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Corticosteroid-binding globulin (CBG) delivers anti-inflam-
matory cortisol to inflamed tissues upon elastase-based prote-
olysis of the exposed reactive center loop (RCL). However, the
molecular mechanisms that regulate the RCL proteolysis by co-
existing host and bacterial elastases in inflamed/infected tissues
remain unknown. We document that RCL-localized Asn**” gly-
cosylation fine-tunes the RCL cleavage rate by human neutro-
phil elastase (NE) and Pseudomonas aeruginosa elastase (PAE)
by different mechanisms. NE- and PAE-generated fragments
of native and exoglycosidase-treated blood-derived CBG of
healthy individuals were monitored by gel electrophoresis
and LC-MS/MS to determine the cleavage site(s) and Asn®*’
glycosylation as a function of digestion time. The site-specific
(Val®***-Thr**®) and rapid (seconds to minutes) NE-based RCL
proteolysis was significantly antagonized by several volume-
enhancing Asn®%” glycan features (i.e. occupancy, trianten-
nary GlcNAc branching, and «l,6-fucosylation) and aug-
mented by Asn®*” NeuAc-type sialylation (all p < 0.05). In
contrast, the inefficient (minutes to hours) PAE-based RCL
cleavage, which occurred equally well at Thr***-Leu®*® and
Asn®*"-Leu*%, was abolished by the presence of Asn**” gly-
cosylation but was enhanced by sialoglycans on neighboring
CBG N-sites. Molecular dynamics simulations of various
Asn®*” glycoforms of uncleaved CBG indicated that multiple
Asn®*7 glycan features are modulating the RCL digestion effi-
ciencies by NE/PAE. Finally, high concentrations of cortisol
showed weak bacteriostatic effects toward virulent P. aerugi-
nosa, which may explain the low RCL potency of the abun-
dantly secreted PAE during host infection. In conclusion,
site-specific CBG N-glycosylation regulates the bioavailabil-
ity of cortisol in inflamed environments by fine-tuning the
RCL proteolysis by endogenous and exogenous elastases.
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This study offers new molecular insight into host- and patho-
gen-based manipulation of the human immune system.

Human corticosteroid-binding globulin (CBG)® is the main
carrier of cortisol in the blood circulatory system. CBG regu-
lates the bioavailability of this anti-inflammatory steroid hor-
mone by binding up to 90% of the entire cortisol pool with high
affinity and specificity in a single binding pocket in a tempera-
ture-sensitive manner (1, 2). Although produced primarily by
hepatocytes (3, 4), human CBG mRNA and protein have been
found in smaller amounts in other tissues, including lungs, kid-
neys, testes, placenta, endometrium, fallopian tube, heart, and
some regions of the brain (5-12). The varying circulatory levels
of CBG in childhood, puberty, and adulthood and in different
physiological states like pregnancy have been documented; for
example, the CBG concentration in the blood of healthy indi-
viduals was measured to be ~40 mg/1 (13). The circulatory half-
life of human CBG has been established to be approximately 6
days, although some forms of CBG may be removed much
faster (13), as supported recently by investigation of the human
CBG half-life in rabbits (14). The CBG synthesis rate, which
from the above can be estimated to be ~0.1-0.2 mg/h under
normal physiology, has been reported to be regulated by the
glucocorticoids and IL-6 (15). For instance, during inflamma-
tion, CBG acts as a negative acute-phase protein (16), where the
level of intact functionally active CBG in circulation is reduced
due to the increased rate of proteolytic cleavage of this gluco-
corticoid carrier with a concomitant cortisol release (17) and an
IL-6-driven reduction in CBG synthesis (18, 19). The delivery
mechanism of cortisol to target tissues, which is only partially
understood, involves 1) interaction of the cortisol-bound CBG
with a putative receptor on the membranes of some cortisol-
sensitive tissues (i.e. liver, endometrium, placenta, and pros-
tate) (20, 21); 2) direct internalization of an intact cortisol-
bound CBG complex in specific tissues (e.g placental

® The abbreviations used are: CBG, corticosteroid-binding globulin; CBG-Ct,
corticosteroid-binding globulin C-terminal fragment; CBG-Nt, corticoste-
roid-binding globulin N-terminal fragment; A1AT, a1-antitrypsin; CID, col-
lision-induced dissociation; EIC, extracted ion chromatogram; GlcNAc,
N-acetylglucosamine; MD, molecular dynamics, NE, neutrophil elastase;
NeuAc, N-acetylneuraminic acid; PAE, P.aeruginosa elastase; PAOT,
wound-derived P. aeruginosa laboratory strain; PASS1, cystic fibrosis-de-
rived P. aeruginosa strain; RCL, reactive center loop; TBG, thyroxine-bind-
ing globulin; Fuc, fucose; Man, mannose; PDB, Protein Data Bank.

JOURNAL OF BIOLOGICAL CHEMISTRY 17727


mailto:morten.andersen@mq.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.735258&domain=pdf&date_stamp=2016-6-23

Asn*¥ Glycans Fine-tune Elastase-based RCL Cleavage of CBG

syncytiotrophoblasts) (20); and, the most documented, 3)
extracellular elastase-based proteolytic cleavage of the exposed
reactive center loop (RCL) of CBG, resulting in cortisol release
and cellular uptake of cortisol upon a “stressed-to-relaxed”
conformational change of CBG at the site of inflammation (22—
27). Readers are directed to a recent review as a source of more
in depth coverage of the CBG biology (28). The highly flexible
RCL spanning the Glu***~Ile*** region of CBG is the target of
human neutrophil elastase (NE), which cleaves Val*>**-Thr?**
to form two complementary fragments: the large (50 -55 kDa)
N-terminal fragment (CBG-Nt) and the small (5-10 kDa)
C-terminal fragment (CBG-Ct) (22). The reduced cortisol
affinity of cleaved CBG increases the local concentration of free
cortisol, which is beneficial toward resolving inflammation in
affected tissues by the anti-inflammatory effects of cortisol
(17, 29).

It was recently suggested that in basal, low inflammatory
conditions, proteases other than NE may be causing systemic
CBG cleavage (30). Both endogenous and exogenous proteases
were documented to cleave the RCL and reduce the cortisol
affinity of CBG. It was also shown that chymotrypsin cleaves the
RCL of CBG at Leu®**-Asn**” and Leu®*®-Thr?*, but the bio-
logical relevance of this pancreatic protease in the context of
the host immune response in inflamed tissues remains
unknown (31). In addition, the Thr**°-Ser®*® and Ser®*°-Lys**"
sites of E. coli-produced (non-glycosylated) recombinant
human CBG were reported to be proteolytic target sites, but the
responsible protease(s) remains elusive (32). Finally, P. aerugi-
nosa elastase (PAE), the major virulence factor of this opportu-
nistic Gram-negative pathogen and a zinc metalloprotease that
is structurally unrelated to the serine proteases NE and chymo-
trypsin, was shown to cleave the RCL of CBG primarily between
Asn® and Leu®*, leading to reduced cortisol affinity and
release of the hormone from CBG (33). It was also reported that
PAE cleaves several RCL sites (i.e. Thr**-Leu®*®, Leu®*°-
Asn®’, Asn®*-Leu®*® (main cleavage site), and Leu®*®-Thr*°)
(33). Interestingly, PAE and NE are known to co-exist in the
inflamed and bacteria-infected respiratory tract of individuals
with cystic fibrosis and chronic obstructive pulmonary disease
(34). Although growing evidence supports an elastase-driven
release of cortisol from CBG as a mechanism for cortisol deliv-
ery to inflamed tissues, the molecular basis for the regulation of
such a delivery mechanism by endogenous and exogenous elas-
tases remains poorly understood.

