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Abstract

A Serl05Ala mutant o€andida antarcticdipase B has previously been shown to catalyze aldol additions. Quantum chemical calculations
predicted a reaction rate similar to that of natural enzymes, whereas experiments showed a much lower reaction rate. Molecular dynamics
simulations, presented here, show that the low reaction rate is a consequence of the low frequencies of near attack complexes in the enzyme
Equilibrium was also considered as a reason for the slow product formation, but could be excluded by performing a sequential reaction to
push the reaction towards product formation. In this paper, further experimental results are also presented, highlighting the importance of the
entire active site for catalysis.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ion hole (Thr40 and GIn106), which stabilizes the oxyanion
intermediatd?2].

Protein engineering has been an important tool for bio- A site-directed mutation to replace the active-site serine
chemists for many years. Protein properties can be changedvith an alanine gave an enzyme, CALB Ser105Ala, with in-
and new functionalities can be introduced, such as catalytic creased activity for aldol reactionS¢heme 1[3]. As the
activity for new reactions. In addition to this, modeling stud- nucleophilic serine was removed, the basic nitrogen on the
ies and quantum mechanical (QM) calculations can be usedhistidine was thoughtto getan increased ability to abstractthe
to find the proper position for a mutation and to predict the substrate’s--proton. An enolate intermediate is then formed,

catalytic properties of the mutant. which is stabilized by hydrogen-bond donors in the oxyanion
Candida antarcticdipase B (CALB) is a serine hydro-  hole[3]. The experimental studies were preceded by quantum
lase that belongs to the group eff3-hydrolaseq1]. This chemical calculations, which predicted that the aldol reaction

lipase has an active site where the reaction is catalyzed by avould take place with a reaction rate similar to that of natural
catalytic triad (Ser105, Asp187 and His224) and an oxyan- enzymes. The reaction was confirmed to take place in the ac-
tive site, however, the catalytic constant was found to be only
_— 65 day L. The reactions were run in cyclohexane, which was
. ggrzifé’snd;:g if;Uth:hg‘f'; ;:‘_ii 6523779%386266;3* +46 8 5537 8468.  chosen after screening various solvents for the aldol reaction
E-mail ad(;)resses?nre@pr;yscr{em.kth.se (T. Briﬁck), .Of he.xanal[.:g]' In th.ls amCIe.' we present mpleCUIar dynam-
per.berglund@biotech kth.se (P. Berglund). ics simulations which provide an explanation for these low
1 Shared first authorship. reaction rates.
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o HO R2O using NaOH. The reaction mixture was kept on ice, and then
P _catalyst_ RNRQ stopped by neutralization with HCI.
R2 cyclohexane, rt R

2.5. Substrate sources

Scheme 1. The aldol reactions explored viitrantarcticalipase B. R and

R? are specified iffable 1 All substrates and solvents were commercially available
and were used without further purification.

2. Experimental 2.6. Computational methods

2.1. Enzyme production The Autodock 3.0 program package was used for the
docking of substrates to the mutant enzyrf@. This
program uses a Lamarckian genetic algorithm (LGA) for

= - y the automated docking of ligands to proteins. During the
purified enzymes were then immobilized at 3% (W/Ww) on gimyiation, the interaction energy between ligand and

polypropylene Accurel MP1000, <15Q0n, in S0mM  he protein is evaluated using grid-based atomic affinity
potassium phosphate buffer of pH 7.6 or 8.6, during potentials. The final free energy of interaction is calculated
24h at room temperature and end-over-end rotation. Theyi, 5 free energy based expression that includes terms for
carrier was filtered off and equilibrated over a saturated e gispersion and repulsion energies, directional hydrogen
aqueous solution of NaCl to obtain a water activity of ponding, screened electrostatics and desolvation. The protein
0.75[3]. structure used for the docking studies was CALB containing
an N-hexyl phosphonate ethyl ester inhibitor (1TCA.pdb)
2.2. Aldol reaction [2]. To simulate the mutation of CALB, the Serl05 was
replaced by an alanine using the SwissPDBviewer program
A typical reaction mixture contained 0.3M substrate [g] and charges for the protein atoms were taken from the
(aldehyde/ketone), 0.003 M internal standard (hexadecane)original Amber united atom force fie[@], as recommended
and 66.7 mgimmobilized enzyme/ml (or 1 mgimidazole/ml), in the Autodock manual. Atomic solvation parameters and
in water-saturated cyclohexane. The reaction was placed infragmental volumes were assigned to the protein atoms with
an end-over-end rotator at 2G. Samples were taken for  the program Addsol, included in the Autodock 3.0 package.
analysis on GC (HP 5890 and 6890), with FID and MS The Ne2 atom of His224 was kept deprotonated in all
detectors for quantitative and qualitative analysis, respec-docking simulations and for docking of the second molecule
tively. The columns used were capillary columns (J&W of hexanal, the first docked hexanal was treated as part of the
Cyclosil-B, 30m x 0.32mm i.d.,df 0.25um and Wcot  protein. The substrate molecules were also treated using the

