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Abstract 
Protein kinases (PKs) play a key role in regulating cellular processes. Kinase dysfunction can 

lead to disease, thus kinases are important targets for drug design and a fundamental class of 

pharmacological targets for anti-cancer therapy. Among protein kinases, B-Raf and c-Src are 

remarkably interesting as anticancer drug targets because of their important role in cancer onset 

(B-Raf) and progression (c-Src). This thesis is mainly focused on the characterization of the 

molecular mechanism at the basis of the regulation and inhibition of these remarkable PKs. By 

using nuclear magnetic resonance (NMR) and molecular dynamics simulations (MD) we have 

studied in great details their activation dynamics, their inhibition and the effect of clinically-

relevant oncogenic mutations on their structure and dynamics. C-Scr was the first viral 

oncogenic protein discovered, is involved in metastasis and is mutated in 50% of colon, liver, 

lung, breast and pancreas tumours. Upon phosphorylation, various conserved structural 

elements, including the activation loop, switch from an inactive to an active form able to bind 

ATP and phosphorylate a substrate in a cellular signalling process leading to cell replication. In 

this thesis, we will discuss how phosphorylation drastically changes the dynamics of the C-lobe 

in c-Src by NMR analysis, a phenomenon not easily accessible by structural crystallographic 

studies.  

The second part of the thesis will be focused on B-Raf, a protein serine/threonine kinase. B-Raf 

kinase is a key target for the treatment of melanoma, since a single mutation (V600E) is found 

in more than 50% of all malignant melanomas. Despite their importance, the molecular 

mechanisms explaining the increased kinase activity in this mutant remains elusive. As kinase 

activity is often tightly regulated by one or more conformational transitions between an active 

and an inactive state, which are difficult to be observed experimentally, molecular dynamics 

simulations are often useful to interpret the experimental results. In this project, we will 

examine the mechanism by which the V600E mutation enhances the activity of the B-Raf 

monomer. We will also employ a combination of MD techniques with NMR experiments to 

fully map the effects of the mutation on the conformational landscape of B-Raf. An 

understanding at the atomic level of the mechanisms leading to their activation and inhibition is 

an extremely important goal in anti-cancer drug discovery. A better understanding of these 

proteins' mechanisms might lead to more potent and less toxic drugs. 

Finally, I report on the studies of a much small domain often associated with PKs in regulatory 

pathways: the WW domain from PQBP. By using a combination of MD simulations and NMR, 

we have characterized the effect of a pathogenic mutation on its folding landscape. 
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  Appendix  

Table 1. Backbone 1H, 15N and 13C NMR assignment of c-Src catalytic domain (residues 248-

533) 0.2 mM in phosphate buffer 20 mM at pH 6.4, NaCl 0.5 M, TCEP 1mM, NaN3 0.03%, 

MgCl2 1mM, T=293K. The table also indicates peaks which appear to be doubled (existing in a 

minor and a major form) and those, which disappear or weaken upon protein phosphorylation. 

This table is a hard copy of the original table. Assignment made by Dr. Nicola D’Amelio. 
  
 

Residue res  HN  N  Cα  Cβ  C’ Doubled  Disappear/weaken 
 type           (dd)  in SrcP (d) 

248 gly  -  -  -  -  -    
249 his  -  -  -  -  -    
250 met  -  -  -  -  -    
251 gln  8.53  122.4  56.5  28.8  176.3    
252 thr  8.22  115.7  62.2  69.6  174.6    
253 gln  8.44  122.8  56.2  29.3  176.4    
254 gly  8.42  110.3  45.2  -  174.0    
255 leu  8.10  121.8  55.1  42.5  177.2    
256 ala  8.29  125.2  52.5  19.3  177.7    
257 lys  8.27  120.9  56.4  32.9  176.3    
258 asp  8.42  122.2  53.8  42.0  -    
259 ala  -  -  -  -  177.8    
260 trp  8.43  118.3  58.2  29.2  -    
261 glu  -  -  56.9  -  177.7    
262 ile  8.16  120.4  58.9  39.8  -    
263 pro  -  -  62.0  -  179.6    
264 arg  9.40  129.4  60.0  29.6  178.0    
265 glu  9.36  114.9  58.5  27.8  176.9    
266 ser  7.87  115.3  59.9  63.8  173.2    
267 leu  7.88  123.4  53.3  45.4  175.9    
268 arg  8.52  121.3  54.8  32.3  174.8    
269 leu  8.77  129.5  57.3  39.4  176.3    
270 glu  8.73  122.8  58.9  31.5  176.3    
271 val  8.14  117.9  61.4  36.5  173.3    
272 lys  8.55  131.8  57.5  30.5  175.8    
273 leu  9.27  129.7  55.4  42.5  177.8    
274 gly  7.69  105.8  45.3  -  171.0    
275 gln  8.37  116.9  55.3  31.3  174.4    
276 gly  8.38  111.1  44.4  -  -    
277 cys  -  -  60.3  32.1  176.7    
278 phe  8.39  118.8  51.0  40.5  174.7    

          
279 gly  7.05  106.3  45.4  -  172.5    
280 glu  8.31  118.7  55.4  33.8  175.2    
281 val  8.25  119.9  62.0  33.1  174.9    
282 trp  9.80  127.3  56.5  31.8  175.5    
283 met  9.79  121.2  54.9  34.5  176.5    
284 gly  9.01  115.4  46.0  -  172.3    
285 thr  8.63  114.8  61.2  71.7  173.4    
286 trp  9.75  129.4  53.5  32.3  175.4    
287 asn  9.63  124.8  54.3  35.9  175.5    
288 gly  8.99  106.0  46.1  -  175.2    
289 thr  7.54  109.2  62.4  71.1  174.6    
290 thr  7.92  120.4  63.0  70.4  173.3    
291 arg  9.23  131.6  57.0  29.3  175.3    
292 val  8.55  116.8  60.2  35.9  174.0    
293 ala  8.69  122.8  50.7  20.4  176.4    
294 ile  9.47  121.4  60.8  41.4  174.6    
295 lys  9.31  128.5  55.6  33.7  -    
296 thr  -  -  -  -  -    
297 leu  -  -  -  -  -    
298 lys  -  -  -  -  -    
299 pro  -  -  64.3  31.4  177.5    
300 gly  9.08  111.9  45.3  -  -    
301 thr  7.99  112.4  -  -  -    
302 met  -  -  -  -  -    
303 ser  -  -  -  -  -    
304 pro  -  -  66.2  -  178.0    
305 glu  8.57  115.3  60.1  28.5  179.0    
306 ala  7.78  122.7  54.8  18.1  -    
307 phe  -  -  -  -  -    
308 leu  -  -  -  -  -    
309 gln  -  -  -  -  -    
310 glu  -  -  -  -  -    
311 ala  -  -  -  -  -    



	
	

312 gln  -  -  -  -  -    
313 val  -  -  -  -  -    
314 met  -  -  -  -  -    
315 lys  -  -  -  -  177.6    
316 lys  7.11  115.6  56.1  32.4  -    
317 leu  -  -  -  -  -    
318 arg  -  -  -  -  -    
319 his  -  -  57.6  33.1  174.9    
320 glu  7.74  124.8  59.3  29.5  176.6    
321 lys  10.46  118.5  53.3  29.9  174.6    
322 leu  7.92  120.8  53.7  43.2  -    
323 val  -  -  -  -  -    
324 gln  -  -  54.8  -  175.6    
325 leu  8.52  125.3  56.0  42.5  175.8    
326 tyr  9.31  123.9  55.2  39.0  -    
327 ala  -  -  -  -  -    
328 val  -  -  60.1  36.4  173.7    
329 val  8.53  121.9  -  -  -    
330 ser  -  -  60.1  62.3  173.5    
331 glu  6.72  119.8  54.2  31.4  175.1    
332 glu  8.57  122.5  -  -  -    
333 pro  -  -  -  -  -    
334 ile  -  -  -  -  -    
335 tyr  -  -  52.6  42.5  176.1    
336 ile  9.16  120.0  62.5  -  174.7    
337 val  8.64  128.7  61.6  -  175.6    
338 thr  9.59  119.5  59.8  73.4  -    
339 glu  -  -  -  -  -    
340 tyr  -  -  -  -  -    
341 met  -  -  -  -  -    
342 ser  -  -  -  -  176.0    
343 lys  8.40  120.0  55.2  31.1  177.0    
344 gly  7.16  106.0  45.0  -  172.5    
345 ser  8.80  115.1  57.8  64.6  176.3    
346 leu  9.45  126.0  57.4  40.6  177.4    
347 leu  6.78  117.2  58.1  40.9  176.8    
348 asp  7.18  115.8  57.0  39.7  179.0    
349 phe  8.56  123.3  60.8  39.1  178.3 dd   
350 leu  8.51  116.8  57.5  42.0  176.8 dd  d 
351 lys  7.09  112.1  57.3  33.2  177.8 dd   
352 gly  7.22  107.6  44.5  -  175.1    
353 glu  8.64  118.8  59.5  29.4  178.4 dd   
354 met  8.53  114.6  56.7  30.8  179.2 dd   
355 gly  7.38  107.4  46.8  -  176.4 dd   
356 lys  7.40  118.5  58.2  31.4  177.5 dd   
357 tyr  7.31  116.0  58.0  38.1  176.3 dd   
358 leu  7.19  119.4  55.8  42.8  176.9 dd   
359 arg  8.61  121.5  53.2  32.7  - dd   
360 leu  -  -  -  -  -    
361 pro  -  -  66.8  29.9  179.7    
362 gln  7.25  115.1  59.6  29.0  178.0 dd   
363 leu  7.80  119.6  58.3  41.5  179.2   d 
364 val  8.90  118.9  67.0  31.4  177.0 dd  d 
365 asp  7.58  120.8  58.0  41.5  179.1 dd   
366 met  8.22  118.7  60.9  -  - dd  d 
367 ala  -  -  55.6  -  179.0    
368 ala  9.07  121.9  56.7  17.2  180.7   d 
369 gln  8.34  119.9  60.3  -  -    
370 ile  -  -  61.6  -  178.2    
371 ala  8.25  119.6  -  -  178.0 dd   
372 ser  8.01  113.0  60.6  -  178.4    
373 gly  7.84  108.2  47.5  -  -    
374 met  -  -  53.8  35.8  178.3    
375 ala  8.86  125.0  55.0  -  180.6   d 
376 tyr  7.26  122.7  61.6  36.6  -    
377 val  -  -  67.8  30.9  177.4    
378 glu  8.83  118.8  59.4  31.3  -    
379 arg  -  -  -  -  177.6    
380 met  7.71  116.9  54.0  30.3  175.9    
381 asn  7.96  113.5  55.1  37.1  -    
382 tyr  -  -  -  -  -    
383 val  -  -  -  -  -    
384 his  -  -  -  -  -    

 



	
	

385 arg  -  -  -  -  -    
386 asp  -  -  -  -  -    
387 leu  -  -  56.4  41.1  173.6    
388 arg  6.65  115.9  54.6  30.2  176.5    
389 ala  10.36  127.2  56.5  -  178.8    
390 ala  9.61  118.9  54.5  -  -    
391 asn  -  -  58.7  -  176.9    
392 ile  7.34  118.3  56.8  -  175.4    
393 leu  8.82  126.8  53.0  -  174.6    
394 val  8.52  120.4  60.6  32.8  175.3    
395 gly  8.82  115.1  43.1  -  173.4    
396 glu  8.28  118.8  56.8  29.1  177.9    
397 asn  9.17  117.2  54.7  37.1  174.2    
398 leu  8.46  111.7  56.0  37.9  175.6    
399 val  6.72  118.8  62.6  32.1  175.2    
400 cys  8.12  123.6  57.6  31.0  172.7    
401 lys  8.54  114.1  54.2  38.4  175.3    
402 val  8.82  122.7  -  31.0  -    
403 ala  -  -  -  -  -    
404 asp  -  -  -  -  -    
405 phe  -  -  -  -  -    
406 gly  -  -  -  -  -    
407 leu  -  -  -  -  -    
408 ala  -  -  -  -  -    
409 arg  -  -  -  -  -    
410 leu  -  -  -  -  -    
411 ile  -  -  -  -  -    
412 glu  -  -  -  -  -    
413 asp  -  -  -  -  -    
414 asn  -  -  -  -  -    
415 glu  -  -  -  -  -    
416 tyr  -  -  -  -  -    
417 thr  -  -  -  -  -    
418 ala  -  -  -  -  -    
419 arg  -  -  -  -  -    
420 gln  -  -  -  -  -    
421 gly  -  -  -  -  -    
422 ala  -  -  -  -  -    
423 lys  -  -  -  -  -    
424 phe  -  -  -  -  -    
425 pro  -  -  -  -  -    
426 ile  -  -  -  -  -    
427 lys  -  -  -  -  -    
428 trp  -  -  -  -  -    
429 thr  -  -  -  -  177.9    
430 ala  8.94  120.9  -  -  - dd   
431 pro  -  -  65.4  30.3  176.9    
432 glu  9.04  114.8  58.7  25.5  177.7    
433 ala  6.63  126.6  54.1  -  177.0    
434 ala  7.57  120.1  54.7  -  -    
435 leu  -  -  -  -  178.8    
436 tyr  6.22  112.3  -  -  176.6    
437 gly  7.34  108.8  46.3  -  174.1    
438 arg  7.19  121.8  55.0  28.3  174.3   d 
439 phe  8.20  125.3  57.6  39.0  -   d 
440 thr  -  -  -  -  -    
441 ile  -  -  -  -  -    
442 lys  -  -  55.8  -  182.2    
443 ser  8.61  120.4  61.9  -  -    
444 asp  -  -  58.7  39.6  179.4    
445 val  8.27  123.3  67.4  30.7  178.0    
446 trp  7.45  121.3  61.6  27.3  179.7 dd  d 
447 ser  8.64  116.2  62.1  63.8  176.6   d 
448 phe  9.41  123.7  62.0  38.6  176.9    
449 gly  8.53  107.2  47.4  -  176.0    
450 ile  8.10  119.7  63.0  -  180.5   d 
451 leu  9.54  129.3  59.0  -  179.8   d 
452 leu  8.51  119.1  58.6  -  180.6   d 
453 thr  7.97  114.1  66.2  68.3  176.2   d 
454 glu  7.75  125.0  61.1  31.0  178.7 dd  d 
455 leu  8.37  116.5  58.8  42.2  177.9   d 
456 thr  7.56  103.4  64.5  70.2  175.4    
457 thr  7.48  109.3  61.7  69.3  174.3    

 



	
	

 

458 lys  7.95  118.3  58.4  28.8  175.2 dd   
459 gly  9.27  103.2  45.3  -  173.6 dd   
460 arg  7.49  122.7  56.6  29.5  176.5 dd   
461 val  8.20  127.6  60.7  32.3  - dd   
462 pro  -  -  62.3  32.4  174.4    
463 tyr  7.49  114.8  57.4  36.6  -    
464 pro  -  -  64.1  30.2  178.8    
465 gly  8.84  111.4  45.0  -  173.8    
466 met  7.97  119.8  55.2  34.9  176.6    
467 val  8.59  118.3  60.6  32.5  -    
468 asn  -  -  57.1  -  177.5    
469 arg  8.55  116.1  58.7  29.1  -    
470 glu  -  -  57.3  31.5  177.4    
471 val  7.28  118.8  66.8  31.0  -    
472 leu  -  -  58.2  40.9  178.6    
473 asp  7.95  117.6  57.5  40.7  178.8    
474 gln  7.80  116.1  59.1  26.1  179.6    
475 val  9.07  120.7  66.2  -  181.7    
476 glu  8.60  124.3  59.8  -  177.8    
477 arg  7.27  116.2  57.0  30.2  176.6    
478 gly  7.71  106.1  45.0  -  174.2    
479 tyr  8.34  124.2  60.8  38.6  175.8    
480 arg  6.94  126.0  52.3  32.7  174.3    
481 met  7.72  119.5  55.7  33.4  -    
482 pro  -  -  -  -  -    
483 cys  -  -  -  -  -    
484 pro  -  -  -  -  -    
485 pro  -  -  64.4  31.5  177.8    
486 glu  8.70  115.5  58.6  28.1  174.3 dd   
487 cys  7.91  122.6  56.0  28.7  -    
488 pro  -  -  -  -  -    
489 glu  -  -  -  -  -    
490 ser  -  -  60.6  62.0  177.7    
491 leu  7.47  123.5  56.6  41.7  178.4    
492 his  7.57  121.6  59.5  30.6  177.6   d 
493 asp  9.20  121.1  57.4  40.1  178.3    
494 leu  6.75  120.0  56.5  41.2  179.3    
495 met  7.46  118.6  60.0  29.9  175.9   d 
496 cys  7.53  111.9  63.6  26.0  178.4    
497 gln  7.54  121.2  59.6  27.6  178.3    
498 cys  6.99  116.1  62.9  25.2  173.7   d 
499 trp  6.52  111.8  52.0  26.5  176.2   d 
500 arg  6.84  119.2  56.9  29.1  177.7   d 
501 lys  9.03  124.5  60.6  32.3  -    
502 asp  -  -  -  -  -    
503 pro  -  -  65.0  32.7  178.6    
504 glu  8.22  111.7  58.1  28.5  178.1    
505 glu  7.77  115.8  56.1  30.2  177.0    
506 arg  7.36  121.0  54.9  29.3  -    
507 pro  -  -  62.2  32.6  173.9    
508 thr  7.37  104.7  59.5  70.3  -    
509 phe  -  -  63.8  -  178.7    
510 glu  8.42  121.0  60.3  29.6  178.8    
511 tyr  8.30  122.1  61.3  37.2  177.6    
512 leu  8.43  120.7  58.3  -  177.9    
513 gln  8.87  117.8  60.5  26.8  177.0 dd  d 
514 ala  7.22  120.3  55.2  17.7  179.6 dd   
515 phe  8.61  118.7  60.4  38.7  179.0   d 
516 leu  8.27  118.0  57.6  -  179.1   d 
517 glu  8.62  119.9  59.8  29.1  178.5    
518 asp  7.45  116.3  54.1  40.6  177.2    
519 tyr  7.09  122.9  63.0  39.6  176.8 dd   
520 phe  8.70  114.5  60.5  37.4  174.5 dd   
521 thr  7.69  112.8  63.8  68.8  175.5    
522 ser  8.20  114.8  60.0  63.2  -    
523 thr  -  -  -  -  -    
524 glu  -  -  -  -  -    
525 pro  -  -  64.1  31.5  177.8    
526 gln  8.49  118.6  55.2  28.3  175.5    
527 tyr  7.68  122.2  59.8  38.4  175.0 dd   
528 gln  7.79  127.3  52.4  30.2  -    
529 pro  -  -  60.5  32.6  178.6    
530 gly  9.00  113.0  44.3  -  -    

 
531 glu  -  -  -  -  - 
532 asn  -  -  54.2  40.6  173.7 
533 leu  7.90  125.0  56.2  45.2  - 

 



	
	

Table 2. Tentative backbone 1H, 15N and 13C NMR assignment of the activation loop (and 

parts of αC helix) for phosphorylated c-Src catalytic domain 0.3 mM in phosphate buffer 20 

mM at pH 6.4, NaCl 0.5 M, TCEP 1mM, NaN3 0.03%, MgCl2 1mM, T=293K. Assignment is 

based on both inter-residues connectivity and SPARTA+ chemical shift prediction (see 

experimental part), in the assumption that new spin systems detected upon Src phosphorylation, 

arise from the activation loop or the αC helix. This table is a hard copy of the original table of 

the assignment. Assignment made by Dr. Nicola D’Amelio. 
 

