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We have produced a molecule comprising of permanently-activated covalently linked
antithrombin and heparin (ATH). This study was designed to elucidate the covalent
linkage point(s) for heparin on antithrombin and conformational properties of the
ATH molecule. ATH was produced using Schiff base/Amadori rearrangement by incubat-
ing antithrombin with unfractionated heparin for 14 d at 40�C. ATH was then digested
using Proteinase K, and the heparin-peptide was reacted with NaIO4/NaBH4/mild acid to
degrade the heparin moiety. Sequencing of the remaining peptide was performed by
Edman degradation with linkage point confirmation by LC-MS. The degree of insertion
of the reactive center loop (RCL) of antithrombin into the A-sheet of ATH was examined
using synthesized antithrombin RCL peptides. Binding between the peptides and ATH,
and the formation of ATH in the presence of the peptides were tested. CD was used to
further examine the secondary and tertiary structures of ATH. The results suggest that
heparin is conjugated to the amino terminal of antithrombin in the majority of ATH
molecules, proximal to the previously determined heparin binding domain of antithrom-
bin.Fromthelinkagedata,amodel isproposedforthestructureofATH.Studiesusingthe
RCL peptides and CD analysis of ATH support this model.
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Abbreviations: 2-ME, 2-b-mercaptoethanol; Tris HCl buffer, 0.05 M Tris HCl buffer pH 7.3; AT, antithrombin;
ATH, antithrombin heparin covalent complex; RCL, reactive center loop; IIa, thrombin.

Heparin exerts its anticoagulant effects through its inter-
action with antithrombin (AT), leading to the inhibition of
thrombin (IIa), a key player in the coagulation cascade.
However, clinical use of heparin has many pitfalls,
including, but not limited to, high variability in half-life,
clearance (1), and dose-response (2) between patients, and
the risk of heparin-induced thrombocytopenia (3). A cova-
lently linked AT-heparin complex (ATH) has been devel-
oped in our laboratory (4). Previous studies have shown
that ATH may overcome many of heparin’s clinical disad-
vantages (4–8).

Chemical analysis of ATH has shown that it contains a
keto-amine formed between a lysine e-amino on AT and a
sugar residue on heparin, confirming covalent linkage of
the molecules (9). AT and heparin exist in a 1:1 molar ratio
in ATH, and heparins containing the high affinity
AT-binding pentasaccharide sequence are preferentially
selected during the formation of ATH (10). A higher pro-
portion of heparin molecules in ATH have multiple penta-
saccharides compared to unfractionated heparin (11).
Furthermore, the heparin moiety in ATH has an average
molecular weight of 18,000, demonstrating that formation
of ATH also selects for long chain heparins (10). Heparin

chains on ATH have been shown to bind up to 1.5 molecules
of exogenous AT (11), allowing catalysis of the reaction
between exogenous AT and IIa.

AT exists in two isoforms, a and b (12), and there is a
higher proportion of b-AT in ATH than in commercial AT
(13). b-AT is more reactive to IIa than a-AT, however, in
ATH, the difference between the two isoforms in the reac-
tion with IIa is minimal (13). This result suggests a con-
formational difference between ATH and AT · heparin. The
present study aimed to further elucidate the ATH struc-
ture by determining the linkage point on AT where heparin
is covalently bound.

Crystal structures of AT have shown that it exists in a
latent and an active state (14). In the latent state, the
reactive center loop (RCL) of AT is fully inserted into
the central b-sheet (A sheet), forming a six-stranded A
sheet. In the active state, the RCL, up to P14 [Nomencla-
ture adopted from Schechter and Berger, 1967 (16–18)], is
inserted into the A sheet. Studies have shown that when
AT is bound to high affinity heparin, exogenous RCL pep-
tides corresponding to P1–P14 of the AT are not incorpo-
rated into the A sheet of AT (15). Thus, it has been
suggested that that the RCL of AT may be inserted into
the A sheet up to residues P12 or P10, when heparin is
bound to AT (14). Since high affinity heparins are selected
during ATH formation (10), and intrinsic fluorescence stu-
dies of ATH have shown that its AT is in a permanently
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activated state (11), the structure of ATH may allow for the
RCL of AT to be partially inserted into the A sheet, similar
to what occurs for AT · heparin. In this study, the degree
of insertion of the RCL in ATH was examined by
using peptides corresponding to P7–P14, P3–P14 and
P1–P14 of the RCL of AT to compete with the RCL
of ATH for insertion into the A sheet of ATH. Both
far-UV and near-UV CD spectra were obtained to
further examine the secondary and tertiary structures
of ATH.