C. antarcticalipase B, wild type and Serl05Ala, were
produced and purified as previously descrijdd!]. The

fused silica CP-Chirasil Dex CB 25m0.32mm i.d, df united atom approach with charges fitted to reproduce the ab
0.25pm). Helium was used both as carrier gas and make jnjtio HF/6-31G* electrostatic potential using the procedure
up gas. of Besler et al.[10]. In all the docking simulations, we

used grid maps with 6& 60 x 60 points and a spacing of
2.3. Sequential reaction 0.375A. The maps were centered on theXNnitrogen of

His224 located in the active site of CALB. A total of 50 runs
The reaction mixture consisted of 0.30 M propanal and using the LGA were performed in each separate case where
0.27 M ethanethiol and 66.7 mg immobilized enzyme/ml, in the substrates to be docked were free to rotate around their
water-saturated cyclohexane. The enzyme used in this expercarbon—carbon single bonds during the simulations.

iment was immobilized at pH 8.6. Selected docked structures were used for molecular
dynamics (MD) simulations to evaluate the existence and
2.4. Product identification dynamics of near attack complexes (NAQ§L-13] The

program package Q was used for all MD simulati¢b4]
Commercially available products were purchased and and the force field employed was the Q-implementation of
used as reference compounds (2-isopropyl-5-methyl-2- Amber95[15]. Parameters for the substrates were assigned
hexenal and 4-methyl-3-penten-2-one). Some productsin analogy with the amino acid residue parameters of the
could be identified by comparing the MS fragmentation force field. The simulations were performed on spheres with
from the NIST library[6]. Those products that could not the radius of 1@\ centered on the active-site histidined2|
be identified by either NIST library or reference products His224). A large number of SPC waters were added to fill
were synthesized (2-butyl-3-hydroxy-octanal, 2-butyl-2-oc- the simulation sphere. Protein atoms outside the sphere were
tenal, 3-hydroxy-5-methyl-2-(1-methylethyl)-hexanal and held fixed during the simulations. An analysis of the hydro-
5-methyl-2-(1-methylethyl)-2-hexenal), from the corre- gen bonding pattern in the crystal structure indicated that
sponding aldehyde (1.6 mM) in water, adjusted to pH 12, Asp134 and Glu188 should be protonated. In the simulation
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sphere only Asp187 was charged, whereas all amino acids 350 -
outside the simulation sphere were treated as neutral.

The following protocol was used for the MD simulations:
five warm-up steps were performed, each 4 ps long with a
time step of 1fs. The first run was performed at 1 K with a
bath-coupling constant of 1, the low coupling constant makes
this run much like an energy minimization. The four remain-
ing warm-up runs used a bath-coupling constant of 5 and 100 1
were performed at 50, 150K, and the last two at 300K, re- 50
spectively. In the first four warm-up simulations, all protein
and substrate atoms are restrained to their initial coordinates o 5 100 150 200
byab kcal/(mol&z) harmonic potential. In the final warm- Time (days)
up run, all atoms in the simulation sphere were free to move.

For the actual MD simulations, 20 runs, each 50 ps |ong were Fig. 1. Aldol reaction of hexanal catalyzed by CALB Ser105Ala, immobi-

performed, ghing a tofal smulation tme of Lns. The simu- /8000 202ol), Teecincantelbentess,

Ioaftl:?_g fr:gpsrsﬁées\{[veaps 3192 fKS,V\IQg: ?hl)eag]r;gg/ljs?sllr:)% (t:f?gslf/lagt _(aldol product and dehydljated produetf-unsaturated aldehyde)) and [E]
is the enzyme concentration.

simulations, the visualization program VMD6] was used.

