Biocatalytic asymmetric aldol addition into unactivated ketones
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Abstract

Aldolases are prodigious C-C bond forming enzymes, but their reactivity has only been extended
past activated carbonyl electrophiles in special cases. We have used a pair of pyridoxal-
phosphate-dependent aldolases to probe the mechanistic origins of this limitation. Our results
reveal how aldolases are limited by thermodynamically favorable proton transfer with solvent,
which undermines aldol addition into ketones. However, we show how a transaldolase can
circumvent this limitation by protecting the enzyme-bound enolate from solvent protons and
thereby enabling efficient addition into unactivated ketones. The resulting products are non-
canonical amino acids with side chains that contain chiral tertiary alcohols. This study reveals
the principles for extending aldolase catalysis beyond its previous limits and enables convergent,
enantioselective C-C bond formation from simple starting materials.
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Researchers have long sought to merge the synthetic utility of high-energy intermediates
from traditional organic synthesis with the selectivity of enzyme scaffolds. The past decade has
seen dramatic successes with enzymes that use metal-carbenoid?, -nitrenoid®, and radical type*®
intermediates. Carbon-nucleophiles, such as enolates, form the backbone of many synthetic
organic methodologies but lack robust biocatalytic counterparts. Aldolases, for example, catalyze
C-C bond forming reactions via enolate intermediates and these enzymes have been subjected to
decades of engineering, but the scope of electrophiles with which they react is severely limited
compared to enolates generated via organic chemistry methods.®’ In particular, aldolase-catalyzed
additions into ketones, which provide valuable tertiary alcohol products, require either activated
ketone substrates or downstream manipulations of the tertiary alcohol product to drive reactions.®-
12 Given the central role of aldolases in biocatalysis, elucidation of principles that enable high-
yielding, asymmetric biocatalytic aldol addition into unactivated ketone electrophiles would
constitute a major advance.

Here, we use the pyridoxal-phosphate (PLP)- dependent L-threonine aldolases (LTAS) to
explore the fundamental limitations of aldolase catalysis. LTAs natively binds L-threonine (Thr)
and catalyzes retro-aldol cleavage of the hydroxyethyl side chain, liberating acetaldehyde and a
glycyl enolate species that is resonance stabilized by the pyridoxal phosphate cofactor, E(Q®Y)
(Fig. S1).13 This species is then protonated, forming glycine (Gly), which is released into solution.
The LTA reaction is reversible and formation of E(Q®Y) by deprotonation of Gly has enabled aldol
addition into diverse aldehydes yielding valuable f-hydroxy non-canonical amino acids (ncAAs,
Fig. 1A,C).1* The structure and mechanism of LTAs have been elucidated®®, and these enzymes
have been subjected to design efforts,'® as well as extensive directed evolution campaigns to
improve their activity.}”*® Thus, LTAs represent a mature class of enzymes in biocatalysis.

Despite these efforts, the scope of the Thr aldolases has never been reported to extend
beyond aldehydes, reflecting the persistent limitations of aldolase chemistry in biocatalysis. The
LTA transformation has a direct counterpart in traditional organic synthesis. Seiple I et al. showed
a lithium glycyl enolate bound to a chiral auxiliary can react with diverse ketone electrophiles to
access ncAAs bearing chiral tertiary alcohol sidechains,'® which are found in a variety of bioactive
natural products (Fig. 1B).2>?22 The success of this transformation highlights the apparent
deficiencies of biocatalysis that, were they overcome, might enable green and efficient routes to
chiral tertiary alcohol building blocks.

We began investigating the limitations of aldolase catalysis by challenging the model LTA
from Thermatoga maritima (TmLTA) to react with an activated trifluoromethyl ketone (TFMK)
substrate (1). Reactions with 0.1 mol % TmLTA, 100 mM Gly and 10 mM 1 generated the
corresponding tertiary alcohol 2 with high stereoselectivity (>30:1 d.r.), albeit in <1% yield (Fig.
1D). Many directed evolution efforts have famously developed highly proficient processes from
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such paltry beginnings.?>2° To assess the potential of directed evolution at improving the reaction,
we simulated an enzyme with a higher keat value by increasing the catalyst loading of TmLTA 10-
fold. Despite the increase in catalyst concentration, there was a marginal effect on the yield of the
reaction (Fig. 1D,E) and the d.r. underwent rapid decay (Fig. S2), which we attribute to the product
reentering the catalytic cycle and scrambling of the imperfectly set p-stereocenter.* Whereas faster
catalysis had no beneficial effect, increasing the concentration of Gly to 1.0 M, boosted yields to
4%, still falling short of synthetic utility (Fig. S3). Together, these observations are consistent with
a reversible reaction that is approaching thermodynamic equilibrium.

