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The functional mutational
landscape of the lacZ gene

Marc A. Beal,1,4,5 Matthew J. Meier,1,5 Angela Dykes,1,2 Carole L. Yauk,1,3 Iain B. Lambert,2

and Francesco Marchetti1,2,6,*

SUMMARY

The lacZ gene of Escherichia coli encodes b-galactosidase (b-gal), a lactose metabolism enzyme of the
lactose operon. Previous chemical modification or site-directed mutagenesis experiments have identified
21 amino acids that are essential for b-gal catalytic activity. We have assembled over 10,000 lacZ muta-
tions from published studies that were collected using a positive selection assay to identify mutations
in lacZ that disrupted b-gal function. We analyzed 6,465 independent lacZ mutations that resulted in
2,732 missense mutations that impaired b-gal function. Those mutations affected 492 of the 1,023 lacZ
codons, including most of the 21 previously known residues critical for catalytic activity. Most missense
mutations occurred near the catalytic site and in regions important for subunit tetramerization. Overall,
our work provides a comprehensive and detailed map of the amino acid residues affecting the structure
and catalytic activity of the b-gal enzyme.

INTRODUCTION

The lactose (lac) operon and the lacZ gene of Escherichia coli have a long history in the field ofmolecular biology, dating back to the discovery

of gene regulation in the pioneering studies of Jacob and Monod that examined the production of b-galactosidase (b-gal) from lacZ in the

presence of inducing substrates.1 The lacZ gene has played an important role in recombinant DNA technology through colorimetric selection

of recombinant clones via the a-complementation phenomenon.2–5 Today, b-gal is extensively used in the food industry and in a range of

other industries with broader implications across medical and biotechnological applications.6 The structure and function of b-gal has

been studied extensively as a model for understanding glycosidase mechanisms.7

The E. coli lacZ coding sequence comprises 3,075 nucleotides (GenBank: V00296.1) generating a b-gal subunit consisting of 1,023 amino

acid residues. The protein is divided into an a-peptide chain, four domain regions, and an inter-domain region between domains 3 and 4. The

domains consist of the sugar binding (49-219; PF02837), b-galactosidase (221-334; PF00703), TIM barrel (336-630; PF02836), and the b-galac-

tosidase small chain (749-1022; PF02929) domains. The b-gal enzyme is a homotetramer, and tetramerization is dependent on the comple-

mentation region (first 50 residues).8,9 Structural studies using site-directed mutagenesis have identified and characterized 21 amino acid res-

idues with functional significance for the b-gal protein, most of which are present in the TIM Barrel Domain (14/21; Table 1). Substitutions of

those amino acid residues can impair b-gal function through different means, including alterations to substrate binding, alteration to the cat-

alytic site, transition state destabilization, and active site loop destabilization.10 However, many key structural features important for b-gal

function are yet unidentified because site-directed mutagenesis is low-throughput and rarely investigates the role of mutations beyond

the active site.

Computational approaches have advanced substantially to enable predictions of protein structure using the amino acid sequence11,12 and

evaluate the impact of missensemutations.13 When coupled with deepmutational scanning14–16 or genetic interactionmapping,17,18 compu-

tational approaches allow an unparalleled understanding of structural features affecting protein function. Furthermore, a high-throughput

method to assess the functional impact of mutations on the catalytic activity of a bacterial enzyme has recently been published.19 Application

of these methods shows that a full understanding of the functional features of an enzyme requires exploration of how amino acid changes

outside of the active site affect its catalytic activity and/or interaction with other proteins.

Here, we curated data from published in vivomutagenesis studies with transgenic rodent models using either Sanger or next-generation

sequencing (NGS) to characterizemutations throughout the lacZ sequence that affect b-gal function and to further define its use as a target for

mutagenesis studies. Transgenic mouse models carrying bacterial reporter genes, such as lacZ, have been developed to provide an efficient
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Table 1. Characteristics of the 21 previously identified codons demonstrated to be important for b-gal function through site-directed mutagenesis or protein structure analyses

Domain

Nucleotide

range Codon

NGS missense

mutationsa

Sanger

missense

mutationsb
Total

missense

Sequence

context

Reported

mutation

Reported

mutation an

SNV? (Y or N)c

Brief Description

of (proposed)

mutational effects Reference

1 304–306 Asn102 2 0 2 accAACgtg Asn / Ala N Alters binding affinity

to substrate

Wheatley et al.10

1 601–603 Asp201 28 8 36 cagGATatg Asp / Glu,

Asn, Phe

Y Alters binding affinity

to substrate

Xu et al.69

3 1069–1071 His357 4 1 5 cgtCACgag His / Asp,

Phe, Leu, Asn

Y Destabilizes

transition state

Roth et al.66

3 1171–1173 His391 17 6 23 tcgCATtat His / Glu,

Phe, Lys

N Destabilizes

transition state

Huber et al.68

3 1246–1248 Glu416 10 7 17 attGAAacc Glu / Gln, Val Y Alters binding

affinity to substrate

Roth et al.64

3 1252–1254 His418 8 3 11 accCACggc His / Asn,

Glu, Phe

Y Distorts Gly794, alters

binding affinity

to substrate

Wheatley et al.7,

Wheatley et al.10,

Roth et al.60,

Juers et al.70

3 1378–1380 Asn460 12 6 18 gggAATgaa Asn / Asp,

Thr, Ser

Y Destabilizes

transition state

Wheatley et al.73

3 1381–1383 Glu461 13 4 17 aatGAAtca Glu / His, Asp,

Gly, Gln, His, Lys

Y Destabilizes

transition state;

