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Abstract

The three N-glycosylation sites of human heparin binding protein~HBP! have been mutated to produce a nonglyco-
sylated HBP~ng-HBP! mutant. ng-HBP has been crystallized and tested for biological activity. Complete X-ray data
have been collected to 2.1 Å resolution, and the structure has been fully refined to anR-factor of 18.4%~Rfree 27.7%!.
The ng-HBP structure reveals that neither the secondary nor tertiary structure have changed due to the removal of the
glycosylation, as compared to the previously determined glycosylated HBP structure. Although the primary events in
N-linked glycosylation occurs concomitant with polypeptide synthesis and therefore possesses the ability to influence
early events in protein folding, we see no evidence of glycosylation influencing the structure of the protein. The
root-mean-square deviation between the superimposed structures was 0.24 Å~on Ca atoms!, and only minor local
structural differences are observed. Also, the overall stability of the protein seems to be unaffected by glycosylation, as
judged by theB-factors derived from the two X-ray structures. The flexibility of a glycan site may be determined by
the local polypeptide sequence and structure rather than the glycan itself. The biological in vitro activity assay data show
that ng-HBP, contrary to glycosylated HBP, mediates only a very limited stimulation of the lipopolysaccharide induced
cytokine release from human monocytes. In animal models of fecal peritonitis, glycosylated HBP treatment rescues mice
from and an otherwise lethal injury. It appears that ng-HBP have significant effect on survival, and it can be concluded
that ng-HBP can stimulate the host defence machinery albeit to a lesser extent than glycosylated HBP.
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The function of glycanes covalent attached to proteins has been
discussed in past years, especially the biological function of gly-
canes and how glycanes affect the folding process of the nascent
polypeptide chain, and in turn the overall fold of the protein~Cum-
ming, 1992; Lis & Sharon, 1993; O’Connor & Imperiali, 1996;
Rudd & Dwek, 1997!. Although asparagine-linked~N-linked! gly-
cosylation is observed frequently on secreted proteins, as the hu-
man heparin binding protein~HBP!, the role of the glycans are not
always evident. It has been reported that glycans can stabilize the
protein structure~Ingham et al., 1995; Mer et al., 1996!, alter the
biological properties of the protein~Kaushal et al., 1994; Lu et al.,

1995; Chuang & Morrison, 1997!, and induce pharmacokinetic
changes depending on sialylation or total lack of glycosylation
~Thotakura et al., 1991; Sareneva et al., 1993!. Glycane induced
folding and structure alteration studies~b-turn0hairpin induction!
are in many cases performed with short peptides~O’Connor &
Imperiali, 1996; Rudd & Dwek, 1997!, and it is questionable whether
these observations comply with full length proteins.

Three N-linked glycosylation sites have been identified in the
human HBP sequence~Asn100, Asn114, and Asn145!. A glyco-
sylation site frequently accommodates different glycanes. The
microheterogeneity creates discrete subsets or glycoforms of the
glycoprotein that can have different physical and biochemical prop-
erties~Cumming, 1992; Lis & Sharon, 1993!. HBP purified from
human blood shows differential glycosylation as the reported mo-
lecular mass from different laboratories varies from 28 to 39 kDa
~Pereira, 1995!. Also, HBP produced in insect cells shows micro-
heterogeneity. It has been reported that the dominant glycoform of
insect cell expressed HBP holds two GlcNac2Man3~Fuc! units and
one GlcNac2Man3 unit, assuming that all three sites are occupied
~Rasmussen et al., 1996; Karlsen et al., 1998!. The predominant
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species of N-linked glycans observed from insect cell expression
have so far been hexasaccharides with and without a fucose sub-
unit linked to the proximal N-acetyl glucosamine residue~Graben-
horst et al., 1993; Manneberg et al., 1994!.

