Check for
updates

|BC RESEARCH ARTICLE

The structure of NAD" consuming protein Acinetobacter
baumannii TIR domain shows unique kinetics and
conformations
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Toll-like and interleukin-1/18 receptor/resistance (TIR)
domain—containing proteins function as important signaling
and immune regulatory molecules. TIR domain—containing
proteins identified in eukaryotic and prokaryotic species also
exhibit NAD+ hydrolase activity in select bacteria, plants, and
mammalian cells. We report the crystal structure of the Acine-
tobacter baumannii TIR domain protein (AbTir-TIR) with
confirmed NAD™ hydrolysis and map the conformational effects
of its interaction with NAD" using hydrogen-deuterium ex-
change-mass spectrometry. NAD" results in mild decreases in
deuterium uptake at the dimeric interface. In addition, AbTir-
TIR exhibits EX1 kinetics indicative of large cooperative
conformational changes, which are slowed down upon substrate
binding. Additionally, we have developed label-free imaging
using the minimally invasive spectroscopic method 2-photon
excitation with fluorescence lifetime imaging, which shows dif-
ferences in bacteria expressing native and mutant NAD+
hydrolase-inactivated AbTir-TIR®*** protein. Our observations
are consistent with substrate-induced conformational changes
reported in other TIR model systems with NAD+ hydrolase
activity. These studies provide further insight into bacterial TIR
protein mechanisms and their varying roles in biology.

Bacterial toll-like and interleukin-1/18 receptor (TIR)
resistance proteins have been identified based on sequence
motifs conserved with human TIR proteins (1, 2). Uropatho-
genic Escherichia coli CFT073 and Brucella Spp. express sol-
uble TIR domain—containing proteins that act as virulence
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factors by physically interacting with and disrupting host TIR
domain—containing signaling complexes to promote patho-
genicity and modulate immunity (3-6). TIR domain—
containing proteins also have been identified both in several
additional disease-causing bacteria as well as in nonpathogenic
and commensal bacteria, raising questions regarding potential
roles they might have apart from their originally described
roles in pathogenicity and modulation of mammalian TLR
signaling (2, 3, 7-10).

In a recent discovery, TIR domain—containing proteins,
which are conserved across biology in bacteria, plants, and
animals, were found to exhibit enzymatic function in NAD"
hydrolysis (11, 12). NAD+ is an essential cofactor and critical
regulator of cellular and metabolic function (13). In humans,
TIR-mediated NAD+ hydrolase activity is involved in axonal
degradation via the TIR domain—containing adaptor protein
Sterile alpha and TIR motif—containing protein SARM (14,
15). In plants and bacteria, TIR domain—containing proteins
with NAD+ hydrolase activity are involved in immune pro-
tection against pathogens (12, 16, 17). Several pathogenic
bacterial TIR proteins with confirmed roles in virulence
exhibit NAD+ hydrolase activity. Characterized bacterial TIR
domain—containing proteins include Staphylococcus aureus
(TirS) (18, 19), Pseudomonas aeruginosa (PumA) (20), Uro-
pathogenic E. coli CFT073 (UPEC-TcpC) (3, 4, 21), Brucella
melitensis (TcpB) (4, 22), and Acinetobacter baumannii
(AbTir-TIR) (11). Bacterial TIR domain—containing proteins
TcpC and TcpB were originally shown to disrupt mammalian
TIR adaptor-mediated innate immune signaling pathways (4,
21), whereas, TirS expression and activity in HEK293T reduces
mammalian cell viability and NAD levels compared with
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A. baumannii TIR shows unique kinetics and conformations

catalytically inactive mutants (11). Several bacterial TIRs also
have been identified as part of antiphage response mecha-
nisms, involving abortive infection and bacteria self-killing as a
mechanism to disrupt and protect against phage infection and
replication (2).

The cleavage of NAD+ can result in a variety of products,
depending on the particular bacterial TIR employed. Initial
characterization of NADase activity by mammalian SARM1
showed the cleavage of NAD+ into nicotinamide (Nam), ADP
ribose (ADPR), and cyclic ADPR (cADPR) (11, 12). A subset of
bacterial TIRs, including AbTIR from A. baumannii, BtpA-
TIR from Brucella sp., and TcpO from the archaea Meth-
anobrevibacter olleyae, however, were found to produce a
novel noncanonical variant of cyclic ADPR (v-cADPR or N7-
cADPR), which was later classified as 2'cADPR (11, 23). The
bacterial TIR from the antiphage defense system Thoersis,
ThsB, produces the cADPR variant 3'cADPR from NAD+ to
activate the Thoersis ThsA to deplete cellular NAD+ levels
through its sirtuin 2 domain, leading to cell death and termi-
nation of phage replication (16, 23, 24). It remains to be seen
whether the various NAD cleavage products, besides 3'cADPR
play roles in signaling pathways within bacteria.

NAD+ hydrolase activity also has been identified in
nonpathogenic and commensal bacteria (9, 11, 12, 17). This
newly discovered TIR-mediated enzymatic function lends
additional insight and opens new questions regarding the
function TIR domain—containing protein may play in
bacterial-host interactions. To better understand the molecu-
lar mechanisms underlying enzymatically active bacterial TIR
proteins, we have performed structure-function studies char-
acterizing the A. baumannii TIR protein (AbTir-TIR).