alters binding affinity

to substrate

Cupples et al.58,

Edwards et al.59,

Martinez-Bilbao

et al.62,

Richard et al.63

3 1507–1509 Tyr503 24 2 26 atgTACgcg Tyr / Phe,

His, Cys, Lys

Y Reduction in enzyme

catalytic activity

Ring et al.34,

Ring et al.57,

Edwards et al.59,

Penner et al.67

3 1549–1551 Lys517 0 0 0 ccgAAAtgg Lys / Ala N Alters binding affinity

to substrate

Wheatley et al.10

3 1609–1611 Glu537 37 52 89 tgcGAAtac Glu / Gln,

Asp, Val

Y Inhibits covalent binding

to galactosyl moiety of

substrate; reduction in

enzyme catalytic activity

Juers et al.32,

Yuan et al.61

3 1618–1620 His540 59 8 67 gccCACgcg His / Glu,

Phe, Asn

Y Alters binding affinity to

substrate, destabilizes

transition state

Roth et al.65

(Continued on next page)
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Table 1. Continued

Domain

Nucleotide

range Codon

NGS missense

mutationsa

Sanger

missense

mutationsb
Total

missense

Sequence

context

Reported

mutation

Reported

mutation an

SNV? (Y or N)c

Brief Description

of (proposed)

mutational effects Reference

3 1624–1626 Met542 2 1 3 gcgATGggt Met / Ala N Alters stability

of 794–804

loop that

open and

closes active site

Dugdale et al.71

3 1702–1704 Trp568 47 7 54 gtcTGGgac – – Distorts Gly794 Wheatley et al.7

3 1795–1797 Arg599 3 0 3 gatCGCcag Arg / Ala N Alters stability of 794–804

loop that open and

closes active site

Dugdale et al.72

3 1801–1803 Phe601 0 0 0 cagTTCtgt Phe / Ala N Alters stability of 794–804

loop that open and

closes active site

Juers et al.32

4 2380–2382 Gly794 0 0 0 attGGCgta Gly / Ala Y Alters binding affinity

to substrate

Wheatley et al.10,

Juers et al.80

4 2386–2388 Ser796 0 1 1 gtaAGTgaa Ser / Ala,

Thr, Asp

N Alters binding affinity

to substrate

Wheatley et al.10,

Jancewicz et al.81

4 2389–2391 Glu797 0 1 1 agtGAAgcg Glu / Ala, Leu Y Alters binding affinity

to substrate

Wheatley et al.10,

Sutendra et al.82

4 2422–2424 Glu808 0 0 0 gtcGAAcgc – – Alters stability of 794–804

loop that open and

closes active site

Jancewicz et al.81

4 2995–2997 Trp999 1 0 1 tccTGGagc Trp / Leu,

Phe, Gly, Tyr

Y Alters binding affinity

to substrate

Wheatley et al.10,

Huber et al.83

aBeal et al. 2020.
bHistorical data curated in this study.
cY designates that an SNV can lead to the reportedmutation in the lacZ sequence, andNdesignates that it takesmultiple mutations to get the amino acid change. For example, Lys/Ala requires a sequence

change of AAA to GCA.
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method for detecting in vivo mutations.20–22 In particular, MutaMouse and LacZ plasmid mouse models have been genetically modified to

carry multiple copies of lacZ shuttle vectors in their genomes and use positive selection methods in bacteria to detect loss-of-function mu-

tants.23 Specifically, the lacZ shuttle vectors are excised from high-molecular-weightmouse genomic DNA and packaged into lambda phages

that are used to infect E. coli C (lacZ� galE�) grown on a medium containing phenyl-b-D-galactopyranoside (P-gal). Under these conditions,

P-gal becomes toxic to E. coli C infected by a phage with a functional lacZ gene.24 Thus, only phages containing a lacZ gene carrying a mu-

tation that inactivates b-gal will be able to complete the lytic cycle and form plaques. Sequencing of mutations arising in these transgenic

rodents has been used for decades to provide insight into mutagenic mechanisms associated with chemical exposures.25 However,

sequencing results can also be harnessed to identify amino acids that have important roles in the structure and function of b-gal. For that

latter purpose, the transgenic rodentmodel is particularly powerful because the transgene is not expressed in rodent tissues andDNA lesions

are therefore not subject to processes such as transcription-coupled repair that might influence themutant yield andmutation location. Thus,

we produced and investigated a large catalog of lacZ mutations to identify amino acid residues of functional significance in b-gal.

