, 42. f-M gene. 22; l·M u,.fA (c>. 95. Levels of mscc1 con1rol 
protein arc per SO µg of rotal plant prou:m 

catcd cry/A (c) gene similar to the cry/A(c) gene found m 
pMON 3 3 e'<cept that 1hc codmg sequence or 1he first 28 
ammo ac ids had been deleted a.::. in the WT and PM genes. A 
high percentage of the plants (50%) that exh1b1tcd mscct 
ontrol contained protem at detc tab le le,•els. As wuh 1he 

FM gene m tomato. one-third ( 1%) of the plan1s were in the 
10- to 100-ng range of in:-.ect control protein per 50 µ.g of total 
prote rn . 

The higher frequency of transgenic plants wi th 1hc Pri.·1 and 
FM genes e-<h1b11mg mscc t con1rol compared to 1he plan1s 
v.1th the WT gene wa._. a good indica11on that the modifica­
tions to the 8 .U. . odmg sequence had improved gene 
e~pressIon. S recnIng of a large number of plan1s with the 
WT gene fail ed 10 yield any that produced > I ng of insect 
ontrol protcm per 50 µg of total protein. while > 10% of the 

plants v.•i1 h the FM genes produced 30-100 ng of insect 
control protem 111 bo1h tomato and tobacco. Because of the 
large numbers of planl '.1 analyzed. the overall s1m1lari1y of the 
genetic con:-i tructs and the large variance 111 both average and 
peak expression obtamed w11h the WT. PM. and FM genes. 
v.e be lieve that 1he data renected inherent gene expres:-.1on 
differences. Gene copy number did no! appear to differ for 
the d1fTcren1 codmg '.lequcnccs. The most highly expressing 
tomato plant :, con1a1111ng either the WT. PM . or F~-1 gene 
v.ere anai}'£cd geneucally and the insect antral protein gene 
segregated as a .::,mgle dominant locus. Highly e·wrcssmg 
tobacco and tomato planb w11h the FM cry/A(b) and FM 
rry•IA (c) genes \'.Crc identified 1hat contained in:-iect control 
pro1ein a1 lcvcb of 100- 150 ng {0.2-0.3%). 

mRNA Analysis. T he leveb of cryJA(bJ-spcc ifi mRNA m 
plants did increa.::.e m plani... with the PM gene and the FM 

Proc. Natl. Acad. Sci. USA 88 (199/J 3327 

gene c~mpared 10 plants with the wr gene (data not shown). 
QuantUal!ve SI nuclease mR A anal ys is revealed that se­
~cc1.ed 1omato plants with the PM gene had a 10-fold increase 
~n insect. control protein levels and an average 2.5-fold 
mcrea:~ m cry/A (b) mRNA over tomato plants with the WT 
gene. I omato plan1s with 1he FM cry/A(b). which exhibited 
a 50-fold increase m insect control protein leve ls over tomato 
plants wuh the WT gene. had a 5-fold increase of crylA(bJ 
mRNA levels. For two selected plants. levels of mRNA from 
the plant v. 1th 1he PM gene differed by < 20% from 1ha1 m a 
plant with the FM gene. yet the plant w11h the FM gene 
contained a 4-fold higher level of insect con1rol protein 

orthern blo1 analysis of the best plants w!lh 1he WT gene 
and plants wnh the PM and FM crylA(bJ genes indicated the 
crylA(b) mRNA was of the expected sw:. 

Identification or Important Regions for H.t.k. Gene Expres­
sion in the PM Gene. The FM gene contains c1Ctenm e differ­
ences compared to the WT gene (Table I). The PM gene differs 
from the WT gene by 3o/r- of the nucleotides (Fig I). } ct these 
changes account for a1 least a IO-fold increase m inse t control 
protein levels in toba co. Plasnuds ontaimnga frac11on of the 
101al changes (Table 3} were used to obta in transformed . 
kanamycm-selccted tobacco plants that were s reened by 
insect b1oassay. IJ.t .J... protein levels comparable 10 the P~-1 
gene (pMON5370) were obtarned when the changes m the 5' 
half of the cod mg sequence were present (pMON 10707). The 
gene with the changes m 1he 3' half alone (pMON 10706) did no1 
differ from the WT gene: there was no 1mmunolog1cally 
detectable mse t control pro1em. Changes with ohgonucleo­
tide 8 {pMON10537) appeared 10 be the most s1gmfican1 
section to elicit the increased msect control protem levels. 

