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U-Omp19 is a bacterial protease inhibitor from Brucella abortus that inhibits gastrointestinal and lysoso-
mal proteases, enhancing the half-life and immunogenicity of co-delivered antigens. U-Omp19 is a novel
adjuvant that is in preclinical development with various vaccine candidates. However, the molecular
mechanisms by which it exerts these functions and the structural elements responsible for these activ-
ities remain unknown. In this work, a structural, biochemical, and functional characterization of U-
Omp19 is presented. Dynamic features of U-Omp19 in solution by NMR and the crystal structure of its
C-terminal domain are described. The protein consists of a compact C-terminal beta-barrel domain
and a flexible N-terminal domain. The latter domain behaves as an intrinsically disordered protein and
retains the full protease inhibitor activity against pancreatic elastase, papain and pepsin. This domain
also retains the capacity to induce CD8" T cells in vivo of U-Omp19. This information may lead to future
rationale vaccine designs using U-Omp19 as an adjuvant to deliver other proteins or peptides in oral for-
mulations against infectious diseases, as well as to design strategies to incorporate modifications in its
structure that may improve its adjuvanticity.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

A major goal in vaccine design is to induce protective and last-
ing immunity against pathogens at mucosal surfaces. While most
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currently available vaccines are administered parenterally, this
method usually fails to elicit immune responses at mucosal sites
which are the main portal of entry of pathogens. Conversely, muco-
sal immunization can induce strong protective immunity not only
at the mucosa but also systemically. Besides, oral vaccines offer
needle-free delivery, improved accessibility, safety, cost-
effectiveness and may be the preferred choice for mass vaccina-
tion. However, oral delivery is challenging, requiring formulations
to overcome the harsh proteolytic gastrointestinal environment
and avoid tolerance induction to achieve effective protection.
These could be achieved by the addition of mucosal adjuvants
[1]. Adjuvants are vaccine components that enhance the magni-
tude, breadth, and durability of the immune response. Although
adjuvants provide a rational and attractive tool for vaccine design,
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only a few are currently included in licensed vaccines [2,3] and
these are lacking for oral vaccines [4].

Previous work of our laboratory has shown that the unlipidated
outer membrane protein 19 (U-Omp19) from Brucella abortus can
be used as an adjuvant in oral or parenteral vaccine formulations
[5-13]. The addition of U-Omp19 to oral vaccine formulations
enhances vaccine induced protection against Escherichia coli or Vib-
rio cholerae toxin-induced diarrhea or oral challenge with Sal-
monella, Enterotoxigenic E. coli, Enterohemorrhagic E. coli 0157:
H7 or Toxoplasma gondii in mice [5-7]. Also, the addition of U-
Omp19 to a SARS-CoV-2 intramuscular subunit vaccine enhanced
the induced neutralizing antibody response and elicited protection
against SARS-CoV-2 challenge [14].

In silico studies have predicted that U-Omp19 is structurally
related to the Inh domain [7], a characteristic B-barrel present in
proteins belonging to the 138 family of bacterial protease inhibitors
[15]. Previous work has shown that U-Omp19 is a protease inhibi-
tor that partially inhibits gastrointestinal and lysosomal proteases
[7,9]. This activity allows U-Omp19 to protect co-delivered anti-
gens (Ags) from gastrointestinal and intracellular proteases
increasing their half-life and immunogenicity [5-9].

Protease inhibitors are ubiquitous regulatory proteins that
reduce the activity of target proteases. Specific protease inhibitors
are effective tools for inactivating proteases involved in human dis-
eases like arthritis, pancreatitis, hepatitis, cancer, AIDS, thrombo-
sis, etc. [16]. To our knowledge there are no other protease
inhibitors used as adjuvants. Therefore, U-Omp19 represents a
new concept in vaccine adjuvant development.

Structure-activity relationship knowledge of U-Omp19 will
allow a better understanding of the molecular mechanisms
involved in its protease inhibitor activity and vaccine adjuvant
properties. Besides it will shed light on the role of Omp19 in the
context of the Brucella infection [17].

To understand the mechanistic basis of U-Omp19 activities, in
this work we performed a structural, biochemical, and functional
characterization of it. These analyses shed light on the structure
and function of key regions of the molecule involved in inhibition
of proteases and adjuvant activity. Collectively, the results of this
work may contribute to the understanding of the mechanisms of
action of U-Omp19 and will enable the design of novel engineered
structures that may have enhanced activity, stability, or the conju-
gation to other bioactive molecules or Ags.

2. Materials and methods
2.1. Cloning

Protein constructs used in present work are listed in Table 1.

2.1.1. U-Omp19 characterization experiments

The U-Omp19 sequence was cloned in the pET22b+ vector
(Novagen, Madison, WI) resulting in the pET-U-Omp19 plasmid
as previously described [7,18].

2.1.2. Crystallization experiments

For crystallization experiments, the predicted compact domain
of U-Omp19 (residues 57 to 159) plus the histidine tag (residues
160 to 165) was C-terminally fused to maltose binding protein
(MBP) containing mutations designed to reduce surface entropy
and encourage crystal lattice formation [19]. The plasmid was gen-
erated by standard recombinant cloning techniques and the final
construct was verified by DNA sequencing. Briefly, the sequence
corresponding to the U-Omp19 C-terminal region (residues 57-
165) was amplified by PCR using pET-U-Omp19 as template. 5'-C
CATGGCAAGCCTGCCGCCTGCATCC-3' was used as forward primer,
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and 5'-GGTACCGCAGCCGGATCTCAGTGGTGG-3' as reverse primer.
Ncol or Kpnl cleavage sites were added to each oligonucleotide
respectively to be further annealed and cloned into the digested
PMALc-2 vector, giving rise to the pMALc-2-U-Omp19 vector. The
final engineered protein consisted in the fusion of MBP to the C-
terminal domain of U-Omp19 linked by 3 alanine and 1 methion-
ine residues (AAAM) and a C-terminal 6 x -His tag.

2.1.3. Truncated proteins of U-Omp19

For the obtention of the different C-terminal fragments of U-
Omp19, first, pET-(His)g-U-Omp19 was generated and used as
template for the addition of the Tobacco Etch Virus (TEV) protease
cleavage site at diverse sequence points (Table 1) using the muta-
genesis service of Genscript (Piscataway, NJ, USA). For the obten-
tion of the U-Omp19 N-terminal fragment, the pET-U-Omp19
plasmid was used as template and the TEV protease cleavage site
was inserted after the residue Pro60 of the full-length protein.

2.2. Protein purification

2.2.1. U-Omp19 characterization experiments

Recombinant U-Omp19 was expressed in E. coli BL21(DE3) and
purified by immobilized metal ion affinity chromatography (IMAC)
and size exclusion chromatography (SEC) as described previously
[18].

2.2.2. Crystallization experiments

E. coli BL21(DE3) cells were transformed with the pMALc-2-U-
Omp19 plasmid, grown in antibiotic containing medium and pro-
tein expression was induced with addition of 1 mM isopropyl-B-
p-thiogalactopyranoside (IPTG). Cells were harvested and dis-
rupted by sonication. The protein was purified from the super-
natant by FPLC using a HisTrap HP column. Eluates were
concentrated by centrifugation in Amicon Ultra centrifugal filters
(10,000 Da MW cut-off) and further purified by SEC using a
16/60 Superdex 75 column. The final samples were concentrated
to 34 mg/ml in Amicon filters and simultaneously exchanged into
low ionic strength crystallization buffer (10 mM Tris-HCl, 25 mM
sodium chloride, pH 7.5).

