Part 1: The CRISPR Cas9 Protein  (for this first part, do not show the tetraloop)

=============================================================
VIDEO:
The Cas9 protein is a key part of the CRISPR adaptive immunity system found in some bacteria. It is responsible for cutting the DNA genome of an invading bacteriophage (virus that infects a bacteria). 
But how does it do this?  How does it know what DNA to cut?  How does it cut both strands of that double-stranded DNA?  And why would cutting the DNA of an invading virus stop it anyway?
In this webpage, we will explore the Cas9 protein structure using an interactive 3-dimensional display. . .  and if you’re paying attention, we might answer a few of these questions along the way. 
Good luck!
=============================================================

1. The Cas9 protein is quite large, about 1,350 amino acids long.  This long chain of amino acids folds into a complex 3-dimensional shape, shown to the right. Click and drag on the image to rotate it in 3D.
[draw the backbone one amino acid at a time, like the antibody in the MAPS module]  This should be very fast….other wise students will get bored

When page first loads:
color background [0,0,0]; load= cas9-working-coot-3_state01.pdb; set translucent false;set zshade on; set zshadepower 1; set ambientpercent 55;

Exit; Select all; backbone only; backbone off; color white; select protein and 4; color blue; select protein and 1364; color red; moveto /* time, axisAngle */ 1.0 { -643 -630 436 89.15} /* zoom, translation */  115.0 -14.15 2.81  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; for(var i=0; i<1375; i=i+15){select protein and resno<i; backbone 1.0; delay 0.05;};delay 1.0; spin;




2. The protein is currently displayed in “backbone” format, in which most of the atoms of each amino acid are hidden so we can more easily see the path of the protein backbone in 3D space. 
[No Jmol functionality for this text]

3. But if we switch the display to spacefill format, in which every atom in the protein structure (including the side chain atoms) is shown as a sphere, we see five distinct domains:  REC I, REC II, NHN, RuvC, and the PAM Interacting domain.
[switch to spacefill format and highlight each domain with a color]

Exit; spin off; Select all; backbone only; backbone off; select protein; backbone 1.0; color white; select protein and 4; color blue; select protein and 1364; color red; moveto /* time, axisAngle */ 1.0 { -643 -630 436 89.15} /* zoom, translation */  115.0 -14.15 2.81  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; for(var i=0; i<100; i=i+10){select protein; spacefill @i%; delay 0.1;}; backbone off; delay 1.0; select 1-60 or 718-775 or 909-1099; color yellow; delay .3; color white; delay .3; color yellow; delay .3; color white; delay .3; color yellow; delay .5; select atomno=10118; font label 30 bold; label RuvC; set labeloffset -30 5; delay 1.0; select 61-180 or 308-718; color tan; delay .3; color white; delay .3; color tan; delay .3; color white; delay .3; color tan; delay .5; select atomno=2784; font label 30 bold; label Rec I; set labeloffset 30 5; delay 1.0;select 180-308; color gray; delay .3; color white; delay .3; color gray; delay .3; color white; delay .3; color gray; delay .5; select atomno=3220; font label 30 bold; label Rec II; set labeloffset 30 5; delay 1.0;select 775-909; color cyan; delay .3; color white; delay .3; color cyan; delay .3; color white; delay .3; color cyan; delay .5; select atomno=8657; font label 30 bold; label HNH; set labeloffset -35 0; delay 1.0;select 1099-1368; color orange; delay .3; color white; delay .3; color orange; delay .3; color white; delay .3; color orange; delay .5; select atomno=11249; font label 30 bold; label PAM Interacting; set labeloffset 0 -10;
[image: ]
https://sites.tufts.edu/crispr/crispr-mechanism/#:~:text=The%20Cas9%20protein%20is%20comprised,%2C%20crystal%2C%20and%20map%20form.