High vyielding aldol addition into ketones requires overcoming two factors. First, a
combination of steric and electronic factors makes ketones upwards of 108-fold slower to react
than their aldehyde counterparts.?® Enzymes are renowned for dramatic rate accelerations,
however, and these studies with TmLTA demonstrate that the kinetic barrier is surmountable. The
second challenge is thermodynamic. Addition into ketones is approximately 10° less
thermodynamically favorable compared to their aldehyde counterparts. The relative inertness of
ketones in organic synthesis is overcome by using high-energy ‘kinetic’ enolates.® In contrast,
aldolases in biochemistry, like LTA, form their C-nucleophiles through proton transfer with
solvent. Irrespective of the diverse molecular mechanisms deployed by aldolases, the energetics
of the aldol reaction are thermodynamically linked to C-H deprotonation, as affirmed by a slight
shift in equilibrium of the LTA reaction at more acidic pH (Fig S3). Hence, high-yielding aldol
addition into even modestly activated ketones cannot occur if the nucleophile is formed through
C-H deprotonation without some downstream manipulation of the product, limiting utility.

We hypothesized that a small subgroup of aldolase enzymes, the transaldolases, might be
able to overcome these barriers. L-Thr transaldolases (LTTAS) are found in a handful of secondary
metabolic pathways.?’~° Like their counterparts in central metabolism, LTTAs catalyze retro-aldol
cleavage of Thr to form E(Q®Y) followed by aldol addition into various aldehyde substrates (Fig.
1A). Previously, we performed mechanistic analysis of a model LTTA from obafluorin
biosynthesis.®! This enzyme, ObiH, has a high kinetic barrier to protonation (Fig. 1C), with a half-
life of E(Q®Y) of ~3 h at pH 8.5.3! Since ObiH does not efficiently engage with proton transfer to
bulk solvent, we hypothesized that it may be subject to fundamentally distinct thermodynamic
limitations from LTAs. We assayed 0.1 mol % ObiH with 100 mM Thr and 10 mM 1 and, to our
delight, observed 25% yield 2 in just 2 h while maintaining high stereoselectivity (Fig. 1D,E).
Crucially, higher catalyst loading of ObiH increased the yield, demonstrating the reactions were
under kinetic control. To ensure that this reactivity is not limited to the a-aryl acetone motif, which
closely mimics the native substrate of ObiH,?°*° we performed a similar analysis with TFMK 3.
As anticipated, higher catalyst loading of TmLTA did not affect the final yield of reaction with 3,
but increasing the loading of ObiH increased yield with good diastereoselectivity (Fig. 1F). These
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data show that the transaldolase reaction of ObiH surpasses the thermodynamic limitations of
TmLTA with activated TFMK electrophiles.

Aldol addition into unactivated ketones is a distinct challenge, as the starting materials are
significantly more stable than TFMKSs. Indeed, when TmLTA is challenged with the model ketone
6, only trace reactivity is observed. Under analogous conditions ObiH catalyzes a productive
reaction in 8% yield and high selectivity (Fig. 2A). Increasing the catalyst loading 10-fold did not
increase yield (Fig. S4), indicating the reaction achieves equilibrium at low concentrations of
tertiary alcohol. Therefore, we sought an additional stratagem to drive reactions to higher yield.

