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Abstract

Protein families evolve functional variation by accumulating point-mutations at functionally-
important amino acid positions. Homologs in the Lacl/GalR family of transcription regulators
have evolved to bind diverse DNA sequences and allosteric regulatory molecules. In addition to
playing key roles in bacterial metabolism, these proteins have been widely used as a model family
for benchmarking structural and functional prediction algorithms. We have collected manually-
curated sequence alignments for >3000 sequences, in vivo phenotypic and biochemical data for
>5750 Lacl/GalR mutational variants, and non-covalent residue contact networks for 65 Lacl/
GalR homolog structures. Using this rich data resource, we compared the non-covalent residue
contact networks of the Lacl/GalR subfamilies to design and experimentally validate an allosteric
mutant of a synthetic Lacl/GalR repressor for use in biotechnology. The AlloRep database (freely
available at www.AlloRep.org) is a key resource for future evolutionary studies of Lacl/GalR
homologs and for benchmarking computational predictions of functional change.
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Introduction

Sequence- and structure-based comparisons of protein homologs have been frequently used
to predict amino acids critical to function. With advances in high-throughput sequence and
structure determination, the amount of data available has exploded. To translate these data
into meaningful information, myriad computational tools have been developed (i) to detect
patterns of amino acid change, and (ii) to make predictions about homolog function and
mutational outcomes. Development and validation of these programs requires experimental
datasets against which to test predictions.

One commonly-used (e.g. [1-12]) dataset comprises in vivo characterization of ~4100
mutational variants of the lactose repressor protein (Lacl) [13-16]. In addition, scores of
mutational variants for Lacl and its paralogs have been the subject of detailed biochemical
and expanded phenotypic studies over the last three decades. However, these additional
experimental results have been under-utilized by the computational community, due to the
challenge of curating the relevant information scattered throughout the literature.
Nevertheless, these studies provide in-depth insights that would be extremely valuable for
assessing computational predictions. Further, structures for numerous Lacl/GalR homologs
have become available, mainly through the Protein Structure Initiative [17,18].

Here, we present AlloRep, a repository of published experimental information for homologs
of the Lacl/GalR family. AlloRep contains (i) manually-curated sequence alignments for
>3100 sequences, (ii) experimental results for >5750 Lacl/GalR mutational variants, and
(iii) residue-residue contact networks that were derived from 65 crystallographic structures
available for full-length homologs and/or their regulatory domains of 17 Lacl/GalR
subfamilies (Fig 1). This database is freely available at www.AlloRep.org and can be
queried using MySQL. Information contained in the AlloRep database complements
information about predicted regulons for >1300 Lacl/GalR homologs, which was recently
added to the RegPrecise database [19].

The data in AlloRep also have important applications in protein design: These data can be
used to test robustness of protein engineering approaches and to hypothesize novel ideas for
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engineering synthetic transcription repressors. As proof-of-principle, we used AlloRep to
merge structural, mutational, and sequence data to identify a position that can be mutated to
alter allosteric regulation. Most Lacl/GalR homologs are allosterically regulated: The DNA-
binding domains of the apo-proteins bind to their cognate DNA sequences with high
affinity, and DNA binding is modulated when a distant site on the regulatory domain is
occupied by a small molecule effector (or in some cases, a heteroprotein). The Lacl/GalR
paralogs have evolved specificities for different DNA sequences and allosteric effectors
[20]. Although domain recombination shows that the allosteric mechanism may largely be
the same, the magnitude and direction of allosteric response can be modulated [20,21]. In
general, predicting the locations of allosteric positions has been challenging. Our prediction
was successfully tested in a synthetic, chimeric repressor that was previously constructed
from Lacl and the cellobiose repressor (CelR).

Results and Discussion

Overview of the AlloRep database

The AlloRep database comprises 14 tables and can be queried using MySQL. Example
queries as well as a database scheme are supplied in the accompanying “Data in Brief”
publication [22]. A key advantage of AlloRep is that all entries have been mapped to the
analogous position of a single homolog — the full-length E. coli Lacl protein. This is a
powerful way to compare different homologs, as well as different structural conformations
of the same protein. This mapping allows a single query to extract information about a given
position from all available homologs (Fig 1). In addition, a translation table
(“translate_numbering_table”) is included to easily convert the Lacl position number to
those of the other homologs. For example, a user can identify residues involved in
interdomain contacts, analyze their respective conservation across families, and integrate the
available mutagenesis information for that particular position (Queries 1 to 3 in [22]). Both
user-queried information and the entire database can be exported in several formats for
offline use.