4. Individually, these domains are tightly folded globular shapes, with little space between them.  But how tightly are they packed to each other?  Do you see any gaps in between them?
[Fade coloring of domains to make whole cas9 white, rotate to show gaps]


Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; select 1-60 or 718-775 or 909-1099; color yellow; select 61-180 or 308-718; color tan; select 180-308; color gray; select 775-909; color cyan; select 1099-1368; color orange; moveto /* time, axisAngle */ 1.0 { -643 -630 436 89.15} /* zoom, translation */  115.0 -14.15 2.81  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0;Delay 1.0; select 1-60 or 718-775 or 909-1099; color [255, 255, 100]; select 61-180 or 308-718; color [220, 150, 100]; select 180-308; color [150,150,150]; select 775-909; color [70,255,255]; select 1099-1368; color [255,200,70]; delay .3; select 1-60 or 718-775 or 909-1099; color [255, 255, 175]; select 61-180 or 308-718; color [230, 200, 150]; select 180-308; color [200,200,200]; select 775-909; color [175,255,255]; select 1099-1368; color [255,230,170]; delay .3;select 1-60 or 718-775 or 909-1099; color [255, 255, 225]; select 61-180 or 308-718; color [250, 240, 210]; select 180-308; color [230,230,230]; select 775-909; color [230,255,255]; select 1099-1368; color [255,240,220]; delay .3; select all; color white; delay 1.0; moveto /* time, axisAngle */ 1.0 { -708 -551 442 108.45} /* zoom, translation */  152.09 -18.81 4.37  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0;



5. There are indeed a number of small gaps between these five domains. . . and as you might imagine, there are reasons for this.  First, each domain is conformationally dynamic, meaning that they move independent of the other domains as the protein binds to target DNA and cuts it.  Second, the cas9 protein binds to a folded  RNA, called the “guide RNA”, shown in orange.
[Rotate and circle gaps. . . then fade in guide RNA]


Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; moveto /* time, axisAngle */ 1.0 { -708 -551 442 108.45} /* zoom, translation */  152.09 -18.81 4.37  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; Delay 1.0;select within (15, atomno=2159) or within (15, atomno=2320) or within (15, atomno=2320) or within (10, atomno=10439) or within (15, atomno=7142) or within (15, atomno=5733); color red; delay .3; color white; delay .3; color red; delay .3; color white; delay .3; color red; delay .3; color white; delay .3; color red; delay 2.0; moveto /* time, axisAngle */ 1.0 { -742 -512 433 115.68} /* zoom, translation */  132.25 -17.88 3.8  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; delay 1.0; color [255,50,50]; delay .2; color [255,100,100];delay .2; color [255,150,150]; delay .2; color [255,200,200]; delay .2; color white; delay 0.5; color white; select :a; color orange; for(var i=0; i<1.6; i=i+.1){select :a; cartoon @i; delay 0.1;}; select atomno=647; font label 30 bold; label Guide RNA; set labeloffset -20 100;



6. The sequence and 3D folded structure of the guide RNA has co-evolved with the Cas9 protein to fit tightly together. Anywhere it is not deeply embedded into the Cas9 protein, it folds back on itself to form hairpins stabilized by A-T/G-C base-pairs, highlighted in yellow.
[show the three areas where it hairpins back on itself]

Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; select :a; cartoon 1.5; color orange;delay 1.0; moveto /* time, axisAngle */ 3.0 { 237 855 462 141.09} /* zoom, translation */  132.25 19.57 -3.73  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; select :a and (68-72, 77-81, 52-55, 58, 60, 61, 37-40, 29-32); color yellow; delay .3; color white; delay .3; color yellow; delay .3; color orange; delay .3; color yellow; delay .3; color orange; delay .3; color yellow;



7. But look closely. . . are there any areas of the guide RNA that are not deeply embedded into the Cas9 protein, and also not part of A-T/G-C base-pairs?  Let’s temporarily remove the HNH domain of the Cas9 protein to make it easier to examine the entire guide RNA.
[fade away the HNH doman]
Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; select :a; cartoon 1.5; color orange; select :a and (68-72, 77-81, 52-55, 58, 60, 61, 37-40, 29-32); color yellow; delay.2; color [255,235,0]; delay .2; color [255,215,0]; delay .3; color [225, 195, 0]; delay .2; color orange; delay 1.0; moveto /* time, axisAngle */ 1.0 { -643 -630 436 89.15} /* zoom, translation */  115.0 -14.15 2.81  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; select protein and 775-950; set translucent false; for(var i=0; i<1.0; i=i+0.05){color translucent @i; delay 0.1;}; spacefill off; color translucent 0;



8. This one section here, about 20 RNA nucleotides long, looks relatively loose – with no A-T/G-C base-pairing and only barely kissing against the Cas9 protein in a couple spots.
[color the spacer purple]

Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; select :a; cartoon 1.5; color orange; select protein and 775-950; spacefill off; delay 1.0; moveto /* time, axisAngle */ 1.5 { -643 -630 436 89.15} /* zoom, translation */  115.0 -14.15 2.81  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0;  delay 1.0; select :a and 1-20; color [200,50,255]; delay .3; color orange; delay .3; color [200,50,255]; delay .3; color orange; delay .3; color [200,50,255]; delay .3; color orange; delay .3; color [200,50,255]; delay 1.0; moveto /* time, axisAngle */ 1.5 { -607 -676 417 84.84} /* zoom, translation */  266.0 -18.53 17.06  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0;


9. Often when you find something odd or unique in a protein’s structure, it hints at what the protein might do, and how it does it. As it turns out, this exposed section of the guide RNA, called the “spacer”, is the magic behind the Cas9 protein. . . 

Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; select :a; cartoon 1.5; color orange; select protein and 775-950; spacefill off; select :a and 1-20; color [200,50,255]; delay 1.0; moveto /* time, axisAngle */ 1.5 { -643 -630 436 89.15} /* zoom, translation */  115.0 -14.15 2.81  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0;








Part 2: Scanning DNA:  (for this first part, do not show the tetraloop)

=============================================================
VIDEO:  
If you remember from the introduction, the Cas9 protein is part of an adaptive immunity system found in some bacteria. . . Meaning it plays a role in identifying and destroying viruses that the bacteria has seen in the past.
And this is where the “spacer” - that exposed section of the guide RNA - comes in.
Unlike the rest of the guide RNA sequence, the spacer has not evolved in the bacteria along with the Cas9 protein, but rather it comes directly from a virus that had infected the bacteria at some point in the recent past.  The CRISPR adaptive immunity system is able to cut a 30 base-pair segment of double-stranded DNA out of the viral genome and insert it into the CRISPR array in such a way that it eventually becomes part of the guide RNAs.
But why would it do that?  What help is having a small section of viral genome as part of the guide RNA?  And how would that help stop a future viral infection? . . . stay awake a bit longer and all will be revealed. 
=============================================================

1. To the right is the Cas9 protein (shown in white) tightly bound to the guide RNA comprised of a stable region (shown in orange) and a 20-nucleotide-long spacer region originally obtained from the genome of an attacking virus (shown in purple).
[color code the Cas9 accordingly]

Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; select :a; cartoon 1.5; color orange; select protein and 775-950; spacefill off; select :a and 1-20; color [200,50,255]; delay 1.0; moveto /* time, axisAngle */ 1.5 { -643 -630 436 89.15} /* zoom, translation */  115.0 -14.15 2.81  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0;


2. The Cas9 protein is expressed in the cytoplasm of the bacteria, where it is likely to encounter the genome of an invading virus.  When Cas9 happens upon a section of DNA, it initially binds at a in the PAM sequence – NGG.  PAM  stands for Protospacer Adjacent Motif.
[show a bit of DNA come in from the right]
Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; select :a; cartoon 1.5; color orange; select protein and 775-950; spacefill off; select :c; color blue; select :d; color [140,170,255]; select :a and 1-20; color [200,50,255]; delay 0.5; moveto /* time, axisAngle */ 1.5 { -643 -630 436 89.15} /* zoom, translation */  115.0 -14.15 2.81  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0;delay 1.0;   for(var i=4; i<25; i=i+1){select :c and resno<i; cartoon 1.5; select :d and resno> @{58-i}; cartoon 1.5; delay .2};



3. If this key protein domain recognizes two guanine (G) nucleotides in a row, called the PAM sequence, it will uncoil the double stranded DNA.  Is there anything you notice about either of these two separated strands of DNA?
[show the DNA open]

Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; select :a; cartoon 1.5; color orange; select protein and 775-950; spacefill off; select :c; color blue; select :c and resno<24; cartoon 1.5; select :d; color [140,170,255]; select :d and resno>34; cartoon 1.5; select :a and 1-20; color [200,50,255]; delay 1.0; moveto /* time, axisAngle */ 1.5 { -552 -693 464 77.69} /* zoom, translation */  351.79 -68.46 -18.27  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; delay 1.0; select :d and 35-37; color [50,200,50]; delay .3; color [140,170,255]; delay .3; color [50,200,50]; delay .3; color [140,170,255]; delay .3; color [50,200,50]; delay .3; color [140,170,255]; delay .3; color [50,200,50]; delay 1.0; moveto /* time, axisAngle */ 1.0 { -485 -596 640 83.18} /* zoom, translation */  86.96 -4.81 2.67  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; delay 1.0;  for(var i=24; i<47; i=i+1){select :c and resno<i; cartoon 1.5; select :d and resno> @{58-i}; cartoon 1.5; delay .1};for(var i=47; i<59; i=i+1){select :c and resno<i; cartoon 1.5; delay .1};for(var i=59; i<75; i=i+1){select :c and resno<i; cartoon 1.5; select :d and resno> @{71-i}; cartoon 1.5; delay .1};


