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’ INTRODUCTION

Rational design of metalloenzymes has received increasing
attention not only to improve our knowledge of protein structure
and function but also because it can result in novel biocatalysts for
industrial applications.1�14 An important branch of this field is
designing artificial enzymes containing nonnative metal cofactors,
particularly synthetic inorganic or organometallic compounds that
have been shown to be powerful catalysts.15�34 In addition to
expanding enzymatic activities, such an endeavor can impart water
solubility and asymmetry to these catalysts. Since these nonnative
metal cofactors are never found in nature, it is difficult to in-
corporate them into proteins. Therefore, two questions important
to the success in designing such metalloenzyme are how to attach
or anchor metal cofactors inside protein scaffolds and in what way
such positioning affects enzymatic properties.

Naturally occurring metalloproteins use either a noncovalent
positioning throughelectrostatic, hydrogenbonding andhydrophobic

interactions as observed for the heme in myoglobin or covalent
attachment between amino acid side chains and substituents on
the periphery of the metal cofactor, as observed in cytochrome c.35

Inspired by Nature’s way of positioning native metal cofactors,
protein designers have incorporated nonnative metal cofac-
tors into proteins through both noncovalent8,12,28�31,36�46

and covalent6,7,47�54 approaches. For example, the planar nature
of the protein pocket in heme proteins, such as myoglobin, has
been exploited for incorporation of roughly planar nonnative
catalysts, such as the highly active and versatile MnSalen com-
plexes.6,28,29 Consequently, both noncovalent10,29,37,55�57 and cova-
lent attachment strategies53,54 have been employed to incorporate
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ABSTRACT: Two questions important to the success in
metalloenzyme design are how to attach or anchor metal
cofactors inside protein scaffolds and in what way such posi-
tioning affects enzymatic properties. We have previously re-
ported a dual anchoring method to position a nonnative
cofactor, MnSalen (1), inside the heme cavity of apo sperm
whale myoglobin (Mb) and showed that the dual anchoring can
increase both the activity and enantioselectivity over single
anchoring methods, making this artificial enzyme an ideal
system to address the above questions. Here, we report systematic investigations of the effect of different covalent attachment
or anchoring positions on reactivity and selectivity of sulfoxidation by the MnSalen-containing Mb enzymes. We have found that
changing the left anchor from Y103C to T39C has an almost identical effect of increasing rate by 1.8-fold and increasing selectivity
by +15% for S, whether the right anchor is L72C or S108C. At the same time, regardless of the identity of the left anchor, changing
the right anchor from S108C to L72C increases the rate by 4-fold and selectivity by +66%. The right anchor site was observed to have
a greater influence than the left anchor site on the reactivity and selectivity in sulfoxidation of a wide scope of other ortho-, meta- and
para-substituted substrates. The 1 3Mb(T39C/L72C) showed the highest reactivity (TON up to 2.32 min�1) and selectivity (ee %
up to 83%) among the different anchoring positions examined. Molecular dynamic simulations indicate that these changes in
reactivity and selectivity may be due to the steric effects of the linker arms inside the protein cavity. These results indicate that small
differences in the anchor positions can result in significant changes in reactivity and enantioselectivity, probably through steric
interactions with substrates when they enter the substrate-binding pocket, and that the effects of right and left anchor positions are
independent and additive in nature. The finding that the anchoring arms can influence both the positioning of the cofactor and steric
control of substrate entrance will help design better functional metalloenzymes with predicted catalytic activity and selectivity.
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metal salens into the myoglobin (Mb) cavity and used for
asymmetric sulfoxidation. Although high reaction rates and
enantioselectivities similar to those reported in the mature
field of small molecule asymmetric synthesis have yet to be
realized, these studies represent a significant advancement in a
relatively young field.

