
nesquehonite may form directly from the 
resultant solutions. Therefore, the observed 
mineralogy and morphology of the nesque- 
honite and current knowledge of nesque- 
honite stability are both consistent with 
direct formation of nesquehonite under 
Antarctic conditions. The formation of ad- 
ditional nesquehonite during curation of the 
meteorite can be understood as continued 
outward migration and evaporation of the 
saline solutions formed in Antarctica. 

Antarctic meteorites have been on the 
earth for on the order of lo4 to lo6 years 
and have apparently been transported great 
distances by glaciers (25, 26). Whether 
chemical weathering of meteorites occurred 
during their encasement in ice or only after 
they were exposed to the atmosphere on 
stranding surfaces has been uncertain ( 5 ) .  
Results for nesquehonite from LEW 85320 
suggest that, at least for salt formation, 
weathering may be sufficiently rapid that 
most observable effects can develo~ in tens 
of years rather than over thousands of years. 
Rapid formation of nesquehonite suggests, 
but does not prove, that most weathering 
~henomena occur after exhumation of the 
meteorites from deep-glacial ice. In the sim- 
plest interpretation, ages of magnesium car- 
bonate weathering products on Antarctic 
meteorites would indicate the times elapsed 
since surface exposure of the meteorites. The 
amount of rust on a surface alone cannot be 
used as a reliable indicator of the state of 
preservation of meteorites. The correlation 
between degrees of weathering and terrestri- 
al-residence- ages might evade detection if 
reliance is placed solely on the rust index. 

REFERENCES AND NOTES 

1. H. Yabuki. A. Okada. M. Shima. Sci. Pan. Inst. Phvs 
Chem. ~ e r : ~ ~ n .  70, 22 (1976). ' 

2. U. B. Manin, Antarct. J .  U .S .  15, 54 (1980). 
3. J. L. Gooding, Proc. Lunar Planet. Sci. Con5 12, 

1105 (1981); Geochim. Cosmochim. Acta 50, 2215 
(1986)'. 

4. M. A. Velbel, Meteoritics, in press. 
5. J. L. Gooding, in International Workshop on Antarctic 

Meteorites, Lunar and Planetary Institufe Technical Re- 
port, 86-01, J .  0 .  Annexstad, L. Schultz, H .  Wanke, 
Eds. (Lunar and Planetaty Institute, Houston, 
1986), p. 48. 

6. K. Nishiizumi, ibid., p. 71. 
7. L. Schultz, ibid., p. 80. 
8. J. L. Gooding, S. A. Wenworth, M. E. Zolensky, 

Geochim. Cosmochim. Acfa 52, 909 (1988). 
9. U. B. Marvin and K. Motylewski, Lunar Planet. Sci. 

XI ,  669 (absu.) (1980). 
10. J. L. Gooding, Antarct. Meteor. Newslett. 9, 22 

(1986); P. Englert, personal communication. 
11. D. W. Ming and W. T. Franklin, Soil Sci. Sac. A m .  J .  

49, 1303 (1985). 
12. P. J. Slota, A. J. T. Jull, L. J. Toolin, Radiocarbon 29, 

303 11987). 
13. A. J.'T. J;U, D. J. Donahue, T. W. Linick, L. J. 

Toolin, ibid. 28, 191 (1986). 
14. T.  W. Linick, A. J .  T. Jull, L. J. Toolin, D. J. 

Donahue, ibid., p. 522. 
15. T. W. Linick, thesis, University of California, San 

Diego (1976). 
16. I. Levin et al., Radiocarbon 27, 1 (1985). 

17. A. J .  T.  Jull and D. J. Donahue, Geochim. Cosmochim. 
Acta 52, 1309 (1988). 

18. , T. W. Linick, in preparation. 
19. M. Freundel, L. Schultz, R. C. Reedy, Geochim. 

Cosmochim. Acta 50, 2663 (1986). 
20. W. G. Mook, J. C. Bommerson, W. H .  Styerman, 

Earth Planet. Sci. Lett. 22, 169 (1974). 
21, G. Faure and D. Buchanan, Antarct. J. U . S . ,  in 

Dress. r - - - -  
22. S. Epstein, R. P. Sharp, A. J. Gow, Science 168, 

1570 (1970). 
23. M. M. Grady, E. K. Gibson, I. P. Wright, C. T.  