 



	
	

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
	

Table 3. 1H, 15N, and 13C backbone assignment of Y65C mutant of WW domain from 

PQBP1. Chemical shifts were referenced to internal DSS. Proteins concentration was 0.5 mM 

in 20 mM phosphate buffer at pH 6.5, 0.17mM NaCl. T=278 K. Residues highlighter with a 

star are temptatively assigned. Amide assignment of the wt protein and the oxidized form of the 

mutant are also reported. This table is a hard copy of the original table of the assignment. 

Assignment made by Dr. Nicola D’Amelio. 
 

   Y65C Mutant reduced     Y65 oxidized  Wt WW domain 
 

                   
 

Res  HN   N  Cα Cβ  Hα  HN  N  HN  N 
 

gly47  -   -  43.0 -  3.81  -  -  -  - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

leu48 8.64  122.4 53.0 41.4 4.61 8.64 122.4 - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

pro49 -  - - - - - - - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

pro50 -  - 63.2 32.0 4.26 - - - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

ser51 8.46  114.6 59.4 63.3 4.35 8.46 114.6 - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

trp52* 8.05  122.5 53.2 29.5 4.64 8.05 122.5 - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

tyr53* 7.49  120.2 53.2 38.8 4.32 - - - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

lys54* 8.37  124.1 56.0 33.2 4.18 - - - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

val55* 7.95  120.1 62.3 32.4 4.17 7.95 120.1 - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

phe56* 8.32  125.5 57.8 39.2 4.31 8.32 125.5 - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

asp57* 8.17  124.1 50.6 41.1 4.82 8.17 124.1 - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

pro58 -  - 63.7 - 4.26 - - - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

ser59 8.49  114.8 59.6 63.3 4.34 8.60 115.6 8.53 114.7 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

cys60 7.84  118.7 58.9 28.1 4.49 7.82 117.7 7.72 118.2 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

gly61 8.31  110.2 45.3 - 3.97 8.78 112.5 8.35 109.6 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

leu62 7.95  122.1 52.7 41.4 4.51 7.95 122.1 - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

pro63 -  - - - - - - - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

tyr64 -  - - - 4.38 - - - - 
 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

 

 

 
 

cys65* 8.21  124.3 57.7 28.0 4.50 8.21 124.3 - - 
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                      Table 4. Raw CSI values measured for wt and Y65C mutant of WW domain, T=278K.  

	 wt	WW	 Y65C	mutant	
Res	num	 res	type	 HA	 CA	 CB	 HA	 CA	 CB	

47	 G	 -0.160	 -2.000	 -	 -0.160	 -2.000	 -	
48	 L	 -	 -	 -	 0.440	 -2.700	 -0.500	
49	 P	 -	 -	 -	 -	 -	 -	
50	 P	 -	 -	 -	 -0.180	 0.300	 0.300	
51	 S	 -	 -	 -	 -0.150	 1.100	 0.600	
52	 W	 -	 -	 -	 -0.060	 -4.600	 1.200	
53	 Y	 -	 -	 -	 -0.280	 -5.400	 0.100	
54	 K	 -0.170	 -0.600	 -	 -0.180	 -0.700	 0.900	
55	 V	 0.220	 -0.700	 0.700	 0.220	 -0.700	 0.700	
56	 F	 -	 -	 -	 -0.350	 -0.100	 -0.100	
57	 D	 -	 -	 -	 0.060	 -3.500	 0.300	
58	 P	 -	 -	 -	 -0.180	 0.800	 -	
59	 S	 -0.150	 -	 -	 -0.160	 1.300	 0.600	
60	 C	 -0.290	 -	 -	 -0.160	 0.600	 -0.500	
61	 G	 -0.010	 0.400	 -	 0.04	 0.300	 -	
62	 L	 -	 -	 -	 0.340	 -3.000	 -0.500	
63	 P	 -	 -	 -	 -	 -	 -	
64	 Y	 -	 -	 -	 -0.220	 -	 -	
65	 Y	 -	 -	 -	 -0.150	 -0.600	 -0.600	
66	 W	 -	 -	 -	 -0.060	 -0.500	 1.200	
67	 N	 -	 -	 -	 -	 4.100	 0.400	
68	 A	 -	 -	 -	 -0.380	 0.500	 0.20	
69	 D	 -	 -	 -	 -0.240	 0.700	 -0.100	
70	 T	 -0.130	 -1.000	 1.400	 -0.130	 -1.000	 1.400	
71	 D	 -	 -	 -	 -0.210	 0.400	 0.20	
72	 L	 -	 -	 -	 0.120	 -0.400	 0.700	
73	 V	 0.020	 -0.200	 -	 0.070	 -0.300	 0.800	
74	 S	 -	 -	 -	 -0.120	 0.100	 0.800	
75	 W	 -	 -	 -	 -0.060	 -3.300	 1.200	
76	 L	 -	 -	 -	 0.120	 -1.100	 0.600	
77	 S	 -	 -	 -	 0.060	 -2.200	 0.600	
78	 P	 -	 -	 -	 -0.030	 0.200	 0.200	
79	 H	 -0.080	 -0.500	 -1.900	 -0.090	 -0.300	 -2.000	
80	 D	 -0.010	 -2.500	 0.300	 -0.010	 -2.500	 0.300	
81	 P	 -	 -	 -	 -0.030	 0.600	 0.400	
82	 N	 0.030	 -0.400	 -0.200	 0.030	 -0.400	 -0.200	
83	 S	 -0.240	 1.800	 2.100	 -0.240	 1.800	 2.100	
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   Abbreviations 

 
ADP: Adenosine diphosphate 

A-LOOP: Activation loop 

ATP: Adenosine triphosphate 

CD: Circular dichroism 

CML: Chronic myelogenous (or myeloid or myelocytic) leukemia  

CRD: Cysteine rich domain  

CVs: Collective variables  

DNA: Deoxyribonucleic acid 

DFG: Asp-Phe-Gly motif 

DSPs: Dual-specificity phosphatases  

FE: Free energy  

FES: Free Energy Surfaces  

GF: Growth factor 

GIH: Golabi-Ito-Hall 

HSQC: Heteronuclear single quantum coherence or heteronuclear single 

quantum correlation 

KD: Equilibrium dissociation constant  

MD: Molecular dynamics 

MAPK or MAP kinase: Mitogen-activated protein kinase 

MetaD: Metadynamics  

MS: Mass spectroscopy 

NMR: Nuclear magnetic resonance spectroscopy 

NOESY: Nuclear Overhauser effect spectroscopy  

NOE: Nuclear Overhauser Effect  
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PK: Protein kinase 

PKA: Protein kinase A 

PQBP1: Polyglutamine Binding Protein 1  

PSTPs: Protein serine/threonine phosphatases  

PTPs: Protein tyrosine phosphatases  

PTC: Papillary thyroid carcinoma 

PTMetaD: Parallel Tempering Metadynamics  

RAF: Proto-oncogene serine/threonine-protein kinase 

Raf: Rapidly accelerated fibrosarcoma 

RTK: Receptor tyrosine kinases  

RBD: Ras binding domain  

STK: Serine threonine kinase 

TROSY: Transverse relaxation – optimized spectroscopy 

WT: Wild type 

WTE: Well-tempered ensemble  
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  CHAPTER 1 

 

INTRODUCTION AND THESIS 

OVERVIEW 
 

1.1 Protein Kinases and their importance in cancer 
 

 

Protein kinases (PKs) catalyse phosphorylation, the transfer of a phosphate group from ATP 

to a substrate protein, which is necessary for regulating the activity of many enzymes in the 

cell, including many kinases themselves. Kinase proteins play a key role in signalling 

pathways that control cellular processes such as cell growth, proliferation, and 

differentiation. The activity of kinases is regulated by a tightly controlled transition between 

an active state and a catalytically inactive state. Their deregulation is related to several 

human diseases, including diabetes inflammation, cardiovascular diseases and cancer.  

Indeed, the role of PKs in the regulation of the cell cycle, cell proliferation and apoptosis, 

make them the most important target family for anti-cancer treatments [1,2]. 

Phosphorylation usually results in a functional change of the target protein (substrate) 

affecting enzyme activity, cellular location, or the association with other proteins. Fifty 

distinct kinase families are conserved between yeast, invertebrate and mammalian kinomes 

presiding over a number of essential functions across different species. The human genome 

contains about 500 kinase genes and they constitute about 2% of all human genes. Up to 

30% of all human proteins may be modified by kinase activity, and kinases are known to 

regulate the majority of cellular pathways, especially those involved in signal transduction. 

Protein kinases are also found in bacteria and plants.  
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PKs are very flexible, and both their activity and regulation is influenced by coupled 

movements spanning different timescales [3]. While fast and localized atomic vibrations 

might be involved in the catalytic activity of PKs, slower long-range conformational 

changes are crucial to their regulation [4]. Understanding the dynamics of protein kinases in 

great details is crucial to gain a deeper understanding of their behaviour, and I will discuss 

how this can help in the rational design of more effective drug-like inhibitors.   

 

 

                        
 

 

Figure 1.1: Protein kinases squeme. Protein kinases catalyse the transfer of a phosphate 

moiety to a substrate protein. 

 

 

    1.1.1   Protein Kinases: Human Protein Kinases Overview 
 

 

Of the 518 human protein kinases, 478 belong to a single superfamily whose catalytic 

domains are related in sequence. These can be clustered into groups, families and sub-

families, of increasing sequence similarity and biochemical function. The kinase 

dendrogram (Figure 1.2) shows the sequence similarity between these catalytic domains: the 

distance along the branches between two kinases is proportional to the divergence between 

their amino acid sequences. The relationships shown on the tree can in some instances be 

used to predict protein substrates and biological function for many of the over 100 kinases 
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that are still uncharacterized. The dendrogram shows seven major groups, which are labelled 

and coloured distinctly: AGC, CAMK, CK1, CMGC, STE, TK and TKL.  

 

The AGC group is named after the Protein Kinase A, G and C families, and is formed by 

serine-threonine kinases that phosphorylate the OH of an amino acid  

serine or threonine of the substrates [5]. The Calcium/Calmoduline-dependent kinases 

(CAMK) are serine- threonine proteins regulated by a Calcium/Calmoduline complex [8]. 

The Casein Kinases 1 (CK1), are also acting on serine and threonine and are regulators of 

signal transduction pathways [5]. The CMGC group contains key kinases like CDK, 

MAPK, GSK3 and CLK. MAP kinases control cell growth and stress response, the CDK 

(cyclin dependent kinases) are in charge of the cell cycle and the others are involved in 

splicing and metabolism [5]. The STE group is formed by three families, STE7, STE11 

and STE20, which m u t u a l l y  activate before activating the MAPK family [55]. The 

Tyrosine Kinase family (TK) is so-called because these proteins attach the ATP phosphate 

group to the amino acid tyrosine of their substrates  [5]. 
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Figure 1.2: The human kinome.  
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Figure 1.2: The human kinome. Publicy available human protein kinase structures are 

shown as black circles. Coloured circles represent the most important 23 PKs. Kinome 

illustration reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com). 

 

Tyrosine kinases are further divided into two main families:  the non- receptor tyrosine 

kinases, localized in the cytoplasm, and the receptor tyrosine kinases (RTKs) localized on 

the cell membrane. RTKs are constituted by three domains: an extracellular, a 

transmembrane and an intracellular catalytic domain. The binding of a ligand, to the 

extracellular domain of the enzyme, causes conformational changes all along their structure 

determining their activation. The active enzyme is then able to bind and phosphorylate 

cytoplasmic substrates [6]. The phosphorylation of intracellular proteins triggers a cascade 

of events, determining the transduction of the signals directly to the nucleus, where gene 

expression is regulated.   In a similar way, the non-receptor tyrosine kinases mediate diverse 

cellular functions by phosphorylating enzymes in the cytoplasm. One protein belonging to 

the TK family, c-Src, is particularly interesting due to its biomedical and historical 

importance [7] and has been studied in great details in this thesis. Finally, the Tyrosine 

Kinase Like group (TKL) includes a few unrelated families that share some similarity to 

members of the TK group but are predominantly serine/threonine kinases [8]. B-Raf is a 

prominent member of this group. 

 

 

    1.1.2   Protein Kinases: evolution of dynamic regulatory proteins 
 

 

Eukaryotic protein kinases evolved as a family of highly dynamic molecules with strictly 

organized internal architecture. In the catalytic domain, a single hydrophobic F-helix serves 

as a central scaffold for assembly of the entire molecule. Two non-consecutive hydrophobic 

structures, which are usually referred to as: ‘‘spines’’ (see Figure 2.1, right panel). Anchor 

all the elements important for catalysis to the F-helix. They make firm, but flexible, 

connections within the molecule, providing a high level of internal dynamics in the catalytic 

domain of the protein kinase. During the course of evolution, protein kinases developed a 

universal regulatory mechanism associated with a large activation segment that can be 

dynamically folded and unfolded in the course of cell functioning (the segment includes the 
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activation-loop or “A-loop”, see Figure 2.1). Protein kinases thus represent a unique, highly 

dynamic, and precisely regulated set of switches that control most biological events in 

eukaryotic cells.  

 

 

1.1.2.1   Internal architecture of protein kinases 
 

 

N-lobe  
 

 

Each kinase consists of two structurally and functionally distinct lobes that contribute in 

unique ways to both catalysis and regulation, and the concerted way in which these two 

lobes interface is quite distinct compared to most metabolic kinases, such as hexokinase or 

the ATPases. The smaller N-lobe is dominated by a five-stranded b-sheet, which is coupled 

to a helical subdomain that typically consists of the C-helix (Figure 1.3).  

 

 

αC-helix 
 

 

The αC-helix is a unique, very dynamic regulatory element in the protein kinase molecule. 

In terms of sequence, it belongs to the N-lobe, but occupies a strategically important 

position between the two lobes. The αC-helix connects to many different parts of the 

molecule, thus serving as a ‘‘signal integration motif’’ [8]. 
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Figure 1.3: Structural overview of a kinase catalytic domain. The main regulatory 

elements are marked. 

 

 

Positioning the N-terminus of the C-helix for efficient catalysis is one of the critical steps 

that must be achieved by activation of a kinase, and the distance between the N terminus of 

the C-helix and the activation loop is a gauge that defines the open and closed conformations 

that are essential for catalysis [9]. In inactive kinases, the N terminus of the C-helix is 

sometimes disordered, but in other cases it is simply rotated into a position that is 

suboptimal for catalysis. In the active state, when the C-helix is bound to the b sheet core, 

the N-lobe moves as a rigid body that opens and closes as part of the catalytic cycle. The 

Gly-rich loop, which is quite flexible, even when the kinase is activated, moves together 

with the N-lobe independently of whether the kinase is open or closed. The only exception 

in the N lobe is the αC –bC ch loop, which ghtly anchored to the C lobe [10,11]. 
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C-lobe        

 

The large lobe contains mostly helices (Figure 1.3). The helical subdomain, which is 

extremely stable, forms the core of the kinase and also serves as a tethering surface for 

protein/peptide substrates. Based on H/D exchange, the backbone amides of the core helices 

(D, E, F, and H) are well shielded from solvent [12,13]. The exception is the G-helix, which 

is solvent-exposed. The C-terminal contains a flexible activation loop, typically 20–30 

amino acids in length and marked by a conserved Asp-Phe-Gly (“DFG”) motif at the start, 

which is the catalytic machinery associated with transfer of the phosphate from ATP to the 

protein substrate, and is anchored through hydrophobic residues to the helical core. The 

catalytic loop is critical for recognizing one of the ATP-bound Mg++ ions. Phosphorylation 

of the activation loop is one common mechanism for kinase activation.  

The activation segment extends from the DFG motif to the beginning of the F-helix (Figure 

1.3). Its length and sequence are the most variable part of the kinase core, and this segment 

is responsible for precisely turning the kinase on and off. The highly dynamic regulation of 

this segment is a unique feature of the PKs, and, although the mechanism for achieving this 

regulation is often extremely complex and unique to each kinase, there are common themes. 

Many substrate proteins and regulatory proteins are tethered to this domain, and it is thought 

to be important not only for stabilizing the active. 

In an active state conformation the aspartate of the DFG motif points into the ATP-binding 

site and coordinates two Mg2+ ions [14], with the activation loop displaying an open and 

extended conformation. The other hallmark feature of an active state conformation is the 

orientation of the αC helix located on the N-terminal domain; in an active conformation it is 

rotated inward toward the active site, together with a characteristic ion-pair interaction 

between the conserved Glu of the αC helix and the Lys in the N lobe [14,15,16]. The 

integrity of this ion-pair interaction is crucial for kinase activity. It should be noted that this 

structural criterion for an active state is not always sufficient, as additional regulatory 

elements outside of the kinase domain may be required for activation [17]. Catalytically 

active kinase conformations (on-state) are highly conserved, owing to the evolutionary 

pressure for functional preservation [13]. However, the mechanism by which each kinase is 

auto inhibited (off-state) is not constrained and varies considerably. This is reflected in the 

range of distinct inactive conformations seen for different subfamilies. 
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Activation/inactivation of a protein kinase    

 

One of the most important features that distinguish protein kinases from many other more 

classical metabolic enzymes is that they are highly regulated in a manner that typically 

involves a dynamic reorganization of the molecule [18,19]. The complicated machinery that 

is added to the simpler PK scaffold to achieve these two functions is exceptional [20], not 

only for its complexity, but also for its dynamic properties. The function of PKs is not 

simply to efficiently turn over product, but rather to initiate a cascade of events, whether it 

be opening or closing of a channel or initiation of transcription. They toggle between active 

and inactive states, and the process by which an inactive kinase is converted into an active 

kinase is typically complex and highly regulated [21]. Kinase cascades, for example, the 

mitogen-activated protein kinases (MAPKs), where a series of activating kinases act in 

parallel, are common. In the case of the AGC kinases, such as protein kinase C (PKC), p90 

Ribosomal S6 kinase (Rsk) and S6K1, it often takes multiple kinases to activate one kinase. 

However, the identification of the R-spine provides a unifying mechanistic explanation for 

the activation loop and what must be achieved by activation [22]. 

We begin here with the activation segment. Almost every residue in the activation segment 

plays a critical role beginning with the DFG motif (Figure 1.4). Assembly of the activation 

segment into an active conformation is mediated typically by phosphorylation, either by cis 

or trans autophosphorylation or by another activating kinase [23]. In some cases, this 

involves a disordered segment becoming ordered, whereas in other cases it is a major 

reorganization of the conformation of the activation segment.  

The geometry of the activation segment in different active protein kinases is remarkably 

well conserved, with minor variations in the portion of the activation loop that is most 

exposed to the solvent. By contrast, a comparison of various inactive kinases shows that the 

conformations of the activation segment are very different [24]. In some cases, the activation 

segment also appears to be quite disordered. 
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Figure 1.4: Structure of protein kinase domain. Different regions of protein kinase 

domain are indicated with different colours: small lobe (light pink), large lobe (light purple), 

glycine rich loop (pale green), catalytic loop (magenta), DFG motif (red) and activation 

segment (blue). 