The changes made by ohgonucleo11de B were no1 the sole 
effector of increased leve ls of m:-iecl control protem in plants 
A cons1ruc11hal conrnmed a fully modified 5' onc-1h1rd of1hc 
gene. including ollgonucleot1de B (pMO 5378), resulted m 
plan1s "1th levels of msect ontrol protein comparable to 
plants wuh the PM gene. By companson. replacing the firs! 
one-1hird of the FM gene with the homologous wr section 
(pMON10538) resulted 111 lov.-er levels of mse t control 
prOlein than previously observed for the FM gene. The 
e"<pressIon of the hybnd gene ofpM Nl0538 md1cated !hat 
It 1s possible to achieve increased B.t.l... e.1Cpres:-iIon compared 
10 the WT gene without altering the region of ohgonucleolidc 
B. These results indicate thai a single region 1s probably not 
solely involved and that changes throughout the sequence as 
found m the FM gene v.-ere required for 1he highest levels of 
expression of 1he insect control protein gene in plants. 

Table 3 An:llys1:, or 1hc conmbuuons of md1 v1dual regions 10 

m reased ell.pre!lsIon of the 8.t 4 PM gene tn tobacco 

onslru t 

Plants with 
rnsect 

control/ plants 
Qhgonucleo11des screened 

Protein 
lnel. 'l 
of1otal 
protein 

pMON5370 A- I" 2 / 4 (4 J O 02-0 03' 
pMONI0707 A.B.C.D 19/ 48 (40'l) 0 028 
pMONI0706 E.F.G.H.l 1/ lJ (2'1') ND

1 

pMO 105 9 A 2/ (4'l) 
1

D
1 

pMONIOl37 B 17/ 57 (lO'll O 016 
pMONIOl-lO A.B 23/ 88 (26"f) 0 Oil 
pMON10705 1/47 (2'1-1 ND' 
pMONI0538 1/ l WT. 2/ 3 FM 19/ 62 I O'll 0.016 
pMON5378 1/ 3 FM. 2/ WT 9 ZO (45'1) 0.02- 0 03 ' 

•The locations of the md1\'1dual regions ( -IJ arc depicted m 1he 
sequence sho,... n m Fig 1 

'The le\eb ofCrylA(b) .... ere determmed by Western biol analys1:t 
IThe le\el ofCrylA(b) m the:,c plants was too low to be detected by 
ELISA or We:-i tem blot . 
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DI SION 

The PM and F t genes ha\ e dramau ally m reased inse t 
ontrol protein Je\CI, m plants This appears 10 be one o~thc 

largest mcrc,,-.es m gene ex pre ~•on m an S) ~tem obrnmcd 
solel) through mod1fi :1llon of the oJmg sequcn c. The 
rat1onale for thC":IC de ... 1gn~ was ba ed on the elimmauon of 
sequence, such a, po1cn11al polyadne)•ly_lauon signal sc­
quen c,. A 1TT \cqucn cs. and A + T-nch regions. The 
m rea,cd c,pre,<i1on \\ ih gcnen J ross several plant spe-

1es--tob,1 o. tomato, co1ton (5)-and was oblamed v. 1th 
tv. o d1<itm I gene,. cn /A(b) and crv /A(c). 