A. baumannii is a Gram-negative bacterium and a leading
cause of hospital-acquired infections. Due to the emergence of
multidrug-resistant A. baumannii strains that are resistant to
nearly all antibiotics classes, it is a bacterial pathogen of global
concern. Immune responses against the highly prevalent
multidrug-resistant strain A. baumannii CN40 include
inflammasome and caspase activation via type I IEN signaling
responses mediated by the TIR domain—containing adapter-
inducing interferon-p (25). AbTir-TIR exhibits NAD" hydro-
lase activity (11). Upon cleavage of NAD, AbTir-TIR catalyzes
production of the novel cADPR variant, 2'cADPR, whose po-
tential functions in metabolism and signaling in host-bacterial
interactions have yet to be fully characterized (11). To better
understand the mechanism of bacterial TIR NAD+ hydrolase
activity and function, we pursued molecular studies of AbTir-
TIR. Accordingly, we have used X-ray crystallography to
determine the atomic structure of AbTir-TIR and have
confirmed its enzymatic activity using liquid chromatography,
mass spectrometry, and colorimetric assays. In addition, we
have used 2-photon excitation with fluorescence lifetime im-
aging (2p-FLIM) to image live bacteria label-free that express
AbTir-TIR and hydrogen-deuterium exchange mass spec-
trometry (HDX-MS) to map the kinetics and conformational
changes induced by the interaction of NAD+ with AbTir-TIR.

Understanding bacterial TIR protein—mediated regulation
of host innate immune responses in the context of NAD+

2 J Biol. Chem. (2023) 299(11) 105290

hydrolase activity could lead to novel antimicrobial strategies
for limiting infection, controlling inflammation and modu-
lating immunity and cellular processes.

Results

A. baumannii TIR protein is conserved among bacteria and
humans

A GenBank blastP search of the Protein Database (PDB)
using A. baumannii Tir-TIR domain identified several other
bacterial TIR domain—containing proteins with homology to
AbTir-TIR, including structurally characterized TcpB from
Brucella spp. (PDB ID 4LQC) and PdTIR Paracoccus deni-
trificans PATIR (PDB 3H16) (Fig. S1). Surprisingly, this search
did not identify structures of TIR proteins with NAD" hy-
drolase activity from plants or animals (12, 16). A sequence
alignment of AbTir-TIR with bacterial TIR proteins with
identified NAD+ hydrolase activity shows the conservation of
the C-Helix WxxxE motif identified in Brucella TcpB to be
important for microtubule binding. This motif includes a
highly conserved Tryptophan (W) and a Glutamic acid (Glu, E)
found at the carboxy terminus that is involved in substrate
interactions and necessary for enzymatic activity in most hy-
drolases (11, 23, 26). This region is highly conserved across
plant, bacteria, and mammalian extracellular TIR proteins
(Fig. S1) (11, 26, 27). The C-helix WxxxE motif and sur-
rounding region include the NAD*-binding site, TIR in-
teractions, and autoregulation site in huSARMI1 and plant
NLR RUNT (27, 28).

AbTir-TIR domain is observed to dimerize in solution and in
the crystal lattice

The expressed and purified AbTir-TIR domain is observed
in solution as a weakly self-associated dimer by size exclusion,
analytical ultracentrifugation (AUC), and within the asym-
metric crystal lattice (Fig. 1, A—C). TIR domain self-association
is consistent with observations for other prokaryotic and
eukaryotic TIR domain—containing protein in the absence of
NAD (22, 29-31). The size-exclusion chromatogram (SEC) of
AbTir-TIR indicated the formation of higher-ordered oligo-
meric assemblies. The sample separated by SEC exhibits both a
single monomer peak and higher-ordered species consistent
with dimer and soluble aggregate species based on comparison
with the size-exclusion standard (Fig. 1A). Soluble aggregate
and oligomer fractions were confirmed to migrate at a mo-
lecular weight similar to monomer peak fractions during SDS-
PAGE analysis (data not shown). SEC-purified monomer peak
fractions were concentrated and screened for crystallization
using commercial screens (Fig. S2). Small broom-like crystals
were identified, reproduced, and optimized using streak
seeding (Fig. S2). Single crystals were isolated and rasterized to
identify single crystal diffraction, and data was collected using
the highly automated microfocus beamline NSLS-II-17-ID
AMX (32). To further confirm the dimer species observed by
SEC and in the crystal of AbTir-TIR, we performed in solution
sedimentation AUC analysis on the isolated AbTir-TIR
monomer SEC peak fraction species (33) (https://core.uconn.
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Figure 1. AbTir-TIR is observed as a dimer in solution by SEC, AUC, and in the crystal. A, size-exclusion chromatograms showing isolation of stabilized
oligomers of full-length AbTir-TIRF2°®A, B, the crystal structure of AbTir-TIR** domain is observed as a dimer is shown as a colored-coded cartoon ribbon
representation. The AbTir-TIR domain shown consists of five alternating alpha helix and beta-strand secondary structures that are gradient colored starting
at the amino terminus in blue to the carboxyl terminal in red (A-E, bottom left to right). C, analytical ultracentrifugation (AUC) sedimentation profiles of
A. baumannii AbTir-TIR. AUC indicates that AbTir-TIR forms a weakly associated dimer in solution. Analysis of sedimentation equilibrium profiles performed
at the indicated AbTir-TIR concentrations 12, 7, and 5 pM acquired at 23, 26, and 29K rpm indicate dimerization with a Ky of1.4 pM. Sedimentation velocity
performed on concentrated monomer fraction (AbTir-TIR) at 10 uM 45K rpm and analyzed using DCDT", indicates a sedimentation coefficient, sy, of 2.8S,
consistent with a dimer observed in crystal (34, 35). AbTir-TIR, Acinetobacter baumannii TIR domain protein; AUC, analytical ultracentrifugation; SEC, size-

exclusion chromatography.

edu/resources/biophysics#au-software). Sedimentation equi-
librium acquired on purified AbTir-TIR samples at varying
concentrations and speeds indicate weak dimerization with a
Kp of 1.4 pM. Sedimentation velocity performed on concen-
trated monomer fraction (AbTIR) at 10 uM 45K rpm and
analyzed using the program DCDT", indicates a sedimentation
coefficient, sy, of 2.8S, which is consistent with a dimer
observed in the crystal (Fig. 1C) (34, 35).

