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Decoding the intricate network of molecular 
interactions of a hyperstable engineered 
biocatalystf 

Klara Markova4 a b Klaudia Chmelova4 a D Sergio M. Marques, a D Philippe Carpentier, .,.ab ab . cd 

David Bednar, a b Jiri Damborsky * a b 
and Martin Marek 

* a b 

C o m p u t a t i o n a l d e s i g n o f p r o t e i n ca ta lys ts w i t h e n h a n c e d stabi l i t ies f o r use in r e s e a r c h a n d e n z y m e 

t e c h n o l o g i e s is a c h a l l e n g i n g task. U s i n g f o r c e - f i e l d c a l c u l a t i o n s a n d p h y l o g e n e t i c analysis, w e p r e v i o u s l y 

d e s i g n e d t h e h a l o a l k a n e d e h a l o g e n a s e DhaA115 w h i c h c o n t a i n s 11 m u t a t i o n s t h a t c o n f e r u p o n it 

o u t s t a n d i n g t h e r m o s t a b i l i t y ( T m = 73.5 ° C ; A T m > 2 3 °C) . A n u n d e r s t a n d i n g o f t h e s t r u c t u r a l basis o f th is 

h y p e r s t a b i l i z a t i o n is r e q u i r e d in o r d e r t o d e v e l o p c o m p u t e r a l g o r i t h m s a n d p r e d i c t i v e t o o l s . H e r e , w e 

r e p o r t X - r a y s t r u c t u r e s o f DhaA115 at 1.55 A a n d 1.6 A r e s o l u t i o n s a n d the i r m o l e c u l a r d y n a m i c s 

t ra jec to r i es , w h i c h u n r a v e l t h e i n t r i ca te n e t w o r k o f i n t e r a c t i o n s t h a t r e i n f o r c e t h e a f t a - s a n d w i c h 

a r c h i t e c t u r e . U n e x p e c t e d l y , m u t a t i o n s t o w a r d b u l k y a r o m a t i c a m i n o a c i d s at t h e p r o t e i n su r face 

t r i g g e r e d l o n g - d i s t a n c e ( ~ 2 7 A) b a c k b o n e c h a n g e s d u e t o c o o p e r a t i v e e f f e c t s . T h e s e c o o p e r a t i v e 

i n t e r a c t i o n s p r o d u c e d an u n p r e c e d e n t e d d o u b l e - l o c k s y s t e m t h a t : (i) i n d u c e d b a c k b o n e c h a n g e s , (ii) 

c l o s e d t h e m o l e c u l a r ga tes t o t h e a c t i v e s i te, (iii) r e d u c e d t h e v o l u m e s o f t h e m a i n a n d s lo t access 

t u n n e l s , a n d (iv) o c c l u d e d t h e a c t i v e si te. D e s p i t e t h e s e spat ia l res t r i c t i ons , e x p e r i m e n t a l t r a c i n g o f t h e 

access t u n n e l s u s i n g k r y p t o n de r i va t i ve c rys ta ls d e m o n s t r a t e s t h a t t r a n s p o r t o f l i gands is sti l l e f f e c t i v e . 

O u r f i n d i n g s h i g h l i g h t key t h e r m o s t a b i l i z a t i o n e f f e c t s a n d p r o v i d e a s t r u c t u r a l basis f o r d e s i g n i n g n e w 

t h e r m o s t a b l e p r o t e i n ca ta lys ts . 

In t roduct ion 

E n z y m e s have evolved for b i l l i o n s o f years, a n d w i l l c o n t i n u e to 

do so as l o n g as l i fe o n ear th ex is ts . 1 They catalyze a l m o s t a l l 

c h e m i c a l reac t ions tha t o c cur i n l i v i n g o r g a n i s m s , a n d m a n y o f 

t h e m have been success fu l ly i n co rpo ra t ed in to diverse i n d u s 

t r i a l , e n v i r o n m e n t a l a n d b i o m e d i c a l t e chno log i es . 2 O f t en , w i l d 

type enzymes do n o t fu l ly mee t the d e m a n d s o f these h a r s h 

t e chno l og i ca l processes , a n d p u n c t u a l m u t a t i o n s are engi 

neered in to t h e m to improve the i r p h y s i c o - c h e m i c a l proper t i es 

for t e chno l og i ca l app l i c a t i ons . T h e key pa rame te r for a l l 

enzymes to be e m p l o y e d i n i n d u s t r i a l catalys is is 
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the rmos tab i l i t y , w h i c h a l l ows t h e m to w i t h s t a n d elevated 

t empera tures d u r i n g b ioca ta ly t i c processes . 3 

E n h a n c i n g p r o t e i n the rmos tab i l i t y invo lves changes that 

shi f t the f o l d i n g - u n f o l d i n g ba l ance t oward the f o lded f o r m . 

S t a b i l i z i n g subs t i tu t i ons c a n e i ther s tab i l i z e the f o lded confor

m a t i o n or des tab i l i ze the u n f o l d e d one . T h e m o s t d i rec t way to 

s tab i l i ze p ro t e ins is to create o r s t r eng then attract ive interac

t i ons be tween a m i n o ac ids i n the f o lded c o n f o r m a t i o n . 

A l t h o u g h p ro t e ins w i l l c o n t i n u e to u n f o l d anyway, these 

stronger in t e rac t i ons w i l l e i ther s l ow d o w n u n f o l d i n g or speed 

u p r e f o l d i n g processes. " A s t ruc tu red f o r m c a n be s tab i l i z ed 

t h r o u g h non-cova l en t in t e rac t i ons i n c l u d i n g h y d r o p h o b i c 

in t e rac t i ons , h y d r o g e n b o n d s , salt br idges a n d v a n der W a a l s 

forces. 5 I n c r eas ing the n u m b e r o f s t a b i l i z i n g e lectrostat ic 

in t e rac t i ons be tween res idues o f oppos i t e charge re in forces 

p ro t e ins ' t h e r m a l s tab i l i t y . 6 H y d r o p h o b i c in t e rac t i ons have 

been s h o w n to c on t r i bu t e p r o p o r t i o n a l l y m o r e effectively to 

p r o t e i n s tab i l i t y t h a n h y d r o g e n b o n d s . 7 T h e h y d r o p h o b i c effect 

is i n d e e d the d o m i n a n t d r i v i n g force i n p r o t e i n f o l d i n g , a n d 

d e s i g n i n g a we l l -packed h y d r o p h o b i c core is therefore usua l l y 

a n ef f ic ient strategy for e n g i n e e r i n g stable p ro t e ins . 4 

H a l o a l k a n e dehalogenases (HLDs ; E C 3 .8 .1 .5 ) are a/p-hydro-

lases that catalyze the hydro ly t i c cleavage o f the c a r b o n - h a l o g e n 

b o n d i n diverse ha logenated a l i pha t i c hydrocarbons via S N 2 

n u c l e o p h i l i c subs t i tu t i on . The reac t i on requires the a d d i t i o n o f 
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a water mo l ecu l e a n d releases a ha l i de i o n together w i t h a p ro t on , 

finally p r o d u c i n g the c o r r e s pon d i n g a l c o h o l . 8 Structural ly , H L D s 

cons is t o f a c a n o n i c a l a/p-hydrolase fo ld , w h i c h is c o m p o s e d o f 

a centra l e ight-s tranded P-sheet d o m a i n s u r r o u n d e d by several a-

hel ices {i.e. a P a s a n d w i c h architecture) . A n a d d i t i o n a l versati le 

he l i ca l cap d o m a i n is observed to be speci f ic to each H L D 

enzyme. 9 T h e active site conta ins a catalyt ic pentad , w h i c h 

cons is ts o f a nuc l eoph i l e , a base, a catalyt ic a c id , a n d two ha l ide -

s tab i l i z ing res idues . 9 I n a l l H L D s , the active site is pos i t i oned i n 

a h y d r o p h o b i c pocket b u r i e d between the a/p-fold core a n d the 

cap d o m a i n , a n d th is catalyt ic center is connec ted w i t h the b u l k 

solvent via a m a i n t u n n e l a n d a s lot t u n n e l . 1 0 B o t h o f these 

tunne l s are c ruc i a l de t e rminants o f the speci f ic catalytic activity 

a n d the substrate selectivity o f each H L D enzyme . 1 1 ' 1 2 

Recently, we deve loped F i r eP ro t , 1 3 ' 1 4 a fu l ly au tomated a n d 

robust c o m p u t a t i o n a l p ipe l i ne c o m b i n i n g energy- a n d evo lut ion-

based approaches to des i gn h i gh l y stable m u l t i - p o i n t m u t a n t 

prote ins . W e emp loyed F i r ePro t to enhance the thermostab i l i t y o f 

DhaA , a n H L D enzyme f r o m Rhodococcus rhodochrous [Tm = 

50.5 °C; T o p t = 45 °C) . Af ter several i t e ra t ion cycles, we ob ta ined 

a n 11-point D h a A mutan t , hereafter referred to as DhaA115 , w i t h 

ou t s t and ing the rmos tab i l i t y (Tm = 73.5 °C) a n d the rmoph i l i c i t y , 

as demonst ra ted by a subs tant ia l shi f t i n the o p t i m a l catalyt ic 

temperature (T o p t = 65 °C ) . 1 3 C o m p u t a t i o n a l m o d e l i n g showed 

that 3 o f the 11 s tab i l i z ing res idues l ine the m a i n access t u n n e l , 3 

other res idues are b u r i e d w i t h i n the p ro t e in core a n d the last 5 

res idues are exposed to solvent o n the p ro t e in sur face . 1 3 W e 

in ferred that 8 o f these m u t a t i o n s (C128F, T148L , A172I , C176F , 

D198W, V219W, C 2 6 2 L a n d D266F) , w h i c h were ident i f i ed by the 

energy-based approach , potent ia l ly enhance the stabi l i ty o f the 

enzyme by i m p r o v i n g the p a c k i n g o f a toms w i t h i n the p ro t e in 

in te r io r and/or by s t r eng then ing h y d r o p h o b i c in t e rac t i ons . 1 3 

However , the s t ab i l i z i ng effects o f the 3 r e m a i n i n g muta t i ons 

(E20S, F 8 0 R a n d A155P) , p roposed by the evo lut ion-based 

approach , canno t be r eproduced by force-field ca l cu la t i ons . 1 5 

Expe r imen ta l data are l a c k i n g to exp l a in the s t ructura l bas is for 

the eng ineered hyperstab i l i ty o f DhaA115 . 

To fill th i s gap, we crys ta l l i z ed a n d so lved h i gh - r e s o lu t i on 

s t ructures o f the hypers tab le enzyme D h a A 1 1 5 . Ana lyses o f 

these crysta l s t ructures h i g h l i g h t spec i f ic a m i n o a c i d conste l 

l a t i ons that p r i m a r i l y re in force the a P a - s a n d w i c h arch i t ec ture 

a n d the h e l i c a l cap d o m a i n via m u l t i p l e newly -es tab l i shed 

in t e rac t i ons o f the non -po l a r , h y d r o p h o b i c a n d a r oma t i c 7 t - u 

s t a c k i n g types. Surpr i s ing l y , we f o u n d tha t p l a c e m e n t o f b u l k y 

a r oma t i c a m i n o ac ids o n the p r o t e i n surface t r iggered some 

unexpec ted l ong -d i s tance changes i n the p r o t e i n b a c k b o n e . 

Essent ia l l y , these changes cause the gates a n d the i n t e r n a l 

v o l u m e s o f b o t h the m a i n a n d the s lo t access t u n n e l s to be 

res t r ic ted , a n d consequen t l y the enzyme active site appears 

s omewha t o c c l u d e d . Interest ing ly , desp i te the active site 

o c c l u s i o n , e xpe r imen ta l m a p p i n g o f the enzyme t u n n e l s by 

k r y p t o n de r i va t i za t i on o f the D h a A 1 1 5 crystals , s u p p o r t e d by 

p r o t e i n d y n a m i c s s i m u l a t i o n s , showed that l i g a n d mo l e cu l e s 

c a n s t i l l be t r anspo r t ed t h r o u g h the enzyme t u n n e l s . Co l l ec 

tively, o u r findings demons t ra t e tha t the hype r s t ab i l i z a t i on 

eng ineered i n D h a A l ed to mass i ve r e d u c t i o n i n the v o l u m e o f 

its access tunne l s , a n d that the enzymes are s t i l l capab le o f 
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ope ra t i ng s ince they are pe rmeab l e to substrates , p r oduc t s a n d 

water mo l e cu l e s . T h i s p e rmeab i l i t y is t h e n inc r eased at elevated 

t empera ture , as prev i ous l y d emons t r a t ed by the sh i f t ed o p t i m a l 

catalyt ic t empera ture (Topt = 65 °C) o f the D h a A 1 1 5 e n z y m e . 1 3 

Results 
Crystal structure of the hyperstable enzyme DhaA115 

To o b t a i n prec ise s t ruc tu ra l i n f o r m a t i o n abou t h o w the D h a A 

enzyme is t h e r m o s t a b i l i z e d , we focused o u r efforts o n crysta l 

l i z a t i o n o f the m o s t s t ab i l i z ed enzyme var iant , D h a A 1 1 5 . W e 

o b t a i n e d crystals tha t be l onged to the space g r oup P12tl a n d 

d i f f racted at 1.6 A r e s o l u t i o n (Table 1). T h e final m o d e l c on ta ins 

Table 1 C r y s t a l l o g r a p h i c da ta c o l l e c t i o n a n d r e f i n e m e n t s tat is t ics 

