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ABSTRACT 

Synthetic metabolic pathways often suffer from low specific productivity, and new methods that %"!

quickly assess pathway functionality for many thousands of variants are urgently needed. Here 

we present an approach that enables the rapid and parallel determination of sequence effects on 

flux for complete gene-encoding sequences. We show that this method can be used to determine 

the effects of over 8,000 single point mutants of a pyrolysis oil catabolic pathway implanted in 

Escherichia coli. Experimental sequence-function datasets predicted whether fitness-enhancing &$!

mutations to the enzyme levoglucosan kinase resulted from enhanced catalytic efficiency or 

enzyme stability. A structure of one design incorporating 38 mutations elucidated the structural 

basis of high fitness mutations. One design incorporating fifteen beneficial mutations supported a 

15-fold improvement in growth rate and greater than 24-fold improvement in enzyme activity 

relative to the starting pathway. This technique can be extended to improve a wide variety of &"!

designed pathways. 

Keywords: deep mutational scanning, protein design, metabolic engineering, fast pyrolysis, 

biomass conversion 
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INTRODUCTION  '$ !

Production of advanced fuels and chemicals from renewable carbon is a fundamental priority for 

future societal needs. While metabolic routes have been demonstrated for many important 

molecules1, in many cases the specific productivity through these desired pathways is far below 

that needed for a commercially relevant process. Pathway flux can be increased experimentally 

using targeted genetic insertions, optimal strain selection2, promoter or plasmid copy number '" !

variation3, screening of homologous enzymes governing key reactions within the pathway4, or 

enzyme engineering5, 6. There have also been several published examples of balancing gene 

expression in multi-gene pathways using libraries of gene-modifying expression cassettes and, in 

some cases, performing regression analysis for pathway optimization7-11. However, for many of 

these examples, pathway assembly and functional validation have been low throughput. "$ !

Accordingly, improving activity by high-throughput screening of pathway enzyme variants is a 

relatively underutilized strategy6, 12, 13, and progress on this front awaits the development of a 

high-throughput way to couple genotype to flux. 

 

Recently, deep sequencing methods have been developed that can assess the fitness contribution "" !

of thousands of genotypes in a massively parallel fashion14, 15. Such methods involve deep 

sequencing of an entire population before and after a screen or selection16. This approach allows, 

for each variant in the population, elucidation of its change in frequency, which can be related to 

an underlying function (e.g. binding affinity, catalytic turnover). While such techniques have 

been previously applied to many different protein systems17-19, high-throughput mapping of ($ !

enzymes has been limited to those involved in antibiotic resistance20-22. In principle, high-

throughput sequence-function mapping can be used to determine metabolic pathway variants 
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supporting higher or lower flux, provided that it is coupled to a selectable phenotype like growth. 

However, until this point deep sequencing-aided interrogation of synthetic pathways has been 

demonstrated only on regulatory sequences involved in transcription and translation23, 24.  (" !

 

In this work we describe a new method, FluxScan, which enables the mapping of sequence 

determinants to pathway flux on a massive scale.  We show that FluxScan can be used to identify 

scores of mutations that improve the specific levoglucosan (LG) consumption rate (which we 

refer to throughout as ÒfluxÓ) of a designed levoglucosan catabolic pathway in E. coli. Under )$ !

certain pyrolysis conditions, the 1,6-anhydrosugar levoglucosan is the most abundant molecule 

formed25, 26. Efficient LG utilization via microbial fermentation is an essential component of 

hybrid thermochemical/biochemical approaches to deconstruct woody biomass to advanced 

biofuels27, 28. Our model pathway utilizes the enzyme levoglucosan kinase (LGK) to convert LG 

to the glycolytic intermediate glucose-6-phosphate in an ATP-dependent reaction29, 30. LGK has )" !

low thermal stability and relatively poor catalytic efficiency limiting LG consumption when 

expressed in heterologous organisms29-31. Beneficial mutations in LGK identified through 

sequence-function datasets were combined into a single construct, which afforded at least a 24-

fold improvement in enzyme activity compared to the starting construct. The growth rate of the 

final strain was improved by 15-fold over the starting strain in minimal growth media with 4 g/L *$!

levoglucosan. 