Recombinant AbTir-TIR is enzymatically active

Several assays confirm the enzymatic activity of expressed
and purified AbTir-TIR protein. The NAD+ hydrolase activity
of recombinant purified AbTir-TIR protein was assessed using
ethano-NAD and the EnzyChrom NAD" assay (Fig. 2, 4, B and
E). Ethano-NAD (eNAD), which yields a fluorescent product
upon cleavage, was used to assess the enzymatic activity of
purified recombinant AbTir-TIR™ in comparison with enzy-
matic inactivated mutant AbTir-TIRF?%%4 (Fig. 24) (11, 36).
Only AbTir-TIR" shows fluorescence of eNAD, indicating
NAD+ cleavage in comparison to inactivated mutant AbTir-
TIRF**®A and buffer controls. In a similar fashion the Enzy-
Chrom NAD/NADH assay also shows a reduction of NAD by
purified AbTIR" in comparison with inactivated mutant
AbTir-TIR®**, Purified AbTir-TIR"" and AbTir-TIR®**
were incubated with 5 uM of NAD for 10 to 30 min, and the
levels of NAD+ remaining in the samples were measured.
Incubation with AbTir-TIR™ resulted in a significant decrease
in the levels of NAD+ compared with AbTir-TIR®%** (two-

SASBMB

way ANOVA, p < 0.0001).LC-MS trace analysis revealed that
recombinant AbTir-TIR" is capable of hydrolyzing NAD+
into ADPR as well as cADPR products (11) (Fig. 2C). One-
dimensional NMR spectra also showed NAD+ hydrolase ac-
tivity of AbTir-AbTIRY" in comparison with inactive mutant
AbTir-AbTIR™%4 (Fig. 2E) (37).

Besides promoting NAD cleavage in vitro, AbTir-TIR™ re-
duces cellular levels of NAD+ upon recombinant expression in
E. coli. AbTir-TIR"" 24 F2054 NAD. Jevels in bacterial lysates
from cells expressing AbTir-TIR™ and AbTir-TIRF*** were
measured 0 to 6 h, following IPTG induction of AbTIR Tir-
TIR' 274 E2084 oxpression. Expression of catalytically active
AbTir-TIR" promoted significantly greater levels of NAD+
loss in bacterial lysates than did expression of AbTir-TIRF2%%4
(two-way ANOVA, p < 0.0001).

To evaluate AbTir-TIR activity in vivo we developed a label-
free assay using the intrinsic fluorescence of NAD(P)H and
lifetime (FLT) imaging with 2p-FLIM using live bacteria—
expressing AbTIR. The average FLTs of bacteria induced or
not to express enzymatically active (AbTIR™Y**TS) or inacti-
vated mutant protein (AbTIRF2%%4/*PTG) \vere imaged and
quantitated as histograms (Fig. S3, A-E). Differences are
observed for bacteria induced to express active AbTIR wt
compared with inactivated mutant AbTIRF***A, There were
also differences seen compared with uninduced bacteria,
which may be due to induction with IPTG, affecting bacteria
growth and metabolism. FLTs are independent of the bacteria
concentration and protein expression level. Changes in the
average FLTs are known to reflect differences in bound and
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Figure 2. NAD+ Hydrolase activity of AbTir-TIR expressing bacteria and purified recombinant protein. A, recombinant purified AbTir-TIR"® cleaves
eNAD. Fluorescence of eNAD in the presence or absence of buffer, AbTir-TIR", AbTir-TIR2°* measured over time. Buffer only (@), buffer + AbTir-TIR"*
(M), buffer + AbTir-TIR"* (), eNAD + AbTir-TIR" (v), eNAD + AbTir-TIR2%* (@), eNAD + buffer (O). B, NAD* concentration overtime of purified recom-
binant active (AbTir-TIR"Y), inactivated (AbTir-TIRE2°®#) with buffer control. Asterisk (¥) indicates a statistically significant p-value of p < 0.05. C, HPLC trace
showing generation of novel cyclic ADP ribose by AbTir-TIR" protein used in crystallization. HPLC traces of NAD+ protein with AbTir-TIR protein used for
crystallization at 0 min (black) and after 60 min (red) incubation. D, direct visualization of NAD+ catalysis by NMR. One-dimensional NMR spectra of 1 mM
NAD+ collected every minute for AbTir-TIRV" (left) and AbTir-TIRF2°®A, Catalysis by AbTir-TIRYT can be observed by the disappearance of the nicotinamide
resonances (i.e., 9.2 and 9.0 ppm) that are not observed in the presence of the inactive mutant. E, time course of NAD* concentration of bacteria expressing
active (AbTir-TIRYY and inactivated (AbTir-TIRE2%®A). eNAD, ethano-NAD; AbTir-TIR, Acinetobacter baumannii TIR domain protein.

unbound forms of NAD(P)H (38, 39). Overall, these results
indicate AbTir-TIR protein used for structural studies was
enzymatically active or inactivated due to mutations, as simi-
larly described in other reports (11, 23).