Glycosylated HBP purified from human blood or produced by
insect cells~native recombinant HBP! has in recent years been
used to clarify the biological functions of HBP. HBP seems to be
involved in host defense against infections by acting as chemo-
attractant for monocytes, T-cells, and K-cells and induces longev-
ity and differentiation of monocytes toward a macrophage phenotype
~Flodgaard et al., 1991; Ostergaard & Flodgaard, 1992!. Endothe-
lial cells and fibroblasts in monolayers are stimulated by HBP to
detach and aggregate~Ostergaard & Flodgaard, 1992!. The lipo-
polysaccharide~LPS! and lipid A binding capacity of HBP~Pereira
et al., 1993; Flodgaard & Göricke, 1994! seems to be related to
HBP’s antibactericidal activity~Shafer et al., 1984; Pereira et al.,
1993; Iversen et al., 1997!. Upon binding to the lipid A component
of LPS, found in the outer membrane of Gram-negative bacteria,
HBP might induce leakage of the bacterial membrane~Iversen
et al., 1997!. The LPS binding might be part of a LPS monocyte
presentation mechanism, since monocyte cytokine release is strongly
dependent of both the presence of HBP and LPS~Rasmussen et al.,
1996!. Also, the possibility exists that HBP is capable of priming
monocytes to enhance the response when challenged with LPS
~Rasmussen et al., 1996; Heinzelmann et al., 1998!.

HBP is an inactive serine protease homologue with highest pri-
mary sequence identity to neutrophil elastase and proteinase 3
~Flodgaard et al., 1991!. The crystal structure of human native
recombinant HBP has confirmed the homology to serine proteases
by having the same core structure as these enzymes~Iversen et al.,
1997; Karlsen et al., 1998!. However, a significant different sur-
face charge distribution is found on HBP showing two patches of
basic and acidic amino acid residues, respectively~Iversen et al.,
1997!. Furthermore, in the surface loops, having little or no se-
quence conservation compared to the serine proteases, a putative
lipid A binding site and a putative endothelial cell protein kinase C
~PKC! activation site has been identified in the structure~Iversen
et al., 1997; Karlsen et al., 1998!. The N114 glycosylation site is
part of the putative PKC activation site; thus, the glycosylation on
HBP might possess the ability to be directly involved in a cellular
activation mechanism. Glycosylation sites N100 and N114 are
located in the long surface loop, which serves as a domain linker,
connecting the two similar domains of HBP, which consist of a
closedb-barrel of six antiparallelb-strands. Since neutrophil elas-
tase has one N-glycosylation site in the same domain linker, this
glycosylation site might be important for folding of the two do-
mains into the right position with respect to each other. The N145
glycosylation site is situated inb-strand no. eight in the second
b-barrel of HBP~Iversen et al., 1997; Karlsen et al., 1998!.

By site-directed mutagenesis we have generated a HBP cDNA
derivative in which all three N-linked glycosylation sites have
been destroyed by three amino acid substitutions. The mutant was
produced to investigate the structure and function of nonglycosyl-
ated HBP~ng-HBP!. The native recombinant HBP and ng-HBP
were produced using the same insect cell expression system in
order to eliminate structural0functional differences not related to
the glycans. To our knowledge, a crystallographic structure deter-
mination of a glycosylated and nonglycosylated protein has not
been reported in the literature, probably due to the difficulty in-
volved in the crystallization of glycosylated proteins. Here, we
present the crystal structure of ng-HBP compared against the struc-

ture of native recombinant HBP followed by an assessment of the
in vitro and in vivo biological activities of the two HBP forms.

Results

To eliminate a potential N-glycosylation site from a protein, either
the Asn or the Ser0Thr residues in the consensus sequence~Asn-
Xaa-Ser0Thr! have to be mutated. For unknown reasons it was not
possible by site-directed mutagenesis to generate a ng-HBP deriv-
ative with the N100Q, N114Q, and N145Q mutations present in
the same molecule~data not shown!, so the N100Q, N114Q, and
T147Y mutant was selected.

A clear decrease in the molecular weight and microheterogene-
ity of ng-HBP compared to native recombinant HBP is observed
from SDS-PAGE gel and MALDI MS analysis~results not shown!.

The ng-HBP structure was solved by difference Fourier, using
the structure of native recombinant HBP to get initial phases. The
mutations N114Q and T147Y were easily identified and built into
the 26Fo6 2 6Fc6 and 6Fo6 2 6Fc6 electron density maps. However,
the side chain of Q100 in the ng-HBP structure is not well defined
in the electron density~see Fig. 1!. In the Ramachandran plot, no
residues are observed in the disallowed regions. V50 is the only
residue found in the generously allowed region. Eighty-eight and
one-tenth percent of the residues are found in the most favored
regions and 11.4% in the additionally allowed regions. Two hun-
dred twenty-one residues of 225 were built~residues 44–47 were
not identified in the maps!, and 174 water molecules were inserted.
For further statistics see Table 1.