Finally, sequencing data for the heparin linkage point on
ATH, and deductions about the conformation of ATH based
on the RCL peptide interaction results and CD spectra
were compared to published X-ray crystallographic struc-
tures of AT and AT · heparin to propose a model for the
3-dimensional tertiary structure of ATH.

EXPERIMENTAL PROCEDURES

Materials—All reagents were of analytical grade. AT
was purchased from Affinity Biologicals (Hamilton, ON).
Unfractionated heparin was purchased from Sigma
Aldrich (sodium salt, grade I-A, from porcine intestinal
mucosa. Mississauga, ON). RCL peptides were purchased
from Quality Controlled Biochemicals Inc. (Hopkinton,
MA). 3H-NaBH4 was obtained from Perkin Elmer
(Woodbridge, ON). Protamine sulfate was from ICN
(Irvine, CA).

ATH Preparation—The preparation of ATH has been
described previously (4). Briefly, ATH was synthesized
via Schiff base/Amadori rearrangement by incubating
unfractionated heparin for 14 d with AT in a molar ratio
of 200:1 in PBS, pH 7.3, at 40�C. Reduction of remaining
Schiff base was achieved by adding NaBH3CN to the
reaction mixture followed by incubation for an additional
5 h at 40�C.

ATH Purification—As previously described (4), ATH
samples were purified in two steps. First, unreacted
heparin was removed by hydrophobic chromatography
using butyl-Sepharose. Second, unreacted AT was removed
by anion exchange chromatography using a DEAE-
Sepharose Fast Flow column.

Preparation of Heparin Linkage Peptides—ATH was
dialyzed against 0.05 M Tris HCl buffer, pH 7.3, (Tris
HCl buffer). Dialyzed ATH was then mixed with solid
urea, Tris HCl buffer, and 2-b-mercaptoethanol (2-ME)
to create a final concentration of 0.101 mM ATH in Tris
HCl buffer containing 6 M urea and 0.005 M 2-ME. This
solution was incubated for 1 h at 60�C. Tris HCl buffer, 1 M
CaCl2, and Proteinase K (Sigma) were added to the reac-
tion mixture to achieve final concentrations of 0.033 mM
ATH, 2.0 M urea, 0.005 M CaCl2, 0.00167 M 2-ME, and
0.55 mg/ml Proteinase K. The reaction mixture was incu-
bated for 20 h at 56�C. The reaction mixture was then
purified by DEAE Sepharose anion exchange chromatogra-
phy, to isolate only heparin-linked peptides, with 2-ME
included in all buffer solutions. Bound heparin-peptide
fragments were eluted using 2.0 M NaCl and 0.005 M
2-ME in 0.01 M Tris HCl buffer, pH 8.0. Free sulfhydryl
groups were capped using 0.01 M iodoacetamide. Salts
were removed by dialysis (12,000–14,000 Da cut off)
against Milli-Q H2O and then the samples were dried
by lyophilization.

The heparin portion of the linkage peptide was cleaved
using NaIO4 and reduced with NaBH4 following the
method of Islam et al. (19). Lyophilized peptides were
reconstituted in Milli-Q H2O to give a theoretical heparin
concentration of 10 mg/ml followed by incubation in 0.1 M
NaIO4, pH 5.0 for 20 h in the dark at 4�C with constant
mixing. The peptide was dialyzed against Milli-Q H2O and
then reacted with 21.3 ml of 10 M NaOH for each ml of
solution for 3.5 h in the dark at room temperature. Solid
NaBH4 was added to the reaction mixture to a final con-
centration of 0.02 M, followed by incubation for 4 h at room
temperature. The pH of the solution was adjusted to 4.0 by
drop-wise addition of 4 M HCl, with constant stirring. After
15 min the pH was adjusted to 7.0 with drop-wise addition of
NaOH, followed by incubation at 4�C overnight. The purity
of the linkage peptide was verified by SDS-PAGE. The
peptide was dialyzed against Milli-Q H2O using 100 Da
molecular weight cut-off dialysis tubing and subsequently
lyophilized.

Linkage Peptide Sequencing—The purified linkage
peptide (1 mg) was reconstituted in 1 ml of 0.5% acetic
acid, and then sent to Harvard Microchemistry (Harvard
University, Cambridge, MA, USA) for amino acid sequen-
cing involving Edman degradation, and peptide content
determination by LC-MS analysis. Once completed, the
sequences of the peptides prepared from the covalent
heparin linkage site in ATH were compared with the
known sequence for human AT (20) to deduce the amino
acid linkage point(s) for heparin within ATH.

