An Amino Acid Substitution in the Qg-Protein Causes
Herbicide Resistance without Impairing Electron Transport

from Q, to Qp
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Structure and function of the Qg-protein of a metribuzin resistant mutant of Chlamydomonas
reinhardii were analyzed. The amino acid residue Leu-275 of the wild type protein is changed to
Phe as was determined by RNA-sequence analysis. This mutation caused a 20-fold and 5-fold
resistance to metribuzin and DCMU, respectively. No resistance to atrazine was observed. The
kinetics of the electron transport from Q4 to Qg was similar to that of the wild type (f,, = 0.4 ms).

Introduction

The 32 kDa Qg-protein (psbA-gene product) is an
integral part of the photosystem II reaction center
[1—3]. It has binding sites for the secondary plasto-
quinone Qg and for several electron transfer in-
hibitors (for a review see ref. [4]). The competitive
displacement of Qg by those inhibitors causes inter-
ruption of electron flow from photosystem II to the
plastoquinone pool [S—7]. Overlapping binding sites
of the inhibitors have been proposed which share the
binding domain of the Qg-molecule [8, 9]. Analysis
of several mutants of photosynthetic bacteria
[10—13], blue-green algae [14—16], green algae
[17—-21, 40] and higher plants [22—24] support this
model by demonstrating that mutagenic induction of
herbicide resistance is paralleled by impaired elec-
tron flow between Q4 and Qg.

The isolation of herbicide resistant mutants with
unimpaired electron flow and the identification of
the mutation provides valuable information concern-
ing the Qg-binding site [19, 25]. The folding of the
membrane protein was predicted by comparing the
amino acid sequence of the Qg-protein with that of
the L-subunit in the bacterial reaction center and its
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three-dimensional structure [2, 3]. The resulting
model of the three-dimensional structure of the Qg-
protein can be refined by the analysis of a series of
mutants with variant herbicide resistance. Compar-
ing electron transfer rates between Q, and Qg with
inhibitor sensitivity and relating these data to specific
amino acid substitutions in the mutants extend our
view of the topography of the Qg-protein and its
structural requirements for binding plastoquinone
and inhibitor molecules.

Materials and Methods

A new mutant was isolated by the following proce-
dure: the Chlamydomonas reinhardii strain 137+
was grown under mixotrophic conditions (5% CO, in
air, 10 mm acetate, 9.5 klx and 20 °C [27]). The cell
suspension was diluted to 5x10* cells/ml, sup-
plemented with 1 mM 5-fluoro-2’-desoxyuridine, and
grown to the stationary phase. 24 h later cells were
harvested, washed with 0.1 M phosphate buffer,
pH 6.9, and incubated in light (9.5 klx) with 0.27 m
methanesulfonic acid ethylester for 1 h. After muta-
genesis the cells were washed several times and
plated on minimal medium plates supplemented with
107> M metribuzin and kept in light (6 klx) at 20 °C
for two weeks.

Thylakoids were isolated as described earlier [18].
The pls)-values were determined from the effect of
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inhibitors on the rate of electron transport from
water to dichlorophenol-indophenol under uncou-
pled conditions [18].

Absorbance changes were monitored at 335 nm
(band width 4 nm FWHM) with a photomultiplier
(EMI 9818 QB) and stored at 17 ps/address in a sig-
nal processor (TRACOR TN 1500). Electrical band
width was d.c. to 10 kHz. The sample was illumi-
nated with additional far-red light of 716 nm with an
intensity of 35 W/m? to oxidize the acceptor pool of
photosystem II. The traces are the average of 3000
signals induced at a repetition rate of 1.4 Hz. Excita-
tion of the algal suspension was #,9_¢9 = 6 us by short
flashes of red (610—740 nm) light (Schott filter RG
610/3 mm plus Balzers filter Calflex C). Suspensions
of intact cells contained 20 pg chlorophyll/ml, 0.1 m
Tris-HCI buffer pH 7.5, 10 mm MgCl,.

Total cellular RNAs from Chlamydomonas wild
type strain and mutant MZ4 were sequenced as de-
scribed previously [30]. The method is a modification
of a procedure initially described by Zimmern and
Kaesberg [34] and Hamlyn ez al. [35] and has been
applied to RNA of various sources [36—39]. In brief,
a 5'-end-labeled, synthetic oligonucleotide com-
plementary to non-coding strand nucleotides
844—860 [33] was annealed to RNA. Labeled cDNA
fragments were produced by reverse transcriptase in
the presence of dideoxynucleotides and separated on
8% polyacrylamide-urea gels.