 

Thus, we have a variety of activation mechanisms and a wide variety of inactive 

conformations of the activation segment; however, all kinases converge to a relatively 

conserved conformation following activation [25] (Fig.1.5). 
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Figure 1.5: Structure of the kinase domain with a detailed view of the DFG motif in its 

two possible conformations. 

 

1.2 Tyrosine Kinases  
 

The c-Src tyrosine kinase (TK) is a subject of this thesis due to its biomedical and historical 

importance in anti-cancer discovery and therapeutic treatments. In the following, I first 

review the general features of the TK family, and then I introduce  

c-Src. 

 

 

1.2.1 The tyrosine kinase family  
 

 

Tyrosine kinases are important intermediaries in the signalling cascade and as all PKs, they 
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play key roles in diverse biological processes. Tyrosine kinases have been implicated in 

many cancers [26]. Though their activity is tightly regulated in normal cells, they may 

become dys-regulated due to mutations, overexpression and overactivity, leading to different 

kinds of malignancies. Oncogenic activation in cancer cells can be blocked by specific 

tyrosine kinase inhibitors and thus considered as a promising approach for therapeutic 

treatments [27]. The specific modes of oncogenic activation and the different approaches for 

tyrosine kinase inhibition, like small molecule inhibitors, monoclonal antibodies play a key 

role in anti-cancer treatments [28]. Tyrosine kinase inhibitors can directly target the 

oncogenes responsible for the malignant transformation and tumor growth or can act on 

secondary events such as angiogenesis, which is necessary for cancer cell growth and 

proliferation [29,30,31].  

 

 

1.2.2 Src tyrosine kinase: first viral onocogene discovered  

 

Src is the first viral oncogene discovered, was found in the Rous Sarcoma Virus (RSV) and 

is implicated in metastasis and is mutated in many kinds of cancer such as colon, liver, lung, 

breast and pancreas tumors [32]. 

The SH2 and SH3 domains are localised at the N-terminus of the structure and connected by 

a linker to a larger catalytic domain (or kinase domain, KD), where the ATP binding site is 

present [33,34,35] (see Figure 1.6). Many signaling molecules are multidomain proteins that 

have other domains in addition to the catalytic kinase domain. Protein tyrosine kinases 

almost without exception contain Src homology 2 (SH2) and/or SH3 domains that can 

interact with other signaling proteins. 

In the auto-inhibited conformation of Src, the phosphorylated Tyr527, localised on the C-

terminal, interacts with the SH2 domain, while the linker with the SH3 leading to a close 

conformation [37,38,39]. Src appears in an active form in cancer. 
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Fig. 1.6: Ribbon diagram illustrating the structure of human Src. AMP-PNP (red) is 

bound in the active site. The A loop helix occurs between the small and large lobes of the 

kinase and sequesters Tyr416. Figure adapted from Ref [38]. 

 

Src is activated by the release of SH2 and SH3 from the auto-inhibited conformation (Fig 

1.6) and the phosphorylation of Tyr416 on the activation loop (A-loop). Once it is 

phosphorylated and fully active, Src is responsible for the proliferation and cell movement. 

 

1.2.3 Tyrosine kinases as targets for cancer therapy   

 

TKs have been the most interesting anti-cancer objective in the last 10 years [39,40,41]. 

Most inhibitors of TKs are tiny ligands binding to the ATP binding site. Due to these 

proteins have become in intermediates of a wide range of signalling pathways in the cell. 

The high incidence of overactive and over-expressed TKs with a high amount of 

proliferative cancers has increased the possibility that TK inhibitors may allow new 

approaches for anti-cancer treatments. To design more potent and less toxic TK inhibitors 
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are needed antiproliferative agents and pharmacological probes. 

One of the most important moments in the history of drug discovery [41], leading to the 

treatment of chronic myeloid chronic (CML), was the discovery of Imatinib, commercialised 

as Gleevec.  

 

 

1.2.4 Drugs to overcome resistance and strategies 

 

TKs share a same fold in their catalytically (active) conformation while in their inactive 

form, the conformations are large and highly diverse. The high structural homology between 

kinases makes difficult to search selective and competent inhibitors. Targeting inactive 

conformations is one of the approaches to reach a restricted selectivity [42] 

Nowadays, four classes of kinase inhibitors are used with great success in therapy, the 

difference is their mode of binding. While both bind to the same region of the kinase 

domain, localized into the cleft between the N-lobe) and the C-lobe), the first class, called 

”type I” inhibitors, bind competitively to the ATP binding site [44], while the second (”type 

II”) class occupy both the ATP cavity and the adjacent allosteric pocket [43] (see Figure 

1.7).  
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Figure 1.7: Binding modes of the two main classes of kinase inhibitors, Type I and 

Type II. Type I drugs bind to the ATP pocket, below the P-loop region, type II drugs 

occupy both the ATP and the allosteric pockets, adopting a bridge position over the DFG 

motif at the N-terminal of the A-loop.. 

 

 

Imatinib is known as a type II drug. Type II drugs bind to the inactive (DFG-out) 

conformation of the kinase, that is released thank to the rearrangement of the A-loop and the 

specific Asp-out position adopted by the DFG motif [45] (see Figure 1.7). Due to the 

imatinib resistance, other inhibition strategies have been developed during the years 

[39,46,47,48]. Variability in the scaffolds or in the mode of binding of drugs has been used 

to overcome resistance. This is the case of nilotinib and sorafenib, which are type II 

inhibitors as imatinib but have modified structures. On the contrary, dasatinib, sunitinib and 

lapatinib are type I drugs, binding to the active (DFG-in) conformation of the kinase, as they 

occupy only the ATP site, right below the P-loop region [49,50] (see Figure 1.7). 
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1.3 Serine / threonine kinases and their important in malignant 

cancers  

 

Many studies and researches suggest that alteration of serine/threonine kinases (STK) is a 

relatively frequent occurrence in human tumors. Overactivity of these STKs makes them 

ideal candidates for further validation as potential targets for molecular cancer therapy. In 

this section, we examine the case for a protein serine/threonine-targeted drug design, 

discussing past successes, current challenges, and future possibilities (or strategies) for 

modulating kinase activity. 

 

1.3.1 The Braf serine/threonine kinase 
 

 

As discussed above, cancer-directed therapies for proteins follow two primary strategies. 

One strategy is to directly target the oncogene or tumor suppressor gene that is functioning 

aberrantly and, hence, is the primary damage inducing cancer. A second strategy is to target 

a protein that is an essential component of the oncogenic pathway, although it is not itself 

mutated or mis-expressed. By each criterion, the Raf protein family (A-Raf, B-Raf and C-

Raf-1) has emerged in the past several years as an extremely promising target for protein-

directed therapies. 

 

B-RAF is known as v-raf murine sarcoma viral homolog B1 that is a proto-oncogene. It is a 

member of Raf (Rapidly accelerated fibrosarcoma) kinase family proteins. Raf kinase family 

proteins are serine/threonine kinases, originally identified as retroviral oncogenes in 1983 

[51-53]. So far, the Raf kinase proteins have had three members identified and they are: A-

Raf, B-Raf and C-Raf (Figure 1.8). C-Raf, also known as Raf-1, was first discovered in 

1985 whereas A-Raf was discovered in 1986 and B-Raf in 1988 [54-57]. A-Raf is the 

smallest isoform, at 68 kDa; C-Raf ranges from 72 to 74 kDa and due to some significant 

alternative splicing, B-Raf ranges from 75 to 100 kDa [58,60]. All Raf proteins share the 

same structure of three conserved region: CR1, CR2 and CR3 (Fig 1.8). CR1 and CR2 are 

regulatory domains, which exist in the N-terminus whereas CR3 is a kinase domain, which 
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is encoded in the C-terminus [61,62]. CR1 contains the Ras binding domain (RBD) and 

cysteine rich domain (CRD). It is responsible for binding with Ras and membrane 

phospholipids [14].   

Although Ras, a GTP-binding switch protein that alternates between an active on state with 

a bound GTP and an inactive off state with a bound GDP, binds to RBD only in its active 

form (Ras-GTP), binding to CRD does not depend on GTP status of Ras [60,63]. CR2 is a 

serine/threonine rich region. Protein–protein interactions and phosphorylation through CR2 

interfere with Raf activation and localization [57-67]. In addition, CR2 holds a 

phosphorylation site, which is responsible for binding to the regulatory protein 14-3-3 

regulatory proteins after the CR3 region. The CR3 region itself is a catalytic kinase domain, 

which is regulated through phosphorylation [68]. 

 

 

       
 

 

Fig. 1.8: Structure of the Raf proteins. The Raf isoforms, A-Raf, B-Raf and C-Raf, share 

3 conserved regions: CR1, CR2 and CR3. The amino acids shown refer to known 

phosphorylation sites. The negative-charge regulatory region (N-region) contains residue C-

Raf (Y341), which is conserved in A-Raf (Y302) but is replaced by aspartic acid at D449 in 

B-Raf. S338 of C-Raf is conserved in all Raf proteins (S299 in A-Raf and S446 in B-Raf), 

but it is constitutively phosphorylated in B-Raf (star shape). The catalytic domain contains 

the 2 activation-segment phosphorylation sites C-Raf (T491 and S494), which are conserved 

in A-Raf (T452 and T455) and B-Raf (T599 and S602). Figure adapted from Ref [69]. 
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These serine/threonine protein kinases are components of a conserved signaling pathway 

called MAPK. This pathway is hyperactivated in ~30% of cancers [70] with activating 

mutations in Ras occurring in approximately 15%–30% of cancers [71], and recent data has 

shown that B-Raf is mutated in about 7% of cancers [72], identifying it as another important 

oncogene on this pathway. 

 

1.3.1.1 MAPK Signal Transduction Pathway 
 

 

The MAPK pathway is an intracellular signal transduction pathway that is required for 

regulating cellular activities such as cell growth, proliferation, differentiation, and apoptosis 

responsive to cell surface receptor tyrosine kinase (RTK) stimulation [73,74] and it is well-

known that this is the signalling pathways most frequently dysregulated in human cancer. 
 

This pathway relays the extracellular signals from various growth factors (e.g. GRB2), 

hormones and cytokines to the nucleus through the activation of signal cascades. The 

binding of the ligands to the surface RTKs lead to the dimerization of receptors and tyrosine 

residue auto phosphorylation. As shown in Figure 1.9, the activated receptors, through 

adaptor proteins, activate Ras kinase. Then, Ras kinase activates the phosphorylation of Raf 

kinases, which in turn activate the dual-specificity protein kinases: MAP kinases 1 and 2. 

MEK1/2 phosphorylate and activate extracellular signal-regulated kinases (ERK) 1 and 2. 

ERK1/2 regulate various transcription factors leading to gene expression. 

Ras kinase belongs to a family of small G-proteins (KRas, HRas, NRas) located on the inner 

surface of cell membranes and function as a GTPase, switching between active GTP-bound 

form and inactive GDP-bound form. These proteins facilitate the Ras active form formation. 

Raf kinase was the first identified and most characterized downstream cytosolic effector of 

Ras [75,76].  
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Figure 1.9: Schematic representation of the Ras-Raf-MEK-ERK1/2 MAP kinase 

pathway. The figure shows the cascade of activation of the MAP kinases ERK1/ERK2 

mediated by growth factor binding to receptor tyrosine kinases. 

 

1.3.1.2 Activation of B-Raf 

 

The activation of Raf is a complex process, which takes place at the membrane, where Raf 

undergoes phosphorylation of multiple sites and protein interactions before being activated 

[77-80]. The binding of Ras to Ras-binding domain (RBD) of Raf is regulated by dimeric 

adaptors that are bound to the phosphorylated proteins. Braf contains conserved 

phosphorylation sites that are phosphorylated in the inactive state. Dimeric proteins bind to 

these phosphorylated sites, creating a conformation that interferes with the binding of Ras to 

RBD [80]. The activation of Braf is initiated with the recruitment of the inactive Braf to the 

internal membrane and followed by the phosphorylation of the activation segment. The 

essential mechanisms in the activation of the three Raf isoforms are similar, except that A-
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Raf and C-Raf require additional kinases (e.g. c-Src). Braf is constitutively phosphorylated 

and, as a result, Braf is ready for activation and only requires the Ras-mediated membrane 

recruitment of Braf. 

 

    1.3.1.3 Oncogenic of B-Raf 

 

BRAF is one of the more commonly mutated proto-oncogenes implicated in the 

development of cancer. Oncogenic B-Raf result from mutations in the BRAF gene, which 

may cause the protein to become more overactive. The mechanisms and clinical impacts of 

B-Raf mutations in cancer and discuss the implications for the patient in melanoma, thyroid 

cancer and colorectal cancer, where B-Raf mutations are particularly common. B-Raf 

V600E is implicated in this kind of malignancies.  

 

 

1.3.1.4 Inhibitors and paradoxical activation 
 

 

As I commented before, the B-Raf kinase is frequently mutated in melanomas, and the 

V600E missense mutation is most commonly observed. This mutation causes B-Raf to 

signal independently from upstream regulation. Uncontrolled amplification of downstream 

signalling is linked with transformation, increase of proliferation and finally tumorigenesis. 

In order to target the B-Raf V600E mutant, ATP-competitive   B-Raf inhibitors such as 

vemurafenib, PLX4720, sorafenib, and dabrafenib have been developed to block effectively 

the MAPK signaling pathway and decrease the tumor growth in cells expressing B-Raf 

V600E. However, while these inhibitors effectively inhibit ERK signaling in tumor cells 

expressing B-Raf V600E, they have unexpected agonistic functions in the wild-type B-Raf 

expressed in cells. In particular, inhibitors binding to the wild-type B-Raf monomer was 

shown to induce homo/heterodimerization with a second Raf protomer (B-Raf/B-Raf, B-

Raf/C-Raf) in the presence of GTP loaded KRas at the membrane. As recently published, 

the dimerized B-Raf has lower affinity for the inhibitors compared with ATP with still high 

kinase activity activating the downstream MAPK pathway. Because Ras-GTP levels are 

relatively much lower in B-Raf V600E cells, dimer-mediated activation of the MAPK 
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pathway is disfavored. Therefore, in cells expressing wild-type B-Raf, binding of these 

inhibitors paradoxically activates the wild-type B-Raf kinase domain by inducing 

conformational changes and dimerization and causing C-Raf activation, leading to 

MEK/ERK phosphorylation and finally causing enhanced cell growth (Figure 1.10). 

 

 

 

  
 

 

Figure 1.10: Paradoxical effect of inhibitors on Braf WT and Braf Mutant in the 

MAPK pathway. Schematic MAPK pathway showing the effect of ATP-competitive 

inhibitors on the B-Raf V600E kinase and the paradoxical effect of these inhibitors on the 

wild-type B-Raf. Figure adapted from Ref [82]. 

 

 

Hence, the ATP-competitive inhibitors can either inhibit or activate the MAPK pathway, 

depending on wild type or V600E B-Raf expression in tumor cell lines. Therefore, there is 

an urgent need to design B-Raf inhibitors that can overcome the controversial functions of 

the existing inhibitors with minimal side effects. Current and recent efforts focus on 

developing B-Raf inhibitors known as paradox breakers, which prevent activation of the 

MAPK pathway in cells expressing wild-type B-Raf. These paradox breakers thus represent 
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a new class of B-Raf inhibitors that inhibit the ERK1/2 pathway in mutant B-Raf melanoma 

cells and do not cause activation of this pathway in the cells expressing wild-type B-Raf. 

One reported paradox breaker, PLX7904, is a vemurafenib analogue that was shown to 

potently block ERK1/2 activation in vitro in mutant B-Raf melanoma cells and to reduce B-

Raf dimerization and paradoxical activation of the downstream signaling. While, PLX4720, 

a paradox inducer, cause paradoxical activation of the MAPK pathway in B-Raf wild-type 

cells. 

Although the mechanism of the paradoxical activation of the MAPK pathway has been 

proven and demonstrated, the structural and conformational causes remain unclear. In the 

Figure 1.11, it shows PLX4720 (2), vemurafenib (1), PLX7904 (3) and P-0013 (4). 3 and 4 

have recently reported as B-Raf inhibitors, these inhibitors are potential paradox breakers. 

Based on the chemical nature of the substituent attached to the 7-azaindole scaffold, 

PLX7904 and 4 are closer structural analogues of 1 and 2 (Figure 1.11). Taken together, the 

biochemical activity data and the chemical structure of these compounds show that 1 and 2 

trigger paradoxical activation of the MAPK pathway in B-Raf wild-type cells (paradox 

inducers), while 3 and 4 appear to block this effect (paradox breakers). Hence, it seems that 

a subtle change in the molecular structure of these B-Raf inhibitors, upon binding, can lead 

to significant differences in terms of the described agonistic function. 
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Figure 1.11: Chemical structures of the paradox inducers and breakers. PLX7904 (3) 

and PLX4720 (2) are used in this thesis. Figure adapted from Ref [82]. 

 

 

1.3.1.5 B-Raf dimerization 
 

 

Inhibitor-induced dimerization is observed in cells, structure-function studies also 

demonstrated that the dimer interface is physiologically relevant and required for full Raf 

kinase activity. Induced dimerization of cytoplasmic B-Raf alone is sufficient to stimulate 

MEK phosphorylation, suggesting that drug-induced dimerization might have a role in Raf 

activation. The mechanism of Raf activation through dimerization has long been a mystery. 

Dimerization likely occurs at the intracellular membrane upon recruitment to Ras-GTP. Ras 

binding is thought to unfold the N-terminal regulatory domain of Raf [83], expose the kinase 

domain, allow dimerization and promote phosphorylation of the required residues [84]. 
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However, an additional allosteric mechanism is likely involved, as not all Raf dimers are 

equivalent. B-Raf/C-Raf heterodimers appear to be most active, relative to B-Raf or C-Raf 

homodimers [85], suggesting that the conformation of the dimer affects activity. 

Dimerization is also likely asymmetric, meaning that one Raf molecule acts as a scaffold to 

facilitate activation of the dimer partner [86]. RAF inhibitors seem to mimic this process by 

conferring an active conformation by binding in the active site, inducing dimerization and 

transactivating the other Raf molecule [87]. This may explain why the inhibitor-binding 

mode affects the ‘paradoxical activation’ observed.  

 

 

1.3.1.6 B-Raf autophosphorylation 
 

 

Dimerization is also associated with multiple phosphorylation events, most notably of the 

activation loop and the B-Raf N-terminal acidic motif, which are essential for kinase activity 

[88]. It has recently been proposed that activation loop phosphorylation occurs though cis-

phosphorylation upon dimerization [86], indicating that the allosteric function of Raf dimers 

may be to facilitate autophosphorylation of the activation loop. In this model, Raf inhibitors 

facilitate Raf dimerization and promote auto-activation of the dimerized Raf molecule not 

bound by the inhibitor. 