Peptide Preparation—Peptides corresponding to RCL
residues P7–P14, P3–P14 and P1–P14 of human AT
were capped and radiolabeled by reductive alkylation as
described by Means and Feeney (21).

For radioactive labeling, 1.098 mmol of peptide were dis-
solved in H2O to give a final concentration of 11.11 mg/ml.
Borate buffer, pH 8.0 (0.2 M), was added to make a final
concentration of 0.059 M borate, followed by the addition of
7.15 ml of 0.2 M H2CO. The solutions were incubated for
20 min at room temperature. To each reaction mixture,
10 ml of 50 mCi/ml 0.2 M 3H-NaBH4 was added, followed
by incubation for 2 h at room temperature. Next, 300 ml of
1 M HEPES buffer, pH 7.0, was added, before dialysis
against 100 mM NaCl (100 Da cut-off). Radiolabeled
peptides were stored at 4�C.

For non-radioactive capping, peptides were dissolved in
H2O to give a concentration of 11.11 mg/ml. Next 0.38 ml of
0.2 M borate, buffer pH 8.0, was added to 0.9 ml of each
peptide solution, followed by the addition of 0.045 ml of
0.2 M H2CO. The reaction mixtures were incubated
at room temperature for 20 min. The addition of 0.05 ml
of 0.2 M NaBH4 was followed by further 2 h incubation at
room temperature. Next, 0.25 ml of 1 M HEPES, pH 7.0,
was added to each sample prior to dialysis against 0.1 M
NaCl (100 Da cut-off). The peptides were lyophilized and
stored at room temperature. Peptides were reconstituted in
0.02 M phosphate buffer, pH 7.3, and then stored at 4�C.

Binding of RCL Peptides to AT or ATH—Varying con-
centrations of radiolabeled peptides (0–3.0 mM) were incu-
bated with 1.0 mM AT – 3.0 mM unfractionated heparin
or with 1.0 mM ATH in Tris HCl buffer at 37�C (total
sample volume = 1.1 ml). Samples were dialyzed
(12,000–14,000 Da cut-off) against 9 ml Tris HCl buffer
for 24 h at 37�C, with constant rotation on an automated
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rotator (Glas-Col, Terre Haute, IN). Following dialysis, the
volumes of the solutions inside and outside the dialysis
tubing were measured. The amount of peptide bound to
AT or ATH was quantified by measuring the radioactivity
in samples taken from inside and outside the dialysis
tubing. Samples were added (0.5 ml) to 0.5 ml of Milli-Q
H2O and 9 ml of BCS Scintillant (Amersham Biosciences
Inc., Baie d’Urfé, QC) in glass scintillation vials,
and counted using an LS 6000LL b-counter (Beckman,
Fullerton, CA). The 0 mM samples were used as blanks.
Since supersaturated stock solutions of P3–14 and P1–P14
were prepared, the samples were centrifuged, and a por-
tion of the supernatant was taken for each experiment. In
order to ensure the concentration of the supernatant was
consistent, reference samples were measured each day,
and compared to CPM values for the starting supernatants
(i.e., upon first preparation of the peptide) to determine the
concentrations of the peptides. The concentrations of the
samples were corrected by multiplying them by the ratio
of the reference sample CPM value and the starting CPM
value. The results were expressed as bound vs. free peptide
in moles.

ATH Preparation in the Presence of Peptides—ATH
was prepared, as described above, by incubating AT with
unfractionated heparin in the presence of each of the
reductively alkylated RCL peptides: P7–P14, P3–P14,
and P1–P14, in a molar ratio of H:AT of 54:1. The reaction
volume was 2 ml containing 16.9 mM AT, 926 mM unfrac-
tionated heparin, and 1.0 mM peptide in PBS. Reagents
were added in the following order: PBS, peptide, heparin
concentrate in PBS, and AT concentrate in PBS, with mix-
ing before the addition of AT. Purification of the ATH
formed followed the procedure described above. Remaining
RCL peptides were removed by dialysis between the two
chromatographic purifications (12,000–14,000 Da cut-off).
The concentrations of ATH, expressed in mg/ml, were
determined by measuring the A280 on a SpectraMax Plus
384 spectrophotometer (Molecular Devices, Sunnyvale,
CA), and dividing it by the previously determined extinc-
tion coefficient for ATH of 0.75 A280 · mg–1 · ml (6). ATH
samples were stored at 4�C until analysis of heparin
anti-Xa activity.