The AbTir-TIR crystal structure comparison with other
bacterial TIR-containing proteins

The structure of A. baumannii TIR domain (AbTir-TIR)
was determined to using X-ray crystallography (Table 1). The
secondary structure architecture is typical of most TIR do-
mains comprised of five alternating beta (f)-strands and alpha
(a) helices (lettered A-E) as initially described (40, 41)
(Fig. 1B). Conserved loops, helices, individual residues, and
motifs have been identified and functionally characterized to
be important for protein interactions and signaling within
several TIR domain—containing proteins and NAD+ hydro-
lases (42). The AbTir-TIR is observed as dimeric in solution by
SEC and AUC and in the crystal lattice. TIR domain self-
association and dimerization, previously shown for SARM
TIR hydrolase activity, is consistent with oligomerization of
other reported bacterial TIR structures (21, 22, 30, 43, 44).

Previously reported bacterial TIR domain—containing
structures include Brucella TcpB/BtpA (4LQC, 4LZP, 4C7M)
and P. denitrificans PdTIR (3H16). Most TIR domains are
observed as oligomeric species, either dimer and/or tetramer.
Individual and TIR domain interactions and loop positions are
similar among other reported bacterial TIR domain structures
with a RMSD of 1.663 A (TcpB-4LQC), 1.782 A (BtpA/TcpB

4 ] Biol. Chem. (2023) 299(11) 105290

4LZP), and 2.669 A (PtDTIR -3H16) for 134, 134, 132, 130,
and 137 atom pairs, respectively (Fig. S4). The X-ray structures
of AbTir-TIR"" (8G83) and recently reported AbTir-TIR
structure (7UWG) are similar (23) (Fig. 3-left panel). Both
apo crystal structures have similar positions for beta strands,
alpha helices, and intervening loops with an overall RMSD of
0.839 A. In particular, similar positions for individual residues
contained within the WxxxE motif are observed. Both W204
and E208 which are important for selectivity and enzymatic
function are observed, solvent-exposed, and facing outward in
the absence of substrate. By contrast, large conformational
changes are observed throughout the entirety of the TIR
domain structure when comparing apo unliganded X-ray
crystal structures (8G83 and 7UWG) with NAD analog—bound
(3AD) cryo-EM structure AbTir-TIR-3AD 7UXU (Fig. 3
middle and right panel). Comparing apo X-ray and substrate
analog bound cryo-EM structures and RMSD of 4.834 is
observed (8G83 and 7UXU). Several secondary structures and
loops undergo repositioning upon binding substrate analog.
These include conserved residues known to be important for
hydrolase activity. For example, both W204 and E208 con-
tained within the WxxxE loop are reoriented inward facing
and involved in binding to substrate analog.

AbTir-TIR exhibits unique kinetics and large conformational
changes, which are slowed down in the presence of substrate

We sought to further characterize AbTir-TIR’s structural
dynamics and the conformational consequence of its

SASBMB



Table 1
X-ray diffraction and data collection

A. baumannii TIR shows unique kinetics and conformations

AbTIR™ (aal34-269) PDB code 8G83

No. of crystals

Beamline

Wavelength (A)

Detector

Crystal to detector distance(mm)
Rotation range per image

No. of images

Space group

Unit-cell parameters(A,°)
Molecules per asymmetric unit
Resolution limits (A)

Total reflections

1
17-ID-1 AMX, NSLS-II
0.920072
EIGER
248.844
0.2, 0-180
1-900 (truncated 200-800)
P21 21 21
44.20 76.19 97.33, 90, 90, 90
2
28.86 3.031 (3.139-3.031)
13,278 (1261)

No. of unique observations 6668(639)
Completeness (%) 98.01 (95.09)
Multiplicity 2.0 (2.0)
Rinerge 0.05218 (0.308)
Rineas 0.0738 (0.435)
pim. 0.05218 (0.308)
Mean I/sigma I 10.06 (2.32)
Ryork 0.2276 (0.3156)
Reree 0.2743 (0.2529)
CC (work) 0.952 (0.760)
CC (free) 0.934 (0.908)
No. of nonhydrogen atoms 2129
Macromolecules 2122
Protein residues 277
RMS (bonds) 0.006
RMS (angles) 0.79
Ramachandran favored (%) 94.14
Ramachandran allowed (%) 5.86
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.00
Clashscore 4.58
Average B-factor 56.44
macromolecules 56.46
solvent 50.00

interaction with NAD+ substrate using HDX-MS. HDX-MS
allows in-solution mapping of interfaces, interactions, and
allosteric effects by providing comparative peptide-level ki-
netics of deuterium uptake at global time scales. Sequencing
reactions of the AbTir-TIR" recombinant protein used for
crystallization resulted in near complete peptide coverage for
AbTir-TIR** (Fig. S5). The peptide deuteration levels were
evaluated in the presence and absence of NAD" and the
observed differences in peptide deuteration were mapped onto
the crystal structure of AbTir-TIR (Fig. 4A). Overall, the
addition of NAD™ resulted in decreases in deuterium uptake by
AbTir-TIR across multiple deuterium incubation time points