Results and Discussion

Cross-resistancies to inhibitors were tested to
characterize a selection of mutants. Mutant MZ 4 de-
scribed here (Table I) showed highest resistance to
metribuzin with a 20-fold higher p/s, as compared
with the susceptible cells (R/S = 20), but only a
minor tolerance to DCMU (R/S = 5) and none to
atrazine. This differentiation between the binding of
metribuzin and of atrazine agrees well with results of
cross-resistance analysis with other mutants (V2191
A251V, F255Y and S264A [25, 27] indicating
allotopic differences in the binding niche.

Both plastoquinone and the inhibitors bind to the
same area of the Qg-protein. Therefore, it was of
particular interest to analyse the electron transport
between Q, and Qp in MZ 4. This aspect was investi-
gated by flash-photometry measuring the absorbance
changes at 335 nm. At this wave-length the major
contribution is due to the dismutation reaction of the
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semiquinones Qx + Qi — Q4 + Q3 ; the extinction
coefficient of the superimposing absorbance changes
of the S-state transitions is less than 30% [28] of that
of the semiquinone of 10.4 mm™' cm™' [29]. The half-
time of the rapid decay of the flash-induced absorb-
ance change shown in Fig. 1 was analyzed by a semi-
logarithmic plot. It follows a first-order time course
with a half-time of 0.4 ms in the wild type cells and
0.43 ms in the mutant MZ4. This difference is within
the accuracy of the experiment. The signal ampli-
tudes were not corrected for particle flattening and
were found to change during the growing cycle in
contrast to the half-time. For wild type cells we com-
pared the kinetics in whole cells with those in iso-
lated thylakoids and found no difference (data not
shown).

The agreement of the kinetics in wild type and
MZ4 cells shows that the mutation in MZ4 did not
alter the electron transfer reaction between Q4 and
Qg. Therefore, those data indicate that binding of Qg
to the Qg-protein is not affected in the mutant. This
is in striking contrast to our measurements of the
absorbance changes in the MZ1 mutant. MZ1 with
an amino acid change at position 264 from Ser to Ala

Table I. Cross-resistance of the Chlamydomonas reinhardii
mutant MZ4.

Inhibitor plsy (WT)  plsy (MZ4) R/S'
Metribuzin® 7.2 5.9 20
DCMUP 7.7 7 5
Benzthiazuron® 6.2 5.6 4
Phenmedipham? 7.8 7.6 1.5
Atrazine® 6.7 6.7 1
Cyanoacrylate' 7.9 8.2 0.5
i-Dinoseb® 5.8 5.3 3
J 820" 6.7 6.4 2
BNT! 73 71 1.5
Toxynil* 6.1 6.8 0.2

' R/S, ratio of I, of the mutant over Is, of the wild type;
inhibitors: *, 4-amino-6-(z-butyl)-4-methylthio-1,2,4-tri-
azine-5-one; °, 3-(3,4-dichlorophenyl)-1,1-dimethylurea;
¢, 1-(benzothiazol-2-yl)-3-methylurea; ¢, methyl m-hy-
droxycarbanilate m-methylcarbanilate; ¢, 2-chloro-4-
(ethylamino)-6-(iso-propylamino)-s-triazine; f, L-isomer
of 2-cyano-3-methylbenzylamino-3-ethylacrylate ethoxy-
thylester; &, 2,4-dinitro-6-sec-butylphenol; " tetrabromo-
4-hydroxy-pyridine; |, bromonitrothymol; *, 4-hydroxy-
3,5-diiodobenzonitrile. The pls-values were determined
graphically from rates obtained in the uncoupled reaction
of H,O to dichlorophenol-indophenol (DCIP) with iso-
lated thylakoids. The assay contained 3.3 ug Chl/ml.
Control rates were 78 umol DCIP/mg/h.
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Fig. 1. Absorbance changes in suspensions of intact wild
type (wt) and mutant (MZ1, MZ4) cells. Experimental
conditions as described in Materials and Methods.
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[30] in the Qg-protein shows a 20-fold slower elec-
tron transfer kinetic from Q, to Qg. This is in agree-
ment with several resistant biotypes of higher plants
[4] and mutants of algae [25]. It has been proposed
that the hydroxyl group of Ser-264 is involved in de-
stabilization of the plastoquinol binding at the Qg-
site [31]. A change from Ser to Ala or Gly would
increase the binding of the semiquinone in a way that
the inhibitor can no longer displace Qg [32]. As a
consequence herbicide resistance is observed.

