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Abstract

A domain binding model was developed for explaining the multiple peak chromatograms obtained in the high-
performance liquid chromatography of pure fibrinogen on a DEAE polymethacrylate column using different gradients of
ammonium chloride. The different peaks for fibrinogen result from the binding of either the D or E domain of fibrinogen to
the packing material. This was confirmed by comparing the retention times of the chromatograms for fibrinogen, fragment
D, and fragment E. Native and denatured forms of fibrinogen are proposed to be important to fibrinogen’s interaction with
the column, hiding or exposing the E domain, respectively. Different gradient speeds resolve a different number of peaks for
fibrinogen, with slow gradients yielding essentially one peak and fast gradients 10 or more peaks. Temperature studies were
done to confirm the model. Different commercial sources of fibrinogen showed different proportions of native and

denatured/degraded forms.
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1. Introduction

Increasingly, high-performance liquid chromatog-
raphy is being utilized in the determination of
macromolecular species. In comparison to the chro-
matography of small analytes, chromatographic be-
havior of macromolecular species is far more com-
plex and more difficult to characterize. The effect of
protein structure on chromatographic behavior has
been reviewed [1]. One aspect that has not been
extensively studied is the effect of orientation of the
macromolecule as it interacts with the stationary
phase. This aspect may be contributory to the
mechanism of retention of a macromolecule, which
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has many potential sites of interaction, as opposed to
a small molecule, which would interact with the
stationary phase through one site on the molecule
(e.g., interaction of a charged site on an analyte with
the ion-exchange ligand on an ion-exchange packing
material) or through the entire structure of the
molecule (e.g., a partitioning mechanism in reversed
phase).

The present work provides evidence for different
domains on a protein molecule binding to the
stationary phase, which is used to explain the
observed chromatographic pattern. Fibrinogen was
chosen as a model protein because its structural
features lend itself to studying a domain-dependent
hypothesis of protein retention. These features are
distinct domains in the protein and a well-defined
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proteolysis pattern, yielding fragments that consist
predominantly of intact domain structures (such that
chromatography of the protein can be compared with
that of the domain structure).

The properties of human fibrinogen have been
extensively studied including physiological function
and structural characteristics [2—5]. A review has
been written covering various aspects of fibrinogen
and proteolysis of fibrinogen [6]. Fibrinogen is a
dimer, with identical monomer units consisting of
three polypeptide chains (Aa, B, and 7y) inter-
connected via a network of disulfide bonds. Each
monomer also contains a pair of M, 2.5-10° N-linked
biantennary oligosaccharides. The structure of fibrin-
ogen is given in Fig. 1. It contains three globular
domains, consisting of a central E domain connected
by coiled coils to two identical terminal D domains.
The Aa chain extends from the D domain and is
hypothesized to interact with the E domain [4,7,8].

An important characteristic of fibrinogen for the
present study is its pattern of proteolytic cleavage by
plasmin to form fibrinogen degradation products
(FDPs), which is also shown in Fig. 1. The sequence
of proteolytic steps by plasmin has been intensively
studied [9-11]. Under action of plasmin, the tran-
sient degradation products fragment X and fragment
Y are formed first. At the end stage, the major
digestion products formed are fragments D and E.
Throughout the digestion, the D and E domains are
kept essentially intact, although peptides extending
from the domains are extensively cut. Fragment D
consists of the D domain and a portion of the coiled
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Fig. 1. Schematic representation of the degradation of fibrinogen
by plasmin, producing intermediate fragments X and Y, which are
further degraded to the final products, fragments D and E.
Fragments D and E consist predominantly of the D and E
domains, respectively.

coil, while fragment E consists of the E domain with
two residues of the coiled coil. Fragment E has a
molecular mass of about 50 000. Spectroscopic
studies have been done which reveal secondary
structural aspects of fragments D and E [12].

Fragment D can be further differentiated into 3
forms: D,, D,, and D,; which have molecular
masses of 92 000, 86 000 and 82 000, respectively
[13]. The conversion of D, to D, to D; occurs at the
later stage of plasmin digestion, through the succes-
sive cleaving of segments from the C-terminal
portions of the y-chains. In the presence of calcium,
however, the conversion of D,—D; is hindered
[14,15].

