
Table 2. Rates of uptake (nanomoles per minute per centimeter of intestine) and total transport 
capacities (nanomoles per minute per for three species each of mammals and reptiles. 
Rates of uptake were measured in the proximal part of the small intestine and are given as the 
range of values, with the mean value in parentheses. Transport capacities are relative to the 
metabolic live mass (W'.75) of the animals and are given as the mean t standard error of the 
mean. 

Rate of uptake (mean) Transport capacity 
Class -- - 

~-Glucose* L-Proline+ D-Glucose* L-Proline+ 

Reptiles 294 to 831 (485) 249 to 377 (329) 109 t 32 1 1 9 t  32 
Mammals 401 to 615 (487) 329 to 676 (51 1) 734 t 328 800 t 301 

*Carrier-mediated uptake. +Total uptake. 

tance from mouth to anus is 4.1 * 0.5 for pattern of the gut, that is, induction or 
the eight species of small mammals stud- repression of specific transport mecha- 
ied but only 1.6 ? 0.3 for the five species nisms that enable animals to adapt phe- 
of reptiles. Second, the actual surface notypically or evolutionarily to changes 
area of the intestine is 4 to 13 times in diet (5-7). 
greater than that of the corresponding WILLIAM H. KARASOV* 
smoothbore cylinder (compare columns JARED M. DIAMOND 
7 and 8 of Table 1) because of elabora- Physiology Department, UCLA 
tions of the intestinal mucosa at the 
microscopic level (finger-like villi in 
mammals and long ridges in lizards) and 
is increased another order of magnitude 
by microvilli. The factor for increase in 
surface area at the microscopic level 
may be higher for mammals (7.4 ? 1.6 
for five species studied) than for lizards 
[4.0 for one species; see (16)l. When 
rates of uptake were integrated over the 
whole length of the small intestine to 
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that is, a great increase in absorptive 
surface area. Through lengtheriing of the 
gut (and possibly by microscopic elabo- 
rations), the intestine is enabled to pro- 
cess food in a shorter time without any Herbicide Resistance and Cross-Resistance: Changes at 
sacrifice in extraction efficiency. This 
pattern of intestinal adaptation during 
the evolution of endothermy resembles 
the adaptations, within an individual ani- 
mal's lifetime, to many other conditions 
associated with increased requirements 
for nutrient uptake, such as pregnancy, 
lactation, diabetes, intestinal resection, 
and perhaps reduced environmental tem- 
peratures (5). Under these conditions, 
the intestine adapts by a proliferation of 
mucosal surface per unit length of intes- 
tine. Such mucosal proliferation has the 
same result as lengthening of the gut: 
namely, increased rates of uptake for all 
nutrients. These anatomical responses 
contrast with the other main adaptive 

Three Distinct Sites in the Herbicide-Binding Protein 

Abstract. Plants and algae resistant to the commonly used s-triazine herbicides 
display a wide spectrum of cross-resistance to other herbicides that act in a similar 
manner. Analysis of uniparental mutants of the green alga Chlamydomonas rein- 
hardi showed that three different amino acid residues in the 32-kilodalton thylakoid 
membrane protein can be independently altered to produce three different patterns 
of resistance to s-triazine and urea-type herbicides. These results clarify the molec- 
ular basis for herbicide resistance and cross-resistance. Two of the mutations do not 
alter normal electron transport and thus may have applications of agronomic interest. 

The light reactions of photosynthesis as atrazine [2-chloro-4-ethylamino-6- 
take place in the chloroplast thylakoid (isopropy1amino)-s-triazine] and diuron, 
membrane, mediated in part by the mem- or DCMU [3-(3,4-dichloropheny1)- 1, l-di- 
brane-bound complexes of photosystem methylurea], inhibit photosynthesis by 
I (PS I) and photosystem I1 (PS 11). preventing electron transfer at the reduc- 
Many commonly used herbicides, such ing side of PS I1 (1). Recent studies (2-4) 
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indicate that the molecular basis for such 
resistance is a change in the DNA coding 
for one of the proteins found in the PS I1 
complex. This protein, originally called 
the rapidly labeled 32-kD protein and 
since identified as a herbicide-binding 
protein (3, is coded for by the chloro- 
plast psbA gene (6). 