The six occupied N-glycosylation sites of mature CBG (383
amino acid residues) create extensive glycoform heterogeneity
(4, 5, 35). We recently performed a detailed site-specific glyco-
profiling of all six glycosylation sites of blood-derived CBG
from healthy individuals (36). The sites displayed different het-
erogeneous populations of branched, primarily bi- and trian-
tennary, complex glycans displaying a1,6-linked (core) fucose
(Fuc) and terminal N-acetylneuraminic acid (NeuAc) residues.
It was suggested that CBG carries predominantly «2,3-sialyla-
tion, as assessed by LC-MS/MS-based glycomics of free
reduced N-glycans at the global (site-nonspecific) level of CBG
with and without «2,3-linkage-specific sialidase treatment. In
addition, sialylation was found to be an inhibitory feature for
the CBG-receptor complex interaction (36). Other lines of evi-
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dence suggest that N-glycosylation is a key modulator of CBG
functions, including cortisol binding and delivery (e.g. glycosy-
lated CBG was found to bind cortisol with significantly higher
affinity and was more temperature-sensitive relative to non-
glycosylated CBG) (29). Moreover, upon NE-based RCL cleav-
age, the cortisol affinity of glycosylated CBG was reduced more
than non-glycosylated forms, indicating that CBG glycosyla-
tion may yield a more rapid surge of free cortisol at target tis-
sues to thereby facilitate a quicker resolution of inflammation
(29). Intriguingly, the C-terminally located Asn®*’, which is
84.7% occupied by primarily triantennary sialoglycans, is
located on the RCL in close proximity to the reported cleavage
sites (36). Similarly, other highly occupied glycosylation sites of
CBG displaying mainly bi- and triantennary sialoglycans appear
to be in relatively close spatial vicinity of the RCL when evalu-
ated on the three-dimensional structure of human CBG (32,
37). However, the site-specific effects of CBG N-glycosylation
on the endogenous and exogenous elastase-based RCL proteol-
ysis and cortisol release remain undocumented.

We establish here that CBG uses specific glycan features, in
particular at the Asn®* site, to fine-tune the RCL proteolysis by
two unrelated and co-existing elastases of host and pathogen
origin that may be found in the respiratory tract of bacteria-
infected individuals; the endogenous NE and P. aeruginosa-de-
rived PAE. Thesite-specific modulatory functions of CBG N-gly-
cosylation contribute to advancing our understanding of the
complex molecular mechanisms underpinning the competing
interests of the host and pathogen that facilitate subtle yet effec-
tive manipulation of the human immune response during infec-
tion and inflammation.

Results

High NE Specificity of the RCL Cleavage of CBG Irrespective of
the Asn’*” Glycosylation Status—Short (2-min) incubation of
human CBG with human neutrophil-derived NE under physi-
ological conditions generated significant RCL cleavage of CBG.
Two complementary sets of CBG fragments were formed (i.e.
CBG-Ct (bands 1-3; 12, 11, and 5 kDa, respectively) and
CBG-Nt (50-55 kDa) fragments) (Fig. 1A. Following in-gel
trypsin digestion, multiple variants of the CBG-Ct fragment
were identified by the detection of the peptide ***TLNLTSKPI-
ILR**® in an Asn®**”-glycosylated (bands 1 and 2, Fig. 1B) and in
a non-glycosylated (band 3, Fig. 1C) form using collision-in-
duced dissociation (CID)-MS/MS. Thus, the CBG-Ct frag-
ments were a convenient way to monitor the Asn>*” glycosyla-
tion status of CBG upon RCL cleavage. Consistent with our
previous glycoprofiling of native CBG from healthy human
blood donors (36), six abundant glycoforms encompassing a1,6
(core)-fucosylated (f) and NeuAc-type a-sialylated (S) bianten-
nary (B) and triantennary (T) complex-type N-glycans were
found to occupy Asn®**” (Fig. 1D). A few other Asn®**” glyco-
forms of low abundance were observed as reported before (36);
however, these trace structures were not included in the further
analysis. The Asn>*”-glycosylated CBG-Ct fragments (bands 1
and 2) displayed predominantly triantennary (81.7%) and bian-
tennary (74.5%) N-glycans, respectively, in agreement with
their differential gel migration (Fig. 1E). MS/MS identification
of the tryptic ***VMNPV<"*"™ in all CBG-Ct bands confirmed
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FIGURE 1. Highly specific NE-based RCL cleavage proximal to the Asn**’

Asn347

fragmentation of a TS3 Asn>%”

glycosylation of CBG. A, generation of the two complementary sets of CBG
fragments upon NE (light blue) cleavage (i.e. CBG-Ct (band 1, 12 kDa (blue); band 2, 11 kDa (green); band 3, 5 kDa (red)) and CBG-Nt (50-55 kDa) fragments as
evaluated by their differential migration on SDS-PAGE. Broken line, non-neighboring gel lanes from the same gel. B, MS-based profiles of the NE-generated

-glycosylated CBG-Ct fragments after trypsin digestion (left). The structures of the glycopeptides were confirmed using CID-MS/MS as exemplified by the
glycopeptide (right) and our previous glycoprofiling of native CBG (36). C, band 3 contained the Asn

347-non-glycosylated variant

of the CBG-Ct fragment as confirmed by the identification of the non-modified peptide ***TLNLTSKPIILR®>®, D, overview of the nomenclature and structures of
the six most abundant glycans harboring Asn*’ (i.e. BS2, BS2f (biantennary (B) glycans in light orange); TS2, TS2f, TS3, and TS3f (triantennary (T) glycans in dark

orange)).f, a1,6-linked (core) fucosylation; S, number of NeuAc residues. £, bands 1 and 2 contained primarily tri- and biantennary Asn

347 glycans, respectively.

F, sequence of a selected region of the exposed RCL of CBG. Blue and black arrows indicate the identified cleavage sites of NE and trypsin, respectively.

an intact CBG C terminus (data not shown). The data sup-
ported a highly specific NE-based RCL cleavage at Val***-
Thr*® irrespective of the Asn®*” glycosylation status (Fig. 1F).

Asn®** Glycan Occupancy, Core Fucosylation, and Branching
Reduce the NE-based RCL Cleavage Efficiency—The influence
of the Asn>®*” glycan moiety on the NE-based RCL cleavage was
investigated by monitoring three volume-enhancing features
(i.e. glycan site occupancy, core fucosylation, and outer anten-
nae GIcNAc branching) of the Asn®*” glycan as a function of
NE digestion time. The Asn®**” glycan occupancy significantly
affected the efficiency of the NE-induced RCL cleavage, as evi-
denced by a significant increase of the site occupancy over the
short (5-25 s) (20.0 = 2.7%) to medium (30-150 s) (54.6 *=
11.7%, p < 0.05) incubation period (Fig. 24). In addition, the
low Asn®**” glycan occupancies (~20-55%) relative to native
human CBG (~85%) (36) supported the strong NE digestion
bias toward cleavage of non-glycosylated Asn**” CBG variants
within this relatively short digestion window.

Core fucosylation of the Asn**” glycans appeared to influ-
ence the NE-based proteolysis less, as shown by the only slightly
lower levels of core fucosylation of Asn®*’ glycans over the
short (5-25s) (25.2 = 1.3%) relative to the medium (30-150 s)
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(32.9 = 0.6%, p < 0.05) incubation time scale (Fig. 2B). CBG-Ct
fragments generated over the medium incubation time scale
showed native-like levels of Asn**”-core fucosylation (~34.9%),
illustrating that the digestion preference for non-core fucosy-
lated Asn®*” glycans was restricted to the short time scale.

The triantennary Asn®*” glycans were found to be signifi-
cantly underrepresented in the short (5-25 s) (42.1 £ 2.6%) as
compared with the medium (30-150 s) (59.6 £ 1.7%) incuba-
tion period and compared with native CBG (~80%) (36) (Fig.
2C). We also investigated these data for a potential bias toward
or against higher sialylated Asn®*” glycan species but found no
different RCL cleavage rates of trisialylated triantennary Asn**’
glycoforms relative to bisialylated triantennary Asn®*” glyco-
forms over the investigated time course (data not shown).
Together, these data showed that several volume-enhancing
Asn® glycan features (i.e. site occupancy, core fucosylation,
and outer antennae GlcNAc branching) temporally affect the
rapid NE-induced RCL cleavage efficiency at the proximal
Val>**-Thr*** cleavage site (Fig. 2D).