RESULTS

Curation of the lacZ mutant database

We have previously used NGS26 to sequence a total of 10,417 lacZ mutants (8,434 single nucleotide variations [SNVs]; 1,475 deletions; 508

insertions) arising spontaneously inMutaMouse animals or following exposure to fourmutagens (Figure 1; Table S1).When the samemutation

was observed multiple times within a sample, it was considered to be the result of clonal expansion of a single mutation and counted as one

mutation (henceforth referred to as ‘‘independent mutations’’); however, when the same mutation was observed in different samples, it was

considered to have originated from independent events. Analysis of the 10,417 mutants identified a total of 4,805 independent mutations

(3,748 SNVs; 867 deletions; and 190 insertions; Tables S2, S3, S4, S5, S6, and S7, respectively). Furthermore, as previously summarized,25

data were collected from 17 other studies with eight additional mutagens that used Sanger sequencing to characterize a separate set of

Figure 1. Composition of the complete dataset used in this study

We examined a total of 6,465 independent mutations in the lacZ gene to establish the importance of different amino acid residues in the function of b-gal. A wide

variety of sequenced mutants induced by chemical or radiation exposure, different genetic backgrounds, and spontaneous mutants were compiled into the

single dataset used in this study. Data from Beal et al. 2020.
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1,660 independent mutants (1,399 SNVs; 213 deletions; 28 insertions; and 20 complex mutations; Table S8), although mutants characterized

by Sanger sequencing were often limited to the complementation regions.27 Overall, we collected a set of 6,465 independent mutations

including 2,724 missense mutations that identified many previously uncharacterized amino acid residues that are relevant for the structural

and catalytic function of b-gal (Tables S9, S10, S11, S12, S13, and S14).

Characterization of lacZ mutants

Missense mutations represented �42% of all independent mutations (2,732 out of 6,465) and 33% of all unique mutations (895 unique out of

2,732) detected (Table S14). We identified 492 (48% of total) codons, including all 21 previously characterized codons, with mutations that

disrupted b-gal activity. This is very similar to results reported in the lacI repressor protein; specifically, more than 4,000 substitutions across

residues 2–329 found that 192/328 sites (41%) are generally intolerant to substitutions.28,29 Of 492 codons with functional mutations, 384 were

identified by NGS and 266 by Sanger sequencing (Figure 2; 158 codons were identified by both methods). Spontaneous missense mutations

identified 204 of those codons (Figure S1) compared with 439 in mutagen-exposed samples (Figure S2; 151 codons had a missense mutation

in both mutagen-exposed and non-exposed samples). Including mutations induced by exogenous sources greatly increases the chances of

observing a more complete set from the full range of possible mutations, both because of the increased numbers of mutants recovered and

because of the differing mutational profiles of induced compared with spontaneous mutations. The majority of the 492 codons (263; 53.5%)

were identified by at least two independentmissensemutations, i.e., thesemutations originated in different animals and/or tissues, providing

strong support for their functional role, as the number of times that a mutation is observed in each codon strengthens the evidence that the

amino acid residue is important for b-gal function. Silentmutations represented only 3.5% of all independentmutations (Figure 1). These likely

represent ‘‘passenger’’ mutations that happened to occur on the samemolecule containing a functional mutation. Using the assumption that

the false-positive rate is equal to the percentage of silent mutations detected by our approach, the confidence that a given mutation has a

Figure 2. Locations of lacZ codons with sequenced mutations that disrupted b-gal function

Mutations from historical data identified by Sanger sequencing are shown in the bottom panel; mutations identified by NGS in the present study are shown in the

middle panel; the top panel shows all missensemutations fromboth datasets combined. The domains of the protein are labeled. Mutations were observedwithin

all domains as well as outside the domain regions. The y axis shows the number of independent mutations that were observed.
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functional impact on b-gal would be equal to 1–0.035n, where n is the number of times a mutation occurs across samples, i.e., the chance of a

mutation observed once, twice, or three times to be a false positive is 3.5%, 0.12%, and. 0.004%, respectively. Therefore, even the 229 codons

that were identified by a single mutational event likely have functional importance rather than representing passenger mutations associated

with lacZ functional mutations. Overall, our study shows that about 50% of the lacZ amino acid sequence is essential for b-gal function.

Next, we evaluated whether missense, nonsense, and silent mutations were associated with specificmutation types. We found that all mu-

tation types are associated with missense mutations in equal proportions; however, there are biases for the recovery of silent and nonsense

mutations (Figure S3). Specifically, silent mutations are most likely a result of G:C / A:T transitions and are less likely caused by A:T trans-

versions. Nonsense mutations are most commonly caused by G:C/ A:T or T:A SNVs. It is not possible for A:T/G:C mutations to produce

new stop codons, such as UAG or UGA, because UAA is also a stop codon. At the 24 positions where a nonsensemutation was not observed,

the reference nucleotides were 11 T, 5 G, 4 C, and 4 A. The most common nonsense mutation that was absent (9/24) was of the type A:T /

C:G, which is the rarest mutation in this study. Hence, A:T/G:C mutations are less likely to be recovered by this assay compared with other

mutation types. Nevertheless, the data show that all mutation types contributed to the induction of missense mutations.