Chromatographic techniques for fibrinogen have
largely been limited to low-performance methods.
Finlayson and Mosesson [16] observed three over-
lapping peaks for purified human fibrinogen
(Blombick fraction 1I-4) chromatographed on
DEAE-cellulose. They confirmed the heterogeneity
of fibrinogen by rechromatography of the first and
second fractions. Three resolved peaks were also
observed by Francis et al. [17] who applied commer-
cial fibrinogen to DEAE-Sephacel. The separation
of fragment D and fragment E has been achieved by
a DEAE-cellulose column [18] and a chromato-
focusing technique [19]. However, the separation of
fibrinogen from fragments D and E using ion-ex-
change chromatography has not been reported.

The drawback of low-performance chromatog-
raphy is low resolution and long analysis times.
Recently, this laboratory has extended fibrinogen
methodology to HPLC, reporting the determination
of fibrinogen in plasma by high-performance im-
munoaffinity chromatography [20]. This work suc-
cessfully addressed the major problem encountered
in the HPLC of fibrinogen, namely irreversible
retention of fibrinogen. This was solved through use
of a polymethacrylate HPLC support. Use of poly-
methacrylate supports for ion-exchange HPLC can
now be done, extending the capabilities of HPLC in
fibrinogen analysis.

In the present work, the chromatographic behavior
of fibrinogen in anion-exchange HPLC has been
examined. Fibrinogen was found to give multiple
peaks, with the chromatographic pattern being
strongly dependent on the eluting conditions. A
domain-dependent retention model is proposed to



Y. Liu et al. / J. Chromatogr. A 753 (1996} 63-72 65

explain both the multiple peaks observed and the
shift among these peaks when the gradient speed was
varied. The model was established by comparing the
chromatographic behavior of fibrinogen with that of
its proteolytic degradation products.

2. Experimental
2.1. Materials and preparation of samples

Fibrinogen from Calbiochem (human plasma,
plasminogen-free, clottable proteins >95%, Cat. No.
341578, Lot. 229491, La Jolla, CA, USA) and from
ICN (human plasma, 90%, Cat. No. 151123, Lot.
54304, Cleveland, OH, USA) was used.

To generate the plasmin-induced FDPs fragment
D, and fragment E, fibrinogen and plasminogen
were co-purified as described [21] with e-amino-
caproic acid omitted from the procedure, then the
fibrinogen (4 mg/ml) was coagulated with human
thrombin (4 U/ml) from Ortho Diagnostics (Raritan,
NJ, USA) in the presence of streptokinase (4000
U/ml) from Behringwerke (Marburg, Germany) to
activate the plasminogen; with (1) 2.5 mM calcium
added to prevent degradation of fragment D, [14,15]
and (2) 50 uM methylmercuric bromide from Al-
faAesar (Ward Hill, MA, USA) added as an inhibitor
of factor XIII to block formation of D, dimers. After
overnight incubation at 37°C (approximately two-
times the lysis time), plasmin was inactivated using
both phenylmethylsulfonylfluoride (0.1 mM) and
aprotinin (20 U/ml), both from Sigma (St. Louis,
MO, USA), and the degradation products were
dialyzed into starting buffer and purified by chroma-
tography on DEAE-Sepharose according to Yoshida
et. al [22]. As assessed by SDS-PAGE electro-
phoresis, fragment D, exhibited a single peak and
fragment E had only a 10% contamination of D,.

In addition to the purified fragments D, and E,
one experiment used FDPs without separation of
individual fragments (Fig. 6b). A procedure similar
to that previously reported was employed [23,24].
Plasminogen (Cat. No. 191342), aprotinin (Cat. No.
190382), and streptokinase (Cat. No. 101114) were
obtained from ICN (Cleveland, OH, USA). Fresh
fibrinogen (Calbiochem) solution (10 mg/ml) was
prepared with buffer P for fibrinolysis. Digestion was

activated by addition of streptokinase (40 U/ml, final
concentration) to the fibrinogen solution, which was
mixed with plasminogen (0.5 U/ml, final concen-
tration). The process was performed at 37°C and was
stopped with aprotinin (510 kIU per 500 ul digest
solution). The digest was stored at —20°C for
chromatography later on.

All other chemicals used for this work were ACS
certified reagents including tris[hydroxymethyl]
amino-methane and urea from Sigma, ammonium
chloride from Aldrich (Milwaukee, WI, USA) and
sodium chloride from Fisher (Fair Lawn, NJ, USA).

Bulk anion-exchange packing material was pur-
chased from Millipore Corporation (Cat. No. 35688,
Milford, MA, USA). The packing material was
diethylaminoethyl-functionalized polymethacrylate,
with a pore size of 1000 A and an average particle
diameter of 15 um.