2.2.3. Truncated proteins of U-Omp19

The full-length U-Omp19-X-TEV constructs were expressed and
purified by FPLC using a HisTrap HP column. A series of truncated
variants of U-Omp19 were generated by site-specific cleavage of
the full-length protein by TEV protease (Table 1). Purified proteins
were buffer exchanged to TEV cleavage buffer [20] and mixed with
His-tagged TEV protease [20] at 10:1 M ratio for 2 days at 18 °C.
After digestion, digested proteins were further purified in a second
HisTrap step to capture the remaining non-cleaved protein, TEV
protease and the released 6 x -His-tagged fragments and then fur-
ther purified by SEC on a 16/60 Superdex-75 column.

2.2.4. NMR analysis

5N or 3C, ">N-uniformly labeled full-length U-Omp19 or U-
Omp1960-159) Were obtained by growing of E. coli BL21(DE3) cells
transformed with respective expression plasmids (Table 1) in M9
minimal medium supplemented with 1 g/l [°N] ammonium chlo-
ride with or without 2 g/l [U-!3C] glucose (Cambridge Isotope Lab-
oratories), respectively. Expression and purification protocols were
performed as described previously for each protein construct.

2.2.5. In vivo adjuvanticity experiments

After being purified as previously described in each section, for
the in vivo analysis, proteins were depleted of lipopolysaccharide
(LPS) using a polymyxin B resin (Sigma). Endotoxin determinations
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Table 1
Protein constructs used in the present work.
Construct name Domain architecture MWorHEo N of Purpose
(kDa)* residues
U-Omp19 Full length U-Omp19: U-Omp19 (1-159) - (His)s 16.8 165 U-Omp19 characterization experiments
MBP-U-Omp19 MBP - AAAM - U-Omp19 (57-159) - (His)g 51.7 481 Crystallization experiments
U-Omp19-X-TEV  (His)s - U-Omp19 - X - TEV 17.5 170 Expression of truncated fragments of U-Omp19 for
(9 different Where X is the number of the residue where a TEV heptapeptide mapping the active region
constructs) cleavage site (ENLYFQ/G) was added.
(X=1,5,10, 15, 20, 32, 40, 53, 60)
U-Omp19(3-159) G - U-Omp19 (2-159) 15.7 157 Mapping active regions (A)
U-Omp19s.1s9) G - U-Omp19 (5-159) 15.4 154 (A)
U-Omp19(10.1509y G - U-Omp19 (10-159) 14.9 149 (A)
U-Omp19(154509) G - U-Omp19 (15-159) 14.4 144 (A)
U-Omp1930.159y G - U-Omp19 (20-159) 13.9 139 (A)
U-Omp19(35.159) U-Omp19 (32-159) 12.7 126 (A)
U-Omp1940150) G - U-Omp19 (40-159) 119 119 (A)
U-Omp19(s3.159) U-Omp19 (53-159) 10.5 105 (A)
U-Omp196p-159y G - U-Omp19 (60-159) 9.9 929 (A) and NMR experiments.
U-Omp9(1-60) U-Omp19 (1-60) - ENLYFQ derived from the TEV cleavage site. 6.8 66 (A)
2 Theoretical MW computed by the EXPASy ProtParam server (22).
were performfed with a leul}ls amebocyte chromogemc assay AG(T) = Tm-T + AH(Tm) + ACp x |T—Tm =T x lnl
(Lonza). Proteins used for in vivo assays contained less than 0.1 Tm Tm

endotoxic units (EU)/mg.

2.2.6. Protein purity and concentration determination

The quality of all final purified protein samples was checked by
SDS-PAGE (15 % gel) and UV-vis spectrophotometry. The protein
concentration was estimated by measuring its absorbance at A =
280 nm. The theoretical molar extinction coefficient of each puri-
fied protein was estimated from its sequence using the ProtParam
tool from the EXPASy server [21].

2.3. SDS-PAGE and Western blotting (WB)

U-Omp19 samples were run under both non-reducing and
reducing conditions by SDS-PAGE as described previously [18].
For WB, after being subjected to SDS-PAGE, samples were trans-
ferred onto a nitrocellulose membrane. A polyclonal rabbit anti-
U-Omp19 serum followed by anti-rabbit IgG labeled with IRDye
680 (LI-COR Biosciences) were used to visualize the bands. Images
were captured and documented with an Odyssey infrared image-
scanner (LI-COR Biosciences).

2.4. Circular dichroism (CD)

CD measurements were performed as previously described [18].
Samples were diluted to 10 pM or 100 puM for Far- or Near-UV CD
experiments respectively. Raw data were then converted to molar
ellipticity using the following equation:

0

3 -N_ v
[OIMRW (deg.cm”.dmol ) = 0 et

where 0 is the raw CD signal in millidegrees, [C] is the molar protein
concentration, #bonds is the number of peptide bonds, and L is the
path length in centimeters. The temperature was 20 °C unless
otherwise stated. The deconvolution of the CD spectra were per-
formed using the BeStSel server [22].

For thermal denaturation experiments, the ellipticity at 230 nm
was recorded as the temperature was increased or decreased at a
scan rate of 5 °C/min from 20 to 100 °C. Acquisition parameters
were as follows: 1 nm bandwidth, 2 s response time, and 0.1 nm
data pitch. The concentration of U-Omp19 was set to 20 pM. Ther-
mal unfolding curves were fit to a two-state model where the
unfolding free energy (AG(T)) can be calculated as a function of
temperature (T) as follows:

5100

Here, Tm is the midpoint temperature, AH(Tm) is the enthalpy
change of unfolding at Tm and ACp is the change in heat capacity
between the folded and unfolded states. This last parameter was
estimated by calculating the change in solvent accessible surface
area (SASA) between the folded and unfolded states [23] and kept
fixed during the data fitting procedure. The change in SASA was
calculated using the program ProtSA [24]. The experimental data
were fitted using the curve fit function of the SciPy package,
assuming a linear dependence of ellipticity with temperature in
the pre- and post-transition regions, and fitting errors were esti-
mated as the square root of the covariance matrix diagonal
elements.

Chemical denaturation was evaluated by Far-UV CD. For this
purpose, a concentrated stock of U-Omp19 (in 10 mM NaH,POy,,
pH 7.0) was diluted with a solution of 10 M urea or 6 M GdmCl
in the same buffer until a final protein concentration of 10 uM
and a series of final concentrations of denaturing agent. After
24 h at room temperature, the entire CD spectrum in the Far-UV
region was acquired as detailed above. To evaluate the cooperative
effect, the ellipticity at 218 nm was plotted as a function of the
concentration of the denaturing agent. The reversibility of the
structural transitions was assessed by monitoring the recovery of
the CD spectra after (i) the heated protein was returned to room
temperature and (ii) the protein in 9 M urea or 5 M GdmCI was
diluted to the lowest concentration of the chemical agent. The
spectra measured in the presence of DTT, GAmCI or Urea were reli-
able between 210 and 260 nm.

Urea unfolding and refolding curves were obtained from Far-UV
CD spectra obtained at different denaturant concentrations that
were decomposed applying singular value decomposition (SVD)
to the full matrix of spectra. The population of the main compo-
nents was then used to plot the fraction of unfolded protein versus
denaturant concentration.

2.5. Static light scattering (SLS)

The average MW of U-Omp19 was determined by static light
scattering (SLS) on a Precision Detectors PD2010 90° light scatter-
ing instrument tandemly connected to an HPLC apparatus, includ-
ing a Waters 486 UV detector and an LKB 2142 differential
refractometer. The chromatographic runs were performed in a
Superdex 75 GL 10/300 column. The elution was monitored by
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measuring its SLS signal at 90°, its UV absorption at A = 280 nm,
and its refractive index (RI). Data were analyzed with the Discov-
ery32 software supplied by Precision Detectors. The MW of each
sample was calculated relating its SLS and RI signals and compar-
ing this value with the one obtained for Bovine serum albumin
(MW 66.5 kDa).