Asn®*” Glycosylation Abolishes the Less Efficient PAE-in-
duced RCL Cleavage—The influence of the Asn®**” glycan on
the RCL cleavage efficiency of the proteolytically less potent
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Asn347
0.001. D, schematic illustration of the local molecular environment around Asn
Val**-Thr3*,

PAE from the culture media of virulent P. aeruginosa was then
investigated. Surprisingly, even after favorable PAE incubation
conditions and extended incubation time (i.e. 1 h (data not
shown), 4 h, and 16 h), both crude and pure PAE produced only
a single 5-kDa fragment (band 3) corresponding to an Asn>*’-
non-glycosylated CBG-Ct fragment (Fig. 34). The glycosylated
CBG-Ct fragments (bands 1 and 2) that were clearly observed
after NE digestion were absent following PAE digestion of CBG.
This interesting observation was verified using LC-MS/MS by
the identification of the peptide ***LNLTSKPIILR?*® (Fig. 3, B
and C). The peptide ***LTSKPIILR?*® was identified as a sec-
ond PAE cleavage product (data not shown). By assuming sim-
ilar ionization efficiency of these two peptide variants, it was
estimated that PAE has similar preference for cleaving the RCL
at the two sites (i.e. Thr®**>-Leu®*®) (50.2%) and Asn®*’-Leu®*®
(49.8%) when Asn>*” is not occupied. The peptide derived from
the complementary CBG-Nt fragment (i.e. **AVLQL-
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glycan features was statistically tested by grouping the early (5-25 s, light orange) and the medium (30-150 s) digestion time points. *, p < 0.05; ***, p <
347

and the three glycan features affecting the NE-based RCL cleavage of CBG at

NEEGVDTAGSTGVTLN?*) was similarly identified exclu-
sively in the non-glycosylated form by LC-MS/MS, thereby
confirming that PAE is unable to cleave the RCL when Asn>*” is
occupied (Fig. 3D). The ** AVLQLNEEGVDTAGSTGVT?*
peptide was also identified, which further confirmed the dual
cleavage sites of PAE (data not shown). The other reported, less
used, PAE cleavage sites of RCL (i.e. Leu®*®-Asn®", Leu®*s-
Thr®*°, Thr**-Ser®*°, and Ser®*°-Lys®>*') (33) were not
detected.

Sialylation of Asn®*’- and Non-Asn®**” Glycans Promotes the
PAE- and NE-based RCL Proteolysis—The influence of termi-
nal sialylation of the proximal Asn®*” and other non-Asn®*’
glycans of CBG on the RCL cleavage efficiencies by NE and PAE
was then investigated. This was performed using a series of
time-fixed digestions of a panel of CBG glycosylation variants
consisting of asialo-, agalacto-, and deglycosylated CBG gener-
ated by treatment of exoglycosidases and N-glycosidase F under
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FIGURE 3. Glycan occupancy of Asn*” abolishes the PAE-induced RCL cleavage. A, unlike NE-digested (light blue) CBG (two penultimate left lanes), crudely
isolated and pure PAE (green) generated two relatively homogeneous complementary CBG fragments (i.e. a single CBG-Ct (band 3, 5 kDa) and a CBG-Nt (50 -55
kDa) fragment under extended incubation (4 and 16 h, right lanes) as evaluated by SDS-PAGE. Undigested native CBG is shown in the far left lane. Broken line,
non-neighboring gel lanes from the same gel. Solid line, gel lanes from different gels. B, amino acid residues of the exposed RCL of CBG in the vicinity of the
observed PAE cleavage sites (green arrows). The CBG-Nt (gold) and CBG-Ct (brown) peptides covering the Asn*’ glycosylation site are shown. C, the presence
of 2*LNLTSKPIILR?>® and 3*3LTSKPIILR3>® (data for the latter not shown) in an Asn®*’-non-glycosylated form (top EIC, left) and the absence of their correspond-
ing Asn®*%-glycosylated forms (bottom EIC, left; as exemplified by the absence of an EIC signal for the TS3 Asn* glycopeptide) in the CBG-Ct fragment was
confirmed using CID-MS/MS (right). D, peptides of the complementary CBG-Nt fragments (i.e. >’ AVLQLNEEGVDTAGSTGVTLN>*” and 32 AVLQLNEEGVDTAG-
STGVT?* (data for the latter not shown) were also exclusively identified in their non-glycosylated state by LC-MS/MS. No EIC signals were detected in any
charge states for any glycoforms of either the CBG-Nt or the CBG-Ct peptides. *, CBG-Nt fragments occurring after extended digestion of CBG with NE that were
not further investigated in this study. #, crude PAE migrated around 33 kDa as validated by LC-MS/MS analysis, whereas the commercial form of PAE (“pure
PAE”") was observed in separate experiments to co-migrate with human CBG around 55-60 kDa (data not shown).

removal of the penultimate 31,4-linked galactose residues (aga-
lacto-CBG, 33.5 = 1.7%) and the entire N-glycan moieties

native (conformation-retaining) conditions. Interestingly, the
global enzymatic removal of the terminal a-linked NeuAc res-

idues of CBG dramatically reduced the RCL cleavage efficiency
of PAE as evaluated by the reduced generation of the CBG-Ct
fragment (band 3,49.1 = 6.8%) relative to the native CBG (nor-
malized to 100%, p = 1.7 X 10~?) (Fig. 44). However, global
SASBMB
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(deglycosylated CBG, 47.4 = 5.5%) of CBG did not further
change the RCL cleavage efficiency by PAE (p = 0.05). This
indicated that sialylation of the non-Asn®*” glycans is strongly
enhancing the RCL digestion efficiency of PAE. In addition, this
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FIGURE 4. Sialylation of the non-Asn3*? glycans is beneficial for PAE-based RCL cleavage. A, incubations of (from /eft) undigested native CBG, undigested
asialo-CBG, pure PAE-digested native CBG, pure PAE-digested asialo-CBG, undigested agalacto-CBG, pure PAE-digested agalacto-CBG, undigested deglyco-
sylated CBG, and pure PAE-digested deglycosylated CBG. Shown is a comparison of the relative gel band intensities of band 3 (red box). Broken line, non-
neighboring gel lanes from the same gel. Solid line, gel lanes from different gels. B, three-dimensional structure of PAE (PDB code 1EZM) and RCL-uncleaved
CBG (homology model based on uncleaved human TBG, PDB code 2CEO). CBG is presented in a glycoform that allows RCL cleavage by PAE (i.e. all glycosylation
sites are occupied except for Asn®**). Color coding of monosaccharide residues is in accordance with the established nomenclature by the Consortium for
Functional Glycomics (79). NeuAc residues are in purple, galactose residues are in yellow, GIcNAc residues are in blue, fucose residues are in red, and mannose
residues are in green. Color coding of the polypeptide chains is as follows. The PAE cleavage sites (Thr**>-Leu?*® and Asn>*’-Leu>*®) on the RCL of CBG are in
purple, the basic amino acid residues of PAE are in blue, acidic amino acid residues of PAE are in yellow, the amino acid residues in the active site of PAE are in
red,and the Asn glycosylated sites of interest of CBG are in green. The proposed electrostatic interactions and protein docking are schematically illustrated with
broken lines. C, proposed interactions of NE and glycosylated variants of CBG, which may explain the differential RCL cleavage efficiencies observed in A; same
color coding as in B. **, p < 0.01; ***, p < 0.001; ns, not significant. Data points are represented as mean = S.E. (error bars), n = 3.

data indicated that the RCL digestion efficiency of PAE was
rather independent of the galactose residues as well as the pres-
ence of the remaining parts of the non-Asn®*” glycan struc-
tures. By inspecting our glycosylated homology model of
uncleaved human CBG, the Asn®*® and Asn'** glycans, which
naturally comprise biantennary sialoglycans at high occupan-
cies (36), are in relatively close proximity to the RCL. It appears
likely that the negatively charged sialic acid residues of these
two N-sites may be beneficial for efficient PAE proteolysis, pos-
sibly by electrostatic interactions with the highly cationic pro-

17732 JOURNAL OF BIOLOGICAL CHEMISTRY

tein surface surrounding the active site of PAE. This might
indeed explain the reduced and non-recoverable RCL cleavage
efficiency of PAE on asialo-CBG and further truncated CBG
glycosylation analogs (Fig. 4C). Further work is warranted to
determine the exact glycosylation site(s) contributing to these
effects.