The molecular basis for herbicide resistance in the
MZ4 mutant was determined by RNA-sequence
analysis as described earlier [30]. In short, a synthet-
ic, psbA-specific DNA oligonucleotide was end-
labeled and annealed to total cellular RNA. Labeled
cDNA fragments were produced by reverse tran-
scriptase in the presence of dideoxynucleotides. The
autoradiograph of the sequencing gel identifies a
specific base substitution in mutant MZ4 (Fig. 2,
arrow) as compared with the wild type sequence.
The transversion from A to C changes amino acid
residue 275 from Leu to Phe. No other base changes
were observed when about 30% of the psbA mRNA
comprising helix IV, the loop and part of helix V
were sequenced. All mutations known to date have
been found within this region. In the mutant and wild
type strains screened by sequencing RNA rather
than DNA there is premature termination observed
at a specific point within codon 276. As determined
by inclusion of a primer extension reaction without
dideoxynucleotides (Fig. 2, lane B) the termination
point is most probably due to RNA secondary struc-

€ A8
L
—T
- 1 Phe 27
- T
T Phe 275
g
C Ala 276
- ]
] Fig. 2. Autoradiograph of RNA sequencing

gels. B indicates a reverse transcriptase reac-
tion without dideoxynucleotides (ddNTPs),
A, G, C and T the nucleotides complemen-
tary to the ddNTP added. Arrows point to
base differences.
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ture. Nevertheless, the banding pattern was iden-
tified unambiguously using different film exposure
times. The base substitution occurs just beyond the
termination point and leaves no doubt concerning its
identity.

The amino acid residue at position 275 resides at
helix V of the Qg-protein and faces the reaction cen-
ter core. It is very close to His-272 which is involved
in binding of the Fe-atom [31]. The binding niche for
electron transport inhibitors reaches from helix IV
(Val-219) across the interhelical loop (Ala-251,

[1] A. Trebst and B. Depka, in: Springer Series in Chemi-
cal Physics 42, Antennas and Reaction Centers of
Photosynthetic Bacteria. Structure, Interactions, and
Dynamics (M. E. Michel-Beyerle, ed.), pp. 216—224,
Springer Verlag, Berlin, Heidelberg, New York,
Tokyo 1985.

[2] A. Trebst, Z. Naturforsch. 41¢, 240—245 (1986).

[3] H. Michel and J. Deisenhofer, in: Encyclopedia of
Plant Physiology, Photosynthesis III, Photosynthetic
Membranes and Light-Harvesting Systems (L. A.
Staehelin and C. J. Arntzen, eds.), pp. 371-381,
Springer Verlag, Berlin 1986.

[4] D. J. Kyle, Photochem. Photobiol. 41, 107-116
(1985).

[S] B. R. Velthuys, FEBS Lett. 126, 277—281 (1981).

[6] J. Lavergne, Biochim. Biophys. Acta 682, 345—353
(1982).

[7] C. J. Arntzen, K. Pfister, and K. E. Steinback, in:
Herbicide Resistance in Plants (H. M. LeBaron and J.
Gressel, eds.), pp. 185—214, John Wiley & Sons, New
York 1982.

[8] A. Trebst and W. Draber, in: Advances in Pesticide
Science, Part 2 (H. Geissbiihler, ed.), pp. 223-234,
Pergamon Press, Oxford, New York 1979.

[9] K. Pfister and C. J. Arntzen, Z. Naturforsch. 34c,
996—1009 (1979).

[10] A. E. Brown, C. W. Gilbert, R. Guy, and C. J. Arnt-
zen, Proc. Natl. Acad. Sci. U.S.A. 81, 6310—-6314
(1984).

[11]I. Sinning and H. Michel, Z. Naturforsch. 42c,
751—754 (1987).

[12] E. J. Bylina and D. C. Youvan, Z. Naturforsch. 42¢,
769—774 (1987).

[13] M. L. Paddock, J. C. Williams, S. H. Rongey, E. C.
Abresch, G. Feher, and M. Y. Okamura, in: Progress
in Photosynthesis Research, Vol. 3 (J. Biggins, ed.),
pp. 775—778, Martinus Nijhoff Publishers, Dordrecht
1987.