2.6. Size exclusion chromatography (SEC)

Samples were analyzed by isocratic SEC on an analytical Super-
dex 75 10/300 GL column. The void (V,) and total (V1) volume were
determined by loading Blue Dextran and acetone, respectively. All
runs were performed in 50 mM sodium phosphate, 200 mM
sodium chloride, pH 7.4 buffer. The flow rate was 0.4 ml/min,
and the detection was set at A = 280 nm. The protein mass loaded
was 200 pg with an injection volume of 250 pl.

2.7. Hydrodynamic behavior analysis

To analyze the hydrodynamic properties of the different U-
Omp19 fragments, the apparent MW was calculated using the elu-
tion volumes obtained by SEC (MWsgc). Briefly, elution volumes
(Ve) of globular protein standards were used to estimate partition
coefficients as K,y = (Ve — Vp)/(V1 — Vo). The MW of each protein
was then estimated by interpolation using a calibration curve
obtained as the linear regression of K,, versus log (MW) of the
standards (Goodness of fit R square = 0.9576). The deviation from
the hydrodynamic behavior expected for a globular protein was
analyzed by calculating the ratio MWsgc/MWrygo (Where MWrygo
is the theoretical MW computed by the EXPASy ProtParam server
(Table 1)). For a typical monomeric, globular, ideally spherical pro-
teins, the expected MWsgc/MWrygo ratio is close to 1, whereas for
extended structures and denatured proteins, ratios should be sig-
nificantly higher [25].

2.8. Crystallization, X-ray data collection and structure resolution of
MBP-U-Omp19

An initial screening of crystallization conditions was performed
at room temperature on 96-well plates in a sitting drop vapor dif-
fusion configuration using a Honeybee 963 robot (Digilab, Marlbor-
ough, MA, USA) and commercial kits from Jena Bioscience (Jena,
Germany) and Hampton Research (Aliso Viejo, CA, USA). Experi-
ments were carried out in duplicates with or without the addition
of 10 mM maltose. After 4 days of equilibration, crystals appeared
in two maltose-free conditions: (i) 2.0 M ammonium sulfate (tiny
bars) and (ii) 2.4 M ammonium sulfate, 0.1 M sodium citrate
(bipyramids). Crystals were optimized by the hanging drop
method by mixing 1:1 the protein stock with the crystallization
solutions. Samples were cryoprotected in mother liquor supple-
mented with 35 % (7/v) glycerol and flash-cooled in liquid nitrogen
using Hampton Research loops.

X-ray diffraction data were collected on several crystals at
100 K at the PROXIMA-1 protein crystallography beamline at the
SOLEIL Synchrotron (France) with a PILATUS 6 M detector (Dectris,
Baden, Switzerland). Data sets were indexed, integrated and scaled
with XDS [26] and AIMLESS [27]. A total of 5 % of the recorded
reflections were flagged for cross validation. The best diffracting
crystal corresponded to a sample grown in condition (ii), yielding
a complete data set at 2.55 A resolution in the tetragonal space
group [4,22 with excellent statistics.

The MBP-U-Omp19 structure was solved by the molecular
replacement method with PHENIX [28] using Phaser-MR. For this
purpose, MBP (PDB code 1LLS) was selected as search model. The
top solution was subjected to an initial refinement step in phe-
nix.refine, yielding R = 0.324 and R = 0.349, followed by an auto-
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mated model building step in AutoBuild [29] (R 0.227,
Riree = 0.257). At this point, most of the U-Omp19 fragment was
successfully traced. Further refinement and manual model building
were then performed with phenix.refine and Coot [30], respec-
tively. The final model was validated with MolProbity [31].
Detailed statistics on the data collection and refinement steps are
shown in Table 2.

Superpositions and rmsd calculations were done with the PDBe-
Fold server at the European Bioinformatics Institute (EBI, https://
www.ebi.ac.uk/msd-srv/ssm/). The study of interfaces, monomers
and assemblies was done with the PDBePISA server at the EBI
(https://www.ebi.ac.uk/msd-srv/prot_int/).

2.9. NMR spectroscopy

NMR data were collected on a 700 MHz Bruker spectrometer
equipped with an Avance III console and a TXI-Z probe at 298 K.
All spectra were processed with NMRPipe [32] and analyzed with
CCP NMR v.2 [33]. Chemical shifts were referenced with respect
to the H,O signal at 4.77 ppm (pH 6.8, 25 °C) relative to DSS, using
the 1H:X frequency ratios of the zero point [34]. Backbone 'H, '3C,
and >N chemical shifts of U-Omp19 were assigned using a set of
triple-resonance spectra [BEST-HNCA/HN(CO)CA, BEST-HNCACB/
HN(CO)-CACB, BEST-HN(CA)CO/HNCO, and HN(CA)HA] [35]. The
probability of secondary structure element distributions based on
backbone chemical shift were calculated using the 52d server [36].

5N relaxation datasets (T1, T2 and 'H-'>N NOE) were acquired
at 700 MHz using standard experiments from the Bruker library.
The parameters were calculated in CCP NMR v 2 and the data were
analyzed within the model-free formalism [37,38] using the pro-
gram FAST-Modelfree [39].

2.10. Graphical representation

Molecular structures were represented using PyMOL (Schrodin-
ger, USA) and UCSF ChimeraX [40].

2.11. Protease inhibitor activity

The inhibitory activities of U-Omp19 and truncated variants
were screened against pancreatic elastase, papain and pepsin as
previously described [7,9,18]. Percentage of residual protease
activity was calculated as the percentage of residual protease activ-
ity when the inhibitor is added compared to “No inhibitor” condi-
tion (100 % of protease activity). Inhibitor activity was calculated as
the difference of 100 % minus the percentage of residual protease
activity for the protein tested. To compare the inhibitor activity
from different proteins and to normalize data, the inhibitor activity
ratio was calculated as the ratio of inhibitor activity of the protein
tested and inhibitor activity of full-length U-Omp19. A ratio = 1
indicates retention of full inhibitory activity, while a ratio < 1 indi-
cates loss of inhibitory activity.

2.12. In vivo adjuvanticity experiments

2.12.1. Ethics statement

All experimental protocols with animals were conducted in
strict accordance with international ethical standards for animal
experimentation (Declaration of Helsinki and its amendments,
Amsterdam protocol of welfare and animal protection, and
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals). Protocols of this work were approved by the Institu-
tional Committee for the Care and Use of Laboratory Animals from
the University of San Martin (UNSAM, Buenos Aires, Argentina)
(CICUAE N° 15/2017).
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Table 2
X-ray diffraction data collection and refinement statistics.

Data collection

Wavelength (A) 0.9763
Crystal-detector distance (mm) 557.20
Rotation range per image (°) 0.1
No. of frames 1800
Exposure time per image (s) 0.1
Indexing and scaling
Cell parameters
a=b(A) 141.67
c(A) 132.22
a=p=v() 90
Space group 14,22
Mosaicity (°) 0.075
Resolution range (A) 4833 - 2.55
Total No. of reflections 286,075
No. of unique reflections 22,227
Completeness (%) * 100.0 (100.0)
Redundancy 12.9 (11.1)
{I/o(1)) 16.2 (1.3)
Rieas 0.108 (1.928)
Rpim 0.030 (0.575)
CCip2 (%) 99.9 (55.0)
Solvent content (%) 62
No. of chains per asymmetric unit 1
Overall B-factor from Wilson plot (A2) 59
Refinement
Number of protein atoms 3575
Number of ligand atoms 35
Number of water molecules 37
R 0.207
Rfree 0.242
Rms deviations from ideal values [74]
Bond lengths (A) 0.003
Bond angles (°) 0.639
Average B-factor (A2) 68
MolProbity validation [32]
Clashscore (percentile) 4.90 (99th)
MolProbity score (percentile) 1.57 (99th)
Ramachandran plot
Favored (%) 95.5
Allowed (%) 43
Disallowed (%) 0.2
Protein Data Bank deposition
PDB code 7MHW

aValues for the outer shell are given in parentheses (2.66 - 2.55 A).