Comparatively less reduction of the RCL digestion efficiency
upon global desialylation of CBG was observed for NE (Fig. 54).
Interestingly, the reduced proteolysis was restricted to the
Asn®*-glycosylated CBG-Ct fragments (bands 1 and 2, 64.2 *
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FIGURE 5. Sialylation of Asn®*” glycans, not of glycans from other CBG sites, is beneficial for NE-based RCL cleavage. A, incubations of (from left)
undigested native CBG (black), NE-digested native CBG, undigested asialo-CBG (green), NE-digested asialo-CBG, undigested agalacto-CBG (red), NE-digested
agalacto-CBG, undigested deglycosylated CBG (blue), and NE-digested deglycosylated CBG. Comparisons of the relative gel band intensities (red box) were
performed. Broken line, non-neighboring gel lanes from the same gel. B, the three-dimensional structures of NE (PDB code 3Q77) and RCL uncleaved CBG
(homology model based on uncleaved human TBG, PDB code 2CEO). CBG s presented with its most abundant glycoforms of the three sites located in proximity
to the RCL (i.e. Asn*¥ displays TS3, and Asn'>* and Asn?3® both display BS2). The color coding of the monosaccharide residues and amino acid residues is
generally as described in the legend to Fig. 4, the NE cleavage site (Val***-Thr***) on the RCL of CBG is in purple. The proposed electrostatic interactions and
protein docking to the RCL of CBG are schematically illustrated with broken lines. C, proposed interactions of NE and the glycosylated variants of CBG, which
may explain the differential RCL cleavage observed in Fig. 5A. *, p < 0.05; ns, not significant. Data points are represented as mean = S.E. (error bars), n = 3.

11.3% versus native CBG, normalized to 100%; p < 0.05),
whereas the levels of the Asn**"-non-glycosylated CBG-Ct
fragment were not altered (band 3, 100.2 = 13.4% versus native
CBG, normalized to 100%; p = 0.05). This indicates that the
NeuAc residues of the proximal Asn®**” glycan, but not the
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other CBG N-sites, are beneficial, but ultimately not strictly
crucial, for the NE digestion of RCL. The global removal of the
galactose residues of CBG showed a recovery of the Asn®*’-
glycosylated CBG-Ct fragments (bands 1 and 2, 77.9 = 14.7%;
p = 0.05) relative to native CBG. In contrast, the levels of the
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TABLE 1

Asn>*” glycosylation, in particular the triantennary glycoforms, causes
more perturbation of the average RCL conformation relative to the
non-glycosylated RCL structure

Perturbation, which may restrict access of or affect recognition by the RCL-target-
ing proteases, was measured as the average root mean square deviation (A) (mean +
S.D.) of the Ca atoms of the RCL over the course of the simulations (¢ = 100 ns, n =
1,000 sampled time points) of the Asn** glycoforms of CBG relative to the average
structure adopted by the RCL Ca atoms in the non-glycosylated CBG variant.

Perturbation of the RCL conformation

CBG Asn®** glycoform (RMSD) (mean * S.D.)
A
Non-glycosylated 1.5+ 04
BS2 24 *+0.3
TS3-A 4.1+ 0.5
TS3-B 3.1*04
TS3f-A 3.1*04
TS3f-B 3.5+0.7
DTS3-A 39*04
DTS3-B 35*06

“ This value represents the baseline deviation from the average RCL structure
without perturbation by an attached glycan. See the legend to Fig. 1 and supple-
mental Table S1 for the Asn®** glycoform nomenclature used here.

Asn®**-non-glycosylated CBG-Ct fragment (band 3, 102.0 *
13.0%; p = 0.05) remained unchanged relative to native and
asialo-CBG. Recovery and indeed enhanced RCL digestion effi-
ciency relative to native CBG (combined bands 1-3, normal-
ized to 100%) were observed with global CBG deglycosylation
(153.5 = 23.3%; p < 0.05). Together, this indicated that only
NeuAc residues of Asn®**’, and not NeuAc residues from the
other CBG N-sites, are enhancing the RCL digestion efficiency
of NE, whereas the volume-enhancing galactose residues and
the underlying glycan cores of Asn®*” are antagonistic features
reducing its RCL digestion efficiency (Fig. 5, B and C).

Molecular Dynamics (MD) Simulations of Glycosylated CBG
Support an Asn**” Glycan Involvement in the RCL Cleavage—
To generate a better understanding of the molecular mecha-
nisms underpinning RCL cleavage, 100-ns MD simulations of
abundant glycoforms of CBG were performed. Because the
exact triantennary branching of the Asn®*’ glycans remains
unknown (36), both the 1,4- and 31,6-GlcNAc-branched iso-
mers (i.e. TS3f-A and TS3f-B, respectively) were simulated. The
simulations did not achieve complete structural convergence
but were sufficient to support our hypotheses regarding the
relationship between CBG glycoforms and protease activity.
Specific interactions formed between the Asn®**” glycans and
the CBG surface, which persisted throughout the simulation,
indicated that they are significantly populated over longer time
scales.

Regardless of the glycoform, glycan occupancy at Asn**” sig-
nificantly perturbed the average conformation adopted by the
RCL (root mean square deviation, 2.4 * 0.3 to 4.1 * 0.5 A)
relative to unglycosylated RCL (1.5 = 0.4 A) (Table 1). The
biantennary sialoglycan (BS2) at Asn®**” did not interact with
CBG and remained projected away from the protein over the
entire simulation. This resulted in less perturbation of the RCL
position relative to the more branched Asn®**” glycoforms. This
suggests that the attenuating effects of both glycan occupancy
and triantennary branching at Asn**” on the RCL cleavage effi-
ciency (Fig. 2, A and C) result from altered RCL conformations,
in addition to the glycan sterically blocking access to the cleav-
age sites.

17734 JOURNAL OF BIOLOGICAL CHEMISTRY

It is intuitive that the proximal core fucose of Asn®*” glycans
would affect the RCL proteolysis. Consistent with the experi-
mental data (Fig. 2B), the MD simulations supported that core
fucosylation reduces access to central amino acid residues in
the RCL. Interestingly, the core fucose of the TS3f-A and
TS3f-B isomers formed sustained interactions with, and
thereby sterically masked, different regions of the RCL (Fig. 6, A
and B). The TS3f-A isomer (Man 3'-arm GlcNAc branching)
occluded the Asn®*”-Pro*** region involving the two PAE
cleavage sites, whereas the TS3f-B isomer (Man 6'-arm GlcNAc
branching) occluded Thr***~Leu®*®, which contains both the
NE and PAE cleavage sites (Fig. 6C). Upon close reexamination
of our existing glycome (site-nonspecific) LC-MS/MS data of
CBG (36), it is estimated that triantennary A-isomers (~80—
85%) dominate over the B-isomers (~15-20%) in CBG (data
not shown). This may explain the limited, but still significant,
influence of the core fucosylation of Asn®*” glycans on the NE
cleavage of the RCL. However, a detailed linkage and branch
analysis of the Asn®**” glycoforms is required to confirm the
exact glycan structures at this site.

The MD simulations also permitted a deeper examination of
the average shielding effect of the RCL generated by the entire
Asn®" glycan structure during the simulation (Table 2). Irre-
spective of the occupying Asn®*” glycoform, it was predomi-
nantly the PAE sites that were affected by the presence of a
glycan in this position, which formed sustained contacts with
the CBG surface (Fig. 7). The negligible steric hindrance of the
NE digestion site by the Asn**” glycans on the RCL is in strong
agreement with the experimental observations.

Abundant Secretion of the Inefficient PAE of Virulent
P. aeruginosa May Trigger Slow Cortisol Release for Sus-
tained Host Immune Suppression and Avoidance of Growth
Inhibition—W e observed that PAE, a well known virulence fac-
tor in cystic fibrosis and chronic obstructive pulmonary disease
(34), is among the most abundant proteins secreted by
P. aeruginosa (Fig. 84, i). The cystic fibrosis-derived virulent
PASS1 strain clearly secreted more PAE into the culture media
than the laboratory PAO1 wound strain over the same period as
evaluated by their gel band intensities on SDS-PAGE. A
virulence-dependent expression of PAE was also observed in
the cell lysates of P. aeruginosa, showing significantly higher
intracellular PAE levels in PASS1 compared with in the same
number of PAO1 bacteria (11.1 + 0.7-fold, p = 9.4 X 10 °) as
measured using LC-MS/MS (Fig. 84, ii). Only the virulent
PASS1 resulted in the RCL cleavage as evaluated by the gener-
ation of a CBG-Ct fragment when equivolume culture media
from the same number of the two bacterial strains grown until
their mid-log phase under identical conditions were incubated
with CBG (Fig. 84, iii). The differential RCL cleavage efficiency
appeared to be reflecting the difference in PAE secretion, but
strain-specific differences of the PAE structure and/or activity
cannot be ruled out.