Distribution of mutations along the lacZ gene

Mutations affecting b-gal function occur every 2.4 codons on average throughout the length of the lacZ gene (Figure 3). The longest gap

without an observed missense mutation is a stretch of 15 codons in the TIM barrel domain at residues 574–588. The percentages of codons

with missense mutations occurring in the a-peptide region and domains 1 to 4 are 1%, 13%, 6%, 48%, and 29%, respectively. As is the case in

site-directed mutagenesis studies, domains 3 and 4 have the highest number of amino acids that are important for function. Conversely, the

2,206 nonsense mutations, 1,298 indels, and 227 silent mutations (Table S1; Figure S4) in our study are distributed throughout the lacZ

sequence, irrespective of domain region.

Figure 3. Distribution of mutation types along the lacZ gene

Nonsense mutations were distributed throughout the gene, whereas some missense mutations were observed repeatedly at locations of functionally important

codons. Both deletions and insertions are distributed evenly throughout lacZ, with enrichment near repetitive sequences. The y axis represents the number of

independent mutations.
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We used Swiss-PdbViewer30 and PyMOL31 to visualize the location of the 263 amino acids whose functional role was supported by at least

two independent mutations. As shown in Figure 4, the 21 previously characterized amino acids and the majority of amino acids with the high-

est numbers of independent mutations in our dataset (see below) are near the binding site for the substrate (i.e., allolactose for this exper-

imental structure) in the b-gal homotetramer (PDB ID 1JZ8).32 However, the rest of the newly identified amino acids are found throughout the

b-gal subunit, suggesting that they may have a role in protein folding, stability, and subunit interactions.

Identification of SNV and codon hotspots

Nucleotide positions were considered hotspots for SNV formation if the position had amutation count that was one standard deviation above

the mean number of mutations per nucleotide position. The hotspot with the most mutations was at position 1,169 with 112 independent

SNVs. This corresponds to the second position of the Ser390 codon (TCG), which had not been previously identified as functionally important,

but is adjacent to His391, one of the 21 previously identified residues critical for function (the mutation of this residue is known to destabilize

the transition state; Table 1). Nucleotide 2,356 was also frequently mutated, with 106 independent mutations identified at this position. This

corresponds to the first position of the Arg786 codon (wild-type sequence of CGT). Mutations at that position accounted for 74% of the total

SNVs in that codon, whereas the second and third positions in the codon accounted for 25% and <1% of mutations, respectively. The low

proportion of mutations at the third position of the Arg786 codon is expected, as not all SNVs will change the coded amino acid. The trinu-

cleotidemotifs of thewild-type sequence for the first and secondposition of Arg786 are CCG (nucleotides 2,355–2,357) andACG (nucleotides

2,356–2,358; complementary strand of CGT), respectively. In total, there were 74 sites with 14 or more independentmutations that accounted

for 2,069 of the total 5,147 SNVs (40.2%) identified by NGS and Sanger sequencing (Figure 1).

As suggested by the trinucleotide context of the twomost frequently mutated codons, CpG sites were common among the hotspots, with

45 of 74 (60.8%) of mutation hotspots occurring at the motif NCG, where N is any nucleotide. The three positions with the most indels also

occurred at CpG dinucleotide repeats (2 or 4 repeats per site). Among all the lacZmutations we curated, 84% of the SNVs occurred at C or G

bases, whereas the G/C content of the lacZ reference sequence is 56%. This is likely because themajority of mutations were induced by chem-

icals that preferentially target guanines. Thus, our conclusion is that guanine residues and/or CpG sites have been well sampled in our data,

whereas A/T sites are sampled to a lower depth (Figure S5).

Figure 4. Visualization of functional missense mutations within the b-Gal homotetramer

Far left image shows the complete homotetramer (subunits colored blue, yellow, green, and red). Second image zooms in on one subunit. Third image only shows

the 263 amino acids with at least two independentmutations. The last image on the right only shows the active site and the 33most highly substituted amino acids

from this study (which are high-confidence mutations in codons presumed to be functionally important). Previously characterized amino acids known to be

important for b-Gal function are aqua, and highly mutated residues from this study are yellow. The allolactose substrate is colored in blue. Image was

created using PyMOL.
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As for SNVs, codons were considered hotspots formutations if they had amissense count that was one standard deviation above themean

number of mutations per amino acid position. These 33 codons are shown in Table 2. The Ser390 codon with 100 separate observations of

missense mutations was the most frequently mutated. Six of the 21 previously characterized sites (Asp201, His391, Tyr503, Glu537, His540,

Trp568) were among these highly mutated codons.

Examination of protein structural features and their relationship to the types of substitutions observed

Weexamined the distribution, and types, of amino acid changes in the context of structural features of the b-gal enzyme.Our dataset contains

895 unique missense SNVs that resulted in 861 different amino acid changes at 492 codons. We used Grantham distance to estimate the

impact of a given amino acid substitution. We found that the degree of conservation of amino acid change may be correlated with the

type of secondary structure in which the substitution occurred. The p-helix had a significant positive coefficient in our model, suggesting

that radical substitutions within this secondary structure is associated with a mutant phenotype (Table S15; Figure S6). Solvent accessibility

appears to be weakly negatively associated with the Grantham distance (t-statistic�3.37, p = 0.0008; Table S16), indicating that conservative

changes in solvent-exposed residues are sufficient to disrupt enzyme function. However, based on examination of the relationship between

solvent accessibility andGranthamdistance, the effect size of this association appears to be small (Figure S7). When comparing the impact on

change in side chain volume and change in hydropathy for substitutions, we found that turns in the protein secondary structure were prone to

reductions, rather than increases, in both side chain volume and hydropathy (i.e., a higher ratio of change for mutant:wild type; Figure S8).