2.12.2. Animals

Eight-week-old female C57BL/6 mice were obtained and housed
in our local animal facility at IIB-UNSAM. OT-I/RAG1 (OT-I) mice
were obtained from The Jackson Laboratory and were bred in the
animal facility of IIB-UNSAM.

2.12.3. Adoptive transfer of OT-I cells and in vivo CD8" T cell
proliferation

Single-cell suspensions of spleen and lymph node cells from OT-
I mice were labeled with CFSE (Molecular Probes) and injected i.v.
in C57BL/6 sex-matched recipients. Transferred mice were then
immunized by gavage with a single dose of OVA (5 mg); OVA
(5 mg) plus U-Omp19 (1 mg = 60 pmole); OVA (5 mg) plus U-
Omp1960-159) (60 pmole); OVA (5 mg) plus U-Omp19(;_60) (60
pmole), or saline. Three days after immunization, mice were sacri-
ficed, and spleen cell suspensions were obtained to evaluate the
proliferation of CD8" T cells by flow cytometry. Cells were acquired
on a BD Fortessa X-20 flow cytometer (BD Bioscience) and ana-
lyzed using the FlowJo X software (Flow]Jo, LLC).

2.13. Statistical analysis

Statistical analysis and plotting were performed using Graph-
Pad Prism 7 (GraphPad Software, San Diego, CA). In all graphs,
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when bars are plotted, results are expressed as mean = SEM. For
the estimation of the MWsgc, the samples were analyzed in tripli-
cate. The standard curve was performed as indicated on item 7 of
this section. For comparing secondary structure content, data were
analyzed using two-way ANOVA with a Bonferroni’s multiple com-
parisons test. For the protease inhibitor activity calculation, tests
were carried out in duplicate in at least three independent exper-
iments for each sample. The results obtained were analyzed with
one-way ANOVA followed by Bonferroni’s test vs “No inhibitor”
condition or U-Omp19 inhibitory activity. For in-vivo experiments,
data represent pooled results of four independent experiments
with n = 2-4/group for each trial (mean + SEM), results were then
analyzed using one-way ANOVA followed by Bonferroni’s test vs
OVA or OVA + U-Omp19 condition.

3. Results

3.1. In silico studies and biophysical characterization of U-Omp19
reveal the presence of an extended disordered N-terminal region and a
C-terminal domain rich in B-structure

To get insights into U-Omp19 secondary structure the Far-UV
circular dichroism (CD) spectrum was obtained. The spectrum
showed a significant negative signal in the 210-230 nm region
compatible with high B-structure content. The presence of disor-
dered regions was suggested by a deep minimum at 200 nm char-
acteristic of natively unfolded or intrinsically disordered proteins
(IDP) [41] (Fig. 1A). Deconvolution of the CD spectrum suggested
that U-Omp19 is composed of 40.0 % of regular secondary structure
(35.6 £ 1.2 % B-sheet and 4.4 + 0.6 % a-helix), and of 60.0 + 0.8 % of
other structures.

U-Omp19 sequence analysis using IUPRED3 [42] and PSIPRED
[43] servers predicted high propensity to disorder in the N-
terminal region (residues 1-65) and predominantly B-sheet folding
in C-terminal region (residues 66-159) that matched with the pre-
viously predicted Inh domain [7] (Fig. 1B).

To determine the molecular weight (MW) and oligomeric state
in solution of U-Omp19 we conducted size-exclusion chromatog-
raphy (SEC) coupled with static laser light scattering (SLS), refrac-
tive index (RI), and ultraviolet (UV) detection. U-Omp19 eluted as a
single and symmetric peak with a MW of 16.6 + 0.3 kDa, in close
agreement with the value calculated from its sequence
(MWrheo = 16.8 kDa) (Fig. 1C). However, the elution volume of
U-Omp19 was smaller than the expected for a globular protein
with comparable MW (Fig. 1D). The ratio between the apparent
MW determined by SEC (MWsgc) and the MWrygo was significantly
higher than 1 (2.08 £ 0.07, p < 0.005), indicating that the hydrody-
namic behavior of U-Omp19 did not resemble that of a compact
globular structure. Together, these results indicate that U-Omp19
is a monomer with an extended conformation in solution, compat-
ible with the presence of a natively unfolded N-terminal region.

Far-UV CD spectra acquired at different temperatures con-
firmed that, as previously described (7), U-Omp19 retains high sec-
ondary structure content, even at 90 °C. Analysis of the secondary
structure content at 20 or 90 °C suggested a moderate
temperature-induced gain in o-structure and a minor loss of -
structure (Fig. 2A-B). As the temperature increased, changes in
spectra occurred mostly in the 225-235 nm region. An isodichroic
point was evidenced at 220 nm, with no significant loss of signal at
218-222 nm (Fig. 2A), suggesting that a local conformational tran-
sition occurred upon heating. Changes in the 225-235 nm region
with heating have been attributed to aromatic and/or disulfide
contributions and/or changes in polyproline type II structure
[44,45]. Analysis of the ellipticity at 230 nm as a function of tem-
perature showed that the transition occurred in a cooperative
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Fig. 1. Full-length U-Omp19 is predicted to be composed of an extended disordered N-terminal and a globular C-terminal domain rich in f structure. (A) U-Omp19 Far-UV CD
spectrum. (B) In silico-structural predictions. Intrinsically disordered regions (IDR) were predicted using the IUPred3 server (43). Results are shown as a score between 0 and 1
for each residue corresponding to the probability of the given residue being part of a disordered region. The secondary structure elements showed at the bottom were
predicted using PSIPRED server (44). o-Helix or B-sheet secondary structures are highlighted as pink boxes or green arrows, respectively. The box at the top of the figure
represents the region matching with the Pfam Inh domain (residues 66-157). (C) SEC-SLS analysis. The plot shows the chromatogram of U-Omp19. The solid line represents
the UV signal, the black dashed line the LS signal, and the red dashed line the RI signal. (D) Size-exclusion chromatography profile. Elution volumes of the globular proteins
used as standards are represented as: 1-BSA (66 kDa), 2-Ovalbumin (44 kDa), 3- Papain (23 kDa), 4-Ribonuclease A (13.7 kDa), 5-Staphostanin A (13.3 kDa) and 6-Aprotinin
(6.5 kDa). Arrows at the top indicate the position of the void (V) and the total (V1) volume. SLS and SEC experiments were carried out using different analytical Superdex 75
10/300 GL columns, where each run was performed in triplicate for all the samples analyzed and results are presented as mean + SEM. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

manner with a midpoint centered at 74.6 + 0.2 °C (Fig. 2A inset).
Together these results indicate that while no global unfolding
occurs with heating there is a local and reversible conformational
transition that may involve differences in aromatic or cysteine resi-
due environments.