The PM gene conti.lmed a subset of the changes found m the 
full) modified gene. )Ct produced large mcrease m insect 
on1rol prolcm le\-eh m tobacco and m tomato (al least 

JO-fold). The I~, J.. of cxtcn<ine changes m the PM gene (3% 
of the totJI nuclcoude<i) and 1he lo alizauon of a region 
nil al to increased e, prcs ,on (ohgonu lcoudc 8 ) argues 

agJmst 1hc h) pothcs1, 1h.1t the presence of rare plant odons 
1s pnm•ml) rcspon\lble for the prev1ousl) reported Im, level 
e,press1on of \\ I mse t ontrol protcm genes m plants. 
Anal) ,1s of the region of ohgonucleoudc B revealed no 
Ill\ ened repeal",, pahndrom1c sequences. or other apparent 
secondar) ,tructure, 1ha1 d1st1ngu1shed this region from other 
reg10n~ of the ..iruclural gene Thh region does onrnm three 
potcnual pol)i.ldcn) I) lauon signal -,equen es {1\\-0 AACCAA 
and one AT! A ). onhcrn blot anal)SIS of101al R A did 
not detect trun atcd c n /A(hJ mR1 Am plant;, expressing the 
\ gene It ,.., po,,1ble 1h,H lhc mcomplete fun uonmg or a 
polyadcntl) la11on , 1gnJI led to pr e,smg "nhout polyade• 
n)l)lation cau,mg msrnb1ht) An 1her po;,s1b1lny 1s 1ha1 the 
region of ol1gonucleo11dc B ont,un, an as )Ct undefined 
regulatory sequence dependent on the conte'l(t f 11<.i sur­
rounding sequence. 

The region of ohgonuclcot1dc B 1s not 1he sole suppressor 
of mscc1 ontrol protcm gene e~prcss,on m plants. The full) 
modified C-tcrmmal tv.o--th1rds o 1he truncated msect on-
1rol protcm gene plus an -terminal \ f one-third contammg 
a scqucn e unchanged m ohgonuclco11dc B (pMO 105 ) 
re")ultcd 10 le\-els of 1n,cc1 con1rol protein ,n plan ls equ1\ alent 
10 the PM gene or IO-fold lov.er 1han for the FM cn/A(bJ 
gene. ne intcrprctauon of 1hc,e rc,ults 1s I hat 1he presence 
of the WT ,equencc m the~• third of 1hc gene. mcludmg the 
rcg10n or oilgonuclcoudc B. dcpre,ses the expression of the 
FM gene 10-fold. lterna11vel) . the aggregate of the 
hangcs ontamcd m lhe 3' mo-thmh or lhe FM gene could 

pamally compensate for the pre..,cnce of the WT sequence 
m lhe 5' onc-lhird of the gene 'I hese observations suggest 
that SC\eral foc1or, ,rnd regions of the gene are m,olved m lhe 
lov. le\ ch of msect on1rol protein obsen cd wnh 1he \ r 
gene m plant'! . ·1 he h1ghes1 levels of msec1 con1rol protcm 
that ,,c h::.l\e obscrHd m plants v.erc obtamcd wnh the F 1 
genes. bo1h < n /A fhJ and , n /A(<J. 

The maJor bl J.. to efficient WT c r .-/A(b} gene e:1Cpress1on 
m plani.., appeared to be 1ransla11onal and 1101 at the IC\CI of 
stable accumulat1on of cn /A(h) mR A. mR A levels Y.cre 
mcrca':)cd m plants Y. llh 1hc PM and FM genes. but the le\el 
of mR, A mcrca\e v.as not directly prop n1onal to the level 
ofpro1cm mcre~hc m the best of the PM and M plants. It 1 
not clear that the increased mRNA level,; must be d1rcc1I 
proporuonal to 1he mcreased protein expression. Anal) s1s of 
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the mRNA levels of some of 1he PM and FM plants indicated 
1ha1 omparable amoun1s of FM mR A led to 1he production 
of more insect control protein than PM mR A . suggcstmg 
1hnt the prescn e of prcdommaruly planl preferred codons m 
1hc F M gene has improved ll'i O\-erall 1rnn-,la11onal cffi ,ency. 