E helix — “'i}»
A

(Fig. 4B). Notably, the deuterium uptake at the DD and EE
loops located at the dimeric interface observed in X-ray
structures 8G83 and 7UWG were significantly decreased at the
earliest time point (10 s). In addition, several AbTir-TIR
peptides exhibited EX1-like exchange kinetics in the absence
of NAD+. These regions are highlighted by cyan, red, and
purple bars in Figure 4B and color-coded accordingly in
Figure 4, C and D. The stacked isotopic envelops for repre-
sentative peptides in these regions (Fig. 4C) display progressive
bimodal envelops characteristic of EX1 kinetic behavior in the
unliganded form. When mapped onto the structures of AbTir-
TIR, these areas, correspond to the amino-terminal A helix
(FVRPLAETLQQL), the central B helix, the BC loop, the C -
strand (RQKIDSGLRNSKYGTVVL), and the carboxyl-
terminal E helix (IAHQLAD) (Figs. 3, 4, C and D and
Fig. S1) (23). These peptides were found to colocalize, and the
rate of formation of the high m/z species in the bimodal
envelop was observed to be similar for all three regions. These
observations reflect large, slow, and cooperative conforma-
tional changes of AbTir-TIR in the absence of NAD*. Upon
substrate binding, the progression of bimodal behavior is
significantly reduced, suggesting that NAD" restricts or de-
creases the rate of these conformational changes. The NAD+
analog 3AD-bound cryo-EM structure (7UXU) exhibits a
large conformational change in the BB loop and B helix region
as well as unique molecular assemblies in comparison to
unliganded X-ray structures. Peptides exhibiting reduced
deuterium uptake, large conformational changes, and unique
kinetics when mapped on the monomers of unliganded (8G83
and 7UWG) or ligand-bound form of AbTir (7UXU), with the
exception of the B helix are not in direct contact with the
substrate and instead map to molecular assembly TIR in-
terfaces, loops, core B strands, and helices (Figs. 3 and 44 (7,
23, 45).

Discussion

Our structural studies of the AbTir-TIR are consistent with
results reported by Manik et al. and reveal similarities and
differences among bacterial, plant, and mammalian TIR pro-
teins (7, 8, 21-23). A least-squares comparison with other
bacterial TIR domain counterparts exhibits overall similarities

NAD analog

C strand

Figure 3. Least squares comparison of unliganded and NAD analog bound X-ray and cryo-EM AbTir-TIR domains. Least squares comparison of crystal
structures of AbTIr-TIR 8G83 (blue) and 7UWG (gray), left panel. Least squares comparison of X-ray AbTir-TIR 8G83 (blue) and cryoEM structure 7UXU (tan)
without (middle panel) and with NAD analog 3AD shown (right panel). HDX-MS peptides with changes in EX1 kinetics and conformations upon binding
eNAD are colored as shown in Figure 4. A helix (cyan) FVRPLAETLQQL, B helix, BC loop and C beta-strand (red) RQKIDSGLRNSKYGTVVL, and E helix IAHQLAD
(purple). eNAD, ethano-NAD; AbTir-TIR, Acinetobacter baumannii TIR domain protein; HDX-MS, hydrogen-deuterium exchange mass spectrometry.
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Figure 4. HDX-MS of AbTir-TIR"* exhibit EX1 kinetics and conformations upon binding NAD+. Substrate binding results in large decreases in
deuterium uptake in AbTir-TIR™. Significant EX1 exchange kinetics consistent with large conformational changes are observed for AbTir-TIR", in the
absence of NAD and weakened upon ligand binding. A, regions with significant decreases in deuterium uptake after 10s and 2 h incubation are mapped on
the structure of AbTir-TIR. B, the difference plot (Apo — eNAD-bound) in absolute deuterium uptake at each incubation time point (color coded) and for each
peptide (x-axis). C, stacked spectra of representative spectra showing the signature bimodal isotopic envelops of EX1 kinetic regime of exchange. Apo- and
NAD-bound states are shown. Peptides are color coded as in panel D. D, surface and ribbon representation of AbTir-TIR"". Surface representation shows
peptides displaying bimodal EX1 behavior. Plots show the progressive accumulation of the high m/z species deconvolved from the bimodal isotopic
envelop as a function of time of deuterium incubation for the apo- (solid) and eNAD-bound (dashed) AbTir-TIR™'. eNAD, ethano-NAD; AbTir-TIR, Acinetobacter
baumannii TIR domain protein; HDX-MS, hydrogen-deuterium exchange mass spectrometry.

of loops and interactions. Consistent with bacterial TIRs re-
ported to date, the crystal structure of AbTir-TIR retains a
similar overall core TIR domain fold with dimerization in-
teractions as well as confirmed NAD+ hydrolase activity (22,
26). Several NAD hydrolase TIR domains have been observed
as dimeric and tetrameric species in the absence of NAD (22,
44, 46). A noncleavable NAD analog (3AD)-bound cryo-EM
structure does, however, exhibit a unique TIR domain inter-
face scaffold compared with apo AbTIR crystal structures (23).

NAD+ hydrolase activity of recombinant AbTir-TIR used
for structural studies was confirmed by several different
methods. LC/MS analysis indicates the ability of the recom-
binant AbTir-TIR* to hydrolyze NAD+ and produce novel
cADPR products (11, 16, 17, 28). Additionally, inactivated
mutant AbTir-TIR®®4 has significantly reduced enzymatic
activity. It has been postulated that the NAD hydrolase activity
of bacterial TIR domain proteins characterized to be virulence
factors could be a contributing factor in their virulence (11).
This NADase-mediated virulence may be particularly potent
for the expression of TIR-only constructs if other domains in
these proteins act to regulate TIR NADase function, as the N-
terminal Armadillo/HEAT motif (ARM) does for SARM1 (47—
49). Indeed, Manik et al. (23) showed stronger NADase activity
for AbTir™® than for a full-length AbTir construct. These
differences could be mediated by molecular crowding agents
or additional motifs contained within the TIR domain—
containing proteins, some of which have been found in
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plants, animals, and bacteria that help stabilize, scaffold, oli-
gomerize, and regulate active and inactive conformations
(8, 31).

