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Abstract: The ethanolamine utilization (Eut) microcompartment is a protein-based metabolic organ-
elle that is strongly associated with pathogenesis in bacteria that inhabit the human gut. The exte-
rior shell of this elaborate protein complex is composed from a few thousand copies of BMC-
domain shell proteins, which form a semi-permeable diffusion barrier that provides the interior
enzymes with substrates and cofactors while simultaneously retaining metabolic intermediates.
The ability of this protein shell to regulate passage of substrate and cofactor molecules is critical
for microcompartment function, but the details of how this diffusion barrier can allow the passage
of large cofactors while still retaining small intermediates remain unclear. Previous work has
revealed two conformations of the EutL shell protein, providing substantial evidence for a gated
pore that might allow the passage of large cofactors. Here we report structural and biophysical
evidence to show that ethanolamine, the substrate of the Eut microcompartment, acts as a nega-
tive allosteric regulator of EutL pore opening. Specifically, a series of X-ray crystal structures of
EutL from Clostridium perfringens, along with equilibrium binding studies, reveal that ethanolamine
binds to EutL at a site that exists in the closed-pore conformation and which is incompatible with
opening of the large pore for cofactor transport. The allosteric mechanism we propose is consist-
ent with the cofactor requirements of the Eut microcompartment, leading to a new model for EutL
function. Furthermore, our results suggest the possibility of redox modulation of the allosteric
mechanism, opening potentially new lines of investigation.

Keywords: bacterial microcompartment; allostery; conformational change; ethanolamine metabo-
lism; X-ray crystallography; ligand-binding

Introduction roughly an order of magnitude more numerous than
The intestinal microbiota constitutes an intricate human cells within a single human body,'™ and
ecological community. Microorganisms, primarily  they perform a number of functions that benefit
bacteria, that colonize the human digestive tract are  their host. Various species of bacteria aid in
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carbohydrate digestion and produce vitamins that
can be absorbed by the host.2™ In addition, the ecol-
ogy of the intestinal microbiota has been directly
linked to human health, affecting many important
aspects of physiology including immunological activ-
ity,>% tumor growth,? obesity,””® and even cognitive
function.® Consequently, imbalance within this eco-
logical community can lead to a variety of human
diseases. Typically, the intestinal microbiome main-
tains a healthy distribution of species as a result of
competitive exclusion; no single species can become
too prolific due to constant competition for resources
within the environment.?®

To gain a competitive advantage over other
microbes in the gut, certain bacterial species have
evolved the ability to utilize ethanolamine as a met-
abolic resource.!®1* Genomic analysis revealed that
over 100 sequenced bacterial genomes contain the
“eut operon,” which contains genes required for utili-
zation of this small molecule.!* Ethanolamine is pro-
duced mainly through degradation of
phosphatidylethanolamine, a phospholipid that is
abundant in cell membranes. Due to constant turn-
over of the intestinal epithelium, as well as dietary
intake, ethanolamine is plentiful in the human
intestine.!®!%1¢ The ethanolamine molecule enters
bacterial cells through a transmembrane ethanola-
mine transporter,’® and is degraded by a well-
characterized catabolic pathway.!%'%17 Initially, eth-
anolamine is deaminated by a vitamin-B;s-depend-
ent ethanolamine-ammonia lyase (EutBC), providing
ammonia as a nitrogen source and acetylaldehyde as
a carbon source. Subsequently, acetaldehyde is
ligated to coenzymeA, forming acetyl-CoA, which
can enter a variety of other metabolic pathways. For
example, acetyl-CoA can be oxidized in the TCA
cycle to produce NADH, or it can be used as a sub-
strate for anabolic processes such as fatty-acid
biosynthesis.

The presence of the eut operon in the genome
and metabolic utilization of ethanolamine have both
been linked to bacterial enteropathogenesis.!%1:1819
Ethanolamine utilization allows pathogenic species
to proliferate in the host digestive tract by giving
them a nutritional advantage over other species,
and also through potential modulation of the host
innate immune response.!® A probabilistic analysis
of phylogenetic patterns by Li et al. identified a
strong correlation between the occurrence of eut
genes and the “food poisoning” phenotype.'® Experi-
mentally, it has been demonstrated that global viru-
lence regulators induce expression of eut genes in
several species,2®?! and it has also been shown that
eut genes are down-regulated during commensal col-
onization of the host by Enterococcus faecalis.?? Fur-
thermore, Winter and Thiennimitr et al. concluded
that inflammation of the host intestine due to infec-
tion is critical for anaerobic ethanolamine catabo-
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lism, because it provides the necessary respiratory
electron acceptor, tetrathionate 2>~

In most enteropathogenic facultative anaerobes
that metabolize ethanolamine, the eut operon con-
tains genes encoding BMC-domain proteins!®!1:17:18
(We use the abbreviation BMC, for bacterial micro-
compartment, to refer to the small, roughly 100-
amino acid protein domain that is present in most
microcompartment shell proteins). The presence of
these genes is diagnostic of encapsulation of the Eut
metabolic enzymes within a bacterial microcompart-
ment or MCP. Many organisms are known to make
MCPs of the Eut type, which function to retain acet-
aldehyde, a volatile and toxic metabolic intermedi-
ate?®?” (Fig. 1). Organisms known to form Eut
MCPs include Clostridium, Salmonella, E. coli, and
Klebsiella, which can have a variety of negative
effects on human health,? ranging from food poison-
ing to increased risk of colon cancer, and it has been
hypothesized that encapsulation of ethanolamine
metabolism within a MCP is critical for pathogenesis
in some species.!%:1® Encapsulation of ethanola-
mine metabolism within an MCP allows the bacteria
to turn over large amounts of this metabolic
resource without elevating the intracellular acetal-
dehyde concentration, giving them a nutritional
advantage over other microbes.*°

The barrier surrounding the Eut MCP consists
of a few thousand BMC-domain proteins. These
BMC-domain proteins form two-dimensional, hexag-
onal layers, which fold and close to form a faceted,
polyhedral shell (Fig. 1). From a functional perspec-
tive, this unique protein assembly is faced with a
challenging problem. The reason for encapsulating
ethanolamine catabolism is to retain a very small,
volatile intermediate, acetaldehyde.?57 At the same
time, the biochemical system within the Eut MCP is
believed to exchange at least one large cofactor with
the cytoplasm. The nicotinamide cofactors, as well
as coenzymeA, can be recycled within the MCP,2%2°
but the ethanolamine-ammonia lyase enzyme
requires an adenosylcobalamin cofactor for cataly-
sis'®13 (Fig. 1). In the enzyme active site, the adeno-
sylcobalamin coenzyme (vitamin Bis) is subject to
mechanism-based inactivation in the absence of sub-
strate,?° and therefore needs to be replaced or regen-
erated. The Eut operon contains ATP-dependent
enzymatic machinery for regenerating adenosylcoba-
lamin,?"32 but it is unclear whether this set of
enzymes is located inside or outside of the MCP
structure. If the cofactor regeneration system is out-
side the MCP shell, the shell must support the
transport of cobalamin compounds to replenish the
enzyme with fresh cofactor. If the cofactor regenera-
tion system is inside the MCP, then ATP must be
able to enter. Cobalamin and ATP are both much
bigger than acetaldehyde, so we expect the MCP
shell to have a mechanism for promoting the
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Figure 1. The Eut MCP is a bacterial organelle that functions to retain acetaldehyde (red box), a volatile and toxic metabolic
intermediate. It consists of BMC-domain proteins, hexagonally tiled to form a polyhedral shell around a series of sequentially-
acting enzymes that convert ethanolamine to ethanol and acetyl phosphate. Primarily small molecules, substrates and products,
must traverse the shell, while the NAD(H) and acetyl CoA cofactors are recycled within the MCP. In contrast, the cobalamin
cofactor (orange) required by the EutBC enzyme must be regenerated under certain conditions, requiring exchange of a large

molecule between the MCP lumen and the cytosol.