Anti-Xa Activity of ATH Samples—Samples were diluted
in bovine serum albumin to a concentration of 0.03 mg/ml
(in terms of AT), and then sent to the Hemostasis Reference
Laboratory (Hamilton, ON) to assess heparin activity.
Heparin anti-Xa activity was measured using a Stachrom
heparin colorimetric assay and an unfractionated heparin
standard curve (Diagnostica Stago, Ansières, France).
The absorbance at 405 nm was measured using an
Amax 190+ spectrophotometer (Trinity Biotech, Bray,
Ireland). The remaining undiluted sample was stored at
–80�C.

Protamine Sulfate Assay of Heparin—Use of the prota-
mine sulfate assay for quantifying heparin has been pre-
viously reported and verified (10, 22). In brief, 0.1–0.2 ml of
each ATH sample was diluted in H2O to a final volume of
0.5 ml. Subsequently, 0.2 ml of 1 mg/ml protamine sulfate
was added to each sample, with immediate vortexing. The
timing of the addition of the protamine sulfate was equally
spaced at 10 s between samples. After 10 minute incuba-
tion, 1 ml of 0.1 M L-arginine · HCl was added to each
sample, with immediate vortexing, to stop the protamine

reaction. The addition of L-arginine · HCL was equally
spaced at 10s between samples. The samples were then
diluted with 1 ml of 0.1 M Tris HCl, pH 8.0. From each
sample, 0.2 ml was removed and placed in a 96-well
plate. Samples were read on a SpectraMax Plus 384
spectrophotometer (Molecular Devices, Sunnyvale, CA),
and the A470 for each sample was compared to a standard
curve of stock reference ATH to determine the concentra-
tion of heparin in each sample. The molar ratio of antith-
rombin to heparin in each ATH sample was calculated
using these data.

CD Analysis—CD spectra were obtained using a Jasco
J-600 spectropolarimeter. For far-UV spectra, 0.450–
0.225 mg/ml samples of AT, AT · heparin, and ATH (con-
centrations in terms of mg AT) were scanned from 250 nm
to 190 nm at 23, 37, 40, 45, and 50 – 1�C. Heparin was in a
1:1 ratio with AT in AT · heparin. The temperature
was maintained using a MGW Lauda RC6 water bath
(Brinkmann, Westbury, NY, USA) attached to a 0.1 cm
jacketed optical cuvette. Spectra were the means of
10 accumulations acquired at 100 nm/minute, with 50
mdeg sensitivity and a 0.5 s time constant. Baselines
were obtained by scanning either PBS or 0.114 mg/ml
heparin for AT and AT · heparin or ATH, respectively.
The mean residue molar ellipticity was calculated by divid-
ing the molar ellipticity by the number of peptide bonds in
AT, and expressed in units of deg · cm2 · dmol–1.

For near-UV spectra, 1.475 mg/ml samples of AT,
AT · heparin, and ATH (concentrations in terms of mg
AT) were scanned from 320 nm to 250 nm. Heparin was
in a 7:1 ratio with AT in AT · heparin. AT · heparin was
scanned at 23, 37 and 40 – 1�C. Since there were no sig-
nificant differences in the spectra, subsequent samples
were scanned at 23 and 40 – 1�C only. A 1 cm jacketed
optical cuvette was used. Spectra were the means of
10 accumulations acquired at 20 nm/min, with 10 mdeg
sensitivity and a 2.0 s time constant. Baselines were
obtained by scanning either PBS or 2.625 mg/ml heparin.
The mean molar ellipticity was calculated and expressed in
units of deg · cm2 · dmol–1.

Model Building—A model was constructed to explain
data generated in the present linkage studies of AT and
heparin in ATH based on the reported crystal structure of
AT bound to the heparin pentasaccharide and thrombin
[PDB 1TB6, (2)]. A model for a polysaccharide substrate
containing two sugar moieties at the –1 and –2 positions of
the heparin pentasaccharide was first built using program
O (23). Appropriate constraints for both geometries and
torsion angles of this molecule were then generated
using program XPLO2D (24). Program O (23) was used
for further model building, which was required to position
amino acid residues 1–8 of AT and the terminal sacchar-
ides of heparin such that the His1 primary amine was close
enough to C1 on the –2 saccharide of heparin for chemical
cross-linking. Amino acid residues 1–8 of AT were modeled
as an extended loop.