Superimposing the Ca atoms of the native recombinant HBP
~1.1 Å data! and of ng-HBP the RMSD is 0.24 Å~221 atoms were
used in the calculation!. No significant backbone or overall struc-
tural differences are observed between the two structures~see
Fig. 2A!. Focusing on the three mutation sites~glycosylation sites!,
the following differences are observed. Around residue Q100 and
Q114 of ng-HBP, only minor differences in hydrogen bonding
patterns are observed. The largest structural differences of the three
mutation sites are seen around residue Y147~see Fig. 2B!. The
bulky side chain of Y147 occupies the space between the R122 and
L164 side chains. This side-chain mutation forces the L164 to
move approximately 0.4 Å compared to the native recombinant
HBP structure, and the side chain of R122 adopts a different con-
formation in ng-HBP.

The overall protein stability as judged by the averageB-factors
for the ng-HBP and native recombinant HBP structures are within
the same range. ng-HBP and native recombinant HBP have similar
flexible loops residues and stable core residues. Also, no local
significant changes inB-factors are observed in the glycosylation
site residues or adjacent residues~see Fig. 3!.

To assess the biological activity of ng-HBP, it was compared to
native recombinant HBP with respect to its ability to enhance, in a
dose-dependent manner, the LPS-induced Il-6 release from human
monocytes in vitro~Rasmussen et al., 1996!. As seen in Figure 4,
ng-HBP, in contrary to native recombinant HBP, only mediates a
very limited enhancement of the Il-6 release and the dose-dependent
relationship, as seen with native recombinant HBP, is not present.

In animal models of fecal peritonitis, native HBP treatment res-
cues mice from an otherwise lethal injury~Mercer-Jones et al.,
1996!. To test whether this function was impaired ng-HBP was
compared to native recombinant HBP in the Cecal Ligation and
Puncture~CLP! model. From Figure 5 it appears that ng-HBP has
significant effect on survival, and it can be concluded that ng-HBP
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can stimulate the host defence machinery albeit to a lesser extent
than native recombinant HBP. After seven days the mortality was
9% for native recombinant HBP treated mice, 25% for ng-HBP
treated mice, and 47% for untreated~carrier! mice. This corre-
sponds to a fivefold reduction of the mortality for native recom-
binant HBP treated mice and twofold reduction for the ng-HBP
treated mice.

Discussion

The ng-HBP structure has been determined to 2.1 Å resolution and
shows that the lack of glycosylation does not affect the fold of the
protein. The secondary and tertiary structures of ng-HBP and na-
tive recombinant HBP are nearly identical.

The local structural differences observed around Y147 might be
caused by either the introduction of the bulky Tyr side chain, the
removal of the glycosylation, or a combination of both. The L164
is not in close contact with N145 or with the glycosylation at this
site and might only be affected by the Y147 side chain. R122 might
have altered their side-chain conformation due to the removal of
the glycosylation as well as the side chain~see Fig. 2B!. In native
recombinant HBP, the R122 side chain is forming a hydrogen bond

to an oxygen atom of the proximal GlcNac unit on N145, where as
this side chain in ng-HBP is involved in stacking interactions with
the Y147 side chain. In the case of HBP, the folding of the protein
seems independent of glycosylation.

TheB-factor plot~Fig. 3! clearly unveils that ng-HBP and native
recombinant HBP have the same degree of structural stability.
Furthermore, the surface loops to where the glycans are attached
are also unaffected by the removal of the glycosylation. This find-
ing is in contrast to previous papers, where glycosylation was
reported to stabilize the protein structure~Ingham et al., 1995;
Runkel et al., 1998!.

The minor structural changes between ng-HBP and native re-
combinant HBP described in the above are not likely to explain
why the in vitro biological activity of ng-HBP, as measured by LPS
induced IL-6 release from human monocytes, has been reduced to
a minimal level as well as its in vivo effect in the CLP model has
been lowered. The putative heparin binding site, the LPS~lipid A !
binding site, and PKC activation site~Iversen et al., 1997; Karlsen
et al., 1998! are not influenced by the structural differences ob-
served in the area of Y147. Upon complex formation, favorable
carbohydrate–carbohydrate interactions between LPS and the gly-
cosylation chains of HBP might have a complex stabilizing effect.