passage of larger molecules without allowing the
leakage of the small metabolic intermediate.
Previous X-ray crystallographic studies of the
EutL shell protein from Escherichia coli have sug-
gested an important transport role for this tandem
BMC-domain pseudohexamer.?>2% A pair of X-ray
crystal structures of E. coli EutL. determined by
Tanaka, et al. revealed two conformations of the pro-
tein®® (Fig. 2). In the “closed” conformation, the cen-
tral region of the trimer is occluded by ordered loop
segments. In the “open” conformation a wide,
triangular-shaped pore is present at the center of
the trimer. This pore—approximately 10A across—is
much wider than the pores in typical BMC homo-
hexamers, and appears large enough for cofactor
transport.>®> The idea that EutL might provide a
gated pore for transport of large molecules explains,
in part, how the MCP shell might be able to provide
interior enzymes with cofactors, while still retaining
small intermediates like acetaldehyde. While previ-
ous crystallographic work has established that EutL
can occupy two conformations, the regulation of the
transition between the two states remains unclear.
Unraveling the mechanisms by which conforma-
tional changes are regulated in gated shell protein
pores will be a key contribution to our understand-
ing of how bacterial organelles maintain selective
permeability. The present study is directed toward
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elucidating this regulation in the EutL shell protein,
which serves as a model system for understanding
these gated pores. Toward this goal, we present our
study of an uncharacterized EutL homolog from
Clostridium perfringens. Our results highlight the
atomic interactions that govern the transition
between the open and closed states. Based on our
structural and biophysical data, we propose that eth-
anolamine, the substrate of the Eut MCP (which
must transit the shell), acts as an allosteric regula-
tor to promote EutL pore closing.

Results

Structure determination of untreated

C. perfringens EutL

We determined the X-ray crystal structures of EutL
from Clostridium perfringens (referred to hereafter as
CpEutL) to elucidate structural features of the pro-
tein that contribute to its function. Using the hanging
drop vapor-diffusion method, we grew crystals belong-
ing to tetragonal space group P432:2. These crystals
diffracted to a resolution of 2.0 A. Further details of
the data collection and atomic refinement for this
structure are provided in the Methods section and in
Table I. A single trimer is present in the asymmetric
unit of this crystal form. Continuous electron density
could be traced for residues 1-216 out of the 217
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native amino acids from each of the three polypeptide
chains within the asymmetric unit, and additional
residues, including portions of the C-terminal Hisg
affinity tag, could be modeled in two of the chains.
The coordinates and diffraction data for this structure
have been deposited in the protein data bank (PDB)
under PDB ID 4EDI.

Structural overview of CpEutL

The structure of CpEutL recapitulates the typical
topology and oligomerization reported previously for
tandem BMC-domain proteins®*~° (Fig. 3). Within a
single monomer, each of the two genetically fused
BMC-domains adopts a permuted «/g BMC-domain
fold. Domain 1 contains B-strands 1-4 (forming an
antiparallel B-sheet) and a-helices A-C. Domain 2 con-
tains B-strands 5-8 (also an antiparallel B-sheet) and
a-helices D-F. The trimer observed in the asymmetric
unit of the crystal corresponds to the expected func-
tional assembly of EutL. Three polypeptide chains oli-
gomerize in the C3-symmetric manner typical of the
tandem BMC-domain proteins, giving the trimers
their characteristic hexagonal shape required for
incorporation into the two-dimensional lattice of the
MCP shell. The structures of CpEutL superimpose
upon the closed conformation of their E. coli homolog
(PDB ID: 3182, 57% sequence identity) with an RMSD
of less than 1.0 A on Ca atoms.

Loop structures in the closed conformation

The crystal structures of CpEutL reveal the pseudo-
hexameric trimer in a closed-pore conformation that
is very similar to the closed conformation seen for E.
coli EutL.?>*>5 The closed conformation of CpEutL,
like the homologous E. coli protein, is characterized
by a tight packing of three symmetry-related loops,
one from each polypeptide chain in the trimer, about
the three-fold molecular symmetry axis (Fig. 3). These
loops consist of residues 68-82, which connect B-
strands 3 and 4 in domain 1. In addition, the analo-
gous loop region in domain 2, consisting of residues
176-185, which connects B-strands 7 and 8 in domain
2, also protrudes toward the center of the trimer. This
B7-B8 loop makes contacts, both direct and water-
mediated, with the B3—4 loop within a single mono-
mer, and between neighboring monomers in the
trimer (Fig. 3). The packing of these loops at the cen-
ter of the trimer is stabilized by the edge-to-face inter-
action of three aromatic rings, and by a hydrogen
bonding network formed by polar residues. These
interactions between the B7—-38 loops and the B3—34
loops are likely important for stabilizing the closed
conformation. Each monomer contributes several key
residues to this symmetric interaction (Fig. 3), includ-
ing Tyr69, Asn74, and Asn183, which are all well-
conserved in EutL orthologs. While the conformations
of both the B3—34 and B7—B8 loops in CpEutL are con-
sistent with the closed structure of EutL from E. coli
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EutL — Closed EutL — Open
3 small holes Large central pore
(10-12A)

Figure 2. The closed and open structures of EutL, as estab-
lished from previous studies.®**® The comparison shown is
of EutL from E. coli, which is the only homolog whose struc-
ture has been determined in both open and closed forms.
EutL is shown in a hexagonal tiling with EutM hexamers (light
blue). The expanded views show key features of the two con-
formations, including three narrow holes (channels) in the
closed conformation, and a large central pore in the open
conformation. The individual chains of the EutL pseudohexa-
meric trimer are each colored differently (purple, yellow, dark
blue).

(PDB IDs 3182 and 3GFH), both of those loop regions
are in different and/or disordered conformations in
the open structures of the E. coli homolog (PDB IDs
3187 and 3MPV).

Loose atomic packing in the monomers

In line with previous reports,>3® we observe narrow
holes or channels in areas of low packing density,
one within each of the monomers, in the closed-pore
conformation of the trimer (Fig. 4). These narrow
holes (not to be confused with the large pore that is
created in the center of the trimer in its open confor-
mation), which are present also in previous struc-
tures of EutL. homologs in the closed conformation
(PDB IDs 3100, 3182, 3GFH, 4FAY), are located at
the N-terminal end of helix A between domains 1
and 2 within an individual monomer. The holes
extend from one face of the trimer to the other, mak-
ing three narrow, hourglass-shaped channels
through the assembly [Fig. 4(a)]. The openings are
lined with conserved acidic and polar residues on
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Table I. Data collection and Refinement Statistics

Parameter Tetragonal Reduced Ethanolamine Room temperature
Wavelength 0.9795A 0.9792A 0.9795A 0.9792A
Resolution range 61.34-2.00A 19.8-1.8A (1.85-1.8) 83.04-1.07A (1.74- 72.87-1.90A (1.95—
(2.07-2.00A) 1.70A) 1.904)
Unit cell a=b=86.7A, a=b=88.04, c = 2524 a=h=_87.964, a=b=88.89A,
c=252A c=25191A c=254.53A
a=pB=vy=90° a=pR=vy=90° a=pR=vy=90° a=pR=vy=90°
Space group P43212 P43212 P43212 P43212
Unique reflections 65257 91132 109437 79392
Multiplicity 4.0 (4.0) 4.7 (4.4) 12.5 (8.4) 4.5 (4.6)
Completeness 98.6% (99.4%) 98.7% (95.0%) 100% (100%) 97.6% (97.2%)
<I/oI> 20.1 (6.4) 18.4 (3.9) 17.1 (1.8) 10.10 (1.3)
Wilson B-factor 25.7A% 19.8A2 25.3A2 29.9A2
CCy0° 0.998 (0.951) 0.999 (0.877) 0.999 (0.693) 0.998 (0.526)
ces 0.999 (0.987) 1.000 (0.967) 1.000 (0.905) 0.999 (0.830)
CCyork™ 0.957 (0.939) 0.969 (0.918) 0.970 (0.863) 0.981 (0.799)
CCfree® 0.949 (0.914) 0.960 (0.927) 0.966 (0.833) 0.956 (0.794)
Ryori® 0.170 0.160 0.147 0.138
Rires 0.193 0.177 0.162 0.159
No. atoms 5148 5638 5658 5401
Protein residues 659 663 663 661
Solvent molecules 245o 619° 524° 221e
Average B-factor 29.4A% 24.3A% 30.9A2 35.8A2
RMSDyonds 0.007A 0.006A 0.010A 0.009A
RMSD,ngles 1.1° 1.0° 1.246° 1.137°
Rama. Plot:
Favored 98% 98% 98.8% 99.6%
Allowed 2% 2% 1.1% 0.4%
Outliers 0% 0% 0% 0%
MolProbity Clashscore® 3.6 3.8 0.49 0.39
PDB ID 4EDI 4FDZ 4TME 4TM6