The motivation for P. aeruginosa secreting high amounts of
“inefficient” PAE, causing inefficient CBG RCL cleavage and
thereby sub-optimal cortisol release from the host, was studied
by monitoring the growth of the virulent PASS1 strain over 20 h
with 4 orders of magnitude of free cortisol concentrations
(0.01-10 uMm) in the culture media. The physiological level of
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4
C Cleavage INE  |PAE IPAE
Isoforms Occlusion of central amino acid residues in RCL by a1,6-Fuc (% of simulation time)
V344 T345 346 N347 1348 T349 S350 K351 P352 1353
TS3f-A 0 0 0 39 5 76 44 21 39 0
TS3f-B 0 43 24 72 81 1 0 0 0 0

FIGURE 6. MD simulations indicate that core fucosylation of Asn**” glycans occludes central amino acid residues of RCL. The «1,6-linked core fucose of

the TS3f-A (Man 3’-arm GIcNAc branching) (A) and TS3f-B (Man 6'-arm GIcNAc branching) (B) isomers formed prolonged interactions with two different regions
of the RCL. G, the interactions generated by the TS3f-B isomer resulted in significant occlusion of both the NE and PAE proteolytic sites as measured by the
reduced solvent accessibility of the Thr**>-Leu®*® region generated by the core fucose residue over the simulation time. In contrast, the core fucose-centric
interactions generated by the supposedly more abundant TS3f-A isomer influenced only the PAE digestion sites by occluding the Asn®*’-Pro3*? region. Amino
acid residues occluded for >50% of the simulation time are in boldface type and underlined. See Fig. 7 and Table 2 for the RCL occlusions provided by the entire

Asn347
glycoforms.

TABLE 2

Proportion of simulation time (%) that individual RCL residues are
shielded by the Asn3*” glycan

Amino acid residues occluded >50% of the simulation time are in bolface type and

underlined. These heavily occluded residues were predominantly located in prox-
imity to the two PAE cleavage sites rather than the NE cleavage site (indicated with

arrows). See legend for Fig. 1 and supplemental Table S1 for the Asn**’ glycoform
nomenclature used here.
Cleavage INE |PAE |PAE
Isoform | V344 T345 1346 N347 1348 T349 S350 K351 P352 1353
BS2 0 38 28 100 82 37 7 2 1 0
TS3-A 5 22 31 100 29 81 1 3 2 0
TS3-B 1 54 2 100 13 54 13 14 11 2
TS3f-A 38 43 41 100 17 7 44 21 40 1
TS3f:B 0 47 24 100 100 87 87 70 26 2

free cortisol in humans is 0.1-1 um (38). The lowest cortisol
concentration (0.01 um) neither promoted nor inhibited the
growth of PASSI relative to the control grown under identical
conditions without cortisol supplement (p = 0.05 for all time
points) (Fig. 8B8). However, the higher cortisol concentrations
(0.1-10 uM) had an equal suppressive effect on the PASS1
growth in the 816 h period (p < 0.05 for the indicated time
points). In other words, the higher cortisol concentration (10
M) did not suppress the PASS1 growth more than the 0.1 um
cortisol concentration, indicating a saturation of the bacterio-
static effect of cortisol within the physiological range. Any bac-
teriostatic effects of cortisol were absent in the beginning (0—8
h) and less pronounced in the end (16 -20 h) of the studied
growth period. Taken together, the data suggest that the high
secretion of the relatively weakly potent PAE of virulent
P. aeruginosa strains facilitates a limited cortisol release from
the host upon slow RCL cleavage, which may be below the bac-
teriostatic concentration but sufficient to achieve sustained
suppression of the host immune system to promote bacterial
infection (Fig. 8C).
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glycan moieties, not just their core fucose residues. See the legend to Fig. 1 and supplemental Table S1 for the nomenclature used for the Asn

347

Discussion

CBG is a central protein in inflammation due to its transport
of corticosteroids in circulation and its ability to deliver such
anti-inflammatory stress hormones in an accurate and timely
way to the required tissues. Although not fully resolved, one
aspect of the delivery mechanism that is rather well established
is the NE-driven proteolysis of the RCL leading to cortisol
release upon a so-called stress-to-relaxed conformational
change of CBG at the neutrophil-rich inflammatory site (22,
24). As demonstrated here by time-based digestion assays and
structural analysis of the resulting glycoform fragments and
supported by MD simulations, the digestion efficiency of the
highly potent and cleavage site-specific (Val***-Thr***) endog-
enous NE is modulated in an intriguingly complex manner by
the Asn**” glycosylation of CBG. The predominant bi- and tri-
valent NeuAc-type sialylation of the Asn®*” glycans was found
to be highly beneficial for NE digestion, possibly by enabling
electrostatic attraction to the arginine-rich surface of NE (39)
upon docking onto the RCL. With respect to the RCL cleavage
rate, no additional benefits of trivalent over bivalent sialylation
of the Asn®**” glycan were observed, indicating that the orien-
tation and the position of the anionic charges around the RCL
are more important than the sheer number of negative charges.
The MD simulations indicated that some Asn®**” sialoglyco-
forms form interactions with the CBG protein surface (data not
shown). However, further work is warranted to investigate
whether these interactions promote RCL digestion by NE.

In contrast, other volume-enhancing neutral features of the
Asn®** glycans, including the site occupancy, core fucosylation,
outer antennary 3-GlcNAc branching, and 3-galactosylation,
were found to antagonize the RCL digestion efficiency of NE. It
is anticipated that these inhibitory glycan features are exerting
their action by steric hindrance by forming hydrophilic (hydro-
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FIGURE 7. MD simulations suggest that Asn®**’ glycans form sustained interactions to the RCL backbone of CBG that occlude primarily the PAE

digestion sites. Shown is an example of Asn*’

glycan-CBG protein surface interaction as demonstrated by the prolonged contact of the chitobiose core of

TS3f-B to the PAE digestion sites of the RCL (left), in particular the Asn®**’-Lys®*" region; see enlarged region (right) for details. See also Table 2 for details on the

reduction of solvent accessibilities of TS3f-B and other Asn3*’

the nomenclature used for the Asn®*” glycoforms.

gen bonding from hydroxyl groups) and/or hydrophobic (from
N-acetyl groups of GlcNAc and NeuAc) interactions with the
CBG surface, thereby masking the digestion sites of the RCL.
The presence of core fucosylation of N-glycans has previously
been shown to inhibit the proximal proteolysis of polypeptides
by serine proteases (40). None of the five other CBG N-glycans
(at sites Asn®, Asn”, Asn'>*, Asn®3%, and Asn>°®) displayed any
detectable modulation of the NE digestion efficiency of the
RCL, which can be rationalized from the relative small size of
NE (mature polypeptide, 25.5 kDa) and the significant distance
of the digestion site to the “neighboring” Asn'®* (~44 A) and
Asn?*® (~34 A) of uncleaved CBG (data not shown, but see Figs.
4 and 5 for model). Despite the presence of these multiple
inhibitory features of the Asn®**” glycans, NE yielded significant
CBG fragments in the second-to-minute time scale. Thus, the
Asn®*” glycosylation does not prevent the NE-based cleavage of
CBG but instead fine-tunes the digestion rate and, thus, is able
to manipulate the speed at which cortisol is released into
inflamed tissues. Consequently, the Asn®*” glycosylation may
be viewed as an anti-inflammatory regulator.

Unlike NeuAc-type a-sialylation and B-galactosylation,
which forms the terminal and penultimate glycoepitopes,
respectively, of all native CBG glycoforms on Asn>*, it is inter-
esting to note that the other regulatory Asn®**” glycan features
are partial modifications (i.e. the Asn* site occupancy is
~85%, core fucosylation is ~35%, and triantennary GIcNAc
branching is ~70% as evaluated from an “average” CBG popu-
lation derived from a pool of healthy donors) (36). The degree of
expression of these glycan features on CBG may be manipu-
lated by hepatic cells or extrahepatic tissues as required to alter
the NE-based RCL digestion rate and the cortisol release from
CBG (e.g during inflammation or bacterial infection). Both cel-
lular factors (e.g. levels of glycosylation enzymes and nucleotide
sugar donors) (41) and protein features (e.g. glycosylation site
accessibility (42) and subcellular localization/trafficking rate)
(41, 43) may contribute to the regulation of the N-glycosylation
of a protein. Specifically, the global glycosylation pattern of
hepatocyte-derived CBG has indeed been shown, in vitro, to be
regulated by glucocorticoids (44); however, it still needs to be
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glycoforms over the MD simulation time. See the legend to Fig. 1 and supplemental Table S1 for

assessed whether altered cortisol levels affect the secretion and
glycosylation pattern of hepatocyte-derived CBG and/or
potentially the expression of extrahepatic CBG displaying dif-
ferent glycoforms and activities in a feedback mechanism. In
relation to this, it would be interesting to map the natural var-
iation of the Asn>*” glycosylation of blood- and tissue-derived
CBG in healthy donors and to compare these profiles with those
of individuals undergoing local/systemic inflammation and
bacterial infection to further test the observations described
herein. Understanding the molecular basis for rapid tissue-spe-
cific cortisol delivery may have great utility in the rational
design of CBG glycoforms with enhanced cleavage characteris-
tics as a new type of therapeutics that can be directed to inflam-
matory tissues (e.g. in septic shock, prostatic hyperplasia, and
rheumatoid arthritis) (45—47).