4. One strand of the opened DNA, known as the “target strand”, lines up directly with the “spacer” of the guide RNA, almost as if the spacer is trying to test if it is complementary to the DNA, and can form A-T/G-C base-pairs.  
[highlight basepairing between the target and spacer]
Exit; spin off; Select all; spacefill only; spacefill off; select protein; spacefill; color white; select :a; cartoon 1.5; color orange; select protein and 775-950; spacefill off; select :c; color blue; cartoon 1.5; select :d; color [140,170,255]; cartoon 1.5; select :a and 1-20; color [200,50,255]; delay 1.0;  moveto /* time, axisAngle */ 1.0 { -560 -635 532 85.37} /* zoom, translation */  305.91 -15.03 22.19  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0;



5. Keeping in mind where the purple “spacer” section of the guide RNA originally came from, what would it mean if they were indeed complementary?
[No Jmol functionality here]

6. It would mean that the DNA being scanned matches the sequence of the virus that previously infected the bacteria, and that the same virus has come attacking again!  Now what does that poor bacteria do?!
[have basepairs flash or something?]
Delay 1.0; moveto /* time, axisAngle */ 2.0 { -485 -596 640 83.18} /* zoom, translation */  86.96 -4.81 2.67  /* center, rotationRadius */ {67.967 52.178 67.8505} 103.28172 /* navigation center, translation, depth */ {0 0 0} 0 0 0 /* cameraDepth, cameraX, cameraY */  3.0 0.0 0.0; delay 1.0;  




*** NOTE: Need to find a way to mention why the PAM exists. . . so the Cas9 doesn’t cut the bacterial genome at the spacer locations ***
*** NOTE: Need to find a way to discuss the “repeat”. . . I think. . . 
I think you are trying to make this too clear…….  It is complicated, and we should honor that complexity.  



Part 3: Making the Cut:  (for this first part, do not show the tetraloop)

=============================================================
VIDEO:  
So our Cas9 protein, equipped with a guide RNA that includes a small sequence originally obtained from a virus, was able to find a section of DNA with that same sequence. . . implying that the DNA it found is from that same type of virus it had encountered in the past, and that is invading again!
So now what?  Does the Cas9 protein run away and hide?  Does it tell other proteins to fix the problem and then bow out?  Or does it take this virus invasion into it’s own hands? …or an alternative sentence / you choose….  Or does it deal with this virus invasion on its own?
Let’s see what happens next. . . 
=============================================================

1. If the target DNA strand being compared to the purple spacer is not complementary, then it is not from the original virus, and the Cas9 simply lets go of it.
[ show basepairs not lining up and DNA fading away]

2. BUT if it is complementary, the protein undergoes a conformational change (a change in shape) that triggers the movement of the HNH and RuvC domains close to the two backbones of the two DNA strands.
[switch to “poised for cleavage” PDB file?]

3. Each of these two domains contains a separate “nuclease” active site that can cut a single strand of strands of the double-stranded DNA, exactly four nucleotides downstream away from the NGG PAM sequence.
[animate DNA being split. . . fade away protein to show just the DNA?]

4. This is a “blunt-ended” double-stranded cut, meaning there are no exposed un-paired nucleotides on either side of the cut site. . . making it incredibly hard for the DNA to be repaired,… at least without introducing errors.
[flash the blunt ends of the cut DNA]

5. In this way, the amazing Cas9 protein serves as the judge, jury, and executioner of this poor invading virus.  ….NICE!!!
- As the judge, it lines up the evidence (positioning the DNA for examination)
- As the Jury, it determines guilt (using the guide RNA to confirm that the DNA is from an infecting virus)
- As the executioner, it destroys the viral DNA (using the two nuclease domains to cut the viral DNA).
[No Jmol functionality here]























Part 4: Genome Engineering:  

=============================================================
VIDEO:  
The way Cas9 works is absolutely amazing, and I tend to feel less evolved every time I learn something new about bacteria. . . But in this last section, we’ll discuss how this natural protein is being adapted to do even more in the lab. . . And maybe someday soon, revolutionize medicine and even how we as a species choose to evolve.
=============================================================

. . . More coming soon. . . 
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