Values in parenthesis reflect the highest resolution shell. R-factors and correlation coefficients are calculated with riding

hydrogens present in the model.
a Calculated according to Karplus and Diederichs.™

P R o and Rgee are given by the following equation, computed for the working and test sets of reflections respectively:

nit[[Fol —|Fe |l

R ] .
nit [Fol

¢ Described by Chen, et al.™

one side (D44, D45, T182), and hydrophobic residues
on the other (F112, F184). The loose atomic packing
in this region appears to provide space to accommo-
date conformational rearrangements to the open-—
pore conformation of the trimer [Fig. 4(b)].

We measured the minimum radius of the nar-
row channel using the HOLE2 algorithm,*! and
found that the narrowest constriction along a tra-
versal from one side of the trimer to the other has a
radius of only 1.3 A [Fig. 4(c)]. This measurement is
in close agreement with the analysis of E. coli EutL
performed by Sagermann, et al., who calculated a
radius of 1.1 A for the narrowest point.®® The nar-
row constriction points of the small channels consist
of residues D44, D45, V151, T182, and F184 [Fig.
4(d)]. Whether these small holes could support
molecular transport (perhaps upon further rear-
rangement) is an open question. In our view, the
narrowness of the openings and the presence of
larger and apparently constitutively open pores in
other Eut shell proteins that are present in the
MCP (e.g., the EutM shell protein), belie an alter-
nate explanation.
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Crystallographic evidence for disulfide bonding
in CpEutL

Analysis of electron density maps calculated from
CpEutL diffraction data revealed, unexpectedly, a
disulfide bond in a tandem BMC-domain protein.
The refined structure of CpEutL reveals an interest-
ing triad of cysteine residues—Cys127, Cys196, and
Cys200—poised within disulfide-bonding proximity.
This triad, conserved among most Eutl. orthologs,
consists of a helical CXXXC motif and a third Cys
residue contributed by a neighboring B-strand,
which creates a roughly equilateral triangle with
the B-carbons of the three cysteine side chains at
the vertices. In our structure of CpEutL, Cys127 of
chain A appears in two alternate rotameric configu-
rations, with one of those rotamers forming a disul-
fide bond with Cys200. Electron density
corresponding to such a disulfide bond appears (at a
contour level of 1.60) in a 2mFo— DFc¢ map [Fig.
5(a)]. Initial refinement was performed using a
model that did not contain a disulfide bond between
those two residues. We modeled the disulfide-bonded
rotamer of Cysl27 only after positive density
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Figure 3. Crystal structure of EutL from Clostridium perfrin-
gens (CpEutL)(this work), colored as in Figure 2 but with the
B3-B4 loops colored green, and the B7-B8 loops colored
cyan. Three symmetry-related copies of each of these two
loops pack tightly at the center of the trimer, resulting in a
conformation that is essentially closed to transport. Three
conserved amino acids that appear to be important for stabi-
lizing this closed conformation (Y69, N74, N183) are shown
as sticks.

appeared in a difference (mFo— DFc¢) map. Subse-
quent refinement was carried out with Cysl27 in
two partially-occupied rotamers; the occupancies in
the final refined model were 0.46 and 0.54 for the
bonded and non-bonded conformations respectively.
To minimize phase bias, we also calculated an omit
map in which the two cysteine residues of the disul-
fide bond were excluded from the structure factor
calculation and phasing model. This map also
showed positive density (4.95) for both rotamers of
Cys 127 as well as for the Cys 127-Cys200 disulfide
bond [Fig. 5(b)].

Because disulfide bonds are sometimes broken
by intense synchrotron X-ray radiation,*>™*® we also
studied the possible effect of radiation damage on
the electron density features corresponding to the
disulfide bond. First, a 2mF, — DF, electron density
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map was recalculated from diffraction data collected
during the first 20° of the X-ray experiment, which
gave a data set that was approximately 82% com-
plete. The density for the disulfide bond was stron-
ger in this map than in the original map calculated
from the full data set (2.26 versus 1.60), suggesting
that the disulfide bond was partially broken during
the course of data collection. To further demonstrate
the radiation-sensitivity of the disulfide bond, we
calculated a F,—F, isomorphous difference map
comparing data from the first 20° of the X-ray
experiment with data from the last 20° of the experi-
ment (Feany — Flate). This map revealed a strong
peak of positive density (6.7¢0) surrounding the sul-
fur atom of the bonded rotamer of Cys127 [Fig. 5(c)].
These electron density calculations indicate that the
disulfide bond was well populated in the crystallized
protein, with partial loss occurring as a result of
radiation damage.

X-ray crystal structure of the reduced state of
EutL

The same crystallization conditions that yielded tet-
ragonal crystals of the untreated protein also gave
crystals of a protein sample that had been chemi-
cally reduced by treatment with 5 mM tris-(2-car-
boxyethyl)phosphine (TCEP). Crystals of the TCEP-
treated protein diffracted to a resolution of 1.8 A.
Further details of the data collection and atomic
refinement for the reduced structure are also avail-
able in the Methods section and in Table I. Final
atomic models derived from the untreated and
reduced samples were strikingly similar to one
another. These structures superimpose with an
RMSD of only 0.2 A on Ca atoms, and 2.6 A on all
non-hydrogen atoms. The disulfide bond observed in
the untreated structure is completely absent in the
electron density map derived from the reduced crys-
tals [Fig. 5(d)]. The coordinates of the reduced struc-
ture were deposited in the PDB under PDB ID
4FDZ.

To further illustrate the potential for CpEutL to
form disulfide bonds under oxidizing conditions, we
calculated Funtreated — Freducea difference maps from
the corresponding isomorphous datasets, using
model phases. Those difference maps showed deci-
sively strong positive density features (5.4¢) situated
between the sulfur atoms of Cys127 and Cys200,
indicating that this disulfide bond is present in the
untreated protein, but not in the reduced sample
[Fig. 5(e)].

Calorimetric investigation of ligand

binding to CpEutL

As a step toward defining the molecular interactions
that govern the function of the EutL shell protein,
we used isothermal titration calorimetry (ITC) to
determine if CpEutL binds to any of the small
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Figure 4. Visualization of narrow holes in the closed conformation of CpEutL. (A) Each CpEutL trimer presents three small
holes, one in each monomer, which are also present in the closed structure of E. coli EutL. The gray surface serves to highlight
these holes or channels, while the cyan spheres denote the Ca atoms of the residues that form the narrowest constriction
points (D44, D45, V151, T182, and F184). (B) The open and closed structures of E. coli EutL demonstrate that opening of the
central pore involves retraction of the central loops (magenta), into the small channels (cyan spheres). (C) Analysis of the narrow
channels using the HOLE2 algorithm reveals that their narrowest constriction point has a radius of only 1.3A.

molecules involved in the metabolism of ethanola-
mine. We tested the binding of four small molecules,
including ethanolamine, ethanol, acetate, and
acetyl-phosphate. (Acetaldehyde was not included in
the analysis because it reacts with our buffered pro-
tein solution, producing a large amount of heat that
obscures any potential ligand-binding signal present
in the experiment.) The calorimetric behavior for the
titration of ethanolamine was notably different from
the behavior for the other titrations [Fig. 6(a)]. Spe-
cifically, plots of AH vs. molar ratio of ligand to pro-
tein produce virtually flat lines for all of the ligands
except ethanolamine, which produces a roughly
hyperbolic curve indicative of a specific (i.e., saturat-
able) protein—ligand interaction.