Statistical Analysis—General linear ANOVAs were per-
formed to examine differences between groups. Where dif-
ferences were found, two sample t-tests for independent
groups were used to clarify group differences. All statistics
were performed using Minitab. A value of p < 0.05 was
considered significant. The results are expressed as
mean – SEM.
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RESULTS

Heparin Linkage Peptide Sequencing—The AT polypep-
tide in ATH was cleaved using Proteinase K, followed by
purification of the heparin-containing peptides (heparin
linkage peptides) on a DEAE-Sepharose anion exchange
chromatography column. The heparin moiety was digested
using periodate oxidation, followed by borohydride reduc-
tion and mild acid hydrolysis. Amino acid sequence analy-
sis by Harvard Microchemistry yielded two potential
sequences for peptides recovered in the preparation. A
covalent linkage through Schiff base/Amadori rearrange-
ment requires an amino group to react with a carbohydrate
aldose moiety. Therefore, the linkage point can only exist
at the amino terminus of AT or at an e-amino of a Lys
residue. Further separation and sequence analysis of pep-
tides by LC-MS (Harvard Microchemistry) revealed a
population of fragments derived from the sequence His-
Gly-Ser-Pro-Val, a sequence uniquely expressed at the
N-terminus of AT (20). Small CHO fragment groups
attached to the N-terminal His residue were observed in
the LC-MS scans, which were likely remnants of the
degraded heparin chain. In addition to the N-terminal link-
age point, Edman degradation analysis indicated that a
minority of heparin in the digest was linked to a peptide
with a unique Ser-Ser sequence that occurs near the
reported heparin-binding domain of AT, close to
the Asn135 glycosylation site (20). Directly adjacent to
the Ser-Ser sequence in AT is Lys139, the putative heparin
linkage point. Thus, two points of covalent attachment for
heparin to AT were identified. The relative occurrence of
linkage of heparin to the N-terminal amino acid and
Lys139 was 87% and 13%, respectively.

Binding of RCL Peptides to AT or ATH—Binding
between the RCL peptides and either AT (in the presence
or absence of heparin) or ATH was examined by incubating
radiolabeled peptide with AT or ATH, and measuring free
and bound peptide after equilibrium dialysis. No binding to
AT in the presence or absence of heparin, nor to ATH was
seen using the P7–P14 peptide (data not shown). The aqu-
eous solubility of the P3–P14 and P1–P14 peptides limited
the concentration range that could be studied. At an a level
of 0.05, significant binding was observed between the

P3–P14 peptide and AT, AT · heparin, and ATH (Fig. 1).
Binding to ATH and AT · heparin was significantly higher
than that to AT alone when 1.0 · 10–9 mol of P3–P14 were
used. There was a trend towards increased binding with
AT · heparin compared to binding of AT alone or ATH, but
it did not reach statistical significance. Significant binding
to AT was observed, but not to AT · heparin or ATH in the
P1–P14 condition (Fig. 2). Furthermore, binding between
P1–P14 and AT was much lower than that observed
between P3–P14 and AT, with maximum bound peptide
at 7.58 · 10–12 mol and 6.44 · 10–11 mol, respectively.

ATH Preparation in the Presence of Peptides—ATH was
prepared using the standard conditions and purification
protocol (4), except that the H:AT molar ratio was 54:1,
and that the RCL peptides were added to the reaction
mixtures. There was no statistically significant difference
in the percent recovery, anti-Xa activity, or AT:heparin
ratio between the different ATH preparation conditions
(Fig. 3). However, a slight trend towards reduction in
ATH formation may have occurred with the P7–P14 and
P3–P14 peptides, which represent portions of the RCL
more distal to the reactive

CD Analysis—There was no significant effect of tempera-
ture on the far-UV CD spectra of AT (data not shown),
AT · heparin (Fig. 4A), or ATH (data not shown). The spec-
tra of AT and AT · heparin, were super-imposable, while
the ATH spectrum was slightly elevated at 40�C (Fig.
4B). The error bars, representing the SEM of the data,
overlapped considerably (omitted for clarity), indicating
that this difference was not statistically significant.

Similarly, there was no significant effect of temperature
on the near-UV CD spectra of AT, AT · heparin, or ATH
(Fig. 4C). However, the addition of heparin caused an
increase in the ellipticity of AT, consistent with previous
findings (25–27). Covalent linkage of the heparin to
AT caused a further increase in the curve within the
290 to 250 nm range of the spectrum, accompanied by a
change in the relative strength of the four peaks in this
region.