Pillinpcer, Lunar Planet. Sci. X I X ,  409 (abstr.) 
(198g)). 

24. L. Schultz, Meteoritics 21, 505 (1986). 
25. W. A. Cassidy, E. Olsen, K. Yanai, Science 198, 727 

(1977). 

26. E. L. Fireman and T.  Norris, Proc. Lunar Planet. Sci. 
ConJ 12, 1019 (1981). 

27. Joint committee on powder diffraction standards 
(JCPDS), iblineral Powder Difiaction File (Interna- 
tional Center for Diffraction Data, Swarthmore, PA, 
1980). 

28. Samples were obtained from the meteorite work- 
ing group. The technical assistance of L. J. Toolin, 
B. H.  Gore, A. Hatheway, D. Ming, and S. Went- 
worth are appreciated. This work was supported by 
NASA grant NAG9-233 to A. J .  T.  Jull and the 
Johnson Space Center. The NSF Accelerator Facility 
at Arizona is supported partially by NSF grant 
EAR85-12761 to P. E. Damon and D. J. Donahue. 

16 June 1988; accepted 2 September 1988 

Herbicide Resistance in Transgenic Plants 
Expressing a Bacterial Detoxification Gene 

The herbicide bromoxynil (3,5-dibromo-4-hydroxybemnitrile) is a photosynthetic 
(photosystem 11) inhibitor in plants. A gene, bxn, encoding a specific nitrilase that 
converts bromoxynil to its primary metabolite 3,5-dibromo-4-hydroxybemic acid, 
was cloned from the natural soil bacterium Klebsiella ozaenae. For expression in plants, 
the bxn gene was placed under control of a light-regulated tissue-specific promoter, the 
ribulose bisphosphate carboxylase small subunit. Transfer of this chimeric gene and 
expression of a bromoxynil-specific nitrilase in leaves of transgenic tobacco plants 
conferred resistance to high levels of a commercial formulation of bromoxynil. The 
results presented indicate a successful approach to obtain herbicide resistance by 
introducing a novel catabolic detoxification gene in plants. 

A DVANCES IN GENETIC ENGINEER- 

ing of plants have allowed the devel- 
opment and transfer of agronomi- 

cally important traits such as viral resistance, 
insect resistance, and herbicide resistance. 
These traits allow transfer of single domi- 
nant genes that exhibit a rapidly discernible 
phenotype. Herbicide resistance can be 
achieved by at least three different mecha- 
nisms: overproduction of a herbicide-sensi- 
tive biochemical target; structural alteration 
of a biochemical target, resulting in reduced 
herbicide affinity; or detoxification-degrada- 
tion of the herbicide before it reaches the 
biochemical target inside the plant cell. 
Resistance obtained by the first two mecha- 
nisms has been developed for the herbicides 
glyphosate (1, 2),  atrazine (3) ,  the sulfony- 
lureas (4), and phosphinothricin (5). A re- 
port describing the transfer to plants of a 
Stveptomyces gene encoding a phosphino- 
thricin acetyltransferase (6) resulted in phos- 
phinothricin-resistant plants, establishing 
detoxification by conjugation as a viable 
strategy. Two advantages of a detoxifica- 
tion-degradation mechanism, as opposed to 
altering a biochemical target, are that spe- 
cialized compartmentation of the detoxify- 
ing activity is not required and that greater 
herbicide resistance can be achieved with 
lower levels of detoxifying enzyme. Disad- 

vantages include the potential toxicity of 
one or more metabolites and the possibility 
that detoxifying activities might react with 
endogenous plant compounds to impair 
plant function. 