The transaldolase reaction of ObiH generates acetaldehyde as a byproduct of nucleophile
formation. We hypothesized that removal of acetaldehyde would further shift the equilibrium of
the ObiH reaction to favor product. Beyond a thermodynamic effect, acetaldehyde binds to E(Q®Y)
with a Kp of ~400 uM and will act as a competitive inhibitor for alternative electrophiles.®
Previously, cascade catalysis approaches have been applied to reduce acetaldehyde to drive
reactions, including LTTA catalysts with benzaldehydes.3?33 After reduction of acetaldehyde by
alcohol dehydrogenase from Saccharomyces cerevisiae (SCADH), the NADH cofactor can
regenerated through the action of the formate dehydrogenase from Candida boidinii (CbFDH, Fig.
2B). For ease of use, enzymes were used as clarified lysates. Consistent with our thermodynamic
hypothesis, inclusion of the reduction system raised the yield of 21 beyond the previous limits
while maintaining high stereoselectivity (Fig. 2A). As each enzyme in this cascade may have
different pH optima, we assayed a variety of buffers and found that yields increased when the pH
was lowered to 7.0, which we fixed for subsequent experiments (Fig. S5). Increasing the
concentration of all proteins slightly increased yields, but lowered d.r.. By only increasing the
concentration of SCADH, both yield and stereoselectivity increased, indicating that a kinetically
competitive aldol addition into acetaldehyde was the major factor limiting product formation (Fig.
2C, Fig. S6). When TmLTA was used in place of ObiH in this optimized cascade, low yields were
still observed for activated 1, emphasizing the significance of the kinetic stability of the otherwise
identical reactive intermediates (Fig. S7). Crucially, and in contrast to previous methods for
driving aldol additions into ketones, this strategy is independent of the tertiary alcohol formed.
Consequently, we hypothesized the system could engage with a range of ketone electrophiles.

We measured the total turnover number of ObiH with a variety of ketones on analytical
scale using purified ObiH and the reduction system enzymes as clarified lysates (Fig. 2D,E). Using
just 0.01 mol % ObiH, reactions with 1 went to quantitative yields and high diastereoselectivity.
Additional TFMK substrates 3 and aliphatic 5 underwent ~5000 and ~3500 turnovers, respectfully.
Unactivated ketone 6 and heterocyclic analogs 7 and 8 were similarly reactive. Positioning the
arene further from the ketone in the form of aryl ether 9 increased reactivity, but decreased
diastereoselectivity. Additional unactivated substrates reacted less efficiently, and we
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correspondingly increased the catalyst loading of ObiH to 0.05 mol% (Fig. 2E). The ethyl ketone
11 appeared to undergo just 30 turnovers, suggesting a size limit to the binding site of ObiH.
Simple acetophenone analogs reacted much less efficiently than the phenylacetones, which mirrors
the relative reactivity of the corresponding aldehydes. Acetophenone 12 underwent 120 turnovers
but the more activated p-NO2 analog 13 underwent just 60 turnovers, which may reflect lower
solubility. Only trace activity was observed with ethyl phenyl ketone. The carba-analog of 9
underwent 300 turnovers. Constraining the alkyl moiety in a ring was effective at promoting
reactivity. Cyclopentanone 15, cyclohexanone 16 and cycloheptanone 18 all reacted with superb
ee. The thia-analog 10 underwent 4000 turnovers. While this ketone does not contain obvious
features for electronic activation, higher electrophilicity of this compound was also observed by
Cieplak.®* No reaction was observed with the deactivated cyclohexeneone; additional substrates
that did not react are provided in the Supporting Information (Fig. S8). The bulkier aromatic ketone
17 reacted efficiently, but activity was variable due to competing decomposition of the starting
material. The bulky, bicyclic tropinone 19 reacted with 160 turnovers. This analytical scope serves
to highlight the relative reactivity of diverse ketone substrates.

Using this analytical scale information, we designed preparative scale reactions. Increased
concentrations of ketone did not appear to inhibit the enzymes, but yields did not increase
commensurately (Fig. S9). We opted to maintain 25 mM ketone with 100 mM Thr as standard
conditions for reactions at 1 mmol scale (Fig. 3). TFMK product 2 and 4 reacted efficiently and
were isolated in 90% and 80% yield, respectfully, with good to excellent d.r. Reaction with 20,
however showed that removal of an aromatic group reduced activity and diastereoselectivity. The
unactivated ketone product 21 was isolated in 43% yield and the corresponding chloro analog 22
in slightly reduced yield and excellent stereoselectivity. The small molecule X-ray structure of 22
confirmed the (2S,3R) configuration as major. Further substitution of the aryl ring 23-25, as well
as heterocyclic products 26 and 27 were all accessible via this method.