The bacterial TIR NAD hydrolase activity and its effect on
virulence using bacteria model systems that naturally express
them at the germline level has not been thoroughly evaluated.
Questions regarding the enzymatic role of bacterial TIR hy-
drolases in bacteria themselves, in the disruption of mammalian
TIR signaling pathways and their effect on host responses
remain to be fully characterized.

To assess the effect of AbTir-TIR expression directly in
bacteria that produce them we used label-free 2p-FLIM live
imaging. 2p-FLIM is a minimally invasive spectroscopic
method used increasingly in biological, biomedical, and cancer
applications (38, 39, 50-55). 2p-FLIM uses the intrinsic fluo-
rescence of NAD(P)H to monitor cellular function and
biomedical applications, including tissue morphology and
high-density protein arrays (56—60). Variances in FLTs are
observed in bacteria expressing active (AbTir-TIR*") and
inactivated (AbTir-TIR®%4). FLT imaging is reflective of the
molecular environment of NADH and independent of the
protein concentration and intensity (61-63). Differences
among nonexpressing (-IPTG) and expressing (+IPTG) active
AbTIR™ and inactive AbTIR®*** FLTs could be influenced by
a number of factors including induction efficiency, toxicity of
bacterial TIR hydrolase expression, lac I operon control, leaky
expression, autoinduction, TIR overexpression related toxicity,
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NAD+ processing and salvage pathways, or some other un-
accounted phenomenon.

Changes in FLTs may reflect differences between bound and
unbound free forms of NAD(P)H among active or inactivated
AbTir-TIR. It is currently unclear the effect this may have in
the bacteria (38, 39). These current studies do not address
observations resulting from bacterial TIR-induced toxicity,
IPTG-driven metabolic differences, or leaky plasmid expres-
sion. Although, we have not fully characterized the molecular
pathways resulting in AbTir-TIR-induced NAD(P)H differ-
ences further studies using bacterial isolates and strains that
naturally express or are bacterial TIR domain hydrolases may
help bear this out. 2p-FLIM may prove useful as a minimally
invasive live, label-free method for evaluating microbial
infection in bacteria, plants, and animals. Future studies
characterizing bacterial isolates and strains that naturally ex-
press are absent or have naturally induced TIR domain—
containing hydrolase protein expression may better reflect
biology.

Sequence comparison reveals conservation of the C-Helix
WxxxE motif that is important for TcpB microtubule binding
and includes the highly conserved Glu (E) residue, which is
critical for the enzymatic function of nearly all NAD+ hydro-
lases (11). Without NAD+ bound, this region including the
highly conserved Glu (208) and Trp (W204) identified to be
important for cADPR production are observed facing away
from the potential ligand-binding region. Positioning of the
Glu (E208) and Trp (W204) are consistent with observations
reported by Manik et al. HDX-MS substrate mediated
conformational changes are also consistent with differences
observed in X-ray structures and 3AD (NAD+ analog)-bound
cryo-EM structures. HDX-MS studies reveal that a large part
of AbTir-TIR’s exchange behavior is governed by large
conformational changes displaying EX1 kinetics, which are
altered upon ligand binding. These HDX-MS observations
suggest that AbTir-TIR undergoes large conformational rear-
rangement and sampling, indicative of a heterogenous and
complex conformational landscape in its native state. The
WxxxE motif is not seen to be differentially protected from
deuterium uptake by the addition of substrate and is not part
of the region undergoing EX1-type conformational changes.
Indeed, the conformational changes described by the HDX-MS
are distinct in comparison with observations of X-ray and
NAD analog-bound cryo-EM ADbTIR assemblies (8G83,
7UWG, and 7UXU). A NAD analog—bound (3AD) cryo-EM
structure of AbTIR exhibits a different interface and unique
oligomeric scaffold compared with apo forms AbTIR X-ray
crystal structures. Substrate-induced conformational changes
and kinetics observed in solution by HDX-MS at the TIR in-
terfaces, loop, and secondary structure may be reflective of the
transition from an unbound inactive state to an active
substrate-bound assembly state. It will be interesting if an apo
ADBTIR cryo-EM structure or ligand-bound crystal structure
exhibits similar or different TIR interactions.

Bioinformatics analysis of the AbTir-TIR domain identified
regions that are highly conserved among bacterial and select
human TIR domain-containing proteins (11, 26, 27, 42).
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Direct targeting of regions and residues involved in mediating
conformational change and substrate binding may provide
insight into novel therapeutics to mitigate TIR-mediated
pathogenesis. Indeed, the several NAD analogs as well as the
anti-sepsis TIR-specific small molecule antagonist TAKEDA-
242 which protects against lethal influenza binds specifically to
the Cys747 located at position 2 within the Wxc747,xxE motif
of TLR-TIR4 C helix. Small-molecule targeting of the WxxxE
motif and surrounding region, as observed by TAK-242 pro-
tection against lethal influenza infection, may provide pro-
tection against additional microbial infections or diseases (64).
This cysteine is observed highly conserved in several TIR-TIR
interfaces involving the C Helix WxxxE motif. Changes in
neighbor secondary structure elements, interactions, and the
highly conserved “box2” residues may affect BB Loop position
among different TIR domains.