Fig. 1. The electron density maps of the mutated residues in the ng-HBP structure and the native recombinant HBP structure,
respectively. The 26Fo62 6Fc6 maps contoured at 1s level are in white and the6Fo62 6Fc6 maps contoured at 3s level are in red. The
atoms are colored according to atom types: carbon in yellow, oxygen in red, and nitrogen in blue.A: Residue Gln100 of ng-HBP.
B: Residue Gln114 of ng-HBP.C: Residues Asn145, Val146, and Tyr147 of ng-HBP.D: Asn100 of native recombinant HBP.E: Asn114
of native recombinant HBP.F: Asn145 of native recombinant HBP. Figures are made using O~Jones et al., 1991!.
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It has been demonstrated that HBP is internalized when given to
monocytes~Heinzelmann et al., 1998, 1999!. To get internalized,
HBP might have to get in contact with an anchoring0docking site
on the target cell membrane, and it is possible that the lack of
glycosylation on ng-HBP hinders the contact to this site on the
membrane. The fact that ng-HBP was almost unable to stimulate
the LPS induced Il-6 release in vitro from the monocytes fits with
the hypothesis that the internalization of ng-HBP has been im-
paired. However, the in vivo CLP experiment showed that the
ng-HBP possessed the ability to reduce the mortality twofold, thus
showing that ng-HBP is still a potent and active molecule, al-
though to a lesser extent than native recombinant HBP.

A 10-fold lowering of biological activity was observed for the
nonglycosylated human interferon-b compared to the glycosylated
protein~Runkel et al., 1998!. It was concluded that the main reason
for the lowered activity of nonglycosylated human interferon-b
was protein instability due to lack of glycosylation. In the present
study, we have demonstrated that protein stability is nearly iden-
tical for native recombinant HBP and ng-HBP, and thus cannot
account for the diminished biological activity observed for ng-
HBP. The discrepancy in biological activity is more likely to be
found in other parameters than stability.

The glycan at N100 was not observed in the electron density
maps in the native recombinant HBP structure~Iversen et al.,
1997; Karlsen et al., 1998!. This was believed to be due to the
localization of this site at a large water channel spanning through
the crystal, leaving plenty of space for the movements of a flexible

glycosylation chain. Consistent with this, the side chain of Q100 in
the ng-HBP structure is not well defined in the electron density
~see Fig. 1!, thus, residue 100 retains its side-chain flexibility even
in the nonglycosylated state. This indicates that the flexibility of a
glycosylation site might be determined by the local polypeptide
sequence and structure rather than the glycosylation attached to a
certain site. At the two other glycosylation sites where glycosyl-
ation could be determined in the native recombinant HBP struc-
ture, we find well-defined and stable side chains in the ng-HBP
structure. The impact of the flexibility of glycans at different sites
on the function of the protein is not known, but it can be speculated
that flexible glycosylation is capable of shielding larger protein
surface areas~surface charges, hydrophobic patches, and sensitive
loops, see Fig. 6! while stable glycosylation is more likely to be
involved in specific interactions at the molecular level.

In conclusion, despite the fact that neither protein fold, structure,
nor stability appear to be influenced by the removal of the glyco-
sylation from HBP, the biological activity with respect to in vitro
stimulation of the LPS induced Il-6 release from monocytes is
severely affected. However, ng-HBP was demonstrated to be an
active molecule in vivo with a significant twofold lowering of the
mortality in the CLP model.