We report here the results of sequence 
analysis of psbA from two Chlamydomo- 

nus reinhardi uniparental mutants with 
normal electron transport but with differ- 
ent levels of resistance to diuron and 
atrazine (7). Each mutant has a unique 
base pair change, with respect to the 
wild-type gene, that produces a unique 
amino acid substitution in the 32-kD pro- 
tein. Both these substitutions are at resi- 
dues other than the serine 264 previously 
identified as altered in an atrazine- and 

diuron-resistant C .  reinhardi mutant (4) 
and in atrazine-resistant higher plant 
species (2,3). These results, which show 
that a single change at any one of three 
residues in the same protein can be cor- 
related with a different pattern of herbi- 
cide resistance, help to clarify the molec- 
ular basis for herbicide resistance and 
cross-resistance. 

It has been proposed that, as certain 

- R16- 

HUH X KKK 

- CI --- Fig. 1 (left). (A and B) Nucleotide sequencing gels for portions of 
C, psbA exon 4 (A) and exon 5 (B) from C. reinhardi cw15, referred to as 

wild type (wt) with respect to herbicide resistance, and from mutant 
strains Dr2 and Ar207. (C) Map of chloroplast restriction fragments R16 and part of Ba14 (13), showing the positions of the five psbA exons (solid 
bars), the introns (crosshatched bars), and (below) the DNA sequencing strategy for exons 4 and 5 from the herbicide-resistant mutants. 
Restriction enzyme sites are indicated for Eco RI (R), Hind I11 (H), Xba I (XI, Kpn I (K), Bam HI (B), Dde I (D), Hinf I (Hf), and Hpa I1 (Hp). 
The fragments were labeled with 32P at the 5' or 3' ends and the strands were separated before sequences were determined. The chemical 
cleavage reactions performed (28) are indicated below each lane on the autoradiograms of 8 percent (Dr2, Ar207, exon 5 wt) or 20 percent (exon 4 
wt) urea polyacrylamide gels. Given at the side of each gel are nucleotide sequences (gel shows noncoding strand in exon 4, coding strand in exon 
5), the corresponding amino acid sequence, and the single base that differs between the wt strain and each mutant (*). The noncoding sequences 
are listed as 5' to 3' from bottom to top (Dr2 and both wt) or top to bottom (Ar207). Abbreviations: Ser, serine; Thr, threonine; Val, valine; Ile, 
isoleucine; Arg, arginine; T, thymine; A, adenine; G, guanine; and C, cytosine. Fig. 2 (right). (A and B) Southern blot transfer showing that 
all copies of psbA from DCMU4 are mutant. Chlamydomonas reinhardi chloroplast (ct) DNA from strains cw15 and DCMU4 was purified (13), 
digested with Fnu4 HI, and electrophoresed on a 2 percent agarose gel. (A) Ultraviolet (UV) visualization of ethidium bromide-stained gel with 
2.5 ~g of cwl5 ct DNA (lane l), 1 ~g of DCMU4 ct DNA (lane 2), and 0.8 wg of Hinf I-digested pBR322 DNA as a size marker (M). (B) Autoradio- 
gram of lanes 1 and 2 from (A) after Southern blot transfer to Genescreen (New England Nuclear) and hybridization. The filter was exposed to 
UV light from a transilluminator for 3 minutes before baking. Sizes of hybridizing bands are given. The map at the bottom shows the Hind I11 (0) 
and Bam HI (0) fragment of 2.5 kilobase pairs containing psbA exon 5. This fragment was digested with Hinf I (0). The 303- and 320-bp 
fragments comigrated on a preparative acrylamide gel and were eluted, 32P nick-translated, and hybridized with the filter (13). Also indicated are 
restriction sites for Fnu4 HI (A), the new Fnu4 HI site created by the DCMU4 mutation affecting psbA serine codon 264 (*), and the size of Fnu4 
HI fragments predicted for cw15 (wt) and DCMU4. The band of 2300 bp seen in the autoradiogram for both strains probably results from 
hybridization to the 320-bp Hinf I fragment and part of the 303-bp Hinf 1 fragment. 
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herbicides compete with quinone for 
binding to thylakoid membranes (8-lo), 
herbicide resistance occurs when an al- 
teration in the membrane reduces herbi- 
cide binding, thus allowing quinone to 
bind even in the presence of herbicide 
(10, 11). It is not clear whether binding 
of these compounds to  thylakoid mem- 
branes is determined solely by the pri- 
mary structure of the 32-kD protein or by 
a structure consisting of several proteins 

in the PS I1 complex. However, the 
mutations that alter the serine 264 resi- 
due also significantly reduce the affinity 
of azido-[I4c]atrazine binding to a mem- 
brane protein of 32 kD (4, 5, 12). In the 
Amaranthus hybridus (2) and Solanum 
nigrum (3) biotypes and in the C. rein- 
hardi mutant DCMU4 (4), which differ in 
their herbicide resistances (Table l),  the 
same serine residue 264 is changed to 
glycine (higher plants) or to  alanine 

Table 1. Amino acid changes in the 32-kD protein, atrazine resistance, DCMU resistance, and 
electron transport in C. reinhurdi, A, hybridus, and S. nigrum with respect to wild-type strains. 

