
BC368 Laboratory 
Experiment 4 

A Better Herbicide? An Investigation in Rational Molecular Design 
 

Case Background 
 
 You have begun your new job in chemical manufacturing, and your first assignment is to 
design a new herbicide that is broadly effective, but relatively short-lived in the environment.  
One of the most widely used general herbicides is DCMU, developed by DuPont in 1954 and 
marketed as Diuron. However, DCMU is relatively persistent in the environment and can inhibit 
subsequent growth of desired plants (Field et al. 2003; Tomlin 2003).  While most agricultural 
workers have not been complaining too much about DCMU, you see this assignment as a means 
to firmly establish yourself in the company as a Wunderkind.  You know from your 
undergraduate days that many substituted quinones are structurally similar to an important 
intermediate in photosynthesis, and that they break down relatively quickly in the environment.  
You decide to use these quinones to inhibit photosynthesis and then use a computer program to 
study the correlation between quinone structure and inhibitory effectiveness (high inhibition of 
photosynthesis will kill a plant more quickly).  You plan to use these data to design a molecule 
with the perfect features for killing weeds by inhibiting their photosynthesis but that will not 
persist in the environment. 
 

 
(Source: Reuters) 

 
Experimental Background 
  
 Photosynthetic electron transport can be inhibited in the presence of certain compounds 
that act as herbicides. The compounds that you will investigate are structural analogues of the 
mobile electron carrier PQB, a nonpolar plastoquinone. PQB shuttles reducing equivalents from 
the membrane-bound protein complex Photosystem II to the cytochrome b6f complex. Oxidized 
PQB binds via specific interactions to one of the protein components of Photosystem II and acts 
as a two-electron acceptor. The reduced form then diffuses through the membrane until it 
encounters a specific binding site on the cytochrome b6f complex, where it donates its 
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electrons. Analogues of PQB inhibit electron transport by blocking the binding site on 
Photosystem II within a protein called D1.  
 
 You will measure the rate of electron transfer within illuminated chloroplasts by monitoring 
reduction of DCPIP spectrophotometrically (DCPIP changes from blue to colorless as it is 
reduced).  In an aqueous solution of chloroplasts, DCPIP accepts electrons from Photosystem II 
via PQB. Blocking the PQB binding site on D1 results in decreased reduction of DCPIP. You will use 
the decreased rate in DCPIP reduction to assess the efficiency of a wide range of potential 
inhibitors of PQB binding. By analyzing the structures of these compounds and determining what 
molecular features lead to maximal inhibition, you will determine a quantitative structure-activity 
relationship (QSAR) that should allow you to characterize the binding site of D1 and postulate 
the structure of the ideal inhibitor. 
 
Structures of Quinones to be Analyzed 
 Benzoquinones, naphthoquinones, and anthraquinones are appropriate structural analogues 
of PQB that will be assessed for binding to D1. Substituents on the compounds that you will test 
include hydroxy groups, alkyl groups, methoxy groups, and methylhydroxy groups. These 
substituents may occur at a variety of positions as designated by the numbering scheme shown 
below. 
 
 

 
 
 
 
Experimental Procedure 
 
Week 1. Kinetic analysis of photosynthetic inhibition by quinones 
 
Each bench is responsible for two chloroplast isolations and for gathering kinetic data for each 
of the available quinones. 
 
 
Part I. Isolation of Chloroplasts 
  
  Because of the instability of chloroplasts, you should perform the following as quickly as 
possible under subdued lighting. All solutions and containers must be kept ice-cold. 
 

1. Cut and discard the midribs of 40 g of spinach leaves. Rinse the leaves with dH2O and 
pat dry. Tear up the leaves and place them in a chilled blender containing 100 mL 
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homogenizing buffer (0.05 M Hepes [pH 7.5], 0.01 M NaCl, 0.4 M sucrose). Blend at 
high speed for 5 sec bursts. 

 
2. Filter the suspension through four layers of cheesecloth into two chilled Oak Ridge 

centrifuge tubes, also wringing out the juice into the tube. 
 
3. Decant the supernatant into two clean, chilled centrifuge tubes and spin at 6,000 x g  

(~7,200 rpm in the JA-20 rotor) for 5 minutes at 4oC.   Make sure that the centrifuge 
tubes are balanced. 