Materials and methods

HBP mutagenesis

To generate a cDNA encoding, the ng-HBP derivative the HBP
cDNA in pSX559 ~Rasmussen et al., 1996! was altered by site-
directed PCR mutagenesis. First, the asparagine in position 100
was changed to a glutamine residue: Using Pfu polymerase~Strata-
gene, La Jolla, California!, two PCR reactions were performed
with two overlapping primer-sets@PBRa 247~59-CCGGGGATCC
GATGACCCGGCTGACAGTCCTGG-39!0PBRa 302~59-GCTGC
TGGTGAGCTGGGCCTCACGGTCCAG-39! and PBRa 301~59-
CTGGACCGTGAGGCCCAGCTCACCAGCAGC-39!0PBRa 246
~59-CCGGGGATCCAACTAGGCTGGCCCCGGTCCCGG-39! re-
sulting in two fragments of 390 and 396 base pairs, respectively.
These two fragments were assembled in a third PCR with the
flanking primers PBRa 247 and PBRa 246. The resulting HBP
cDNA derivative was inserted into the transfer vector pVL1393
~Invitrogen, San Diego, California! and confirmed by DNA se-
quencing to have the correct base changes leading to the N100Q
shift. Hereafter, by the same procedure, the T147Y substitution
was introduced into the HBP N100Q cDNA template by usage of
the overlapping primers PBRa 324~59-AGGTTCGTCAACGTGT
ACGTGACCCCCGAGGAC-39! and PBRa 325~59-GTCCTCGG
GGGTCACGTACACGTTGACGAACCT-39!. Finally, the N114Q
substitution was introduced into the HBP N100Q, T147Y cDNA
template by using the overlapping primers PBRa 303~59-CTGCC
TCTGCAGCAGGCCACGGTGGAAGCC-39! and PBRa 304~59-
GGCTTCCACCGTGGCCTGCTGCAGAGGCAG-39!. Generation
of recombinant baculovirus containing the HBP N100Q, N114Q,
T147Y cDNA was done as described previously~Rasmussen et al.,
1996!.

Expression and purification

ng-HBP was expressed and purified as described for the native
recombinant HBP protein~Rasmussen et al., 1996!.

Table 1. X-ray data statistics

Statistics of data and refinement

Space group P212121
Unit cell parameters a 5 38.25,b 5 65.52,c 5 101.17 Å
Completeness~20–2.1 Å! 96.7%
Completeness~2.17–2.13 Å! 93.3%
Multiplicity ~20–2.1 Å! 3.6
Rmerge ~20–2.1 Å! 8.7%
Rmerge ~2.17–2.13 Å! 27.6%
^I0s~I !& ~20–2.1 Å! 11.9
^I0s~I !& ~2.17–2.13 Å! 4.3
Unique reflections 14,365
Atoms in structure 1,853
R-factora 18.4%
R-freeb 27.7%

RMSDs from idealized geometries

Bond lengths~Å! 0.016
Bond angles~8! 2.5
Dihedral angles~8! 17.8
Planar groups~Å! 0.012
Bad contacts~Å! 0.016

RMSDs between atoms

B-factors~all atoms! ~Å2! 3.2

aThe R-factor was calculated using all data from 20 to 2.1 Å.

CrystallographicR-factor5 (
~hkl!
66Fo6 2 6Fc66Y(

~hkl!
6Fo6.

bRfree5 (~hkl![T66Fo62 6Fc660(~hkl![T6Fo6 whereT is a test set containing
a random of 5% of the observations omitted from the refinement process.
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Crystallization

The ng-HBP protein was concentrated to a 5 mg0ml solution in
5 mM HEPES buffer pH 7.8 using a Millipore microconcentrator
~Ultrafree-MC 20.000 NMWL filter unit!.

Fig. 2. A: The superimposed structures of native recombinant HBP~magenta! and ng-HBP~yellow!. The three mutation sites in
ng-HBP are labeled. The tube representation was made by the use of Sybyl~Tripos Associate Inc., St. Louis, Missouri!. B: The
superimposed structures of native recombinant HBP~magenta! and ng-HBP~yellow!. The area around the Thr147 to Tyr mutation. All
the affected residues are shown and labeled. The tube representation was made by the use of Sybyl~Tripos Associate Inc.!.

Fig. 3. B-factor plot of the ng-HBP and native recombinant HBP struc-
tures. The plot was made using the Ca backbone atomic displacement
factors~B-factors! for each residue for each structure. The native recom-
binant HBP data were collected at 100 K and to 1.1 Å resolution~isotropic
B-factor’s used!. The ng-HBP data were collected at 110 K and to 2.1 Å
resolution.