Our calorimetric data from the ethanolamine
titration allowed us to generate a binding model
that describes two ethanolamine binding sites per
monomer with very different affinities for their
ligand [Fig. 6(b)]. We fit the binding data to a
sequential, two-site binding model to extract thermo-
dynamic parameters for the interaction (Table II).
The quality of the thermodynamic binding model
was evaluated using a chi-square analysis, which
revealed an excellent fit of the model to the data.
The model describes a high-affinity site, where bind-
ing is only slightly favored by enthalpy but is accom-
panied by a significant increase in entropy, and a
low-affinity site, where binding is strongly exother-
mic, but comes at an entropic cost.

We also performed ITC experiments using pro-
tein that had been chemically reduced with TCEP.
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We found that chemical reduction dramatically low-
ered the affinity of EutL for ethanolamine, nearly
fourfold at the high-affinity binding site and nearly
eightfold at the low-affinity binding site (Table II).
In addition, the thermodynamic parameters (AH and
AS) extracted from the data differ significantly
between the oxidized and reduced states.

X-ray crystal structure of ethanolamine-bound
CpEutL

After confirming the interaction of ethanolamine with
CpEutL, we determined the X-ray crystal structure of
CpEutLl bound to ethanolamine to elucidate the
atomic details of the interaction. Using the hanging
drop vapor-diffusion method, we grew CpEutL crys-
tals belonging to space group P4s2,2, as described
above. To prepare crystals of the protein—ligand com-
plex, we soaked our untreated crystals in mother lig-
uor supplemented with ethanolamine. These crystals
were subsequently cryoprotected, frozen at 100K, and
used for the collection of X-ray diffraction data to a
resolution of 1.7A. Data collection and refinement
statistics for the ethanolamine-bound structure are
provided in Table I, and the final refined model was
deposited in the PDB under PDB ID 4TME.

In the ethanolamine-bound CpEutL structure,
two ligand molecules occupy each of the three nar-
row holes that perforate the trimeric assembly. The
presence of two ethanolamine molecules per mono-
mer is consistent with the binding model that was fit
to the ITC data. One ethanolamine molecule is
bound on the cytosolic side of the constriction point
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of the channel, while the second ethanolamine lies
within the channel on the luminal side of the con-
striction [Fig. 7(a)]. The first ethanolamine molecule
packs against Phel112 and Phel84, positioned so that
its protonated amine group forms ionic interactions
with acidic residues Asp44 and Glu82 and its

Thompson et al.

hydroxyl group also makes a hydrogen bond to
Glu82 [Fig. 7(b)]. The second ethanolamine molecule
interacts less intimately with the protein, packing
against Phel76, while forming an ion pair with
Asp45, a hydrogen bond with Thr180, and several
water-mediated contacts to other residues [Fig. 7(c)].
It is worth noting that both of these ethanolamine
molecules lie at the interface between the two BMC-
domains that make up a single CpEutL chain, and
make contacts with both domains. The ethanolamine
binding channel is highly conserved [Fig. 7(d)], and
its acidic nature is illustrated by calculation of elec-
trostatic surface potential [Fig. 7(e)]. The negative
charge of the acidic residues within the channel com-
plements the positive charge on the primary amine
group of the protonated ethanolamine molecule.

Placement of the bound ethanolamine molecules
into the model was justified by strong features in
both 2mF, — DF,. and mF, — DF, (omit) electron den-
sity maps [Fig. 7(f,g)]. After modeling the bound eth-
anolamine and performing several cycles of atomic
refinement, we generated an omit map using calcu-
lated structure factors and phases that did not
include contributions from the ligand atoms. The
resulting map showed very strong density corre-
sponding to the omitted ligand molecules (average
peak height of 13.7¢ in mF,— DF_, map), validating
their inclusion in the model [Fig. 7(f,g)].

Crystallographic examination of binding site
dynamics

To explore the possibility that protein dynamics might
allow for expansion of the ligand-binding cavities in

Figure 5. Visualization of a disulfide bond in CpEutL. (A) A
2mFo — DFc electron density map contoured at 1.00 shows
contiguous electron density between the sulfur atoms of
C127 and C200, indicating the presence of a partially occu-
pied disulfide bond. (B) An omit (mFo — DFc, 3.00) electron
density map, in which the atoms of Cys127 and Cys200 were
excluded from the structure factor and phase calculations to
eliminate model bias, shows strong positive density for both
conformations of Cys127 and for the disulfide bond. (C) An
Fearly = Fiate (¢®model» 4.00), electron density map, comparing
data from the first 20° of Xray data collection with the last
20°, indicates that the Cys127-Cys200 disulfide bond is
strongly populated prior to X-ray exposure, and is partially
destroyed during the experiment. (D) Chemical reduction
abolishes the disulfide bond in CpEutL, as evidenced by a
lack of electron density between the cysteine side chains in
the 2mFo — DFc (1.00) electron density map derived from the
reduced crystals. (E) An isomorphous difference map calcu-
lated using Foxidized — Freduced @mplitudes (¢models 3-0a) show
positive peaks between the sulfur atoms of C127 and C200,
further verifying the existence of the disulfide bond. Experi-
mental data (see text) shows that the disulfide bond is linked
to substrate binding and allosteric modulation of the large
central pore in EutL.
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Figure 6. Thermodynamic characterization of ethanolamine binding to EutL. (A) A comparison of integrated ITC data for titra-
tions of several small molecules into a CpEutL solution reveals that ethanolamine is the only titrant whose interaction with
CpEUutL releases heat in a manner consistent with a specific binding event, which appears to be highly selective for ethanola-
mine. (B) Plots of the raw (top panel) and integrated (bottom panel) ITC data measured for a titration of ethanolamine into
CpEutL. The data shown were used to derive thermodynamic parameters for the ethanolamine-CpEutL interaction using a

sequential, two-site binding model.

EutL, enabling ethanolamine molecules to traverse
the MCP shell, we performed several different crystal-
lographic analyses which we thought might reveal
evidence of such structural fluctuations.

Our initial attempt to detect molecular motions
near the ethanolamine binding sites consisted of a
straightforward analysis of individual atomic dis-
placement parameters (B-factors), which provide an
estimation of the harmonic displacement of each
atom in the crystal structure due to vibrational
motion, and/or static disorder. Our CpEutL struc-
tures were refined using a TLS model with isotropic
B-factors, which were individually refined for all
non-hydrogen atoms. We inspected the B-factors of
atoms near the ethanolamine binding sites in both
the unbound and ligand-bound structures, and found

that in both structures these atoms tend to have
lower than average total B-factors (Fig. 8). We took
this as initial evidence that the ethanolamine bind-
ing sites do not undergo significant fluctuations that
would be required for molecular transport of the
substrate molecule.