2.2. Composition of injected samples

A buffer solution (buffer P), consisting of 25 mM
Tris—HCI, 0.15 M NaCl, pH 7.40, was used for the
preparation of all protein solutions. To remove
possible low M, components, fibrinogen samples
were prepared with buffer P (1.0 ml of 10 mg/ml)
and then dialyzed at 4°C against 500 ml buffer P for
6 h, using a dialysis membrane (Spectra/Por 7, M,
cut-off 25 000) from Spectrum (Houston, TX, USA).
Fibrinogen solutions (10 mg/ml) were stored at
—20°C until use. Buffer P was different than the
starting mobile phase (buffer Al or A2, described
below). However, there was no difference in the
chromatographic pattern for fibrinogen prepared in
buffer P compared to fibrinogen prepared in starting
buffer (Al or A2). Buffer P was used because it
stabilized fibrinogen in solution.

Fragment D, (1.1 mg/ml) and fragment E (0.42
mg/ml) were stored at —70°C until use. Prior to
chromatography, fragments D, and E were ultra-
filtered twice to change the original buffer to buffer
P (replacing filtered solution with an equal amount of
buffer P after each ultrafiltration). The ultrafiltration
was performed at 4°C using Centricon-30 (M, cut-off
30 000) from Amicon (Beverly, MA, USA).

For the rechromatography experiments, each peak
fraction was concentrated to approximately 150 ul,
subsequently diluted to 750 ul with starting buffer
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Al, and reconcentrated by ultrafiltration (as de-
scribed above). This process was repeated once
more, with the final concentrated solution being
chromatographed.

2.3. Chromatography

Chromatography was performed on a system
consisting of two Model 112 solvent delivery module
pumps equipped with a Modei 421 system controller
from Beckman (Berkeley, CA, USA), a variable
wavelength detector from Dionex (Sunnyvale, CA,
USA) connected to a WINner system consisting of
an SP 4270 integrator from Thermo Separation
Products (San Jose, CA, USA) and a 386SX com-
puter. A Rheodyne Model 7125 injection valve from
Rainin (Emeryville, CA, USA) was used. The in-
jection volume of fibrinogen solution was 20 wul
except for the fractions that were rechromato-
graphed, in which case approximately 100 ul was
used. A Model EX200 constant temperature water
bath from Neslab Instruments (Portsmouth, NH,
USA) was used for the column temperature studies.
DEAE anion-exchange columns (50X4.1 mm 1.D.)
were packed at a pressure of 500 p.s.i. (1 psi.=
6894.76 Pa) with a buffer of 0.5 M NH,Cl, 25 mM
Tris—HCI, pH 7.4, using a HPLC slurry packer from
Alltech (Deerfield, IL, USA).

Chromatographic mobile phases were: buffer Al
(starting buffer 1), 25 mM Tris—HCI, pH 7.40; buffer
A2 (starting buffer 2), 25 mM Tris—HCI, 3.0 M urea,
pH 7.40; and buffer B (eluting buffer), 25 mM
Tris—HCl, 2.0 M NH,Cl, pH 7.2. Use of mobile
phase urea above 3 M was avoided in the chromatog-
raphy of fibrinogen due to urea’s strong denaturing
properties. For example, chromatographed fibrinogen
samples containing 8 M urea (in place of buffer P)
did not elute fibrinogen from the column to any
appreciable extent. All buffer solutions were stored
at 4°C.

Unless stated otherwise, gradient programs in-
cluded a preliminary wash with buffer Al or buffer
A2 for 15 min at 0.8 ml/min to pre-equilibrate the
column, and then upon injection of sample, linear
gradients in buffer B were run, including: 0 to 20%
over 40 min at a flow-rate of 0.6 ml/min (fast
gradient); 0 to 20% over 80 min at a flow-rate of 0.3
ml/min (intermediate gradient); and 0 to 24% over

144 min at a flow-rate of 0.15 ml/min (slow
gradient). The column was usually cleaned by further
applying an eluent containing 40% buffer B at 0.6
ml/min for 10 min prior to subsequent chromatog-
raphy.

To study the effects of the column temperature,
the column plus 15 cm of tubing prior to the column
were inserted into the temperature-controlled water
bath. The column was at ambient temperature for all
other experiments.