We have been interested in the nitrile- 
containing broadleaf herbicide bromoxynil 
(3,5-dibromo-4-hydroxybenzonitrile), a po- 
tent photosystem I1 (PSII) inhibitor. Al- 
though the actual chloroplast-localized bio- 
chemical target is not well defined, there is 
evidence that bromoxynil acts by binding a 
component of the quinone-binding protein 
complex of PSII, inhibiting electron transfer 
(7, 8). It has further been suggested that a 
low-affinity binding site within this complex 
exists in the 32-kD polypeptide (9, 10). 
Bromoxynil has a very short half-life in the 
environment, as microbial populations and 
tolerant plant species can convert the cyano 
moiety of bromoxynil to the corresponding 
amide and acid derivatives (1 1-13). A natu- 
ral soil isolate, Klebsiella ozaenae, has been 
identified that transforms bromoxynil to 
3,5-dibromo-4-hydroxybenzoic acid, releas- 
ing ammonia (14). This reaction (Fig. 1) is 
carried out via a bromoxynil-specific nitri- 
lase. The nitrilase gene (bxn), which is plas- 
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Bromoxynil 3,s-Dibromo- 
4-hydroxybenzoic acid 

Fig. 1. Reaction depicting the conversion of the 
herbicide bromoxynil to the primary metabolite 
via the bromoxynil-specific nitrilase. 

mid-encoded in K. ozaenae, was cloned on a 
2.6-kb DNA fragment and expressed in 
Escheuichia coli (15). The nucleotide sequence 
of a 1.2-kb DNA segment was subsequently 
determined and shown to encode a 38-kD 
polypeptide (16). The bromoxynil-specific 
nitrilase specified by this fragment was puri- 
fied to homogeneity and characterized (16). 
A chimeric bxn gene has now been con- 
structed for expression in plants. The plant 
promoter used for this chimeric gene is 
derived from a tobacco light-inducible tis- 
sue-specific ribulose bisphosphate (RuBP) 
small subunit gene (1 7). Genes from the 
RuBP small subunit family have been shown 
to be expressed only in photosynthetic tissue 
(18, 19). The rationale for using this pro- 
moter is the following. If the primary target 
of bromoxynil is photosynthesis and if the 
herbicide is not translocated within the 
plant, then detoxification of bromoxynil in 
green tissue should be a minimal require- 
ment to obtain whole plant resistance. 
Transgenic tobacco plants expressing the 
bromoxynil-specific nitrilase in photosyn- 
thetic tissues are resistant to high doses of a 
commercial formulation of bromoxynil, and 
the trait is stably inherited in the succeeding 
generation. 

Nicotiana tabacum cv. 'Xanthi' plants were 
maintained axenically through shoot trans- 
plants and used as tissue donors. Disks (2 
mm in diameter) were excised from young 
leaves and placed in Murashige and Skoog 
medium containing indoleacetic acid (2 mgl 
liter) and kinetin (2  mglliter) and placed in 
the dark at 23°C. Agvobactevium tumefariens 
strain LBA4404 (20) containing the shuttle 
vectors pBrx39 or pBrx40 (21) carrying 
chimeric genes for expression in plants were 
grown overnight and added to the leaf disks. 
Cocultivation, selection of transformed 
shoots on kanamycin (100 mglliter), and 
regeneration of plants were essentially car- 
ried out as described (22). Plants were trans- 
ferred to 10-cm pots containing soil and 
maintained in a growth chamber (25"C, 
50% relative humidity, and 16-hour photo- 
period) or under greenhouse conditions. 

A number of independent kanamycin- 
resistant transgenic plants generated by co- 
cultivation were selected for analysis. Leaf 

cuttings were obtained from individual 
plants and, in two separate experiments, 
were maintained photoautotrophically in 
the presence of increasing bromoxynil con- 
centrations; chlorosis was monitored (Fig. 
2). Control tissue is normally bleached at 
1 0 - 6 ~  to ~ o - ~ M  bromoxynil. Leaf tissue 
from a number of transformed plants (39-3, 
40-2, 40-4, 40-6, and 40-7) appeared nor- 
mal at ~ o - ~ M  bromoxynil, and tissue from 
plants 40-1 and 40-5 appeared normal at 
loW4M bromoxynil. Plants 39-2 and 40-3 
were bleached at the same rate as control 
samples and subsequently were shown not 
to be transformed. 