Krypton-soaked 
Data collection" Native DhaA115 DhaA115 

Wavelength (A) 0.861 0.861 
Space group P 1 2 i l P 2 1 2 1 2 1 

Cell dimensions 
a, b, c (A) 70.19, 68.12, 83.92 67.98, 82.04, 144.18 
c, ß, J (°) 90, 104.82, 90 90, 90, 90 
Resolution (A) 48.07-1.6 (1.657-1.6) 49.2-1.55 

(1.605-1.55) 
Total reflections 673 251 (64 239) 1 562 749 (155 793) 
Unique reflections 99 075 (9734) 116 063 (11 342) 

^merge 6.85 (61.9) 6.3 (83.5) 
Hal 15.55 (2.55) 24.89 (3.45) 
Completeness (%) 98.16 (97.14) 98.76 (98.12) 
Multipl icity 6.8 (6.6) 13.5 (13.7) 
CC(l/2) 99.9 (85.6) 100 (94.7) 
Wi lson B-factor 17.23 18.26 

Refinement 
Resolution (A) 48.07-1.6 49.2-1.55 

(1.657-1.6) (1.605-1.55) 
No. reflections 99 075 (9733) 116 063 (11 335) 
^work/^free 0.158/0.178 0.160/0.181 

Number of atoms 
Protein 4837 4827 
Ligand 62 125 
Water 567 622 

B-factors 
Protein 20.72 19.20 
Ligand 31.74 31.56 
Water 32.49 33.33 

RMS deviations 
Bond lengths (A) 0.006 0.006 
Bond angles (°) 0.84 0.90 
Ramachandran 96.02 96.37 
favored (%) 
Ramachandran 3.98 3.63 
allowed (%) 
Ramachandran 0 0 
outliers (%) 
PDB ID code 6SP5 6SP8 

" Values i n parentheses are for the highest-resolution shell. 
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two enzyme mo l e cu l e s per a s y m m e t r i c u n i t a n d has g o o d values 

for dev i a t i on f r o m the idea l (root mean-square dev i a t i on o n the 

C a a t oms o f 0.3 A ; F i g . S l f ) , w i t h .R-factor a n d R-free va lues o f 

0.16 a n d 0.18 respect ive ly (Table 1). A l m o s t a l l o f the res idues 

were b u i l t i n dens i ty , except for a few res idues at the d i s o rde r ed 

a m i n o - a n d ca rboxy - t e rmina l ends . 

D h a A 1 1 5 adop ts a c a n o n i c a l H L D f o ld s i m i l a r to tha t o f the 

wi ld- type D h a A ( R M S D o n the C a a t oms o f 0.6 A ; F i g . S2f ) , 

f o r m i n g a s ing le a|3a s a n d w i c h arch i t ec ture (a/p-hydrolase core] 

w i t h a charac te r i s t i c h e l i c a l cap d o m a i n (Fig . 1). T h e a/p core is 

c o m p o s e d o f a c en t ra l e i gh t -s t randed P-sheet, w i t h a P2 s t r and 

i n a n an t i -pa ra l l e l o r i en t a t i on . T h i s a/P core is s a n d w i c h e d by 

he l i ces ( a l - a 3 ) o n one s ide a n d ( a 8 - a l l ) o n the other . The 

h e l i c a l (a4-a7) cap d o m a i n , w h i c h is p o s i t i o n e d be tween the P6 

s t rand a n d the a8 he l ix , sh i e lds the a/p-hydrolase core to w h i c h 

it is a n c h o r e d via L 9 a n d L 1 4 l oops . T h e enzyme act ive site is 

l oca ted i n a p r e d o m i n a n t l y h y d r o p h o b i c cavity f o r m e d at the 

inter face be tween the a/p-hydrolase core a n d the cap d o m a i n . 

T h e overa l l topo logy o f the secondary s t ruc ture e l ements is very 

s i m i l a r to tha t o f the wi ld- type D h a A . However , speci f ic back

bone re -ar rangements are observed , w h i c h e n c o m p a s s the L 9 , 

L10 a n d L 1 4 l oops a n d the a4 a n d a9 he l i ces (Fig. 1 a n d S2f ) . 
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Fig. 1 O v e r a l l s t r u c t u r e o f DhaA115. (A) S c h e m a t i c r e p r e s e n t a t i o n o f t h e p r o t e i n s e q u e n c e s h o w i n g t h e d o m a i n t o p o l o g y o f DhaA115 a n d t h e 

p o s i t i o n s o f t h e s tab i l i z ing m u t a t i o n s . (B) S t r u c t u r e - b a s e d s e q u e n c e a l i g n m e n t o f DhaA115 a n d DhaA. T h e s tab i l i z ing m u t a t i o n s a re s h o w n in 

v i o l e t f r a m e s . S e c o n d a r y s t r u c t u r e e l e m e n t s f o u n d in DhaA115 are s h o w n a b o v e t h e a l i g n m e n t . Ca ta l y t i ca l l y essen t ia l res idues are p o i n t e d o u t 

w i t h red d o t s . (C) C a r t o o n r e p r e s e n t a t i o n o f DhaA115 s t r u c t u r e w i t h t h e c e n t r a l e i g h t - s t r a n d e d (3-sheet (ye l low) , t h e a / ( 3 - h y d r o l a s e he l i ces (blue) 

a n d t h e he l i ca l c a p d o m a i n ( b r o w n ) . T h e s tab i l i z ing m u t a t i o n s are s h o w n as p u r p l e spheres . T h e i s o t h i o c y a n a t e (SCN) m o l e c u l e b o u n d in t h e 

e n z y m e a c t i v e s i te is s h o w n as s p h e r e s . (D) C l o s e - u p v i e w o f t h e e n z y m e ' s a c t i v e si te w i t h key ca ta l y t i ca l l y essen t ia l res idues (g rey st icks) a n d 

s i m u l a t e d a n n e a l i n g o m i t e l e c t r o n d e n s i t y m a p c o n t o u r e d at 2a a r o u n d t h e i s o t h i o c y a n a t e (SCN) m o l e c u l e . M o l e c u l a r c o n t a c t s b e t w e e n p r o t e i n 

res idues a n d SCN are s h o w n as y e l l o w d a s h e d l ines. 
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A d d i t i o n a l l y , we u n a m b i g u o u s l y i den t i f i ed i n the e lec t ron 

dens i ty m a p the presence o f b is - t r i s p r opane (B3P), g lycero l 

(GOL) a n d i so th iocyanate (SCN) mo l e cu l e s , w h i c h were b o u n d 

to the D h a A 1 1 5 enzyme . C o n s i s t e n t w i t h th i s , b is - t r i s p r opane 

a n d i so th iocyanate were r e q u i r e d i n the c rys ta l l i z a t i on s o l u t i o n , 

w h i l e the g lycero l was used for c ryo-pro tec t ion . T h e bis- tr is 

p r opane a n d g lycero l mo l e cu l e s are b o u n d o n the p r o t e in 

surface, the f o rmer b e i n g a lso invo l ved i n c rys ta l -pack ing 

contacts . The re are three S C N - b i n d i n g sites per enzyme mo le 

cu le ; two o f t h e m are a lso l oca ted o n the enzyme surface w h i l e 

the las t one is deeply b u r i e d i n the act ive site cavi ty (Fig. S l f ) . A s 

s h o w n i n F i g . I D , the latter S C N a n i o n interacts w i t h three 

catalyt ic r es idues : the n u c l e o p h i l i c aspartate D 1 0 6 (2.6 A) a n d 

the two h a l i d e - s t a b i l i z i n g res idues , W 1 0 7 (3.5 A) a n d N 4 1 (3.6 

A) . It is a lso i n c lose contac t w i t h the non-cata ly t i c p r o l i n e P206 

(3.3 A) . T h i s S C N - b i n d i n g site thus over laps w i t h the ha l i de -

b i n d i n g site, where the h a l i d e a n i o n p r o d u c t is usua l l y 

cap tured d u r i n g the d eha l o g ena t i on reac t i on . 

Solution structure of the hyperstable DhaA115 

W h i l s t the wi ld- type D h a A is a m o n o m e r i c enzyme , we prev i 

ous ly no t ed tha t the s tab i l i z ed D h a A 1 1 5 va r i an t f o rms 

a m i n o r i t y o f d i m e r s a n d h i gh -mo l ecu la r -we i gh t o l i g o m e r i c 

states . 1 5 W e therefore specu la t ed as to w h e t h e r the d i m e r 

observed i n the a s y m m e t r i c u n i t o f the crysta l (Fig. S l f ) m i g h t 

a lso exist i n s o l u t i o n . T o test th i s hypo thes i s , we e m p l o y e d 

smal l -ang le X-ray l i g h t sca t t e r ing (SAXS) ana lys i s to p robe the 

D h a A 1 1 5 s t ructure i n s o l u t i o n . T h e SAXS pro f i l e o f the D h a A 1 1 5 

s o l u t i o n c lose ly fits the sca t t e r ing pro f i l e ca l cu la t ed u s i n g 

a s ing le D h a A 1 1 5 m o n o m e r o f the crys ta l s t ruc ture ( x 2 = 1.25), 

bu t cons i s t en t l y does n o t c o r r e s p o n d at a l l to the sca t te r ing 

curve ca l cu la t ed u s i n g the d i m e r o f the crys ta l a s y m m e t r i c u n i t 

( x 2 = 50.3; F i g . 2). F u r t h e r m o r e , the r a d i u s o f g y ra t i on (R g) 

d e t e r m i n e d for the merged da ta has a va lue o f 18.34 A . T h e 

representat ive p a i r d i s tance d i s t r i b u t i o n f u n c t i o n , P(r), eva lu

ated by the i nd i r e c t F o u r i e r t r a n s f o r m w i t h the G N O M 

Chemical Science 

package , 1 6 is s h o w n i n F i g . 2. T h e pro f i l e has a be l l - l i ke shape 

w i t h a m a i n peak at 23.4 A , a n d tra i l s of f to a m a x i m u m 

d i m e n s i o n (D m a x ) o f ~ 5 7 A . F ina l l y , the ab initio m o d e l r econ

s t ructed f r o m the e xpe r imen ta l SAXS data perfect ly a c c o m m o 

dates a m o n o m e r o f the D h a A 1 1 5 crys ta l s t ructure (Fig. 2). 

O u r SAXS resul ts demons t ra t e tha t the p u r i f i e d D h a A 1 1 5 is 

i n d e e d a m o n o m e r i c enzyme . C o m p l e m e n t a r y P ISA ca l cu la 

t i o n s 1 7 s h o w e d tha t the b u r i e d so lvent-access ib le area i n the 

crysta l contac t D h a A 1 1 5 d i m e r is ~ 2 4 1 A 2 , w h i c h represents 

on l y 2 . 1 % o f the to ta l so lvent-access ib le surface area o f the 

m o n o m e r (~11 298 A 2 ) . T a k e n together, the SAXS exper iments 

a n d the P ISA ca l cu l a t i ons p rov ide ev idence tha t the crysta l 

contac t d i m e r observed i n the a s y m m e t r i c u n i t (F ig . S l f ) is no t 

b i o l og i ca l l y re levant a n d does n o t exist i n s o l u t i o n . O u r da ta 

suggest tha t the D h a A 1 1 5 d i m e r s observed by Beerens a n d co

w o r k e r s 1 5 m u s t e m p l o y a d i m e r i z a t i o n inter face d i f ferent f r o m 

that observed i n o u r crysta l p a c k i n g (Fig. S l f ) . 

Localization of the stabilizing mutations 

C o m p u t e r - a i d e d des i gn p r ed i c t ed e leven a m i n o a c i d subs t i tu 

t i ons , whose s i m u l t a n e o u s i n t r o d u c t i o n in to the D h a A enzyme 

resu l t ed i n a h i g h l y the rmos tab l e enzyme var iant , D h a A 1 1 5 , 

w i t h Tm = 73.5 °C a n d sh i f t ed o p t i m a l cata lyt ic t empera ture 

[Topt = 65 °C ) . 1 3 A s s h o w n i n F i g . 1A, the des i gned m u t a t i o n s are 

evenly d i s t r i b u t e d a l o n g the p r o t e i n sequence , w i t h 6 o f t h e m 

l oca l i z ed i n the a/p-hydrolase core (E20S + F 8 0 R + C 1 2 8 F + 

V 2 1 9 W + C 2 6 2 L + D266F ) a n d the r e m a i n i n g 5 m u t a t i o n s i n the 

cap d o m a i n (T148L + A 1 5 5 P + A172I + C 1 7 6 F + D 1 9 8 W ) . C a r e f u l 

i n s p e c t i o n o f the D h a A 1 1 5 s t ruc ture revea led that n i n e ou t o f 

the e leven m u t a t i o n s are l oca ted i n the secondary s t ructure 

e l ements (F ig . IB ) , the o ther two (F80R + A155P) i n the 

secondary structure/loop t r ans i t i ons . 

