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Title:	  Application	  of	  directed	  evolution	  to	  the	  study	  of	  structural	  enzyme	  dynamics	  
	  
The	  aim	  of	  the	  project	  was	  to	  utilize	  the	  technique	  of	  directed	  evolution	  to	  generate	  
a	  range	  of	  mutant	  enzymes	  with	  different	  catalytic	  properties	  and	  to	  use	  a	  variety	  of	  
biophysical	  approaches	  to	  characterize	  the	  structural	  dynamics	  of	  these	  molecules	  
in	  order	  to	  determine	  the	  role	  of	  structural	  dynamics	  in	  catalysis.	  	  
	  

Conformational sampling, catalysis, and evolution of the bacterial 
phosphotriesterase 

	  
To	   efficiently	   catalyze	   a	   chemical	   reaction,	   enzymes	   are	   required	   to	  maintain	   fast	  
rates	   for	   formation	   of	   the	   Michaelis	   complex,	   the	   chemical	   reaction	   and	   product	  
release.	  These	  distinct	  demands	  could	  be	  satisfied	  via	  fluctuation	  between	  different	  
conformational	  substates	  (CSs)	  with	  unique	  configurations	  and	  catalytic	  properties.	  
However,	   there	   is	   debate	   as	   to	   how	   these	   rapid	   conformational	   changes,	   or	  
dynamics,	   exactly	   affect	   catalysis.	   As	   a	   model	   system,	   we	   have	   studied	   bacterial	  
phosphotriesterase	  (PTE),	  which	  catalyzes	  the	  hydrolysis	  of	  the	  pesticide	  paraoxon	  
at	  rates	  limited	  by	  a	  physical	  barrier—either	  substrate	  diffusion	  or	  conformational	  
change.	  The	  mechanism	  of	  paraoxon	  hydrolysis	  is	  understood	  in	  detail	  and	  is	  based	  
on	   a	   single,	   dominant,	   enzyme	   conformation.	   However,	   the	   other	   aspects	   of	  
substrate	  turnover	  (substrate	  binding	  and	  product	  release),	  although	  possibly	  rate-‐
limiting,	   have	   received	   relatively	   little	   attention.	   This	   work	   identifies	   ‘‘open’’	   and	  
‘‘closed’’	   CSs	   in	   PTE	   and	   dominant	   structural	   transition	   in	   the	   enzyme	   that	   links	  
them.	  The	  closed	  state	  is	  optimally	  preorganized	  for	  paraoxon	  hydrolysis,	  but	  seems	  
to	  block	  access	  to/from	  the	  active	  site.	  In	  contrast,	  the	  open	  CS	  enables	  access	  to	  the	  
active	   site	   but	   is	   poorly	   organized	   for	   hydrolysis.	   Analysis	   of	   the	   structural	   and	  
kinetic	   effects	   of	   mutations	   distant	   from	   the	   active	   site	   suggests	   that	   remote	  
mutations	   affect	   the	   turnover	   rate	   by	   altering	   the	   conformational	   landscape.	  This	  
work	  has	  been	  published	  in	  the	  Proceedings	  of	  the	  National	  Academy	  of	  Sciences,	  USA,	  
2009,	  Volume	  106,	  Pages	  21631-‐21636,	  C.	  J.	  Jackson	  et	  al.	  
	  

	  
	  
	  
	  

	  

Detrimental effects of remote mutations have previously been
proposed to result from changes to reorganization energy in
theoretical studies (36).