To further characterize these plants with 
respect to integration of the chimeric bxn 
gene and expression of the bromoxynil- 
specific nitrilase, we analyzed individual 
plants judged to be bromoxynil-resistant 
from the leaf section experiment. DNA blot 
analysis of six of the transformed plants 
indicated that these plants contained copies 
of bxn gene sequences (Fig. 3). Five of the 
plants contained the intact 4.5-kb Hind I11 
fragment, the expected size of the small 
subunit-bxn-actopine synthase (ocs) chi- 
meric gene. Plants 40-1 and 40-4 had an 
extra DNA segment containing bxn se- 
quencing, and plant 40-5 had DNA frag- 
ments of two different sizes, indicating rear- " 
rangements of the chimeric gene during 
Aguobacteuium-mediated transfer and integra- 
tion into plant DNA. Copy number anafysis 
indicates that one to three copies of the bxn 
gene are present, depending on the trans- 
genic plant analyzed. Leaf samples from 
these selected plants were subjected to im- 
munoblot analysis (Fig. 3). Plants 40- 1, 40- 
5, and 40-7 had high levels of the 38-kD 

nitrilase polypeptide, whereas plants 40-4 
and 40-6 had much lower levels of nitrilase. 
Expression of the enzyme in plant 39-3 is 
very low and can only be detected by overex- 
posing the blot. Antiserum to the bromox- 
ynil-specific nitrilase is not cross-reactive 
with any major plant components (although 
a nonspecific interaction of the immuno- 
globulin G fraction can be seen). The ap- 
pearance of only the 38-kD polypeptide and 
no degradation products indicates stability 
of this polypeptide in plant cells. These 
differential protein levels observed for the 
independent transformants correlate with 
the level of bromoxynil resistance obtained 
in the leaf section assay described in the 
legend to Fig. 2. Leaf tissue from plants 40- 
1 and 40-5 contained the highest levels of 
nitrilase, and no chlorosis was observed at 
10W4M bromoxynil. These data suggest that 
small subunit promoter-controlled expres- 
sion of the bromoxynil-specific nitrilase in 
leaf tissue results in protection of leaf tissue 
from photosynthetic damage. Messenger 
RNA levels were determined for one of 
these transgenic plants (40-1). Chimeric 
mRNA of the expected size (1.8 kb) was 
observed at a high level in leaf tissue, a low 
level in stem tissue, and was undetectable in 
roots (23). This finding indicates that the 
small subunit promoter was functioning in a 
tissue-specific manner. 

Four of the primary (TI)  transformants 
were subjected to both open pollination and 
backcross experiments for genetic analysis 
tests. These transformants were chosen be- 
cause they exhibited a range of nitrilase 
levels and contained a nonrearranged 4.5-kb 
small subunit-bxn-ocs chimeric gene. Plants 
(T2) were grown from seed and subjected to 

Table 1. Inheritance of the bxn gene in transformed plants. Approximately 200 T2 progeny plants were 
obtained from both open pollination (OP) and backcross experiments of four primary (T,) transfor- 
mants and analyzed by spraying at the three to four leaf sta e with a commercial formulation of 5 bromoxynil (Buctril) at 0.5 Ib per acre. Segregation ratios and x values were calculated on the basis of 
the expected values. Qualitative determination of nitrilase levels was derived from scanning protein 
immunoblots of TI  transformed leaf tissue (Fig. 3). Values are expressed as a percentage of total leaf 
protein. Approximately 300 T2 progeny plants were obtained by open pollination of the original plant. 
Plants were divided into lots of 30 each and sprayed with the following concentrations of Buctril: 0, 
0.5, 1 .O, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 Ib per acre. Maximum resistance level was determined as the 
concentration at which chlorotic lesions appeared. Segregants that did not carry the gene were not 
scored. 