Chemical denaturation by urea and guanidinium chloride
(GdmCl) was also assessed. U-Omp19 Far-UV CD spectra were
obtained at different concentrations of urea (Fig. 2C) or GdmClI
(Fig. 2D) at 20 °C. In the presence of a high concentration of denat-
urants, U-Omp19 underwent a marked loss of secondary structure
suggested by the loss of signal at 220 nm. The spectra recorded in
the presence of 6 M urea or 4 M GdmCl were compatible with
those of an unfolded protein (Fig. 2C-E). When plotting the elliptic-
ity at 218 nm vs the denaturant concentration, it became clear that
the major overall changes occurred between 3 and 5 M urea and 1-
2 M GdmCl and were consistent with a cooperative global unfold-
ing transition (Fig. 2C-D insets). The set of spectra obtained also
presented isodichroic points compatible with a two-state behavior,
however, these were found at higher wavelengths (230 nm) than in
thermal denaturation (Fig. 2C-D). These results indicate that the
structural transitions and the final states obtained by thermal
and chemical denaturation were different, with only chemical
denaturation causing global unfolding (Fig. 2E). In all cases, the
transitions were reversible as the spectra acquired after return to
room temperature or dilution of the denaturant agent were super-
imposable to the initial spectra (Fig. 2F).

3.2. NMR spectroscopy confirmed that U-Omp19 holds a disordered N-
terminus and a C-terminal domain rich in B structure.

To obtain further information of the conformation of U-Omp19
in solution, its behavior by nuclear magnetic resonance (NMR) was
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studied. Fig. 3A shows the '>N-'H HSQC spectrum of '3C, 1>N-U-
Omp19 with resonance assignment. The mixture of well-
dispersed resonances with several resonances clustered in the cen-
tral region indicates the presence of both folded and unfolded
regions, respectively. The unambiguous assignment of HN-N reso-
nances was possible for 95 signals out of the expected 147 reso-
nances. Analysis of the backbone secondary chemical shifts along
the U-Omp19 sequence confirmed that the first 65 residues are
disordered, while the rest of the protein adopts mostly B-sheet
folding (Fig. 3B).

3.3. The crystal structure of the C-terminal domain of U-Omp19 shows
a tightly packed B-barrel fold, which is conserved among members of
the 138 family

In agreement with the XtalPred server [46] predictions that
classified U-Omp19 within the protein class with lowest crystalliz-
ability, all attempts to crystallize it were unsuccessful. NMR anal-
ysis allowed to pinpoint flexible residues providing valuable
information to improve the crystallizability. However, attempts
to crystallize the C-terminal region of U-Omp19 [U-Omp19so-
159)] also failed. Of note, almost all crystallization conditions either
for U-Omp19 or U-Omp196p-159) resulted in clear drops without
evidence of protein precipitation, despite working with concentra-
tions over 200 mg/ml, suggesting an extremely high solubility.

To increase the likelihood of crystallization, we fused the pre-
dicted folded domain of U-Omp19 (residues 57-159) to an engi-
neered maltose binding protein (MBP) [19] to obtain the MBP-U-
Omp19(s7-159) construct (Fig. 4A). MBP-U-Omp19(s57.159) crystal-
lized as described in Methods and its structure was solved and
refined by molecular replacement method at 2.55 A resolution
with favorable geometry (Table 2). The asymmetric unit contains
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Fig. 2. Effect of temperature and chaotropic agents on the secondary structure of U-Omp19. (A) Effect of increasing temperature on the secondary structure of U-Omp19. Far-
UV CD spectra at different temperatures. The arrows represent the direction of the conformational change upon heating. Inset: Secondary structure changes were analyzed by
monitoring the loss of CD signal at 230 nm while increasing temperatures from 20 to 100 °C. A vertical dashed line indicates the midpoint temperature of the thermal
unfolding curve. (B) Comparison between the amount of secondary structure elements at 20 °C (red) and 90 °C (grey) as predicted by deconvolution of Far-UV CD spectra.
Each bar represents the mean percentage (+SEM) of each secondary structure (o, B, and others). Data were analyzed by two-way ANOVA followed by Bonferroni’s multiple
comparisons test, ns P > 0.05; *P < 0.05; **P < 0.01 vs the 20 °C condition. (C-D) Chemical denaturation unfolding followed by Far-UV CD. Spectra of U-Omp19 titrated with
10.0 M urea (C) or 6.0 M GdmCl (D) at 20 °C. Black arrows represent the direction of changes in the spectra while increasing the concentration of the denaturing agent. Insets:
Changes in ellipticity monitored at 218 nm during chemical denaturation. (E) Comparison of secondary sturcture changes on U-Omp19 subjected to high temperature or
chemical denaturation. Superposition of Far-UV spectra of (i) the native protein at 20 °C (control), (ii) in presence of urea (9 M) or (iii) GdmCI (5 M) or (iv) after heated at 90 °C.
(F) Reversibility of the structural transitions. Superposition of Far-UV CD spectra of the native protein (control), and the refolded proteins after (i) the heated protein was
returned to room temperature or (ii) the protein in 9 M urea or 5 M GdmCl was diluted to the lowest concentration of the chemical agent. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

a single polypeptide chain. No electron density was observed for the quaternary arrangement of U-Omp19, which proved to be a
the N-terminal methionine of MBP (residue —315), the residue monomer in solution, as shown before by SLS-SEC.

ranges —143 to —141 (MBP) and 62 to 64 (U-Omp19), and three U-Omp1967.157) (~size 25 x 30 x 30 A3) is formed by eight
histidine residues from the affinity tag. An exploration of the prob- antiparallel B-strands arranged in the shape of a compact B-
able assemblies suggested by PDBePISA revealed that the fusion barrel with two 3-10-helices capping both openings. The two cys-
protein could be a dimer or a tetramer in solution with buried teines form an intramolecular disulfide bridge that connects strand
areas of 3730 and 12080 A2 respectively. The putative dimer B2 to the loop between strand B3 and helix 3-10, (Fig. 4B). The
may be formed by a twofold symmetry axis that runs parallel to internal cavity of the B-barrel is tightly packed mostly by
the c direction in the crystal packing, and which shows extensive hydrophobic residues (Fig. 4C). No ordered solvent molecule,
contact between the Omp19 and MBP moieties from the neighbor- ligand nor any charged residue was found inside. Moreover, no
ing chains (Fig. STA). In this arrangement, the neighboring Omp19 internal cavity could be detected using a 1.4-A radius probe. One
moieties present an interface area of 520 A? involving the loop that side of the beta barrel presents a marked positive charge, whereas

connects strands p6 and 7 and residues from both their N- and C- the opposite region shows a mixed tendency with a negative over-
termini (see Fig. 4B for the secondary structure nomenclature). The all charge (Fig. 4D). The refined B-factor values showed that the
putative tetramer can be regarded as a dimer of dimers in which connecting loops of the B-barrel exhibit higher flexibility than

the Omp19 pairs interact mostly through strands p6 and B7 the B-strands, while both 3-10-helices present intermediate B-
(Fig. S1B). It is important to stress that the MBP-Omp19(s7.159) factor values (Fig. 4E).

fusion protein is a chimeric construct and, as such, its quaternary A search for similar structures in the Protein Data Bank con-
structure in solution and in the crystal may not necessarily reflect firmed a high similarity between U-Omp19 and members of the
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Fig. 3. NMR characterization of U-Omp19. (A) 'H-'>N-HSQC spectrum of U-Omp19
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provided by backbone chemical shifts using the delta2d software. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

138 family. The three top hits are (i) Inh from Erwinia chrysanthemi
[47], (ii) the alkaline protease inhibitor APRin of Pseudomonas
aeruginosa [48] and (iii) the marine protease MP inhibitor from
Flavobacterium sp. YS-80-122. Even though the C-terminal region
of U-Omp19 shares low sequence identity with these three pro-
teins (~20 %) (Fig. 5A-B), their tridimensional structures are highly
conserved (Fig. 5B). The disulfide bridge is highly conserved among
all related structures, and the most variable regions correspond in
general to the loops and the helix 3-10, (Fig. 5 B-C). Altogether,
these results indicate that the C-terminal domain of U-Omp19
has a tightly packed B-barrel folding conserved between members
of the Inh family [7].