As shown on analytical scale, aryl ether substrates were highly reactive and 28 was isolated
in 80% yield. However, the order of the major and minor peaks in the chromatogram was reversed
(Fig. S10), affording the possibility of inversion of stereoselectivity at the p-carbon. To assign the
absolute configuration, we turned to a biocatalytic resolution of the two diastereomers. We
discovered a PLP-dependent phenyl serine dehydratase from Ralstonia picketti (RpicPSDH) that
was active on the major diastereomer (Fig. S11). Recovery of the minor diastereomer and X-ray
crystallography revealed it was the (2S,3R), ‘anti’ isomer, indicating that the syn isomer is favored.

We hypothesized that the increased activity with the aryl ether of 28 is due to the slight
electronic activation of the ketone substrate. Correspondingly, carba- and thioether analogs, 29
and 30, reacted less efficiently, whereas addition of a remote electron-withdrawing group
increased activity and 31 was isolated with good yield and d.r. Isolation of products with cyclic
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ketones were more challenging, but we demonstrated 32 in modest yield and superb
enantioselectivity via Boc protection.

Comparison of ObiH with its distant homolog TmLTA reinforces the central role of
preventing proton transfer from solvent to the unstable E(Qgly) intermediate. To gain structural
insight into the molecular basis for proton transfer within each active site, we turned to constant
pH molecular dynamics (CpH-MD) simulations. High-resolution X-ray crystal structures of each
enzyme provided a starting point for modelling the dynamics of the E(Qacly) state. CoH-MD
simulations with TmLTA showed formation of an apparent diad between His83, which n-stacks
with the pyridine ring, and Asp168, which forms a persistent H-bond with the pyridine N-H
(Figure 4). His83 is poised for an efficient water-mediated protonation of the si-face of E(Qay).
There further exists the possibility of re-face protonation by Lys199. To experimentally probe
the relative reactivity of these protonation pathways, we measured UV-vis spectra of TmLTA
bound to L- and D-Ala, which can form an analogous quinonoid intermediate. However, E(QAaia)
was only observed with D-Ala (Fig S12), indicating that proton transfer via the His83-Asp168
diad is the major, most efficient pathway. These residues combine with electrostatic pre-
organization of the active site that favor carbanion stabilization at Ca position to effect efficient
water-mediated protonation of E(Qgly) that is essential for the native catalytic cycle of LTAs.

In contrast to TmLTA, CpH-MD simulations of E(Qgly) formed in ObiH highlighted the
absence of such sophisticated proton transfer apparatus to accelerate si-face protonation. Due to
the H-bond interaction established by Asp204 and protonated E(Qgly) pyridinium group, E(Qgly)
slightly reorients in the active site and prevents the direct interaction between His131 and
GIlul109. This avoids the possibility of His131-Glu109 dyad formation and its participation in the
activation of a water molecule for the protonation step. A clear molecular strategy for
suppressing re-face protonation also emerged, as the key catalytic Lys234 residues is sequestered
away from the basic Ca position forming an H-bond with the substrate carboxylate and His207
(Figure 4). Throughout our investigation, we had hypothesized that ObiH would have some
additional features relative to TmMLTA to exclude water from approaching the basic Ca position.
Instead, water flowed freely in and out of the active site during simulation. These data provoked
us to consider an alternative, simpler hypothesis: proton transfers to conjugated C-bases are
intrinsically slower due to high re-organization energies.®®>® In this scenario, the ‘kinetic enolate’
reactivity of ObiH is not due to some special evolutionary selective pressure, but rather the
absence of one. Although PLP alone enables slow proton transfer at Ca, these events are
nevertheless sluggish, and enzymes must evolve to accelerate them.3”*® Quantum mechanical
calculations of these events are forthcoming.
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Conclusions

