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SI'MMAHY 

FMN has been found to caum a photochenfical inactivation of monuron, 3-(p-chloro- 
phenyl)-I,I-dimethylurea, and other substituted phen.vlureas. A high-molecular- 
weight compound, which wa~ no :,~n,:er antiphc~tos.vnthetic, was isolated from the 
monuron-FMN reaction mixtures. A close relationship was found between the ability 
of phenylurea compounds to react photochemically with FMN and their ability to 
inhibit photosynthesis. Molecular models of FMN and 3-(3,4-aichlorophenyl)-x-x- 
dimethylurea, diuron, show surprising similarity in structure. Them 5ndings suggest 
that  the monuron inhibition of photosynthesis may result from an interaction of 
monuron with FMN or a flavoprotein in the photosynthesis pathway. 

INTRDDU(TION 

The herbicide monuron, 3-(p-chlorophenyl)-l,x-dimethylurea t, and other substituted 
ureas are among the most specific and sensitive inhibitors of photosynthesis kn:~wn s, 3. 
A molar ratio of monumn of only I/5oth to i/2ooth that . f  chh)rophyll will completely 
inhibit photosynthesis of algae, l.ight re-emission studies indicate that the site of 
monuron reaction is early m the ener~'-transfer processL Studies with hydrogen- 
adapted Scenedesmus  indicate that the urea herbicides are acting on the ;~:~ygen 
evolution of photosynthesisJ. The exact nature of the monuron inhibition, or for that 
matter,  the oxygen-liberating path~ay,  is not kn,';wn. 

FMN has been implicated as a cofactor for photosynthetic phosphorylation in 
i.~lated chloroplasts and a., a component of the electron-transport system of photo- 
synthesist, L The effect of monuron on c,,clic photosynthetic phosphorylation with 
10:,enazine m.-thosul_*ate or FMN as cofactors'.* suggest that the monuron block of 
photosynthe~,  may be ~!~--,~e to the site of the FMN electron-transport system. It  
a a s  therefore of interest to study d. ~ effect of FM,~ on the inhibition of photosynthesis 
by mommm.  The results of this study are given in this paper. 

• C o . t r i ~ t i o n  N o .  J'~5. 
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METHODS 

Ch!o:e/la.pyrenoidosa and Euglena gracilis were grown as previously descril~ed4,t°o 
The rate of fixation by the algal suspensiong was determined by measuring 

the difference ;~ .: CO~ level of air, enriched with CO 2 to about 6oo ppm, before 
and after passing thr~mgh the algal solution. A Mine Safety Appliance Company 
Model-2oo Infrared CO z Analyzer was used to measure the carbon dioxide concen- 
trations. 

The phetochemical inactivation of monuron by FMN was carried out in flat-sided 
flasks which were illuminated by a Iso-W G.E. reflector spot lamp. Heat from the 
light was filtered out g~th a water-cooled cell, made of "Piexiglas" acrylic resin. 

The concentration of the monuron remaining in the solution after the photo- 
chemical reaction with FMN was estimated by adding an aliquot of the reaction 
mixture to a culture of Chlorella or Euglena which contained a standard excess of 
FMN. Under these conditions the time required t,~ overcome the monuron inhibition 
of C() 2 fixation of the algae was proporti(~al to the monuron concentration p re~n t  
in the added aliquot provided that the illumination intensity and FMN concentration 
of the culture were held constant. 

Paper chr¢~matography was used in studying the monuron-FMN photoreaction 
products. FMN, riboflavin, and the photoreaction products of FMN were located on 
the chromatograms by their fluoresceace under ultraviolet light. Monuron and its 
reaction products were detected by following the radioactivity from tiC-tagged 
monuron. When the level of J4C activity was low, the chromatoglams were cut into 
sections and counted in a scintillation counter by extracting each section with the 
scintillation medium. In sor~e instances the radioactivity was sufficiently h i g h t o  
ft,!low the activity on the chromatograms by ~anning the paper with a flow counter. 

The m(muron-FMN reaction product (I) was prepared as follows: x5 g of FMN 
was added to 6 1 of distilled water in an 8-1 bottle. To this was added 5 g of monuron 
which had been di.~.~lved in 4oo ml of methyl ethyl ketone. The bottle wa~ placed 
hetween 6 2o-W fluorescent lamps and air was bubbled continuously through the 
solution. After 3-4 days of light exposure, a considerable amount of precipitate had 
tormed in the solution. This precipitate was dissolved by adding 600 ml of methyl 
ethyl ketone, and after I -2  h a ball of gummy material formed on the surface of 
the solution.This was removed by washing with wat, r and ether. An infrared spectrum 
indicated this material was identical to the material purified by paper chromatog- 
raphy. Further purification wa.~ carried out by precipitation from methyl ethyl ketone 
with n-butyl ether and from methanol with ether. 