3.4. The C-terminal domain of U-Omp19 shows a restricted flexibility
in solution along its sequence.

To get deeper information about the B-barrel domain structure
and dynamics in solution, we pursued an NMR analysis of the U-
Omp1960-159) construct. Ninety backbone amide signals out of 92
observed in the 'H-'>N-HQSC spectrum of U-Omp19s0.159) could
be assigned. The backbone chemical shifts confirmed that the trun-
cated version is well folded with 8 B-strands and a 3-10 helix
between B3 and B4, in general agreement with the crystallographic
results.

No significant shifts in the signals corresponding to the B-barrel
in U-Omp1960-159) compared to those in U-Omp19 were found
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Fig. 4. Crystal structure of MBP-U-Omp19(s7-1s9). (A) Schematic representation of
the protein construct generated for crystallographic purposes. The C-terminal
region of U-Omp19 (residues 57-159) with the histidine tag (residues 160-165)
was fused to an engineered MBP. The amino acid numbering was assigned so that
the residues of the U-Omp19 fraction coincide with those of the full-length protein.
(B) Ribbon diagram of the tertiary structure of the C-terminal domain of U-Omp19
obtained by crystallography. The images show orthogonal views of the B-barrel core
of U-Omp19. In the left panel the structure is represented color-coded from the N-
terminus (blue) to the C-terminus (red), in the right panel the two 3-10-helices are
showed in pink, B-strands in green and coils in grey. The B-strands are labeled from
By to Bg according to the U-Omp19 sequence and the helices from 3-10; to 3-10,.
The disulfide bond Cys85-Cys105 is depicted in yellow. (C) Representation of the
inner hydrophobic core (green) comprising the following residues: leucine [67, 80,
109, 112, 122, 124, 135], valine [72, 117, 132, 153], alanine [78, 100, 133],
tryptophan [76, 115], cysteine [85 and 105], isoleucine [87], and phenylalanine
[143]. Both pictures correspond to orthogonal views of the p-barrel core of U-
Omp19 in the same orientation as panel B. (D) Representation of the electrostatic
potential surface of the C-terminal domain of U-Omp19. The left panel has the same
orientation as panels B and C right, and the right panel is rotated 180°as indicated.
Positive potential is highlighted in blue and negative in red. (E) Crystallographic B-
factor values specified per residue. Regions with either 3;o-helical or B-sheet
structure are highlighted in orange and green, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

(Fig. S2), suggesting that no interactions occur between the N-
terminal and C-terminal regions.
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Fig. 5. Sequence and structural alignment of U-Omp19 and its three closest structural matches.(A) Multiple sequence alignment of U-Omp19 and the three closest hits
according to the PDBeFold server: (i) the inhibitor Inh from E. chrysanthemi, (ii) the alkaline protease inhibitor APRin of P. aeruginosa and (iii) the marine protease MP inhibitor
from Flavobacterium sp. YS-80-122. Identical amino acids are highlighted in blue. Highly conserved cysteine residues among all sequences are depicted in blue boxes.
Location of the secondary structure elements at the top of the alignment refers to the U-Omp19 crystal structure obtained in this work. The N-terminal domain (NTD) of U-
Omp19 corresponds to the boxed sequence (residues 1 to 73). The asterisk shows the Trp15 of APRin that is conserved in all structures and has been related to the CD signal at
230 nm. The sequence highlighted in green corresponds to the variant: U-Omp19(;_g0) protein (see below). (B) Superposition between U-Omp19 (blue) and members of Inh
family in a similar orientation to Fig. 4B (right). (C) Pairwise backbone heavy atom r.m.s.d (A) between the U-Omp19 B-barrel and the Inh (1smp:I), APRin (1jiw:I) or MP
inhibitor (6iy4:1) structures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Backbone dynamics of U-Omp196¢-159) by 15N relaxation mea-
surements were then assessed (Fig. 6). Overall, the '>N-"H NOEs
showed that all secondary structural elements and even the loops
are mostly rigid on ps/ns timescales, while a modest flexibility was
observed within Ala62-Ala64. These results are consistent with
uniform backbone dynamics with restricted mobility and a high
conformational order. Model free analysis of the T1, T2 and
15N-TH NOE relaxation data also showed overall high order param-
eters along the sequence but revealed a subset of residues with
exchange contributions to T2. These residues cluster mostly in
the first and final B-strands (Fig. 6F), suggesting some strain in
the sewing point of the p-barrel.
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3.5. The intramolecular disulfide bridge plays a role in U-Omp19
stabilization.

The inhibition of pancreatic elastase (Fig. 7A) and papain
(Fig. 7B) by U-Omp19 was similar either in the presence or absence
of reducing agent (DTT). Also, Far- and near-UV CD spectra of U-
Omp19 were almost identical either in the presence or absence
of DTT (Fig. 7C-D). Nevertheless, the midpoint (Tm) of the thermal
transition curve followed by Far-UV CD (74.6 + 0.2 °C) shifted sig-
nificantly towards a lower temperature when DTT was added (59.
5 + 0.4 °C) (unpaired t-test, P = 0.0004) (Fig. 7E). Furthermore, the
thermal induced structural transition in U-Omp19 was fully rever-
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Fig. 6. Dynamics of U-Omp19 C-terminal region derived from NMR analyses.
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along the U-Omp19 C-terminal sequence. Backbone dynamics calculation by model
free analysis was performed using T1, T2 and NOE. (D) Estimated order parameters
(s?) and (E) Exchange contributions (Rey) per residue along the U-Omp19 C-terminal
sequence. (F) Mapping of residues with exchange contributions (grey) on the crystal
structure of U-Omp19 (blue). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

sible in the absence but not in the presence of DTT, evidenced by a
subtle change in the Far-UV CD spectrum obtained after cooling
the reduced protein (Fig. 7F). Altogether these results indicate that
while disruption of the disulfide bond neither alters the protease
inhibitor activity nor the secondary/tertiary structure of folded
U-Omp19, the disulfide bridge plays a role in stabilizing the local
secondary and possibly tertiary structure during heating. A similar
structural transition was described for APRin and was attributed to
its Trp15 residue [49], which is conserved in U-Omp19 (Trp76)
(Fig. 5A). The stabilizing role of the disulfide bond in this transition
is compatible with the short distance between it and the Trp76 in
the B-barrel structure (Fig. S3).
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3.6. U-Omp19 requires its N-terminal region for its protease inhibitor
activity

In protease inhibitors of the 138 family, the B-barrel and the
~10-residue N-terminal region linked to it are essential for pro-
tease inhibitor activity [50,51]. Since the N-terminal region of U-
Omp19 is significantly longer than those of other 138 family mem-
bers, and to identify the minimal fragment that retains the pro-
tease inhibitor activity, we designed constructs with N-terminal
deletions. Nine different constructs [U-Omp19x-159)] were gener-
ated by inserting a Tobacco Etch Virus (TEV) protease cleavage
sequence at specific points (residue X = 2, 5, 10, 15, 20, 32, 40,
53, 60) of U-Omp19 (Fig. 8A, Table 1). The shortest construct, U-
Omp1960-159), encompassed the p-barrel (residues 74-159) plus
14 residues of the N-terminus covering the sequence shared with
the 138 family members (Fig. 5A). SDS-PAGE analysis showed that
the expression, cleavage, and purification processes resulted in
truncated proteins with the expected MWs (Fig. 8B, Table 1).

Each U-Omp19x.159) eluted as a single and symmetric peak
when subjected to SEC (Fig. 8C). The MWsgc/MWrygo ratios were
higher than 1 and decreased as larger regions were deleted. The
ratio was close to 1 for U-Omp196-159) indicating that it behaves
like a compact globular protein (Fig. 8D).