Motivated by the idea that cryocooling can
remodel loosely packed regions of protein structures?®,
we subsequently determined the structure of CpEutL
using X-ray diffraction data collected under ambient
temperature conditions (approximately 298K). The
coordinates for the room temperature structure were
deposited in the PDB under PDB ID 4TM6. Interest-
ingly, by comparing the X-ray data from the room
temperature and cryogenic studies, we found that
cryocooling shrinks the tetragonal unit cell by 1.1%

Table II. Thermodynamic Parameters for CpEutL Binding to Ethanolamine

Oxidized Reduced
Site 1 Site 2 Site 1 Site 2
Ky (uM) 91.7+1.1 11,500 = 100 321+3 97,000 + 700
AH (cal mol™) —298.2 +0.99 —4530+ 15.4 —247.9+1.3 —25,550 + 174
AS (cal mol 1 K1) 17.5 -6.3 15.2 -81.1
7*/DoF 0.33 0.27

Parameters calculated from isothermal titration calorimetry experiments, carried out at 298 K. The data were fit to a two-

site, sequential binding model.
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Figure 7. Crystallographic visualization of ethanolamine binding to EutL. (A) X-ray crystal structures reveal that ethanolamine
molecules (magenta) bind to EutL in the narrow channels that perforate the trimers. Each monomer contains a single channel
with two bound ethanolamine molecules. Within each channel, one ethanolamine molecule is bound on either side of the nar-
row, hourglass-shaped constriction point. Conserved amino acids (cyan) form hydrophobic and polar interactions with ethanola-
mine molecules (magenta) that occupy each of the two binding sites (panels B and C). (D) A cartoon diagram of CpEutL with
Ca atoms depicted as spheres and colored according to sequence conservation scores, where dark magenta indicates highly
conserved positions, and dark cyan indicates poorly conserved positions. Note the high degree of conservation among residues
surrounding the ethanolamine binding sites. E) An electrostatic surface representation of CpEutL, calculated using the Poisson-
Boltzmann equation, shows that the ethanolamine binding sites bear a strong negative charge, complementary to their ligand.
(F) A 2mFo — DFc electron density map (¢pmodels 1.00) supports the placement of the ethanolamine ligands (magenta) in the crys-
tallographic model. G) The presence of the ethanolamine ligands was confirmed by calculation of an omit (mFo — DFc, 3.00)
electron density map, in which the ethanolamine molecules were excluded from the structure factor and phase calculations.
This map shows exceptionally strong and well-resolved peaks corresponding to the ethanolamine molecules.
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Figure 8. Evaluation of mobility in cryogenic and room temperature structures of EutL. Three structures of CpEutL, colored
according to the average atomic B-factor for each residue, and also rendered such that the width of the cartoon diagram repre-
sents the average atomic B-factor of each residue, all show low B-factors for the ethanolamine binding channels, indicating
these holes do not undergo fluctuations of sufficient amplitude to allow the passage of ethanolamine. The structure on the left
is the untreated, cryogenic structure, the structure in the middle is the ethanolamine-bound, cryogenic structure, and the struc-

ture on the right is the untreated, room temperature structure.

along the c-axis, and by 2.5% along the a- and b-
axes. This unit cell shrinkage is in line with previous
reports. 647 Also, while the final structures are
nearly identical, as were the refinement protocols
used to obtain them, the room temperature structure
gave considerably better refinement statistics, indi-
cating the room temperature model fits the respec-
tive diffraction data better than the cryogenic model
(Table I). The overall similarity of the room tempera-
ture and cryogenic structures, especially at the etha-
nolamine binding sites, proves that the geometry of
these sites is not affected by cryocooling in a way
that would complicate interpretation of ligand bind-
ing. Furthermore, we repeated our analysis of atomic
B-factors, this time using the room temperature
structure. Again, we found that the ethanolamine
binding sites have low B-factors in general, arguing
against the occurrence of large atomic fluctuations in
this region of the protein (Fig. 8).

Next, as a complement to our B-factor analysis,
we looked for evidence of binding site dynamics
using time-averaged refinement of CpEutL struc-
tural ensembles. This method utilizes molecular
dynamics simulation to create a time-averaged
ensemble of structures that provides the best fit to
the observed X-ray data,*® thereby capturing aniso-
tropic and anharmonic structural fluctuations which
cannot be described wusing traditional -crystallo-
graphic B-factors. Starting from our cryogenic crys-
tal structures, we created ensemble models for both
the unbound and ethanolamine-bound states. The
ensemble model of the unbound state consisted of 50
individual structures, and fit the diffraction data
very well, with R/Rg.. = 0.138/0.168. Similarly, the
ensemble model of the ethanolamine-bound state
consisted of 63 individual structures, with R/
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Reee = 0.135/0.159. We also created an ensemble
model using our room temperature X-ray data for
CpEutL, which consisted of 50 individual structures,
with R/Rg.e. = 0.129/0.157. Based on standard crys-
tallographic R-factors, the ensemble models fit the
diffraction data significantly better than the single-
conformer models. In the ensemble models, the resi-
dues that form the narrow constriction points of the
hourglass-shaped ligand binding channels show lit-
tle structural fluctuation (Fig. 9). From the narrow-
ness of these channels in which ethanolamine binds,
and absent indications that dynamics would enable
transit at these points (and given the existence of
open routes for diffusion of small molecules through
the pores of other shell proteins), the role of the
observed ethanolamine binding in EutL is most
likely to stabilize the protein in the bound conforma-
tion, which is essentially closed to transport.

Discussion

Studies of EutLL have been critical to our under-
standing of molecular transport across the protein
shells of MCP structures. Previous structures of E.
coli EutL provided early evidence that the broken
symmetry resulting from domain duplication allows
for conformational change at the center of the
trimer, which permits the opening of a large central
pore.®*3> While the importance of this conforma-
tional change in facilitating molecular transport of
large cofactor molecules seems clear, the details of
how it takes place have yet to be fully elucidated.
The crystallization conditions that initially yielded
closed versus open structures left unanswered ques-
tions regarding the mechanistic details of the confor-
mational transition. Takenoya, et al. showed that
the open conformation of EutL can be induced by a

Pore Regulation by Substrate Binding
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Figure 9. Examination of mobility based on ensemble refinement of EutL structures. The images show the ethanolamine bind-
ing channels in CpEutL as modeled using time-averaged ensemble refinement against cryogenic CpEutL diffraction data col-
lected from both apo and ethanolaminebound (top and middle panels respectively) crystals, and also against CpEutL diffraction
data collected from apo crystals at room temperature (bottom panel). The residues that form the constriction point of the
hourglass-shaped channel are shown in magenta. The ensembles show that the channels do not undergo any significant

dynamic expansion that might permit substrate transport.

high concentration (1M) of zinc ions, though they
noted that such a high zinc concentration is unlikely
to be the physiologically relevant signal for confor-
mational change.?* The experiments presented here
highlight features of EutL that appear to be impor-
tant in allowing the structural rearrangement to
take place, and suggest a biologically plausible allo-
steric mechanism for regulation of pore opening.

Key structural features of EutL facilitate
conformational change

Our crystal structures of EutL form Clostridium per-
fringens (CpEutL) are all strikingly similar to the

Thompson et al.

“closed” conformations of the E. coli homologs observed
previously (Fig. 3). Critical interactions that stabilize
the closed conformation are consistent between
CpEutL. and E. coli EutL. This includes important
hydrogen-bond interactions within the 33—34 and B7—
B8 loop regions, and interactions between the aromatic
rings at the center of the trimer (Fig. 3). Analysis of
sequence conservation reveals that residues involved
in these interactions (Y69, N74, N183) are strongly
conserved among EutL orthologs, supporting their
importance in stabilizing the closed conformation.

The closed CpEutL structure also reveals fea-
tures that appear important for enabling an alternate
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open conformation, based on comparison with the E.
coli structures. Each of the CpEutL. monomers con-
tains a narrow, elongated channel, which accommo-
dates movement of the 33—4 loop during opening of
the central pore (Fig. 4ab). This opening bears a
strong negative charge, resulting from the presence
of highly conserved acidic residues [Fig. 7(d,e)]. In
the open conformation of E. coli EutL, these acidic
residues make hydrogen bonds with the retracted
B3—B4 loop. Finally, the presence of highly conserved
glycine residues (G81, G186) at the ends of the B3—34
and B7—B8 loops might be explained by a need for
flexible movement of those segments.