Sequence information

The AlloRep database contains the manually-curated sequence alignments for 45 Lacl/GalR
subfamilies (Fig 1 in [22]) as well as >95 sequences that appear to be single representatives
of otherwise unclassified protein subfamilies. Separate tables contain whole-family and
subfamily alignments, so that the user can search for conservation patterns at these distinct
phylogenetic levels [23].

More specifically, a central table (“seql_family_ref _align”) contains the manually-curated
alignment for representative sequences from each of the Lacl/GalR subfamilies. In addition
to providing information about family-wide properties, this table can be used to convert the
numbering of each subfamily alignment into that of the family alignment, using the program
MARS-Prot (https://github.com/djparente/MARS) [24]. The alignments for each subfamily
are stored as rows in the table “seq2_subfam_alignments” (Figure 1 in [22]). The first
column contains the subfamily name; the second column contains all subfamily homolog
sequences.
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For 34 subfamilies, the sequence alignment construction was described in [23,25]; where
possible, these sequence alignments were benchmarked against structure-based sequence
alignments. The AlloRep database also includes additional sequences for (a) the AscG,
CytR, FruR, and Lacl subfamilies and (b) 11 new Lacl/GalR subfamilies that were nucleated
from 11 unpublished structures deposited in the Protein Data Bank by the Protein Structure
Initiative (PDB: 3bil, 3cs3, 3d8u, 3e3m, 3gv0, 3h5t, 3hs3, 3jvd, 3jy6, 3k4h and 3Kjx)
[17,18]. Finally, the Lacl/GalR sequences that do not yet fall into subfamilies are stored in
the “seq3_unaligned_orphan_seqgs” table. This table also contains information regarding the
presence or absence of the “YPAL” motif that appears to play an important role in inter-
domain allosteric communication.

Mutagenesis data

A collection of mutagenesis data for Lacl/GalR homologs was constructed from a
comprehensive literature search. Data for >5750 single mutants with functional and/or
structural information are stored in the table “mut1_single”. For these variants, all
mutational outcomes can be attributed to a single mutation, either by comparing the
properties of a single mutation to those of the wild-type protein, or, for example, by
comparing a double mutant to a variant that contains the relevant single mutation.
Information about the single amino acid change and the comparative protein are listed in
separate columns of this table. In addition to the position number in the parent homolog, all
mutation entries have been translated to the analogous E.coli Lacl position number. This
allows the user to compare the mutational outcomes of a selected position across many
subfamilies, by using the Lacl numbering in the translation table
“translate_numbering_table” (Query 1 in [22]).

The data for the single mutant table include ~4100 mutations from the Miller lab in vivo
studies of Lacl [13-16]. Another ~1100 variants are from in vivo and biochemical studies of
Lacl/GalR chimeras [21,26-29]. The remaining variants are from biochemical studies of
Lacl, PurR, GalR, CytR, FruR and CcpA. Citations specific to each variant are included as
PubMed ID numbers (PMID) in the table “mutl_single”; the full citation is listed in the
table “x_data_sources_cited”. When available, information about each mutation’s effect on
secondary structure, oligomerization state, stability to urea denaturation, trypsin digestion,
DNA binding, allosteric ligand binding, sensitivity to pH changes, and allosteric phenotype
was included. A more complete description of table and column content are presented in
[22].

AlloRep includes a separate table (“mut2_combinatorial”) containing variants with multiple
mutations that have not yet been parsed into their component contributions. For example, a
protein with three mutations was placed in the “mut2_combinatorial” table if its function
could only be compared to that of its wild-type parent protein. In contrast, as noted above,
other proteins with triple mutations were placed in the “mutl_single” table if their functions
could be compared to those of a relevant double mutant variant. The combinatorial table also
contains information regarding the original and the Lacl translated numbering, as well as the
PMID for all original studies.
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Structural data and comparisons via residue contact networks

The three-dimensional structure of a protein or protein-protein complex can be represented
as a residue-residue contact network [30-34]. In this network, amino acid positions are
represented as nodes and their non-covalent interactions with other positions comprise the
network edges (Fig 1); the latter are delimited by distance thresholds (here, 5 A between the
two closest atoms in the PDB structure). This representation retains information about
individual atoms, reduces the visual complexity, links protein structural interpretation with
graph theory [35], and allows a parallel analysis of multiple structures [34,36]. We
previously used this approach for comparing protein-protein interfaces [32,33,36,37].