The immune modulation caused by other endogenous and
exogenous proteases upon CBG cleavage is even less studied.
PAE produced by virulent P. aeruginosa was shown to cleave
the RCL of CB@, causing a diminished cortisol binding capacity
(33). Importantly, other pathogens (i.e. Burkholderia cenocepa-
cia and Staphylococcus aureus) did not produce RCL-cleaving
proteases, suggesting that this ability may be unique to
P. aeruginosa (33). Supporting these observations, the RCL of
CBG was here shown to be a proteolytic target of PAE; two
equally preferred cleavage sites (Thr***-Leu®*® and Asn®'’-
Leu®*®) were identified. PAE is the most secreted protein of
P. aeruginosa, and despite its poor proteolytic activity (acting
on a minutes-to-hours time scale) relative to NE, the total pro-
teolytic capacity of PAE may still be significant, considering its
abundance. In contrast to NE, the action of PAE was affected by
the glycans on multiple glycosylation sites of CBG. Specifically,
PAE digestion was shown to benefit from the sialylation of gly-
cans on sites other than Asn®*. Further investigation needs to
specify whether these promoting effects are generated directly
by electrostatic attractions of the neighboring Asn'** and
Asn*®® to the larger (relative to NE) PAE molecule (mature
polypeptide, 33.1 kDa) upon RCL docking or whether the sialic
acid residues are indirectly facilitating a more cleavage-suscep-
tible conformation of CBG by engaging in charge-based inter-
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FIGURE 8. High PAE secretion and cortisol concentration-dependent growth inhibition of virulent P. aeruginosa may explain the relatively weak RCL
potency of PAE. A, when cultured overnight, virulent P. aeruginosa (PASS1) isolated from the sputum of a cystic fibrosis patient showed, relative to the
equivalent number of (or equivolume media from) the laboratory PAO1 wound strain, the following: a higher PAE secretion as evaluated by gel band intensities
of filtered (F) and crude (C) culture media (i); significantly higher intracellular PAE levels as evaluated by intensity-based LC-MS/MS analysis of bacteria cell
lysates (ii); and a higher capacity for generating the CBG-Ct fragments, indicating enhanced RCL cleavage (jii). ***, p < 0.001 (mean = S.D. (error bars), n = 3).
B, the PASS1 growth profile was monitored over time (0-20 h) without (black) and with various concentrations of cortisol (0.01-10 um, various shadings of
brown) covering the physiological cortisol range in humans. No significant differences were observed for the 0.01 um cortisol relative to the untreated control
(p = 0.05 for all time points), whereas a minor concentration-dependent bacteriostatic growth inhibition was observed for the 0.1-10 um cortisol relative to the
0.01 um cortisol concentration (p < 0.05 for time points marked with an asterisk in the expanded inset). All data points are presented as mean = S.E. (error bars)
(n = 3). C, proposed simplistic model of the relationship between the human host inflammation and bacterial infection pathways in the context of NE- and
PAE-induced cortisol release upon RCL cleavage. The potent NE acts preferentially on non-glycosylated Asn®**” variants or CBG glycoforms carrying Asn®%”
glycans that are sialylated, non-core-fucosylated, and biantennary branched on the second-to-minute time scale, yielding a substantial release of cortisol from
hepatocyte- and potentially extrahepatocyte-derived CBG present at the site of inflammation (24). In contrast, the less potent PAE acts exclusively on
non-glycosylated Asn®**” CBG variants during the longer (minutes-to-hours) incubation period and benefits significantly from the sialylation of non-Asn®*’
glycans. This rather inefficient proteolysis may generate a slow release of cortisol of only a subset of CBG-cortisol complexes, which may be below the
bacteriostatic concentration threshold but perhaps still sufficient to reduce the host immune response by the anti-inflammatory effects of cortisol, thereby
possibly creating a favorable infection environment of P. aeruginosa. The comparative faster and more substantial release of cortisol by NE, on the contrary,
would, in principal, create a more rapid resolution of the inflammation and possibly generate a significant bacteriostatic effect and a more hostile environment
for bacterial infection. See Fig. 1 and supplemental Table S1 for the nomenclature used for the Asn®** glycoforms.

actions with its polypeptide backbone. Despite the lack of any
direct evidence, we cannot rule out the possibility that negative
charges from intra- or intermolecular sources other than sialy-
lation of CBG, including glycosaminoglycans and phosphoryla-
tion, may similarly play a yet to be explored role in RCL modu-
lation. It is also of interest to note that although the CBG
sialylation appears to be a promoting feature of both NE and
PAE digestion, we have previously shown that these negatively
charged terminal glycoepitopes are antagonistic features
reducing the interaction of CBG to yet to be thoroughly char-
acterized putative cell surface receptors (36). Thus, the same
glycosylation features may display multiple, diverse, and even
opposite modulatory functions.
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Interestingly, PAE-induced RCL cleavage was restricted to
the subpopulation of CBG molecules lacking Asn**” glycosyla-
tion, amounting to only ~15% of native CBG molecules (36).
This suggests that PAE can only access a small proportion of the
CBG-bound cortisol in a biological context, which may, how-
ever, be sufficient for promoting long term inhibition of the
host immune response and thus allow the bacteria to gain a
growth advantage by initiating and sustaining colonization.
P. aeruginosa is an opportunistic pathogen that is known to
establish chronic infection of immunocompromised individu-
als (e.g. in the respiratory tract of cystic fibrosis and chronic
obstructive pulmonary disease patients) by having evolved
refined strategies for long term infection, such as quorum sens-
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ing and biofilm formation (48 —50). Because the release of free
cortisol delays the production of pro-inflammatory factors
designed to combat bacterial invasion, the PAE-induced RCL
cleavage of CBG may also be viewed as one such infection strat-
egy that enhances the chances of this opportunistic pathogen to
evade the host immune system. The low potency of PAE may be
crucial to avoid triggering a more complete release of cortisol,
which appears to be detrimental to the growth of virulent
P. aeruginosa, as demonstrated here. The weak bacteriostatic
effect of low micromolar cortisol concentrations and the
underlying suppressive mechanisms on the growth of P. aerugi-
nosa need to be further investigated by orthogonal approaches.

The RCL of human al-antitrypsin (A1AT, UniProtKB,
P01009), another member of the serpin superfamily, is also a
target of PAE (51). This is important because A1AT, unlike
CBG, shows serpin-inhibitory activity by irreversibly binding
and inactivating NE (and other serine proteases) and thereby
reducing its CBG-cleaving abilities (52). Thus, the PAE-in-
duced cleavage of A1AT may result in reduced NE inactivation
and consequently an increased NE-based CBG digestion and
cortisol release. Similar to NE, A1AT is present at the site of
inflammation due to its localized production and secretion
from leukocytes (53). Future work will reveal whether glycosyl-
ation is involved in the AI1AT-based inhibition of NE and
whether this inhibition is as potent as the well described NE
inhibition displayed by a number of chemical inhibitors (e.g.
N-benzoylindazole derivatives (54) as well as acylating and car-
bamylating agents and inhibitors based on other mechanisms
(55)) and other protein/peptide-based inhibitors, such as cyc-
lotides (56). Interestingly, the exposed RCLs of serpins gener-
ally do not share a common amino acid sequence and harbor no
conserved N-glycosylation sequon motifs (NX(S/T), where X is
not proline) (57). For example, no RCL-localized glycosylation
sites similar to Asn®**” of CBG were identified for A1IAT and the
structurally related thyroxine-binding globulin (TBG). It could
be speculated that the RCL of especially inhibitory serpins
encompassing the majority of the members within this super-
family lacks glycosylation sites because the binding and inacti-
vation of proteases through the RCL may be compromised by
the presence of a glycan in this region. However, it remains to be
investigated whether any of the more than 70 serpin members,
in addition to CBG, harbor an RCL glycosylation site, which
may similarly modulate their inhibitory/non-inhibitory func-
tions (58). The lack of serpin sequence conservation between
species is attributed to the adaptive changes necessary to escape
pathogenic species-specific elastases (57) and to accommodate
for species-specific hormonal and physiological differences
(59). In this context, the Asn®**” glycosylation of the RCL of
human CBG may have evolved as an additional level of fine
control of and/or protection from digestion by exogenous and
endogenous elastases, considering the diverse environments of
CBG (i.e. produced in liver, circulates in blood, and migrates to
inflammatory and steroid-sensitive tissues). The RCL glycosyl-
ation of CBG may regulate its spatial and temporal cleavage and
thus be crucial to ensure accurate cortisol delivery.