 
5. Decant the liquid in the tubes, being careful to pour across the pellet so as to not 

dislodge the pellet from the bottom of the tube. Discard the supernatant and add a 
total of 32.0 ml of ice-cold suspension buffer (0.01 M Hepes [pH 7.5], 0.01 M NaCl, 
0.1 M sucrose) to the chloroplast pellets to recombine them, carefully resuspending with 
a Pasteur pipette then vortexing. Note that this is the same as adding 16.0 ml of 
buffer to each pellet. You should now have one tube containing all your 
material. 

 
6. Again, spin at 6,000 x g  (~7,200 rpm in the JA-20 rotor) for 5 minutes at 0o-4oC.   

Again, be sure that the tubes are balanced.  
 
7. Carefully pour off the supernatant, and then scrape the chloroplast pellet from the wall 

of the centrifuge tube. With a Pasteur pipette, thoroughly resuspend the sediment in 
32.0 mL of ice-cold measuring buffer (0.01 M Hepes [pH 7.5], 0.005 M NaCl, 0.1 M 
sucrose).  It is important that the clumps be completely dispersed. Wrap the tube in foil 
and place it on ice, where it should be kept for the entire experiment. 

 
 

Part I I . Assay for Chlorophyll Concentration 
 

1. Extract the chlorophyll from a sample of the chloroplasts by mixing 200 µL of the 
suspension with 9.8 mL of 80% acetone in water in a test tube.  

 
2. Filter the solution through filter paper to remove the chlorophyll-binding proteins.  
 
3. Measure and record the absorbance of the filtered solution (with the appropriate blank) 

at 663, 652, and 645 nm. 
 
4. Calculate the concentration of total chlorophyll (a and b) from the following equation: 
 

[chlorophyll] = (40 x A663 + 1450 x A652 + 1010 x A645) µg/mL 
 
 Note that this equation accounts for the 50-fold dilution that you performed in Step 1 

and gives the concentration of chlorophyll in µg/mL in the suspension of chloroplasts. 
 
5. Determine the volume of chloroplast stock required to achieve a chlorophyll 

concentration equal to 10 µg/mL in a total volume of 3.000 mL. This is the volume that 
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you will add to each reaction. Make sure the stock chloroplast suspension is well mixed 
each time you use it by inverting the tube. 

 
 
Part I I I . Kinetic Analysis of Photosynthesis Activity 
 

1. Set up the Ocean Optics so that the sampling rate is 30 samples/minute (data collected 
every 2 seconds) and the sampling time is 1 minute. Monitor the absorbance at 600 nm. 

 
2. Prepare a cuvette to serve as the calibration blank that contains the appropriate amount 

of stock chloroplasts (not the chlorophyll that you extracted with acetone!) in enough 
measuring buffer to achieve a volume of 2.988 mL. Mix thoroughly and quickly place the 
sample in the cuvette holder of the Ocean Optics. Make sure that you have a stir bar in 
the cuvette and that the stirrer is on. 

 
3. Remove the cuvette and quickly add 12 µL of 10 mM DCPIP. Mix thoroughly by inverting 

the cuvette and quickly place the sample in the cuvette holder of the Ocean Optics. 
 
4. Shine a light directly onto the solution at a distance of about 5 cm above the cuvette. 

This illumination should initiate electron transport.  Start acquiring kinetics data at 600 
nm. 

 
5. Obtain the rate (Δabsorbance/min).  You may need to adjust your conditions 

appropriately to obtain a good rate of electron transport. 
 
6. Once you have determined the appropriate conditions, run a second trial to confirm that 

your rate is consistent.  
 
 
Part IV. Kinetic Analysis of Inhibition 
 
 Each lab table should acquire data for all of the quinones available in the lab. Make sure that 
each quinone is tested. Immediately following lab, email your relative rates to your instructor, 
who will calculate grand means for the entire section. 
 

1. The quinones will be available as different stock solutions depending on solubilities 
(ranging from 5-20 mM in ethanol). A table of quinones that may be available in the 
laboratory is given below with the appropriate concentration of its stock solution. Your 
final quinone concentration in all cases should be 100 µM. Fill in the table with the 
volume necessary to achieve this concentration for each reagent in a 3.000 mL reaction 
before coming to lab.  

 
2. Each calibration blank will contain the chloroplasts, appropriate volume of quinone, and 

measuring buffer (2.988 mL final total volume). Make up such a mixture, mix well, and 
calibrate the spectrophotometer. Again, set the sampling rate to 30 samples/minute and 
the length for 1 minute. 
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3. Add 12 µL of 10 mM DCPIP. Mix thoroughly by inversion and quickly place the sample in 

the cuvette holder of the Ocean Optics. 
 