Structural implications of evolution-based mutations 

There are three m u t a t i o n s tha t were des i gned by a p r o t e in 

evo lu t i on-based a p p r o a c h , 1 3 n a m e l y E20S , F 8 0 R a n d A 1 5 5 P . A l l 

Sca t te r ing v e c t o r q ( A ) r (A) v i e w 

Fig. 2 S o l u t i o n s t r u c t u r e o f DhaA115 d e t e r m i n e d by SAXS. (A) E x p e r i m e n t a l SAXS s c a t t e r i n g c u r v e f o r DhaA115 (b lack do ts ) is s h o w n aga ins t t h e 

c a l c u l a t e d s c a t t e r i n g c u r v e s f o r t h e DhaA115 m o n o m e r (b lue l ine) a n d DhaA115 c r y s t a l d i m e r (g reen l ine). (B) D i s t a n c e d i s t r i b u t i o n f u n c t i o n o f 

DhaA115 c o m p u t e d f r o m t h e X - r a y s c a t t e r i n g p a t t e r n us ing t h e G N O M p r o g r a m . (C) Ab initio m o l e c u l a r e n v e l o p e g e n e r a t e d f r o m SAXS data 

analysis. T h e m o l e c u l a r SAXS e n v e l o p e o f t h e DhaA115 m o n o m e r is s h o w n in a s e m i - t r a n s p a r e n t g r e y c o l o r s u p e r p o s e d o n t h e DhaA115 

m o n o m e r o f t h e c r y s t a l s t r u c t u r e r e p r e s e n t e d as a b l u e c a r t o o n . 
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these res idues are l oca ted o n the enzyme surface (Fig. 1C), 

where they were f o u n d to e i ther par t i c ipa te i n the surface charge 

ne two rk i m p o r t a n t for p r o t e i n - s o l v en t in t e rac t i ons (Fig . 3A) or 

r i g id i fy the solvent-exposed f lex ible l o op (Fig. 3B). Speci f ica l ly , 

the r ep l a c emen t o f a surface p h e n y l a l a n i n e w i t h a n a r g in ine 

(F80R) d i s r u p t e d the c a t i o n - 7 t i n t e r a c t i on be tween F80 a n d 

R204 (4.0 A) p resent i n the wi ld- type D h a A a n d e s tab l i shed n e w 

i o n i c in t e rac t i ons w i t h D78 , D 8 2 a n d D 8 3 . Moreove r , there is 

a newly e s t ab l i shed wate r -med ia ted hyd rogen -bonded ne twork 

i n v o l v i n g R80 , D 8 2 , D83 a n d R86 (Fig . 3A). 

S imi la r l y , the ser ine res idue (E20S) part ic ipates i n the 

f o rma t i on o f a n extensive so lvent-mediated in te rac t i on network, 

i n w h i c h the res idues L18 , S20, D73 a n d Y87 are invo lved. 

Str ik ing ly , the water -mediated in terac t ions between the L18 , S20 

a n d Y87 res idues apparent ly r ig id i fy the L I l oop c o n n e c t i n g the 

p i a n d P2 s t rands , a n d he lp to protect the centra l P-sheet 

(Fig. 3A). B o t h s t ab i l i z ing S20 a n d R80 res idues, w h i c h are 

located ~ 1 6 . 5 A apart f r o m one another , part ic ipate extensively i n 

loca l p ro te in -water in teract ions , w h i c h cont r ibute to the g l oba l 

solvent hydrogen-bonded ne twork (Fig. 3A). 

T h e last o f the m u t a t i o n s d educed by the evo lu t i on-based 

a p p r o a c h is the s u b s t i t u t i o n o f a n a l a n i n e by p r o l i n e (A155P] 

i n the L 1 0 l oop tha t connec t s the a4 a n d a 5 ' he l i ces w i t h i n the 

cap d o m a i n . T h i s s u b s t i t u t i o n forces the L10 l oop to adop t 

a c o n f o r m a t i o n di f ferent f r o m tha t observed i n D h a A . Speci f i 

cal ly , the i n t r o d u c e d p r o l i n e r e s idue (P155) is p resent i n trans-

c o n f o r m a t i o n , w h i c h b r i n g s its c a r b o n y l oxygen in to a p o s i t i o n 

where i t c a n in terac t w i t h the m a i n - c h a i n n i t r o g en o f V157 (2.6 

A) (Fig. 3B). I n a d d i t i o n , the n e w c o n f o r m a t i o n o f the L10 l o o p 

enables the m o l e c u l e to e s t ab l i sh two n e w m a i n - c h a i n to m a i n -

c h a i n h y d r o g e n b o n d s , n a m e l y be tween the c a r b o n y l oxygen o f 

T154 a n d the n i t r o g e n o f G158 (2.9 A) , a n d be tween the c a r b o n y l 

a t o m o f A151 a n d the n i t r o g e n o f T154 (3.1 A ) . T h e L 1 0 l o o p 

interacts extensive ly w i t h a n u n d e r n e a t h a7 he l i x t h r o u g h 

m u l t i p l e wate r -med ia ted h y d r o g e n b o n d s i n D h a A 1 1 5 , b u t no t 

i n D h a A (Fig . 3B), w h i c h aga in m a y have a pos i t i ve effect o n 

p ro t e in - so l v en t in t e rac t i ons . 

Structural implications of energy-based mutations 

T h e r e m a i n i n g 8 m u t a t i o n s i n D h a A 1 1 5 (C128F, T148L , A172I , 

C 1 7 6 F , D 1 9 8 W , V 2 1 9 W , C 2 6 2 L a n d D266F ) were in f e r r ed by 

force-f ield c a l c u l a t i o n s . 1 3 Interest ing ly , a l l these a m i n o ac ids 

were m u t a t i o n s t oward res idues o f the h y d r o p h o b i c or a r oma t i c 

type a n d always w i t h a s ter ica l ly b u l k i e r s ide c h a i n . P r i o r to o u r 

E v o l u t i o n - i n f e r r e d m u t a t i o n s E n e r g y c a l c u l a t i o n - d e r i v e d m u t a t i o n s 

S20 + R80 L148 + I172 + F176 W219 + F266 

B 
P155 F128 + L262 D198W 

Fig. 3 S tab i l i z ing a m i n o a c i d i n t e r a c t i o n s o b s e r v e d in DhaA115. C l o s e - u p v i e w s o f s tab i l i z ing res idues a n d t he i r i n t e r a c t i n g n e i g h b o u r s : S20 a n d 

R80 (A), P155 (B), L148,1172 a n d F176 (C), F128 a n d L 2 6 2 (D), W 2 1 9 a n d F 2 6 6 (E) a n d W 1 9 8 (F). T h e s tab i l i z ing res idues a re s h o w n as p u r p l e s t icks 

a n d s e m i - t r a n s p a r e n t spheres , t h e s u r r o u n d i n g p r o t e i n res idues a re s h o w n as g r e y s t icks, a n d w a t e r m o l e c u l e s as red s p h e r e s . H y d r o g e n b o n d s 

are s h o w n as y e l l o w d a s h e d l ines. T h e p r o t e i n p h y l o g e n y - i n f e r r e d m u t a t i o n s a re in pane ls A a n d B, w h i l e t h e e n e r g y c a l c u l a t i o n - p r e d i c t e d 

m u t a t i o n s a re in pane ls C - F . 
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cur r en t work , these m u t a t i o n s were a s s u m e d to re in force 

h y d r o p h o b i c in t e rac t i ons a n d improve the p r o t e i n p a c k i n g . 1 3 

O u r D h a A 1 1 5 s t ruc ture s t rong ly c o n f i r m s these a s s u m p t i o n s , 

bu t we a lso see n e w s t ruc tu ra l effects tha t were n o t prev ious ly 

p red i c t ed by the c o m p u t a t i o n a l des i gn . 

C ruc i a l l y , we observe tha t the ma jor i t y o f the energy-based 

m u t a t i o n s (7 ou t o f the 8, D 1 9 8 W b e i n g the except ion) coop

erate w i t h e a ch o ther a n d j o i n t l y c on t r i bu t e to the s t ab i l i z a t i on 

o f the p r o t e i n f o ld . F i rs t l y , a t r ip l e t o f m u t a t i o n s (T148L, A172I 

a n d C176F ) l o ca l i z ed i n the cap d o m a i n in te rac t w i t h each 

other , b u t a lso s t rong ly re in force the h y d r o p h o b i c a n d a r o ma t i c 

Tt-Tt in t e rac t i ons w i t h the n e i g h b o r i n g r es idues . These three 

s t a b i l i z i n g m u t a t i o n s i n t e r l o ck the a.4, <x5' a n d a5 he l i ces a n d 

adjacent L14 l oop , t h u s r i g i d i f y i ng the top o f the cap d o m a i n 

[Fig. 3C) . Speci f ica l ly , F176 f o rms a pa ra l l e l -d i sp l aced s t a c k i n g 

i n t e r a c t i on w i t h F149 (5.9 A) a n d a T - shaped edge-to-face 

s t a c k i n g i n t e r a c t i on w i t h F144 (5.8 A) , w h i l e L148 a n d 1172 

are invo l v ed i n m u l t i p l e h y d r o p h o b i c a n d non -po l a r contacts 

w i t h s u r r o u n d i n g res idues . C o m p l e m e n t a r y ca l cu l a t i ons 

ca r r i ed ou t by the P r o t e i n In t e rac t i on C a l c u l a t o r (P IC ) 1 8 i d en t i 

f ied 15 n e w h y d r o p h o b i c in t e rac t i ons i n D h a A 1 1 5 due to th i s 

t r ip le s u b s t i t u t i o n . These in t e rac t i ons are n o t present i n w i l d -

type D h a A enzyme (Fig. 4A). 

S i m i l a r c oope ra t i on takes p lace i n the core o f the enzyme 

w i t h the subs t i tu t i ons C 1 2 8 F a n d C 2 6 2 L . T h e r ep l a c emen t o f 

these two po l a r cyste ine res idues by the b u l k i e r a r oma t i c 

DhaA 
Thermostabi l isat ion 

DhaA115 
T148L + A172I + C176F — 1 1 5 new hydrophobic interactions 

— 4 2 hydrophobic interact ions 

— T 12 new hydrophobic interact ions 

4 1 aromat ic-sulphur interaction 

Protein backbone 14 n e w hydrogen bonds 

— T 1 new hydrophobic interact ions 

^ . — 4 1 hydrophobic interact ion 

— 4 1 hydrogen bond 
E140) IL246) 

D198W — T 3 new hydrophobic interact ions 

— 1 1 new cation-7t interaction 

— 4 2 ioinic interactions 

Fig. 4 S e l e c t e d r e s i d u e - r e s i d u e i n t e r a c t i o n n e t w o r k s in D h a A a n d DhaA115. ( A - D ) Panels d e p i c t i n g a m i n o ac id i n t e r a c t i o n s n e t w o r k s f o r 

s tab i l i z ing m u t a t i o n s T 1 4 8 L / A 1 7 2 I / C 7 6 F (A), C 1 2 8 F / C 2 6 2 L (B), V 2 1 9 W / D 2 6 6 F (C) a n d D 1 9 8 W (D). T h e P r o t e i n I n t e r a c t i o n s C a l c u l a t o r (PIC) server 

w a s u s e d t o m a p r e s i d u e - r e s i d u e i n t e r a c t i o n s . A m i n o ac id res idues t h a t w e r e m u t a t e d a re s h o w n in v i o l e t c i r c l e s a n d t h e o t h e r s in w h i t e . N e w l y 

e s t a b l i s h e d r e s i d u e - r e s i d u e i n t e r a c t i o n s a re d e p i c t e d by v i o l e t a n d o r a n g e l ines. 

This journa l is © The Royal Soc ie t y o f C h e m i s t r y 2 0 2 0 Chem. Sci., 2 0 2 0 , 11, 11162-11178 | 11167 



V i e w Ar t i c le O n l i n e 

Chemical Science 

p h e n y l a l a n i n e (F128) a n d the h y d r o p h o b i c l euc ine (L262] 

enab l ed the f o r m a t i o n o f m u l t i p l e n e w v a n der W a a l s contacts 

a n d non -po l a r in t e rac t i ons w i t h i n the b u r i e d h y d r o p h o b i c core 

o f the a/|3-hydrolase d o m a i n . T h e s ide c h a i n o f F128 interacts 

via a T - shaped edge-to-face s t a c k i n g w i t h F113 (5.2 A) , a n d via 

a Y - shaped s t a c k i n g i n t e r a c t i on w i t h F113 (5.3 A) , f o r m i n g the 

a r oma t i c cage. Next to th i s , the m u t a t e d L262 r e s idue comp l e 

men t s a l euc in e - r i ch r e g i on tha t a l ready i n c l u d e s L229 , L238 , 

L255 a n d L259 i n w i l d type D h a A (Fig. 3D) . Overa l l , o u r s t ructure 

shows tha t F128 a n d L262 cooperat ive ly c on t r i bu t e to t ight

e n i n g o f the p a c k i n g be tween the c en t ra l P-sheet a n d the adja

cent a -he l i ca l (a8 a n d a9) she l l . T h e P IC ca l cu l a t i ons detected 

12 newly -es tab l i shed h y d r o p h o b i c contac ts as a resu l t o f these 

in t e rac t i ons m e d i a t e d by F128 a n d L262 (Fig. 4B). 

Bes ides the shor t -d is tance cooperat iv i t i es a m o n g the in t ro 

d u c e d m u t a t i o n s desc r i b ed above, we a lso observed l ong

d i s tance cooperat iv i ty effects be tween m u t a t i o n s V 2 1 9 W a n d 

D 2 6 6 F . Interest ing ly , b o t h subs t i tu t i ons are l oca ted o n the 

p r o t e i n surface, where the p l a c i n g o f the b u l k i e r a r oma t i c s ide 

c h a i n s o f W 2 1 9 a n d F266 t r iggered unexpec ted changes i n the 

p r o t e i n b a c k b o n e (Fig . 3E). Speci f ica l ly , these h y d r o p h o b i c 

res idues t end to m i n i m i z e so lvent exposure , a n d to c o m p a c t the 

p r o t e i n f o l d via i n t e rac t i ons w i t h a m i n o ac ids b u r i e d i n the i r 

s u r r o u n d i n g s . F i r s t , the s ide c h a i n o f W 2 1 9 adop ts a f l i pped - in 

c o n f o r m a t i o n , w h i c h enab les its i n d o l e n i t r o g e n to be 

hyd rogen -bonded w i t h the carboxy l g r o u p o f E223 . M o r e 

impo r t an t l y , the f l i pped - in c o n f o r m a t i o n o f W 2 1 9 has tr iggered 

a ma jo r s t ruc tu ra l r e -a r rangement o f the L 9 l o o p (Fig. 3E). These 

changes are a c c o m p a n i e d by the f o r m a t i o n o f a n e w ne two rk o f 

i n t e r a c t i on be tween res idues R133 , E140 , E251 a n d L246 . T h i s 

n e w re -ar rangement is fur ther favored by a s l i gh t t i l t i n g (~7°) o f 

a9 he l i x i nd i r e c t l y i n d u c e d by F266 a n d to a lesser extent by 

L262 (Fig . 3E) . T h e b u l k i e r m u t a t e d F266 (P9) pushes the s ide 

c h a i n o f W 2 4 0 (P7) t oward the a9 he l i x w h i c h t i l t s , t h e n th i s 

s l i gh t r e o r i en ta t i on a l lows R133 , E140 , E251 a n d L246 to 

in terac t w i t h e a ch o ther (Fig. 3E). O u r ana lys i s has unrave l ed a n 

ep is tat ic i n t e r a c t i o n ne twork by w h i c h the s i m u l t a n e o u s 

subs t i tu t i ons o f two r emote res idues (~27 A) o n the p r o t e in 

surface (V219W a n d D266F) c a n tr igger l ong -d i s tance s t ruc tu ra l 

re -arrangements (Fig . 3 E a n d 4C) . 