Although the ability of glycans to protect their carrier pro-
teins from proteolytic degradation has been known for many
years (60, 61), still very few examples have been reported, in
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particular, in biological systems where the regulatory role of the
individual glycan features have been documented (62). The fine
control provided by the Asn>*” glycosylation of CBG regulating
the RCL proteolysis by important endogenous and exogenous
proteases as reported here represents a fascinating example of
the extremely complex molecular regulation underpinning the
immune system. This work has demonstrated the central role of
CBG glycosylation in providing an efficient immune response
upon challenge and has brought us closer to understanding the
molecular basis underpinning the regulation of these processes
in the context of inflammation and bacterial infection.

Experimental Procedures

Materials—Human CBG (UniProtKB, P08185) was purified
from pooled sera of healthy donors to >90% purity as assessed
by SDS-PAGE (Affiland (Liege, Belgium), product code
hCBGs). We have previously performed deep structural analy-
sis of this source of CBG and confirmed high purity and struc-
tural and functional integrity of the protein (36). Human NE
(UniProtKB, P08246) was isolated from blood-derived resting
human neutrophils to >96% purity (Lee Biosolutions (Mary-
land Heights, MO), product code 342-40). Chromatographi-
cally purified PAE (here called “pure” PAE) (UniProtKB,
P14756) was from a pathogenic P. aeruginosa strain (Elastin
Products (Owensville, MO), product code PE961). The cystic
fibrosis-derived (PASS1) (63) and laboratory wound (PAO1)
P. aeruginosa strains, from which PAE was also derived, were
kindly provided by Prof. Ian Paulsen (Macquarie University)
(63). Cortisol (product code H0888) was from Sigma-Aldrich.
Broad specificity Arthrobacter ureafaciens a2,3/6/8/9-linkage-
specific neuraminidase (product code 480716, recombinant in
E. coli) and B1,4-linkage-specific Streptococcus pneumoniae
galactosidase (product code 345806, recombinant in E. coli)
were from Calbiochem. Flavobacterium meningosepticum pep-
tide:N-glycosidase F (recombinant in E. coli) was from Roche
Diagnostics. Ultra-high quality water was used for all experi-
ments. All chemicals and LC solvents were from Sigma and
Merck, respectively, unless otherwise stated.

Bacteria Culture and Crude Isolation and Identification of
PAE—PASS] and PAO1 were cultured on Luria-Bertani agar
plates and incubated overnight at 37 °C as described (64). Cell
colonies were transferred to 5 ml of LB medium and incubated
overnight at 37 °C, and the culture media containing PAE were
collected. The culture media were centrifuged at 5,000 X g, and
the abundantly expressed PAE was crudely separated from
other more acidic molecular components in the supernatant
fraction as described previously (33). In brief, the supernatant
was mixed with strong anion exchange resin (Q-Sepharose, GE
Healthcare) equilibrated in 0.02 M sodium phosphate, pH 7.7.
End-over-end mixing was performed for 30 min at room tem-
perature. The unbound fraction containing the PAE was col-
lected after 5 min of centrifugation at 3,000 rpm; this fraction is
called “filtered” PAE. For some experiments, PAE was used
directly from the culture media (labeled “crude” PAE) because
it showed largely the same purity on SDS-PAGE and activity as
the crudely isolated PAE (data not shown). For the identifica-
tion of PAE, a fraction of the culture medium was analyzed by
SDS-PAGE. The intense band around 35 kDa was excised,
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reduced, alkylated, and in-gel-digested using trypsin. The
resulting peptides were extracted, desalted, and analyzed
by LC-MS/MS (for details, see below). The processed peptide
data were searched against the UniProtKB protein database
containing proteins from a compilation of P.aeruginosa
strains using Mascot with the following search criteria: Cys
carbamidomethylation as a fixed modification and Met oxida-
tion and Asn/Gln deamidation as variable modifications. A
maximum two missed tryptic cleavages were allowed. The
remainder of the PAE media was aliquoted and stored at
—20 °C until used.

Cortisol-enriched P. aeruginosa Growth Assay—The PASS1
strain was cultured on Luria-Bertani agar plates and incubated
overnight at 37 °C (64). A cell colony was transferred to 5 ml of
LB medium and incubated overnight at 37 °C. The bacteria
were separated from the culture medium by centrifugation at
4,000 X g for 20 min. The cell pellet was washed twice with 1 ml
of PBS and centrifuged at 4,000 X g for 5 min. The cells were
then diluted with LB medium to approximately Ay, .., = 0.1 as
measured using a biophotometer (BMG Labtech). PASS1 bac-
teria were grown in triplicates in the four specified cortisol con-
centrations (i.e. 10, 1, 0.1, and 0.01 um) and without cortisol
(control) in LB media in a total volume of 200 ul in 96-well
plates. LB medium was used for the blank measurement. The
96-well plate was placed in a biophotometer and incubated
overnight at 37 °C. A 400 nm Was measured every 30 min for 16 h.
The plate was automatically shaken before each measurement.

Exoglycosidase and N-Glycosidase F Treatment of CBG—
Asialylated CBG (asialo-CBG) was generated using 2,3/6/8/9-
specific neuraminidase (0.02 milliunits/ug CBG) for 24 h at
37 °C. After 6 h, the sample was split into multiple vials to gen-
erate more glycosylation variants of CBG. Agalactosylated CBG
(agalacto-CBG@) and deglycosylated CBG variants were gener-
ated by adding 1,4-galactosidase (0.2 milliunits/ug CBG and
N-glycosidase F (1 unit/ug CBG) to the respective vials and
incubation for another 18 h at 37 °C. All experiments were per-
formed in 50 mm sodium phosphate buffer, pH 6.5. Reactions
were stopped by freezing the glycosylation variants at —80 °C,
where they remained stored until use.

NE- and PAE-based Digestion of CBG—Native CBG was
incubated with NE in 50 mM sodium acetate, 0.6 M sodium
chloride, pH 5.5, at an enzyme/substrate ratio of 1:25 (w/w) for
5s5,10s,155,205,255,305,605s,905s,120s, 150 s, 10 min, and
4 h at room temperature. In addition, human CBG was incu-
bated with pure PAE in 50 mm Tris-HCI, 10 mm CaCl,, pH 7.5,
at an enzyme/substrate ratio of 1:5 (w/w) for 1, 4, and 16 h or
crude PAE (see details above) using 5 ug of CBG to 15 ul of
culture medium (containing ~1 and ~2 ug of PAE secreted
from the PAO1 and PASSI strains, respectively, as evaluated by
SDS-polyacrylamide gel band intensity) for 1 h at 37 °C. The
glycosylation variants of CBG were incubated with NE for 2 min
at room temperature or with pure PAE for 4 h at 37 °C with the
same w/w ratios as indicated above. The digestion reactions
were quenched by instantly boiling the samples in NuPAGE
LDS sample buffer (Life Technologies, Inc.) containing 50 mm
dithiothreitol and 500 mm iodoacetamide for 5 min. Intact CBG
and CBG fragments were separated on 8 -12% NuPAGE gels
(Life Technologies) using a MES (1X) buffer (Life Technolo-
SASBMB
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gies) for 40 min at 180 V. Gels were stained using Coomassie
Brilliant Blue. The gel band intensities were measured using
Image] software as described (65). All NE and PAE digests of
native and glycosylated variants of CBG were performed in
triplicates.