 

RESULTS AND DISCUSSION 

A schematic of FluxScan is shown in Figure 1a. First, a selection is developed such that 

microbial growth occurs if and only if flux is routed through a desired pathway. Ideally, changes *" !
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in pathway flux should result in concomitant changes in growth rates. The specific growth rate of 

the initial population should be less than that of the maximum possible growth rate in order to 

allow elucidation of variants supporting increased or decreased function. Next, pathway variants 

are created by mutagenesis and transformed into the specific strain used in the experiment. 

Growth selections are performed for 6-12 generations, and samples of the starting and final +$!

population are deep sequenced. The resulting data allow calculation of the frequency change of 

each member of the library after selection, which can then be related to a growth rate relative to 

the starting sequence16. The end result is a comprehensive portrait of the effect of thousands of 

mutants on flux.  

 +"!

To demonstrate the utility of the method, we aimed to improve a levoglucosan utilization 

pathway in E. coli. In this pathway, LG is actively transported inside of the cell by an unknown 

mechanism. Next, LGK converts LG into glucose-6-phosphate, the first intermediate in 

glycolysis (Figure 1b). Under conditions where transport is not limiting, increasing LGK 

activity results in increasing growth rates. We first established a plasmid-based selection system #$$!

where a strong synthetic constitutive promoter32, 33 drives expression of a codon-optimized LGK 

from L. starkeyi (pJK_proJK1_LGK). When E. coli Tuner pJK_proJK1_LGK was grown in M9 

salts supplemented with LG as the sole carbon source, increasing concentrations of LG increased 

the specific growth rate of the strain (Figure 1c). Western blots showed soluble expression of 

LGK (Figure 1c). E. coli Tuner expressing the catalytic knockout LGK-D212A30 was unable to #$"!

support growth on any concentration of LG tested (Figure 1c, 1d), confirming that expression of 

active LGK was responsible for the LG growth phenotype. Finally, we hypothesized that in this 

system LG consumption rate was determined by LGK activity, not transport rate. To validate this 
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hypothesis, we determined LGK activity using cell lysate assays and compared these with 

theoretical predictions necessary to support cell growth for two different growth conditions. In ##$!

both cases, experimental measurements closely matched their respective theoretical predictions, 

confirming that growth rates are primarily limited by LGK activity rather than transport of LG 

into the cell (Supplementary Note 1, Supplementary Table 1). 

 

We then used PFunkel mutagenesis34 to produce a comprehensive single-site saturation ##"!

mutagenesis library of LGK, transformed the library into E. coli Tuner cells, and grew the 

population for approximately ten average population doublings at 37oC using 10 g/L LG as the 

sole carbon source. The entire LGK variant population was deep sequenced before and after 

selection, and this information was used to determine a fitness metric (a proxy for relative 

growth rate; see Methods) of each LGK variant via an established deep sequencing pipeline16. #%$!

Biological replicates of the selection showed strong reproducibility, with the difference between 

replicates consistent with counting errors inherent in the deep sequencing quantification pipeline 

(Figure 1e, Supplementary Note 2). Using this method, we were able to recover the fitness of 

8,056 out of 8,780 (91.8%) possible single nonsynonymous mutations in the protein encoding 

sequence (Figure 2a, Supplementary Figure 1, Supplementary Table 2). For additional #%"!

verification, we measured the growth rates of twelve individual variants, and the rank ordering of 

growth rates matched those measured by the deep sequencing method (Figure 2b). LG activity 

measured by lysate assays increased relative to the starting sequence for all five improved 

variants that were tested (Figure 2c), supporting the hypothesis that pathway flux can be coupled 

to growth rates.  #&$!
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In all, 86 (1.0%) point mutants showed improved growth rates greater than 50% relative to the 

starting sequence, and 215 (2.7%) were able to improve the growth rates greater than 20% 