When considering what would account for NACs for the pro-

ton transfgir step and the adeon st_ep, the sum c.)f thg van dervvas performed on the freeze dried, non-immobilized enzyme
Waals radii were used to define a minimum reaction distance.

For a more quantitative analysis, a more detailed descri tion[17]' This showed that 78% of the wild type enzyme was cat-
q ysis, a more deta P alytically active. CD spectra (Jasco J-810) were recorded for
of NAC should be used. However, this simplified model was _ :
o . o ) wild type and Ser105Ala. The results showed that Ser105Ala
found to be sufficient to give a qualitative explanation for the . .
X . : . had the same amount of correctly folded protein as the wild
low reaction rate observed in experiments. For reference, it

o type enzyme. The mutant was therefore assumed to contain
should be noted that thg frequency of NAC formation in nat- 78% active enzyme, based on the active-site titration of the
ural enzymes typically lies in the range between 30 and 40

% when more strict NAC definitions are usgd]. wild type.

300 -

250 -

200 A

150

[PVE] (HM/uM)

3.2. Aldol reaction

3. Results and discussion ) o
In our previous communication, we presented data show-

3.1. Protein characterization ing that the reaction takes place in the active site (reactions

were not catalyzed by covalently inhibited wild type enzyme,

CALB (wild type and Ser105Ala) was further purified nor by albumin or empty carrief3]. We now present further

by gel filtration[4] and freeze dried. An active-site titration ~evidence for the importance of the active site for efficient
with the inhibitor methylp-nitrophenyln-hexylphosphonate  catalysis. Imidazole was tested as catalyst in an aldol reac-

o]
Ala105 Rl Ala1_CO|_e|5 )
CH3 R? o 3R
O - .
)j\ Hoo A H H\ )j\ He . H ~05f;f:- Oxyanion
Asp1877 0" N "N Asp187 8 N" N H " hole
_ o \
His224 His224
1 R2
R R
OH
1
R o
Ala105 R \/'LRZ Ala105
CH3 RZ CH3 R2
Q o. , ) o ° '
M Ho oA H o Oxyanion == H . _H J0z Oxyanion
Asp187~ "O" "N'@&N~ ~ hole Asp187 8 NEN |5 hole
>:/ |0H 1 y—/ H R1
His224 R2 His224
R' v mn

Scheme 2. Proposed reaction mechanism for aldol reaction in CALB Ser105Ala.
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Table 1 showed activity towards substrates both with branched
The relative reaction rates compared to that of hexdnal, side-chains as well as phenyl groups. The lack of reactivity
Substraté Relative rate of 7-9 can be explained by their lowerproton acidity. The
(substrate/hexandl) K values of the reacting substrates are below 16, whereas
(HR'=Bu,RR=H 10 the non-reacting substrates shamproton K5 of around
2 Ri =Me, R=H 0.65 19[19].
% 21 z 'B';rRFf ;: 8:822 As can be seenifable 1 all aldol products formed, except
(5)R! =Bn, R = Me 0.027 for that from acetone, will have two stereocenters. This means
()R'=H,R?=Me 0.013 that a total of four stereoisomeric products are possible and
(NR'=Et, B =Me n.d. some stereodiscrimination can be expected. In the case of the
® Ri = Et, R = Et nd. aldol reaction of hexanal, we observed a change in diastereo-
(9) R =Pr, R = Et n.d. selectivity, compared to the uncatalyzed reaction, but no or
@ For structure, seBcheme 1 very low enantioselectivity. So far, we have not been able to

b Relative rate of total product formation (aldol aig-unsaturated prod-

uct): n.d., product was not detected. come up with an explanation for this. One reason for the low