Truncated proteins lacking up to their first 15 residues retained
the full capacity of U-Omp19 to inhibit pancreatic elastase or
papain (Fig. 8E-F). On the contrary, truncated proteins lacking
more than the first 20 residues gradually lost their inhibitor activ-
ity against both proteases. This reduction was statistically signifi-
cant when 32 or more residues were removed (Fig. 8E-F),
indicating that the N-terminal region, encompassing residues 20—
60, is required for the protease inhibitor activity of U-Omp19.

Far-UV CD spectra of the truncated proteins confirmed that they
were properly folded (Fig. 8G). The number of residues predicted to
have B-structure according to the BeStSel server was conserved
among proteins and agreed with those calculated from the crystal
structure (Fig. 8H). In addition, NMR data indicated that the B-
barrel structure of U-Omp19o-159) and U-Omp19 are similar
(Fig. S2). Consequently, there is no evidence of loss of folded struc-
ture on the pB-barrel upon deletion of the N-terminal region.
Besides, deletion of the first 60 residues of U-Omp19 had neither
an effect on the Tm of the thermal transition at 230 nm nor in
the midpoint of the urea denaturation and refolding curves
extracted from Far-UV CD spectra (Fig. S4), suggesting that dele-
tion of up to 60 residues of the N-terminus does not significantly
destabilize the B-barrel fold. Altogether these results indicate that
the N-terminal region is required for the inhibitor activity of U-
Omp19, and that the loss of inhibitor activity of the truncated pro-
teins is not likely due to changes in the folded structure of the B-
barrel.

3.7. The disordered N-terminal region of U-Omp19 is responsible for its
protease inhibitor activity

To test the contribution of the N-terminal region to the protease
inhibitor activity of U-Omp19, we obtained the fragment between
Met1 and Pro60, [U-Omp19;_g0)]-

U-Omp19;_60) Was not detectable by Coomassie Brilliant Blue
staining probably due to its amino acid composition, which is
depleted of “order-promoting” residues and enriched in most
“disorder-promoting” residues [52,53], that lead to a weak dye
binding [54]. Also, U-Omp19(_¢9) showed anomalous elec-
trophoretic mobility as revealed by Western blot (Fig. 9A).
Although U-Omp19(1_60y presented the electrophoretic migration
of a globular protein of ~15 kDa (Fig. 9A), mass spectrometry stud-
ies indicated a MW of 6836.4 Da (data not shown), compatible
with its theoretical MWygo of 6835.6 Da. SEC analysis showed a
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1M protein concentration (C) and Near-UV CD spectrum recorded at 100 pM protein

concentration (D) of U-Omp19 in the presence (brown) or absence (red) of DTT. (E) Thermal denaturation profiles assessed by CD spectroscopy at 230 nm of the native (red)
and DTT-treated (brown) U-Omp19 and the curves obtained were fit to a two-state model. (F) Reversibility of the thermal denaturation process of the native or reduced U-
Omp19. Far-UV CD spectra assessed after the heated protein was returned to room temperature in the presence (brown) or absence (red) of DTT. The black line shows the Far-
UV CD spectrum of U-Omp19 before heating as control. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

single and symmetric peak that eluted as a globular protein of
higher MW (Fig. 9B) with a high MWsgc/MWrygo ratio of
3.36 = 0.05 (Fig. 9C) that is consistent with the IDP character of
U—Omp]gm,eg).

The Far-UV CD spectrum of U-Omp19:;_ggy was compatible
with that of an IDP with a minimum near 200 nm and low elliptic-
ity at 222 nm (Fig. 9D). However, the small negative signal at
222 nm suggests some residual secondary structure content. Anal-
ysis of the ellipticity at 222 vs 200 nm allowed to classify
U-Omp19(1_60) within the random coil subclass of IDPs [55]. The
Far-UV CD spectrum acquired at 90 °C showed a decrease in signal
at 200 nm and the characteristic of IDPs increase in ellipticity in
the 220-240 nm region [45]. The structural transition induced by
heat was modest and reversible (Fig. 9D). The arithmetic sum of
the individual Far-UV CD spectra of the complementary pairs U-
Omp1960-159) and U-Omp191_gpy) was identical to the spectrum
of full-length U-Omp19 (Fig. S5) suggesting that both fragments

are structurally independent, in agreement with the previous
NMR and Far-UV CD results.

Surprisingly, U-Omp19;_6) retained the full inhibitory activity
of full-length U-Omp19 against pancreatic elastase, papain
(Fig. 9E) and pepsin (Fig. S6), indicating that this region is not only
required, but is also sufficient for the protease inhibitor activity of
U-Omp19.

3.8. The N-terminal region of U-Omp19 retains the adjuvant activity
for oral co-delivered Ags.

To evaluate the role of both complementary regions in the abil-
ity of U-Omp19 to increase the immune response to oral co-
delivered Ags, we performed an in vivo T cell proliferation assay.
CFSE-labeled OVA-specific CD8" T cells were adoptively transferred
into congenic C57BL/6 mice. One day later mice were immunized
orally with OVA alone or OVA plus equimolar quantities of i) U-
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Omp19, ii) U-Omp196p-159) or iii) U-Omp19(;_e0). After three days in proliferation was similar when OVA was co-delivered either
the proliferation of OVA-specific CD8* T cells was evaluated. The with U-Omp19 or U-Omp19;_6p). In contrast, U-Omp19go-159) Was
adjuvant activity of U-Omp19 was evidenced by the significant not able to increase the assessed proliferation (Fig. 10). These results

increase in the proliferation of OVA-specific CD8" T cells in indicate that the first 60 residues of U-Omp19 are necessary and suf-
OVA + U-Ompl19 compared to OVA alone-immunized mice. ficient for the ability of U-Omp19 to increase the proliferation of Ag
U-Omp19¢;_60) fully conserved this adjuvanticity since the increase specific CD8" T cells when administered orally with an Ag.
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inhibitory activity, while a ratio < 1 indicates loss of inhibitory activity. Data were analyzed unpaired student t-test; ns P > 0.05 vs U-Omp19 activity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

Development of mucosal vaccine formulations and mucosal
adjuvants has been a challenge for immunologists (1). Our group
has been working on the development of a novel oral vaccine adju-
vant called U-Omp19 which is a bacterial protease inhibitor with
immunostimulatory properties [5-13]. However, the molecular
properties of U-Omp19 and the contribution of each part of the
molecule to its adjuvant and protease inhibitor activities remained
unknown.

Structural biology is of utmost importance in biopharmaceuti-
cal products development, like adjuvants. Elucidating their struc-
ture-activity relationship may lead to wunderstand their
mechanism of action, and thus, help to move novel adjuvants from
the bench to the clinic. In this work we focused on getting insights
into structure-activity relationship of U-Omp19.

Crystallization of U-Omp19s7.159) fused to MBP confirmed that
the region spanning residues Pro69 to Arg157 adopts a typical
eight-stranded B-barrel topology. NMR dynamics studies of U-
Omp1960-159) confirmed that the p-barrel domain has a fairly rigid
structure in solution like that revealed by X-ray structural analysis.
The similarity between both structures suggest that the interac-
tions in the crystal lattice are not inducing disorder-to-order tran-
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sitions that result in static structures that significantly differ from
those in solution, as has been shown for other proteins [25].

The U-Omp19 B-barrel has a striking structural similarity to the
Inh domain. Proteins with this domain belong to family I38 [15], a
group of bacterial protease inhibitors that are secreted into the
periplasm where their presumed function is to protect proteins
from the action of secreted metalloproteases from the serralysin
branch of the metzincin superfamily [50,51]. Major members of
this family are (i) Inh [47] (ii) APRin [51] and (iii) the Serratia mar-
cescens protease inhibitor SMPI [56]. These inhibitors fold into an
eight-stranded pB-barrel preceded by a ~ 10-residue N-terminal
region. Residues 1-5 prevent the access of the substrate by occlud-
ing the active site of the protease. The B-barrel prevents the pene-
tration of the N-terminal region further than 5 residues into the
protease substrate binding cleft and itself interacts with the pro-
tease by one face formed by the strands B3, 4 and g5 [47,51].