Despite the widespread recognition of the importance
of metal cofactor positioning for control and fine-tuning of
functional properties of metalloenzymes, especially those
containing nonnative cofactors, few systematic investiga-
tions of this factor have been reported; careful systematic
studies are required to obtain deeper insights into the design
process and its effects on reactivities. We previously reported
an artificial biocatalyst constructed via covalent incorporation
of an N,N0-bis(4-(2-methanesulfonylthioethoxy)salicylidene)-
1,2-ethanediaminomanganese(III) bromide (MnSalen complex,
1, see Figure 1A) into the heme cavity of apo sperm whale
myoglobin (Mb) and showed that covalent attachment at
two points (dual anchoring) to the protein resulted in much
higher incorporation yield, reaction rate, and enantioselec-
tivity than either noncovalent or single-point covalent attach-
ment methods.53 This dual anchor artificial enzyme provides an
excellent opportunity to examine the effect of anchor position on
the functional properties of an enzyme, such as reaction rate and
selectivity. Herein, we report systematic investigations of the
effect of covalent attachment or anchoring position on reactivity
and selectivity of these MnSalen-containing Mb enzymes in
asymmetric sulfoxidation of a number of aryl methyl sulfides
and show that small differences in the anchor positions resulted
in significant change in reaction rate and enantioselectivity. Most
interestingly, we found for the first time that such fine-tuning
is independent and additive in nature at each of the dual anchor
positions. Molecular dynamic simulations were carried out to
explain these observations.

’EXPERIMENTAL SECTION

Computer Modeling and Protein Design. Computer mod-
eling was carried out using the Molecular Operating Environ-
ment suite (MOE).58 The X-ray crystallographic coordinates of
an achiral salen with an axial imidazole ligand (Cambridge
structural database ID SAJLIY59) were used as a base model
for 1. The linking arms (to the sulfide only) were added using the
molecule builder in MOE and the atoms of the coordinating
imidazole removed. After energy minimization of the arms with
the Charmm22 force field, 1 was modeled into the energy
minimized Mb heme pocket (oxymyoglobin, 1.6 Å PDB ID
1MBO60). Placement of the artificial cofactor was modeled to
mimic the native cofactor positioning by aligning the metals and
the metal coordinating atoms of the native porphyrin and the
model salen complex. The heme atoms were removed, and the
geometry of the linking arms was adjusted by minimizing their
dihedral energies. The model was then manually inspected to
identify residues pointing into the Mb pocket and near the
predicted location of the sulfide group of the linking arm.
Molecular dynamics were performed using MOE with an

NVT ensemble at 300 K with a 2 fs step. Using the base model
generated for selection of anchor points, point mutations were
introduced using the sequence editor. Each sulfide of the Cys
residue was covalently attached to the corresponding sulfide at
the end of the linking arms. The position of the Mn atom, the
four atoms directly coordinated to it, and residues farther than

10 Å from the Mn were fixed, and the structure was minimized
using the Charmm22 force field until the rms gradient of the
potential energy was <0.05 kJ mol�1 Å�1.
Molecular dynamic simulations of thioanisole entering theMb

cavity of the 1 3Mb(T39C/L72C) and 1 3Mb(T39C/S108C)
variants were evaluated from an initial state of the substrate π�π
stacking with the phenyl ring of the Salen cofactor on the right
side of the pocket (looking into the protein cavity with proximal
histidine down). With the methyl group eclipsing the phenyl
ring, the substrate was manually placed in the starting π�π
stacking configuration while subjecting the system to con-
tinual energy minimization. The energy of the structure was
then minimized until the rms gradient of the potential energy
fell below 1 kJ mol�1 Å�1. The simulations proceeded for 3 ps,
at which time all models showed that the substrate molecule
had reached a similar location in the back left of the protein
cavity.
Construction, Expression and Purification of Myoglobin

Variants and Their Conjugation to MnSalen. Construction,
expression, and purification of Mb with Y103C/S108C, T39C/
S108C, Y103C/L72C, and T39C/L72C mutations (as dual
anchor points for MnSalen complex 1) were carried out using
procedures reported previously (see the Supporting Infor-
mation).27,53,54,61,62 The heme from these proteins was then
removed by extraction with butanone.35,39,41,42,63,64 To incorpo-
rate MnSalen complex 1 into the apoprotein, 10 equivalents