Here we expand this comparative approach to the more complex networks required to
represent all intra- and inter-molecular noncovalent interactions. This approach was
successfully used in GPCRs to identify positions key to their conserved allosteric
mechanism for Ga activation [38]. A second example comes from the PyrR family, for
which this approach was used to analyze amino acid positons far from the dimer interface
that altered oligomerization when mutated; results showed that these variants effectively “re-
wired” the contact networks, similar to rearrangements observed for various allosteric states
of these proteins [39].

AlloRep includes the contact maps calculated from all structures that are available for full-
length and/or the regulatory domains of the Lacl/GalR homologs (see Figure 2 in [22] for an
illustration of the calculation). Individual structures are listed by their PDB identifier and
PMID in the table “structl_pdb_overview”; definitions and abbreviations for the various
ligands are described in the table “struct2_ligand_description”; and full citations are listed in
the table “x_data_sources_cited”. These Lacl/GalR structures were used to construct three
groups of noncovalent contacts: Those between the monomers of Lacl/GalR homodimers
(stored in the “struct3_contacts_monomers” table); those between the Lacl/GalR proteins
and macromolecular ligands — operator DNA and, for the CcpA homolog the heteroproteins
hpr and crh (“struct5_contacts_macromol” table); and those between protein and small
allosteric ligands that act as inducers, co-repressors, anti-inducers, and neutral effectors
(“struct6_contacts_ligand” table).

As with the mutation tables described above, the database is constructed so that interactions
can be easily compared among homologs and/or different conformations. A global view of
the contacts conservation across subfamilies is provided in the table
“struct4_contacts_heatmap”, which is grouped by contact type (intra- or inter-monomeric),
subfamily, and ligand (see Figure 2 in [22]). In this table, the contact maps for equivalent
structures (those for the same protein and liganded state) were (i) combined to create one
column and (ii) used to determine the contact frequency of a particular amino acid for that
state. For example, apo Lacl has two structures (1lbi and 3edc), each of which contains four
monomers. In two of the 8 chains (25%), Lacl residues E100 and C107 are within 5A of
each other; thus the occupancy score for this contact is 25%. This normalization accounts for
natural fluctuations within a particular liganded state, and for other effects (e.g. packing
effects) that might not have any functional/biological role. In the cases where a group is
represented by a single monomeric chain (e.g. the structures of orphan Lacl/GalR
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homologs), occupancy is calculated as 100% by default. With the determination of new
crystal structures, the averages are expected to change.

An example structural comparison is shown in Fig 2A-C for Lacl and PurR. This pair of
proteins is interesting to compare because high affinity DNA binding occurs via opposite
“open” and “closed” conformations of the regulatory domains [36]. Most pairs of interacting
residues are common to all conformations of both proteins (Fig 2A). In addition, one group
of contacts is conserved at the inter-monomeric interface for the “open” structures of the two
proteins (Lacl with DNA and apo-PurR; Fig 2B), and a second group in the ligand binding
region are conserved between the “closed” structures (Lacl without DNA and PurR with
DNA,; Fig 2C). Previously, we identified (i) a different subset of interface contacts in
common to the DNA-free forms of both Lacl (closed) and PurR (open) and (ii) one subset of
interface contacts unique to the closed structures of Lacl and PurR [36]. Thus, it appears that
features of a common geometric arrangement were differentially co-opted to evolve varied
allosteric responses.

An experimental case study

In addition to benchmarking computational tools, another use of AlloRep is to facilitate
hypotheses about functionally important amino acid positions in the Lacl/GalR homologs.
Lacl is widely used in biotechnology, and synthetic Lacl/GalR homologs are being
developed to carry out novel, complex, biosynthetic circuitry [40].