Fig. 4. Il-6-release from human monocytes. The monocytes were cultured
in 1 mL of serum-free medium for 24 h in the presence of LPS and0or
recombinant native recombinant HBP~HBP!0ng-HBP in the amounts in-
dicated in the figure. The bars are mean values and standard deviations
calculated from four separate measurement points.
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Crystallization was done with the hanging-drop vapor-diffusion
method using the repeated seeding technique. All experiments were
performed at 208C with drop sizes of 2mL protein solution and
2 mL reservoir solution. The reservoir volume was 1 mL. Micro-
seeding with crushed native recombinant HBP microcrystals~Iversen
et al., 1996! was performed using 6% ethanol, 5% glycerol, 8 mM
MgSO4, and 0.1 M Tris pH 7.2 as reservoir solution. An additional
round of microseeding with ng-HBP crystals was performed to
dilute any remains of native recombinant HBP protein in the crys-
tals. Macroseeding with ng-HBP crystals was done under similar
conditions as microseeding. Crystals grew to maximum size of
0.33 0.33 0.3 mm within 3–4 days.

Data collection and data processing

One crystal of the size 0.33 0.053 0.05 mm was used for data
collection at cryogenic temperature on the EMBL X11 beamline in
Hamburg, using a small Mar image plate detector. Three microliter
cryosolution containing 40% glycerol in the above standing crys-
tallization buffer was added to the hanging-drop;30 s before
flash-freezing~110 K! of the crystal. Crystals of the size 0.33
0.3 3 0.3 mm could not be used for flash-freezing due to cracks
and destruction of the crystals upon freezing. Auto-indexing and
data processing were performed with DENZO and SCALEPACK
~Otwinowski, 1986! ~see Table 1!.

Structure solution and refinement

The initial phases for the ng-HBP structure were generated from
the native recombinant HBP structure~Iversen et al., 1996, 1997!

Fig. 5. Mortality following single 18-gauge CLP;n5 12 in the native recombinant HBP and ng-HBP groups, andn5 15 in the carrier
~untreated! group.

Fig. 6. Glycosylation modeled at all three site. Glycosylation for the native
recombinant baculovirus expressed HBP~according to~Rasmussen et al.,
1996!! was modeled manually using the program O. The surface electro-
static potential was calculated and rendered by the use of GRASP~Nicholls
et al., 1991!. Positive potential is colored in blue and negative potential in
red. Glycosylation atoms are colored according to atom type: carbon in
black, oxygen in red, and nitrogen in blue.
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without water molecules and glycosylation chains included~iso-
morphous cell parameters!. Ten cycles of rigid body refinements
were performed, followed by 10 cycles of positional refinement
and 30 cycles of positional andB-factor refinements. The structure
was inspected and corrected using the program O~Jones et al.,
1991!. At this stage the three mutations in the structure were in-
troduced, and the side chains were fitted to the electron density
maps. Water molecules were added to the structure after the fol-
lowing criteria: difference Fourier6Fo6 2 6Fc6 peaks should be
stronger than 3s and defined in the 26Fo6 2 6Fc6 electron density
maps contoured at 1s level; the density should be nearly spherical;
satisfactory hydrogen bond interactions should be formed to pro-
tein atoms or other water molecules; and theB-factor for the wa-
ters should be less than 50 Å2. An additional 10 cycles of positional
and B-factor refinements were performed. All refinements were
performed with TNT~Tronrud et al., 1987; Tronrud, 1992!. The
final R-factor was 18.4%. The refinement protocol was monitored
by the use ofRfree ~5% of data!. For further statistics, see Table 1.

Assay of ng-HBP bioactivity

Human monocytes were isolated and treated as described previ-
ously ~Rasmussen et al., 1996!, with the exception that 1% non-
essential amino acids were excluded from the medium.

Cecal ligation and puncture (CLP)

Native recombinant HBP~50 mg!, ng-HBP~50 mg!, or carrier con-
sisting of phosphated saline buffer pH 7.4~untreated! ~0.2 mL!
were given i.p. 24 h prior to single 18-gauge CLP. All mice were
Swiss-Webster mice. Through a midline laparotomy incision, the
cecum was ligated just below the ileocecal junction with 3-0 slik
and was punctured once with an 18-gauge needle. Using gentle
pressure on the cecum, a small amount of fecal material was ex-
pressed to ensure the patency of the puncture hole. The abdominal
incision was closed with nylon suture. No fluid resuscitation was
given after CLP. Mice were observed for seven days, after which
no mice died.
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