Figure 1. (A) MnSalen cofactor 1 with methyl thiosulfonate linking
arms used for covalent attachment to Cys inside the Mb cavity. (B)
Computer model of the Mb cavity with MnSalen (green) positioned to
overlap the space occupied by the native heme cofactor. The residues
selected as possible anchor positions are visible. Left anchors T39 and
Y103 are purple, and right anchors L72 and S108 are orange.
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of methanthiosulfonate-modified Mn(III)Salen complex
(N,N0-bis(4-(2-methanesulfonylthioethoxy)salicylidene)-1,2-
ethanediaminomanganese(III) bromide) in DMSO solution was
added to 0.1 mM apo-Mb solution in 50 mM ammonia acetate
buffer (pH = 5.1) at room temperature for 1�2 h, and the
conjugation process was monitored by ESI mass spectrometry
until the disappearance of themolecular ion peak of apo-Mb. The
excess MnSalen compound and DMSO solvent was then re-
moved from the protein by exchanging the buffer using a gel
filtration column (PD-10 by Pharmacia).
Electrospray mass spectra were obtained using a Quattro II

quadrupole mass spectrometer (Micromass, UK).Mass scale was
calibrated using sperm whale Mb in water (25 pmol/μL).
Samples were exchanged into 50 mM ammonium acetate buffer
at pH 5.1 before being injected into the mass spectrometer.
Sulfoxidation activity of the four artificial enzymes were

assessed at pH 5.1 as reported previously for the 1 3Mb-
(Y103C/L72C) enzyme (see the Supporting Information).53

’RESULTS AND DISCUSSION

Computer modeling was used to predict the location of
multiple anchor locations in sperm whale myoglobin that would
position the MnSalen cofactor 1 (Figure 1) in nearly the same
location as the native heme within the protein pocket. Residues
selected from the model as potential anchor points are T39, L72,
Y103, and S108 (Figure 1). The anchoring residues can be
grouped into left (T39 or Y103) and right (L72 or S108) side
anchors. Combination of all possible left and right pairs generates
four unique dually anchored artificial biocatalysts, differing
mainly by location of the covalent attachment.

The UV/vis spectra of the MnSalen-Mb conjugates display
absorption bands at 280 nm, which is assignable to absorption by
the protein, and 292 nm with a shoulder near 340 nm, which
corresponds to absorption by the MnSalen complex (see Sup-
porting Information). The absorption ratio between 280 and
292 nm of the purified bioconjugates is consistent with incor-
poration of one MnSalen per Mb on the basis of their respective
extinction coefficients at the corresponding wavelengths. To
confirm the conjugation of 1 toMb variants at the dual anchoring
positions, we collected electrospray mass spectra of the variants
after passing the proteins through a gel filtration column to
remove excess compound 1. If no incorporation of 1 into the

protein occurred, the molecular weight (MW) would be consistent
with that of apo-Mb. If incorporation of 1 into the protein by a single
anchor occurred, the protein should exhibit theMWof apo-Mb plus
1 containing a single thiosulfonate group because one of the two
thiosulfonate groups is removed by reactionwith the anchoringCys.
Finally, if anchoring occurs at both sites, the predicted MW would
be that of apo-Mb plus 1 without either of the two thiosolfonate
groups. Indeed, the observed MW of all four variants matches the
latter well (see Table S1 of the Supporting Information), indicating
100% conversion of the proteins into the dually anchored MnSalen
biocatalysts 1 3Mb(Y103C/S108C), 1 3Mb(T39C/S108C), 1 3
Mb(Y103C/L72C), and 1 3Mb(T39C/L72C).