We further examined the specific types of amino acid substitutions observed in our dataset to determine whether some substitutions were

differentially represented between types of secondary structures. First, we observed that the most frequently substituted wild-type residue

was glycine (Figure S9). Furthermore, the most frequently observedmutant residue was arginine, and, indeed, the overall most frequent sub-

stitutionswereG> V (32 instances) andG>R (25 instances). Glycinewas the wild-type target in four of the top fivemost frequent substitutions.

However, the distribution of the observed mutations in secondary structures did not differ drastically from the proportion of residues in the

GenBank reference sequence (Figure S10). We then used our logistic regression model to test whether specific amino acid substitutions vary

in their distribution between types of secondary structures (Table S17). As shown in Figure 5, several patterns are visible (e.g., the apparent

over-representation of substitutions at a glycine residue).Overall, we found that there were 13 substitutions (Figure S11) that were significantly

different in proportion between the coil regions and regions of secondary structure.

Table 2. Highly mutated codons with strong evidence of importance for b-gal function identified by sequencing lacZ mutants

Domain 1

Sugar binding (PF02837)

Domain 2

b-Galactosidase

(PF00703)

Domain 3

TIM barrel (PF02836)

Domain 4

b-Galactosidase small

chain (PF02929)

Codona Mutations Codon Mutations Codon Mutations Codon Mutations

Gly207 56 Glu304 32 Ser390 100 Arg786 142

Trp203 37 Trp301 21 Glu537 89 Arg909 91

Asp201 36 Glu358 72 Gly899 67

His540 67 Arg881 53

Gly605 59 Asp792 49

Trp568 54 Thr941 23

Pro393 39 Asp908 23

Arg439 33 Asn791 20

Gly547 30 Gly901 19

Gly406 29

Gly564 27

Tyr503 26

Gly459 25

Gly565 24

Gly353 23

His391 23

Pro501 23

Met502 20

Ser545 19

aCodons were included if the codon had more mutations (i.e., 19) than one standard deviation of the mean number of mutations per codon (mean 5.5 mutations

per codon plus one standard deviation, 13.1; excluding codons where no mutations were detected).
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Modeling the maximum number of functional amino acids

Weused amathematical approach to explore whether some functional amino acids were not identified in our study (see STARMethods: theo-

retical maximum number of functional targets). The enrichment of nonsense mutations (45%) and missense mutations compared with the

theoretical proportions of the different mutation types (4% nonsense, 23% silent, 73%missense; Figure S3) indicates that the assay favors mu-

tations that result in knocking out b-gal function by producing a truncated form of the protein. Thus, the proportion of observed nonsense to

total possible nonsense mutations may serve as a good proxy for the theoretical maximum number of functional amino acids. In total, there

were 332 unique nonsensemutations characterized out of the 356 possiblemutations (93.3%) or 266 codons with nonsensemutations out of a

possible 290 (91.7%). The rarefaction curve provides supportive evidence that nonsense mutations are near saturation (Figure S12). Interest-

ingly, the last three possible nonsense mutations at nucleotide positions 3,063 (Cys TGT > Stop TGA); 3,064 (Gln CAA > Stop TAA); and 3,067

(Lys AAA > Stop TAA) were not recovered. In contrast, there were 10 independent nonsense mutations recovered at position 3,060 (Trp

TGG > Stop TGA), possibly indicating a highly precise cut-off location at the end of the lacZ gene where truncation does not affect enzyme

function. Thus, our recovery of possible nonsense events with a functional impact is 92.7% (260/287). Assuming that we recovered a compa-

rable proportion of functional nonsynonymous events, this suggests that there are approximately 39 additional amino acid substitutions ((492/

0.927)-492) detrimental to protein function that may have not been detected in our data.

DISCUSSION

We identified a set of 2,732 independent missense mutations in the lacZ gene that provided a comprehensive and detailedmap of the amino

acid residues affecting the structure and catalytic activity of the b-gal enzyme. Prior to this study, little was known about the distribution of

functional amino acid residues along the lacZ gene product. Our analysis shows that missense mutations are found at multiple sites in

each of the functional domains. Contrary to lacI, another common reporter gene for mutation studies, where the majority of mutations occur

in the negative complementing domain region alone,33 our results show that functional amino acid residues occur throughout the length b-gal

enzyme and that the entire lacZ gene represents a relatively unbiased target for mutagenesis studies with transgenic rodent models.