The impac1 of the cxccpt1onal levels of e,press1on that 1he 
PM and FM genes pr 1de is most apparent m the cffica y 
these plants e-.:h1b11 to \\ 1thstand mscct aua k . The use of 
these plants m an mtcgrated pe,t management 'iystem "111 
expand the options of farmers to protect their harvest from 
msec1 destruction. 
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""paration, properties, and plasma retention of human he I b" 
·i• • • f • mog o m 
irivatives: ompart o~ o uncrosslmked carboxymethylated 
1moglobin with cro linked tetrameric hemoglobin 
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1
1\:t/~\(~ ~~,;~ \ ,cnuc ,e.,.. \ ,>f~ 11./Y 100?! 11.nd 

1
Di\-l'l10n al Blood Rc)Ciilflh . Letterman Army Jnstnu1e of Rc~1Kh, Prc,id10 of 

11uJln tm,II \mult Jummn /.J /WI frt·< ,mrdforrt11elo\ l)trtmber/7.19901 

illACT lluman hemoglobin \ Im\ been crosslinked 
k>c)anatol>en1i'newlfonatc lo ghc a limitctl number 

in a )ield or 1o rr. I he predominant product "as 
td bel~ren subunih \\ithiu a lrtr:uner and had a Mr 
:no higher U, ~pccic~ "rrc formed. fhb product had 

.1fflllnk per tflramer localed bct"ccn the ~112 termini of 
mains. as establb hed b) lll'LC anal)Sb. amino acid 
ia. Edman degradation. and ma~" ~pectrometr) . ·1 his 

tdderhalhe had a ":ll ighll) increa-,cd O"\:)gcn affinil) 
: 9 n1mllg (I 1111nllJ?, = 133 Pa): /lq for unmodified 
ltobin = 11 mmllg). and the relention time or this 
ii,tln the circulation or ruh ~a~ 2.9 and 3.3 hr al tl'o 

• colK'tnlrations (7 g/ dl and 14 g/ dl. r~ pecthel) ). 
W--life of an uncro~slin"ed carbo"\:) ntelh)lated derha­
•sb has a lo" O"\:) gen affini t) {P"-0 = 28 mmHg}. " as 0.6 
7irunder lhe same condition~. T herefore, prolongation 
(USllla-retention time of infu~cd hemoglobin is depen­

• thtcrosslinking or the tcl rnmcr IJut indel)fndent or the 
affrnlt) or 1he der hathc. 

• on hcmoglobm-b,1-,cd blood ,ubs111u1c\ have used a 
of chemical mod1ficcu1on, omc reagen1s used for 

\hem1cal mod1fi at1on\ are b1funct1onal rosslmkmg 
mi others yield mono,ub-.tHuted produ 1s. The laner 

~,e must be sub-,cqucntl)' cro,'llml-.cd to preven1 
~of the 1e1ramcr mto dimers of Mr 2.000. v.h1ch 

) filtered b) the k1dne} and thereb} removed from 
-Yadauon. E,dmple-, .,re the pyndo, al 5'-phosphatc 
> nh hemoglobin (1-~I and carboxymcthyla1ed he• 

tCm-Hb) (6-9). \\h1ch have Joy, ox)gcn affimlies 
•,:nrt,ubsequem 1rca1mcnt \\ nh a crO'ISlinl,..mg agent to 

subunit d1\s crnt1on One of the monofun 11 nal 
'1-basrd denvali\C'>. ho\\cvcr .• 11-.o has a low O'l()gen 

but doe~ not require cro..,,lmking (10). e,cral of the 
nal reagent-,, ,uch a-, 2-nor-2•form) l-5-p) ndoxal 5'-

12. 11). bisp) ndo, ,tl tctrapho,phatc (12). bi,(3. • 
,, te}llfumaratc (1 ) . and 4,4'-d11~oth1oqanatosul­
··--di1ui, nme IDIDS) (14). i1cld a cro»hnked hcmo· 

den\.111,e Y.llh a lo\\ o~ygcn affimty \\hen 1he 
er is u.sed v.nh dco, yhemoglob111. In general. the 
O\}~cn affinny of ;_1 hemoglobm dcri\all\C 1ogc1her 
rnab1hty 10 d1ssoc1atc form 1hc ba,1'i for 11s cons1d­
~ a blood ~ubstnutc. Hoy,,c\-cr. 1hc relat ionship 

ttllo\ygen affimt} and pla,mi.l rc1cnt1on had nol been 
analyzed to date. 
crosslinked hemoglobm da1val l\CS have a M, of 
c.,crosslinkmg only \\llhin a g1\cn tctramcr ~12-