(Supplementary Table 2). Analysis of the native crystal structure of LGK30 showed that these 

215 gain-of-function mutations were scattered throughout the structure (Figure 2d,e): 8 (3.7%) #&"!

were located in the 1st shell of the active site (G27A, N217C/M/T, Y331K/N, and T268A/C), 34 

(15.8%) were found in the 2nd shell, 33 (15.3%) were located at the homodimer interface, 26 

(12.0%) were found at the surface of the protein, 93 (43.2%) were at buried positions with less 

than 25% accessible surface area in the apo LGK structure, and 45 were within 10 residues of the 

N- or C- terminus. #'$ !

 

An individual variant can support increased pathway flux relative to the starting sequence by a 

number of mechanisms. For example, changes near the 5Õ untranslated region could change the 

stability of the mRNA transcript, resulting in a higher concentration of enzyme within individual 

cells. Alternatively, changes at the protein level could result in a more catalytically efficient #'" !

enzyme, higher in vivo expression yields, or some combination of the two. Since LGK-His6 has a 

low apparent melting temperature (Tm,app) of 33.8 ± 0.7¡C (Table 1), activity may be partially 

limited by enzyme stability. In such a case, higher thermostability is known to result in a lower 

degradation rate in vivo35, 36, resulting in hXigher concentration of active enzyme.  

 #"$!

To understand the functional basis for the improved variants, we produced a select number of 

gain of function variants and tested their in vitro catalytic efficiency and thermostability 

(Supplementary Table 3). We found that most of these variants were modestly stabilized 

relative to LGK-His6, with a median increase in Tm,app of 2.1oC (range 0-9.8oC). While no tested 
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variant showed significant enhancement in Km, four out of twelve tested variants showed #"" !

statistically significant improvements in the turnover rate (kcat) relative to LGK-His6. In 

particular, a variant with the mutation G359R (Figure 2e,f), which is adjacent to two residues 

coordinating an active site Mg2+, had nearly double the turnover rate of LGK-His6. Interestingly, 

there was a negative correlation between Tm,app and relative catalytic efficiency (Figure 2f), 

suggesting competing stability/efficiency trade-offs consistent with previous observations37-39. #($!

However, LGK G359R showed increased specific activity without corresponding decrease in 

stability, showing that for some mutations there is not a trade-off (Figure 2f). 

 

In light of the above results, we reasoned that repeating the selection with a stabilized variant 

would uncover additional mutations that improve catalytic efficiency. Accordingly, we #(" !

constructed two variants, LGK.1 and LGK.2, containing a handful of mutations distant from the 

active site. Both LGK.1 (L140I, S142A, A373C) and LGK.2 (V11P, M257H, T268C, A373C) 

had an improved Tm,app and a catalytic efficiency close to the starting enzyme (Table 1). In the 

same genetic background, these variants supported much higher flux and, consequently, were 

able to support much higher growth rates at low initial concentrations of LG, with LGK.1 #)$!

performing slightly better than LGK.2. However, LGK.1 was not able to support growth at 

higher concentrations of LG, possibly due to overflow metabolism or imbalances in the 

adenylate energy charge40, 41 (Supplementary Table 4). Consequently, we screened weaker 

constitutive promoters16 to reduce basal protein expression to a level where LGK.1 can support 

half-maximal growth in 4 g/L LG (Figure 3a). The decreased protein load of LGK.1 necessary #)" !

to drive pathway flux resulted in a much higher basal growth rate in M9 minimal media 

supplemented with glucose32. We then constructed comprehensive single site saturation mutant 
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libraries using this improved variant as the background construct and performed a growth 

selection for a total of twelve average population doublings. We were able to recover the fitness 

of 8,312 out of 8,780 (94.7%) possible nonsynonymous mutations in the protein encoding #*$!

sequence (Supplementary Table 2, Supplementary Figure 2), with biological replicates 

showing reproducibility between experimental datasets (Supplementary  Figure 3). 