Molecular Model Construction—Based on results of the
linkage studies on AT and heparin, a model of ATH was
constructed (Fig. 5). This model is based on the ATH link-
age site data, and is consistent with the RCL and CD data.

Fig. 1. Binding of P3–P14 to
antithrombin (AT), AT + heparin
(H), and antithrombin-heparin
covalent complex (ATH). Radiola-
beled P3–P14 was incubated with
1 mM AT, 1 mM AT + 3 mM H, or
1 mM ATH, and equilibrium dialysis
was carried out for 24 h at 37�C. The
amount bound was calculated by
scintillation b-counting of the solu-
tions inside and outside the dialysis
tubing. Data points represent the
means of 2–4 experiments – SEM.
Significance between data sets was
determined using ANOVA. Where
significance was found, results were
further analyzed using 2-sample
Student’s t-tests. * Both AT+H and
ATH exhibited greater P3–P14 bind-
ing than did AT, p < 0.05.
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Since RCL peptide-binding and CD spectra indicated that
much of the ATH conformational characteristics were simi-
lar to those of non-covalent AT · heparin, the model was
based on the previously determined crystal structure of
AT bound to the heparin pentasaccharide and thrombin
[PDB 1TB6, (2)]. ATH model building was performed
with all amino acid side chains present and there were
no resulting steric clashes within any portion of the
ATH model (see ‘‘EXPERIMENTAL PROCEDURES’’). The predo-
minant cross-linked species reported here results from the
interaction of the free aldose of heparin and the primary
amine present at the N-terminus of AT, found to represent
the linkage point in 87% of all ATH molecules. As shown in
Fig. 5A, when residues 1–8 of AT are in an extended con-
formation, the primary amine of His1 can be positioned
within covalent linking distance of heparin. Although no
alteration in the core pentasaccharide itself or the penta-
saccharide binding region of AT was required to produce
the final ATH model, the pentasaccharide on its own was
not sufficiently long to permit this interaction. As shown in
the model of ATH, two additional sugar moieties are
required at the –1 and –2 positions of the pentasaccharide
sequence to bring the terminal aldose C1 within bonding
distance of the His1 a-amino. Figure 5B displays most of
the ATH structure, with the heparin chain shown as it
extends away from the pentasaccharide binding site and
linkage region. In magenta is the second putative heparin
linkage domain in ATH, Lys139. As is clear from the model,
several additional saccharides would be required at the
pentasaccharide end of heparin for the pentasaccharide
to be in the binding domain of AT in ATH molecules linked
at this residue. As seen in Fig. 5C, the proposed structure
of ATH does not interfere with the proposed interaction
between AT, heparin, and IIa (2).

DISCUSSION

The covalent molecule comprising heparin and AT that has
been produced in our laboratory overcomes most clinical
problems of heparin, while maintaining its benefits in
anticoagulation (4–8). Previous work by our laboratory
has shown that AT and heparin in ATH exist in a 1:1

ratio (4), and that there is a higher proportion of b-AT
in ATH than in the starting plasma AT (13). Studies exam-
ining the heparin moiety of ATH have shown that all
heparin chains in ATH contain a pentasaccharide
sequence, with at least 30% of all chains containing two
pentasaccharides. This study further characterized the
structure of ATH.

The sequencing data obtained in this study suggest that
the majority of ATH has heparin linked at the a-amino
group on the N-terminal amino acid His1, with a small
population of molecules exhibiting covalent heparin link-
age to the e-amino group of Lys139, both of which are near
the putative heparin-binding domain of AT (20). While
linkage to Lys139 confirms the covalent keto-amine link-
age structure between an AT Lys e-amino and heparin
uronic acid residue described previously (9), heparin con-
jugation at the His1 a-amino is a novel finding. Although
separated by many residues in the primary structure, His1
and Lys139 are in close proximity within the tertiary struc-
ture of AT (2). Residues 24, 47, 125, 129, 132, and 133 have
been regarded as being critical for heparin-binding to AT
(28, 29), with the 47 and 129 ones being essential for pen-
tasaccharide binding (29). These data are consistent with
the ATH heparin linkage point being associated with the
pentasaccharide binding region on AT, as suggested
previously (4).

It has been previously demonstrated that ATH consists
of 45% b-AT and 55% a-AT (13). The key difference between
these isoforms is the lack of a glycan at Asn135 in b-AT.
Glycosylation of Asn135 could lead to steric hindrance of
ATH formation at Lys139. Thus, all Lys139-linked ATH is
likely composed of b-AT. In contrast, His1-linked ATH may
occur with both isoforms, which likely explains its preva-
lence over the Lys139-linked ATH.