Cross 

39-3 OP 
39-3 X 'Xanthi' 
40-1 OP 
40-1 X 'Xanthi' 
40-6 OP 
40-6 X 'Xanthi' 
40-7 OP 
40-7 x 'Xanthi' 

Genetic analysis 

Bromoxynil- Bromoxynil- Ratio 
resistant sensitive (x*) 

102 48 311 (3.920) 
106 98 111 (0.156) 
189 11 1511 (0.192) 
170 34 311 (3.777) 
160 47 311 (0.583) 
103 95 111 (0.602) 
178 62 311 (0.088) 
102 77 111 (3.755) 

Maximum 
Nitrilase resistance 

Loci level (%) level 
(Iblacre) 

SCIENCE, VOL. 242 



Fig. 2. Lcaf d o n  analysis of transgenic tobacco plants. Leaf cuttings were cally (27); chlorosis was monitored. Photographs were taken 11 days after 
obtained from selected transformed plants, surface-sterilized, placed in the initiation of the experiment. Net. Xanthi' refers to control leafsections. 
concentrations of bromoxynil indicated, and maintained photoaumphi- 

genetic analysis by spraying with a commer- 
cial formulation of bromoxynil (Buctril, 
Rhbne-Poulenc) at 0.5 Ib (0.23 kg) per acre 
(normally a high field rate). Another set of 
plants was subjected to Buctril spraying at 
0.5 Ib per acre increments to determine 
maximum level of tolerance before chlorotic 
lesions appeared (Table 1). The bromoxynil 
resistance trait segregated as a single genetic 
locus in progeny of plants 39-3, 40-6, and 
40-7, and as two independent loci in proge- 
ny of 40-1 in both open pollination and 
backcross experiments. The maximum Buc- 
ail resistance levels exhibited by the progeny 
of these four phnts also correlated with the 
protein level observed in leaf tissue obtained 
from the respective primary (TI) transfor- 
mant. Progeny from 39-3, which contained 
the lowest level of nitrilase, exhibited symp- 
toms at lower rates (1.5 to 2.0 Ib per acre), 
whereas progeny of 40- 1, which contained 
high nitrilase levels, exhibited no symptoms 
even at 4.0 Ib per acre. This result suggests 
that enzyme levels determined in the pri- 
mary transformants are maintained in their 
progeny and that the greater the level of 
nitrilase in the leaves of transgenic plants, 
the higher the level of bromoxynil resist- 
ance. Selected plants from the progeny (T2) 
of plant 40-1 that were sprayed with bro- 
moxynil at increasing rates are shown in Fig. 
4. These transgenic plants expressing nitri- 
lase grow, flower, and set seed normally, 
even when sprayed with concentrations of 
bromoxynil eightfold higher than the high- 
est field rate normally used. The enzyme 
appears to be localized in the plant cell 
cytosol, as chloroplasts prepared from leaf 
tissue contain no detectable nitrilase poly- 
peptide nor can the bromoxynil-specific ni- 

- 
Fig. 3. (A) Plant DNA A e B 5~ * at- E +- was prepared as de- 2 6 2 6 6 - 6 8 @?~?~~~ 
scribed (28) from 1-g " * * 'f * * O N  m P. b -  -J -J 

leaf samples and digest& 
to completion with P '  

Hind 111, and 5 to 7 pg 
of total plant DNA were 
electrophoresed in a 1% 
agarose gel. The DNA -* . -a 
was tranaerred to nitro- 

- 

cellulose, and the blot 
was hybridized with a 
1.2-kb Bam HI-Eco RI 
bxn gene fragment la- 
beled with "P (29). N.t. 
refers to DNA isolated 
from nontransformed 
tobacco tissue. Control 
contains the isolated 4.5-kb Hind 111 fragment (two copies per genome equivalent) added to DNA 
isolated from nontransformed plant. (B) Immunochemical detection of the enzyme from leaf tissue of 
selected transformants. Blotting procedure is described in (3&33). Control indicates nontransformed 
leaf tissue. The second lane contains 200 ng of purified nitrilase (16) spiked into a nontransformed leaf 
sample and immunoprecipitated. 

Fig. 4. Phenotype of transformed plants. T2 seed from primary transformant 40-1 was grown in 10-un 
pots (three plants per pot) to the three to four leaf stage and sprayed with a commercial formulation of 
bromoxytlll (Buctril) at the amounts indicated. Spray blank contained the formulation without the 
active ingredient. The photograph was taken 6 days after spraying. 
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trilase be incorporated into chloroplasts in 
vitro (24). 