 

In stark contrast to the first selection, only 54 (0.6%) point mutants improved growth rates 

greater than 20% relative to the starting sequence, and none improved growth rates by more than #*" !

50% (Supplementary Table 2). Additionally, mutations with improved fitness were depleted 

near the active site (Figure 3b). In fact, only two variants with mutations near the 1st or 2nd shell 

(G359L/R) supported improved growth rates greater than 20%, and both were uncovered in the 

original selection. However, there was a significant decrease in beneficial mutations at buried 

positions compared to the first selection (Supplementary Table 5), possibly because such #+$!

mutations primarily enhance thermostability, which does not result in increased fitness in the 

more stable LGK.1 background.  

 

We next asked to what extent mutations identified from FluxScan could be combined to improve 

performance of the levoglucosan pathway. Ideally, high-fitness designs with multiple pooled #+"!

mutations could be constructed without exhaustively testing all possible combinations. However, 

some fitness-enhancing mutations result in lower catalytic efficiency, and combining many of 

these mutations may result in a design with lower flux, and hence fitness. Intersection of the two 

different selections (Figure 3c) could provide insight into the biophysical basis of individual 

mutations. For example, we hypothesize that mutations that are enriched in the first selection but %$$!
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show decreased fitness in the second selection using the more stable LGK.1 should improve 

thermostability at the expense of catalytic efficiency. By contrast, variants supporting higher 

fitness in the second selection but lower fitness in the first selection improve catalytic efficiency 

at the expense of thermostability. Mutations enriched in both selections improve fitness without a 

compensatory trade-off. In support of this hypothesis, nine variants had in vitro properties %$"!

consistent with predictions from their respective fitness values (Figure 3c). 

 

We constructed three designs to test the hypothesis that designs incorporating fitness-enhancing 

mutations from the first selection and decreased fitness in the second selection will result in 

thermostable, catalytically inactive proteins. LGK.3 and LGK.4 were designed by hand, and %#$!

LGK.5 was designed by RosettaDesign42 in fixed backbone mode. The designs incorporated 35-

57 mutations from the starting sequence (sequences are listed in Supplementary Table 6), were 

expressed in E. coli and assayed in vitro as purified enzymes. Consistent with the hypothesis, all 

three designs showed large enhancements in Tm,app, with LGK.3 having a Tm,app of 81.6± 0.6oC 

(Table 1). However, all three designs were catalytically inactive under the conditions tested. A %#"!

single residue was not responsible for the loss of catalytic activity, as these designs each contain 

a number of unique mutations. Backcrossing experiments using LGK.3 and LGK resulted in 

recovery of less than 10% relative activity for a construct incorporating 17/38 possible LGK.3 

mutations (Supplementary Table 7). These results suggest that the trade-off of catalytic 

efficiency for thermostability is gradual and the loss of catalytic activity is not the result of a %%$!

single mutation.   
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To understand the structural basis of thermostability of the LGK designs, we determined the 

crystal structure of LGK.3 (PDB: 4ZXZ) to a resolution of 2.2 •. The LGK.3 structure 

coordinates can be superposed to native LGK with bound ADP (PDB: 4YH530) to a RMSD of %%"!

0.62•  (Figure 4a). We found that most mutations improved stability by making very modest 

changes to core packing. For example, P75L improves hydrophobic packing interactions with 

residues Leu78, Ile117, and Leu132 at the homodimer interface (Figure 4b). As another example, 

C194T (Figure 4c) forms a hydrogen bond with Asp171 to aid in backbone stabilization while 

preserving the same van der Waals interactions formed by the cysteine sulfhydryl. This %&$!

stabilization is energetically important, as LGK C194T has a 6¡C higher Tm,app than LGK 

(Supplementary Table 3).  

 

Next, we evaluated the LGK.3 structure to identify structural reasons responsible for LGK.3 

inactivity. With the large number of mutations it is difficult to assess from the structure any %&"!

single point mutant that compromises activity. Native active site residues thought to participate 

in catalysis are in the same rotameric conformations as in native LGK, including the catalytic 

aspartate, Asp212. In all of the native LGK structures the water structure is highly conserved30. 