enantioselection could be that the products are racemized.
tion of hexanal in the absence of enzyme, without giving an
increase in product formation compared to the uncatalyzed3.3. Sequential reaction
reaction Fig. 1). The concentration of imidazole was sim-
ilar to that of enzyme in other reactions. This shows thatit  In an attempt to find an explanation for the low reaction
is not solely the histidine that is responsible for the catalytic rate, equilibrium was also considered. A sequential reaction,
activity, but that the entire active site is needed. in situ, was performed to displace the reaction from this
In the reaction mechanism that we have suggestedeventual disfavored equilibrium positioB¢heme 3a). As
(Scheme 2 [3], the histidine needs to be in its unproto- mentioned earlier, one of the side products is the dehydrated
nated form in order to be active (abstracting the substrate’s product ¢,3-unsaturated aldehyde/ketofi2)—22] Thisis a
a-proton). This possible pH dependence was explored by im- substrate in a Michael-type addition, another reaction which
mobilizing the enzyme either at pH 7.6 or 8.6. The enzyme has been shown to be catalyzed by CALB Ser10%234. By
immobilized at a higher pH was expected to show a higher performing a sequential reaction, in situ, of an aldol addition
activity. Enzymes show a “pH-memory”, which means that (Scheme 3a) followed by dehydrationgcheme 3b) and fi-
it is possible to adjust the protonation state of an enzyme nally a Michael-type addition§cheme 3c), it was expected
against a buffer with a specific pH and then still have this that the final reaction step would cause a higher product for-
protonation state once the enzyme is dfiEg]. Aldolization mation in step. This was however not seen and it could be
of hexanal was catalyzed with these two enzymes and the re-concluded that the low reaction rate of the aldol addition was
sults showed a clear pH effedti¢). 1). The enzyme thatwas  not due to an equilibrium problem. The first and third steps in
immobilized at a higher pH showed a higher activity, sup- this sequential reaction are catalyzed by CALB Ser105Ala.
porting the proposed mechanism. During our experimental
studies, it was also found that the reactions in water-saturated3.4. Docking results
cyclohexane gave less of the unwanted dehydrated product,
in favor of the aldol product. The concentration of the dehy-  Since the reaction rates that were found experimentally
drated product was decreased from about 10 to 15% of thewere substantially lower than the theoretically predicted val-
total product concentration to only about 5%. Another lipase, ues (65 day? for hexanal), further studies were made in an
Pseudomonas cepacigas also tested for activity for aldol  attempt to find an explanation for this. Preliminary molecular
reactions. This lipase also showed an activity in the same or-dynamics data suggested that the distance between the sub-
der as that of CALB WT, lower than the Ser105Ala mutant strate’sx-proton and the histidine nitrogen £R) was signif-
(data not shown). This shows that aldol reactions are alsoicantly longer than a normal hydrogen bond. This prompted
catalyzed by other serine hydrolases. us to explore the substrate binding more thoroughly. As the
To explore the catalytic scope of CALB Ser105Ala, exper- protein structure is not a static model, studies were made to
iments were performed with a number of different aldehydes verify if this long bonding distance was found in all cases or
and ketonesTable 1. None of the tested substrates showed if a dynamic structure could position the active-site amino
reaction rates over that of hexanal, although the enzymeacids and the bound substrate at a closer distance.