4. Illuminate and then start the kinetics program, monitoring the absorbance at 600 nm for 

1 minute. Obtain the rate (Δabsorbance/min), which should be slower than the 
uninhibited rate because of electron transport inhibition by the quinone. Obtain data for 
a second trial. 

 
5.  Calculate the relative rate for each trial (the relative rate is the rate of the inhibited 

reaction divided by the rate of the uninhibited reaction). Use averages of the two trials 
for both rates- if your two trials for either the inhibited or the uninhibited rates are not 
in good agreement, you should perform a third trial. 

 
6. Repeat for the rest of the quinones that you are to test. You should re-test your 

chloroplast solution for the uninhibited rate periodically to make sure that it is stable. 
 
 
Data Analysis Week 1 
 
 Before you begin next week’s part of the exercise (i.e., before coming to laboratory next 
week), rank the quinones in order of their efficacy of inhibiting photosynthetic electron 
transport.  To do this, you should use the data from your entire lab section (calculated by your 
instructor and reported as a grand mean relative rate for each quinone). 
 
 
Week 2. QSAR Analysis of Quinones and Design of the “Perfect Herbicide” 
 

You may do this part of the lab anytime within a day or two of your actual lab period with 
your partner (e.g., in advance of your actual lab period so that your data are available to you as 
early as possible to begin your paper).  Use the moe application on the biochem laboratory 
computers in Keyes 303. 
 

Quinone CAS 
Registry 

Stock 
Solution 

Volume 
needed 

tetrahydroxy-1,4-benzoquinone (2,3,5,6-tetra-OH-BQ) 123334-16-7 20 mM  
tetramethyl-1,4-benzoquinone (2,3,5,6-tetra-CH3-BQ) 527-17-3 20 mM  
1,4-naphthoquinone (1,4-NQ) 130-15-4 20 mM  
2-methyl-1,4-naphthoquinone (2-CH3-NQ) 58-27-5 20 mM  
2-hydroxy-1,4-naphthoquinone (2-OH-NQ) 83-72-7 20 mM  
5-hydroxy-1,4-naphthoquinone (5-OH-NQ) 481-39-0 20 mM  
9,10-anthraquinone (AQ) 84-65-1 5.0 mM  
1-hydroxy-9,10-anthraquinone (1-OH-AQ) 129-43-1 5.0 mM  
1,4-dihydroxy-9,10-anthraquinone (1,4-diOH-AQ) 81-64-1 10 mM  
2-ethyl-9,10-anthraquinone (2-CH2CH3-AQ) 84-51-5 20 mM  
1,4-anthraquinone (1,4-AQ) 635-12-1 5.0 mM  
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Part V. Building Molecular Models of the Quinones and Creating a Database 
 

1. Click on the “moe” application on the dock; the window “moe 2011.10” will open. 
 
2. Click on File à New à Database; a new window called “New Database” opens.  Type a 

name for your file, ending with the suffix “.mdb”   
 
3. At the bottom of the Database window is the sub-heading “Fields.”  The top line in this 

region should have “molecules” chosen on the left and “mol” typed on the right.  The 
second line should have “float” chosen.  If it does not, then do so.  Then type “Activity” 
in the adjacent box to the right.  Click OK; a new window called “Database Viewer” 
opens. 

 
4. Click on the “moe 2011.10” window and use the drawing software to model each of the 

quinones used in the experiment.  For each quinone, do the following: 
 

A. Click “Builder”, and then construct the quinone. 
B. Click “Minimize” when finished 
C. Click on the “Database Viewer” window.   
D. Click Edit à New à Entry; a small window opens.  Type in the relative activity for the 

quinone you just drew in the “Activity” line.  Click OK.  The new structure and its 
activity should appear on the database file, beneath the previous quinone. 

E. Return to the “moe 2011.10” window, click “Close” on the right side of the window, 
then click OK.  Build the next and each subsequent quinone continuing as above. 