By contrast, for LGK.3 several of the waters appear to be displaced or are absent, although this 

may be partially explained by the lower resolution of this structure (Figure 4d). A I167H %'$!

mutation appears to be a candidate for diminishing activity since it is very close to the LG 

binding site and also to Glu362, which binds magnesium (Figure 4e). Indeed, kinetic analysis of 

the I167H recombinant point mutant showed a reduced relative catalytic efficiency of 0.17 ± 

0.01 (Supplementary Table 3) compared to the wild-type enzyme. Addition of multiple 

mutations also can cause structural changes that are not existent in point mutants.  For example, %'" !
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L56W appears to cause a large main chain shift directly adjacent to the ATP binding site, which 

may be exacerbated by the nearby mutation of H88T, thereby affecting the enzymes ability to 

bind ATP (Figure 4f).  

 

To improve the function of LGK in the catabolic pathway, we next tested four designs harboring %"$!

15-26 mutations from the starting LGK.1 sequence (Table 1, Supplementary Table 5). Designs 

were constructed by randomly choosing mutations identified from intersection of the two 

selections. Potential designs were modeled by Rosetta42, 43 using the LGK structure as a template. 

Structures with unresolved steric clashes were discarded. In general, designs had mutations that 

were distributed throughout the protein but depleted near the active site (Supplementary Figure %""!

4). LGK.6 primarily contained mutations with increased fitness in second selection but decreased 

fitness in the first selection. Consistent with the hypothesis that these mutations negatively 

impact thermostability, we were unable to solubly express LGK.6. LGK.7 contained mutations 

that were beneficial in both selections. We found that this design was improved in stability but 

showed a reduction in catalytic efficiency, possibly because some unknown combination of %($!

mutations showed negative epistasis. The final two designs (LGK.8 and LGK.9) combined 

mutations from LGK.6 and LGK.7. Design LGK.8 had a Tm,app and a relative catalytic efficiency 

similar to wild-type LGK, while LGK.9 showed significant improvements in stability and 

activity at double the catalytic efficiency of LGK (Table 1).  

 %("!

To test whether LGK.9 improves LG utilization by E. coli, we expressed LGK.9 from the same 

plasmid (pJK_proNR2) used for the LGK.1 selection. E. coli Tuner expressing LGK.9 showed at 

least a 24-fold improvement in flux over the starting sequence and 2.7-fold higher flux over 
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LGK.1 at 4 g/L LG when measured by lysate activity assays (Figure 5a). The strain expressing 

LGK.9 showed a 15-fold improvement in growth rate over the starting sequence at 4 g/L LG. %)$!

However, LGK.9 showed only a 1.3-fold improvement in growth rate over LGK.1 (Figure 5b), 

indicating that LG transport into the cell, rather than enzyme activity, may be limiting growth 

under these conditions. While future engineering efforts should focus on identifying and 

improving the molecular transporter(s) responsible for LG influx, we conclude that FluxScan is 

able to markedly improve the performance of enzymes within engineered metabolic pathways. %)"!

 

In this work we have demonstrated a new method that can be utilized to map the sequence 

determinants to flux through metabolic pathways in living cells. We have shown that it is 

possible to determine the flux of thousands of pathway variants in a single experiment and that 

mutations resulting in flux enhancements can be rationalized from biophysical considerations of %*$!

the pathway enzyme. Further, we show that gain-of-function mutations can be combined in a 

rational manner to create enzymes with improved stability and/or catalytic efficiencies. Using 

mutations identified by FluxScan, we engineered an improved levoglucosan catabolic pathway 

allowing a 15-fold improvement in growth compared to the starting synthetic pathway. This 

engineered enzyme should increase the efficiency of utilization of anhydrosugars produced from %*"!

thermochemical processing of renewable biomass. 