To determine the effect of anchor position on rate and
selectivity, the sulfoxidation of thioanisole was carried out with
the biocatalysts (Table 1, entries 1�4). Both the rate and
selectivity of these dually anchored catalysts are higher than the
MnSalen 1 alone (Table 1, entry 5), proteins without MnSa-
len 1 (Table 1, entry 6�7), protein with MnSalen 1 but without
covalent attachment (Table 1, entry 8), or proteins with a single
anchor (Table 1, entries 9�10), suggesting that the dual anchor
approach is superior in positioning the metal cofactor for more
efficient and selective reactions. To determine the effect of
anchor position on the reactivity and selectivity, we first consider
fixing the Y103C left anchor position and investigate the effect of
changing the right anchor position. For the 1 3Mb(Y103C/
S108C) variant, a rate of 0.095 min�1 and selectivity of 15%
for the R product were observed (Table 1). Interestingly,
changing the right anchor from S108C to the L72C position in
the 1 3Mb(Y103C/L72C) variant increases the rate by over
4-fold to 0.390 min�1, and selectivity is reversed 66% to 51%
selectivity for the S sulfoxide (entries 1 and 2). On the basis of
these results, we conclude that small changes in the right anchor
positions can have a significant effect on both the reaction rate
and enantioselectivity.

To investigate if modulation of activity and selectivity by the
left and right anchors are independent of each other, we next
examine the reactivity and selectivity of Mb variants as a function
of varying the left anchor positions with a common right anchor.
With the L72C right anchor fixed, exchanging left anchor Y103C
for T39C results in a 1.8-fold increase in rate (from 390( 30�
10�3 min�1 for 1 3Mb(Y103C/L72C) to 684 ( 74 � 10�3

min�1 for 1 3Mb(T39C/L72C) and +15% increase in selectivity
for S (from 51% to 66%, Table 1). Interestingly, when Y103C is

Table 1. Effect of Attachment and Position of MnSalen inside Mb Scaffolds on Enantioselective Sulfoxidation of Thioanisole.a

entry catalyst (position) rateb (10�3 min�1) ee %c (S) attachment

1 1 3Mb(Y103C/S108C) 95( 16 �15 double

2 1 3Mb(Y103C/L72C) 390( 30 51 double

3 1 3Mb(T39C/S108C) 177( 87 1 double

4 1 3Mb(T39C/L72C) 684( 74 66 double

5 MnSalenSS 2 1 cofactor only

6 Apo Mb (T39C/L72C) 6 2 no cofactor

7 Apo-Wt Mb 5 1 no cofactor

8 Apo Mb (T39C/L72C) and MnSalen 19 2 noncovalent

9 1 3Mb (Y103C) 51 12 single

10 1 3Mb (L72C) 43 10 single
a In 50 mMNH4OAc (pH 5.1), 130 μM catalyst, thioanisole (5 mM), H2O2 (5 mM) reacted for 10 min at 4 �C. bThe unit of the rate is 10�3 turnover
min�1. cReaction rates and ee % were determined by GC analysis using an ASTEC G-TA cyclodextrin column, and acetophenone was added as an
internal standard. The identities of the enantiomers of sulfoxide were determined by reference to previous literature.65 Typical reaction procedures are
described in the Supporting Information.
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changed to T39C using the S108C right anchor, increases of 1.9-
fold for rate (from 95 ( 16 � 10�3 min�1 for 1 3Mb(Y103C/
S108C) to 187 ( 87 � 10�3 min�1 for 1 3Mb(T39C/S108C)
and +16 selectivity for S (15% for R to 1% for S, respectively) are
again observed (Table 1). It is remarkable that whether the right
anchor is L72C or S108C, changing the left anchor from Y103C
to T39C has an almost identical effect of increasing the rate by
1.8-fold and increasing selectivity by +16% for S. At the same
time, regardless of the identity of the left anchor, changing the
right anchor from S108C to L72C increases the rate by 4-fold and
selectivity by +66%. Plotting the selectivity vs rate data for the
four variants shows well-defined changes associated with altering
each anchor position (see Figure 2). The parallelogram shape