 
Part VI. Computing the QSAR for your Database 
 

1. When the last quinone and its relative activity are in the database, in the “Database 
Viewer” click on Compute à Descriptors; then choose “Calculate”; a new window called 
“calculate descriptors” opens.  The window shows a very long list of different molecular 
descriptors that MOE can calculate for the structures you entered.  There are brief 
definitions of each descriptor.  Based on the structures of the quinones you used, 
choose descriptors that you feel might have significant importance in each quinone’s 
inhibitory activity.  Some descriptors appear redundant; they are just different ways of 
calculating similar molecular features.  Descriptors that workers have found interesting in 
the past include AM1_dipole, ASA, ASA_H, ASA_P a_count, a_hyd, dipole, E_ele, 
FASA_H, KierFlex, logP(o/w), PEOE_VSA_HYD, PEOE_VSA_POL, vdw_area, and vdw_vol.  
You may choose these descriptors or any others that you think might be important.  You 
can return to this window later and add additional descriptors to your database. 

 
2. After highlighting as many descriptors as you’d like, Click “OK”; wait for the values to fill 

in throughout the datasheet in the Database Viewer window (the software is calculating 
all the descriptors for each molecule in your database). 

 
3. Click Compute à Model à QSAR; a window called “Quasar-model” opens.  You may now 

choose two descriptors to model a predicted relative activity based on those two 
descriptors.  We can only choose two descriptors at a time, because the “rule of thumb” 
(ask Prof. Shattuck!) for these calculations is to have no fewer than 5 times the 
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molecular models as descriptors you used.  In your case, you have entered 11 molecular 
models, so you can use no more than 2 descriptors at a time to model. 

 
4. Choose your two descriptors and click “Fit” at the bottom of the window.  Then click 

“Report” also at the bottom of the same window; a new window called “SVL Text Editor” 
opens.  You are most interested in the CORRELATION COEFFICIENT (R2) value near the 
middle of the window.  Values above 0.9 are best, but tinker around, choosing two 
descriptors at a time, until you find the best value.  Once you find the best pair of 
descriptors, continue with your calculations below (you may find that two or more 
different pairs of descriptors have similar R2 values; you may want to do the rest of the 
calculations for each of those descriptor pairs). 

 
5. Below the R2 value is the “ESTIMATED LINEAR MODEL,” which consists of three terms 

you will use to predict the relative activity values based on your model.  This is a simple 
addition equation with the three terms listed:  

 
   (a constant)  
+ (a multiplier X first descriptor value)  
+ (a multiplier X second descriptor value).   

 
You wil l need these values later on when you design your own herbicide molecule 
below but we will let the QSAR program do those calculations for each of your quinones 
now. 

 
6. Click “Validate” in the “Quasar-Model” window; a new window called “Quasar Fit 

Validation” opens.  All three boxes under “Model validation” should be darkened.  If not, 
click them, to darken them.  Click OK.  Your “New Database” viewer window should now 
have 3 new columns at the far right.  $PRED is the predicted activity of each quinone 
based on your two-descriptor model. 

 
7. You can now plot your QSAR predicted specific activities against your experimentally 

determined specific activities. 
 

A. Click on Compute à Analysis à Correlation plot.  A new bar of instructions should 
have opened below the menu bar. 

B. Click on the Activity column of your database to set the x-axis. 
C. Click on the $PRED column of your database to set the y-axis.  The plot should open 

automatically with a regression equation.  Perfect data would have an R2 value and 
slope of 1.0. 

 
 
Part VI. Designing the Perfect Herbicide 
 
Now it’s time to design your own “perfect” inhibitor and to use your ESTIMATED LINEAR MODEL 
values to calculate a predicted relative activity for that molecule.   
 

1. Use the features you decided were important from your experimental and modeling data 
to design and build your herbicide molecule in the “moe 2011.10” window. 
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2. Add this structure to your database as you did with all of the quinones (see Part V, 4 

above).  Then click on Compute à Descriptors; then choose “Calculate” (the “calculate 
descriptors” window opens).  Choose the two descriptors you used for your ESTIMATED 
LINEAR MODEL.  Click “OK”; wait for the two values to fill in on the datasheet in the 
Database Viewer window.   

 
3. Now use those values in the equation of your ESTIMATED LINEAR MODEL (from Part VI, 5 

above) to predict the relative activity of your newly designed molecule. 
 
Data Analysis Week 2 

• Describe the molecular features of the binding site. 
• What types of stabilizing interactions seem to be at work? 
• What additional studies should be performed to verify your hypothesis? 
• Propose a structure for an ideal inhibitor. 

 
 
ASSIGNMENT 
 Write a Communication for the Journal of the American Chemical Society reporting your 
results for this experiment. Be sure to consider all the points in the “Data Analysis” sections 
above. Please see the lab syllabus for additional details of this assignment and for a link to the 
JACS Information for Authors web page. 
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