F ina l l y , the las t energy ca l cu la t i on -de r i v ed m u t a t i o n , 

D 1 9 8 W , subst i tu tes a n aspartate tha t f o rms two i o n i c interac

t i ons w i t h K 7 4 a n d K 1 9 5 i n D h a A . However , i ts r ep l acement 

w i t h the b u l k y a r oma t i c t r y p t o p h a n (D198W) e s tab l i shed 

a s t r ong c a t i o n - 7 t i n t e r a c t i on w i t h K 7 4 (4.7 A) a n d three a d d i 

t i o n a l n e w h y d r o p h o b i c contac ts w i t h F193 (4.1 A) , L194 (4.8 A] 

a n d V197 (3.8 A) (F ig . 3F a n d 4D) . 

Thermostabilization induced unexpected changes in the 
protein backbone 

W e s h o w tha t the c o m p u t e r - a i d e d t h e r m o s t a b i l i z a t i o n o f D h a A 

via 11 p o i n t m u t a t i o n s (DhaA115) no t o n l y affected the corre

s p o n d i n g s i d e - cha in to s i d e - cha in and/or s i d e - c h a i n to m a i n -

c h a i n in t e rac t i ons , b u t a lso i n d u c e d ma j o r p r o t e i n b a c k b o n e 

changes (Fig. 5 a n d S2f ) . The re is a l m o s t perfect agreement 

be tween the c o m p u t a t i o n a l d e s i g n a n d the c rys ta l l og raph ic 
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s t ructure o f D h a A 1 1 5 i n the re -ar rangement o f the L 1 0 l o op . T h e 

D h a A 1 1 5 c rys ta l l og raph ic s t ructure revealed tha t the in t ro 

d u c e d p r o l i n e (P155) adopts a fraras-conformation l e a d i n g to 

s t ruc tura l r e -ar rangement o f the L 1 0 l oop , a n d c o n f i r m e d the 

p r e d i c t i o n o f the p r o t e i n des i gn (Fig . 3B a n d 5E ) . 1 3 

T h e ma jo r d i sc repanc i es be tween the des i gned a n d X-ray 

s t ructures o f D h a A 1 1 5 cons i s t i n d i f ferent s t ruc tu ra l o rgan i za 

t i ons e n c o m p a s s i n g the L 9 a n d L 1 4 l oops , a n d the a4 a n d a9 

he l i ces . Ca r e fu l i n s p e c t i o n o f a l l s t ruc tu ra l m o d e l s - X-ray D h a A 

templa te , D h a l l 5 d es i gn a n d X-ray D h a l l 5 - p r o v i d e d a n 

e xp l ana t i on for these d i s s i m i l a r i t i e s (F ig . 5). F i rs t l y , the 

s u b s t i t u t i o n o f a re lat ive ly s m a l l va l ine w i t h a b u l k y a n d 

a roma t i c t r y p t o p h a n (V219W) tr iggers the ma jo r s t ruc tu ra l 

change i n the L 9 l o op . T h i s L 9 re -ar rangement is m o s t 

p r o n o u n c e d i n the D h a A 1 1 5 X-ray s t ructure , where the W 2 1 9 is 

observed to adop t a f l i pped - in c o n f o r m a t i o n , w h i c h t h e n forces 

the L 9 l oop to re-arrange subs tan t i a l l y (Fig. 5B). However , 

a di f ferent c o n f o r m a t i o n was observed i n the p r ed i c t ed 

D h a A 1 1 5 des i gn s t ructure , where the c o r r e s p o n d i n g W 2 1 9 

adopts a f l ipped-out o r i en t a t i on , w h i c h is no t l i k e l y to exert 

ana logous ster ic pressure o n the L 9 l oop to re-arrange to the 

same extent as tha t observed i n the D h a A 1 1 5 X-ray s t ructure 

(Fig. 5C) . Moreove r , the s t ruc tu ra l r e -ar rangement o f the L 9 l o o p 

occur r ed c o n c o m i t a n t l y w i t h a s l i gh t t i l t o f the a4 he l i x (~6.3°), 

w h i c h t i gh t l y presses aga ins t the o p p o s i n g a5 he l i x i n the 

D h a A 1 1 5 X-ray s t ruc ture (Fig. 5 D a n d S3f ) . Secondly , o u r 

D h a A 1 1 5 X-ray s t ruc ture shows tha t the aspartate-to-

p h e n y l a l a n i n e s u b s t i t u t i o n (D266F) tr iggers s t ruc tu ra l changes 

that are m o r e severe t h a n those p r ed i c t ed . As s h o w n i n F i g . 5, 

the presence o f the b u l k y s ide c h a i n o f F266 ind i r ec t l y , t h r o u g h 

i n t e r a c t i on w i t h W 2 4 0 , d i sp l a c ed the a9 he l i x t oward the slot 

t u n n e l entry. He r e , i t is i m p o r t a n t to no te tha t ano the r in t ro 

d u c e d m u t a t i o n , L262 , is a lso l i k e l y r e spons ib l e for the 

d i s p l a c e m e n t o f the a9 he l i x (Fig. 5). A s a resu l t , several r es idues 

l i n i n g the s lot t u n n e l entry, espec ia l l y R133 , E140 , E251 a n d 

L246 , are d rama t i c a l l y re -arranged, a n d f o r m m u l t i p l e n e w 

hyd rogen b o n d s , c r ea t i ng a so-ca l led s lo t t u n n e l l o c k i n the 

crysta l s t ructure o f D h a A 1 1 5 (Fig. 5). 

O u r observa t ions p o i n t to the fact tha t the s t a b i l i z i n g 

m u t a t i o n s m a y subs tan t i a l l y affect the enzyme access tunne l s 

that c o n n e c t the active site w i t h the b u l k solvent . These tunne l s 

are f u n c t i o n a l a n d ensure p rope r t r anspor t o f substrate a n d 

p r o d u c t mo l e cu l e s to a n d f r o m the active site, a n d are k n o w n 

de t e rm inan t s o f cata lyt ic proper t i es for th i s enzyme f ami l y . 9 

Thermostabilization reduced the volume of the enzyme access 
tunnels 

T h e b u r i e d active site o f the wi ld- type D h a A enzyme is con

nected w i t h the b u l k so lvent via two t u nne l s , n a m e l y the m a i n 

p i access t u n n e l a n d the s lot p2 access t u n n e l (F ig . 6). It has 

been prev i ous l y s h o w n tha t e n g i n e e r i n g o f one o f these tunne l s 

may y i e l d enzyme var iants w i t h m o d i f i e d substrate pre ference, 

enant iose lec t i v i ty a n d t h e r m o s t a b i l i t y . 1 2 ' 1 9 ' 2 0 

Ana lys i s o f the enzyme access tunne l s a n d the active site cavity 

i n DhaA115 revealed that the vo lumes o f b o t h the m a i n a n d the 

slot access tunne l s are greatly r educed , a n d that the enzyme 
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Fig. 5 C o o p e r a t i v e e f f e c t s o f d i s tan t s u r f a c e b u l k y s ide c h a i n s in s lo t t u n n e l c l o s u r e . ( A - C ) C l o s e - u p c a r t o o n r e p r e s e n t a t i o n s o f X - r a y s t r u c t u r e 

o f D h a A (A), DhaA115 c o m p u t a t i o n a l d e s i g n (B) a n d DhaA115 X - r a y s t r u c t u r e (C). N o t e t h a t in D h a A (A) t h e s lo t t u n n e l e n t r y is n o t b l o c k e d by a n y 

res idues , w h i l e in b o t h t h e DhaA115 X - r a y s t r u c t u r e (B) a n d t h e DhaA115 d e s i g n (C) it is m a r k e d l y i m p a i r e d . Th is is m o s t p r o n o u n c e d in t h e X - r a y 

s t r u c t u r e , w h e r e t h e res idue W 2 1 9 a d o p t s a f l i p p e d - i n c o n f o r m a t i o n l e a d i n g t o a m a j o r s t r u c t u r a l r e - a r r a n g e m e n t o f t h e L9 l o o p , w h i c h , t o g e t h e r 

w i t h t h e « 9 hel ix a n d L16 l o o p , f o r m s t h e s o - c a l l e d s lo t t u n n e l l o c k (C). T h e s tab i l i z ing res idues are s h o w n as p u r p l e s t icks a n d s e m i - t r a n s p a r e n t 

s p h e r e s . H y d r o g e n b o n d s a re s h o w n as y e l l o w d a s h e d l ines. (D a n d E) S t r u c t u r a l s u p e r p o s i t i o n o f D h a A X - r a y o n DhaA115 X - r a y (D) a n d DhaA115 

X - r a y o n DhaA115 d e s i g n (E). T h e s tab i l i z ing res idues are s h o w n as p u r p l e s t icks . Red a r r o w s d e p i c t m a j o r s t r u c t u r a l c h a n g e s in t h e b a c k b o n e . 

N o t e t h a t t h e s tab i l i z ing m u t a t i o n s V 2 1 9 W a n d D 2 6 6 F i n d u c e d s t r u c t u r a l r e - a r r a n g e m e n t s o f b o t h L9 a n d t h e « 9 hel ix, l e a d i n g t o t h e c l o s i n g o f 

t h e s lot t u n n e l . 

active site is o c c luded (Fig. 6). U n l i k e i n DhaA , C A V E R ca lcu la 

t ions o n the static X-ray DhaA115 structure d i d no t detect any 

tunne l s w i t h m i n i m u m rad ius above 0.9 A (Fig. 6 C a n d D). 

Care fu l i n spec t i on o f the DhaA115 crystal s tructure revealed that 

the m a i n access t u n n e l is b l o cked by the t r ip le t o f s t ab i l i z ing 

res idues, n a m e l y L148,1172 a n d F176. T h e t ight p a c k i n g o f these 

res idues w i t h a few n e i g h b o r i n g res idues (F144, F149 a n d K175] 

is the major h a l l m a r k o f a m a i n t u n n e l l o ck (Fig. 6C). 

W h i l e p a r t i a l c l osure o f the m a i n access t u n n e l was prev i 

ous ly observed i n several eng ineered D h a A v a r i a n t s , 1 2 ' 1 9 the 

s i m u l t a n e o u s c losure o f b o t h the m a i n a n d the s lot t u n n e l s is 

a u n i q u e feature seen for the f irst t i m e i n D h a A 1 1 5 . T h i s doub le -

l o ck is e n a b l e d by: (i) the t r ip l e t o f r es idues (L148, 1172 a n d 

F176) , c o u p l e d w i t h the r e - p o s i t i o n i n g o f the a4 he l ix , that l o ck 

the m a i n access t u n n e l a n d (ii) the s t ruc tu ra l r e -ar rangement o f 

the L 9 l o o p c o u p l e d w i t h the r e - p o s i t i o n i n g o f the a9 he l ix , 

w h i c h l o c k the s lo t access t u n n e l . A s desc r ibed above, we show 

that r es idues W 2 1 9 , L262 a n d F266 are key dr ivers o f these lat ter 

s t ruc tura l re -arrangements , w h i c h b r i n g the res idues R133 , 
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Fig. 6 V isua l i za t i on o f a c c e s s t u n n e l s . C u t a w a y s u r f a c e r e p r e s e n t a t i o n s o f e n z y m e a c t i v e s i te a n d a c c e s s t u n n e l s f o r t h e w i l d t y p e D h a A (A) a n d 

t h e h y p e r s t a b l e DhaA115 (B) e n z y m e s . N o t e t h a t t h e D h a A e n z y m e has a s o - c a l l e d o p e n a c t i v e si te c o n n e c t e d w i t h t h e o u t s i d e b u l k s o l v e n t via 
b o t h t h e m a i n a n d s lo t access t u n n e l s . In c o n t r a s t , in DhaA115 t h e m a i n a n d s lo t a c c e s s t u n n e l s are t o a la rge e x t e n t b l o c k e d b e c a u s e o f t h e d i r e c t 

o r i n d i r e c t e f f e c t s o f s tab i l i z ing m u t a t i o n s . V i sua l i za t i on o f t h e C A V E R - c a l c u l a t e d m a i n (C) a n d s lot (D) a c c e s s t u n n e l s . T h e m a i n t u n n e l w a s 

c a l c u l a t e d (cyan) f o r w i l d t y p e D h a A (left pane l ) . T h e t u n n e l is a b s e n t in DhaA115 b e c a u s e o f t h r e e s tab i l i z ing res idues (L148,1172 a n d F176) w h i c h , 

t o g e t h e r w i t h o t h e r h y d r o p h o b i c a n d a r o m a t i c res idues (F144, F149 a n d L 2 0 9 ) f o r m t h e s o - c a l l e d m a i n t u n n e l l o c k ( r ight pane l ) . S imi lar ly , t h e s lo t 

t u n n e l c a l c u l a t e d (b lue) f o r w i l d t y p e D h a A (left pane l ) is a b s e n t in DhaA115 b e c a u s e o f a c o n f o r m a t i o n a l c h a n g e o f t h e L9 l o o p t r i g g e r e d by t h e 

p r e s e n c e o f s tab i l i z ing res idue W 2 1 9 a n d a p o s i t i o n a l shi f t o f t h e « 9 hel ix. Th is n e w c o n s t e l l a t i o n a l l o w s t h e res idues R133 a n d E140 t o f o r m a s o -

ca l l ed s lo t t u n n e l l o c k ( r ight pane l ) . T h e s tab i l i z ing res idues are s h o w n as p u r p l e s p h e r e s , a n d t h e o t h e r p r o t e i n res idues a re s h o w n as g r e y st icks. 