Binding studies using the RCL peptides suggested that
the binding of heparin causes a conformational change in
AT which prevents insertion of the RCL peptide into the
molecule. Chang et al. (30) showed 70% binary complex
formation between AT and P3–P14 using a 5:1 peptide:AT
ratio. This is a much higher level of binding compared
to our results, possibly due to differences in procedure.
Increased binding of P3–P14 to AT in the presence of

Fig. 2. Binding of P1–P14 to
antithrombin (AT). Radiola-
beled P1–P14 was incubated
with 1 mM AT and equilibrium
dialysis was performed for 24 h
at 37�C. The amount bound was
calculated by scintillation b-
counting of the solutions inside
and outside the dialysis tubing.
Data points represent the
means of two experiments –
SEM. Significance was deter-
mined by a 1-sample Student’s
t-test. * = p < 0.05.

Structure of Covalent Antithrombin-Heparin Complex 179

Vol. 140, No. 2, 2006

 at U
niversidade Federal do Pará on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


heparin compared to P1–P14 may infer that the conforma-
tional change affects the insertion of the P1–P2 region of
the peptide. Pike et al. (31) have suggested that P1 Arg is
bound to the body of AT during initial heparin binding,
distorting the RCL, which was later supported by Owen
et al. (28). If a similar conformation exists in ATH, this
binding may prevent P1–P14 from being inserted into
the A sheet. These data are consistent with the AT in
ATH being in a partially inserted, activated conformation,
similar to what has been previously seen with non-covalent
AT · heparin. Our data for P1–P14 are also consistent with

previous studies that have shown that stable complex for-
mation between the peptide and AT was greatly reduced in
the presence of high affinity heparin (15).

The formation of ATH was not significantly affected by
the presence of the RCL peptides in the reaction mixture.
Pentasaccharide-mediated binding of heparin to AT exhi-
bits a very high dissociation rate (32), and previous studies
in our laboratory have shown that ATH formation does not
begin until the sixth day of incubation (9). In contrast,
complexes between AT and P1–P14 or P3–P14 occur within
24 h (15). The results may suggest that interaction of the

Fig. 3. Formation of antithrombin-
heparin covalent complex (ATH) in
the presence of antithrombin (AT)
reactive centre loop (RCL) pep-
tides. Peptides corresponding to the
P7–P14, P3–P14 and P1–14 residues
of the RCL of AT (1 mM) were incubated
with 16.9 mM AT and 926 mM heparin
(H) in PBS at 40�C for 14 days. The
results are the means for 5–6 samples
– SEM. Panel A shows the percent
recovery of AT. The AT content was
measured by determining the A280 of
the samples, and dividing it by the
extinction coefficient for ATH of 0.75
A280 · mg–1 · ml. Panel B shows the
anti-Xa activity of the ATH samples
expressed in units/mg of heparin, as
measured by a commercially-available
colourimetric assay (Diagnostica
Stago, Ansières, France). Panel C
gives the AT:H ratios of purified ATH
samples. The heparin content was mea-
sured using a protamine sulfate assay,
and compared to the AT content, mea-
sured spectrophotometrically.
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peptide with AT does not likely alter the AT conformation
sufficiently to preclude proper orientation of the molecule
for covalent attachment of heparin at the aldose terminus.
Alternatively, heparin may have the ability to displace the
reactive centre loop peptides from the A sheet. Other stu-
dies are warranted to examine these possibilities.

There were no significant differences in the far-UV or
near-UV CD spectra as a result of temperature, demon-
strating that there is no large structural change in AT on
heating. Thus, the thermally-induced increase in the ATH

yield (4, 9) cannot be explained by this mechanism. Simi-
larly, there were no significant differences in the far-UV
spectra of AT, AT · heparin, and ATH. However, a differ-
ence was seen in the near-UV spectra of ATH compared to
AT · heparin, suggesting changes in tertiary structure
upon covalent linkage of heparin. Increases in molar ellip-
ticity usually reflect the movement of Trp, Phe and Tyr
residues towards the interior globule core of the protein,
and an increase in protein rigidity. These changes should
be clarified further.