RESULTS AND DISCUSSION 

The addition of monuron to a culture of ChloreUa results in the immediate inhibition 
• ff photosynthesis and a return of the t t) t concentration of the exit gas to the dark 
respiratory level. The addition of FMN to t,, ~ culture returns the CO I fixation rate 
to the pre-inifib;ih,, fever within a few minutes. The addition of a second aliquot of 
monuron results in only a temporary, inhibition of CO I fixation of the culture (see 
Fig. x). 

Since FMN and riboflavin have been reported to cause the photodestruction of 
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a number of biologically active compounds, a c b ~ k  w:~, made a, ~o the light stability 
of a solution containing both monuron anct VMN. One portion ,,f a monuron-FMN" 
solution was exposed to white light and a second portion was kept in the dark. After 
5 h the solutions were tested for monuron by adding a suitable aliquot to a CMordda 
culture. The solution exposed to the light no longer caused inhibition of CO 2 fixation, 
while the dark control gave full inhibition. From these results it wa~ concluded that 
FMN photochemically inactivated monuron both in the pre~mce and abser " .'" t~: 
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Fig. L Effect of FMN on the monuron inhibition of CO= fixation of a cl, lture of Chlorella pyrenoidosa. 

This conclusion was further substantiated by examining photosy'nthesis by 
Euglena in red light of sufficient intensity to saturate photosynthesis. FMN does not 
absorb in the red region of the spectrum, and under these, conditions FMN did not 
prevent inhibition of ph¢ ~osynthesis until the red cellophane filter was removed from 
the light source. 

The photochemical inactivation of monuron by FMN was found to . -ke place 
in an aqueous buffer solution of pH 3.6-6. 5. The citric acid, glycine and glutamic 
acid of the Eug/esa medium had no noticeable effect on the rate of inactivation of 
monuron. The photoinactivation reaction did not take place under anaerobic con- 
ditions, under acidic or basic conditions (o.2 N IICI and 4 N NH4OH, respectively), 
or  in methanol -water  solutions (x : x). The photoinactivation experiments carried out 
in the presence of Ck/ord/a or F,~g/esa required FMN-monuron  ratios between x:2 
to x:x; however, when the photoreaction was carried out in the ab~nce of the algae 
in an aqueous solution at pH 5.2 {o.o5 N phosphate), the molar ratio of FMN to 
monaron was decreased to as much as t : ~o. 

The inactivation of monuron by FMN has ~ m e  similarity to the photooxidatio:~ 
of indoleacetic acid by FMN. However, other fluorescer, t dyes which have been re- 
ported to c a u ~  phntoinactivation o! indoleacetic acid and other compoundsn,tt did 
net  cause inactivation of monuron. For example, fluorescein, eosin, eD'thros~n, 
#-carotene, and methylene blue did not cause photomactivation of monuron when 
tested under conditions which were effective with FMN. Riboflavha was not active 
w h m  added to th,~ algal so!utien ctmtaining monuron but was active in the tests 
i¢ which no ~ were present during the light exposure. 

A amabe t  of other ml~t i tu ted  ureas have ~ tested for their ability to ir.terfere 
with the iflhotochemical inactivation of monuron by FMN (~e Table I). The test used 
to indicate rm~tivi ty of a non-antiphott~ynthetic substituted urea was an indirect 
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T3 BLE I 

E F F E C T  O F  ( ' R E  ~. D E R I V A T I V E S  O N  FMN I N A C T I V A T I O N  O F  M O N U R O N  

The tes ts  ,.vere made  with xoo ml ot an Euglota culture which was carrying out  photosynthes is  
at  a s teady rate. 5 ml of a 2oo ppm solution of the  test  compound was added to determine i ts  
effect on CO~ fixat.;on, after which was added I ml of 2oo ppm monuron and 2 ml of xooo p p m  

FMN. Tht normal inactivatiot~ t ime of the  monuron under t.~,~c conditions was 15-zo rain. 
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one since the photoreaction of these compounds cou;,i not be followed directly by 
COs-fixation measurements. Evidence for reactivity with FMN ~-as taken at the 
ability of a compound to increase the time required for an excc~s of FMN to inactivate 
a known amount of monuron. Although this a.ssumption may not be completely just:- 
fled, it could be shown that  the time required f.~r FMN to overcome the inhibition ( f 
COt-fixation by  monuron was directly prop~,rtional to ~.b_,- amounl ,~f ,~m,,ron afl...'d 
to the solution. T~,  addition of enmpounds which reacted ;~ith ,M.~ in a -tmilar 
fashion to that  of monuron should increa~ the total time required for the inactivation 
of monuron. This was indeed the case with substitut(d urea comix)unds which were 
themselves a~-~tiphotosynthetic. Thus, the time to inactivate a compound , monuron 
was proportional to the time required t~ inactivate the conipound and monuron 
separately. 