As we pointed out above (see section 1.3.1.4), it has been demonstrated an additional 

kinase- dependent mechanism contributing to ‘paradoxical activation’ and may explain why 

B-Raf oncogenes and wild-type Raf enzymes respond so differently to catalytic inhibitors 

[89]. It has been identified an autophosphorylation site in the phosphate - binding loop that, 

when phosphorylated, markedly impairs kinase function. By contrast, preventing P-loop 

autophosphorylation either by mutating the P-loop or by addition of a catalytic Raf inhibitor 

elevates Raf kinase activity in vitro and in cells. As predicted, B-Raf V600E and B-Raf 

oncogenes with point mutations in the P-loop bypass the auto-inhibitory effect, and Raf 

inhibitors do not activate the Raf–MEK–ERK pathway in cancer cells with these mutations, 

despite the presence of a co-occurring KRas mutation. Because P-loop autophosphorylation 

of Raf is intrinsically linked to Raf catalytic activity, this mechanism predicts and it would 

explain why all catalytic Raf inhibitors are likely to exhibit some ‘paradoxical’ activation of 

the MAPK pathway in Ras-mutated, B-Raf wild-type cells.  

 



	
	

	
27	

1.3.1.7 B-Raf mutations in human cancer 
 

 

The highest incidence of B-Raf mutations is in malignant melanoma (27%–70%), papillary 

thyroid cancer (36%–53%), colorectal cancer (5%–22%), and serous ovarian cancer (~30%) 

(Figure 1.12), but they also occur at a low frequency (1%–3%) in a large variety of other 

cancers. Over 40 different missense mutations in B-Raf, involving 24 different codons, have 

been identified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12: Multiple malignancies, making it a potential target in oncology by 

oncogenic B-Raf. These malignancies include some melanoma such as melanoma tumors, 

papillary thyroid tumors, serous ovarian tumors, and colorectal tumors. 
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1.4  Other relevant and interesting parts of the proteins: WW 

domain 
 

 

The smallest domains present in many human proteins are the WW domains (about 40 

amino-acids) with multitude functions within the cell [90-92] and just as the SH3 domain, it 

recognizes proline-rich regions in related proteins [93]. Their diverse and regulated 

localization within the cell (both in the nucleus and the cytoplasm) stresses the biological 

importance of WW domain-containing proteins and explains why signalling via WW 

domain complexes is implicated in several human diseases including muscular dystrophy, 

Alzheimer and Huntington diseases, Liddle’s syndrome of hypertension, cancer and X 

chromosome linked intellectual disabilities [91,94-95]. The Golabi-Ito-Hall (GIH) 

syndrome, in particular, is an X-chromosome linked disease caused by a missense mutation 

in the WW domain of the Polyglutamine Binding Protein 1 (PQBP1), which is widely 

expressed in various organs but above all in the brain. The WW domain of PQBP1 mediates 

the interaction with the nucleocytoplasmic shuttling splicing factor SIPP1 (previously 

known as NpwBP and WBP11), which regulates mRNA processing and transcription [96], 

by recognizing the proline-rich sequence of SIPP1 [97-98]. Mutations of PQBP-1 have also 

been reported in several other X-chromosome-linked intellectual disability disorders (XLID) 

and progressive neuro-degenerative diseases [99,100,101,102]. Possible molecular causes 

linking WW mutations to the GIH syndrome have been deeply investigated [96]. In their 

study, the authors observed a moderate loss of signaling in the GIH-causing Y65C mutant 

and suggested that the fold of the WW domain might be compromised by the mutation, with 

consequent loss of interaction with its partners in the splicing complex. The fold of WW 

domains is in general well known, consisting of a stable, triple stranded beta sheet [103-

121]. The solution NMR structures of several WW domains have been determined revealing 

a common fold but also different degrees of conformational stability. While in general the 

domain is remarkably well ordered [103-121], in some cases it presents conformational 

exchange [106,108,119]. The structure has been also studied in the presence of a binding 

peptide, which may stabilize the fold [104,106,115,117,118,119]. Recently, the X-ray 

structure of the C-terminus of PQBP1 has been determined in complex with spliceosomal 

protein U5-15kD35, showing how a YxxPxxVL motif in PQBP1 is recognized. The WW 

domain, however, was not included in the protein sequence. In this thesis, I investigate the 
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underlying causes of the GIH disease by using a combination of state-of-the-art enhanced 

sampling simulations and high-field solution NMR to determine the effect of the Y65C 

mutation on the structure and dynamics of the WW domain of PQBP1 (See Chapter 4). 
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Chapter 2 

 

Regulation of the activation of Src kinase 

by an allosteric cross-talk between the 

activation loop and the ATP binding site 

 
Most of the images, results and data appearing in this chapter have been published in Ref 

[122] of which I am first author sharing co-authorship with Dr. Nicola D’Amelio. Whenever 

possible I have adapted or expanded them for this thesis. 

 

In this Chapter, the effects of the phosphorylation of the activation loop of Src kinase are 

investigated in detail to characterize the molecular activation mechanism, which is the basis 

of its regulation and inhibition.  

As we mentioned in the section 1.2.3, Src and Src-family protein kinases are proto-

oncogenes that play key roles in cell proliferation, motility and survival. Due to a 

combination of great biomedical significance [123,124] and the role of conformational 

flexibility in its regulation, Src is often considered a prototypical system for mechanistic 

studies of PKs. Indeed, there are a large number of computational [125-128] and 

experimental papers addressing this topic, and several crystal structures of the apo (PDB 

ID: 2SRC) [129] and the phosphorylated forms  (PDB ID: 1Y57, 1YI6) [130] in different 

conformations that were a useful starting point for our dynamical investigations of this 

protein. 

As discussed in the introduction, Src is over-expressed and shows an uncontrolled 

activity in a wide variety of human cancer and metastasis. The relationship between Src 

activation and cancer progression appears to be significant, therefore, an atomically 

detailed understanding of the mechanism of activation by phosphorylation of Tyr 416 
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[131,132] and substrate binding can provide the rationale for targeting Src in drug discovery 

efforts and help the design of more effective and less toxic Src inhibitors. 

The phosphorylation of the polypeptide region (activation loop) which lies outside the 

active-site cleft is a crucial step in the activation of many PKs. Before our combined 

experimental and computational studies, in Src, the phosphorylation of Tyr 416 in the A-

loop was thought to stiffen the structure and to help switching it from the inactive to an 

entire active form. Still, beyond the actual validation of these hypotheses, many open 

questions remained, including whether the phosphorylation promotes the active 

conformation by binding of ATP, which phosphorylates the substrate.  

Here, to compare the phosphorylation’s effects and ATP/ADP cofactor loading on the 

conformational dynamics of c-Src we have employed a combination of NMR experiments 

and molecular dynamic simulations.  

We found that both phosphorylation and cofactor binding are needed to induce a fully 

active conformation. What is more, we report a complex interplay between the A-loop 

and the hinge motion where the phosphorylation of the activation-loop has a significant 

allosteric effect on the dynamics of the C-lobe. 

 

 

2.1 Phosphorylation of Src 
 

 

As we mentioned in the section 1.2.2, crystal structures have shown that the transition 

from the inactive to the active form of protein kinases involves complex conformational 

changes in at least three conserved structural motifs at the active site: the Asp-Phe-Gly 

(DFG) motif, the activation loop (A-loop) and the αC-helix (Fig. 2.1). 

 

The assembly of the hydrophobic spines made possible by the conformational changes make 

the ATP binding cleft that is at the interface between the N-lobe and the C-lobe reachable 

and available to the substrates [133-135]. The most common and important mechanism 

involved in this process is the phosphorylation of Tyr 416 at the A-loop in the case of Src. 
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Figure 2.1: Key structural elements are coloured in blue (P-loop), red (αC helix), 

yellow (A-loop) and green (αF helix). The (P)-Tyr416 and ATP are shown as sticks. 

The C- and R-spines are shown as surfaces (with inner residues as sticks) in cyan and 

pink, respectively. Figure adapted from Ref [122]. 

 

 

The NMR experiments (H/D exchange experiments) and MD simulations made on Src 

[127] describe a change in the flexibility of the structure due to the effect of the 

phosphorylation. In agreement with previous proposals, the structure becomes more rigid, 

especially at the A-loop.  

 

The study of the molecular mechanism of the Apo form (un-phosphorylated form) shows 

that the A-loop is highly flexible [129,133,136,137]. After phosphorylation, the structure of 

the protein is locked in a catalytically-active conformation. It might help to understand the 

importance of the rigidification of the A-loop and its implication in the active conformation 

of the protein dependent of the phosphorylation.   
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Allosteric effects [133-135] and inter-lobe hinge dynamics [138-141] play a key role in 

the regulation of the catalytic activity of all PKs. In the case of homologous TK such as 

Hck and Abl a network between the SH2 and SH3 regulatory domains and the 

phosphorylation (Hck) and active site (Abl) has been proposed [124,140,142,143]. In Src, 

we found a strong allosteric connection between the ATP and substrate binding sites. This 

was in line with recent NMR studies on MAP kinase in which an allosteric network 

between the hinge motion and the phosphorylation sites has been reported, therefore 

showing that both ATP binding and phosphorylation are necessary to promote a complete 

active conformation [144].  

 

 

2.2 Results and Discussion 
 

 

2.2.1 NMR Assignment 
 

 

After the assignment of catalytic domain of Src (Table 1; BMRB entry 25756), Dr. Nicola 

D’Amelio and I observed that some parts of the protein could not be detected (the 1H, 

15N TROSY NMR spectrum of the triply isotopically labelled sample at 1 GHz is shown 

in Figure 2.2, superimposed to the spectrum of its phosphorylated form). 

 

Only 200 backbone amides out of 268 were visible in the spectrum of the un-

phosphorylated form. It was also noticeable that most of the missing peaks (42 of 68) 

resided in the αC helix (residues 303–317) and A-loop (residues 403-429). This 

disappearance of signals can be caused due to important conformational exchange in the 

µs-ms time-scale since the exchange with the solvent can be discard at a pH of 6.5. 
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Figure 2.2: 1H, 15N- TROSY NMR spectrum of the catalytic domain of Src (black) and 

its phosphorylated form (Y416, red) (800 MHz, 298K). Few peaks disappear or shift in 

the phosphorylated form while new peaks appear. Figure adapted from Ref [122]. 

 

 

TROSY spectrum of Src at 1 GHz shows the existence of second species (2 peaks) in 

slow conformational exchange (Fig 2.3). The doubling of peaks is apparent for selected 

residues of the protein. Mostly at the inter-lobe interface (green residues in Fig 2.3), the 

location of the affected peaks proposes that the relation between the hinge motion and the 

two forms which is consistent also with the computational data (see Fig. 2.8). 
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Figure 2.3: (left panel) Combined chemical shift deviations of SrcP, SrcP-ATP and 

Src-ADP complexes with respect to free Src. Doubling of peaks is indicated with a 

letter D and a green bar, while the disappearing peaks are reported with a * sign and a 

grey bar. (A) Src (black) and SrcP (red) exists in two unevenly populated forms (~ 20% 

of minor form and ~ 80% of major form) in solution as exemplified by G459 (but also by 

many other peaks highlighted in green in the structure) in the 1H,15N TROSY NMR 

spectrum; (B) the minor form (indicated by G459′ in A) becomes prevalent with the 
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addition of the cofactor (ATP/ADP, green and orange) only if the protein is 

phosphorylated. Addition of ADP to free Src (light blue) forms a weaker complex causing 

only a small shift, even in excess of the ligand; (C) the crystal structure of Src (1YI6) 

showing the residues for which the doubling of peaks is apparent in green, peaks 

disappearing upon phosphorylation in grey and peaks that have a high deviation in SrcP 

in orange. Peaks with high deviation in SrcP-ATP and Src-ADP are also shown as red and 

purple spheres, respectively. Coloured circles in spectra have been added to better clarify 

the position of the peaks. Figure  adapted from Ref [122]. 

 

Following by NMR the changes in the 1H-15N TROSY spectrum after the addition of ATP 

to a sample of 15N labelled Src, the phosphorylation of Src can be observed easily. The 

phosphorylation process can be followed by experiments with G437 and G530 as isolated 

probes (Fig. 2.4). 

 

The G437 (Fig. 2.4 D) is in an uncrowded region of the spectrum and its location in 

below the phosphorylation site suggests that this is a good candidate to study the 

phosphorylation state of the protein. Moreover, it is also observed that Tyr 527, the other 

phosphorylation site in Src (which can be monitored by the close G530) does not suffer 

by the addition of ATP because any shift or change in this region is observed (see Fig. 

2.4). It agrees the results of MS (see Fig. 2.5) where it is confirmed that there is only 

phosphorylation on the Tyr 416. 
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Figure 2.4: The 1H, 15N TROSY NMR glycine region provides a way to monitor the 

state of Src in a non-crowded region of the spectrum: (A) Src (black) and SrcP (red) 

exists in two unevenly populated forms in solution as exemplified by G459 (but also by 

many other peaks, see Fig 4); (B) the minor form (indicated by G459’ in A) becomes 

prevalent with the addition of the cofactor (ATP/ADP, green and orange) only if the protein 

is phosphorylated. Addition of ADP to free Src (light blue) forms a weaker complex causing 

only a small shift. (C) Distinction between loading of ATP or ADP can be followed by 

monitoring G279 and G344, which shift or disappear in the presence of ADP (orange) or 

ATP (green), respectively. (D) Addition of ATP to Src phosphorylates only the first site 

while leaving the other unaltered (E). (Central) Crystal structure of Src (1YI6) indicating in 

green the residues for which the doubling of peaks is apparent in the spectrum. Peaks 

disappearing upon phosphorylation are also shown in blue. The selected residues of the 

panels are displayed as orange sphere in the structure, while the position of the 

phosphorylation site Y416 is in magenta. Coloured circles have been added to better clarify 

the position of the peaks. Figure adapted from Ref [122]. 



	
	

	
38	

 

 

                   

 

Figure 2.5: Identification of phosphopeptides by mass spectrometry. A) MS/MS 

fragment spectrum corresponding to the tryptic non-phosphorylated Src 410-

LIEDNEYTAR-419 peptide (m/z=619.27911 Da). B) MS/MS fragment spectrum of the 

tryptic phosphorylated Src 410- LIEDNEY*TAR-419 peptide (m/z=659.26200 Da) in which 

phosphorylation was unambiguously assigned to Y416 residue since the fragment ions y4-y9 

showed corresponding neutral losses of phosphoric acid. In both panels, a good coverage of 

the whole sequence by 9y and 1b fragment ions is shown. Other b ions, although positively 

identified, are omitted for clarity. Figure adapted from Ref [122]. 

 

 

After obtaining complete phosphorylation and in order to obtain the spectrum of SrcP (apo 

form), the cofactor was removed. At least 30 new peaks of the main chain came out in the 

spectrum of SrcP. These signals can belong to the αC helix or the A-loop leading to 

decrease the conformational disorder in the A-loop after the phosphorylation, which 

agrees previous H/D exchange experiments in PKA [261] computational predictions 

[240], and crystallography [243]. 
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In order to clarify more the situation, the assignment of the A-loop and part of the αC 

helix (see Table 2) was obtained. We could observe that the new peaks emerge from 

disordered areas in the un-phosphorylated protein and also that the structure of the 

activation loop is similar to the one assumed in the crystal structure and simulations. This 

supposition let us to use the theoretical prediction of chemical shifts to suggest the most 

possible candidate to a specific amino acid. This is how we could assign the missing 

resonances that belong to the A-loop, always agree with the structure of Src after 

phosphorylation. We used glycine resonances to indicate the new peaks that might belong 

to the A-loop (Table 2).  

As shown by the presence of doubling of some of the SrcP peaks (Fig. 2.3 A), the 

equilibrium between the minor and major conformations seen in unphosphorylated Src 

are still present. However, the disappearance of some peaks (see Fig. 2.3 and Fig. 2.6) 

suggests that after phosphorylation there are inter-conversion rate changes. 

Phosphorylation also produces important chemical-shift perturbations (CSPs) and serious 

line broadening to a large number of other resonances, most of them belong to residues at 

the interface between the lobes and also of the C lobe (see Fig. 2.3 and Fig. 2.6). Relevant 

CSPs are observed for the N-ter regions of the αE and αF, corresponding to the location 

of the C-spine (see Fig. 2.1), the residues V281 and L393 are close to the ATP binding 

site and there is a change with the presence of ATP or ADP (see Fig. 2.3). 
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Figure 2.6: Behavior of Src catalytic domain in different conditions as monitored by 
1

H,
15

N-TROSY NMR spectrum. Doubling of peaks in free Src (A), effect of 

phosphorylation (B) and binding of cofactor on the phosphorylated (C) and 

unphosphorylated (D) protein are shown onto the phosphorylated crystallographic structure 

(PDB ID: 1YI6). In green are highlighted the peaks that appeared doubled and in blue the 

peaks disappearing upon phosphorylation. Backbone thickness is proportional to the 

combined amide chemical shift deviation; in red, peaks shifted more than 0.1 ppm are 

coloured. Figure adapted from Ref [122]. 

 

In the case of the R-spine, the catalytic activity requires a correct assembly of it, only in the 

residue L325 is observed a change. This residue, which is close to the αC helix, might 

suggest a change in its conformation. Actually, there are changes in shift and intensity in 

residues 300 and 301 found at the beginning of the helix. 
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2.2.2 Classical MD simulations and RSMF analysis of Src and 

Src-P 

 

To confirm the results of the NMR experiments and provide more details about the effect 

of the phosphorylation, MD simulations and free energy calculations were performed (see 

5.1 and 5.3.3). The comparison of the root mean square fluctuations (RMSF) of the 

unphosphorylated and phosphorylated forms of the protein (Fig. 2.7), presents a slight 

rigidification of the A-loop, which agrees the NMR spectra and previous studies 

[240,258,261]. 

   

   

 
 

Figure 2.7: Root mean square fluctuations (RMSF) of Src (blue) and Src 

phosphorilated (yellow). Lower fluctuations are observed on average for Src-P, in 

particular in important regions like the A- loop and the αG-helix. Figure adapted from Ref 

[122]. 

A principal component analysis (PCA) on the trajectories of the two proteins was 
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performed in order to determine the effect of the phosphorylation on the collective 

motions of the catalytic domain. 

The PC1 vector, the first collective motion, is a hinge motion of the two lobes while the 

second main motion is a twist of the N-lobe with respect to the C-lobe, a normal 

behaviour in TK [140]. The main hinge motion is observed in the unphosphorylated and 

phosphorylated Src, it agrees the NMR results. Moreover, we observed that 

phosphorylation of Tyr 416 improves the collective hinge motion however it affects 

lightly to the equilibrium towards a less compact N-lobe/C-lobe positioning (see Fig 2.8). 

Enhanced-sampling MD simulations with the GROMACS simulation package were 

performed for both SrcP and Src catalytic domain. The bi-dimensional free energy 

surface (FES) as a function of the hinge motion (PC1) and the distance between A-loop 

residues 411–413 and residues 301–303 (see Fig. 2.8) were also calculated to compare the 

effects of the phosphorylation to the structure of the catalytic domain, specially the A-

loop, and the dynamics. The latter was identified as the largest varying distance in the 

inactive-to-active transition. 
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Figure 2.8: Free Energy Surfaces (FESs) of unphosphorylated Src (left) and 

phosphorylated Src (right) as a function of the first principal component vector 

(PC1) and the distance of the center of mass of A-loop residues 411–413 to residues 

301–303. Below the bi-dimensional plots is shown the mono-dimensional free energy 

profile along PC1. The central cluster conformations of the main FES minima (the 

inactive-like, I1, I2 and I3 and active-like, A, structures respectively) are also reported 

with the A-loop colored in yellow and the Tyr416 (or P-Tyr416 in case of phosphorylated 

Src) shown with sticks. Figure adapted from Ref [122]. 