~ others have At, values of 128.000 or greatcr-1.e., 
ing bc11,1,een hemoglobin 1ctrJrncrs (16. 17). The 
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latter denvaU\-e'i m lude the dex1ran-hemoglobm ompleltes 
118). hemoglobin onJugates " " h polyc1hylene gl)tOl (191. 
and glutaraldehyde-trea1ed pyndoxylated hemoglobin. which 
are very large polymers of different molecular " eights. The 
opllmal molecular v.c1ght for a blood subst11ute has not ye1 
been defined. facn though me mves11gators feel 1hat 1he 
m1mmum molecular ""eight for a hemoglobin-based blood 
surroga1e is 12 .000 (20). good evidence suggests that a M, of 
64.000 1s probably suffi 1ent to sustain effe uve onccntra• 
uon of a blood subst1tu1e m 1he c1rcula11on. For e,amplc, 
serum albumm. v.h1ch has a M, of • 60.000. 1s not cleared 
from the ir ulauon. Furthennore, studies on the clearance 
time of rosshnked tetramcric hemoglobin dcnvauvcs also 
suppon 1his "'" 121-13). 

In this commu111ca11on v.e C'l(amme 2.5-dusoth1ocyanato­
benzenesulfona1e (DIB } as a crosshnkmg agen1 w11h several 
obJe 11ves. (i) A bifunc11onal ro~slinkmg reagent that gen­
erates a defined rerramerl cros linked species v.as de~1rable. 
{ii) The plasma-rc1en11on 11me of a v.ell- haractenzed 
crosslinked 1etramer had 10 be measured to compare ns 
clearance ra1e v.uh that of the uncrosslinked Cm-Hb ~env­
al1ve and 10 asccnain the mfluence of the oxygen affimly of 
each denvauve on i1s plasma-re1cnuon ume. 

~1ETHODS AND MATERIALS 
Whole blood from normal md1v1duals was washcd, lysed. and 
dialyzed as de~ nbcd (6-9). For smd,es v.nh deox)hemo­
globm the solution of ox)hcmoglobm (•200 µ.M} was b~bd 
bled \\.llh hum1d1fied N, for • 45 min. pe Ira v.erc re or e 

ry ""00 spe L~pho1omc1cr. Inositol he'l(aphosphate 

~~:P/ and·sd\cylgl}:: ~c:~l~urc:.:~:.,rr(~:,s~e~:: ~:gf 
v.as obtame ram I noh drate gave the 
Elemental analysis for C H-101 2 l mo_ H) I 4c:f· and ' . 
follov.mg 1heore11cal value): C. 3.l%. •. C ; 9'1· H. 

mental values \I. ere as follows. • • • ,. 
~· :: ex;;cn, 11.9'l: {a\·crage of i v.a de1erminauons}. DIB 
- · • an Id buffer jus1 before use. 
was dis olved m co 

I 
b. .1h DIB Hemoglobin solu-

Crosslinking of llcmog o m ~ 1 d sm1c ·usually• - µ.mol 
lions (200 µM m 1he .. dc~':;g!:~eem~a;ed ." ith a IO-fold molar 
unless md1 ated oth~r~ 5 a enl 0 18 When present. InsP6 
ex e~s of1he rosf!~"!~~!ssg o,er hcm~globin. Thi'i solution 
was m 50-fold mo ·s•C. 0 I M potassium pho,phate. pH 
was then incu~ated at 2 I m ~i:h earlier e,;perimcnts with 
.2. ~ r 15 mm_. By a~a 

0
~hc rca uon was terminated by 

sodium cyanate ~24 •. -~~f Id m~lar ex css: a funher incu-
addmg glycylglycme m o 

-