To that end, AlloRep simplifies the amalgamation of non-covalent structural information
with mutagenesis and sequence conservation data. For example, comparative structural
analyses highlighted the importance of the position analogous to Lacl R118, which is
located on the regulatory domain. In the structural contact network, this position is a hub
position involved in multiple inter- and intra-monomeric interactions with: DNA, the inter-
domain linker sequence, and the regulatory-domain (Fig 3A). Highly connected nodes
within residue-residue contact networks are frequently found to be functionally relevant
[41,42]. A search of the table “mutl_single” showed that, in E. coli Lacl, 12 mutations of
position 118 had impaired or abolished DNA binding [13,15]. Sequence alignments showed
that position 118 is conserved as arginine in both the Lacl and PurR subfamilies [25].
However, in other subfamilies, position 118 is conserved as different residues. For example,
in the cellobiose repressor of Thermomonospora fusca (CelR; [43]), position 118 is occupied
by a histidine. Together, these data suggest that position 118 can be mutated to evolve new
variations on the common Lacl/GalR function.

Since position 118 is between the DNA and inducer binding sites, its central position in the
network suggested that mutations would alter allosteric regulation. To verify this hypothesis,
we used a chimeric protein comprising the DNA binding domain and linker of Lacl and the
ligand binding domain of CelR; this chimera also contained three mutations required for
measureable repression (“LLhE-3mut”; see Methods for more details). This synthetic
repressor is useful for testing our hypothesis because the starting chimera has both modest
repression and allosteric response [21]: This should allow us to detect either positive or
negative functional changes that arise from mutating position 118. Our specific hypothesis
was that mutating H118 to arginine on the CelR regulatory domain would alter allosteric
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communication with the Lacl DNA-binding domain. Indeed, results showed that the
LLhE-3mut/H118R mutation required >10-fold more inducer for allosteric response (Fig
3B). This indicates the role of position 118 in evolving varied allosteric communication and
illustrates the utility of the aggregate data contained in the AlloRep database.

Conclusion

Methods

The AlloRep database (www.AlloRep.org) organizes available sequence, structural, and
experimental data for the Lacl/GalR protein family. This dataset will be useful for the
development and validation of computational analyses of protein families. We are
committed to the continued integration of mutagenesis, structural and sequence information
as they become available for Lacl/GalR homologs. We invite the scientific community to
send their mutagenesis data to AlloRep, so that this experimental resource remains up-to-
date.

Sequence retrieval and alignments

The sequence identity boundaries of the new Lacl/GalR subfamilies were defined as
described in [25]. For the subfamilies represented by the new PSI pdb structures, a structure-
based reference alignment was constructed with PROMALS3D [44] and integrated into the
whole family alignment with the program MARS-Prot (https://github.com/djparente/ MARS)
[24]. For all new homologs, subfamily alignments were constructed using MUSCLE [45]
and representative sequences were integrated into the whole family alignment with MARS-
Prot.

Contact maps

Crystallographic structures belonging to the Lacl/GalR family were downloaded from the
PDB database [46] and manually classified according to their different allosteric states and
bound ligands. When only one monomer was present in the crystallographic data,
coordinates for the homodimer were generated using the symmetry operation in Pymol if
possible [47]. If multiple dimers were present in the unit cell, they were treated as separate
structures. In total, 65 structures were retrieved and used for analyses. Intra- and
intermolecular pairs of interacting residues were determined with the Ncont program
available in the CCP4 program suite version 6.2 [48] using the distance of 5A between any
two non-hydrogen atoms as threshold. Angles and other geometries were not considered.
Intramolecular contacts were restricted to residue pairs at least 5 amino acids apart in the
polypeptide sequence: closer contacts are expected to occur in all polypeptide chains and
thus are not very informative. To directly compare the different structures, a structural
alignment was performed and each contact pair was translated according to the E. coli Lacl
sequence numbering. All contact maps relate to Lacl numbering and the original structure
numbering can be traced back by using the “translate_numbers_to_laci” and
“translate_numbering_table” tables. Example queries are shown in the accompanying “Data
in Brief” publication [22].
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Experiments with the Lacl:CelR chimera