 

 

In the Fig. 2.8, it is shown how phosphorylation stabilizes the fully active, open and 

extended, A-loop structure (main minimum A in Fig. 2.8) but still the closed, inactive-like, 

conformation is present although to a reduced extent (I3). While the inactive A-loop closed 

conformation, similar to the crystal structure (PDB ID: 2SRC), is the most stable in the case 

of Src, it is important to point out that a secondary minimum (I2 in the figure) is also 

populated where the residues 413 to 420 of the A-loop form a stable α-helix. This 

intermediate conformation cannot be observed in the phosphorylated SrcP. It is important to 

point out that the two minima in each FES correspond to open and closed structures around 
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the hinge and it is shown by the different values of PC1. The energy difference between the 

two states in both Src and SrcP is slight. This suggests that the two forms observed for many 

residues close to the hinge region (e.g. G459, see Fig. 2.3 and Figs 2.4 and 2.6) in the 

spectra of Src and SrcP is a result of the hinge motion. Furthermore, the difference of free 

energy between the two states (which is even higher in SrcP) indicates a slow transition, 

which may explain the disappearance of many NMR peaks at the interface between the 

lobes.  

In general, these observations and results suggest that, the equilibrium between hinge-open 

and closed structures is still present while a change towards the A-loop open structure is 

observed after phosphorylation. 

 

2.2.3 Phosphorylation state and the role of cofactors 

 

To explain the role of the cofactor for achieving the fully active conformation, NMR spectra 

of Src and SrcP bound to ATP and ADP were performed. After addition of ATP to 

unphosphorylated Src, it was observed a fast trans-autophosphorylation of Src. Actually, 

phosphorylation is achieved within minutes from the addition, as observed by NMR spectra 

and confirmed by MS (Fig. 2.5), leading to the spectrum of SrcP-ADP complex. 

	
Addition of an excess of ATP produces the spectrum of phosphorylated Src bound to ATP 

(SrcP-ATP). When titrating SrcP with ATP, the changes in the 1H,15N TROSY spectrum are 

evident (see CSP in Fig. 2.3 and Fig. 2.6). Among many changing signals, G459, G344 and 

G279 (Fig. 2.3B and Fig. 2.4) provide good isolated probes to monitor the presence of the 

cofactor in its binding site (see Fig. 2.4). While the position of G459 can be used to 

indirectly monitor the presence of ATP or ADP in the binding pocket (see Fig. 2.3B), G344 

and G279 allow the distinction between the two (see Fig. 2.4C) as they disappear in the 

presence of ATP. This is not surprising, since the glycine rich P-loop (in which G279 is 

located) is known to position the γ-phosphate of ATP. 

It is important to emphasise that the signals of SrcP complexed with ATP appear in very 

similar positions to the second form observed in both Src and SrcP (see for example G459 
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in Fig. 2.3 A, B) which indicates that the addition of the cofactor makes the minor form 

prevalent. This is also true for the ADP complex (SrcP-ADP, see orange peak in Fig. 2.3 B) 

but not for its unphosphorylated form (Src-ADP, see blue peak in Fig. 2.3 B), it 

demonstrates that both phosphorylation and cofactor binding are needed for the 

conformational change. 

It has been observed that, in the absence of phosphorylation, the affinity of Src for ADP is 

imperceptible [255], it agrees the structure of the main conformer predicted by the free 

energy calculations that, with a semi-closed A-loop and a partially closed hinge, is 

incompatible with cofactor binding (Fig. 2.8). This has been shown in the CSP of the 

diagnostic peaks: when Src is unphosphorylated, the signal of G459 is only slightly affected, 

even with a big excess of ADP (Fig. 2.3B, light blue peak) suggesting that binding is 

imperceptible.    

   

2.3 Conclusions      

 

The TK Src exists in solution in at least two different conformations, in slow exchange 

with one another. The less populated conformer, is quite similar to the one induced by 

binding to ATP, which it is known to be the hinge closed form. Phosphorylation of Y416 

on the A-loop has only a slight effect on the hinge closed/open equilibrium, but 

noticeably causing a change in the inter-conversion rate, which is reflected in the 

significant changes of the C-lobe resonances, the barrier in the free energy. On the other 

hand, phosphorylation rigidifies the A-loop and stabilizes its extended open 

conformation, it agrees previous observations on PKA kinase [240,261] and computer 

simulations on Src [126,129,133]. The structural and dynamical changes resulting from 

the phosphorylation also show an increase in affinity for ADP. Eventually, the 

simulations and the experiment show that only the binding of the cofactor (ADP/ATP) 

changes the conformational equilibrium of Src towards the fully active form that becomes 

prevalent in solution. This is coincident with recent studies from NMR solution studies of 

MAP kinase [125,126,144]. In general, the activation model of Src proposed based on 

simulations and experiments is as it follows. Initially ATP binds slightly to the kinase. 
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However, once the protein is phosphorylated, not only the kinase is more active (and the 

A-loop open), but also its affinity towards new ATP molecules is higher, it causes a self-

improving phosphorylation reaction that would generate signal amplification within the 

cell. The model proposed (schematically represented in Fig 2.10) reinforces previous 

reports of a conserved allosteric links connecting the A-loop and the catalytic cleft 

[145] and explains the significant improvement of the catalytic turn-over observed after 

phosphorylation. 

                                           

 

 

Figure 2.10: Scheme describing the different conformational states of Src. The free 

protein shows a slow exchange between two conformations: hinge-open (top) and closed 

(bottom). Even after the phosphorylation of the activation loop (represented by a yellow 

sphere), this equilibrium remains. Phosphorylation causes a conformational change 

leading to the opening of the A-loop. Binding of ATP (or ADP) leads to a final 

conformational change towards the minor form observed in solution. Figure adapted from 

Ref [122]. 
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Chapter 3 

 
 
  Regulation and inhibition of B-Raf 
 

As discussed in the introduction, B-Raf is a crucial drug target for melanoma and a 

particularly interesting kinase from the point of view of allosteric regulation (Chapter 1, 

section 1.3). This chapter describes the efforts made to understand and characterize the 

effects of the oncogenic mutation V600E and of the so-called “paradoxical activation”, 

whereby an inhibitor binding to a monomer trans-activates the other monomer in the dimer. 

To this end our original plan was to study the changes in the dynamics of B-Raf in the apo 

(unbound) WT and mutant form, as well as in the ligand bound form with paradox-inducing 

drugs and paradox-breaking drugs by NMR. Due to the very significant difficulties in 

producing fully isotopically labelled proteins in high yields the NMR spectrum of B-Raf has 

not yet been assigned. Instead, to analyse the structural and dynamical properties of the wild 

type and mutant kinase domains, we planned to use selective labelling of the methyl groups 

of isoleucines and use them as a probe for the changes in the protein dynamics. What is 

more, we also performed extensive MD simulations on the bound and unbound forms of B-

Raf. The encouraging results obtained by NMR and MD simulations for c-Src (Chapter 2) 

helped us to shape the production and purification strategies of B-Raf as well as prioritize 

the NMR experiments. 

 

 

3.1 The long quest to increase the yield of isotopically labelled 

B-Raf 
 

 

Due to the difficulties to achieve a significant yield, we optimised the production of the 

protein in order to increase the yield of isotopically labelled B-Raf (see Fig 3.1). 
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Although the protocol is similar to the one explained in the section 5.4, some important and 

significative changes were made in the expression and purification of the protein. Cultures 

were grown to an OD600nm of 1-1.2 at 37 °C and induced during 72 hours at 16 °C with 1 

mM IPTG in order to achieve and overexpression of the protein and also a considerable 

cellular mass. 

After centrifugation, pellets were re-suspended with 25 ml of lysis buffer [25 mM TRIS pH 

8, 250 mM NaCl, 1mM MgCl2, 0.1 mM CaCl2, 10 mM Benzamidine] containing 10 g/l of 

CelLytic Express powder (Sigma) (used to extract proteins from bacteria by lysis directly in 

the culture medium) and a tablet of protease inhibitor (complete, mini, EDTA-free Protease 

Inhibitor Cocktail from Roche). Cells were incubated at room temperature for 15-20 

minutes, with occasional mixing. Following incubation, the lysed cell solution was almost 

completely transparent. A clarification step was performed to pellet any insoluble material 

by centrifugation at 16,000x g for 15 minutes. The supernatant containing B-Raf was loaded 

onto a HisTrap affinity column (see above section A). The protein aliquots were pooled, 

concentrated to 2.5mL and buffer exchanged to the thrombin buffer (50 mM TRIS + 150 

mM NaCl + 2.5 mM CaCl2 pH 8 + 5 mM DTT) by PD10 desalting column (GE 

Healthcare). The protein was cleaved with thrombin protease (25µL per 10mL of soluble 

protein) by overnight incubation at room temperature. After cleavage, the protein is purified 

by Ni2+ affinity column using the thrombin buffer added with 10 mM imidazole. The main 

impurity, YopH phosphatase binds to the column while the protein is eluted in the flow-

through. Subsequently 5 mM of DTT (reducing disulphide bridges) and 1 mM 

phenylmethylsulfonyl fluoride (PMSF) were added (to deactivate de thrombin). 

Further purification was obtained by cation exchange chromatography (HiTrap SP FF, GE 

Healthcare), which effectively removed protease and phosphatase contaminants. Most 

importantly, this column allowed to distinguish two protein peaks (relative to two proteins 

forms, see Fig. 5.19). The buffers used for this chromatography are the same described in 

section A. Finally, fractions containing the target protein of each peak are pooled, 

concentrated and loaded onto a size exclusion column (Superdex 75 16/60, GE Healthcare) 

previously equilibrated with 20 mM Tris (pH 8), 0.5 M NaCl, 1mM MgCl2, and 1 mM 

TCEP [195]. Both forms of the protein were concentrated separately and exchanged in NMR 

buffer for measurement. 
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Figure 3.1: Flowchart enhancement of the expression and purification of B-Raf. New 

B-Raf protocol respect to old protocol used in the beginning of the project (see section 

5.4). 
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The chromatograms and SDS-gels in the different parts of the purification show us a 

qualitative analysis of the protein (see Fig. 3.2, 3.3 and 3.4). 

 

 

          
 

 

Figure 3.2: Size-exclusion chromatogram of Braf after the improvement of the 

protocol. The major peak represents the protein while the minor peaks are impurities that 

have been separated according to their molecular weight. 

 

 

The SDS-gels obtained from both protocols ( new and old) show significantly the purity of 

the protein (lack of phosphatase in the elution of B-Raf after the Size - exclusion 

chromatography). See Fig. 3.3 and Fig. 3.4. 

 

 

 



	
	

	
51	

 
 

 

Figure 3.3 (A): SDS-gel of B-Raf before the enhancement of the protocol. The 

different bands of the gel belong to the different steps of B-Raf purification (since His 

Trap to Size-exclusion column). Even if the chaperone and phosphatase have been 

removed in previous steps of the purification (Size-exclusion purification), significant 

impurities are present in the final sample (Soluble B-Raf). 

 

 

 
 

 

Figure 3.3 (B): SDS-gel of B-Raf after the improved protocol. The different bands of 

the gel belong to the different steps of B-Raf purification where the chaperone and 
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phosphatase were eluted before obtaining the protein completely pure in the last 

purification (Size-Exclusion). 

 

 

3.2 Monitoring the dynamics of the Methyl groups of the 

Isoleucines 
 

 

NMR relaxation, and in particular the rapid transverse relaxation of the magnetization 

observed in large macromolecules is the major limitation in the investigation of 

biomolecules or protein complexes of high molecular weight. It is responsible for the 

signal reduction and the broadening beyond detection of the resonances in 

multidimensional NMR spectra. Perdeuteration is a widely used method to overcome 

this problem by diluting the concentration of 1H spins that are responsible for the 

nuclear relaxation. Furthermore, some specific labelling schemes lead to a significant 

simplification of the NMR spectra. In particular, triple-resonance experiments, namely 

HNCA, HNCOCA, HNCACB, HNCOCACB, and HNCACO on largely deuterated 

samples, can be used to investigate proteins bigger than 30 kDa [146,147]. On the other 

side, a uniform and extensively deuterated sample strongly reduces the number of 

accessible NOE restrains limiting the available structural information. For that reason 

and also because we can assign the isoleucine resonances by mutating them one by one 

without having to fully assign the NMR spectrum, the samples are often prepared with 

selectively protonated amino acids or tailored labelling schemes within a deuterium 

background (selective labelling) [148,149]. 

 

In this work, to facilitate the assignment of the resonances of B-Raf isoleucines, both in 

the WT and the V600E mutant, we selectively labelled the isoleucines of the protein 

(Fig. 3.4). The final product is a perdeuterated protein that is specifically protonated at 

the terminal methyl groups of isoleucines. Amino acids containing methyl groups were 

chosen due to the possibility of using them as dynamical probes as well as because they 

provide narrow line-widths, falling in well-resolved regions of the spectrum, and they 

are common within protein hydrophobic cores. Rosen et al. [150] described a novel 

route to achieve methyl protonated samples that used [13C, 1H]-pyruvate as the carbon 
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source rather than supplementing D2O-based growth media with the protonated amino 

acids [151]. By far the most elegant method was that of Gardner et al. [200], which 

involved the selective reintroduction of protons into the methyl group positions of 

isoleucine [152,153-155]. Escherichia coli will preferentially use the biosynthetic 

precursors of this amino acid, namely [3,3’-2H2] 13C-2-ketobutyrate and 13C-α-

ketoisovalerate, to complete biosynthesis. 

 

Simulations suggest that the numerous NOE correlations between methyl groups within 

the hydrophobic core are sufficient to confidently characterize the global fold of many, 

if not all, proteins to within a few angstrom root-mean- square deviation (RMSD) 

[152]. In cases where higher precision is required, one strategy is to introduce 

additional protons, with perhaps aromatic side chains being the most likely to provide 

substantial benefits [156].            

 

     

 
 

 

Figure 3.4: 1H-13C HSQC centred in isoleucines region of B-Raf WT (800 MHz, 

298K). 13C chemical shifts are reported in the y-axis while 1H chemical shifts are in the 

x-axis. 
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TROSY spectra were also recorded (Fig 3.5). TROSY selects transitions that 

experience mutual cancellation of dipole–dipole and chemical shift anisotropy 

relaxation mechanisms. Furthermore, any residual relaxation because of dipolar 

interactions with remote protons can almost be entirely removed by perdeuteration. The 

result is a dramatic decrease in resonance line-widths that enables NMR spectra to be 

obtained for our protein 

 

 

 
 

 

Figure 3.5: 1H-15N TROSY of B-Raf V600E (800 MHz, 298K). 15N chemical shifts are 

reported in the y-axis while 1H chemical shifts are in the x-axis. 

 

 

Once the spectra of the protein were acquired, we analysed the effects of different 

inhibitors, which are currently being used by the clinicians. B-Raf mutations appear to 

occur in cancers where there is a strong selection for aberrant ERK signalling, and the 

mutations causing this can occur at different levels within the pathway. The biology of 

cancer precursor cells may also provide a partial answer to the question. In order to 

target the V600E mutant, inhibitors such as PLX4720 and PLX7904 (see Chapter 1, 
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section 1.3.1.5) have been developed, which effectively decrease tumour growth. In this 

work, the effects of these inhibitors have been investigated and the results were 

promising. 

The spectrum quality of the protein was quite good. However, due to their significant 

size and dynamics, the full assignment of kinases is quite demanding. In order to save 

time, we decided to assign only the methyl protons. This approach has been used 

successfully to study NMR systems as large as the histone. 

 

 

3.3 Effect of paradoxical inducer (PLX4720) and breaker 

(PLX7904) inhibitors 
 

 

The V600E mutation, the most commonly observed in melanomas, causes an 
uncontrolled signal, which increases tumorigenesis. Little is known about the 
mechanism by which the V600E mutation activates B-Raf. A better understanding of its 
effects could open pathways in the development of inhibitors. MD simulations suggest 
that the V600E increases the flexibility of the A-loop and also the energy barrier 
between the active/inactive states (Figure 3.6). 
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Figure 3.6: FES as a function of distance from semiactive state (x-axis) and distance 

from inactive state (y-axis) of the WT (a) and mutant (b) B-Raf. The darker spots in 

both structures represent the minimum basin of energy. Structures represent (c) largest 

cluster in the WT semiactive state and (d) the possible intermediate structure in the WT 

active−inactive transition. For the mutant, (e,f) both structures are from clusters within 

the semiactive state. Figure adapted from Ref [155].  

 

 

To provide a mechanistic view about the effects of mutations and inhibitors and 

confirm the MD observations, NMR experiments have been performed to obtain 

experimental data on the conformational dynamics and the interaction with the 

inhibitor. The NMR observables like chemical shifts and relaxation times are strictly 

related to fast internal motions as well as slower conformational dynamics inside the 

molecule. The NMR investigation of the B-Raf will make it possible to define the 

protein domains that are interested in conformational dynamics and to see how these 

dynamical processes changes in the oncogenic mutant compare to the WT, or upon 

addition of specific inhibitors (Fig 3.7 and 3.8). 
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Figure 3.7: 1H-13C HSQC NMR spectrum centred in isoleucines of B-Raf WT (blue) 

and Braf WT after the addition of PLX 4720 (red). Some peaks have a different 

chemical shift after adding the paradoxical inducer inhibitor. Ratio Braf (1):PLX 4720 

(2) in molar proportions (800 MHz, 298 K). 13C chemical shifts are reported in the y-

axis while 1H chemical shifts are in the x-axis. 

 

 

These experimental observations show perturbations in the molecular structure and 

eventually in the dynamics of the protein upon binding the inhibitor, which might help 

to unravel the binding mechanism of the inhibitor to the protein. The same NMR 

spectrum was recorded with the mutant V600E (Fig 3.8). 

Interestingly similar results were obtained. Differences in some residues suggested that 

the inhibitor affects them and the region around them while in some of them any 

change in the chemical shift is observed as expected (the inhibitor does not cause any 

effect in this area) according to some studies [157].        
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Figure 3.8: 1H-13C HSQC NMR spectrum centred in isoleucines of B-Raf V600E 

(blue) and B-Raf V600E after the addition of PLX 4720 (red). Some peaks have a 

different chemical shift after adding the paradoxical inducer inhibitor. Ratio Braf 

(1):PLX4720 (2) in molar proportions (800 MHz, 298K). 13C chemical shifts are 

reported in the y-axis while 1H chemical shifts are in the x-axis. 

 

 

To understand the high affinity and selectivity of PLX4720, the crystal structure of the 

B-Raf/PLX4720 complex (Fig. 3.9) was used as a reference. This has enabled the 

binding of PLX 4720 to the protein structure and its mode of action to be unveiled. 