Our results reaffirm the importance of the 21 amino acids previously identified by site-directed mutagenesis, as loss-of-function muta-

tions were detected within each of these residues. Most importantly, sequencing revealed hundreds of additional residues that have a

functional role in b-gal. Since most of these codons were mutated across multiple biological replicates, we have high confidence that

they represent amino acids residues that are critical for b-gal function. Here, we highlight 33 codons with the most missense mutations

observed in our data. For simplicity, those codons are referred to as highly mutated codons or amino acid residues. As expected, the

3-dimensional structure of these sites revealed that the previously characterized amino acid residues (Table 1; Figure 4) are in the active

site in close proximity to the substrate. Similarly, most of the highly mutated functional amino acid residues (Table 2; Figure 4) are in close

proximity to the substrate on the second coordination shell around the active site. For example, Met502 is one of the highly substituted

amino acid residues closest to the substrate. Previous studies using chemical modifications have indicated that Met502 is not required for

catalytic activity.34 Therefore, it may be its interaction with Tyr503 that is important for b-gal function. This is supported by additional

missense mutations detected by NGS in Tyr503 and neighboring codons Thr494, Ala495, Thr496, Asp497, Ile498, Ile499, Cys500,

Pro501, Met502, Ala504, and Arg505. Other substituted amino acid residues that are in close proximity to the active site in

Figure 5. The wild-type and mutant residues for each of the 862 unique amino acid changes observed in this study

Some of the specific substitutions are present in different proportions based on the type of secondary structure. Glycine (G) is the most commonly mutated wild-

type residue (i.e., within columns); conversely, arginine (R) is the most common mutant residue observed (i.e., within rows), although this pattern is not as visually

striking, because the majority are G > V.
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3-dimensional space are located proximal to previously characterized amino acid residues involved in substrate coordination (e.g., Glu358,

Ser390, Glu412, Gly459, Pro501, Ala541, Ser545, Gly605, Asn791, and Asp792), and several other highly substituted amino acid residues are

located proximal to those 10 amino acid residues. Thus, those amino acid residues in close proximity to the active site likely form the back-

bone of each monomer and play a role in active site stability through different mechanisms (non-covalent or covalent bonding, pKa pertur-

bation, etc.). The rest of the highly substituted amino acid residues are located far from the active site and are likely involved in protein

folding, stability, and subunit interactions.

A notable example of one of the 33 highly substituted amino acid residues is Arg786 in the b-gal small chain domain, which had a total of

143 independentmutations (142missense; 1 silent). There is currently no known function for Arg786 in b-gal, even though it occurs in a region

that is relatively conserved among five b-gal homologues.35,36 Visual inspection of Arg786 in the homotetramer led us to predict that it par-

ticipates in multiple hydrogen bonds with four nearby residues (Figure S13). Hydrogen bonds are formed with Tyr816, Met991, Gly992, and

Asp792 (identified in this study as an amino acid residue likely important for b-gal function; Table 2). As expected, the six types of missense

mutations that were detected in Arg786 would cause major alterations in those interactions. Specifically, substitutions to Cys, Ser, Leu, Pro,

and His would result in the loss of four hydrogen bonds, retaining only a bond to Tyr816; substitution to Gly would result in complete loss of

hydrogen bonds. Arg786Pro also would cause steric hindrance of the neighboring amino acid residue Thr785. Arg786His would also result in

the formation of a new hydrogen bond and affect the stability of intramolecular reactions with Asp792. Although those amino acid residues

have not previously been shown to be critical for b-gal function, the loss of interactions with Arg786 may modify the orientation of side chain

and backbone that they interact with, affecting residues more proximal to the active site. Thus, although Arg786 may not be involved in

substate binding or hydrolysis directly, it contributes to the structural integrity of the protein.

There are some differences in the distribution of mutations that we observed when compared with previously characterized amino acid

substitutions that affect function and those identified by our study. For example, we found comparatively few missense mutations in

the active site loop (codons 794–804), despite the fact that this region is known to be important for enzymatic function. This suggests

that the individual amino acids in the loop are not as important as the loop as a whole. Indeed, Wheatley et al.10 pointed out that

most of the studied mutations to the active site loop do not have much effect on kcat/Km of hydrolysis. These authors argue that the

loop is essential for allolactose synthesis by promoting transgalactosylation. The data support the conclusion that the loop is not critical

for the hydrolytic reaction, and changes in transgalactosylation would not be detected by our assay. In addition, some of the mutations

investigated by site-directed mutagenesis require more than one SNV to obtain the reported amino acid substitution. For example,

Lys517Ala alters binding affinity to substrates,10 but this substitution requires a mutation from AAA to GCA, which would be much rarer

than a single-base substitution. Nevertheless, our approach effectively identified previously characterized and many novel highly mutated

protein sites relevant for b-gal function.

We found that the magnitude of the Grantham distance for a given substitution was not strongly determined by the region of secondary

structure in which it occurred, although we did identify a potential weak correlation with p-helix, b-strand, and b-bridge features, in which a

higher Grantham distance was observed. All secondary structures, when compared with the coil, had positive coefficients in our linear

modeling (although not all were significant or large effect sizes); this indicates that the coil regions were most likely to contain conservative

amino acid substitutions, whereas regions of secondary structure in b-gal require more radical substitutions to disrupt function. Similarly, the

magnitude of the Grantham distance is weakly negatively correlated with solvent accessibility. A possible conclusion is that residues with a

high solvent accessibility do not require a large Grantham distance to be detected in the functional assay, suggesting that they may be less

tolerant of conservative substitutions. Overall, the degree of conservation for substitutions does not have a striking correlation with any struc-

tural features we could identify, suggesting that substitutions are mostly randomly distributed.