observed in Figure 2 highlights the fact that the effect of changing
an anchor position is the same regardless of the identity of the other
anchor position. The selectivity and rate of catalysis also appear to
correlate with each other because the faster the catalyst, the more
selective it is. Therefore, we conclude that the effects of linker
position in our dual anchored artificial biocatalyst are additive in
nature with independent effects from right and left sides. The
increases upon changing anchor positions, from 1 3Mb(Y103C/
S108C) to 1 3Mb(T39C/L72C), result in total rate enhancements
of 7-fold and an 80% increase in selectivity for the S enantiomer.

To further understand the reason for the observed effects
of anchor position on the sulfoxidation reaction, we evaluated
the sulfoxidation of a series of aryl methyl sulfides with varied R
groups (H, Cl, Br, and Me) at different positions (ortho, meta,
and para) on the phenyl ring under the same reaction conditions,
and the results are summarized in Table 2. All of the substrates
reported in Table 2 are similar in overall trend to thioanisole
with regard to the influences of anchor position on reactivity and
selectivity. Throughout the series of substrates, 1 3Mb(T39C/
L72C) is superior to 1 3Mb(Y103C/S108C), 1 3Mb(T39C/
S108C), and 1 3Mb(Y103C/L72C) regarding both reaction
rate and enantioselectivity. For a given substrate, reaction rate
and selectivity for the S enantiomer increase across the series
of anchor positions (1 3Mb(Y103C/S108C), 1 3Mb(T39C/S108C),
1 3Mb(Y103C/L72C) and 1 3Mb(T39C/L72C)) (Table 2). The
average reaction rates of all substrates are 0.07, 0.15, 0.44, and 1.04
min�1 for 1 3Mb(Y103C/S108C), 1 3Mb(T39C/S108C), 1 3Mb-
(Y103C/L72C), and 1 3Mb(T39C/L72C), respectively. Interest-
ingly, 1 3Mb(T39C/L72C) showed 2.4-, 6.9-, and 14.8-fold faster
reaction rates than 1 3Mb(Y103C/L72C), 1 3Mb(T39C/S108C),
and 1 3Mb(Y103C/S108C), respectively. Significant effects
of the anchor position on the enantioselective sulfoxidation of
these substrates were also observed. Although absolute config-
urations of some substrates, such as 3-Cl, 4-F, 2-Br, and 3-Br
were not determined, 1 3Mb(T39C/L72C) showed the highest ee
% among the four artificial biocatalysts. It is noteworthy that for

Figure 2. Plot of selectivity for the S sulfoxide vs rate of sulfoxidation,
plotted in log scale, demonstrating the additive nature of the anchor
position effect on reactivity and selectivity. The identity of the anchors
is denoted near the point. Identical changes in rate and selectivity are
observed when exchanging a linking position, regardless of the identity
of the other anchor. Blue dashed lines indicate change of right anchor
(4-fold increase in rate and 66% increased ee), and purple solid lines
indicate change of left anchor (1.8-fold increase in rate and 15%
increased ee). S product is defined as positive.

Table 2. Effects of Anchor Sites on Asymmetric Sulfoxidation of Aryl Methyl Sulfides (R = Phenyl Substituent)a

1 3Mb(Y103C/S108C) 1 3Mb(T39C/S108C) 1 3Mb(Y103C/L72C) 1 3Mb(T39C/L72C)

entry R rateb,c ee %c rateb,c ee %c rateb,c ee %c rateb,c ee %c

1 H 95( 16 15,R 177( 87 1, S 390( 30 51, S 684( 74 66, S

2 2-Cl 114( 12 21 ( 1,R 161( 13 3( 1,S 464( 41 37( 2, S 1249( 91 48( 1, S

3 3-Cl 108( 16 2( 1, (-)d 194( 37 18( 1, (+)d 525( 50 69( 2, (+)d 2318( 119 83( 1, (+)d