 

FluxScan is advantageous because it allows short selection times (on the order of one day), and it 

uses liquid cultures as the selection media. Liquid culture selections facilitate over-sequencing to 

generate fewer false positives than plate-based selections. This over-sequencing provides %+$!

resolution of variants with a 10% change in relative growth rate. Whereas current metabolic 
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engineering techniques to enhance activity are focused largely on improving expression elements, 

FluxScan can be used to directly improve the donated pathway enzymes. Compared to 

recombineering or continuous evolution selections that result in a handful of winners relevant 

only under the specific selection conditions (strain type, expression level, media formulations), %+"!

the fine resolving power of FluxScan allows elucidation of scores of mutations that are able to 

improve pathway specific productivity. These datasets can then be coupled to other approaches 

such as structure-guided rational design to narrow the search space for phenotypic improvements.  

 

In the demonstrated implementation, we identified the relative growth rate for nearly all possible &$$!

single point mutants in an enzyme. We demonstrated that these single point mutants could be 

combined to generate better performing designs. We tested five designs that were expected to 

improve flux. Of these, four showed improved thermostability relative to LGK, while only one 

had significantly higher catalytic efficiency. Additional work will further our understanding of 

factors that can contribute to the design of more stable and efficient enzymes using the sequence-&$"!

flux relationships generated by our method. 

 

While we have demonstrated the power of FluxScan to improve a LG utilization pathway, there 

are several limitations of the current method. For example, even in the simple one-enzyme 

system developed in this work there was not a monotonic relationship between growth rate and &#$!

flux. The LGK.1 design, when placed under the same strong promoter as LGK, was unable to 

support growth. This effect is attributed to imbalances in adenylate energy charge at the 

beginning of glycolysis40, 41. Next, the method is well suited for improving flux when the rate-

determining step is known. In the last sets of designs tested, transport limitations become flux-
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determining as further improvements to the enzyme did not result in corresponding &#"!

improvements in growth rate using LG as the sole carbon source. The need for a growth-based 

selection currently precludes transferability to fermentative pathways. Finally, a truly 

transformative approach would be to modulate several rate-determining enzymes and 

transporters at a single time. However, technical challenges of resolving mutations over kb-

length distances by deep sequencing currently limits approaches to, at most, two enzymes.  &%$!

 

Future work to improve the utility of FluxScan should focus on extending the method to cover 

fermentative pathways and to demonstrate modulation of multiple pathway enzymes in a single 

experiment. With regards to fermentative pathways, one approach to couple flux to growth is by 

introducing genetic deletions into a host strain such that an organism grows anaerobically only if &%"!

flux is routed through the desired fermentative pathway44, 45. Additionally, such a method can 

easily be adapted to couple pathway activity to fluorescence46, with cells screened using 

fluorescence activated cell sorting or other approaches. A primary limitation of our methodology 

is that next generation sequencing read lengths limit  interrogation of sequence changes to several 

hundred contiguous nucleotides. Longer, more complicated pathways await development of &&$!

sequencing technologies able to map long DNA stretches with unprecedented accuracy47, 48. We 

anticipate such improvements in deep sequencing capability, allowing the use of FluxScan for 

resolving haplotypes of coupled mutations spread over complete synthetic operons.  

 

METHODS &&"!

Detailed description of methods are described in the Supporting Information. 
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SUPPORTING INFORMATION  

Reagents, plasmid construction and verification, comprehensive single-site mutagenesis library 

preparation, growth selections, deep sequencing analysis, biochemical characterization, growth &'$ !

rate and lysate flux measurements of clonal variants, crystallization and structure determination, 

computational design, accession codes, determination of transport limitations, error 

approximation for the fitness metric, full DNA and nucleic acid sequences for designs, python 

scripts, full heatmaps for both selections, fitness metric reproducibility of second selection, 

distribution of mutations in LGK.9, unselected library frequency distributions, measured versus &'" !