E140, L246 a n d E251 c lose to ea ch o ther to create the s lot t u n n e l 

l o ck (Fig. 5B a n d 6D). 

Experimental tracking of the access tunnels using krypton 

Desp i te the fact tha t the crysta l s t ructure o f D h a A 1 1 5 showed 

a great ly r educed v o l u m e for b o t h enzyme access t u n n e l s , i t has 

been prev i ous l y s h o w n tha t th i s hypers tab le enzyme (Tm = 73.5 

°C) s t i l l possesses deha logenase act iv i ty, w i t h a sh i f t ed o p t i m a l 

catalyt ic t empera ture ( T o p t = 65 °C) . W e therefore a i m e d at 

expe r imen ta l m a p p i n g o f the enzyme access t u n n e l s to test 

whe the r s m a l l mo l e cu l e s c a n s t i l l be t r anspo r t ed to the active 

site o f D h a A 1 1 5 . W e e m p l o y e d a "soak-and- f reeze" m e t h o d that 

a l lows crystals to be processed i n a p r essur i z ed k r y p t o n a tmo

sphe re . 2 2 T h e D h a A 1 1 5 crystals were soaked i n k r y p t o n at 
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a pressure o f 150 bar , thereafter f lash- f rozen w h i l e s t i l l u n d e r 

h i g h pressure , a n d t h e n recovered i n l i q u i d n i t r ogen , i n w h i c h 

the der ivat ives are stable for X-ray da ta co l l e c t i ons . A n o m a l o u s 

d i f f rac t i on da ta were co l l ec ted at the k r y p t o n X-ray a b s o r p t i o n 

edge (a wave l eng th o f 0.861 A) . 

Interest ingly , s o a k i n g D h a A 1 1 5 crystals i n a h i gh -pressure 

k r y p t o n a t m o s p h e r e y i e l d ed crysta ls w i t h a h i ghe r s ymmet ry 

space g r oup , P212121, a n d they d i f f racted to 1.55 A r e s o l u t i o n 

(Table 1). T h e f i na l s t ruc tu ra l m o d e l o f the k r y p t o n der ivat ive o f 

a D h a A 1 1 5 crysta l a g a i n revealed two enzyme mo l e cu l e s i n the 

a symmet r i c u n i t ( R M S D o n C a ' s o f 0.2 A ; F i g . S4f ) , a n d h a d 

good va lues for dev ia t i ons f r o m the i dea l geometry, w i t h R-

factor a n d R-free va lues o f 0.16 a n d 0.18 respect ive ly (Table 1). 

Impor tan t l y , k r y p t o n de r i va t i za t i on d i d no t i n d u c e any struc

tu ra l changes i n the p r o t e i n b a c k b o n e , a n d s u p e r p o s i t i o n w i t h 

the nat ive D h a A 1 1 5 showed a n R M S D for the C a a t oms o f on l y 

0.2 A (Fig . S5t ) . 

T h e der i va t i zed D h a A 1 1 5 s t ruc ture shows 12 b i n d i n g 

k r y p t o n sites ( K ^ - K r ^ ) per enzyme m o l e c u l e (Fig. 7 a n d S4f ) . 

Two k r y p t o n a t oms ( K r 6 a n d K r 7 ) are f o u n d i n the p r e d o m i 

nan t l y h y d r o p h o b i c cavity o f the enzyme active site, a n d i n c lose 

p r o x i m i t y to the i so th iocyanate (SCN) b o u n d i n the ha l i de -

b i n d i n g site. Two a d d i t i o n a l k r y p t o n a t oms ( K r 2 a n d K r 3 ] 

o c cupy the s lot t u n n e l , a n d one k r y p t o n a t o m (Kr 5 ) s its i n the 

ent rance o f the m a i n t u n n e l entry (F ig . 7B). Three k r y p t o n 

a t oms (K r 8 , K r 9 a n d K r u ) are b o u n d i n separate i n t e r n a l 

h y d r o p h o b i c cavi t ies , far away f r o m the active site. T h e 

r e m a i n i n g f our k r y p t o n a t oms {Kiu K r 4 , K r 1 0 a n d K r 1 2 ) are 

f o u n d at the surface o f the p r o t e i n , o c c u p y i n g excavat ions o f 

modera t e h y d r o p h o b i c i t y o r m e d i a t i n g crysta l p a c k i n g contacts . 

F ina l l y , t u n n e l c a l cu l a t i ons o n the k ryp ton -soaked D h a A 1 1 5 

s t ructure detected p a r t i a l r e s to ra t i on o f b o t h m a i n a n d slot 

Chemical Science 

tunne l s (F ig . 7C) , a l t h o u g h these t u n n e l s are s t i l l m u c h r educed 

as c o m p a r e d to those observed i n the wi ld- type D h a A enzyme 

(Fig. 6). B e l o w we c o m p a r e these resu l ts w i t h a d y n a m i c a l 

overview o f the t u n n e l s . O u r s t ruc tu ra l da ta demons t ra t e that 

the eng ineered hype r s t ab i l i z a t i on l e d to mass i v e r educ t i ons i n 

the v o l u m e s o f b o t h enzyme access tun n e l s , b u t a lso that these 

latter are s t i l l p e rmeab l e for s m a l l mo l e cu l e s d u r i n g cata lys is . 

These observa t ions suggest that p e rmeab i l i t y is l i k e l y inc reased 

w i t h e levated t empera ture , as p rev i ous l y s h o w n by the sh i f t i n 

the o p t i m a l catalyt ic t empera ture ( X o p t = 65 °C) o f D h a A 1 1 5 . 1 3 

Analysis of structure flexibility by molecular dynamic 
simulations 

T h e s t ruc ture o f D h a A 1 1 5 was subjected to m o l e c u l a r d y n a m i c s 

(MD) ana lys i s to assess its i n t r i n s i c f l ex ib i l i t y a n d to c o m p a r e i t 

w i t h that o f the w i l d type D h a A , a s tudy w h i c h was repor ted 

p rev i ous l y . 1 5 T h e p h y s i c a l c o n d i t i o n s at w h i c h the M D s were 

pe r f o rmed , n a m e l y 310 K (37 °C) , p H 7.5, a n d sal t c oncen t r a t i on 

o f 0.1 M , c o r r e s p o n d to the c o n d i t i o n s at w h i c h H L D s are 

typ ica l ly charac te r i z ed i n t e rms o f act iv i ty a n d spec i f i c i t y . 1 1 ' 1 2 

These s i m u l a t i o n s , r u n i n dup l i ca t e for a to ta l t i m e o f 200 ns , 

were p roper l y e q u i l i b r a t e d a n d converged (Fig . S6Af ) . T h e M D s 

showed that the b a c k b o n e o f D h a A 1 1 5 was s i m i l a r l y r i g i d to, or 

s l i gh t l y m o r e r i g i d t h a n , tha t o f D h a A (Fig . S7Af ) . T h e m a i n 

di f ference was a r o u n d res idues 31 a n d 155, w h i c h presented 

cons ide rab l y h i gh e r B-factors i n the wi ld- type D h a A t h a n i n the 

s tab i l i z ed m u t a n t . 

Acce le ra ted M D s (aMDs ) were a lso ca r r i ed out . T h e a M D 

t e chn i que is a n e n h a n c e d - s a m p l i n g m e t h o d tha t app l i es 

a boos t o f po t en t i a l energy tha t ra ises the energy o f l o c a l 

m i n i m a a n d t h u s decreases the energy bar r i e rs , r e s u l t i n g i n 

A B C 
Krypton-soaked DhaA115 Kryptons in enzyme active site Visual isat ion of access tunnels 

Fig. 7 E x p e r i m e n t a l t r a c k i n g o f t h e e n z y m e access t u n n e l s . (A) C a r t o o n r e p r e s e n t a t i o n o f DhaA115 k r y p t o n de r i va t i ve c rys ta l s t r u c t u r e w i t h t h e 

c e n t r a l e i g h t - s t r a n d e d (3-sheet (ye l low) , oc /p -hydro lase he l i ces (blue) a n d he l i ca l c a p d o m a i n ( b r o w n ) . T h e l o c a t i o n s o f t h e k r y p t o n a t o m sites (Krj 

t o Kru) in p r e s s u r i z e d DhaA115 a re s h o w n as b l u e s p h e r e s w i t h a n o m a l o u s Four ie r m a p s c o n t o u r e d at 4<r (g reen m e s h ) . (B) C l o s e - u p v i e w o f t h e 

a c t i v e si te a n d a c c e s s t u n n e l s in t h e DhaA115 k r y p t o n de r i va t i ve c rys ta l s t r u c t u r e . T w o k r y p t o n a t o m s (Kr 6 a n d Kr 7 ) a re f o u n d in t h e e n z y m e a c t i v e 

sites, t w o (Kr 2 a n d Kr 3 ) o c c u p y t h e s lo t t u n n e l s , a n d o n e k r y p t o n (Kr 5 ) sits o n t o p o f t h e c a p d o m a i n . T h e s tab i l i z ing res idues are s h o w n as p u r p l e 

s t icks a n d t h e o t h e r p r o t e i n res idues a re s h o w n as g r e y s t icks. (C) V isua l i za t i on o f t h e a c c e s s t u n n e l s in t h e DhaA115 k r y p t o n de r i va t i ve c rys ta l 

s t r u c t u r e c a l c u l a t i o n by CAVER. T h e m a i n (cyan) a n d s lo t (blue) t u n n e l s a re par t ia l ly r e s t o r e d u p o n p r e s s u r i z a t i o n . T h e m a i n t u n n e l is d e p i c t e d in 

c y a n a n d t h e s lo t t u n n e l in l igh t b lue . T h e s tab i l i z ing res idues a re s h o w n as p u r p l e spheres , r e m a i n i n g res idues a re s h o w n as g r e y st icks, a n d 

k r y p t o n a t o m s as b lue spheres . 
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h i ghe r c o n f o r m a t i o n a l t r a n s i t i o n rates. T h i s m e t h o d c a n be 

use fu l for better s a m p l i n g the d y n a m i c behav i o r a n d the 

c o n f o r m a t i o n a l space o f b i o m o l e c u l a r systems over l onger t ime-

sca l es . 2 3 ' 2 4 These a M D s were w e l l e qu i l i b r a t ed a n d stable 

(Fig. S6Bf ) . T h e B-factors were h i gh e r i n the a M D s t h a n i n the 

c lass i ca l M D s , a n d th i s was expected f r o m s i m u l a t i o n s that 

p r omo t e h i ghe r c o n f o r m a t i o n a l d ivers i ty (Fig. S7Bf ) . Moreove r , 

i n the l o n g r u n , o n l y the r e g i on a r o u n d res idue 31 r e m a i n e d 

m o r e r i g i d i n D h a A 1 1 5 t h a n i n the wi ld- type D h a A , a n d the rest 

o f the p r o t e i n s h o w e d s i m i l a r f l ex ib i l i ty . T h e r e g i on a r o u n d 

res idue 77 seems to be s l ight ly , b u t no t s ign i f i cant ly , m o r e 

f lexible i n the m u t a n t t h a n i n the wi ld- type enzyme. 

W e a lso a i m e d to assess whe the r the s t ruc tu ra l changes 

i n d u c e d by the m u t a t i o n s tha t were seen i n the crysta l struc

tures are a lso m a i n t a i n e d d u r i n g M D s i m u l a t i o n s . A s expected, 

b o t h D h a A 1 1 5 a n d D h a A re laxed f r o m the i r respect ive crystal

l o g raph i c c o n f o r m a t i o n s after the e q u i l i b r a t i o n steps. T h e 

di f ferences were m i n i m a l , w i t h R M S D s l i gh t l y h i g h e r for the 

wi ld- type D h a A t h a n for the D h a A 1 1 5 m u t a n t (F ig . S6 a n d Tab le 

S l f ) . O n e o f the m a i n di f ferences p rev i ous l y h i g h l i g h t e d was the 

f l i pped - in c o n f o r m a t i o n o f the m u t a t e d r e s idue W 2 1 9 . D u r i n g 

a l l s i m u l a t i o n s th i s r es idue m a i n t a i n e d s u c h a n o r i e n t a t i o n a n d 

showed very l o w dev ia t ions f r o m the D h a A 1 1 5 crysta l s t ructure 

( R M S D i n a M D s = 0.88 ± 0.28 A ; Tab l e S l f ) , w i t h s i m i l a r va lues 

as observed for V219 i n D h a A ( R M S D i n a M D s = 0.82 ± 0.27 A) . 