The inhibitor-bound state might have a set of conformations. One of the complexes, 

PLX4720 binding to the kinase general pocket in the inactive conformation (Fig. 3.9 

C), overlaps well with the B-Raf/BAY 43-9006 structure [158]. Phe-595 of the DFG 

motif was forced to move by the inhibitor and flipped-out from the ATP-binding pocket 

(DFG-out). However, PLX4720 binds preferentially to another complex (Fig. 3.9 B); 

this appears to be the “active” (or “DFG-in”) conformation of the kinase. The crucial 

form of binding is derived from the interaction between the sulfonamide and the 

beginning of the DFG region, which then directs the corresponding alkyl chain into a 

tiny pocket unique to the Raf family (named the “Raf-selective pocket”) (Fig. 3.9 B).    
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Figure 3.9: 3D structure of PLX4720 bound to B-Raf. (A) The structure of B-Raf 

V600E bound to PLX4720 (yellow) is superposed with an ATP molecule. This figure 

shows that the PLX4720 scaffold overlaps with the adenine-binding site, but the tail of 

PLX4720 binds to a different pocket from the ATP tail. The positions of the hinge, A-

loop, P-loop are also indicated. (B) Binding of PLX4720 to the B-Raf-selective pocket 

in the active conformation. (C) Binding of PLX4720 to the kinase general pocket in the 

inactive conformation. Figure adapted from Ref [157]. 

 

 

This deep examination of the inhibitor-bound structure helps to shed more light about 

the experimental observations in the NMR spectra (see above) and this would allow us 

to explain the perturbation observed in the chemical shifts of the protein upon addition 

of the inhibitor.  

The concrete molecular interactions of PLX4720 to the inactive and active 

conformation are shown in Fig. 3.10 E and 3.10 F. PLX4720 binds in the cleft between 

the N and C lobes of the kinase domain close to the hinge region, which overlaps with 

the ATP-binding site (Fig. 3.9 A). The azaindole is narrowly kept down within the 

adenine-binding region of the ATP pocket, surrounded by different residues (Cys-532, 

Trp-531, Thr-529, Leu-514, and Ala-481). The small 5-chloro substituent (Fig 1.11) 
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points out toward the solvent region with a van der Waal's contact with Ile-463. The 

difluoro-phenyl moiety is anchored in a hydrophobic pocket, surrounded by several 

residues among them Ile527. 

 

 

 

 

Figure 3.10: (E) Structure shows the specific interactions of the paradoxical inducer 

(PLX4720) to the active kinase conformation. In this conformation, the Phe of the DFG 

loop is pointing in toward the binding site of the compound. (F) Structure shows the 

specific interactions of PLX4720 to the inactive kinase conformation. In this 

conformation, the Phe of the DFG loop is pointing away from the compound-binding 

site, and binding of the inhibitor is disfavored, leading to partial occupation of this site. 

Figure adapted from Ref [157]. 

 

Special attention is paid to Ile-463 and Ile-527 in these NMR experiments due to their 

implication in the binding of the compound (see section 3.3). This suggests that these 

Ile may change their chemical shift upon addition of the inhibitor. Furthermore, these 

structural data support the conclusion that PLX4720 binds preferentially to the active 

form of B-Raf wild type and V600E mutant proteins. 
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In order to delve deeper into this research, similar NMR experiments were recorded 

with the paradoxical breaker inhibitor PLX 7904 under the same conditions (Fig 3.11). 

 

 

 

Figure 3.11: 1H-13C HSQC NMR spectrum centred in isoleucines of B-Raf wild type 

(blue) and B-Raf V600E after the addition of PLX 7604 (red). Some resonances are 

clearly perturbed by the addition of the paradoxical inducer inhibitor. Ratio Braf 

(1):PLX7604 (2) in molar proportions (800 MHz, 298 K). 13C chemical shifts are 

reported in the y-axis while 1H chemical shifts are in the x-axis. 
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Figure 3.12: 1H-13C HSQC NMR spectrum centred in isoleucines of the mutant B-Raf 

V600E (blue) and B-Raf V600E after the addition of PLX 7604 (green). Some 

resonances are clearly perturbed by the addition of the paradoxical inducer inhibitor. 

Ratio Braf (1):PLX7604 (2) in molar proportions (800 MHz, 298 K). 13C chemical 

shifts are reported in the y-axis while 1H chemical shifts are in the x-axis. 
 

 

Surprisingly, the experiments with the paradoxical breaker showed the same results 

observed for the paradoxical inducer in B-Raf wild type and its mutant.        

Recent investigations of Zhang et al. [159] (Fig 3.13) validate our experimetal 

observations showing that the Ile527 is fully involved in interaction of the inhibitor 

with R-spine of B-Raf. This suggests that the change of chemical shift in the Ile527 and 

also other isoleucines (see Fig 3.9, 3.10, 3.11 and 3.12) might be affected upon addition 

of the paradoxical inducer and breaker inhibitors acording to the MD simulations (Fig 

3.14) made to validate our experimental results and also the published studies [157]. 
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Figure 3.13: Molecular mechanisms of paradox breakers. a) Interactions between 

vemurafenif (cyan) and B-Raf V600E (grey). b) Interactions between PLX7904 (green) 

and BRAFV600E (grey). The propyl-sulfonamide tail of vemurafenib (cyan) and the N-

ethylmethyl-sulfamide tail of PLX7904 (green) viewed from the dimer interface. 

Leu567, Phe595, Leu505, along with the hydrophobic residue Ile527 that packs against 

Leu505 form the R-spine. Analysis of published kinase structures show that all four R-

spine residues could be involved in kinase inhibitor binding whereas the two outer 

residues of R-spine rarely make direct contacts with inhibitors. Therefore, R-spine is 

more relevant for studying inhibitor-induced conformational changes in kinases. A 

dotted surface around the N-methyl group in PLX7904 illustrates its close contact with 

Ile527 and Leu505 from the αC helix (orange). Figure adapted from Ref [159]. 

 

These promising preliminary results would help to unveil the molecular mechanism of 

mode of binding and action of the inhibitor. However, in order to fully characterize the 

molecular mechanisms, we need to assign the observed peaks to specific isoleucines. 

To this end, we cloned a set of mutants where the isoleucines were substituted by 

valines. The dissapearance of peaks in the spectrum would allow their assignment.  
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3.4 Assigning the important isoleucines by mutagenesis   
 

 

Based on the B-Raf (PDB : 3C4C) crystal structure in complex with PLX4720, some 

simulations with PLX4720 and PLX 7904 were made (Fig. 3.11) and they show the 

closest Ile residues to the sulphamide group group of both inhibitors: Ile463 (this is far 

away from the sulphonamide group and interacts with a region that multiple papers 

suggest is not involved in the paradoxical activation), Ile513 (9.4A, close to the DFG in 

the structure), Ile527 (5.8A), Ile572, Ile592 (8.7 A). 

    

    

 

 

Figure 3.14: Interaction of B-Raf structure with PLX4720 (magenta) and 

PLX7904 (blue). Both inhibitors bind the protein in the same parts except the 

sulphonamide tail. Ile463, Ile513, Ile527, Ile572, Ile592 are showed. Figure taken from 

MD simulations made by the computational members of the group. 
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According to these observations, these mutants (I463V, I513V, I527V, I572V, I592V) 

were cloned to record the subsequent NMR experiments and also the mutant I617V 

which belongs to an Ile in the A-loop (the residiu Ile617 was considered important due 

to its location in the catalytic domain of the protein). Although not all the relevant 

mutants could be produced by the end of this thesis,  four of them were succesfully 

purified (I513V, I527V, I572V and I617V, Fig. 3.15 – Fig. 3.16). In three of them the 

isoleucines were assigned successfully while in one of them ( I527V, Fig 3.16) its 

puzzling result encouraged us to go further in order to understand better the behaviour 

of the protein (see section 3.3). 

The isoleucines were assigned by the disappearance of the peak of the isoleucine 

mutated respect to Braf WT spectrum without any mutation. 

 

 

 

Figure 3.15: 1H-13C HSQC NMR spectrum centred in isoleucines of B-Raf wild type  

 

F2 [ppm] 1.2  1.0  0.8  0.6  0.4  0.2 

F1
 [

pp
m

]
 1

2 
 1

0 
 8

 

Encarna_800_I68V_020217  3  1  /opt/topspin3.5pl5/data/Encarna/nmr

Braf_I513V vs Braf _WT 

Ile 513 

13
C	
(p
pm

) 

1H	(ppm) 



	
	

	
66	

(green) and B-Raf I513V (blue) (800 MHz, 298 K). 13C chemical shifts are reported in 

the y-axis while 1H chemical shifts are in the x-axis. 

 

 

 
 

 

Figure 3.16: 1H-13C HSQC NMR spectrum centred in isoleucines of B-Raf wild-type 

(red) and B-Raf I527V (blue) (800 MHz, 298 K). 13C chemical shifts are reported in the 

y-axis while 1H chemical shifts are in the x-axis. 
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Figure 3.17: 1H-13C HSQC NMR spectrum centred in isoleucines of B-Raf wild-type 

(blue) and B-Raf I572V (red) (800 MHz, 298K). 13C chemical shifts are reported in the 

y-axis while 1H chemical shifts are in the x-axis. 
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Figure 3.18: 1H-13C HSQC NMR spectrum centred in isoleucines of B-Raf wild-type 

(blue) and B-Raf I617V (red) (800 MHz, 298 K). 13C chemical shifts are reported in the 

y-axis while 1H chemical shifts are in the x-axis. 

 

The assignment of these isoleucines was a considerable challenge due to the complexity 

of the sample and the difficulty to produce a good amount of soluble protein for 

recording NMR experiments. However, in order to understand better the nature and 

characteristics of B-Raf, more NMR investigation was made to provide a deeply 

knowledge of the behaviour of the protein. 
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3.5 Conclusions  

 

We have been using selective labelling of the methyl groups of isoleucines as a probe 

for the changes in the protein dynamics to validate the extensive MD simulations 

performed on the bound and unbound forms of B-Raf. 

The experimental observations show perturbations in the molecular structure and 

eventually in the dynamics of the protein upon binding both inhibitors (PLX4720 and 

PLX7904). Interestingly, in both cases, the experiments with the paradoxical breaker 

showed the same results observed for the paradoxical inducer in B-Raf wild type and its 

mutant. Some of the influenced residues suggest that the inhibitor affects them and the 

region around them while in some of them any change in the chemical shift is observed 

as expected (the inhibitor does not cause any effect in this area) according to some 

studies [157]. 

Despite the fact that the complexity of the sample made it a challenge to produce a 

significant amount of soluble protein for recording NMR experiments, we were able to 

assign some isoleucines by mutating them to valines and started a full characterization 

of the molecular mechanisms associated to cancer-causing mutations and paradoxical 

activation. Special attention was paid to Ile-463 and Ile-527 due to their implication in 

the binding of the compound (see section 3.3), which suggests they may be some of the 

Ile that change their chemical shift upon addition of the inhibitor. Furthermore, our data 

supports the conclusion that PLX4720 binds preferentially to the active form of B-Raf 

wild type and V600E mutant proteins. 

Recent studies of Zhang et al. [159] (Fig 3.13) support our experimetal observations 

showing that the Ile527 is fully involved in interaction of the inhibitor with R-spine of 

B-Raf. This suggests that the change of chemical shift in the Ile527 and also other 

isoleucines (see Fig 3.9, 3.10, 3.11 and 3.12) might be affected upon additon of the 

paradoxical inducer and breaker inhibitors acording to the MD simulations (Fig 3.14) 

made to validate our experimental results and also the published studies [157]. 

Lastly, the unexpected and surprising results observed in the spectrum of the mutant 

I527V due to the different chemical shift in the spectrum (Fig 3.13) have been 
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investigated and might be explained by the appearance of two different species 

observed (Fig 3.19) coming out from the column at similar molecular weight.   

                    

     

 

Figure 3.19: SDS-PAGE gel of 1H, 13C, 15N-labelled B-Raf . Two different species 

with similar molecular weight (~35 KDa) are visible. 

 

As a result of these findings and moving forward with this project, we will address new 

questions on the structure and dynamics of the B-Raf in order to help unveil the effect 

of the paradoxical activation and to design more efficient, more potent B-Raf inhibitors 

with fewer side effects for clinical use. 

 

 
 

 

Chapter 4 
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    Alterations in the oxidation state and the 

folding landscape of the WW domain 

provide a molecular explanation for an 

inherited genetic syndrome 

 
Most of the images, results and data appearing in this chapter have been published in Ref 

[278] of which I am first author sharing co-authorship with Dr. Nicola D’Amelio. Whenever 

possible I have adapted or expanded them for this thesis. 

 

In this chapter, it’s described the study of a small regulatory domain often found in 

signalling pathways: the WW domain. Also in this case, we used a combination of MD 

simulations (mostly performed by others in the group) and NMR (mostly my own work) to 

study the effect of a pathogenic mutation on the folding landscape. 

 

 

          4.1 Introduction 
 

 

WW domains are proteins able to recognise proline-rich motifs and phosphorylated 

serine/threonine sites; they are implicated in protein-protein recognition. 

The PQBP1 (polyglutamine binding protein 1) gene encodes for the PBQ protein (PQBP), 

which regulates pre-mRNA splicing and transcription. Many X chromosome-linked mental 

disorders are caused by mutations in the PQBP1 gene. In particular, a missense mutation 

within the WW domain of PQBP is responsible for the Golabi-Ito-Hall syndrome.  

The hydrophobic core consists of two tryptophan residues (giving the name to the WW fold) 

that are interacting with other conserved hydrophobic residues. The mutation substitutes Tyr 
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with Cys in position 65, where aromatic amino acids are clustered. This causes a drastic 

reduction in the affinity towards the proline-rich region on its protein target. For instance, 

the binding between PQBP-Y65C and WBP11 (WW domain-binding protein 11) splicing 

factor was shown to be compromised in Golabi-Ito-Hall-derived lymphoblasts. Studies on 

the Renpenning syndrome stress the critical role of the WW domain of PQBP, providing 

further evidence of its involvement in X chromosome-linked mental retardation. Recent X-

ray studies [160] have shown that the YxxPxxVL motif in the spliceosomal protein U5-

15kD is recognized by the C-terminus of PQBP; however, the WW domain was not included 

in the sequence of the protein.  

This work combines NMR and MD simulations with the aim of getting insight in the 

molecular causes of the GIH disease, studying the effect of the Y65C mutation on the 

dynamics and structure of the WW domain of PQBP. We used enhanced sampling 

simulations with Parallel Tempering Metadynamics (PTMetaD) [39] to get insight into the 

folding mechanism of both the wild type and the Y65C mutant and to fully understand the 

reasons for their intrinsic instability. Enhanced-sampling algorithms allow overcoming 

timescale limitation of conventional MD calculations by means of atomistic models. This is 

necessary when studying relatively long processes such as protein folding.  

 

 

4.2 NMR and MD studies on the native and mutated WW 

domain from PQBP 
 

 

In this thesis we use high-field high-resolution NMR (Fig. 4.1) and enhanced sampling 

simulations with Parallel Tempering Metadynamics (PTMetaD) to unravel the molecular 

causes of the disease and in particular to understand why the mutated WW domain of PQBP 

is not able to bind its natural ligand WBP11, which regulates mRNA processing. In this 

work we found that the wild type protein is partly unfolded in solution and it exchanges 

between multiple beta-strand-like conformations. The studies on its mutated form (Y65C) 

showed that the presence of an extra-cysteine diminishes the residual fold and leads to the 

formation of a disulphide bridge, which might have a well-definite role in the loss of 

biological function. 
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4.2.1 The WW domain exchanges among multiple conformations        
  

 

The 1H,15N HSQC spectrum of the PQBP1 WW domain (Fig. 4.1A) displays broad signals 

and seems to suggest the presence of exchanges among multiple conformations in solution, 

as in other cases reported in the literature [162,164,180]. However, this fold is generally 

noticeably well-ordered [164-171]. In other cases, the folding of the WW domain can be 

stabilized in the presence of a binding peptide [165,161,166,167-170].  

 

 

          

Figure 4.1: (A) 1H, 15N-HSQC assigned spectrum of wt-WW domain (green) and its 

Y65C mutant (red) (500 MHz, T = 278 K). Residues labelled with a star (*) are assigned 

with uncertainty. (B) Representation of values of Chemical Shift Index onto a structural 
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model of Y65C WW domain of PQBP. Beta-sheet structures (blue) are predominant. 

Deviations of alpha-helix are displayed in yellow. Unassigned residues, for which we have 

no data, are coloured in grey. Figure adapted from Ref [172]. 

 

 

The narrow dispersion of signals in the proton dimension is almost compatible with 

intrinsically disordered proteins. Even though the protein is small and we used a doubly-

labelled sample, the assignment of signals was difficult (see Table 3). In size exclusion 

chromatography, the protein appears as a single peak consistent with a monomer. The large 

linewidth cannot therefore be caused by the formation of multimers and it is better explained 

by the presence of conformational exchange in the micro to milliseconds time scales.  

Extreme broadening is observed when the difference in the chemical shifts of the 

exchanging resonances is comparable with the exchange rate (intermediate regime). In this 

condition, the study of the protein by NMR is particularly difficult. In order to move away 

from the intermediate regime, we tried to change various parameters. Despite the efforts, the 

spectrum could not be improved significantly when the temperature was changed, the NMR 

field was modified (500, 600, 700 and even 1000 MHz) or the pH was changed from 7.4 to 

6.5. The spectrum of the WT slightly improves at 313 K but even in these conditions the 

line-width remains extremely broad, preventing the complete assignment of signal. The 

presence of multiple folds rapidly exchanging is compatible with a low stability of the native 

fold and a broad energy basin, as shown by the free energy profile obtained with enhanced-

sampling MD simulations (Fig. 4.2). 
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Figure 4.2: Free Energy profile of the WW domain (wt) and its Y65C mutant as a 

function of the native contact map (CMAP); errors are represented as a shaded region. 

Figure adapted from Ref [172].   

 

NMR can detect the secondary structure of all residues even in presence of conformational 

exchange. The deviations from the tabulated random coil values, is predictive of alpha-

helices or beta-strands character [173]. The method, well-known as the Chemical Shift 

Index, can be applied to the chemical shifts of backbone carbon atoms (carbonyl, carbons in 

positions α and β but also Hα). Among these predictors, Cβ is the most reliable in detecting 

beta-strands. In the case of our protein, beta structure seems to be present in regions 

compatible with the canonical WW fold, even if the presence of conformational exchange 

suggests poor stability (Fig. 4.1B, Table 4). Similar conclusions have been drawn by circular 

dichroism [174]. Crystal and solution structures of the WW domain consist of a triple 

stranded beta sheet [164-171], in agreement with our observations and with an NMR-based 

model of our specific amino-acid sequence. 
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   4.2.2 Y65C mutant displays increased structural disorder  with 

respect to the wt protein    

 

    Even if the folding landscape of the Y65C mutant is quite similar to that of the wt, its 

stability in the folded state is lower ( DGuàf around − 0.5 kcal/mol ) (Fig. 4.2). On the 

contrary, the folding barrier is predicted to be higher (3.5 kcal/mol). Accordingly, the 

1H,15N HSQC spectrum displays sharper signals than the wt, indicating higher backbone 

flexibility. This is also in agreement with previous data [300] based on far and near UV CD 

spectra, suggesting a destabilizing effect caused by the mutation.  