theoretical flux determination, read coverage statistics, point mutant biochemical properties, 

specific growth rates of cultures expressing LGK versus LGK.1, fraction ASA buried of 

improved mutations, LGK design mutations, backcross activities of designs, gene tile PCR 

primers, and crystallographic statistics. The supporting material is available free of charge via 

the Internet at http://pubs.acs.org. &"$!
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Figure 1. FluxScan method overview. a) Schematic of FluxScan. The first step is to create a 
library of metabolic pathway variants. Next, the entire population is subjected to a growth "#$!
selection under conditions in which a flux increase through the metabolic pathway results in an 
increased growth rate. The frequency change of each variant in the population after selection is 
determined by deep sequencing. These frequencies are used to calculate a variant-specific fitness 
metric, a proxy for relative growth rate. b) Levoglucosan utilization pathway. After transport 
across cell membrane, LG kinase converts LG to glucose-6-phosphate in an ATP-dependent "#" !
reaction. c) Specific growth rate of E. coli Tuner pJK_proJK1_LGK (black squares) or 
pJK_proJK1_LGK-D212A (blue diamonds) as a function of levoglucosan concentration. Error 
bars represent one standard deviation of experiments repeated at least two times. A sigmoidal fit 
is plotted to guide the eye. (Inset) A Western blot of supernatant lysates is shown for Tuner 
expressing plasmids pJK_proJK1_LGK or pJK_proJK1_LGK-D212A. d) Mean catalytic "%$!
efficiency (kcat/Km) of LGK and LGK-D212A measured at 30¡C. Error bars represent one 
standard deviation (n" 6). e) Fitness metric values for biological replicates of 8,056 LGK variants. 
The theoretical estimation (see Supplementary Note 2) of error between replicates is plotted at 
two standard deviations (solid red lines).   
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Figure 2. Demonstration of FluxScan. a) A fitness metric heatmap for 35/439 LGK residues in 
an LG utilization pathway. Columns represent residue identity while rows denote mutations. Red 
shading indicates an increased fitness metric, while reduced fitness is shown in blue. Gray 
indicates a mutation with less than five counts in the unselected library. 1st shell indicates 
residues that contact active site ligands. b) A bar graph of fitness metric (gray, left) and specific "&$!
growth rate of isogenic cultures (red, right) for selected variants. Error on fitness is two s.d. and 
the specific growth rate is one s.d. (n"2). c) A bar graph of fitness metric (gray, left) and lysate 
activity of isogenic cultures (red, right) for selected variants. Error on the lysate flux is one s.d. 
(n=2 cultures, n=3 assay replicates). d) LGK structure (PDB: 4ZLU) showing the locations of 
each residue with a mutation that improves relative growth rate by at least 20% (red). The ADP "&" !
and LG ligands are shown as sticks, while magnesiums are shown as orange spheres. The gray 
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line traces the other LGK subunit in the homodimer. e) View of the active site of LGK. Residues 
shown in red have mutations that result in increased relative growth rate. Residue Gly359 is 
indicated in blue. f) Relative catalytic efficiency plotted against the apparent melting temperature 
(Tm,app) for improved variants. The line is a linear fit of the dataset, with error bars representing "'$ !
one standard deviation (n"3). LGK-His6 is indicated in red and G359R is shown in blue.  
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Figure 3. Starting with the more stable LGK.1 changes the fitness landscape. a) Comparisons of 
growth rates in different media for E. coli TUNER expressing LGK (gray squares) or the more "'" !
stable LGK.1 (red diamonds). The growth rate of cultures expressing LGK.1 from the weaker 
promoter proNR2 was half-maximal at 4 g/L LG. The mean and standard deviation are from at 
least five samples taken on different days. b) The frequency of mutations that improved relative 
growth rates >20% is binned for each 4 • shell as a function of distance from active site ligands 
in the first selection (gray) and the second selection (red). A higher frequency of beneficial ""$ !
mutations was found in the first selection. c) Comparison of the fitness metric between the first 
and second selection. The red dashed lines delineate the 20% improvement or reduction in 
growth rate. Tested mutants with improvements in stability but reduction in catalytic efficiency 
are indicated with blue triangles, whereas tested mutants with a catalytic efficiency greater than 
LGK are indicated with green squares.   """ !
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Figure 4. The structural basis for the improved stability and inactivity of the LGK.3 design. a) 
Superposition of wild-type LGK bound to ADP (green lines; PDB: 4YH5) and LGK.3 (blue lines, 
PDB: 4ZXZ). The RMSD between structures is 0.62•. b) View of residue 75 in LGK (blue) and "($ !
LGK.3 (grey). Mutation Pro75Leu in LGK.3 enhances hydrophobic packing with residues L78, 
I117, and L132 at the homodimer interface. c) View of residue 194 in LGK (blue) and LGK.3 
(grey). Mutation C194T forms a new hydrogen bond with Asp171 to aid in main chain 
stabilization. d) Water bonding arrangements near the levoglucosan binding site. In LGK.3 (top), 
several of the waters appear to be displaced or are absent when compared to the wild type "(" !
structure (middle, PDB: 4YH5). When levoglucosan is bound in the wild-type enzyme (bottom) 
two of the substrate hydroxyls take the place of the conserved water positions (PDB: 4ZLU). e) 
View of mutation I167H in LGK.3 (gray) and LGK (blue). The two waters near this mutation 
were not found in the LGK.3 structure providing further support that a disrupted water network 
could reduce activity. f) View of mutations L56W and H88T in LGK.3 (grey) compared to LGK ")$ !
(blue). The mutations appear to cause a large shift of the loop that coordinates nucleotide binding.   
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Figure 5. Design LGK.9 improves utilization and growth rate using LG as the sole carbon 
source. a) Enzyme activity assays of lysates of E. coli Tuner strains expressing different LGK ")" !
variants. Strains were grown on M9 salts with the specified LG concentration as the sole carbon 
source. LGK.9 had greater than a 24-fold improvement of lysate activity compared to the starting 
construct at 4 g/L LG (n " 2 cultures, n = 3 assays per culture). b) Specific growth rates for E. 
coli Tuner strains expressing the three designs. Cultures were grown aerobically at 37¡C in M9 
salts with the specified LG concentration as the sole carbon source.  pJK_proNR2_LGK.9 "*$ !
supported a 15-fold improvement of the specific growth rate over the starting variant at 4 g/L LG. 
The bars represent the mean and the error bars SD of cultures grown on different days (n"4). 
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Table 1: Number of mutations, apparent Tm and relative catalytic efficiency of LGK 
designs. "*" !