In our data, turns in secondary structure are correlated with an increase in side chain volume and hydropathy for substitutions. Further-

more, glycine was the most frequently substituted residue. These observations are consistent because glycine is a common residue at

turns37 and has a small volume; thus, substitutions at glycine usually increase side chain volume. Therefore, we expect that this observation

is driven largely by substitutions at glycine residues. Aside from glycine, we identified 15 specific substitution types that were more likely to

occur in regions of secondary structure compared with coils. These substitutions may be of interest as targets for future structural studies

in b-gal.

An objective of this work was to determine the proportion of the 3,096 bases in the lacZ gene that were functional targets for mutagenesis.

Rarefaction curves (Figures S5 and S12) indicated that nonsense mutations are closer to saturation than missense mutations and suggested

that there could potentially be more functional mutations that were not recovered in our dataset. Furthermore, examining the different types

of base substitutions separately shows that SNVs at G:C nucleotides are the closest to saturation, as themajority of mutations recovered were

at these positions (Figure S5). In contrast, mutations at A:T nucleotides are more likely to have been missed. Previous work exploring muta-

tions in lacZ has demonstrated that mutations are more likely to occur at specific nucleotide positions over others due to the interaction be-

tween mutagens and DNA, the action of the repair and replication machineries, and sequence context.38 Thus, it is possible that the muta-

genic specificity of chemicals used for mutation induction in the available studies contributed to the undersampling of mutations at A:T

nucleotides. Further studies using chemicals that induce A:T/C:Gmutations would improve themutation saturation of lacZ gene and iden-

tify additional functional mutations.

In summary, our study has assembled the largest number of sequenced lacZ mutations to identify functional amino acid residues

throughout b-gal. Analysis of 6,465 mutations recovered from the lacZ mutant selection assay showed that 48% (492/1,023) of the residues

of lacZ had missense mutations and that these mutations were distributed throughout the lacZ gene. These results greatly expand our
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understanding of the structural features important for the catalytic site of b-gal and also identify novel amino acid residues important for ho-

motetramerization, which also plays a critical role in enzymatic function. Overall, we provide comprehensive foundational data to define the

amino acid residues that determine the catalytic and structural activity of this important enzyme.

Limitations of the study

A limitation of this study is that we did not undertake a biochemical characterization of the mutants recovered here. By virtue of the positive

selection assay for the mutant lacZ gene, it is understood that any plaques we collected for sequencing originated from a phage that had an

impaired b-gal function; in fact, we recovered all previously known single-base mutations where a biochemical impact on enzymatic function

was observed. However, we did not verify this for all newmutations that were identified here. Indeed, a limitation of themethodology is that in

order to obtain high numbers of sequencedmutants, they must first be pooled, so characterizing the individual plaques further would require

first creating the mutant using site-directed mutagenesis and then performing more downstream assays. These limitations, conversely, also

speak to the opportunities for practical application of the data. By presenting the catalogofmutationswe categorized in this study, researchers

could pose numerous hypotheses that could be tested using these mutants as a starting point to explore functional residues of the b-gal pro-

tein. However, as a final caveat to using these data in future studies, it should be noted that the positive selection assay using P-gal may not

always recapitulate the catalytic activity of b-gal under different conditions, and using different substrates. Thus, researchers are cautioned that

the substitutions we have identified herein may have residual catalytic activity when tested under different experimental conditions.
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RESOURCE AVAILABILITY

Lead contact

Further information and request for resources should be directed to and will be fulfilled by the Lead Contact, FrancescoMarchetti (francesco.

marchetti@hc-sc.gc.ca).

Materials availability

The present study used published data obtained using the MutaMouse or LacZ plasmid mouse models.20,22,25–27,35,39–55 No new animal work

was conducted and no new unique reagents were generated.

Data and code availability

� All data regarding the mutations reported in study are shown in supplementary material and available in Mendeley Data (see key re-

sources table).
� RMarkdown scripts are available at GitHub (see key resources table).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

No new laboratory data were generated, and all previously published sequencing data are listed in the key resources table.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw sequencing reads of lacZ mutants obtained from

Ion Torrent sequencing of collected plaques

NCBI BioProject PRJNA640660

Curated complete list of lacZ mutants used

as input for analysis

This paper; Mendeley Data 10.17632/4n3bsmyskj.1

Software and algorithms

RMarkdown script used to reproduce all the analyses,

numbers, models and figures used in the manuscript

GitHub https://github.com/EHSRB-BSRSE-

Bioinformatics/Beal_et_al_2023_lacZ

R https://www.r-project.org/ 4.3.1

bio3d CRAN (R 4.3.1) 2.4-4

Biostrings Bioconductor 2.68.1

doBy CRAN (R 4.3.1) 4.6.18

flextable CRAN (R 4.3.1) 0.9.2

GenomicRanges Bioconductor 1.52.0

GenVisR Bioconductor 1.31.1

ggh4x CRAN (R 4.3.1) 0.2.5

ggplot2 CRAN (R 4.3.1) 3.4.3

grantham CRAN (R 4.3.1) 0.1.1

Gviz Bioconductor 1.44.0

msa Bioconductor 1.32.0

oddsratio CRAN (R 4.3.1) 2.0.1

plyranges Bioconductor 1.20.0

Pviz Bioconductor 1.34.0

reutils CRAN (R 4.2.2) 0.2.3

tidyverse CRAN (R 4.3.1) 2.0.0

vtree CRAN (R 4.3.1) 5.6.5
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METHOD DETAILS