We have elucidated the factors that have limited aldolase activity in biocatalysis.
Nucleophiles that are formed through C-H deprotonation have evolved for fast proton transfer
with water, placing intrinsic thermodynamic limitations on their strength. Alternatively,
transaldolases form their C-nucleophile through C-C bond cleavage. The poorer atom economy
of transaldoases may have contributed to a reluctance to explore these enzymes. However, we
show formation of persistent, reactive nucleophile can be driven by chemoselective reduction of
the aldehyde byproduct. This driving force is independent of the identity of the electrophile and
leaves intact the tertiary alcohol products formed. This specific class of ncAAs formed by ObiH
were previously accessed through stoichiometric chiral auxiliaries and cryogenic conditions.
Correspondingly, this biocatalytic approach provides access to a suite of desirable compounds in
a fashion that is amenable to scale. We emphasize this strategy of intermolecular tertiary alcohol
formation was enabled not through directed evolution, which cannot overcome thermodynamic
barriers, but by careful consideration of enzyme mechanism. With this strategy now clear,
protein engineering techniques can be applied to further tailor properties.
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Figure 1. Kinetic and thermodynamic effects in enzymatic aldol and transaldol reactions. (A)
Formation of nucleophilic intermediate (E(Q®Y)) can occur through two mechanisms,
deprotonation at Cq or retroaldol cleavage of Thr sidechain. E(Q®Y) can intercept aldehyde
electrophiles to generate B-hydroxy non-canonical amino acids. (B) Bioactive natural products
bearing tertiary p-hydroxy-a-amino moieties. (C) Absorbance spectra of TmLTA (grey) and
ObiH (teal) after addition of 100 mM Gly and Thr, respectfully. Monitoring the absorbance of
E(Q®Y) at pH = 8.0 over time demonstrates that TmLTA is in rapid equilibrium with protonation,
while ObiH is shielded from protonation. (D) Yields and diastereomeric ratios of TmLTA and
ObiH reactions with activated trifluoromethyl ketones. (E) Product formation over time for
trifluoromethyl benzyl ketone (1) (F) Product formation over time for trifluoroacetophenone (3).
Reactions were conducted with either 10 uM (light grey) or 100 uM (dark grey) TmLTA, or 10
MM (light teal) or 40/100 uM (dark teal) ObiH.
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Figure 2. Optimization and analytic substrate scope of ObiH with a reduction system. (A)
Product formation over time for p-fluorophenyl acetone (6) and ObiH with (purple) or without
(black) the reduction system. (B) Implementation of an acetaldehyde reduction system adapted
from Xu et al. ADH reduces acetaldehyde into ethanol, subsequently shifting the reaction
equilibrium to favor generation of the nucleophile, E(Q®"). The NADH cofactor is regenerated
through the action of FDH. (C) Optimization of reduction system enzyme’s loading
concentrations on 5. Yield and diastereomeric ratios are reported as an average from duplicate
reactions. Total turnover number (TTN) were calculated for select ketone substrates using
optimized conditions with 0.01 (D) or 0.05 (E) mol% ObiH. Data points are the average of four
individual data points, and the error bars represent the standard deviations from the mean. The
relative amount of syn isomer to anti isomer is designated by different color bars (dark and light
grey, respectively).
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Figure 3. Preparative-scale reactions with ObiH and reduction system. Reactions were
conducted with 1 mmol ketone unless otherwise stated. General reaction conditions used 25 mM
ketone, 100 mM Thr, 0.1 mol % ObiH, 2.5% w/v SCADH lysate, 0.5% w/v CbFDH lysate, 100
UM PLP, 100 uM NAD*, 100 mM KPi buffer pH 7.0, 200 mM ammonium formate, 10% v/v
MeOH, 4-6 h, 37 °C. Product purity was assessed via *H NMR. All eligible products were
derivatized with Marfey’s reagent to determine d.r. and %ee. [a] The reaction was performed at 5
mmol scale. [b] The products were isolated with Boc-protection. [c] The reaction was performed
with 0.4 mol % ObiH.
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Figure 4. Constant pH molecular dynamic analysis of E(Q®Y) in TmLTA and ObiH. (A) In
TmLTA, His83 and Asp168 form a catalytic diad poised water-mediated protonation of E(Q®Y).
Arg316 forms a salt-bridge with the substrate carboxylate. Lys199 is mobile during simulations.
(B) In ObiH, His131 does not forms forms no persistent H-bonds during the simulations no
water molecules have a persistent orientation conducive to protonation of Ca. Asp204 forms an
H-bond with the pyridine N-H and Lys234 is sequestered deep in the active site via H-bonds that
include the substrate carboxylate. Select hydrogen bonds are shown via orange dashes.
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