EutL binds ethanolamine, the substrate of the
Eut MCP

Recent work by Pang, et al. suggested that a EutL
homolog, PduB, interacts with the substrate mole-
cule of the Pdu MCP (namely 1,2-propanediol),*°
prompting us to investigate the interaction of EutL
with ethanolamine. Using isothermal titration calo-
rimetry, we demonstrated that ethanolamine binds
specifically to EutL, while other small molecules
associated with the Eut MCP do not. Titrations of
ethanol, acetate, and acetyl-phosphate into EutL
release heat in a manner consistent with nonspecific
interactions, whereas titration of ethanolamine into
EutL produces a binding curve with hyperbolic char-
acter, indicative of a specific binding event [Fig.
6(a)l. The data for the titration of ethanolamine into
EutL could be fit to a binding model that includes
two binding sites per EutL. monomer, with signifi-
cantly different dissociation constants [Fig. 6(b) and
Table II]. The dissociation constants calculated for
the two binding sites are 92 uM and 11 mM. The
concentration of ethanolamine in the human gut is
in the range of 0.5-1 mM.2* This might indicate that
only one of these two sites is physiologically rele-
vant. However, the bacterial intracellular concentra-
tion of ethanolamine is unknown, and could
fluctuate depending on metabolic conditions. Indeed,
the intracellular concentration of ethanolamine
could reach levels considerably higher than outside
the cell given that bacteria that metabolize ethanol-
amine also express transmembrane ethanolamine
transporters. With those considerations, both bind-
ing events could be relevant when bacteria inhabit
the gut of their human host.

In addition to determining the thermodynamics
of ethanolamine binding to CpEutL, we used X-ray
crystallography to visualize, at relatively high reso-
lution, the ligand molecules bound to the protein.
The ethanolamine molecules bind in the narrow
channels that perforate each monomer within the
closed conformation of the CpEutL trimer [Fig. 7(a)].
Two ligand molecules bind in each channel, one on
either side of the narrow constriction point. The eth-
anolamine molecule bound on the cytosolic side of

968  PROTEINSCIENCE.ORG

the channel constriction point makes numerous
direct interactions with amino acid side chains that
line the channel, including ion pairing and
hydrogen-bonding of the protonated amine with con-
served acidic residues (D44 and E82), and van der
Waals contacts with conserved aromatic residues
(F112, F184) [Fig. 7(b)]. In contrast, the ethanola-
mine molecule bound on the luminal side of the
channel appears to interact much less intimately
with the protein molecule, forming only a few direct
interactions (a hydrogen bond to T180, an ionic
interaction with D45, and van der Waals interac-
tions with Phe 176) and several indirect, water-
mediated interactions [Fig. 7(c)].

The presence of two ethanolamine molecules
bound to each monomer is consistent with the bind-
ing model derived from ITC experiments, but it is
difficult to deduce from the crystal structure which
binding site is the high-affinity site and which is the
low-affinity site. Based on the observed binding
interactions, it is tempting to speculate that the eth-
anolamine molecule bound to the cytosolic side of
the channel represents the higher-affinity site,
because it forms more direct interactions with the
conserved residues of the binding site, and as a
result, appears to be in a more stable orientation.
Further experimentation will be required to confi-
dently identify the high and low affinity binding
sites from one another.

Ethanolamine binding channels do not conduct
substrate transport

The closed conformation of EutL is a structural
arrangement that leaves three small channels perfo-
rating the pseudohexameric homotrimer, one in each
subunit [Fig. 4(a)]. While the possible movement of
small molecules across these channels has been dis-
cussed,?*3%3¢ the opening and closing of the much
larger central pore remains the most striking struc-
tural feature of EutL.®*3® We characterized the
interaction of the substrate molecule, ethanolamine,
with the EutL shell protein and evaluated the possi-
bility of molecular transport through the narrow
channels where it binds. Our results suggest that
these holes in the effectively closed conformation of
EutL are unlikely to transport ethanolamine, but
that instead ethanolamine binding to EutL results
in negative allosteric regulation of the conforma-
tional change that must occur to open the large pore
in the center of the EutL trimer.

Based on analysis of our CpEutL crystal struc-
tures, we believe the ethanolamine-binding channels
are too narrow to support the passage of substrates.
Our geometric measurements reveal that the narrow
constriction point of the hourglass-shaped channel
has a radius of only 1.3A [Fig. 4(c)], consistent with
similar measurements performed by Sagermann
et al. using the closed structure of E. coli EutL. For
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comparison, the van der Waals radius of a carbon
atom is 1.7A.%*° Considering that ethanolamine has
two sp®-hybridized carbon atoms, we think it is
unlikely that this substrate molecule can diffuse
through such a narrow pore. In addition, the shell of
the Eut MCP also contains a homohexameric shell
protein, EutM, whose central pore has a radius of
roughly 2-3A,% making it a much more probable
candidate for the transport of ethanolamine. The
energetic barrier for ethanolamine crossing the
EutM pore is likely to be so much smaller than for
ethanolamine passing through the narrow EutL
channel, that any potential flux of ethanolamine
through EutL becomes irrelevant in the presence of
EutM. Our conclusion that the small holes in the
closed form of EutL are not the sites of ethanola-
mine transport is consistent with computational
investigations of mobility based on static as well as
time-averaged ensemble treatments of the X-ray
data, which indicate these channels are rigid and do
not expand to facilitate transport. We also examined
the crystal structure at room temperature in addi-
tion to (typical) cryogenic temperature and again
concluded that the small channels lack the kind of
flexibility that would be required for transport of
ethanolamine past the narrow constriction point.

Ethanolamine is a negative allosteric regulator
of EutL pore opening

Rather than acting as channels for substrate trans-
port, we propose instead that the ethanolamine
binding sites within the individual EutL subunits
are allosteric sites that negatively regulate opening
of the large pore at the center of the trimer. Crystal
structures of E. coli EutLl determined by Tanaka,
et al.®® demonstrated that the three channels
through the EutL pseudohexamer are crucial for the
conformational change of the pore, because the 33—
B4 loops retract into this empty space as the pore at
the center of the trimer opens [Fig. 4(b)]. By filling
this empty space with atoms, the presence of etha-
nolamine molecules in these channels prevents the
movement of the loop segments that must rearrange
to open the large pore. The steric clash that pre-
vents pore opening in the presence of bound ethanol-
amine is clearly illustrated by superimposing a
model of the open conformation of EutL (based on
the open structure of a homologous EutL protein
reported earlier®) on the ethanolamine-bound struc-
ture (Fig. 10). The incompatibility of pore opening
and ethanolamine binding strongly suggests that
this small molecule serves as a negative allosteric
regulator of the conformational rearrangement [Fig.
11(a)]. In addition, although there is some uncer-
tainty about whether both ethanolamine binding
sites are physiologically relevant, we note that both
molecules bound in the crystal structure produce a
steric clash with the open conformation, consistent
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Figure 10. A steric clash forms the basis for allosteric regu-
lation. The cutaway view depicts the ethanolamine binding
channel as a molecular surface, with the ethanolamine mole-
cules shown as magenta sticks surrounded by transparent
spheres. The cyan polypeptide shows the open conformation
of E. coli EutL superimposed on the CpEutL:ethanolamine
complex. The overlay reveals that ethanolamine binding pre-
vents a rearrangement from the closed conformation to the
open conformation by blocking the space into which the 33—
B4 loop moves during the transition.

with the allosteric model. Therefore, by mass action,
the presence of ethanolamine favors the closed form
of the shell protein.