    Selection 
Number of mutations with 

fitness values     

Design 
Total 

number of 
mutations 

1st "0.15 "0.15 "0.15 <0.00 
Tm,apparent 

[¡C]    

Relative Catalytic 
Efficiency  

2nd "0.15 
-0.15 

to 
0.15 

#-0.15 "0.15 kcat/Km [M -1 s-1]/ 
kcat,wt/Km,wt [M

-1 s-1] 

LGK 0  - - - - 33.8 ± 0.7 1.00 
LGK.1 3 

 
0 3 0 0 38.9 ± 0.1 1.07 ± 0.08 

LGK.2 4  0 3 1 0 42.1 ± 0.1 0.46 ± 0.07 
LGK.3 38 

 
5 24 9 0 81.6 ± 0.6 0.00 ± 0.00 

LGK.4 35 
 

3 27 5 0 69.2 ± 0.8 0.00 ± 0.00 
LGK.5 57a 

 
2 44 6 0 65.4 ± 0.1 0.00 ± 0.00 

LGK.6 23 
 

0 3 0 20 NDb NDb 
LGK.7 18 

 
13 5 0 0 47.7 ± 0.0 0.30 ± 0.03 

LGK.8 26 
 

8 4 0 14 33.4 ± 0.0 1.06 ± 0.37 
LGK.9 15   5 4 0 6 41.0 ± 0.3 2.12 ± 0.13 
aFive mutations in LGK.5 were not found in the second selection. 
bLGK.6 was not determined as it was not expressed as a soluble enzyme. 
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