These data raise two possibilities regarding the TS affected by the
changes to the conformational landscapes seen here: (i) the rate-
limiting TS is the conformational change between EclosedP 3
EopenP that will precede product release, or (ii) the conformational
change is sufficiently fast that the rate-limiting TS is between
EopenP 3 Eopen ! P and the conformational change serves as a
mechanism to funnel CSs into an optimally preorganized state for
this step in turnover. Both effects have been proposed previously for
other enzymes (37, 38). Moreover, solvent viscosity effects, which
are known to affect fast protein motions (39), have been shown to
affect k5 in the PTEs, although detailed analysis suggests that k5 can
be further dived into two microscopic rate constants and that only
one of these is viscosity dependent (16). As shown in Table 1,
changes to the reaction rate as a result of the mutations primarily
results from changes in activation entropy ("S‡), either becoming
more negative (greater) in pdPTE H254R (in pdPTE H254R, Ea
is actually lower) or less negative (lower) in arPTE 4M (Fig. S10).
Initially, this inverse correlation between "S‡ and flexibility is
surprising; one would expect that because arPTE 4M is less ordered
than wild-type arPTE, it will have greater "S‡, and because pdPTE
H254R is more ordered than wild-type pdPTE, it will have lower
"S‡. These data do make sense, however, when one considers that
the rate-determining TS is EopenP‡, not EclosedS‡. With respect to
EopenP‡, arPTE 4M is more ordered, and pdPTE H254R less
ordered, owing to their respective populations of Eopen. This
suggests that, in these variants, changes to k5 are mostly due to
changes in the disorder of the ground state relative to the TS for
product release (EopenP‡), i.e., the entropic contribution to the free
energy in the measured populations is altered in these variants via
the enrichment or depletion of configurations close to the TS
associated with product release, or Eopen. Were the structural
transitions rate-limiting, the change in activation energy would be
expected to primarily result from changes to the Ea, or the energy
barrier between Eopen and Eclosed. A schematic is shown in Eq. 2.
Thus, for the PTEs, we can suggest that fast conformation change
is essential because it allows rapid fluctuation between CSs preor-
ganized for different steps in turnover, but does not appear to be
entirely rate limiting or directly involved in product diffusion or the
chemical step as far as we can determine. As seen in the analysis of
the five PTE variants discussed here, there is clearly an optimum
shape of the landscape (arPTE 4M), which can be skewed in either
direction (pdPTE H254R and arPTE 8M).
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Discussion
Modulation of Conformational Fluctuations in Nature. Comparison
between the naturally evolved variants arPTE and pdPTE can
reveal whether such subtle changes in conformational distributions
are relevant in natural evolution or simply experimental artifacts.
One of the 28 sequence differences between pdPTE and arPTE is
H254R in arPTE. However, unlike pdPTE H254R, arPTE resem-
bles wild-type pdPTE in terms of the B factor of loop 7 as well as
retaining fast kcat (Fig. 5). Therefore, some of the other 28-aa
differences in the structure of arPTE (residues 35–361) must in
some way compensate for the stabilization of Eclosed that results
from H254R. As shown in Fig. 6, the locations of these 28 sequence
differences are not random: a large proportion of the mutations
(11/28) are located in loop 7 and the mobile helices at the rear of

the enzyme implicated in the structural transition between Eclosed
and Eopen shown in Fig. 4. Of those that are not, most are located
adjacent to these mutations. Indeed only 5/28 mutations appear
unconnected to these regions. This analysis provides a clear link
between the propensity of loop 7 to adopt different conformations
(resulting in varied B factors), and the catalytic efficiency, and
illustrates that the conformational landscape and catalytic effi-
ciency are ‘‘tuned’’ through natural evolution. These findings sug-
gest that laboratory evolution of pdPTE H254R for increased
turnover would result in the accumulation of mutations in dynamic
regions, as observed here. This is indeed what occurs; previously,
when pdPTE was evolved in the laboratory for increased activity
with substrates with dimethyl side chains, H254R was one of the
most often incorporated mutations, but only in combination with
mutations (such as N265D and T274N) in loop 7 or the mobile
helices at the rear of the enzyme (21) (Fig. 6).

Turnover and Catalysis. We have characterized open and closed CSs
in the PTEs that permit substrate/product diffusion and are able to
efficiently catalyze hydrolysis, respectively. These CSs exist in
equilibrium in the resting enzyme, as does a low-energy structural
transition between them. Moreover, evolution, both natural and
laboratory based, is able to optimize the distribution of CSs for fast
turnover, and to compensate for the incorporation of rigidifying
mutations such as H254R. These data suggest that sampling of
specialized configurations allows the enzyme to maintain high rates
for all of the microscopic rate constants that contribute to the
overall turnover rate, or kcat, from formation of the Michaelis
complex to bond breakage and product release. Thus, a picture
emerges whereby the catalytic power of the ideally preorganized
closed CS achieves a remarkable enhancement of the rate of the
chemical reaction, and conformational change is used to tune the
conformational landscape to maximize the rate of substrate and
product diffusion.

Experimental and Computational Procedures
Strains, Plasmids, and Chemicals. For expression of wild-type and mutant PTE
genes, the genes were cloned between the NdeI and EcoRI sites of pETMCSI (40).
Escherichia coli BL21-DE3recA# cells, transformed with plasmids, were used to
screen the shuffled library for activity and for protein expression. Organophos-
phates were purchased from Chem Service and Sigma-Aldrich. The purity of the
organophosphates was $95%, as stated by the manufacturers. Molecular biol-
ogy reagents were purchased from New England Biolabs or Roche unless other-
wise stated. Chemicals were purchased from Sigma-Aldrich unless otherwise
stated. Plasmid DNA was purified using QIAGEN Miniprep Kits.