The binding of ethanolamine to EutL occurs at
a position that is distinct from the open pore region,
and the binding event stabilizes a particular protein
conformation that has a defined effect on function.
Therefore, we classify the observed interaction as an
allosteric mechanism. This is notably different from
some other classical allosteric mechanisms that have
been described for oligomeric proteins, which often
involve reorientation of subunits and cooperative
transition between monomers.?%%! Although EutL is
a trimer, the allosteric transition appears to occur
within individual monomers, as cooperative binding
was not detected by our ITC experiment. In addi-
tion, it is worth noting that the proposed allosteric
mechanism relies on the existing equilibrium
between open and closed states, with ethanolamine
binding shifting this equilibrium by stabilizing the
closed conformation. This assumption does not nec-
essarily imply that the open conformation dominates
the equilibrium in the absence of ethanolamine, only
that the population of the open state is reduced by
ligand binding, which would reduce the rate of diffu-
sive transport of large molecules through the shell.
The idea that the open state is prevalent even in the
absence of ethanolamine might explain the difficulty
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Figure 11. A model for allosteric regulation of cofactor transport in the Eut MCP. (A) Negative allosteric regulation of EutL pore
opening is achieved by ethanolamine binding to the closed conformation of EutL, resulting in steric hindrance that prevents the
transition to the open conformation. B) We propose a new model for EutL function in the context of the complex enzymology of
the Eut MCP. The cobalamin cofactor of the encapsulated EutBC enzyme spontaneously inactivates over time. When the etha-
nolamine substrate is absent (or has been metabolized), the EutL shell protein remains in the open form so its large central
pore can transport large cofactors for enzyme maintenance. Then, when ethanolamine is present, closure of the large EutL
pore allows metabolism of ethanolamine to occur without release of the toxic acetaldehyde intermediate. Note that ethanola-
mine uptake is proposed to occur through a different shell protein paralog (EutM), whose central pore is narrow and selective,

but constitutively open.

in obtaining crystals of the open form of the protein,
although this could also be explained by the crystal
lattice being a poor model for the MCP shell, or by
the need for an unknown positive allosteric factor
for pore opening.

The idea that the EutL pore remains closed in
the presence of physiological concentrations of etha-
nolamine is consistent with our current understand-
ing of the cofactor requirements of the Eut MCP
[Fig. 11(b)]. In the absence of substrate, the
ethanolamine-ammonia lyase enzyme (EutBC) is
susceptible to inactivation resulting from damage to
the adenosylcobalamin cofactor.’®> To reactivate the
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enzyme, the damaged cofactor needs to be replaced.
While the details of this process are unclear, it
appears that in order for it to take place either ATP
or cobalamin compounds must pass through the
MCP shell to become available to the interior
enzymes of the MCP.21:32%2 Accordingly, recent find-
ings suggest a direct interaction between EutL and
cobalamin cofactors.”® Because of its capacity to
open a large central pore, EutLl appears to be the
conduit for movement of these larger molecules
across the shell. If the large cofactors are required
to pass through the shell when EutBC is inactivated
due to the absence of substrate, then EutL only
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needs to open its central pore at low ethanolamine
concentrations. Furthermore, when the concentra-
tion of ethanolamine is low, then there is no threat
of elevated acetaldehyde concentrations, and there-
fore the need for the MCP shell to maintain a low
level of porosity is alleviated.

A potential role for disulfide bonding in EutL
Our crystallographic electron density for untreated
CpEutL shows, for the first time, that EutL is able
to form disulfide bonds upon air-oxidation under
ambient atmospheric conditions. While the electron
density features are not as clear as expected for fully
formed disulfide bonds, we note that disulfide bonds
are generally susceptible to radiation damage by X-
rays used for structure determination.*>™*® The
Cys127-Cys200 disulfide might be especially prone
to photochemical reduction because its dihedral
angle, at approximately 124°, is outside the ideal
range of 90°*=12° (the full range of S—S dihedrals in
the PDB is 27°-153°).5* Calculation of difference
electron density maps comparing wedges of X-ray
data from early and late in the course of data collec-
tion (Fearly — Flate) show positive features that con-
firm the Cys127-Cys200 disulfide bond is more fully
present in the freshly crystallized protein, and
becomes partially cleaved by X-ray irradiation [Fig.
5(c)].

Motivated by the idea that disulfide bonds gen-
erally have a structural or functional significance,?®
and by the generally high degree of conservation of
the cysteine triad (Cys127, Cys196, and Cys200 in
CpEutL) among EutL orthologs, we sought to deter-
mine if their presence in CpEutL might be coupled
to the functionally relevant conformational change
that opens the central pore. Interestingly, we
observed that changing the electrochemical environ-
ment of the CpEutL. protein affected its affinity for
ethanolamine (Table II). Upon reduction, both bind-
ing sites decrease their affinity for the ethanolamine
ligand. The finding that the disulfide-bonded form
binds ethanolamine more tightly further argues
against the possibility of the disulfide bond being an
artifact. Because the ethanolamine binding channels
are only present in the closed form of EutL, the
observed change of the binding constant serves as
the best evidence yet that there might be a coupling
between electrochemistry and the conformational
equilibrium of the EutL pore, possibly related to the
observed disulfide bond. The high-affinity binding
site, which is physiologically relevant, shows a
nearly fourfold increase in the dissociation constant,
from 92 pM to 321uM, following chemical reduction.
This decrease in binding could be explained by a
shift in the conformational equilibrium toward the
open conformation, which cannot bind the ligand.

Interestingly, a functional connection in entero-
bacteria has been noted before between ethanolamine
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metabolism and oxidative stress induced by the host
immune response.?*?* This could provide a physiolog-
ical basis for electrochemical regulation of MCP func-
tion. It could also help explain why this disulfide
bond does not appear in structures of the E. coli
EutL protein. The laboratory E. coli strain used for
those structural studies is not pathogenic, nor does it
utilize sulfur compounds as respiratory electron
acceptors as do Clostridium and Salmonella,?® so eth-
anolamine metabolism may not be linked to intracel-
lular redox state in certain bacteria. Additional
experimentation will be necessary to describe the
relationship between the electrochemical potential of
the observed disulfide bond and that of the cellular
environment, as well as to verify and characterize
the interplay between allosteric and disulfide-based
mechanisms of pore regulation in EutL.

A new model for EutL function

The work presented here provides a detailed analy-
sis of the structural features within EutL that are
critical for the conformational change that defines
its function. Specifically, we have identified a con-
served disulfide bond in EutL, and have provided
initial evidence that this bond might be related to
the function of EutL, possibly by shifting the confor-
mational equilibrium in response to electrochemical
environment. In addition, our analysis focused on
three narrow (symmetry-related) channels that per-
forate the EutL trimer, which are essential for the
conformational rearrangements that open the cen-
tral pore. These holes are also the binding sites for
ethanolamine molecules, but they are seemingly too
narrow and rigid to support substrate transport.
Instead, they appear to be allosteric sites, where
bound ethanolamine molecules prevent transition to
the open conformation of the oligomer by virtue of
steric conflict, resulting in negative regulation of
pore opening. Our new model for allosteric regula-
tion of the EutL pore conformation by ethanolamine
binding also provides new insight into how EutL
functions within the context of the Eut MCP. The
finding that ethanolamine serves as a negative allo-
steric regulator of EutL pore opening is consistent
with the notion that at low ethanolamine concentra-
tions the adenosylcobalamin cofactor required for
EutBC activity is subject to inactivation, which
would necessitate the opening of a large pore to
facilitate the regeneration or exchange of cobalamin
compounds across the MCP shell.

Materials and Methods

Cloning, expression, and protein purification

A detailed description of the cloning, expression, and
purification protocols used to obtain CpEutL protein
samples has been published recently.?® Briefly, we pre-
pared two CpEutL constructs by amplifying the eutL
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gene from Clostridium perfringens chromosomal DNA
and ligating it into the pET22b expression vector
under control of the T7 promoter. One of these con-
structs contained a C-terminal Hisg affinity tag, while
the other contained an N-terminal, protease-cleavable
(TEV) Hisg affinity tag. We expressed recombinant
protein using transformed FEscherichia coli BL21
(DE3) Rosetta cells. The C-terminally tagged con-
struct, which was used for crystallization, was puri-
fied by a single step of nickel affinity chromatography.
The N-terminally tagged construct, which was used
for ITC experiments, was purified by nickel affinity
chromatography, followed by cleavage of the tag with
TEV protease, and then by a second round of nickel
affinity chromatography, anion-exchange chromatogra-
phy, and finally by gel filtration.