Expression of the K. ozaenae  bromoxynil- 
specific nitrilase in photosynthetic tissue of 
transgenic plants confers high-level resist- 
ance to bromoxynil. The herbicide is con- 
verted to a nontoxic metabolite, 3,5-di- 
bromo-4-hydroxybenzoic acid, by the en- 
zyme. A low level of nitrilase expression 
(approximately 0.0007% total leaf protein) 
is required to obtain high commercial resist- 
ance levels; the higher the expression level of 
nitrilase, the greater the degree of resistance 
that can be achieved (although this is not a 
direct linear relation). Expression of the 
enzyme in plants can be achieved under the 
control of a tissue-specific light-regulated 
promoter to attain whole plant resistance. 
Protection of the herbicide-sensitive photo- 
system I1 target (chloroplast located) can be 
obtained by expressing the bromoxynil-spe- 
cific nitrilase in a separate cellular compart- 
ment (cytosol). The trait is dominant and 
heritable, and the enzyme levels obtained in 
the primary transformants relate to bromox- 
ynil resistance levels observed in the suc- 
ceeding generation. These observations sug- 
gest that in the case of the bromoxynil- 
specific nitrilase and the phosphinothricin 
acetyltransferase (6 ) ,  detoxification-degrada- 
tion is superior to altering a biochemical 
target to obtain herbicide resistance in 
plants by gene transfer technology. Complex 
pathways and mutant proteins and genes do 
not have to be engineered nor are special- 
ized targeting functions for specific cellular 
compartments needed. The sole require- 
ment consists of a single-step conversion of 
the herbicide to a nontoxic metabolite. 

Although extensive analysis of residues in 
these transgenic plants has not been com- 
pleted, it will be interesting to determine the 
fate of the metabolite (3,5-dibromo-4-hy- 
droxybenzoic acid) produced by the action 
of nitrilase. If the bromine atoms of 3,5- 
dibromo-4-hydroxybenzoic acid are hydro- 
lyzed by an endogenous plant dehalogenase, 
then the product of this reaction would bep- 
hydroxybenzoic acid, a normal constituent 
of plant metabolism. In this case, no metab- 
olites of bromoxynil would be detected. 
Alternatively, 3,5-dibromo-4-hydroxyben- 
zoic acid could be concentrated in the vacu- 
ole or transported out of the cell or both 
may occur. The bromoxynil-specific nitrilase 
is active in vitro only as a dimer ( I @ ,  
suggesting that this polypeptide must un- 
dergo formation in the plant cell into an 
active complex. Supporting this phenome- 
non is the appearance of a faint undenatured 
band at approximately 72-kD on immuno- 
blots (25). An analogous result was observed 
on simultaneous expression of the bacterial 
luxA and luxB genes in transgenic plants 

(26) for detection of an active luciferase. 
These results indicate that bacterial proteins 
can form active enzymes in a diverse plant 
cell environment. 

The gene encoding the bromoxynil-spe- 
cific nitrilase can be used as a selective 
marker for rapid screening at the whole 
plant level. Leaf sections can be excised from 
the plant and screened photoautotrophical- 
ly, or individual leaves can be treated with 
commercial bromoxynil-formulations with- 
out harm to the remainder of the plant. At 
high bromoxynil concentrations, symptoms 
can be scored within 24 to 36 hours after 
application. Finally, expression of the K. 
ozaenae  bromoxynil-specific nitrilase in 
transgenic plants to obtain a bromoxynil- 
resistant phenotype is another example that 
agronomically important germplasm can be 
derived from a nonplant source and that 
novel and diverse biochemical pathways can 
be introduced into plants without deleteri- 
ous effects. 
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Single-Chain Antigen-Binding Proteins 

Single-chain antigen-binding proteins are novel recombinant polypeptides, composed 
of an antibody variable light-chain amino acid sequence (VL) tethered to a variable 
heavy-chain sequence (VH) by a designed peptide that links the carboxyl terminus of 
the VL sequence to the amino terminus of the VH sequence. These proteins have the 
same specificities and &ties for their antigens as the monodonal antibodies whose 
VL and VH sequences were used to construct the recombinant genes that were 
expressed in Escherichia coli. Three of these proteins, one derived from the sequence for 
a monoclonal antibody to growth hormone and two derived from the sequences of two 
different monoclonal antibodies to fluorescein, were designed, constructed, synthe- 
sized, purified, and assayed. These proteins are expected to have sigdicant advantages 
over monoclonal antibodies in a number of applications. 