Experimental design and data collection

We curated thousands of lacZmutations from published studies that were collected using a positive selection assay20 andNGS data from our

laboratory.25,26,39,40 In addition, we collected data on lacZ mutation distribution from studies in which lacZ transgene mutants from

MutaMouse or LacZ plasmid animals had been sequenced using Sanger sequencing.22,27,35,41–55 All mutants considered in this study are

shown in Table S1. Only data from studies that reported the position of each mutation were included. It is important to note that some of

the studies reported the position of each mutation differently. Specifically, some studies reported the coding sequence position while others

reported the position within the plasmid construct. Therefore, the mutation positions were adjusted to reflect the position within the lacZ

coding sequence for consistency. The lacZ reference sequence used in this study matched the coding sequence in MutaMouse because

that is where the majority of the mutations were observed. The MutaMouse lacZ coding sequence has three SNVs relative to that of

E. coli (GenBank: V00296.1)56 including two silent mutations and one missense mutation (Phe1007Leu). In addition, there is a 15 bp insertion

into codon 852 (referred to here as codons 8a-f to prevent disruption of the downstream codon number). Thus, the total sequence length in

studies conducted onMutaMouse is 3,096 bp. The final position of eachmutationwas adjusted tomatch the reference sequence. Finally, data

regarding protein sites relevant for b-gal function were obtained from site-directed mutagenesis and crystallographic protein structure

studies.7,10,32,34,57–73

Protein structure examination

Swiss PDB Viewer30 and PyMOL31 were used to visualize b-gal (1JZ832) and predict the impact of uncharacterized functional sites. The mutate

feature in Swiss PDB Viewer was used to determine the effects of different amino acid substitutions.

Examination of protein structural features and their relationship to the types of substitutions observed

We obtained the secondary structure and degree of solvent exposure at each residue from the PDB file in R using the bio3d package

(version 2.4.4)76 and DSSP (version 3.0.0).77 Then, we used the Grantham R package (version 0.1.1) to annotate each substitution in

our data with Grantham’s using the default parameters. We classified each change into conservative substitutions (Grantham distance

less than 50) or radical substitutions (Grantham distance greater than 50). Additionally, we annotated the hydropathy (as calculated by78)

of each amino acid residue (wild type and mutant), using the idpr R package (version 1.9.15) and calculated the change in hydropathy for

each substitution by subtraction. For each wild type and mutant residue, we also annotated the volume of side chains, chemical

subclass, charge, hydrogen donor or acceptor atoms class, and polarity, based on the physicochemical classes data provided by

IGMT.79

We built regression models in R (using the glm() function from the stats package, version 4.3.1) to test if the degree to which conservative

amino acid substitutions are tolerated (or not) may be related to whether a residue is solvent exposed, or it is found in a region of secondary

structure. We built two models using the formulas: ‘Grantham distance � class of secondary structure, and ‘Grantham distance � solvent

accessible amino acid’. We used the quasipoisson distribution to account for overdispersion.

To test whether specific amino acid changes were over- or under-represented in regions of secondary structure, we performed a logistic

regression using the binomial distribution and the formula ‘class of secondary structure �0 + amino acid change’, where the secondary

structure variable was a factor specifying the region of secondary structure for a given substitution, and the amino acid change variable

was the specific observed substitution (e.g., R > C). The odds ratio was calculated as the exponent of the estimated coefficient of the

model.

Theoretical maximum number of functional targets

There are 9,288 possible SNVs that can be observed in the lacZ gene (3,096 positions3 3 SNVs/position), and 7,162 of these have the potential

to affect function (missense, nonsense, or loss of start mutations). Our study identified 895 unique missense mutations out of 2,732 charac-

terized. Extending the analysis to all SNV types (including nonsense and silent mutations) shows that there were 1,399 unique SNVs out of

5,147 total. To explore howmany functional lacZ codons were not identified in our sequencing data we simulated all possible SNVs that could

have occurred in lacZ and their associated consequences in b-gal function (code available at https://github.com/MarcBeal/HC-MSD/tree/

master/lacZ_Saturation; Figure S6).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses and simulations were done using the R programming language.74 Rarefaction analysis (Figures S5 and S12) was done

using the R library ‘‘vegan’’.75 Regressionmodels for Tables S15 and S16 were built in Rusing the glm() function from the stats package (version

4.3.1) using the formulas: ‘Grantham distance � class of secondary structure, and ‘Grantham distance � solvent accessible amino acid’. Lo-

gistic regression for Table S17 was done using the binomial distribution and the formula ‘class of secondary structure �0 + amino acid
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change’, where the secondary structure variable was a factor specifying the region of secondary structure for a given substitution, and the

amino acid change variable was the specific observed substitution. All the code to reproduce the statistical tests is available at https://

github.com/EHSRB-BSRSE-Bioinformatics/Beal_et_al_2023_lacZ. The versions of software (i.e., R packages) used within the code are listed

in the key resources table.

ADDITIONAL RESOURCES

There are no additional resources.
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