[14] S. S. Golden and L. A. Sherman, Biochim. Biophys.
Acta 764, 239—246 (1984).

[15] N. Ohad, I. Pecker, and J. Hirschberg, in: Progress in
Photosynthesis Research, Veol. 3 (J. Biggins, ed.),
pp. 807—810, Martinus Nijhoff Publishers, Dordrecht
1987.

[16] C. Astier, A. Boussac, and A.-L. Etienne, FEBS Lett.
167, 321-326 (1984).

[17] S. Lien, J. C. McBride, C. McBride, R. K. Togasaki,
and A. San Pietro, Plant Cell Physiol., Special Issue 3,
239-241 (1977).

G. F. Wildner et al. - Herbicide Resistance in Chlamydomonas

Phe-255 and Ser-264) to helix V. Our data show that
Leu-275 is not involved in the binding of Qg. This
residue should be located in a way which prevents an
interference with the Qg-binding area. This area has
been proposed to include the amino acid residues
from His-215 to Phe-255 and Ala-263 or Ser-264.

Acknowledgements

The financial support of the DFG and the “Mini-
ster fiir Wissenschaft und Forschung des Landes
Nordrhein-Westfalen” is gratefully acknowledged.

[18] H. Janatkova and G. F. Wildner, Biochim. Biophys.
Acta 682, 227233 (1982).

[19] R. E. Galloway and L. Mets, Plant Physiol. 74,
469—474 (1984).

[20] J. M. Erickson, M. Rahire, P. Bennoun, P. Dele-
pelaire, B. Diner, and J.-D. Rochaix, Proc. Natl.
Acad. Sci. U.S.A. 81, 3617—3621 (1984).

[21] P. Haworth and K. E. Steinback, Plant Physiol. 83,
1027—-1031 (1987).

[22] C. J. Arntzen, C. L. Ditto, and P. E. Brewer, Proc.
Natl. Acad. Sci. U.S.A. 76, 278—282 (1979).

[23] J. Hirschberg, A. Bleecker, D. J. Kyle, L. McIntosh,
and C. J. Arntzen, Z. Naturforsch. 39¢, 412—420
(1984).

[24] J. Bowes, A. R. Crofts, and C. J. Arntzen, Arch.
Biochem. Biophys. 200, 303—308 (1980).

[25] J.-D. Rochaix and J. M. Erickson, Trends Biochem.
Sci. 13, 56—59 (1988).

[26] J. Barber, Trends Biochem. Sci. 12, 321—-326 (1987).

[27] N. Pucheu, W. Oettmeier, U. Heisterkamp, K. Mas-
son, and G. F. Wildner, Z. Naturforsch. 39¢, 437—439
(1984).

[28] H. Kretschmann, J. P. Dekker, O. Saygin, and H. T.
Witt, Biochim. Biophys. Acta 932, 358—361 (1988).

[29] H. J. van Gorkum, Biochim. Biophys. Acta 347,
439-442 (1974).

[30] U. Johanningmeier, U. Bodner, and G. F. Wildner,
FEBS Lett. 211, 221—224 (1987).

[31] A. Trebst, Z. Naturforsch. 42¢, 742—750 (1987).

[32] A. Trebst and W. Draber, Photosynthesis Res. 10,
381-392 (1986).

[33]J. M. Erickson, M. Rahire, and J.-D. Rochaix,
EMBO J. 3, 2753-2762 (1984).

[34] D. Zimmern and P. Kaesberg, Proc. Natl. Acad. Sci.
U.S.A. 75, 4257—-4261 (1978).

[35] P. H. Hamlyn, G. G. Brownlee, C.-C. Cheng, M. J.
Gait, and C. Milstein, Cell 15, 1067—1075 (1978).
[36] A. J. Zaug, J. R. Kent, and T. R. Cech, Science 224,

574—578 (1984).

[37] J. C. Gingrich and R. B. Hallick, J. Biol. Chem. 260,
16156—16161 (1985).

[38] J. Perea and C. Jacq, EMBO J. 4, 3281—3288 (1985).

[39] J.-P. di Rago, X. Perea, and A.-M. Colson, FEBS
Lett. 208, 208—210 (1986).

[40] A. Thiel and P. Boger, Pestic. Biochem. Physiol. 22,
232-242 (1984).