Crystallization

A detailed description of the protocol used to obtain
the tetragonal crystal form of CpEutL used for our
studies was reported recently.®® In summary, protein
samples were concentrated to approximately 20 mg/
mL in buffer containing 20 mM Tris pH 8.0 and
100 mM sodium chloride. High quality crystals were
grown by the vapor-diffusion method (hanging drop)
from mother liquor containing 0.1 HEPES Buffer
pH 7.0, 5% PEG-8000, and 8% ethylene glycol.

Our modified structures (reduced and ethanola-
mine-bound) were obtained using the tetragonal
crystal form of CpEutL. We grew the reduced crys-
tals in the same fashion as the original tetragonal
crystals, except we pre-treated the protein with
5 mM TCEP. We obtained crystals of the
ethanolamine-bound form of CpEutL by first grow-
ing the tetragonal crystals and subsequently soaking
them overnight in mother liquor containing 20 mM
ethanolamine.

X-ray data collection and processing
Crystals used for collection of X-ray diffraction data
under cryogenic conditions were harvested and cryo-
protected using 50% mother liquor with 50% glycerol
for the untreated specimens, or 50% mother liquor
with 2M trimethylamine-N-oxide®” for the reduced
and ethanolamine-bound specimens. For room tem-
perature data collection, crystals were not subjected
to cryoprotectant, but were instead mounted inside
of sealed polyester capillaries (MicroRT, Mitegen)
along with a small plug of mother liquor to prevent
crystal dehydration.

We collected single-crystal X-ray diffraction data
at the Advanced Photon Source on beamline 24-ID-C.
When we collected data from the untreated crystal,
this beamline was equipped with an ADSC Quan-
tum315 CCD detector. We note that with the large c-
axis length for this particular crystal form, the reso-
lution for the diffraction experiment was limited by
the detector geometry when using this CCD detector.
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Following beamline upgrades, all other data sets
were collected on a Pilatus 6M-F detector, whose
larger size allowed the collection of higher resolution
data. We maintained the crystals at cryogenic tem-
perature (100K) throughout the course of the data
collection, except during our room temperature stud-
ies which were carried out at approximately 298K.
For the untreated crystal, we indexed and integrated
the reflection data using DENZO, and performed
scaling with SCALEPACK.?® Intensities were con-
verted to structure factors using Ctruncate and the
free set of reflections was assigned using Uniqueify,
both within the CCP4 utility sca2mtz.?® For all other
crystals, we performed indexing, integration, and
scaling of the X-ray data using XDS and XSCALE,
and then converted intensities to structure factors
with XDSCONV.®° Diffraction data were routinely
analyzed with Xtriage to check for crystal patholo-
gies.53%2 Further information regarding data collec-
tion and processing is presented in Table I. It is
important to note that the original selection of free
reflections designated for the untreated data was
maintained across all data sets used in our studies,
to prevent cross-contamination of the free and work-
ing sets of reflections.

Structure determination
Using the program PHASER within the CCP4
suite,’>%® we implemented the method of molecular
replacement to calculate phases for diffraction data
from the untreated crystals. Initially, we prepared a
molecular replacement search model based on the
structures of E. coli EutL. This model consisted of
the core regions of the protein, and excluded any
parts of the polypeptide chain that occupy different
positions in the open and closed structures of the E.
coli protein. A solution was found in space group
P432,2. Following structure determination from the
original CpEutL crystals, the tetragonal model (PDB
ID 4EDI) was used for phase calculation by molecular
replacement to solve subsequent crystal structures.
For all crystal structures described in this work,
a similar model-building and refinement strategy
was used. First, using electron density maps calcu-
lated with phases from molecular replacement, we
rebuilt the missing or incorrect parts of the struc-
tures. In some cases, we performed initial atomic
refinement with simulated annealing to remove
residual model-bias. We then performed iterative
steps of manual model rebuilding and atomic refine-
ment of the model to convergence with TLS parame-
ters, a riding hydrogen model, and automatic weight
optimization. All model-building was performed
using COOT,%* and refinement steps were performed
with phenix.refine within the PHENIX suite.5>®> For
refinement of the ethanolamine-bound structure,
ligand restraints were prepared with phenix.elbow.%®
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Further information regarding model building and
refinement is presented in Table 1.

Calculation of difference electron density maps
Difference electron density maps of the F; — Fs type
were calculated by first scaling two sets of structure
factors with Scaleit (contained within the CCP4 sui-
te®®¥) Those amplitudes were used, along with
model phases, to calculate a fast Fourier transform®’
with the PHENIX software.®!

Measurement of channel dimensions

To analyze the dimensions of the molecular channels
that traverse the CpEutL trimers, we used the
HOLE?2 software.*! We selected two points, one on
either side of the channel present in chain A of our
untreated structure, and used them to define a vec-
tor that passed through this channel. This vector
was provided as input to HOLE2 to guide determi-
nation of the molecular channel.

Analysis of sequence conservation

We used the ConSurf algorithm®®%® to analyze the
evolutionary conservation of critical amino acids in
EutL orthologs.

Calculation of electrostatic surface potential
Electrostatic surface potentials were calculated
using the Poisson-Boltzmann equation, as imple-
mented in the APBS plugin for PyMOL.”®" The cal-
culations were performed using an ionic strength of
150 mM, a solvent dielectric of 78.54, and a protein
dielectric of 2.0.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments
were performed using a protein sample from which
the N-terminal affinity tag had been removed by pro-
tease cleavage. To very accurately measure the protein
concentration of our ITC sample by UV absorption
(A=280nm), we used a molar extinction coefficient
derived from amino acid analysis. The protein sample
was concentrated to 0.6 mM in buffer containing
20 mM Tris at pH 7.2, and 100 mM NaCl. The titrant
was prepared by dissolving ethanolamine hydrochlor-
ide in the identical buffer to a final concentration of
50 mM. We used the hydrochloride salt of ethanola-
mine to prevent pH differences between the protein
sample and the ligand. Titrations were performed at
298K using an iTC-200 calorimeter (GE Healthcare/
MicroCal). Similar titrations were performed using
ethanol, acetate, and acetyl-phosphate as ligands.

We collected ITC data for the chemically
reduced samples by adding 20 mM TCEP to the pro-
tein and ligand solutions and repeating the titration
described above.

Raw ITC data were processed using the Origin
software. The raw data were integrated to give plots
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of AH versus molar ratio of ligand to protein. For
the ethanolamine titrations, we used Origin to fit
the titration curves to a two-site, sequential binding
model and extract thermodynamic parameters for
the EutL-ethanolamine interaction.

Analysis of crystallographic B-factors

We used the PyMOL™ molecular graphics system to
color the atoms in our CpEutL structures according
to their individual atomic (isotropic) B-factors. Infer-
ences about structural mobility were drawn from
comparing atoms within the same crystal structure
and not between structures, as overall B factors can
reflect features of a crystal other than local mobility
(such as the resolution limit).

Time-averaged X-ray refinement of structural
ensembles

Time-averaged structural ensembles were refined
against X-ray diffraction data using the method
developed by Burnley et al. and implemented in phe-
nix.ensemble_refinement.*®* We used the original
observed X-ray diffraction data and the final single-
copy atomic models of specified CpEutL structures as
inputs for the ensemble refinement procedure. We
optimized the ensemble refinement protocol by first
optimizing the ptls parameter, followed by the
wxray_coupled_tbath_offset parameter, and then
finally the ¢x parameter, choosing the models that
gave the best Ry and Rp.ee. For the final ensemble
refinements, we used values of ptls =0.90 for both
the cryogenic and room temperature apo structures,
and ptls = 1.0 for the cryogenic, ethanolamine-bound
structure, and the default parameters for wxray_cou-
pled_tbath_offset and tx were found to yield the best
results. We note that this method is intended to cap-
ture anisotropic atomic motions that have relatively
small amplitudes, and therefore is unable to describe
large-scale conformational rearrangements such as
loop motions that result in EutL pore opening.
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