W h e n we ana ly zed the po t en t i a l effect o f W 2 1 9 o n l oop L 9 , we 

observed tha t the i n i t i a l d i s tances be tween W 2 1 9 a n d P134 or 

W 2 1 9 a n d P136 (bo th p ro l i n e s b e i n g l o ca l i z ed i n the L 9 loop] 

were s l i gh t l y inc reased d u r i n g the s i m u l a t i o n s . O u r resu l ts thus 

suggest that the crysta l p a c k i n g h a d s ome in f luence o n short

e n i n g these d i s tances as c o m p a r e d to the average s t ructures i n 

s o l u t i o n ( r f i - r f 3 d i s tances i n Tab l e S l f ) . However , the d is tances 

f r o m W 2 1 9 to the L 9 l oop were s i gn i f i can t l y l onger i n D h a A 1 1 5 

t h a n i n the case o f V219 i n D h a A , i n d i c a t i n g tha t the effects o f 

W 2 1 9 i n l eve r ing u p l o o p L 9 were preserved d u r i n g M D 

s i m u l a t i o n s . 

Ano the r unexpected backbone change i n a9 he l i x p o s i t i o n i n g 

observed i n the DhaA115 crystal structures is due to the D266F 

m u t a t i o n . T h e distances f r o m D266/F266 ( located i n the (38 

strand) to the backbone o f W 2 4 0 ( in the P7 sheet) are very stable 

a n d close to those i n the crystal structures, a n d the c on f o rma t i on 

o f th i s r eg i on is no t especial ly di f ferent f r o m the wi ld-type D h a A 

(distance d4 i n Tab le S l f ) . However , the average distances 

between the a9 he l i x a n d P7 sheet (d5) a n d between the a9 he l i x 

a n d P8 sheet (rf6) r e m a i n e d greater i n the s i m u l a t i o n s o f DhaA115 

as c o m p a r e d to D h a A (Table S l f ) . These M D observat ions 

suppor t the crysta l lographic f ind ings that the p ro t e in backbone 

was unpred i c tab l y re-arranged due to the the rmos tab i l i z a t i on 

process. W e also ver i f ied the effects o n the s t ructura l rearrange

m e n t at the m o u t h o f the slot t u n n e l , p r e sumab l y l o cked t h r o u g h 

a n extended hydrogen b o n d ne twork (Fig. 5B). T h e res idues 

R133, E140 , E251 a n d R254 were m a k i n g H - b o n d s a n d were 

in te rmi t t ent l y i n contact w i t h one another . I n spite o f the i n i t i a l 

di f ference i n the crystal structure o f D h a A for E140 , d u r i n g the 

s imu la t i ons the average d istances between these four res idues 

were very s i m i l a r for DhaA115 a n d D h a A , a n d cons is tent w i t h 

a true hydrogen-bond ne twork (distances d7-d9 i n Tab le S l f ) . 
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Tunnel properties in molecular dynamic simulations 

T h e access t u n n e l s were ca l cu la t ed d u r i n g the M D s i m u l a t i o n s 

u s i n g C A V E R 3 .02 . 2 1 T h i s a l l owed us to assess h o w the i r 

geometry a n d po t en t i a l re levance c h a n g e d i n c o m p a r i s o n w i t h 

the stat ic crysta l s t ruc tures . W e f o u n d tha t the t u n n e l s i n 

D h a A 1 1 5 were s t i l l very n a r r o w d u r i n g the M D s i m u l a t i o n s 

(Table S2 a n d F i g . S8 a n d S9f ) , w i t h n o t u n n e l s detected for the 

selected p robe size (0.7 A) i n a large f r ac t i on o f the trajectories. 

W h e n t u n n e l s were detected, they s t i l l h a d very l o w bo t t l eneck 

r a d i i (BR-value) m o s t o f the t i m e . F o r example , the m o s t de f ined 

t u n n e l , p2b , showed a n average BR-va lue o f 0.84 ± 0.11 A . Very 

impo r t an t l y , however, these t u n n e l s were ab le to occas i ona l l y 

o p e n u p to s i gn i f i can t va lues , e.g. t u n n e l s p 2 b a n d p i showed 

m a x i m u m BR-va lues o f 1.34 a n d 1.41 A . 

T h e kryp ton-der i va t i z ed D h a A 1 1 5 crysta l s t ructure was a lso 

s i m u l a t e d ( R M S D p lo ts i n F i g . S6f ) , a n d its t u n n e l s showed 

behav io r very s i m i l a r to those i n the nat ive D h a A 1 1 5 s t ruc ture , 

i n t e rms o f the pre ferred t u n n e l s a n d the i r m a i n proper t i es . As 

expected, th i s ana lys i s showed tha t k ryp ton -de r i va t i za t i on d i d 

no t a l ter the n a t u r a l d y n a m i c a l proper t i es o f D h a A 1 1 5 . W h e n 

we l o o k e d at the a M D s , the access t u n n e l s o f D h a A 1 1 5 f luc tu

ated m o r e i n t e rms o f r a d i u s , l e n g t h a n d topo logy ( larger 

s t a n d a r d dev ia t i ons f r o m the m e a n values) . S u c h behav i o r 

c o u l d be expected f r o m a s i m u l a t i o n tha t p r omo t e s c o n f o r m a 

t i o n a l t r ans i t i ons , s u c h as a M D . T h e t u n n e l s detected here a lso 

h a d larger average BR-va lues t h a n i n the M D s , b u t m o r e 

impo r t an t l y , they d i sp layed cons ide rab l y larger BR-va lue 

m a x i m a across the s i m u l a t i o n s ( tunne ls p4 a n d p i h a d 

m a x i m a l BR-va lues o f 1.69 a n d 1.61 A respectively) . W i t h 

bo t t l eneck r a d i i o f th i s m a g n i t u d e , these access t u n n e l s c a n be 

c o n s i d e r e d to be o p e n to the t r ans i t o f so lvent a n d s m a l l l i g ands 

(1.4 A is the m i n i m u m r a d i u s r equ i r ed for a water m o l e c u l e to 

pass th rough ) . These va lues are s i gn i f i cant l y larger t h a n the size 

o f the access t u n n e l s f o u n d i n the crysta l s t ructures a n d 

demons t ra t e the i m p o r t a n c e o f s ta t i s t i ca l ana lys is o f t u n n e l s i n 

d y n a m i c s ra ther t h a n d r a w i n g c o n c l u s i o n s based sole ly o n 

a s ing le stat ic c rys ta l l og raph ic s t ruc ture . O u r resu l ts s h o w that 

a l t h o u g h D h a A 1 1 5 has a we l l -packed s t ruc ture w i t h a n o c c l u d e d 

active site pocket , i t is s t i l l ab le to o p e n occas i ona l l y a n d a l l ow 

the t r anspor t o f substrates a n d p roduc t s . These f i nd ings exp l a in 

the ab i l i t y o f D h a A 1 1 5 to catalyze the deha logenase r eac t i on . 

F ina l l y , f r o m a c o m p a r i s o n o f D h a A 1 1 5 w i t h the wi ld- type 

D h a A a n d D h a A 3 1 , ano the r active D h a A va r i an t b e a r i n g m u t a 

t i ons that s i gn i f i can t l y n a r r o w e d its t u n n e l s , 1 2 D h a A 1 1 5 has the 

nar rowes t t u n n e l s , b o t h i n the respect ive crysta l s t ructures a n d 

i n the M D s i m u l a t i o n s . A n o t h e r ma jo r di f ference a m o n g the 

var iants is i n the topo logy o f the re levant t u n n e l s . W h i l e for 

D h a A a n d D h a A 3 1 , the m o s t i m p o r t a n t was the m a i n p i t u n n e l , 

the s lot p2 t u n n e l became m o r e s t ruc tura l l y re levant i n 

D h a A 1 1 5 . 

Discussion 

I m p r o v i n g enzyme s tab i l i t y is one o f the ma j o r tasks i n 

con t empora r y p r o t e i n eng inee r ing . M a n y c o m p u t a t i o n a l too ls 

have be en deve loped to m a k e r a t i o n a l p r ed i c t i ons o f the effects 
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of m u t a t i o n s o n p r o t e i n s t a b i l i t y . 1 3 ' 2 5 " 2 7 I n -dep th s t ruc tu ra l 

u n d e r s t a n d i n g o f these effects c a n he l p i m p r o v e the accuracy o f 

c o m p u t e r a l g o r i t hms . 

Several d i s t i n c t strategies have be en e m p l o y e d to s tab i l i ze 

p ro te ins o f the a/p-hydrolase f o ld f ami l y , name l y : (i) s t ructure-

based c o m p u t a t i o n a l approaches a n d i n f o r m e d mutagenes i s 

o f f lex ib le reg ions , (ii) sequence-based phy logene t i c 

approaches , a n d (iii) r a n d o m i z e d mutagenes i s c o u p l e d w i t h 

extensive l i b ra ry s c r e e n i n g . 2 8 Genera l l y , s t a b i l i z i n g m u t a t i o n s 

have be en f o u n d to o c cur i n b o t h the cap a n d the cata lyt ic 

d o m a i n s , i n b u r i e d reg ions a n d surface-exposed a r eas . 2 8 F o r 

ins tance , de novo e n g i n e e r i n g o f a d i su l f i de b o n d phys i ca l l y 

a n c h o r i n g the cap d o m a i n to the cata lyt ic a/p-hydrolase d o m a i n 

was success fu l ly u s ed for s t a b i l i z a t i o n o f l i p a s e s , 2 9 - 3 1 acetyl

c h o l i n e es terase 3 2 a n d the h a l o a l k a n e deha logenase D h l A . 3 3 

Moreove r , m u t a t i o n s l e a d i n g to e n h a n c e d in t e r i o r p a c k i n g have 

been r e p o r t e d , 3 4 - 3 6 as w e l l as m u t a t i o n s i n t r o d u c e d to decrease 

f l ex ib i l i ty a n d increase s tab i l i t y o f the a/p-fold p r o t e i n s . 3 7 - 3 9 

P l a n t esterase was s t ab i l i z ed to res is t hea t i nac t i v a t i on by 

i n t r o d u c i n g p r o l i n e res idues in to so lvent-exposed l o o p s . 4 0 

Several g r oups repor t ed a c h i e v i n g inc reased s tab i l i t y o f l ipases 

t h r o u g h s ing le p o i n t subs t i tu t i ons e n a b l i n g the f o r m a t i o n o f 

n e w i o n i c in t e rac t i ons a n d sal t b r i d g e s . 4 1 - 4 4 It was prev ious ly 

s h o w n tha t n a r r o w i n g o r b l o c k i n g access t u n n e l s he lps to 

s tab i l i ze enzymes w i t h b u r i e d active sites a n d to increase the i r 

res is tance to o r gan i c co -so l vents . 1 9 ' 4 5 Re - eng inee r ing o f the 

access t u n n e l s t h r o u g h five p o i n t m u t a t i o n s inc reased b o t h 

catalyt ic act iv i ty t oward 1 ,2 ,3- t r ich loropropane a n d t h e r m a l 

s tab i l i t y i n D h a A 3 1 . 1 2 A l m o s t comp l e t e c l osure o f the m a i n 

t u n n e l w h i l e p r ese r v ing the s lo t t u n n e l was observed i n the 

s tab i l i z ed m u t a n t D h a A 8 0 ( T m = 64.5 °C ) . 1 9 

T h e in -house F i r e P r o t server is a n a u t o m a t e d c o m p u t a t i o n a l 

t oo l c o m b i n i n g energy- a n d evo lu t ion-based approaches to 

d es i gn h i g h l y heat-stable m u t a n t s . 1 3 T h e 11-po int m u t a n t h a l 

oa lkane deha logenase D h a A 1 1 5 , des i gned by F i r ePro t , has the 

h i ghes t th e rmos tab i l i t y o f a l l the D h a A var iants ever eng ineered 

D h a A . However , the s t ruc tu ra l bas i s o f t h i s hypers tab i l i t y was 

poor l y u n d e r s t o o d . I n th i s w o r k we so lved the h i gh - r e s o lu t i on 

s t ructures o f D h a A 1 1 5 a n d c o m p a r e d t h e m w i t h those o f the 

w i l d type D h a A . C a r e f u l i n s p e c t i o n o f the D h a A 1 1 5 s t ructure 

revealed that 9 ou t o f the 11 s t a b i l i z i n g m u t a t i o n s are l oca ted i n 

the secondary s t ruc ture e l ements . T h e m u t a t i o n s des i gned by 

a n evo lu t i on-based a p p r o a c h (E20S, F 8 0 R a n d A155P) par t i c i 

pate extensively i n the surface charge ne twork , p ro t e in - so l v en t 

in t e rac t i ons and/or r i g i d i f y i n g a so lvent-exposed l oop . W e 

therefore c o n c l u d e that new ly -es tab l i shed p ro t e in - so l v en t 

in t e rac t i ons o n the p r o t e i n surface m i g h t be i m p o r t a n t factors 

i n p ro t e c t ing the a/p-hydrolase core to s tab i l i z e the overa l l 

p r o t e i n f o l d . O u r s t ruc tu ra l da ta are t h u s i n ag reement w i t h 

prev ious observa t ions by Beerens a n d co -workers , 1 5 w h o have 

s h o w n expe r imenta l l y tha t s t ab i l i z a t i on by evo lu t i on-based 

m u t a t i o n s is d r i v en by b o t h ent ropy a n d en tha lpy , the f o rmer 

b e i n g d i f f i cu l t to p r ed i c t f r o m force-f ie ld c a l c u l a t i o n s . 1 3 

C o m p u t a t i o n a l p r e d i c t i o n too ls s u c h as F o l d X 2 6 a n d R o s e t t a 2 7 

d o n o t evaluate en t rop i c c o n t r i b u t i o n s correct ly due to under 

e s t i m a t i n g key factors s u c h as a l ternat ive p r o t e in 
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c o n f o r m a t i o n s a n d spec i f ic in t e rac t i ons be tween a p r o t e i n a n d 

so lvent mo l e cu l e s . " 

T h e r e m a i n i n g 8 m u t a t i o n s (C128F, T148L , A172I , C 1 7 6 F , 

D 1 9 8 W , V 2 1 9 W , C 2 6 2 L a n d D266F ) were in f e r red by a n energy-

based a p p r o a c h . 1 3 It has b e en p roposed that these m u t a t i o n s 

s h o u l d re in force h y d r o p h o b i c a n d a r oma t i c in t e rac t i ons a n d 

i m p r o v e p r o t e i n p a c k i n g . I n genera l , o u r expe r imenta l l y deter

m i n e d D h a A 1 1 5 s t ructures c o n f i r m th i s p r o p o s a l . W e observe 

that the vast ma jor i t y (7 ou t o f 8) o f the m u t a t i o n s cooperate 

w i t h one ano ther , s h o w i n g effects o n res idue- to-res idue p a c k i n g 

a n d o n s t a b i l i z a t i o n o f the p r o t e i n f o ld . A l l energy-deduced 

m u t a t i o n s are h y d r o p h o b i c o r a r oma t i c (always ster ica l ly 

b u l k i e r t h a n the o r i g i n a l res idues ) ; however th i s l ed to unex

pected s t ruc tu ra l effects. W e reveal tha t the r ep l a c emen t o f 

sma l l e r r es idues w i t h a m i n o ac ids w i t h b u l k i e r s ide c h a i n s , e.g., 

V 2 1 9 W , C 2 6 2 L a n d D 2 6 6 F , leads to l ong -d i s tance re

a r rangements o f the p r o t e i n b a c k b o n e , w h i c h were n o t pre

d i c t ed i n the o r i g i n a l c o m p u t a t i o n a l des i gn . T h e b a c k b o n e 

r ear rangements r e m a i n e d stable d u r i n g the M D s i m u l a t i o n s . 