Amino Codons Resistance Elec- 
Resistant -- acid tron 

position Wild Mu- strain 
type tant Atrazine DCMU trans- 

port 

219 Val Ile Dr2 ( 7 )  2 x 15 x Normal 
255 Phe Tyr Ar207 (7) 15x 0.5 x Normal 
264 Ser Ala DCMU4 (4) lOOx 10 x Altered 
264 Ser Gly A. hybridus and lOOOX 1 x Altered 

S .  nigr~trn (3) 

o B 8 8 8 .  a a • - - - - - - - - - - - - - - - - - 
I L M H P F H M L G V A G V F G G S L F S A M H G S L V T S S L I R E I T E N E S A N E G Y R F G Q E E E T Y N I V A A H G Y F G R L I F Q Y A S F N N S R S L H F F  

tf??tT ? ? ?  1 t t f f  T ?  f  ? f T T ? f : f  ^: T T  T ; 'r 
f c o n s e r v e d  in L and  M subunits 
? c o n s e r v e d  in L subunit 
" C o n s e r v e d  in M subunit 

Fig. 3. Amino acid residues 192 to 274 of the C. reinhurdi 32-kD protein deduced from the psbA 
gene sequence (13) and given in the one-letter notation for amino acid sequences (A, alanine; E ,  
glutamic acid; F, phenylalanine; G ,  glycine; H,  histidine; I, isoleucine; L, leucine; M, 
methionine; N ,  asparagine; P ,  proline; Q, glutamine; R ,  arginine; S ,  serine; T, threonine; V, 
valine; and Y ,  tyrosine). The residues are identical to those found in higher plant protein, as 
typified by spinach (6). Symbols above the sequence mark amino acid residues that differ in 
Anubaena (0)  (16), Fremyellu (0) (17), Euglena (A) (18, 19), and the residue that is changed to 
lysine (0) in Anubuenu, Fremyellu, and Euglena. Arrows below the sequence indicate residues 
that are conserved in the reaction center polypeptides of R .  cupsulutu (22). Horizontal lines 
above the sequence show regions of homology between the 32-kD protein and another C. 
reinhurdi PS I1 thylakoid membrane polypeptide of similar size called D2. The D2 protein 
sequence was deduced from the nucleotide sequence of the chloroplast psbD gene (20). Amino 
acid residues are numbered across the top (6). Asterisks mark the position of mutations found in 
Dr2, Ar207, and DCMU4 and the resulting amino acid changes. 

Fig. 4 .  Membrane-folding 
model for part of the 32-kD 
protein Q4), showing the three m 
membrane-spanning regions * ~ 2 2 5  * R 2 3 8  E C O O H  2 
toward the carboxyl terminus, - 

In which is in the stroma (25). _.._.._ ..__..__._.__.... + _..... 

The circles indicate the loca- 
tion of three amino acid resi- I l e  ( D r 2 )  
dues that are changed in C. 
reinhurdi mutants. The filled m C 

circles denote places where 
m 
n 

the changes do not affect elec- 
tron transport. Tryptic diges- 5 

3 
tion of membranes cleaves ar- 
ginine residues marked *R but NH2 S e r  

not those marked R (25). The - a_(@ c.V !J!L _. . _. _. . _ 
boxed-in region has homology 
with reaction center polypep- J 

R269 
tides L and M of photosyn- 
thetic bacteria (see legend to 
Fig. 3). 
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(DCMU4). Uniparental mutants of C. 
reinhardi (7) resistant to  diuron (Dr2) or 
to atrazine (AR207) provide an opportu- 
nity to  further correlate herbicide-resist- 
ant genotypes and phenotypes. 

Using the strategy previously designed 
to clone and determine the nucleotide 
sequence of the wild-type algal psbA 
gene (13), which contains four introns, 
we analyzed psbA from Dr2 and Ar207. 
Nucleotide sequences for the coding re- 
gions contained in exons 4 and 5 were 
determined for both mutants (Fig. 1). 
Sequencing gels show the mutation in 
Dr2, in which a guanine to adenine tran- 
sition changes valine codon 219 to iso- 
leucine, and in Ar207, in which a thy- 
mine to adenine transversion changes 
phenylalanine codon 255 to tyrosine. 