There is surpri~ngly good correlation between the ability of the cc, mpounds to 
react photochemically with FMN and their antiphotosynthetie properties. Thus. 
substituted ureas which are antiphotosynthetic (inhibit C() 2 fixation of Chlorella 
cultures) are also inactivated by FMN ; however, quite similar ureas which are poor 
inhibitors of photosynthesis do not appear to undergo a photochemical reaction with 
FMN. Hnwever, some thio derivatives of substituted ureas were exception.s. These 
were not antiphotosynthetic but did lengthen the time of the FMN inactivation of 
the monuron solutions. It  is p~ssible that the disvrcpancy is due to oxidation of tho 
thio compounds to the normal urea derivatives which then undergo a FMN photo- 
inactivation. However, no evidence for this reaction was found. 

In order to define further the nature of the monuron-FMN reaction, several 
known characteristics of FMN were examined to see if they were .... )ived in th,; 
inactivation of monuron. Riboflavin and FMN have been reported to form charge 
transfer type complexes with a number of organic t ompouud.~ Za ]z. A comparison of 
the visible and ultraviolet spectra of FMN and monuron with the spectrum of monuron 
plus FMN mlution gave no ind;cation of complex formation..~)lutions of FMN and 
monuron showed no color changes on freezing. Furthermore, monuron did n(~t prevent 
the color change that  occurs when tryptophan~ FMN solution, 13 freeze. No cb.a:~.ge 
in the phosphorescence intensity or spectrum of FMN .~)lutions wa.~ c)b~rved when 
monuron was added. There was aim no indication that the photoinactivation of 
monuron was mediated v/a the semiquinone, or dihydroflavin form of FMN. From 
these observations it would appear that the FMN-monuron photoreaction is not 
mediated ~ a  a charge transfer type complex or by reduced forms of riboflavin. 

Experiments with monuron tagged with "C in the z-phenyl, methyl, ai-,~! carbonyl 
positions gave no indication of breakdown of the monuron molecule during the photo- 
reaction. Paper chromatograms of the ! t 'Cm,mur(m ;:MN reaction products, with 
a 3 %  NatHPO4"TlisO solvent, showed a ~eli-defined spot at R~, zero although there 
were also other widely scattered z:mes of radio~: tivity. From the.,e experiments it 
appears that there is at least one major reactiot ,roduct and. possibly, a number of 
other corr.potmd~ which r~..uit from side ~,~ctions or are precursors to the main 
product in the photochemical inactivation of monuron by FMN. The isolated reaction 
product (l) had a m.p. of around 3oo" (with do0omp~ition}, tool. wt. 125o.~I3oo 
(boiling point elevation with ethylene chloride and with acetone), and the follo~'-'q 
analym: C, 57.a7; H, 4.84; Na. x3.58; No, t3.z; CI. 7.30; 7 .t6. NMR proton re~)- 

spectrttm in deuterated acetone showed only phenyi and CH t protom with 
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no indication of hydr,,xy protons. The ratio of phenyl protons to methyl protons 
was zoo:318. The ultraviolet spectra of iI resembled that of reduced riboflavin but 
no evidence could be obtained for any portion of the riboflavin molecule in the purified 
product. Polarographic studies showed no reduction wave for I. Analysis of the re- 

. ° '  while action product (I) for p-chloroanihne~, ~ indicated a conteat of only 3-5 /o, 
a monuroh control gave the theoretical 64 %. 

On the basis of the above analytical data, it wa.~ not possible to assign a structure 
to the monuroa-FMN reactidn product. However, it appears that several monuron 
molecules have condensed to form a major  portiop of this molecule. It  is possible 
that a portion of the riboflavin molecule is also incorporated in this molecule, although 
the only evidence for this is from the ultraviolet spectrum which resembles that of 
reduced FMN, and the fact that the chlorine content of I is low. Experiments with 
the monuron molecule labeUed with ~tC in the phenyl, carbonyl, and methyl positions 
rule out comple:e loss o! any of these groups but were not accurate enough to eliminate 
the possibility that some of the monuron molecules broke apart during the photo- 
chemical reaction. 