These unexpec ted s t ruc tu ra l effects l ed to the p r o d u c t i o n o f the 

so-ca l led doub l e - l o ck sys tem: (i) they c l osed the active site 

access gateways, (ii) the v o l u m e s o f b o t h m a i n a n d s lo t enzyme 

tunne l s were r educed , a n d (iii) the active site was o c c l u d e d . W e 

t h i n k tha t the res t r i c ted t u n n e l s are l i k e l y the ma jo r de t e rm i 

n a n t o f the lower act iv i ty o f D h a A 1 1 5 at a t empera ture o p t i m a l 

for D h a A . 1 3 E x p e r i m e n t a l t r a c k i n g o f the t u n n e l s by k ryp ton -

de r i va t i za t i on o f D h a A 1 1 5 crystals , suppo r t ed by p r o t e i n s i m u 

l a t i ons , revealed tha t l i g ands c a n s t i l l be t r anspo r t ed t h r o u g h 

the t u n n e l s as they c a n o p e n to a s i gn i f i can t extent. W e expect 

that th i s t u n n e l o p e n i n g w i l l be even m o r e p r o n o u n c e d at 

h i ghe r t empera tures , w h i c h w o u l d e x p l a i n the sh i f t i n the 

t empera ture o p t i m u m to a h i ghe r range. 

T a k e n together, ou r e xpe r imen ta l a n d theore t i ca l resul ts 

p rov ide m o l e c u l a r i n s i gh t s in to the eng ineered s tab i l i t y o f 

D h a A 1 1 5 a n d the i m p a c t o f i n t r o d u c e d m u t a t i o n s o n func

t i ona l l y i m p o r t a n t s t ruc tu ra l features o f th i s hypers tab le 

enzyme. O u r da ta pave the way for s i m i l a r e n g i n e e r i n g efforts to 

be a p p l i e d to va r i ous p r o t e i n catalysts f r o m the a/p-hydrolase 

fami ly , b u t a lso to o ther s t ruc tura l l y u n r e l a t e d p r o t e i n fo lds . 

Impor tan t l y , u n d e r s t a n d i n g o f the s t ruc tu ra l bas i s o f t h e r m a l 

s tab i l i t y i n a p r o t e i n des i gned by force-f ie ld ca l cu l a t i ons a n d 

phy logene t i c ana lys is p rov ides va luab l e i n f o r m a t i o n for fur ther 

i m p r o v e m e n t o f a l g o r i t h m s a n d c o m p u t a t i o n a l work f l ows for 

a c h i e v i n g p r o t e i n s t ab i l i z a t i on by r a t i o n a l p r o t e i n d e s i g n . 4 6 One 

o f the l essons l ea rned f r o m the s t ruc tu ra l ana lys i s r epor t ed i n 

th is s tudy is tha t the a c c u m u l a t i o n o f expe r imenta l l y ver i f i ed 

s ing l e -po in t m u t a t i o n s w i l l n o t l ead to the s t ruc tu ra l bas i s o f 

s t ab i l i z a t i on observed w i t h D h a A 1 1 5 . M u l t i p l e subs t i tu t i ons 

m u s t be i n t r o d u c e d s i m u l t a n e o u s l y to achieve cooperat ive 

effects, l i k e b a c k b o n e changes , s ea l i n g o f aux i l i a ry access 

tunne l s , a n d f o r m a t i o n o f o c c l u d e d active s i tes. C o m p u t a t i o n a l 

too ls p r e d i c t i n g the m u l t i p l e subs t i tu t i ons , s u c h as F i r e P r o t 1 3 1 4 

a n d P R O S S 4 7 are a l ready ava i lab le for th i s type o f des i gn . 

However , there is a space for fur ther i m p r o v e m e n t o f these 

h y b r i d p r o t e i n s t ab i l i z a t i on p l a t f o rms . C o m p u t a t i o n a l d e s i gn o f 

p r o t e i n t u n n e l s is unde r exp l o r ed s t rategy , 4 8 ' 4 9 w h i c h c a n be 

suppo r t ed by the too ls for c a l c u l a t i o n o f access t u n n e l s {e.g., 
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C A V E R 2 1 ) a n d l i g ands ' passage {e.g., Cave rWeb 5 0 ) . T h e develop

m e n t o f nove l a l g o r i t h m s a n d software too ls for r a t i o n a l engi 

n e e r i n g o f p r o t e i n l oops is h i g h l y des i rab le , b u t s t i l l 

cha l l eng ing . N e w expe r imen ta l d a t a 5 1 a n d better u n d e r s t a n d i n g 

o f s t ruc tu re - s tab i l i t y r e l a t i onsh ips are a lso essent ia l p remises 

for d eve l op ing m o r e r e l i ab l e pred ic t i ve m o d e l s by m a c h i n e 

l e a r n i n g . 5 2 

Experimental methods 
Protein expression and purification 

T h e D h a A 1 1 5 enzyme was o ve rp roduced i n Escherichia coli, as 

prev ious ly desc r i bed . Brie f ly , D h a A 1 1 5 was overexpressed i n E. 

coli BL21 (DE3 ) w i t h i n d u c t i o n by 0.5 m M I P T G at 20 °C for 16 

h o u r s . T h e ce l ls were harvested by c en t r i fuga t i on at 11 806g at 

4 °C for 10 m i n . T h e pe l l e t was r e - suspended i n p u r i f i c a t i o n 

buffer A (500 m M N a C l , 10 m M i m i d a z o l e , 20 m M p o t a s s i u m 

phospha t e buffer p H 7.5) a n d son i ca t ed u s i n g a Son i c D i s -

m e m b r a t o r M o d e l 705 (F isher Sc ient i f i c , USA) i n 3 cycles, each 

o f 2 m i n (5 s pulse/5 s pause) w i t h a m p l i t u d e 5 0 % . D i s r u p t e d 

cel ls were cent r i fuged at 21 OOOg at 4 °C for 1 h . H is - tagged 

D h a A 1 1 5 p r o t e i n was p u r i f i e d o n a N i - c h e l a t i n g c o l u m n (Ni-

N T A Super f l ow cartr idge) e qu i l i b r a t ed i n p u r i f i c a t i o n buffer A. 

T h e a f f in i ty -pur i f i ed enzyme was e lu ted by a p u r i f i c a t i o n buf fer 

A s u p p l e m e n t e d w i t h 300 m M i m i d a z o l e . T h e e lu ted p r o t e in 

was fur ther p u r i f i e d by s i ze -exc lus ion c h r o m a t o g r a p h y o n 

a H i L o a d 16/600 Superdex 200 ge l f i l t r a t i on c o l u m n (GE 

Hea l thcare ) e q u i l i b r a t e d i n G F buffer (50 m M N a C l , 10 m M Tr i s 

p H 8.0). P eak f rac t ions were p o o l e d a n d concen t ra t ed w i t h a n 

A m i c o n U l t r a cen t r i fuga l f i l ter u n i t (Me r ck M i l l i p o r e Ltd ) to 

a f i na l c o n c e n t r a t i o n o f 11.5 m g m l - 1 . P r o t e i n c o n c e n t r a t i o n 

was m e a s u r e d o n a DeNovixR® DS-11 Spec t ropho tomete r 

(DeNovix Inc. , USA) . 

Crystallization, krypton-soaking and diffraction analysis 

Di f f rac t i on-qua l i t y crysta ls o f the D h a A 1 1 5 enzyme were ob

t a in ed at 20 °C by m i x i n g e q u a l v o l u m e s o f D h a A 1 1 5 (11.5 m g 

m P 1 ) w i t h reservo ir s o l u t i o n c o m p o s e d o f 1 8 - 2 4 % P E G 3350, 

0.2 M K S C N a n d 0.1 M b is - t r i s p r opane ( p H 6.5), a n d c rys ta l l i z ed 

u s i n g the h a n g i n g - d r o p vapor d i f f us i on t e c h n i q u e . Af ter 3 -6 

days, the crystals so g r o w n were br ie f ly t rans fer red i n t o reservo ir 

s o l u t i o n s u p p l e m e n t e d w i t h 2 2 % g lycero l a n d f lash- f rozen i n 

l i q u i d n i t r ogen . 

K r y p t o n derivat ives were p r o d u c e d u s i n g ' soak a n d freeze' 

me thodo l o gy . 2 2 T h e m e t h o d is a i m e d at d e c i p h e r i n g f u n c t i o n a l 

tunne l s i n p r o t e i n s . 5 3 ' 5 4 I n pract ice , a crysta l o b t a i n e d f r o m 1 : 1 

p r o t e i n (13.8 m g m P 1 ) / r e s e r v o i r s o l u t i o n was f i shed ou t i n t o 

a cap i l l a ry f i l l ed w i t h cryo-protect ive s o l u t i o n (24% P E G 3350, 

0.2 M K S C N , 2 2 % g lycero l a n d 0.1 M b is - t r i s p r opane p H 6.5). 

T h e crysta l was i n i t i a l l y l o aded i n t o a pressure c e l l at a m b i e n t 

pressure a n d t empera ture (294 K a n d 1 a t m respectively) , i n 

w h i c h the samp l e was t h e n p r e s s u r i z e d i n a pure k r y p t o n gas 

m e d i u m at 140 bar for 5 m i n u t e s . T h e n , s t i l l u n d e r pressure , the 

crysta l was d i rec t l y f lash- f rozen i n the c e l l i n t o the c o l d dense 

k r y p t o n f l u i d phase w h i c h acts as a coo lan t . F ina l l y , the pres

sure was re leased, a n d the crysta l was extracted f r o m the c e l l 

11174 | Chem. Sci., 2 0 2 0 , 11, 11162-11178 

Edge Article 

a n d recovered i n l i q u i d n i t r o g e n w i t h o u t b r e a k i n g the cryogenic 

t empera ture c h a i n . A l l da ta were co l l ec ted at the E S R F ID23-1 

b e a m l i n e (Grenob le , F r a n c e ) 5 5 at a wave l eng th o f 0.861 A (the 

k r y p t o n X-ray a b s o r p t i o n edge). 

Structure determination, model building and refinement 

T h e c rys ta l l og raph ic da ta were processed u s i n g X D S 5 6 for 

i n d e x i n g a n d in t eg ra t i on a n d A i m l e s s 5 7 for m e r g i n g . I n i t i a l 

phases o f D h a A 1 1 5 were so lved by m o l e c u l a r r ep l a c emen t u s i n g 

P h a s e r 5 8 i m p l e m e n t e d i n the P h e n i x package . 5 9 T h e s t ructure o f 

D h a A ( PDB : 4 H Z G ) was e m p l o y e d as a search m o d e l for 

r ep l acement i n D h a A 1 1 5 m o n o m e r i c s t ruc tures . T h e ref ine

m e n t was ca r r i ed ou t w i t h several a u t o m a t e d cycles i n the 

phen ix . re f ine p r o g r a m 6 0 a n d m a n u a l m o d e l b u i l d i n g was per

f o r m e d i n C o o t . 6 1 C rys ta l s t ructures o f nat ive a n d k r yp t on 

soaked D h a A 1 1 5 were solved to r e so lu t i ons o f 1.6 A a n d 1.55 A 

i n a m o n o c l i n i c P 1 2 ] l space g r o u p a n d P 2 1 2 1 2 1 respect ively. T h e 

f ina l m o d e l s were va l ida ted u s i n g too ls p r o v i d e d by C o o t 6 1 a n d 

M o l p r o b i t y . 6 2 V i s u a l i z a t i o n o f s t ruc tu ra l da ta was done w i t h 

P y M O L . 6 3 A t o m i c coo rd ina t es a n d s t ruc ture factors o f the nat ive 

D h a A 1 1 5 a n d kryp ton-der i va t i z ed D h a A 1 1 5 enzymes were 

depos i t ed i n the P r o t e i n D a t a B a n k u n d e r the P D B codes 6SP5 

a n d 6SP8. 