EtSH

H CALB \/KHJ\H molecular\/\rmH CALB \/H)k
Ser105Ala

Ser105Ala sieves

Scheme 3. A sequential, one-pot reaction of aldolizatgndehydrationlf) and a Michael-type additiorc).
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The binding of the substrate hexanal was investigated
using the automated docking procedure. The Autodock
simulations showed that the first molecule of hexanal (Hex1)
preferred to bind to the active site of the mutant, with a free
energy of binding of—5.4 kcal/mol. The docked structure
showed Hex1’'s carbonyl oxygen hydrogen bonded to the
backbone amide hydrogens of amino acids Thr40 and
GIn106, which are part of the oxyanion hole. The bond
distances are 2.2 and 147 respectively. Thr40'’s side-chain
hydroxyl group can supply a third hydrogen bond to the
oxyanion hole, but the hydroxyl group was turned away in
the crystal structure and since the protein structure was kept ¥\
static, no hydrogen bond between the substrate and Thr40’s
hydroxyl group was found. However, it was formed during
MD simulations as discussed further. The first step of the
mutant-catalyzed aldol addition has been predicted to be theFig. 2. Snapshot from the MD simulation of two hexanals (Hex1 and Hex2)
enolization of Hex1 $cheme 21l — Il ), abstraction of bound to the active site of the Ser105Ala mutant of CALB, with an unpro-
the a-proton of Hex1 by His224. The distance, important tonated His224. The amino acids forming the oxyanion hole (GIn106 and
for the catalysis of the reaction, betweeaMNbf His224 and ~ Thr40) and Trp104 are shown in spacefill.
the a-carbon of Hex1 was found to be 42in the docked
structure. The free energy of binding for the second molecule to be between the substrate and the side-chain hydroxyl group
of hexanal (Hex2) was-4.7 kcal/mol. All the docking runs  of Thr40. In our definition for the NAC of the proton transfer
found Hex2 in the active site of the mutant, where it seemed step of the aldol addition (enolization of the aldehyde/ketone,
to bind through electrostatic interaction with amino acids Scheme 2II Il ), the distance betweened of His224 and
Thr40, Trp104 and Leu278. The second step of the mutant-the a-proton of hexanal should be in the proximity of the
catalyzed aldol addition is the nucleophilic attack of the enol sum of their van der Waals radii (2.28 [24] (Scheme 2
of Hex1 to the carbonyl carbon of Hex3¢heme 2IV — II'). Analysis of this distance in the MD simulation showed
product). The distance between thhecarbon of Hex1 and  that only 0.5% of the structures had a distance equal to or
Hex2's carbonyl carbon was found to be A.(lnterestingly below this value. The mean distance betweeg Nf His224
Hex2 was found to bind closer to His224 than Hex1 (7-3.0 and the closesi-proton of hexanal was 6& When consid-
compared to 4.A). However, proton transfer between ering that the angle for proton transfergd-H-C) has not
His224 and Hex2 instead of His224 and Hex1, as modeled in been taken into account for the definition of the NAC, it be-

Asp187 P
O

the previous communicatidB], would be unlikely in the ab-

comes clear that there is a very small amount of complexes

sence of any stabilizing hydrogen bonds between the enzymethat could lead to actual proton transfer.

and Hex2’'s carbonyl oxygen. In conclusion, the docking
simulations predict both hexanals to bind to the active site.
The two catalytically important distances, betwees?Nof

His224 and thex-carbon of Hex1 and between the carbonyl

Two MD simulations with two molecules of hexanal were
performed. In the first simulation, His224 was unprotonated
and the two substrate molecules were neutral. The dynamic
simulation showed that the two molecules stayed in the active

carbon of Hex2 and the-carbon of Hex1, are both longer site during the entire simulation. In the second simulation,
than would be considered ideal for the reaction. However, the His224 was protonated and the hexanal, bound to the oxyan-
docking results only provide a static picture of the substrate ion hole was in its enolate forns¢heme 2V). All structures
binding and based on these results it cannot be ruled outwhere the distance between the enolatesarbon and the
that a high percentage of suitable near attack complexes arecarbonyl carbon of hexanal was less than the sum of the two
formed. Thus, the docking simulations are not sufficient to atoms van der Waals radii (3.54 [24] were considered to be
explain the very low reaction rate observed in experiments. NACSs (sed-ig. 2for a snapshot of this simulation). A total of
2.2% of the structures were found to be NACs, with a mean
distance of 4.8\. The low frequency of NACs together with
the loose definition of the NAC indicates that also the second
Selected protein—substrate complexes from the dockingstep of the aldol addition is slow.
runs were used for subsequent MD simulations. The simula-  In conclusion, the MD simulations show a low frequency
tions were analyzed for the existence of near attack complexesof NACs for both the proton transfer step and the addition
(NACs). The first MD simulation has one molecule of hex- step of the aldol addition. The previous DFT calculations
anal bonded to the oxyanion hole of the mutant. During the predicted an activation energy of 11.2 kcal/mol for the proton
entire simulation, the hexanal stays in the active site, for the transfer and 15.1 kcal/mol for the addition step (both values
most part forming at least two hydrogen bonds to the oxyan- are for acetaldehyde and relative the reactant complex). The
ion hole. The strongest (shortest) hydrogen bond was foundactivation energies are of the same magnitude as for natu-

3.5. Molecular dynamics results
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ral enzymes. However, the low frequencies of NAC forma- [3] C. Branneby, P. Carlgvist, A. Magnusson, K. Hult, T. Brinck, P.
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) ; ! 5] L. Greenspan, J. Res. Nat. Bur. St. Phys. Chem. 81A (1977)
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