The discovery of the photochemical inactivation of monuron by FMN points 
to the possibility that monuron may act at or close to the site of the FMN or flavo- 
protein in the photosynthetic pathway. Thin, it is possible that monuron may inlubit 
photosynthesis by itcting as an energy trap. in the electron-transport system near 
an FbtN molecule, i n  t~tto, this results in the photodestruction of monuron by FMN 
due to the transfer of energy from FMN to monuron, Itt  v/vo, this action is un- 
doubtedly different ?., there !~ no evidence of photochemical destruction of monuron. 
Thus, in systems in vivo monuron may be able to pass op. the acquired excitation 
energy received from FMN and thus prevent intem',d destruction of the monuron 
molecule. One of the most convincing arguments for the possible relationship of 
monuron inhibition in photosynthesis to that of the FMN photoinactivation is the 
close relationship between the antiphotosynthetic properties of the substituted urea 
molecules and their tendency to react photochemically with FMN. Thus, a simple 
change in location of the chlorine atom of monuron fron~ the/5.~,z to the ortho position 
caused almost complete ioss of antiphotosynthetic activity and of ability to react 
photochemically with FMN. This effect does not ~ e m  to be a simple stereo effect 
around the N - H  group, because the 2,4,6-trich)~ro derivative is an active antiphoto- 
synthetic agent and undergoes photochemicak reaction with FMN. Substitution on 
the N - H  group of urea derivatives results in the loss of antiphotosynthetic activity 
and also of ability to interfere with the monuron-FMN reaction. Likewise, substi- 
tution of large groups in place of the N-methyl groups of monuron usually results 
in the lc'.,s of antiphotosynthetic activity and photochemical inactivation with FMN. 

There is also a ~urprising similarity between the spacial structure of FMN and 
the urea herbicides, particularly diuron, 3.(3d-dichloroFhenyl)-i.z-dimethyl-urea. 
Thh  similarity in structure is not imm,~liately apparent from the structural formulas 
but is revealed upon inspection of their mt,~-, alar models (see Fig. z). From this figure 
it can be seen that the overall size of the molecules is very similar. The two chlorine 
atoms of diuron overlap the CH s groups of FMN. The. .~.-H and C ~ O  groups of 
the two molecules are in similar positions. The side chains of the riboflavin molecule 
in some instanoes can be made to approach the shapes oi the two methyl groups of 
the dimon molecule. The similarity in size and location of the tunctional groups 
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between monuron and FMN could facilitate the transfer of excitation energy from 
FMN to monuron, and could also favor the adsorption of rnonuron by areas occupicyl_ 
by FMN or flavo-enzymes in the chloroplasts. 

Fig. 2. Molecular models of ~ v i n  mid dinr¢~, 3-(3,4-dichlorophenyl)-I,l-dimethylurea. The 
ribityl group has been omitted from the moleculax model of riboflavin in order to simpiify the 

comparison of size and functional groups of the basic molecule. 

In the above discussion it has been suggested that there may be a relationship 
between the mechanism of the monuron inhibition of photosynthesis and the photo- 
inactivation of monuron by FMN; however, one should use a certain amount of 
reservation in this conclusion, as FMN is known to induce a number of photochemical 
reactionsn, ls, ~-u .  There does appear to be some difference between the FMN-  
monuron system and other photoreactions of FMN. In the case of auxins and z,4- 
dichlorophenoxyacetic acid there are a number of other fluorescent dyes which also 
induce photodestruction of these molecules. However, in the ca~  of monuron other 
dyes do not cause photoinactivation under conditions in which FMN is active. 
Furthermore, the product from the FMN reaction did not appear to result from s~mple 
oxidation but rather to be a complex high-molecu!ar-weight material. A high degree 
of specificity of FMN for monuron is demonstrated ~y the ability of an FMN solution 
to prevent the herbicidal action of monuron on Pinto bean plants. Thus, by spraying 
the leaves o~ a bean plant with a x % FMN solution for 4 days after the application 
of 0.5 n~g of monuron to the roots, it was possible to prevent the herbicidal action 
of the monmon. The FMN spr,~y had no effect on untreated bean plants. 

I t  has recently been suggested u that in some FMN photochemical reactions the 
active agent is a complex between riboflavin, water and an activator. This complex 
is diss~i~ted upon the absorption of r~.PA~.~: e~aergy and leads to the formation o, 
reduced r ib0hv in  and an oxidized form of the activator. It is possible that a similar 
reaction ta les  place during the photoinactivation of monuron. That is, the monur~m- 
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FMN reaction could be mediated via an F M N - H 2 0 - m o n u r o n  complex. Moreover, 
the same property of monuron which results in an F M N - H , O - m o n u r o n  complex 
could account fo, the ,, ,~t ' ,~,~,.~ of monuron - .  ~" the o-,,,~-.~ .9~thwav- . of ~Dhoto- 
synthesis since here again an enzsxne-HzO complex may be involved. However, as 
pointed out above, no spectral evidence has been found for such an F M N - H z O -  
monuron complex. 

Although it has not been possible to describe the mechanism of the photo- 
inactivation of monuron, it is apparent that in working with photosynthetic phos- 
phorylation reactions in which both monuron and FblN are present, one must  use 
caution in carr3~ng out the experiments and in interpreting the results, otherwise 
photoinactivation of monuron by FMN in light may take place and thus result in 
erroneous conclusions. 
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