T YPICAL ANTIBODIES ARE COMPOSED 

of four polypeptide chains, two light 
chains of about 220 amino acid resi- 

dues and two heavy chains of about 440 
amino acids (1 ) .  These chains fold into 
domains of approximately 110 amino acids, 
assuming a conserved three-dimensional 
conformation ( 2 ) .  The domains associate to 
form discrete structural regions. The antigen 
binding or variable regions are formed by 
the interaction of the variable light (VL) and 
variable heavy (VH) domains at the amino 

Fig. 1. An alpha-carbon model of the anti-BGH 
3C2159 single-chain antigen-binding protein. The 
VL is red, the VH is blue, and the linker is green. 
The model was generated by superimposing the 
sequences of the 3C2 VL and VH domains of the 
single-chain antigen-binding protein onto the 
Structure of the variable region of MCPC603 (9). 
The sequence of the protein depicted is MENV 
L T Q ~ P A I M ~ A ~ P G E K ~ T M T C R A S S S V S  
SSYLHWFOOKSGASPKLWIYSTSNLA 

ATYYCQQYSGYPLTFGAGTKLKESGS 
VSSEQLAQFRSLDVQLVESGGDLVKP 
GGSLKLSCAASGFTFISYGMSWVRQT 
PDKRLEWVATISSGSTYTYYPDSVKG 
RFTISRDNAKNTLYLQMSGLKSEDTA 
MYYCARRITTVVLTDYYAMDYWGQ 
GTSVTVS; with the linker region underlined. 
Abbreviations for the amino acid residues are as 
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, 
Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, 
Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 
T, Thr; V, Val; W, Trp; and Y, Tvr. The linker, 

termini of the chains. The first constant 
regions are formed by interaction of the 
remainder of the light chain and the first 
constant domain of the heavy chain. Two or 
three additional constant regions are formed 
by interaction of the two heavy chains. The 
heavy chain constant regions are responsible 
for effector functions, such as complement 
fixation and binding to receptors (3). 

The high background present when intact 
antibodies have been used to image tumors 
is in large part due to the binding of the 

antibody to nontumor cells via the heavy 
chain constant regions (4). When Fab frag- 
ments, consisting of the variable region and 
the first constant region, have been used the 
background problem has been partially cir- 
cumvented (4). Therefore, a better molecule 
to use as an imaging or delivery agent would 
be the Fv fragment, which consists of only 
the VL and VH domains. Unfortunately, 
there have been few reports of the successll 
isolation of Fv fragments by proteolytic 
digestion of intact antibody molecules (5 ) .  

The idea for the design and synthesis of 
single-chain antigen-binding proteins was 
conceived during attempts to circumvent 
problems encountered when expressing 
antibody genes in Escherichia coli and to 
avoid problems associated with reassocia- 
tion of Fv fragments. These proteins consist 
of the VL and VH sequences synthesized as a 
single polypeptide chain, with the carboxyl 
terminus of the VL linked by a designed 
peptide to the amino terminus of the VH. 
Both chains are therefore expressed in equi- 
molar concentrations, and the covalent link- 
ing of the two chains facilitates the associa- 
tion of the VL and VH domains afier fold- 
ing. 

Determination of the three-dimensional 
structures of antibody fragments by x-ray 
crystallography has led to the realization 
that variable domains are each folded into a 
characteristic structure composed of nine 
strands of closely packed b-sheets. This 
structure is maintained despite sequence 
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which in this case is derived frob a segment of human carbonic anhy- duced. A methionine was inserted in front of the VL for expression in E. 
drase, spans from residue 105 of the VL to residue 2 of the VH with the coli. The single-chain antigen-binding proteins have been designated by 
use of the Kabat numbering system (7). The carboxyl terminus corre- the monoclonal name (for example, 3C2) with the number of the de- 
sponds to residue 116 of the VH, after which a stop codon was intro- signed linker sequence after the diagonal mark (for example, 3C2159). 
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