Experimental procedures
Protein expression, purification, AUC, and crystallization

The protein expression construct containing StrepTag-
AbTir-TIR-HisTag within the pet30a+ vector was obtained
from Dr Kow Essuman (11). The construct for mutant AbTir-
TIRF**®A was created using PCR-based site-directed muta-
genesis using the AbTir-TIR™ construct as a template. Re-
combinant AbTir-TIR “* © F284 5rotein was expressed,
purified, crystallized, and data were collected similar to pre-
viously described (21, 22). A starter culture (10-100 ml) of
bacteria containing pet30a+ plasmid in LB with 50 pg/ml
kanamycin was grown overnight at either 18 °C or 30 °C and
then inoculated into a Fernbach or Erlenmeyer flask contain-
ing 0.5-1L LB and incubated with shaking (200-250 rpm). At
an absorbance at 600 nm of (Agoy nm) between 0.6 and 1 IPTG
(0.5 mM) was added and cells were incubated with shaking for
an additional 3 h at 30 °C or 6 h at 18 °C, depending on the
experiment. Bacteria were harvested by centrifugation at 10 to
15,000 relative centrifugal force for 20 to 30 min at 4 °C.
Bacteria were resuspended using a buffer containing 25 mM
Hepes or Tris at pH 7.2 with 150 mM NaCl using 25 to 50 ml
of resuspension buffer for 1 L of culture and were frozen
at —80 °C for later use. Frozen pellets were thawed on ice or
overnight at 4 °C and lysed by sonication 2 to 3 times for 1 min
at 50% output power and 50:50 duty cycle on ice. Lysates were
clarified by centrifugation at 10 to 12,000 relative centrifugal
force for 20 to 30 min at 4 °C with supernatant further clarified
using a 0.4 or 0.8 pum filter (PALL corporation) and immedi-
ately poured over a 3 to 5 ml nickel-nitrilotriacetic acid col-
umn at 4 °C. The column was washed with 5 to 10 column
volumes of resuspension buffer, and protein was eluted step-
wise using resuspension buffer with increasing concentrations
of imidazole (0.02 M, 0.2 M, and 0.5 M) at 4 °C. Elution
fractions containing AbTIR were determined by SDS-PAGE
and then further purified by size exclusion using a S200 10/
30 column.

After nickel purification, AbTir-TIR was concentrated using
an amicon 15 kDa molecular weight cut-off and further pu-
rified using SEC using a S200 column in buffer containing
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25 mM Hepes or Tris—HCl pH7.2, 150 mM NaCl. After af-
finity and size-exclusion purification yields were typically be-
tween 0.2 and 0.4 mg/ml for each 1 L of bacteria growth
culture. Yields were affected by expression time and temper-
ature as well as the temperature of lysate during thawing,
sonication, and purification.

Initial crystals of AbTir-TIR"" were identified from com-
mercial screens using vapor diffusion method and further
optimized by microseeding and streak-seeding to yield long, thin
crystal clusters. Despite the success of seeding to reproduce
crystals, attempts to further optimize crystals using various
strategies including varying seed stock, batch or sparse matrix
rescreening, liquid-liquid diffusion, or macro seeding failed to
markedly improve crystal size or singularity. Minor improve-
ments in crystal length were observed intermittently and were
usually associated with reduced nucleation events. Crystalliza-
tion of AbTir-TIR" with NAM or NAD+ substrate either by
soaking or cocrystallization methods produced similar starburst-
like crystals but these did not vyield single-crystal diffraction
beyond ~4 A and no complete datasets were collected.

AUC sedimentation equilibrium measurements on AbTir-TIR
samples prepared at 12, 7, and 5 uM were performed using a
Beckman Coulter Optima XL-I centrifuge at rotor speeds of 23,
26, and 29K rpm in the same buffer used for size exclusion. Data
were acquired at 280 nm after 6, 12, and 18 h of centrifugation,
and the resulting nine scans were globally analyzed using Het-
eroanalysis  (https://core.uconn.edu/resource/biophysics/#au-
software) with single species and monomer-dimer model.
Based on the distribution of the residuals and the square root of
the variance of the fit, the latter model was more appropriate.
Sedimentation velocity was performed on AbTir-TIR"" prepared
at 10 pM at 45K rpm. Analysis of the scans acquired at 280 nm
using DCDT" yielded a single species with a sedimentation co-
efficient, syq,,, of 2.8S (34, 35).

Structure determination

The structure of AbTir-TIR" was determined by molecular
replacement using the TcpB TIR domain structure (4LQC) as
a template model (22, 65). An initial Ca model was built using
autobuild (Phenix), followed by manual building in Coot (65,
66). Iterative manual building of discontinuous loops and
termini followed Phenix refinement, resulting in the AbTir-
TIR model.