In-gel Digestion and Isolation of CBG Peptides—Gel bands
corresponding to undigested intact CBG (55— 60 kDa), the large
CBG-Nt fragment (50-55 kDa), and the small CBG-Ct frag-
ment (5-10 kDa) were excised from the gels, diced, and washed
with 100 mm NH,HCO, (aqueous) and 50% (v/v) acetonitrile.
In-gel digestion was performed using modified porcine trypsin
(Promega) (100 ng/gel band) overnight in 50 mm NH,HCO,
(aqueous), pH 6.8, at 37 °C. CBG peptides were extracted from
the gel pieces using washing cycles of 100% acetonitrile and
0.1% (v/v) formic acid (aqueous). The resulting peptide mix-
tures were desalted using C,g stage tips (Thermo Scientific)
according to the manufacturer’s instructions, dried, and redis-
solved in water before LC-MS/MS. The peptide mixtures
derived from intact CBG and CBG-Nt fragments were analyzed
individually. The multiple bands corresponding to CBG-Ct
fragments (band 1-3; see Fig. 1A) were either analyzed sepa-
rately (for band-specific analysis) or pooled and analyzed
together (for quantitative glycoprofiling) using LC-MS/MS.

Liquid Chromatography and Tandem Mass Spectrometry
(LC-MS/MS)—Peptides were separated on a ProteCol C18 col-
umn (300-um inner diameter, 10-cm length, 3-um particle
size, 300-A pore size, SGE Analytical Science (Melbourne, Aus-
tralia)) with an attached 0.5-um Peek filter (Fisher Scientific
(Pittsburgh, PA)). The flow rate provided by an Ultimate 3000
HPLC (Dionex) was 5 pl/min. The column was equilibrated
with 100% solvent A (ie. 0.1% (v/v) formic acid (aqueous)
before sample load followed by a linear gradient of up to 50%
solvent B (i.e. 0.1% (v/v) formic acid in acetonitrile) over 70 min.
The column was then washed using 90% solvent B for 5 min and
reequilibrated in 100% solvent A for 15 min. The LC column
was conjugated to an HCT three-dimensional ion trap (Bruker
Daltonics). Peptides were analyzed using electrospray ioniza-
tion CID-MS/MS in positive polarity mode. Throughout the
analysis, an MS full scan (m/z 200-2,200, scan speed 8,100
m/z/s) was followed by data-dependent CID fragmentation of
the two most abundant signals in the full scan. Single
LC-MS/MS injections for each of the three digestion replicates
of all time points were performed. The instrument was cali-
brated before analysis using a multipoint calibrant (Agilent).
The mass discrepancies were generally better than 0.2 Da for
the precursor and fragment ions.

LC-MS/MS Data Handling and Glycopeptide Charac-
terization—Tryptic and semitryptic (partially NE- or PAE-
cleaved) CBG peptides and glycopeptides were manually iden-
tified by de novo sequencing from the acquired LC-MS/MS data
using Compass DataAnalysis version 4.0 (Bruker Daltonics) as
described (36, 66). Tryptic Asn®>*”-glycosylated (bands 1 and 2)
and non-glycosylated (band 3) CBG-Ct peptides eluted in a
cluster (50-53 min) and were identified based on their
monoisotopic masses, LC retention times, and CID-MS/MS
fragmentation. The relevant CBG-Nt peptides were similarly
identified as described above. Our previous site-specific N-gly-
can profiling of human CBG served as a template for the char-
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acterization (36). Thus, only the glycan monosaccharide com-
positions, N-glycan site occupancies, and peptide identities
were assigned. The Asn®* glycoprofiles and the Asn®*’ site
occupancy were calculated from the relative areas of the
extracted ion chromatograms (EICs) for all observed charge
states of the relevant precursors (67, 68).

Statistics—The significance of the experiments was assessed
by one- or two-tailed Student’s ¢ tests, where p < 0.05 (as indi-
cated by an asterisk) was chosen as the minimum confidence
supporting a rejection of the null hypothesis. Stronger signifi-
cance was indicated by double asterisks (p < 0.01) and triple
asterisks (p < 0.001). The sample number (n) is given for the
individual experiments. Data points are presented as the mean
and the S.D. or S.E. (see the figure legends for details).

Three-dimensional Structures of CBG, NE, and PAE—The
experimentally determined three-dimensional structures of
human NE (PDB code 3Q77, 1.86 A), PAE (PDB code 1EZM,
1.50 A), and relaxed (RCL-cleaved) human CBG (PDB code
4BB2, 2.48 A) were obtained from the Protein Data Bank. The
latter was used as a template to generate a homology model of
stressed (RCL uncleaved) CBG in Modeler (69). Cleaved TBG
(UniProtKB, P05543) (PDB code 2XN7, 1.43 A) is a close struc-
tural homolog of cleaved CBG with similar conformational
epitopes despite the modest (~45%) sequence identity (32). We
used uncleaved TBG (PDB code 2CEO, 2.80 A) to generate the
RCL region (amino acids 341-349) of uncleaved CBG. The
unresolved amino acids 1-12 and 96-100 of cleaved CBG
were generated using default settings in Modeler.

The homology model of uncleaved CBG was glycosylated
with the predominant glycoforms (i.e. for Asn®, Asn'>*, Asn*?%,
and Asn>°8, all BS2; for Asn”%, TeS4; and for Asn®*”, TS3, based
on our previous report (36) using Glycam-web). An asialo ver-
sion of the fully glycosylated CBG was also generated. In addi-
tion, a series of CBG glycoforms with varying Asn**’ glyco-
forms (i.e. BS2, TS3, TS3f, and DTS3) was generated with no
glycans occupying the other sites (supplemental Table S1).
Because the triantennary CBG glycoforms remain incompletely
determined (36), isomers were built with B1,4/6-GlcNAc
branching on the «1,3- or «1,6-Man arm (70) (denoted as the
TS3-A and TS3-B isomer, respectively). A single rotamer per
glycan was selected that directs the glycan antennae away from
the protein; the glycan interconverts between different rotam-
ers during the MD simulation. The g¢ rotamer for the w torsion
angle was selected for al,6-Fuc and for outer al,6-linkages
in triantennary structures; the gg rotamer was used for
Manal,6Manp. For «2,3-linkages, the anti-rotamer of the ¢
torsion angle was selected. The x*, x> i, and ¢ torsion angles
for the GlcNAc-Asn linkage were selected based on the average
Asn-conjugated rotamers in the Protein Data Bank (71) and
adjusted to avoid any steric overlap with the protein. The struc-
tures were visualized and inspected using UCSF Chimera ver-
sion 1.10.1, VMD version 1.9.2, and PyMOL version 1.7.6.

Energy Minimization and MD Simulation—All simulations
were performed with the CUDA implementation of PMEMD
(72, 73) in the Amberl4 suite. The GLYCAMO6-j (74) and
Amber14SB parameters (75) were employed. Berendsen
barostats with a time constant of 1 ps was used for pressure
regulation, and a Langevin thermostat with a collision fre-
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quency of 2 ps~ ! was used for temperature regulation. A non-
bonded interaction cut-off of 8 A was employed. Long range
electrostatics were treated with the particle mesh-Ewald
method (76). Covalent bonds involving hydrogen were con-
strained with the SHAKE algorithm, allowing time steps of 2 fs
(77). Hydrogen atoms were added to each structure. The pro-
tonation states of the ionizable side chains were assigned by
tleap. The structures were placed in a periodic box of ~20,000
TIP5P waters (78) to provide an 8-A buffer between the glycan
and the edge of the periodic box. Energy minimization of all
atoms was performed for 20,000 steps (10,000 steepest descent
and 10,000 conjugant gradients). The energy-minimized struc-
tures were equilibrated at 300 K under nPT conditions for 400
ps with 5 kcal/mol/A? Cartesian restraints on the solute heavy
atoms. This was followed by a 1-ns equilibration and then a
100-ns production MD simulation with molecular tumbling
prevented by restraining the Ca atoms of residues Met?, Ile*3,
1le®3, His®**, and GIn®® (5 kcal/mol/A?). The simulations were
insufficiently converged to allow statistical evaluation of the
glycoform conformational populations but provided support
for the experimental data.
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