 The slightly better quality of the 1H,15N-HSQC spectrum encouraged us to run a 3D 

1H,15N-NOESY-HSQC experiment, which displayed rather good-quality cross peaks 

(figure 4.3). The fact that signals “survive” in a longer 3D experiment indicate that their 

lifetime is longer, as often observed in disordered proteins. The structure of proteins by 

NMR significantly relies on inter-proton Nuclear Overhauser Effect (NOE), which provides 

a huge number of structural restrains. In presence of conformational exchange, the accuracy 

of the distances estimated by NOE is strongly reduced and NOESY cross-peaks can appear 

extremely weak, particularly for long-range inter-proton contacts. This is what we observe 

in the 3D 1H, 15N NOESY-HSQC spectrum of WW Y65C. The absence of long-range 

cross-peaks suggests extended conformational dynamics and prevents a conventional 

structural determination based on NOEs.  
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Figure 4.3: 1H, 15N - HSQC and 3D 1H, 15N - NOESYHSQC (insert) NMR spectra of 

Y65C mutant. In the insert, the plane relative to Val 72 amide proton is displayed, showing 

the relatively good quality of the 3D spectrum. Only intra-residue NOEs or NOEs with the 

solvent are found, further demonstrating the absence of a well-definite structure. 

 

It could be argued that the absence of long-range cross peaks and sharp lines are more 

consistent with an intrinsically disordered protein rather than indicating the presence of 

conformational exchange among folded structures. However, we want to stress here that the 

HSQC spectrum of the Y65C mutant is far from being similar to what we expect for an 

intrinsically disordered protein, where all signals tend to be clearly visible and the linewidth 

is narrow. This is not the case for our proteins, for which the signal intensity along the 

sequence is highly variable both in the WT and the mutant (see Fig 4.4). These observations 

are more compatible with a model where some residues are in dynamic exchange between 

different conformations and the exchange is affecting the linewidth, according to the 

difference in chemical shifts. Regions of the protein with similar chemical shifts in different 

conformations are expected to be less affected and appear sharper. 

In conclusion, we believe that a higher flexibility in the Y65C mutant moves the dynamics 

toward a faster exchange in the NMR timescale with respect to the wt. Extensive broadening 
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is still present in the spectra of the mutant and the presence of beta structures in the 

exchanging conformers is reflected in the deviations of the Chemical Shift Index (Fig. 

4.1B).  

 

       

 

Figure 4.4: Amide proton signal intensity in 1H, 15N - HSQC NMR spectrum. The 

intensity is shown as backbone thickness and colour (it increases from yellow to red) onto 

the structural model of Y65C mutant of WW domain from PQBP. Data refer to the mutant 

in its reduced form. Figure adapted from Ref [172].   
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4.2.3 Oxidation of the Y65C mutant of WW domain from PQBP    

 

The cause of the GIH syndrome could be simply related to the instability of the WW fold, 

which would disfavour the binding of its biological interacting partner. However, loss of 

function in PQBP has been also explained by the oxidation of Cys65 in the Y65C mutant. In 

vitro, the protein dimerizes [174], suggesting the formation of an intermolecular disulphide 

bridge. Our experimental data on Y65C mutant are compatible with a soluble protein where 

Cys60 is clearly oxidized. This is undoubtedly demonstrated by the chemical shift of its β-

carbon at 41.6 ppm (the expected shift in reduced cysteines is around 30 ppm [175]). Cys65 
has a very weak amide signal, and its oxidation state is less evident in NMR spectra.  

The formation of an inter-molecular disulphide bonds involving Cys60 is fairly possible: 

Cys60 resides in a loop (see Fig. 4.5B) and it is linked to a glycine, factors that provide 

solvent exposition and flexibility for the formation of an intermolecular bond. Furthermore, 

reduction of Cys60 by DTT (Fig. 4.5A) causes limited changes in the spectrum (Gly59 and 

Ser61). This is another observation in favour of the intermolecular nature of the disulphide 

bond. In fact, the formation of a bond involving Cys65, which is supposedly part of the 

hydrophobic core, would result in profound spectral alterations. Intriguingly, there is no 

evidence of the oxidation of Cys60 in the wt protein, which is purified as a single 

chromatographic peak in gel filtration. On the contrary, the mutant presents two 

chromatographic peaks compatible with a monomer and a dimer, which are difficult to 

separate. In the NMR spectrum of the purified mutant only the oxidized form is visible. 
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Figure 4.5: Y65C WW domain spectrum and structure. (A) 1H, 15NHSQC spectrum of 

oxidized (blue) and reduced (red) Y65C WW domain (500 MHz, 278 K). The assignment 

refers to the oxidized form. Green arrows refer to large chemical shift variation. (B) The 

hydrophobic core is disrupted in the Y65C mutant. Figure adapted from Ref [172].   

 

         In order to better understand whether the formation of an intramolecular disulphide bond is 

possible, we calculated the FE profiles along the distance between the Cβ of residues Cys60 
and Cys65 (Tyr65 in the WT). The mutant displayed a more heterogeneous set of distances 
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with respect to the wt, in agreement with its greater flexibility  (Fig. 4.6A). Indeed, we could 

obtain structures compatible with the formation of an intramolecular disulphide bond 

(around 4 Å). These structures with a short Cys60-X65 distance are quite more populated in 

the Y65C mutant than in the wt. However, it has to be stressed that these structures depict a 

quite unfolded protein demonstrating that residues 60 and 65 are not able to come close 

when the protein is well folded. Further insight comes from the interpretation of CD spectra, 

which indicate a lower content in beta sheet in the mutant with respect to the wt protein 

[172], as if the presence of an intramolecular disulphide bridge stabilized the unfolded state.  

In order to validate this hypothesis, we studied the free energy landscape of the Y65C 

mutant, using a structure with a short Cys60-Cys65 distance simulating the presence of a 

disulphide bridge in-silico. The PTMetaD study was repeated with the same setup of the 

previous simulations and a new folding profile was obtained (Fig. 4.6B). In this simulation 

the protein assumed many unfolded conformations but was even able to form the β1β2 

sheet; however, it could not form the complete native fold. 
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Figure 4.6: Free Energy of WT and Y65C mutant. (A) Free Energy reweighted along the 

distance between the sulphur atoms of residues Cys60 and Cys65 (Tyr65 in the WT). The 

number of structures with a low inter-residual distance is much higher in the Y65C mutant 

than in the wt. The distance can be as low as 4 Å in the unfolded state of both proteins. (B) 

Free Energy of the Y65C mutant as a function of the contact map in the presence (red) and 

in the absence (blue) of the disulphide bridge between Cys60 and Cys65. Figure adapted 

from Ref [172].   

 

4.3 Conclusions      

 

Characterising the folding behaviour of the WW domain and its pathogenic mutant in 

solution is key to understand the molecular causes of the GIH syndrome [172, 175]. The 

WW domain of PQBP appears to be unstable and presents a disordered fold, unlike most 

other WW domain structures [164-171]. Its mutant is prone to oxidation, which might be at 
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the origin of the loss of the interaction with its biological partner. 

The Y65C mutation of PQBP affects the hydrophobic core of the protein making it prone to 

the oxidation. The mutated tyrosine is right in the centre of the hydrophobic core of the 

protein and the mutation destabilizes considerably the structure. NMR data suggest an 

increase disorder with respect to the wt but also extensive exchange between and beta 

structures as suggested by the Chemical Shift Index.  

The mutant has a behaviour more similar to a random coil protein than the wild type. This 

conclusion was not drawn by the values of chemical shifts (comparison with the values of 

the wt), because the assignment is incomplete. Rather, our observations were based on the 

fact that the signals of the mutant display longer lifetimes. Actually, we had less difficulty in 

assigning the mutant with respect to the wild type protein, although their spectra were 

recorded in the same conditions. Signals from the mutant survive in multidimensional 

spectra, indicating that their transversal relaxation is less efficient, as often observed in 

unstructured proteins at the NMR fields used. 

Parallel Tempering Metadynamics predicts a low stability for this fold, estimating a folding 

free energy of around −2.0 kcal/mol, in good agreement with unfolding data. Both CD [174] 

and NMR data are consistent with an increase in the disorder and a considerable presence of 

random coil conformations, which is reflected in a narrower line-width with respect to the 

wt. 

The increased flexibility observed in the mutant appears to be essential for the accessibility 

and oxidation of cysteine residues. The mutant tends to forms dimers in vitro [172]. 

According to NMR, the oxidation state of Cys60 demonstrates that this residue is involved 

in a disulphide bond but little can be said about Cys65 due to its broad weak signal. These 

data demonstrate that, unlike the WT protein, the mutant can form disulphide bonds through 

Cys60. Both intramolecular and intermolecular disulphide bonds could be present. The wt 

WW domain, which is normally part of a large multi-domain protein, is not supposed to 

oxidise in the cell; therefore, the formation of an intramolecular disulphide bridge is 

biologically very important. Parallel Tempering Metadynamics allowed us to show that an 

intramolecular disulphide bond can be formed but also that this bond affects significantly the 

folding landscape. The picture provided by metadynamics on folding and misfolding is able 

to explain both the increased disorder observed by NMR for the mutant and the large 

linewidth observed in its spectrum.  
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The reversible oxidation of cysteine has been reported in both physiological [176] and 

pathological conditions [169,170]. Our model, based on NMR and Parallel Tempering 

Metadynamics, is compatible with misfolding and/or the formation of a disulphide bridge, 

which would prevent the binding of the WW domain to its molecular partner. In this 

scenario the oxidation of cysteine provides a credible molecular mechanism at the origin of 

the GIH disease. 
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Chapter 5   

 

Materials and Methods 

 

In this thesis, I report on results obtained with a combination of enhanced sampling 

atomistic MD simulations and NMR experiments. The final aim is to understand the 

molecular mechanism underlying the regulation and inhibition of oncogenic protein kinases 

and regulatory domains.  

Although all the projects described in my thesis have a common set of aims and start from 

similar initial questions, that is, to understand the activation mechanisms of signalling 

proteins and the role of therapeutic compounds in modulating these mechanisms, the 

specific behaviour and evolution of each protein studied is different and the technical 

difficulties encountered are peculiar to each one of them. The difficulty of obtaining 

isotopically labelled kinases and assign their NMR spectra have been amply discussed in the 

literature. A saving grace for me was that every successful project provided new knowledge 

about the best experimental strategies that could be applied to the following studies. What is 

more, the availability of fully converged conformational free energy landscapes from the 

simulations performed in the group allowed me an in depth interpretation of the 

experimental data and sometimes guided the choice of the experiments. 

 

5.1 Computational Methods  

 

Working in close collaboration to my computational colleagues was both challenging and 

very beneficial. In my experience, the agreement between the activation dynamics and the 

binding mechanisms predicted by atomistic molecular dynamics simulations and free energy 

calculations with our NMR experimental data was excellent. This greatly helped in 
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understanding the allosteric and ligand binding mechanisms providing a precious rational for 

the future synthesis of products of interest in medicinal/pharmaceutical chemistry.  

In this thesis, MD simulations were performed with the GROMACS simulation package 

[176]. All free energy calculations were performed with PT-metaD [177] using GROMACS 

and the PLUMED plugin [178] as in previous studies of kinase conformational changes 

[179,180].  

 

Given the intrinsically long time-scales of the conformational changes of interest (ms) the 

use of enhanced sampling algorithms was necessary. The algorithm of choice was parallel 

tempering metadynamics (PTmetaD) [181]. This algorithm was co-developed by my 

supervisor and was proven to be very efficient in determining large scale conformational 

changes in protein kinases, allowing the accurate reconstruction of the free energy 

landscapes associated with the activation of a number of kinases and GPCRs [155,182,183].  

 

5.1.1 Molecular Dynamics  

 

Since the first biomolecular simulation on BPTI more than 40 years ago [179] molecular 

dynamics (MD) simulations have been used to compute the equilibrium properties of 

complex biomolecular systems. In classical MD, the time evolution of a system of N atoms, 

with Cartesian coordinates ri, can be simulated by integrating Newton’s equation of motion 

over time [180]:  

                                              Fi(r1,...,rN) = miri (2.1) 

where mi is the mass of atom i, ri the acceleration of atom i and Fi = −∇riV is the force 

acting on each atom, and V the potential (from the molecular mechanic force field).  

The force field describes the potential energy of the system under analysis [123, 124, 125]. 

The most used force fields in classical MD simulations are still mostly based on the 

formulation by Lifson [126] originally devised in the 60s, however recently developed 
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force-fields (such as Amber99SB-ILDN*, Amber14, CHARMM36m, etc.] have been 

carefully re-parameterized to accurately reproduce most properties of interest, including 

folding thermodynamics and kinetics [cite Chung, Piana , Shaw & Eaton, Science 2015]. 

Indeed, in all the recent editions of the CASP refinement challenge, methods based on MD 

and force-fields were able to systematically refine the best server models of proteins [181]. 

 

5.1.2 Metadynamics and Parallel-Tempering Metadynamics  

 

As most phenomena of interest in biology and biophysics happen on time-scales that are 

much longer than those accessible by atomistic MD, which even on the most powerful 

supercomputer are at most hundreds of ms, enhanced sampling algorithms are often 

necessary. 

Metadynamics (METAD or MetaD) [182] is a computer simulation method in 

computational physics, chemistry and biology. It is used to compute free energy and other 

state functions of a system, where ergodicity is blocked by the roughness of the system's free 

energy landscape (i.e. barriers that are too high block the system from visiting all 

conformations of interest). 

MetaD is one of the most used and powerful enhanced-sampling algorithms [183,184]. 

MetaD provides a fast and accurate exploration of the free energy surface (FES). The FES is 

the reconstruction of the system free-energy as a function of collective variables (CVs). 

MetaD requires the identification of a set of CVs that are able to describe the process of 

study. CVs are a function of the atomic position and must approximate the reaction 

coordinate of interest. 

At difference with other methods, MetaD can treat several CVs (usually up to 4) 

simultaneously, and can be used both for reconstructing the free energy and for accelerating 

strange events. 

The CVs need to describe the reaction coordinate and include all the slow degrees of 

freedom relevant to the reaction. When all the free energy basins for the system have been 

explored, the free energy surface can be reconstructed by integrating the bias. 
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Moreover, to improve the sampling of specific conformational changes of interest, when the 

choice of a small set of relevant CVs proves difficult, Parallel Tempering PT together with 

well-tempered metaD allows the convergence of the free energy. 

The free energy surface (FES) is finally obtained by reconstructing the FE of the system at a 

specific temperature T from the bias deposited by PTmetaD.                       

 

5.1.3 Classical MD simulations details 

 

In this thesis, the predictions of classical MD simulations of several PKs (with and without 

MetaD were used to interpret the experimental data. The simulations were always performed 

only on the kinase catalytic domain (KD). The KD of our protein of interest (c-Src and B-

Raf) is among 260 -270 amino acids. The crystal structures of the KD were retrieved from 

the Protein Data Bank. For instance, for the DFG-in conformation we used the PDB entries: 

2SRC and 3C4C, for Src and B-Raf, respectively. 

 

5.2 Experimental Methods 

 

5.2.1. Protein expression in E.Coli 

 

Generally, recombinant cells are produced by inserting foreign genes into the genetic code, 

or DNA. The process of recombination involves a vector, or gene carrier, that is inserted 

into a host cell. The benefits of recombinant DNA are countless and span from 

improvements in cancer research to vaccine production. Once the cells are infected with the 

DNA of interest, they are cultured and the transcription of the desired protein can be 

activated.  

In this thesis, E.coli bacterial cells are widely used because they are easily cultured and also 
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provide high protein yields [184]. In a subsequent step, the cells expressing the recombinant 

protein are lysed and the protein extract are purified. Factors like the type of cells-growing 

medium and growing conditions (temperature and concentration of IPTG) depend on the 

recombinant protein of interest and determine the yield [186]. 

In this work we used E.coli strain BL21 (DE3) cells expressing the catalytic domain of Src. 

These cells also co-express the YopH phosphatase and the chaperone pG-KJE8 [185,186] 

(see below, section 5.3.1). 

 

5.2.2 Protein purification 

 

Protein purification is fundamental for the characterization of the structure, function and 

interactions of proteins. The various steps in the purification process might include cell lysis, 

separating the soluble protein components from cell debris, and eventually separating the 

protein of interest from other proteins and related impurities. This last step is typically the 

most crucial aspect of protein purification. 

The choice of the chromatographic techniques to be used in the purification protocol 

depends on the protein to study. The criteria are usually based on the physical and chemical 

properties of the recombinant protein to purify.  

In practice, the supernatant (the soluble part of the sample containing the protein), obtained 

after cells lysis, is loaded into the chromatography column. Chemical properties of proteins, 

such as charge, size or specific interactions with other molecules, are used in the process of 

separation. A chromatography column is usually composed of a packed matrix (e.g. agarose, 

silica, dextran), known as the stationary phase. Loaded into the column and moving 

throughout it are the eluents (the mobile phase), which corresponds to the buffers and the 

protein mixture. 

There are different kinds of chromatographic techniques [187, 188, 189]. A common 

mechanism, used in affinity and ion-exchange chromatography, is characterised by a first 

selective capturing step, where the protein of interest binds to the stationary phase, while 

impurities are washed away by the eluent buffer. In the final step, the conditions favouring 
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the binding are changed, so that the protein is eluted [187]. The mechanism is illustrated in 

Figure 5.1, which reports an example of a chromatogram from a purification process. The 

figure does not apply to size exclusion chromatography or gel filtration, where the 

separation is based on the protein size (proportional to the molecular weight) [187, 188]. 

                   

 

  

Figure 5.1: Typical protein purification. Figure adapted from Ref [197].  

 

 5.2.2.1 Affinity chromatography 

 

Affinity chromatography often enables a single-step purification of proteins to a purity level 

sufficient for analytical characterization. Affinity chromatography is a separation technique 

based on molecular recognition (often “lock and key” type). Affinity chromatography is 

based on the formation of hydrogen bonds, electrostatic and van der Waals interactions 

implicated in molecular binding processes [188,189,190]. 

The matrix of the chromatographic column contains a specific ligand, covalently bound and 
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having a high affinity for the protein of interest. When the protein-containing sample is 

loaded into the column, the protein of interest binds reversibly to the ligand. Therefore, 

while the other proteins are washed away by the continuous elution of buffer, the target 

protein remains bound to the column. Changes in the composition of the buffer allow the 

elution of the protein in the final step. 

In this thesis, HisTrap HP affinity column (GE Healthcare) has been used. The column 

contains a complex of nickel (the ligand), which has high affinity for the hexahistidine tag 

(His-tag) attached to the kinase domain of the protein kinase to purify. In a first step, the 

His-tagged protein remains bound to the column while the others are washed away with the 

buffer. In the final step, the buffer becomes rich in imidazole, which forces the protein to 

dissociated and elute (imidazole has also a high affinity for the nickel complex and is much 

more concentrated than the protein). 