Although C. reinhardi has only one 
chloroplast, it contains 50 to 80 copies of 
the circular chloroplast DNA molecule. 
Moreover, since psbA in C. reinhardi is 
located in the chloroplast inverted re- 
peat, there are two copies of psbA per 
circular genome (13). Both copies were 
cloned from Dr2 and subjected to  se- 
quence analysis for exon 4, and both 
were found to be mutant. Similarly, se- 
quence analysis of psbA from C. rein- 
hardi DCMU4 shows that both copies 
have the mutation that alters the serine 
264 residue (4). However, because of the 
ambiguity in defining the individual 
copies of a gene located in the inverted 
repeat (13), where recombination is 
known to occur (14), we analyzed total 
chloroplast DNA from DCMU4 and veri- 
fied that all copies of psbA from this 
strain are mutant. Figure 2 shows that 
the single base pair change in DCMU4 
not only alters the serine codon to ala- 
nine but creates a new Fnu4 H I  restric- 
tion site. The wild-type psbA contains an 
Fnu4 H I  fragment of 262 base pairs (bp) 
(lane 1 in Fig. 2B) that hybridizes to  a 
specific exon 5 probe (see legend to Fig. 
2), while in the mutant gene this 262-bp 
fragment is cut a t  the new F n d  H I  site 
to produce fragments of 223 bp (lane 2 in 
Fig. 2B) and 39 bp  (not seen on this gel). 
In the ethidium bromide-stained gel 
(Fig. 2A), the restriction patterns for the 
wild-type and DCMU4 chloroplast DNA 
appear to  be otherwise identical, sug- 
gesting no major changes in the chloro- 
plast genome of the mutant. The muta- 
tions in Dr2 and Ar207 do not alter any 
known restriction endonuclease sites. 
However, on the basis of sequence infor- 
mation for Dr2 and DCMU4 and the data 
in Fig. 2, we suggest that all copies of 
psbA in a given mutant are altered. It 
may be that both copies in one circular 
molecule are mutated independently, but 
it is more likely that under selective 
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conditions a single mutation spreads by 
intermolecular recombination (15) or by 
gene conversion. 

The three amino acid residues altered 
by point mutations in the herbicide-re- 
sistant mutants are found in a region of 
the protein (Fig. 3) that is totally con- 
served between C, reinhardi (13) and 
spinach (6) and highly conserved in 
cyanobacteria (16, 17) and Euglena (18, 
19). In addition, this area has consider- 
able homology with another PS I1 thyla- 
koid membrane protein, D2 (20), and 
with the reaction center polypeptide sub- 
units L and M of photosynthetic bacteria 
(21,22). It was proposed that portions of 
this region may affect quinone binding 
(23). All three altered residues are con- 
served in every deduced "32-kD" pro- 
tein whose gene sequence has been de- 
termined to date. The valine 219 and 
phenylalanine 255 residues are also con- 
served in the D2 protein and in the L 
subunit. Hydropathic analysis of the 32- 
kD protein, in which hydrophobic and 
hydrophilic regions are identified and 
potential membrane-spanning alpha heli- 
ces designated (24), places all three ami- 
no acid residues that affect herbicide 
resistance in the membrane (Fig. 4). Al- 
though such a model is speculative given 
the absence of rigorous physical and 
chemical analysis of this protein, the 
model in Fig. 4 is consistent with data on 
trypsin cleavage of arginine residues and 
carboxyl-terminal processing of the pro- 
tein (25). It is also consistent with the 
results of competitive binding studies, 
which suggest that the lipid-soluble com- 

pounds atrazine, diuron, and quinone 
have separate but overlapping binding 
domains (8-11). Wolber and Steinback 
(26) have shown that azido-[14C]atrazine 
binds to a tryptic digest fragment of the 
32-kD protein that contains residue 219 
and the proposed quinone-binding region 
(boxed region in Fig. 4). 

Our results reveal that mutations af- 
fecting three different amino acid resi- 
dues of the 32-kD protein are correlated 
with different types and levels of herbi- 
cide resistance. This may explain why 
several weed biotypes with various lev- 
els of resistance to s-triazines display 
strikingly different cross-resistances to 
other PS I1 inhibitors (11, 27). Interest- 
ingly, the mutations affecting valine 219 
and phenylalanine 255 do not alter elec- 
tron transport as measured by fluores- 
cence induction (3, while the mutation 
affecting serine 264 does (4, 11). Thus, 
changes such as those in residues 219 
and 255 may be of use in genetic engi- 
neering of herbicide resistance. 
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