Fig. 4. Circular dichro-
ism spectra of antith-
rombin (AT), AT+hepa-
rin, and antithrombin-
heparin covalent com-
plex (ATH) at varying
temperatures. Data are
means for two experi-
ments, with 10 accumula-
tions for each experiment.
The PBS baseline was sub-
tracted from AT spectra,
while the heparin baseline
was subtracted from AT+
heparin and ATH spectra.
Panel A shows the far-UV
spectra of AT+heparin at
23, 37, 40, 45, and 50 –
1�C. Panel B shows the
far-UV spectra of AT,
AT+heparin and ATH at
40 – 1�C. Panel C shows
the near-UV spectra of
AT, AT+heparin, and
ATH at 23 and 40 – 1�C.

Structure of Covalent Antithrombin-Heparin Complex 181

Vol. 140, No. 2, 2006

 at U
niversidade Federal do Pará on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Since the peptide and CD studies suggested that
the protein conformation in ATH closely resembles that
in non-covalent AT · heparin it seemed valid to develop a
structure for the major ATH linkage species using
AT · pentasaccharide X-ray data (2). Although alternative
ATH models involving entirely uncharacterized
AT · pentasaccharide binding could account for the
observed interaction of His1 and heparin, the one pre-
sented in Fig. 5 is consistent with the current knowledge
of structural requirements necessary for productive

binding between AT and heparin. A heparin aldose linkage
to the AT N-terminus would require full extension of amino
acids 1–7 (Fig. 5). In all previous structures of AT, the
N-terminal residues (�4) are either entirely disordered
or highly mobile, as reflected by B values of typically
greater than 60 Å2. Presumably this apparent lack of
structure at the N-terminus of AT reflects the ability
of these residues to adopt many conformations. Similarly,
the linkage requires the extension of the pentasacchar-
ide by at least two saccharides. This agrees with

Fig. 5. Antithrombin-heparin
covalent complex (ATH) struc-
tural model. Panel A shows a com-
parison of the N-terminal regions of
antithrombin (AT) and ATH. ATH is
represented by a light blue ribbon.
The N-terminal residues of AT
which become reordered upon ATH
formation are indicated in magenta.
The residues of AT predicted to inter-
act with heparin (H) are shown in
stick form. Panel B illustrates the
relative position of Lys139 within
the heparin binding cleft of AT.
Panel C is a model of the ternary com-
plex of thrombin (IIa) with AT and
heparin of ATH.
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fluorophore-assisted carbohydrate electrophoresis data
demonstrating that the shortest heparin chains recovered
from ATH preparations are seven saccharide units long
(10). Even with torsion angles adjusted optimally so that
these two sugar residues extend back toward the His1 posi-
tion of AT, there is just sufficient distance from heparin
and the mobile N-terminal residues of AT to accommodate
the link proposed in the current ATH model. Consequently,
this model predicts a steric barrier along the path toward a
productive interaction of reactive heparin aldose and pri-
mary amine. This barrier may at least partly account for
the elevated temperature (>40�C) conditions preferred for
production of ATH (4, 9).

Despite the presence of several potentially reactive
primary amine groups among lysine residues on the sur-
face of AT, sequence analysis revealed that only a minority
of ATH molecules are linked at a single lysine residue
at position 139. Figure 5B illustrates the position of
Lys139 within AT, which is located over 20 Å away from
the reactive aldose at the –2 position of heparin. When
heparin is bound to AT via a high-affinity pentasaccharide
group, its reactive aldose group is too far from Lys139
to permit interaction. Thus, it would seem most probable
that this highly exposed Lys residue is attached to
heparin in a pentasaccharide-independent manner. This
type of structure may coincide with the small fraction
of ATH molecules (12%) that exhibit low (or no) binding
affinity to immobilized AT (10). Determination of whether
this linkage is non-specific or occurs in an alternative
heparin-binding dependent manner requires further
study.

Two additional pieces of evidence favor our current ATH
structural model. First, there are two Cys disulfide bridges
at positions 8 and 21, which prevent further unraveling of
the N-terminus of AT. It could be argued that further dis-
order at the N-terminus would be necessary or beneficial to
accommodate the N-terminal linkage, yet, this is not pos-
sible. Second, it could be suggested that the elevated tem-
perature used to yield ATH causes sufficient unfolding in
the pentasaccharide binding cleft of AT to permit a differ-
ent mode of AT · heparin interaction that may account for
the covalent bonding to His1 or Lys139. Yet, far-UV CD
studies (Fig. 4, A and B) did not show temperature-
dependent secondary structure changes supporting such
an argument.

With the present studies, essentially all primary, and
much of the tertiary, structural analyses of ATH are
complete. X-ray crystallography of ATH is one of the
final steps required to confirm the structural models of
this novel compound.
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