 

5.2.2.2 Ion-exchange chromatography 

 

Separation by ion-exchange chromatography is based on differences in protein surface 

charges (which in turn depend on the pH and the isoelectric point of each protein). The 

protein of interest can be loaded into a column containing a positively or negatively charged 

stationary phase, depending on its surface charge at the working pH (see Figure 5.2). This 

technique is particularly effective to separate proteins with very peculiar isoelectric points. 

By carefully choosing the value of pH, the protein of interest can acquire a charge of 

opposite sign with respect to the others and be retained selectively by a stationary phase of 

opposite charge. The elution of the protein is then accomplished by changes in the pH or in 

the ionic strength of the buffer [187,188,189]. 
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Figure 5.2:  Ion-exchange chromatography. Figure adapted from Ref [276]. 

 

In this thesis, Q anion (Src) and cation (B-Raf) exchange column by GE Healthcare have 

been used. The elution of the target protein was obtained by increasing the concentration of 

NaCl, which changes the ionic strength in the elution buffer. NaCl is composed of anions 

and cations and therefore competes with the protein of interest in the interaction with the 

charged matrix. 

 

5.2.2.3 Size-exclusion or gel filtration chromatography 

 

Size-exclusion chromatography separates proteins according to their size. The column 

matrix does not have any bound ligand, but it is just constituted of porous beads 

[191,192,193]. The dimension of the pores can be chosen according to the molecular weight 

of the target protein. The column used in my experiments was a Superdex 75 16/60 size-

exclusion column (GE Healthcare). 
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Depending on their size, proteins can follow different pathways through the column. Larger 

size proteins, for steric reasons, do not enter the pores and pass among the beads. They are 

the first to be eluted because they do not “loose time” inside the pores. On the contrary, 

smaller proteins are retained longer in the intricate maze of the column matrix, delaying 

their elution [187] (see Figure 5.3).                                

                       

 

 

Figure 5.3: Size-exclusion chromatography scheme. Figure adapted from Ref [277]. 
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5.3 Src-KD experiments 

 

5.3.1 Bacterial expression and purification of Src-KD 

 

c-Src (residues Q251–L533) was inserted into a pET-28a vector (Novagen). The protein has 

been designed to have an N-terminal hexahistidine tag which can be cleaved by tobacco etch 

virus (TEV) protease. Src-KD was co-expressed with the chaperone plasmid pG-KJE8 

(Takara) encoding the groESL proteins and the full length YopH phosphatase from Yersinia. 

The first protein stimulates protein folding while the second maintains the kinases in the 

dephosphorylated state. The three plasmids were co-transformed into E. coli strain BL21 

(DE3) cells. The triply labelled protein (2H, 13C, 15N) was expressed in 100% D2O, using 

M9 minimal media with 1 g/L of 15NH4Cl as the sole source of nitrogen and 3 gr/L of 13C 

glucose. For strain selection we used the following antibiotics: 50 mg/ml kanamicin, 50 mg 

/ml streptomycin, 20 mg/ml chloramphenicol. The growth media contained also 5 µg/ml 

tetracycline.	Cultures were grown to an OD600nm of 0.8 at 37 °C, induced with 0.2 mM 

IPTG and left overnight at 20 °C. Cells were centrifuged at 4000g and the pellet was frozen 

at -20ºC. Pellets were re-suspended in 40 ml of lysis buffer containing 25 mM TRIS at pH 8, 

250 mM NaCl, 1mM MgCl2, 0.1 mM CaCl2, 10 mM Benzamidine, 40 mM imidazole, and a 

tablet of protease inhibitor (complete, mini, EDTA-free Protease Inhibitor Cocktail from 

Roche). Subsequently, the lysate was treated first lysozyme and then with a solution of 10% 

Triton X-100 containing with DNAse I. After ultracentrifugation at 40,000g at 4ºC, which 

removed cell debris, the sample was ready for immediate purification by Ni affinity 

chromatography. The supernatant was filtered and loaded onto a Ni affinity column 

(HisTrap FF, GE Healthcare) at flow rate of 1.5 mL/min, equilibrated with buffer. A 

containing 50 mM Tris (pH 8.0), 500 mM NaCl, 5% glicerol (v/v), 25 mM imidazole. The 

loaded column was washed with five column volumes of buffer A, and the protein was 

eluted with a linear gradient (0–100%) of buffer B (which has the same composition of 

buffer A except for the imidazole which is 0.5 M). The eluted fractions were checked by 

SDS-PAGE gels and fractions containing the target protein were pooled. The His-tag of the 

protein was cleaved by adding TEV protease (1 mg per 20 mg of crude kinase) and 

incubating overnight at room temperature. The solution was loaded onto a HisTrap column 
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to separate the protein from the cleaved tag. Yoph phosphatase, which tends to bind to the 

Ni affinity resin despite the lack of a histidine tag, was the main impurity. Further 

purification was obtained by anion exchange chromatography. The protein was diluted five-

fold to reduce the ionic strength of the solution and loaded onto an anion exchange column 

(HiTrap Q FF, GE Healthcare) at flow rate of 1.5 mL/min, equilibrated with 20 mM Tris 

(pH 8.0), 5% glycerol, 1 mM DTT (buffer QA). Protein was eluted with a linear gradient of 

0–100% buffer QB (buffer QA plus 1 M NaCl). Fractions containing the protein of interest 

were gathered and loaded onto a size-exclusion column (Superdex 75 16/60, GE Healthcare) 

at flow rate of 0.5 mL/min, equilibrated with 20 mM Tris (pH 8), 0.5 M NaCl, 1 mM 

MgCl2, and 1 mM TCEP. The protein was concentrated, frozen in liquid nitrogen, and 

stored at -80ºC. The concentration of Src was determined by absorbance at 280 nm using a 

calculated extinction coefficient of 52,370 M-1 cm-1. The protocol yields about 10–12 mg 

of purified Src- KD per liter of bacterial culture. The identity of the protein was confirmed 

by mass spectrometry (which confirmed the presence of NMR active isotopes) while its 

correct fold was clear from the NMR 1H,15N-HSQC spectrum. 

 

         
 

Figure 5.4: pET-28a vector. The map of pET-28a as an expression vector (Novagen: Cat. 

No. 69337-3) 
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5.3.1.1 Expression and Purification Strategy 

 

 

The expression and purification of the Src was according to the strategy observed below (see 

Fig 5.5). The same strategy was followed for B-Raf (see section 5.4.1) and similar for WW 

(see Section 5.5.1) with the exception that the purification was carried out with a GST 

column before using the S75 column. 

 

 

  

 
	

 

Figure 5.5: Flow chart of the expression and purification strategy. 

	

	

 5.3.2 Src-KD phosphorylation	
 

 

Phosphorylation of the pure protein is simply achieved by addition of a concentrated 

solution of ATP in equimolar ratio. Phosphorylation of Tyr416 was confirmed by enzymatic 

digestion followed by MS and, for subsequent samples, by NMR, as the spectrum of the 
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phosphorylated protein was known. Traces of co-expressed YopH phosphatase can easily 

dephosphorylate the protein. For this reason, an extra step of purification with Q column 

after the addition of ATP is required. Excess of ATP deriving can be removed by subsequent 

cycles of centrifugation with 10-kDa molecular cut-off concentrator. 

 
5.3.3 Src - High field NMR 

 
Due to their relatively large size (around 32 KDa) and highly dynamic nature, NMR 

assignment of protein kinases is quite difficult. The NMR 1H,15N-TROSY spectrum of free 

Src kinase catalytic domain presents only about 196 peaks out of 268 theoretical backbone 

amide expected signals. Assignment was accomplished for 179 residues (91 %) leaving 17 

peaks not clearly identified. Due either to poor intensity or to lack of correlations with the 

others, only some of them were tentatively assigned. 

Protein samples (20 mM phosphate at pH 6.4, NaCl 0.5 M, MgCl2 1mM, TCEP 1mM, 

NaN3 0.03%) were analysed at 298 using concentrations between 300 and 500 mM.  The 

chosen pH was a compromise between protein solubility (which decreases at lower pH) and 

the detectability of water-exchanging amide protons. The temperature was set to 293 K. 

NMR experiments were performed on Bruker Avance 600 MHz, 700 MHz and 1 GHz, the 

first and latter equipped with cryogenically-cooled triple resonance probe.  

  1H and 15N backbone assignment of the catalytic domain of Src was accomplished 

through a series of three-dimensional experiments recorded on a triply labeled sample with 

deuteration > 70% both at 700 and 1000 MHz, namely: trHNCO , trHN(CA)CO, trHNCA, 

trHNCACB and 1H,15N-NOESY-HSQC (sample not deuterated). The assignment was 

aided by the comparison with data of the previously assigned unphosphorylated form 

(BMRB deposition 25756) in the presence of Imatinib (doi 10.1007/s12104-011-9304-7) 

which had been performed at pH 8. By gradually changing the pH from 8 to 6.4, we adjusted 

this assignment to our working pH. Subsequently, the new assignment was used as a guide 

to find the resonances of free Src. The final values of chemical shift were checked by 

comparing neighbouring strips in 3D spectra of trHNCA and trHNCACB . In trHNCA each 

amide proton correlates with the alpha carbon of both the previous and its own residue, 

creating a clear correlation in the carbon dimension when comparing strips related to 

neighbouring residues. In trHNCACB the correlation is observed also for beta carbons, 
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which are on average much more dispersed in chemical shift and less prone to create 

ambiguities (carbon atoms in alpha easily overlap due to the narrower window in which they 

resonate). Unfortunately, the intensities in trHNCACB are often very weak, especially in 

large proteins and the signal is easily lost. In cases where the signal was too weak or in 

overlap, we compared trHNCO (in which the amide correlates with the carbonyl carbon of 

the previous residue) with trHN(CA)CO (in which the amide correlated with its own 

carbonyl carbon), although the latter also tends to be weak. Final chemical shift values were 

further checked by comparison with predictions from the crystallographic structure and 

random coil using SPARTA+ (PMID: 20628786) and ncIDP programs (PMID: 21372082).  

Spectra were processed with XWINNMR 2.1 program and analyzed with NMRViewJ (one 

moon Scientific) (36). 

Carbon Ca and Cb chemical shifts were corrected for the deuterium isotope effect as 

described in (PMID: 9000633). 

Chemical shift Index was applied to Ca , Cb and carbonyl chemical shifts as described by 

Wishart et al. (PMID: 8019132) in order to confirm the presence of the secondary structure 

elements as found in the crystal.  

 

 

5.4 B-Raf experiments 
 

 

5.4.1 Expression and Purification of B-Raf 1H,15N,13C (labelled 
13CHD2 methyl groups of Isoleucines) 
 

 

The BRAF cDNAs (both the WT and V600E) encoding amino acid residues 448-723 with 

16 mutations were cloned into a pET28a vector (Invitrogen) with a N-terminal 6xHis tag for 

bacterial expression followed by a thrombin protease cleavage (clone sites: NdeI-BamHI). 

We used 16 mutations (I543A, I544S, I551K, Q562R, L588N, K630S, F667E, Y673S, 

A688R, L706S, Q709R, S713E, L716E, S720E, P722S, K723G) in order to improve the 

expression and the solubility of the protein.  B-Raf was co-expressed with full length YopH 

phosphatase and the chaperone plasmid pG-KJE8 like in the case of Src-KD (see above, 

section 5.3.1).  
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1H, 13C, 15N-labelled protein was expressed in M9 minimal media containing 1 g/L of 

labelled 15NH4Cl, 12C1H glucose (6 g/L) and 60 mg/L alpha-keto-butyric acid (Fig. 5.4). Cell 

selection was accomplished by the following antibiotics: 50 mg /ml kanamycin, 50 mg /ml 

streptomycin, 20 mg/ml chloramphenicol. As in the case of Src, the solution also contained 

tetracycline 5 µg/ml). Cultures were grown to an OD600nm of 0.8 at 37 °C and induced during 

3 hours at 16 °C with 1 mM IPTG. Frozen pellets at -20ºC were re-suspended with 40 ml of 

lysis buffer [25 mM TRIS pH 8, 250 mM NaCl, 1mM MgCl2, 0.1 mM CaCl2, 10 mM 

Benzamidine] containing a tablet of protease inhibitor (complete, mini, EDTA-free Protease 

Inhibitor Cocktail from Roche). The lysate was first treated lysozyme (Sigma) and then with 

a solution of 10% Triton X-100 containing with DNAse I. Centrifugation at 40,000g at 4ºC 

was used for 40 minutes to sediment insoluble proteins and cell debris. 
 

  

                        
 

 

Figure 5.6: SODIUM 4-13C,3,3-D2 2-KETOBUTYRIC ACID. This compound is used 

for labelling methyl groups (13CH2D) of high-molecular-weight proteins to study their 

dynamics by NMR. 

 

 

The supernatant is purified by a Ni affinity column (HisTrap FF, GE Healthcare) at flow rate 

of 1.5 mL/min, equilibrated with buffer A (50 mM Tris (pH 8.0), 500 mM NaCl, 5% 

glycerol (v/v), 25 mM imidazole). The loaded column is washed with five column volumes 

of buffer A, and the protein is eluted with a linear gradient of 0–100% of buffer B (which 
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has the same composition of buffer A except for the imidazole which is 0.5 M). Further 

purification (especially from YopH phosphatase) is accomplished by cation exchange 

chromatography. The eluted protein is diluted five-fold and loaded onto a cation exchange 

column (HiTrap SP FF, GE Healthcare) at flow rate of 1.5 mL/min, equilibrated with 20 

mM Tris (pH 8.0), 5% glycerol, 1 mM DTT (buffer QA). The protein is eluted with a linear 

gradient (0–100%) of buffer QB (buffer QA plus 1 M NaCl). Fractions containing the target 

protein are gathered and loaded onto a size exclusion column (Superdex 75 16/60, GE 

Healthcare) at flow rate of 0.5 mL/min, equilibrated with 20 mM Tris (pH 8), 0.5 M NaCl, 

1mM MgCl2, and 1 mM TCEP [312]. The protocol yields about 3-4 mg of purified B-Raf 

kinase domain per litre of bacterial culture. 

 

 

5.4.2 B-Raf – High field NMR 

 

 

Samples were prepared in 0.1 M phosphate at pH 6.5, 150 mM NaCl, 1 mM MgCl2, 1 mM 

TCEP. The sample concentration was 100 µM. The temperature was set to 298 K and the 

choice of the pH has been dictated by a compromise between protein solubility (decreasing 

at lower pH) and the detectability of water-exchanging amide protons.  

In order to assign 1H and 15N backbone atoms of the catalytic domain of B-Raf, triple 

resonance experiments such as TROSY-HNCO, TROSY-HN(CA)CO, TROSY-HNCA, 

TROSY-HNCACB and 1H,15N -NOESY-HSQC were acquired. Considering the size of the 

protein (~280 residues) these experiments were performed at high magnetic field (800 or 

950 MHz) taking full advantage of the improved resolution of the TROSY effect.  

Nowadays this work is still on progress. Once the backbone assignment the protein is 

accomplished, I will be able to analyse NMR relaxation data to study the dynamics of the 

protein. In particular, I will acquire heteronuclear relaxation experiments (15N T1, T2, 1H-15N 

NOE, and relaxation dispersion), in order to obtain residue-specific information about 

correlation times and order parameters. Relaxation dispersion experiments allow the 

observation of sub-ms dynamics and will be important to highlight residues affected by the 

significant conformational exchange. These dynamics influence enzymatic activity because 

they are responsible for enzyme-ligand (drug) recognition and binding [196,197] or can 

regulate the catalytic cycle by limiting access to the active conformations [194,198,199]. 
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5.5 WW experiments 
 

5.5.1 Cloning, Expression and Purification of WW 
 

37 amino acid long sequence of WW domain taken from the PQBP (poliglutamate binding 

protein) (MW = 4225.6 g/mol) were cloned: the native GLPP SWYKVFDPSCGLPY Y 

WNADT DLVSWLSPHD PNS, and the pathological mutation Y65C (position 19 in the 

sequence) GLPP SWYKVFDPSCGLPY C WNADT DLVSWLSPHD PNS (MW = 4165.6 

g/mol). WW domain genes were cloned in pGEX vectors with resistance to Ampicillin and 

linked to GST protein for the sake of purification. The linker to the GST protein contained a 

cleavable TEV site. Plasmids were transformed into E.Coli BL21 (DE3) cell lines selected 

by ampicillin (100 mg/mL). Cultures were grown overnight at 37 °C and resuspended in M9 

Minimal Medium containing 1g 15N-NH4Cl and 3.0 g of 13C-Glucose. When cells reached 

an OD value of 0.7-0.8, they were induced by IPTG and incubated at 20 °C overnight (the 

relatively low temperature was chosen to avoid that GST spontaneously separates from the 

WW-domain) and subsequently centrifuged at 2630 g. Pellets were stored at -20 °C and 

resuspended the following day in 50 mL of GST Buffer A (20 mM sodium phosphate pH 

7.3, 0.15 M NaCl). The lysate was then treated with 7 mL lysozyme (30KU), 18 mL 

benzonase, and protease inhibitors mix. The solution was mildly shaken at room temperature 

for 10 minutes and subsequently sonicated. The lysate was centrifuged at 45990 g. 5 mL 

GST columns (GE Healthcare) were equilibrated with GST buffer A. Elution of the protein 

was accomplished by buffer GST B without using a gradient (10 mM reduced glutathione, 

50 mM TRISHCl pH 8) at flow rate of 1.5 mL/min. The buffer had to be changed for TEV 

cleavage activity using a 15 ml centricon with a cutoff of 10 KDa. The sample was 

concentrated to 1.5 ml in the new buffer (TRIS-HCL 50 mM at pH 8, EDTA 0.5 mM e DTT 

0.5 mM), added with 300 mL of TEV 0.5 mg/mL, brought to a volume 2.0 mL with the 

same buffer and left at room temperature overnight. Samples were further purified by using 

a S75 column equilibrated at flow rate of 0.5 mL/min with diluted PBS and containing DTT 

0.5 mM. Eluted samples were concentrated by 3KDa cut off centricon and finally exchanged 

to the NMR buffer (20 mM phosphate solution at pH 6.5, 17 mM NaCl). Protein 

concentration was checked by absorbance at 280 nm.  
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5.5.2 WW – High field NMR 

 

NMR experiments were performed on the WW domain taken from the sequence of PQBP 

and its Y65C mutant. The construct I studied was 37 amino acid long, with sequence 

GLPPSWYKVFDPSCGLPY Y WNADTDLVSWLSPHDPNS. According to this 

numbering, the mutant corresponding to Y65C is Y19C. NMR spectra were recorded at 278 

K on samples whose concentration was 0.5 mM in 20 mM phosphate buffer at pH 6.5, 0.17 

mM NaCl. NMR spectra were acquired on Bruker Avance instruments operating at 500 

MHz, 600 MHz, 700 MHz and 1000 MHz. The assignment was accomplished by using 

standard NMR sequences such as 1H,15N-HSQC, 1H,13C-HSQC, 3D HNCA, HNCACB, 
1H,1H-NOESY, 1H, 15N-NOESY-HSQC. NOESY mixing time was 200 ms. Spectra in the 

figures were recorded at 500 MHz. Spectra were recorded with a relaxation delay of 2 sec 

and 256 scans.  
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