Construction of the Lacl:CelR chimera was reported in [21]. Here, we used the
“LLhE-3mut” variant, which contains three mutations in the linker sequence (148V, Q55A,
and Q60R) that are necessary to convey detectable repression of the lac operon. LLhE-3mut
also has a modest allosteric response upon binding cellobiose [21]. For this work, the
H118R variant was created by overlapping primer mutagenesis [49]. Primers used were 5’-
CGGACAGCGCGTCGACGGGGTCCTCCTGC and 5'-
CGTCGACGCGCTGTCCGGCCAGGTAGCCG. Repression and induction of the
LLhE-3mut variants were assayed as described in Shis et al. [40].
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e AlloRep compiles sequence, mutagenesis, and structural data for Lacl/GalR

» Alignments for >3000 sequences are grouped by subfamily and sampled in the

» AlloRep includes detailed phenotypic and biochemical data on almost 6000

«  Structural data for 65 proteins are available as residue-contact networks.

« A predicted allosteric position was validated by altering a synthetic repressor.

Highlights

proteins.

whole family alignment.

variants.

J Mol Biol. Author manuscript; available in PMC 2017 February 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sousa et al. Page 12

Amino acid within 5 A
connected in a graph

*\.
65 structures non-covalent Residue

from 17 different contact network
subfamilies

)

AlloRep

Overall and family

specific
alignments

comprising 45
distinct families

Over 5700
mutants from
24 different subfamilies
and chimeras

Figure 1.
Overview of the AlloRep database. Each structure at the top shows the two monomers of a

representative Lacl/GalR homodimer (pdb: 1efa; [50]) in blue and yellow, respectively.
DNA is shown as a ribbon at the top of each structure. The allosteric binding sites on the
regulatory domains are indicated by the presence of a black ligand. Contacts are defined
when any non-hydrogen atoms of two residues come within 5 A of each other.
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Contact network interactions common to all Lacl Contact network interactions common to c Contact network interactions common to DNA
and PurR conformations apo-PurR and DNA bound Lacl bound PurR and Lacl without DNA

DNA binding
domain

Regulatory
domain

- Intramonomeric Intermonomeric
— contacts contacts

Figure 2.
Examples of residue contact-networks. Structures are represented as in Fig 1. For each

panel, the network models are super-imposed over the space-filling model of the structure.
For these contact networks, nodes are represented as the Ca atoms and the atomic contacts
between two residues are represented as edges. Residues are considered to be in contact if
any of their non-hydrogen atoms are within 5 A of each other. (A) Network representation
of the common noncovalent contacts that are present in all available PurR and Lacl
structures. (B) Network representation of the noncovalent contacts common to apo-PurR
structures (no DNA bound) and Lacl structures with DNA-bound. (C) Network
representation of the noncovalent contacts common to Lacl structures without DNA and
DNA-bound-PurR conformations. Figures were prepared using Pymol [47].
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Figure 3.
Experimental validation of an allosteric prediction. A) Network representation of residue

contacts for position 118. These networks were derived using all available, full-length
structures of Lacl/GalR homologs. A region of the Lacl homodimer is shown, with
monomers colored as in Fig 1; DNA is shown as a ribbon at the top of the structure. Position
118 (one per monomer) is located at the centers of the two networks that are super-imposed
on the structure. Other contacting residues are shown as connecting nodes. B) Construction
of the LLhE-3mut synthetic repressor [21]. Monomers of this chimera comprise (i) the DNA
binding domain and linker of E.coli Lacl, and (ii) the regulatory domain from T. fusca CelR.
For measurable repression, an additional three mutations were required in the linker: 148V,
Q55A, and Q60R (represented as “x™). In this study, the H118R mutation was added to
LLhE-3mut to alter allosteric regulation (represented as a red dot). C) Repression of
LLhE-3mut and LLhE-3mut/H118R variants as a function of inducer concentration. The
repressor variants were used to control expression of green fluorescent protein (GFP). At
low cellobiose concentrations, both variants repressed the gfp coding region, and GFP
expression could not be detected. Increasing cellobiose concentrations induced the
LLhE-3mut variants, allowing expression of GFP in a dose-dependent manner. Note that the
H118R mutation required >10-fold more cellobiose, which indicates that position 118
participates in allosteric regulation. Data represent the averages of 3 or 4 independent
measurements; error bars (which are usually smaller than the data symbols) show the
standard deviation. Lines are to aid visual inspection of the data.
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