As members of 138 family, U-Omp19 is capable of inhibiting
proteases [7,9]. However, unlike them that are soluble in the peri-
plasm, Omp19 is anchored to the outer membrane of Brucella spp
[57]. Currently, no metalloprotease of Brucella has been found to
be inhibited by Omp19. Also, U-Omp19 inhibits serralysin with less
potency than APRin (Fig. S7). Instead, U-Omp19 inhibits
gastrointestinal- and intracellular-proteases [7,9] and has been
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shown to play a role in protecting the bacterium from host pro-
teases during the establishment of the infection [17].

The sequence identity between the U-Omp19 B-barrel and
those of the related 138-family members is close to the nominal
threshold for a reliable alignment. Nevertheless, the sequence
identity among the three known members of 138 family is also
low [51]. However, unlike the rest of the inhibitors, whose N-
terminal regions of ~10 residues are conserved, the entire N-
terminus of U-Omp19 is significantly longer and spans 73 residues.
Even with this low sequence identity, the tertiary structure of the
B-barrel including the position of the disulfide bond is highly
conserved.

Protease inhibitors of the 138 family are closely related to lipo-
calins, fatty acid-binding proteins, avidins and triabins. Together,
these families constitute the calycin superfamily that shares a
common B-barrel core structure. These proteins are characterized
by their ability to bind specific cell-surface receptors, to form com-
plexes with soluble macromolecules and to hold small hydropho-
bic molecules in the internal ligand-binding site of the B-barrel
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[58]. However, the U-Omp19 hydrophobic cavity is too crowded
to contain any molecule. In addition to members of the 138 family,
other proteins within the calycin superfamily are protease inhibi-
tors like the tear lipocalin [59] or triabin, which inhibits thrombin
by blocking its fibrinogen-binding exosite by hydrophobic interac-
tions that involve three B-sheets of the B-barrel [60]. Staphostatin
A and B are also protease inhibitors that adopt an eight-stranded -
barrel structure like Inh [15,50]. These inhibitors compete with the
substrate for binding to the active site of staphopains. The interac-
tion involves a loop of the B-barrel that binds the active site cleft of
the protease and a hydrogen bond between two antiparallel beta B-
sheets that stabilizes the bound conformation and prevents the
hydrolysis of the loop in the active site cleft [61]. Together, this evi-
dence reveals a broad diversity of protease inhibitory mechanisms
involving B-barrel domains.

Thus, we decided to test the role of the B-barrel domain in pro-
tease inhibition of U-Omp19 using a set of truncated proteins with
N-terminal deletions. The shortest construct, U-Omp196o-159),
included the B-barrel plus 14 residues of the N-terminal disordered
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region that matches approximately the length of the N-terminal
region involved in the inhibitory activity of the 138-family mem-
bers [51,62]. This short region also contains a conserved serine
residue (Ser63) that in APRin and Inh was reported to interact with
the catalytic glutamate residue of the metalloproteases [51] and
the 3-10; helix (residues 69 to 72) that is also well conserved in
the Inh family and has been involved in the interaction between
APRin and APR [49]. However, unexpectedly, U-Omp19go-159) Sig-
nificantly lost the ability to inhibit pancreatic elastase, papain
and pepsin. The analysis of the inhibitor activity of the complete
set of constructs indicated that residues 20-60 are required for
most protease inhibitor activity.

The isolated N-terminal fragment U-Omp19:;_¢0) presented
anomalous electrophoretic mobility in SDS-PAGE. Although
anomalous migration in SDS-PAGE can be attributed to the high
content of acidic residues and thus low binding of SDS [63], other
parameters such as expansion in solution [64] and a high proline
content [65] can contribute to anomalous migration. This is prob-
ably the case for U-Omp19(;_¢0), since its acidic content does not
differ significantly from that of globular proteins and its expansion
inferred from SEC experiments is compatible with a random coil
conformation [55]. This intrinsically disordered and highly
expanded U-Omp191_gpy N-terminal fragment has demonstrated
to be necessary and sufficient to encode the full inhibitory activity
of U-Omp19 towards pancreatic elastase (serine-protease), papain
(cysteine-protease) and pepsin (aspartic-protease). Even though
the enzymes examined are not the metalloproteases specifically
inhibited by the 138 family, the mechanism of inhibition of U-
Omp19 differs from these inhibitors. U-Omp19 is the first example
within the 138 family in which the mechanism of protease inhibi-
tion does not involve the B-barrel domain and is fully associated to
an intrinsically disordered region. Remarkably, U-Omp19(;_g0) not
only encodes the protease inhibitor activity, but also retains the
ability to stimulate CD8" T cell responses to orally co-delivered
Ags [7,9]. Hence, since both activities reside in the intrinsically dis-
ordered region, it is likely that the adjuvant activity of U-Omp19 is
linked to its ability to inhibit proteases. However, this is not a
unique requisite for adjuvanticity, since not all protease inhibitors
have the ability to increase immune responses [7,9].

The different regions of U-Omp19 may also play roles other
than inhibition of proteases in the adjuvanticity of U-Omp19, such
as recruitment and activation of DCs, the interaction with an
unknown membrane or intracellular receptor or with other cell
types. In addition, the interaction of the adjuvant with the Ag could
also play a role in immunogenicity and the different parts of the
molecule may differentially interact with the Ag. Moreover, the
use of this mouse model for the evaluation of adjuvant activity
retention, although useful [66], does not cover all T and B cell adju-
vant activities that have been previously demonstrated for U-
Omp19. Therefore, further work is needed to elucidate the com-
plete molecular mode of action of U-Omp19.

Currently, few IDPs have been reported as protease inhibitors or
regulators of proteolysis [67]. Among them, calpastatin is an intrin-
sically unstructured calpain inhibitor that undergoes a folding
transition upon binding to the cysteine protease [68]. Trypto-
galinin is a tick serine protease inhibitor [69] that lacks one of
the three highly conserved disulfide bridges of the Kunitz family
[70]. This feature increases its intrinsic disorder and has been
related to a broader spectrum and greater affinity against addi-
tional serine proteases [69].

Some IDPs can bind several different partners in a process called
binding promiscuity [71]. Likewise, U-Omp19 inhibits different
types of proteases with different mechanisms of action. While U-
Omp19 inhibits serine-proteases in a mixed noncompetitive man-
ner [7], it inhibits cysteine-proteases by a competitive mechanism
[9]. The existence of multiple conformations for the disordered N-
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terminus of U-Omp19 may be related to its ability to inhibit differ-
ent proteases [7,9]. Otherwise, since short peptides have been
shown to have protease inhibitor activities [72,73], different pep-
tides from the N-terminal domain of U-Omp19 may mediate the
inhibition of the different proteases. However, the mechanism
implied in the interaction with proteases is still unclear, and fur-
ther studies on protein-protein interactions are required.

Overall, we report a structural, biochemical, and functional
characterization of U-Omp19. Dynamic features of U-Omp19 in
solution and the crystal structure of its C-terminal region are
revealed. The structural organization of this adjuvant consists in
a flexible intrinsically disordered N-terminus and a compact and
globular B-barrel domain. We also show that the isolated intrinsi-
cally disordered N-terminal domain encodes the full protease inhi-
bitor and adjuvant activities of U-Omp19, revealing a novel
inhibitory mechanism compared to structurally related protease
inhibitors.
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