4 4-Cl 49( 3 8( 4,R 98( 24 4( 2,R 439( 33 57( 1, S 1459( 72 79( 2, S

5 4-F 97( 9 2( 2, (�)d 158( 29 12( 3, (+)d 332( 40 53( 0, (+)d 1929( 110 71( 3, (+)d

6 2-Br 34( 9 7( 2, (�)d 97 ( 6 17( 3, (+)d 347( 47 26( 1, (+)d 698( 71 35( 0, (+)d

7 3-Br 82( 17 18( 3, (�)d 178( 13 1( 2, (+)d 406( 14 46( 2, (+)d 971 ( 72 74( 2, (+)d

8 4-Br 34( 4 13( 2,R 89( 23 3( 2, S 325( 32 26( 2, S 676( 76 37( 2, S

9 3-Me 52( 7 23( 1,R 133( 10 9( 2,R 516( 43 60( 4, S 856( 63 67( 4, S

10 4-Me 101( 30 2( 1,R 126( 12 10( 2, S 302( 13 31( 2, S 1260( 76 52( 3, S
a In 50 mMNH4OAc (pH 5.1), 130 μM catalyst, thioanisole (5 mM), H2O2 (5 mM) reacted for 10 min at 4 �C. bThe unit of the rate is 10�3 turnover
min�1. cReaction rates and ee % were determined by GC analysis using an ASTEC G-TA cyclodextrin column, and acetophenone was added as an
internal standard. The identities of the enantiomers of sulfoxide refer to previous literature.65 d R, S order of elution not confirmed. In this work, we
assigned the enantioselectivity of sulfoxides the same as that obtained by 1 3Mb(T39C/L72C) as +.



1087 dx.doi.org/10.1021/cs200258e |ACS Catal. 2011, 1, 1083–1089

ACS Catalysis RESEARCH ARTICLE

1 3Mb(T39C/L72C), an ee % up to 83% was obtained using
3-chlorophenyl methyl sulfide. The 1 3Mb(T39C/L72C), 1 3Mb-
(Y103C/L72C), and 1 3Mb(T39C/S108C) have similar enantio-
meric preference; however, with 1 3Mb(Y103C/S108C), the
preference for enantiomers is reversed for all the substrates.
Clearly, the anchor positions are strongly influencing both rate
of sulfoxidation and the enantioselectivity of the reaction in a
systematic fashion, regardless of substrate identity.

Since our goal is to understand factors useful for building the
fastest and most selective biocatalysts, the large influence on rate
and selectivity observed for the L72 anchor position is particu-
larly interesting. Using a noncovalently attached MnSalen,

Watanabe and co-workers demonstrated dependence of selec-
tivity on depth of the cofactor in the Mb pocket.56 On the basis
of the results, they proposed a model that predicts increasing
S selectivity with increasing depth in the pocket. Attempts to
apply their model to our system were unsuccessful because the
deeper S108C anchor favors R and the shallower L72C anchor
heavily favors S. This difference between Watanabe’s noncova-
lent system and our dual anchored system leads us to conclude
that the covalent anchors themselves must be influencing the
catalyst’s reactivity.

Figure 3. Computer models of (A) 1 3Mb(T39C/L72C) and (B)
1 3Mb(T39C/S108C). The residues lining the Xe4 pocket are shown
in white (V68 is transparent to allow visualization of the Xe4 cavity).
Cysteine anchor points are shown in red, and the position of residues
corresponding to anchors in the other variants are shown in orange.
Atoms in the MnSalen are shown in green. Yellow arrow indicates the
Xe4 cleft.