Fig. 6. The locations of sequence differences (excluding H254R) between
arPTE and pdPTE. (A and B) Views from the back of the enzyme and the side,
respectively. Sequence differences in the two regions identified as being
involved in the structural dynamics (loop 7 and helices at rear of enzyme) are
colored red. Sequence differences immediately adjacent to those in dynamic
regions are colored blue. Those with no obvious link to dynamic regions are
colored gray.
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Figure	   1:	   The	   locations	   of	  
mutations	   (red)	   that	   result	   in	  
changes	   to	   the	   activity	   and	  
structural	   dynamics	   of	   the	  
bacterial	   PTE.	   These	   mutations	  
are	  over-‐represented	  in	  the	  two	  
most	   dynamic	   regions	   of	   the	  
protein:	   an	   active	   site	   loop	   and	  
a	  bundle	  of	  helices	  at	  the	  rear	  of	  
the	  protein.	  	  



	  
Minor conformations accessed by structural dynamics can serve as starting points 

for the evolution of new activities 
	  
Any	  enzymes	  exhibit	  additional,	  promiscuous,	  catalytic	  activities	  in	  addition	  to	  their	  
primary	   catalytic	   function.	   In	   this	   work	   we	   have	   studied	   a	   full	   evolutionary	  
transition	   of	   a	   phosphotriesterase	   into	   an	   arylesterase	   (with	   N.	   Tokuriki	   and	   D.	  
Tawfik).	   By	   obtaining	   crystal	   structures	   of	   a	   series	   of	   mutants	   across	   nineteen	  
generations	  of	  directed	  evolution	  we	  have	  been	  able	   to	  map	  subtle	  changes	   in	   the	  
conformational	   landscape	   and	   dynamics	   of	   the	   protein.	   The	   results	   reveal	   that	   a	  
minor	  conformation	  is	  responsible	  for	  the	  promiscuous	  arylesterase	  activity	  in	  the	  
early	  generations,	  and	   that	   this	   conformation	   is	  occasionally	  accessed	   through	   the	  
structural	  dynamics	  of	  the	  protein.	  Over	  the	  full	  course	  of	  the	  evolution,	  a	  series	  of	  
mutations	   progressively	   stabilize	   this	   minor	   conformation,	   as	   it	   becomes	   the	  
dominant	   conformation,	   consistent	   with	   the	   overall	   change	   in	   function	   from	   a	  
phosphotriesterase	   to	   an	   arylesterase.	   This	   work	   highlights	   the	   importance	   of	  
structural	  dynamics	  and	  a	  complex	  energy	  landscape	  of	  conformations	  to	  evolution	  
and	   provides	   new	   insights	   for	   protein	   engineering	   and	   design.	   This	   work	   is	   in	  
preparation	  for	  publication	  with	  N.	  Tokuriki,	  M.	  Weik	  	  and	  D.	  Tawfik.	  	  

	  
	  

	  
Summary	  

	  
We	   have	   made	   significant	   progress	   in	   establishing	   the	   role	   that	   rapid	  
conformational	  change,	  or	  ‘structural	  dynamics’	  play	  in	  both	  the	  function	  of	  proteins	  
and	   in	   how	   they	   evolve.	   We	   have	   established	   that	   in	   the	   bacterial	  
phosphotriesterase	  rapid	  opening	  and	  closing	  of	  an	  active	  site	  loop	  appears	  to	  allow	  
the	   enzyme	   to	   satisfy	   the	   requirements	   of	   maintaining	   both	   a	   high	   affinity,	   pre-‐
organized	   state	   for	   catalysis	   and	   low	   affinity	   state	   for	   maximum	   diffusion	   rates.	  
Similarly,	  we	   have	   been	   able	   to	   demonstrate	   that	   conformational	   fluctuations	   can	  
allow	  the	  protein	  to	  access	  minor	  conformations	  that	  can	  serve	  as	  starting	  points	  for	  
evolution	  of	  new	  activities.	  	  

 

Figure	   2:	   The	   conformational	  
equilibrium	   between	   bent	   and	  
extended	  conformers	  of	  Arg254	  
at	   the	   active	   site	   of	  
phosphotriesterase	   during	   the	  
evolutionary	   transition.	   It	   is	  
clear	   that	   the	   bent	  
conformation	  gradually	  eclipses	  
the	   extended	   conformation	   as	  
the	   new	   arylesterase	   activity	  
begins	  to	  dominate.	  	  	  