Small-angle X-ray scattering (SAXS) 

T h e SAXS da ta sets were co l l ec ted u s i n g the B ioSAXS-1000 , 

R i g a k u at C E I T E C (Brno , C z e c h Repub l i c ) . D a t a were co l l ec ted 

at 293 K w i t h a focused (confoca l O p t i S A X S op t i c , R i gaku ) C u K a 

X-ray (1.54 A) . T h e samp l e to detector (P ILATUS 100K, Dectr is ) 

d i s tance was 0.48 m cove r ing a sca t t e r ing vector (q = 47tsin((9)/A) 

range f r o m 0.008 to 0.6 A - 1 . Size e x c l u s i o n buffer (41 m M 

K 2 H P 0 4 , 9 m M K H 2 P 0 4 , p H 7.5) was us ed for the b l a n k 

m e a s u r e m e n t . D h a A 1 1 5 p r o t e i n samp l e s were m e a s u r e d at 

c oncen t ra t i ons o f 8.5, 6.3, 4.3 a n d 2.2 m g m l - 1 . Six separate 

images were co l l ec ted for buf fer a n d s a m p l e (5 m i n exposure 

per image , 30 m i n to ta l exposure) . R a d i a l averag ing , da ta 

r e d u c t i o n a n d buffer sub t rac t i ons were p e r f o rmed u s i n g SAX-

S L a b 3 . 0 . 0 r l , R i g a k u . Six i n d i v i d u a l sca t t e r ing curves (5 m i n 

exposures) were c o m p a r e d to c h e c k r a d i a t i o n damage a n d 

averaged. Integra l s t ruc tu ra l paramete rs were d e t e r m i n e d u s i n g 

PR IMUS/q t A T S A S v .2 .8.4. 6 4 D a t a po in t s before the G u i n i e r 

r e g i on were t runca t ed . I n d i v i d u a l sca t t e r ing curves f r o m the 

c o n c e n t r a t i o n series were m a n u a l l y m e r g e d for fur ther ana lys i s . 

T h e ah initio m o d e l i n g for s u p e r i m p o s i t i o n w i t h the a t o m i c 

m o d e l was p e r f o rmed by D A M M I N A T S A S v.2.8.4, w i t h the 

c o m p u t a t i o n m o d e set to " s l o w " a n d a l l o ther paramete rs kept 

as defaul t . E v a l u a t i o n o f s o l u t i o n sca t t e r ing a n d f i t t ing to 

e xpe r imen ta l sca t t e r ing curves was p e r f o rmed u s i n g C R Y S O L 

ATSAS v.2.8.4; a u t o m a t i c c ons tan t s u b t r a c t i o n was a l l owed a n d 

other paramete rs were kep t as default . S u p e r i m p o s i t i o n o f the 

a t om i c a n d ah initio m o d e l s was p e r f o rmed by S U P C O M B ATSAS 

v.2.8.4. Smal l -ang le X-ray sca t t e r ing datasets, e xpe r imen t 

deta i ls , the a t o m i c m o d e l a n d fits have b e en depos i t ed i n the 

S m a l l A n g l e Sca t t e r ing B i o l o g i c a l D a t a B a n k (www.sasbdb.org ) 6 5 

as entry S A S D H P 7 . 
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Structural bioinformatics tools 

R M S D va lues were ca l cu la t ed u s i n g pa i rw i s e s t ruc tu ra l a l i gn 

m e n t o n the D A L I server . 6 6 S t ruc tu ra l s u p e r p o s i t i o n was per

f o rmed u s i n g the secondary s t ructure m a t c h i n g (SSM) 

s u p e r i m p o s e t oo l i n C o o t . 6 7 D i m e r inter face a n d b u r i e d surface 

areas were ca l cu la t ed by the P ISA t o o l . 1 7 Ana l y s i s o f res idue-to-

res idue in t e rac t i ons i n the crysta l s t ructure was done u s i n g 

P r o t e i n In te rac t i ons C a l c u l a t o r (P IC ) 1 8 w i t h de fau l t parameters . 

Molecular dynamics simulations and analysis 

T h e t h r e e - d i m e n s i o n a l s t ructures o f D h a A 1 1 5 were used as 

ob ta ined f r o m the X-ray d i f f rac t i on ana lys i s , for b o t h nat ive a n d 

kryp ton-soaked crystals . T h e solvent , c r ys ta l l i z a t i on mo l e cu l e s 

a n d k r y p t o n a t oms were r emoved , a n d the d o u b l e s ide c h a i n s 

were cor rec ted to r e t a in o n l y the m o s t p o p u l a t e d c o n f o r m a t i o n 

u s i n g the pdb4amber m o d u l e o f A m b e r T o o l s 1 4 . 6 8 H y d r o g e n 

a t oms were p r ed i c t ed u s i n g the H++ server , 6 9 c a l cu la t ed i n 

i m p l i c i t so lvent at p H 7.5, 0.1 M sa l in i ty , a n d i n t e r n a l a n d 

externa l d ie l ec t r i c cons tan ts o f 10 a n d 80 respect ively. T h e 

o r i g i n a l c r ys ta l l i z a t i on so lvent was a d d e d a n d the t L E a P 

p r o g r a m i n A m b e r T o o l s 14 was used to prepare the topology 

a n d coord ina tes f i les. F o r th i s , the force f ie ld f f l 4 S B 7 0 was 

de f ined , N a + a n d C P i ons were a d d e d i n order to neu t ra l i z e the 

system a n d achieve a 0.10 M c o n c e n t r a t i o n o f N a C l , a n d a n 

oc tagona l box o f T I P 3 P 7 1 water mo l e cu l e s w i t h the edges at least 

10 A away f r o m the p r o t e i n a t oms was a d d e d . 

T h e m o l e c u l a r d y n a m i c s (MD) s i m u l a t i o n s were ca r r i ed out 

w i t h the p m e m d . c u d a 7 2 ' 7 3 m o d u l e o f A M B E R 1 4 . 6 8 I n to ta l , five 

m i n i m i z a t i o n steps a n d twelve steps o f e q u i l i b r a t i o n d y n a m i c s 

were p e r f o rmed p r i o r to the p r o d u c t i o n M D . T h e f irst four 

m i n i m i z a t i o n steps, c o m p o s e d o f 2500 cycles o f steepest 

descent f o l l owed by 7500 cycles o f conjugate g rad ien t , were 

pe r f o rmed as fo l lows : (i) i n the f irst step, a l l the a t oms o f the 

p r o t e i n a n d l i g a n d were r es t ra ined w i t h 500 k c a l m o P 1 A - 2 

h a r m o n i c force cons tan t ; (ii) i n the f o l l o w i n g three, on l y the 

b a c k b o n e a t oms o f the p r o t e i n a n d heavy a t oms o f the l i g a n d 

were r es t ra ined w i t h , respect ively, 500, 125, a n d 25 k c a l m o P 1 

A ~ 2 force cons tant . A f i f th m i n i m i z a t i o n step, c o m p o s e d o f 5000 

cycles o f steepest descent a n d 15 000 cycles o f conjugate 

g rad ient , was pe r f o rmed w i t h o u t any res t ra ints . T h e subse

q u e n t M D s i m u l a t i o n s e m p l o y e d pe r i od i c b o u n d a r y c o n d i t i o n s , 

the par t i c l e m e s h E w a l d m e t h o d for t r ea tment o f the l o n g range 

in t e rac t i ons beyond the 10 A cutof f , 7 4 the S H A K E a l g o r i t h m 7 5 to 

c o n s t r a i n the b o n d s i n v o l v i n g the h y d r o g e n a t oms , the Lange-

v i n the rmos ta t w i t h c o l l i s i o n f r equency 1.0 p s - 1 , a n d a t i m e step 

o f 2 fs. E q u i l i b r a t i o n d y n a m i c s were p e r f o rmed i n twelve steps: 

(i) 20 ps o f g r a d u a l h e a t i n g f r o m 0 to 310 K, u n d e r cons tan t 

v o l u m e , r e s t r a i n i n g the p r o t e i n a t oms a n d l i g a n d w i t h 

200 k c a l m o P 1 A ~ 2 h a r m o n i c force cons tant ; (ii) t en M D s o f 400 

ps each , at c ons tan t pressure (1 bar) a n d cons tan t t empera ture 

(310 K) , w i t h g radua l l y dec reas ing res t ra in ts o n the b a c k b o n e 

a t oms o f the p r o t e i n a n d heavy a t oms o f the l i g a n d w i t h 

h a r m o n i c force cons tan ts o f 150 ,100 , 75, 50, 2 5 , 1 5 , 1 0 , 5 , 1 , a n d 

0.5 k c a l m o P 1 A ~ 2 ; (iii) 400 ps o f u n r e s t r a i n e d M D at the same 

c o n d i t i o n s as the prev ious r es t ra ined M D s . T h e energy a n d 

coord ina tes were saved every 10 ps . T h e p r o d u c t i o n M D s were 
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r u n for 100 n s u s i n g the same sett ings e m p l o y e d i n the last 

e q u i l i b r a t i o n step a n d pe r f o rmed i n dup l i ca t e for e a ch system. 

Acce lera ted M D (aMD) s i m u l a t i o n s were p e r f o rmed for each 

system u s i n g the p m e m d . c u d a 7 2 ' 7 3 m o d u l e o f A M B E R 1 4 . 6 8 The 

systems were p repared a n d m i n i m i z e d as prev i ous l y desc r ibed 

for the c l a s s i ca l M D s , u s i n g the f f l 4 S B 7 0 force f i e ld . D u a l energy 

boosts were a p p l i e d to the t o r s i o n a l (V11*1) a n d to ta l po t en t i a l 

(V 1 0 1) energy. T h e average d i h e d r a l ( V 0
d l h ) a n d to ta l po t en t i a l 

[V0
tot] energ ies o f e a ch sys tem were extracted f r o m the f i rst 10 ns 

of p r o d u c t i o n M D , a n d were used to ca lcu la te the respect ive 

energy th r e sho ld s (E) a n d acce l e ra t i on factors (a), as prev ious ly 

d e s c r i b e d . 7 6 i ^ 1 1 1 was set as 3.5 k c a l m o P 1 pe r p r o t e i n res idue 

above V o d l h , a n d the c o r r e s p o n d i n g acce l e ra t i on factor, a d l h , was 

set as 1/5 o f tha t di f ference; the to ta l po t en t i a l energy t h r e s h o l d , 

Etot, was de f ined as 0.2 k c a l m o P 1 per a t o m o f the sys tem above 

V0
tot, a n d the respect ive acce l e ra t i on factor, a t o t , was set as the 

di f ference be tween those two energ ies . C a l c u l a t i n g the p a r a m 

eters i n th i s way always y i e l d ed va lues o f E41*1 ca. 2 7 % above the 

respect ive V o d l h . T h e a M D s were r u n w i t h o u t any res t ra ints , w i t h 

c a l c u l a t i o n steps o f 2 fs, sav ing the energy a n d coo rd ina t e every 

10 ps . These s i m u l a t i o n s were r u n i n dup l i ca t e for 100 n s . T h e 

a M D s were pe r f o rmed as a c o m p l e m e n t a r y m e t h o d to samp l e 

the c o n f o r m a t i o n a l space equ i va l en t to l onger t i m e scales, 

e s t ima t ed at several orders o f m a g n i t u d e greater t h a n those o f 

the M D s (between the us a n d m s t i m e sca les ) . 2 3 ' 7 7 

T h e trajectories were ana lyzed u s i n g the c p p t r a j 7 8 m o d u l e o f 

A m b e r T o o l s 14, a n d v i sua l i z ed u s i n g P y M O L 6 3 a n d V M D I .9 . I . 7 9 

T h e s i m u l a t i o n s o f e a ch type were c o m b i n e d to create a s ing le 

one u s i n g c p p t r a j , 7 8 a n d a l i gned to the respect ive crysta l struc

tures by m i n i m i z i n g the roo t -mean-square dev i a t i on (RMSD ) o f 

the b a c k b o n e a t oms , e x c l u d i n g the very f lexible t e r m i n a l res i 

dues o f e a ch c h a i n (4-6 t e r m i n a l res idues ) . 

Access tunnel calculations 

C A V E R 3 .02 , 2 1 was used to ca lcu la te a n d c lus te r the t u n n e l s i n 

the crysta l s t ructures , aggregated M D a n d a M D s i m u l a t i o n s o f 

D h a A 1 1 5 , a n d the prev ious ly r epor t ed ana l ogous s i m u l a t i o n s o f 

D h a A 1 5 a n d D h a A 3 1 . 7 6 D u r i n g the s i m u l a t i o n s the t u n n e l s were 

ca l cu la t ed for every 10 ps-spaced s n a p s h o t u s i n g a probe r ad ius 

o f 0.7 A (0.5 A for the crysta l s t ructures o f DhaA115 ) , a s h e l l 

r ad ius o f 3 A a n d a s h e l l d e p t h o f 4 A . T h e s ta r t ing p o i n t for the 

t u n n e l c a l c u l a t i o n was de f ined by the geomet r i c center o f the 

carboxy l i c oxygen a t oms o f the cata lyt ic D106 . T h e c l u s t e r i n g 

was p e r f o rmed by the average- l ink h i e r a r c h i c a l M u r t a g h algo

r i t h m , w i t h a w e i g h t i n g coef f ic ient o f 1 a n d c l u s t e r i n g t h r e s h o l d 

o f 3.5 A . A p p r o x i m a t e c l u s t e r i n g was a l l owed o n l y w h e n the to ta l 

n u m b e r o f t u n n e l s was greater t h a n 20 000, a n d i t was per

f o r m e d u s i n g 20 t r a i n i n g c lusters . 
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