NAD+ hydrolase activity assays

The ability of AbTir-TIR protein to cleave NAD+ was
confirmed by HPLC metabolite measurements, Etheno-NAD*
Assay, EnzyChrom NAD/NADH Assay (Bioassay systems),
and one-dimensional NMR. HPLC metabolite measurement
was performed in the presence of NAD+ incubated for 30 and
60 min using recombinant purified AbTir-TIR*" protein used
for crystallization as described previously (11). Etheno-NAD+
Assay was performed using Nicotinamide 1, eNAD Sigma
N263 was incubated with recombinant AbTir-TIR protein at
50 uM in 10 mM Hepes pH 7.5, 150 mM NaCl buffer with a
reaction volume of 100 ul. Fluorescence was read using a
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Molecular Devices Spectramax plus plate reader (at Ex/Em =
310/410) (36). NAD levels and hydrolase activity of recombi-
nant AbTir-TIRY" ™ 2084 yere measured using the Enzy-
Chrom NAD/NADH Assay (Bioassay systems). AbTIR-TIR"™
and E208A \vere incubated with 5 pM NAD for 10 to 30 min.
Means (N = 6) + SEM were analyzed by two-way ANOVA to
compare differences in protein type over time, followed by
Tukey’s post hoc analysis; * indicates p < 0.0001. AbTir-TIR"*
reduces cellular levels of NAD+ upon recombinant expression
in E. coli AbTIR-TIR" *™ 2084 ‘T4 improve protein expres-
sion yields and mitigate toxicity, bacteria was grown at 18 C
expression induced with IPTG and bacteria harvested at either
3 or 6 h after induction. Means (N = 4) + SEM were analyzed
by two-way ANOVA to compare differences in protein type
over time, followed by Sidak’s post hoc analysis. Letters indi-
cate statistically significant difference (p < 0.001). Measure-
ment of hydrolase activity of AbTir-TIR expressed in T7 cells
was performed by measuring NAD+ levels in cells before and
after expression of AbTir-TIR"™ ™ F208A ysing the Enzy-
Chrom NAD/NADH Assay (Bioassay systems). Briefly, T7
cells transformed with pet30A+ vectors encoding for Strep-
Tag-AbTir-TIR-HisTagwt and E208A o6 orown to mid-log phase
(Agoo = 0.6—0.8), induced with 0.5 mM IPTG and incubated
with shaking for 0 to 6 h. Cells were normalized by Aggo
measurements, homogenized in NAD extraction buffer (sup-
plied), and measured for NAD+ levels according to the man-
ufacturer’s instructions. NADase activity of recombinant,
purified AbTir-TIR was further verified by one-dimensional
NMR spectra that followed NADase activities, a total volume
of 330 ml of 1 mM NAD* was used with 20 ml D,O. Reactions
were followed for 30 min using 16 scans for a total of 30
spectra by adding 300 mM of either AbTir-TIRY™ or AbTir-
TIRF**4, Data were collected using a Varian 900 spectrometer
at the Rocky Mountain 900 facility.

2-photon excitation with fluorescence lifetime imaging

NAD hydrolase activity of bacteria containing AbTir-TIR™
or AbTir-TIRF*** plasmid was further analyzed by 2p-FLIM.
Samples were grown and induced to express AbTir-TIR" or
AbTir-TIR®4 as described for protein expression and hy-
drolase activity experiments. Bacteria were measured by
absorbance at 600 nm (Agpp) and adjusted by dilution to the
same concentration prior to imaging. A customized confocal
microscope (based on ISS Q2 laser scanning nanoscope) with
single-molecule detection sensitivity was used for performing
2p-FLIM. The excitation source is a pulsed femtosecond laser
(Calmar, 780 nm, 90 fs pulse width, and 50 MHz repetition
rate) equipped with an ISS excitation power control unit. An
incident wavelength of 780 nm was used for exciting NAD(P)H
in cells. The excitation light was reflected by a dichroic mirror
to a high-numerical aperture water objective (60x; numerical
aperture, 1.2) and focused onto the sample. The fluorescence
was collected by single photon counting avalanche photodi-
odes through a dichroic beam splitter, Chroma short pass
(750SP), and 460/55 band-pass filters, thus eliminating the
scattered excitation light and collecting fluorescence from the
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NAD(P)H in the region of interest. The imaging in the ISS Q2
setup was performed with Galvo-controlled mirrors with
related electronics and optics controlled through the 3X-DAC
control card. The software module in ISS VistaVision for data
acquisition and processing and the time-correlated single
photon counting module from Becker & Hickl (SPC-150)
facilitate FLIM measurements and analyses. Statistical analysis
of data was performed using GraphPad prism 8.0 (https://
www.graphpad.com/) and Origin 2021 software (https://
www.originlab.com/).

Hydrogen-deuterium exchange mass spectrometry

The uptake of deuterium following exposure to deuterated
water is monitored by LC-MS in a bottom-up approach.
Undeuterated (control) samples were first acquired to obtain a
sequence coverage map using an experimental workflow as
follows: 2 ul of 50 uM AbTIR in 25 mM Tris, 150 mM NaCl
pH 7.4 was diluted with 98 pl ice-cold quench containing
50 mM glycine pH 2.5, 1 M guanidine-HCI], resulting in a
100 pl reaction. The experimental workflow for the deuterated
samples for H/D exchange reactions was as follows: 2 ul of apo
50 pM ADbTIR or in complex with 10 mM eNAD was incu-
bated in 48 pl D,O buffer containing 25 mM Tris, 150 mM
NaCl, pH 7.0 at 25 C. The resulting 50 pl deuteration re-
actions were quenched at various times (10 s, 1 min, 10 min,
1 h, and 2 h) with 100 pl ice-cold quench (100 mM glycine pH
2.5, 1.5 M Guanidine) prior to injection. Using a LEAP auto-
sampler for high-throughput acquisition, deuterated and
undeuterated (control) samples were injected into a Waters
HDX system equipped with an Acquity M-class Ultra-Per-
formance Liquid Chromatography with in-line pepsin diges-
tion. The resulting peptides were trapped on an Acquity Ultra-
Performance Liquid Chromatography BEH C18 peptide trap
and separated using an Acquity Ultra-Performance Liquid
Chromatography BEH C18 column, followed by injection into
a Waters Synapt G2Si mass spectrometer with ion mobility
capabilities. Resulting peptides were identified using the Pro-
teinLynx Global Server 3.0.3 from Waters. Samples at all
deuterium incubation time points (including undeuterated
controls) were acquired in triplicate. The centroid mass shift of
peptides identified by ProteinLynx Global Server 3.0.3 was
tracked as a function of deuterium incubation times using
DynamX 3.0 software (Waters)(https://www.waters.com/
waters/library.htm?locale=en_US&lid=134832928).

Data availability

The crystal structure of A. baumannii Tir-TIR (AbTIR-TIR)
was deposited in the PDB under the accession code 8G83. All
other data is contained within the manuscript or will be shared
upon request (Greg Snyder gsnyder@ihv.umaryland.edu).
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