Figure 4. Molecular dynamic simulations of thioanisole entering the
active site of artificial biocatalysts (A) 1 3Mb(T39C/L72C) and (B)
1 3Mb(T39C/S108C). Overlaid snapshots (0.5 ps each) of thioanisole
molecules are in blue with color progressing from lighter to darker with
elapsed time. Residues lining the Xe4 binding cleft are shown in white (for
clarity, only atom positions for the first structure are shown), and V68 is
transparent to allow visualization inside theXe4 cleft.MnSalen is shown in
green and histidine 64 is shown in gray. The white arrow indicates the
general path taken by the substrate as it enters the binding cavity.
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In addition to the depth in the protein pocket, another
difference in the right anchoring positions is that, whereas
anchoring at S108C should position the right linking arm of 1
in plane with the Salen ligand, the anchoring at position L72
should draw the linking arm up into the distal protein cavity
(Figure 1B). Careful X-ray crystallographic studies of the distal
pocket in Mb have previously identified two small internal clefts.
The first of these occurs on the left side of the pocket and has
been shown to be the initial location of CO that is photodissociated
from the heme cofactor.66�69 The second cleft is located on the
right side of the distal pocket and is the fourth of the Xe binding
pockets (Xe4) identified by Tilton.70 X-ray crystallographic71 and
kinetic studies72,73 of photolyzed CO have indicated that access to
these clefts is tunable by mutagenesis and is susceptible to steric
modifications of the distal pocket.

Computer models of our dually anchored artificial biocatalysts
predict that covalent attachment of the cofactor at L72C would
position the linking arm near the entrance of the Xe4 cavity
(Figure 3A). The significant effects of the position of the right
anchor on reactivity and selectivity and the presence of several
bulky amino acids on the left side of the heme pocket (Phe43,
Arg45, and His64) suggest that the thioanisole enters the protein
cavity on the right side and should enter, at least partially, the Xe4
binding cleft. Gaining access to this slightly larger space could
have important implications for catalyst selectivity by allowing
the substrate more conformational freedom. The steric con-
straints introduced by cofactor anchoring at L72C (Figure 3A)
would inhibit substrate entrance into the Xe4 binding pocket.
The absence of such a barrier, as is predicted for the S108C
anchor (Figure 3B), would allow the substrate tomove across the
phenyl ring of the cofactor and into the Xe4 pocket. Thus, by
introducing steric bulk of the covalent attachment above the
salen, the L72C anchor could alter the substrate access path.

To assess the possible steric effects that the L72C anchor
position may have on protein substrate interactions, we con-
ducted molecular dynamic simulations of the substrate entering
the cofactor cavity of the 1 3Mb(T39C/L72C) and 1 3Mb-
(T39C/S108C) variants. As shown in Figure 4A, the thioanisole
(in blue) in 1 3Mb(T39C/L72C) travels across the upper face of
the salen (path indicated by white arrow). In 1 3Mb(T39C/
S108C), the substrate travels directly into the Xe4 binding cleft.
Evidently, more room exists in the back of the cavity because
multiple conformations of the substrate are observed for 1 3Mb-
(T39C/S108C), predicting the low enantioselectivity observed
experimentally. The differences in substrate access path observed
in the molecular dynamic simulations support the hypothesis
that the covalent link between the artificial cofactor and the L72C
anchor directs the substrate away from the Xe4 binding cleft
and that this interaction could alter the stereoselectivity of
the artificial enzyme. Therefore, the covalent anchoring of the
cofactor in our system appears to fulfill some of the roles
observed for similar covalent cofactors in native protein systems.
In addition to improving cofactor affinity, the covalent anchor
also participates directly in positioning of the substrate during
catalysis.

’CONCLUSIONS

We have shown that anchor positions are crucial for the dual
covalent attachment of a nonnative MnSalen cofactor inside a
protein pocket, even if very similar cofactor positioning is
expected with different anchors. Seemingly inconsequential

differences in the anchor positions can have significant effects
on the reactivity and selectivity when creating artificial enzymes
for asymmetric catalysis. More importantly, tuning of the reac-
tivity of the artificial cofactor by anchor point selection was
shown to be independent of the anchor position and additive in
nature. Our findings that the anchor arms can influence both the
positioning of the cofactor and steric control of substrate
entrance in a predictable way can form a strong base for future
protein design.
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