3. Results
3.1. Chromatography of fibrinogen

3.1.1. Multiple peaks

Fibrinogen applied to a high-performance anion-
exchange column yielded multiple peaks with the
intermediate gradient, as shown in Fig. 2a and Fig.
3a. Each peak was collected and rechromatographed.
The results in Fig. 2(b~d) reveal that each fraction
could behave as the other fractions in properties of
retention, although the distribution was skewed to
the peak fraction originally collected.
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Fig. 2. Comparison of the chromatogram of fibrinogen (a) with
chromatograms of rechromatographed peak 1 (b), peak 2 (c) and
peak 3 (d) from the fibrinogen chromatography. Starting mobile
phase was buffer Al. The intermediate gradient method was used.
Injection amount for (a) was 200 ug of fibrinogen (ICN). AUFS is
0.0500 AU.
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Fig. 3. Comparison of the chromatograms of fibrinogen (a),
fragment E (b) and fragment D, (c). Starting mobile phase was
buffer A2. The intermediate gradient method was used. Injection
amounts were 75 ug of fibrinogen (Calbiochem), approximately
25 pg of fragment D, and approximately 25 ug of fragment E.
AUFS is 0.0500 AU.

3.1.2. Effect of gradient speed

Different gradient speeds produced different chro-
matographic patterns. More peaks were resolved
when fibrinogen was chromatographed with a fast
gradient, as shown in Fig. 4a and Fig. 5a. Converse-
ly, use of a slow gradient produced predominantly
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Fig. 4. Comparison of the chromatograms of fibrinogen (a),
fragment E (b) and fragment D, (c). Starting mobile phase was
buffer Al. The fast gradient was used. Injection amounts were 200
pg of fibrinogen (ICN), approximately 40 ug of fragment D, and
approximately 30 ug of fragment E. AUFS is 0.0250 AU.
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Fig. 5. Comparison of the chromatograms of fibrinogen (a),
fragment D, (b) and fragment E (c). Starting mobile phase was
buffer A2. The fast gradient was used. Injection amounts were 200
pug of fibrinogen (Calbiochem), approximately 35 ug of fragment
D, and approximately 30 ug of fragment E. AUFS is 0.0625 AU.

one peak as shown in Fig. 6a. For the slow gradient,
the increase in the area of the late eluting peak band
appears to be at the expense of the early eluting peak
bands. Fig. 6b shows the chromatogram of an end-
stage plasmin digest of fibrinogen with the slow
gradient, showing that the shift from the early to late
eluting peak(s) did not occur for FDPs as it did for
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Fig. 6. Comparison of the chromatograms of fibrinogen (a) and a
300 min plasmin digest of fibrinogen (b). Starting mobile phase
was Al. The slow gradient was used. Injection amounts were 140
ng of fibrinogen (Calbiochem) and 100 wg of total protein in the
digest. AUFS is 0.0875 AU.
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fibrinogen (Fig. 6a). As seen in Fig. 6b, chromatog-
raphy of FDPs leads to a substantial void peak,
which may be due to small peptide fragments
generated by plasmin. The shift from the early
eluting peak band(s) to the late eluting peak band
was also observed when a shallow pH gradient was
employed (data not shown). The chromatographic
pattern is reproducible on a day-to-day basis for a
given gradient speed.

3.1.3. Urea and fibrinogen source effects

Comparison of Figs. 4 and 5 shows increased
resolution with urea-containing mobile phases, as
minimally resolved doublets of peaks 4 and 5 in Fig.
4 are well resolved in Fig. 5. The difference in peak
proportions in comparing Fig. 4 and Fig. 5 is
attributed to the different commercial sources of
fibrinogen and not to the difference in the urea
content of the mobile phase. Peak proportions were
similar in runs using mobile phases with and without
urea when fibrinogen from the same source was
used. This difference in peak proportions for fibrino-
gen from different sources is also noted in comparing
Fig. 2 and Fig. 3.

3.1.4. Self-association studies

Fibrinogen molecules have strong adsorptive prop-
erties. Therefore, it was necessary to check whether
fibrinogen self-association was occurring, which has
been reported to cause multiple peaks in chromatog-
raphy [25]. Chromatographic profiles of fibrinogen
did not change significantly when different con-
centrations of fibrinogen (20 ul, 20-0.75 mg/ml)
were injected, implying that the multiple peaks were
not induced by aggregation. Also, self-association
would not occur in urea-containing solutions, as urea
has been shown to dissociate fibrin complexes [26].
Thus, the multiple peak pattern would not be ex-
pected in chromatography using mobile phases with
urea. However, Fig. 3a shows multiple peaks for
fibrinogen chromatographed in urea-containing mo-
bile phases.

3.1.5. Dwell time

The effect of the column dwell time (time in
which analyte is adsorbed to the packing material)
on chromatographic behavior of fibrinogen was also
examined. A fibrinogen sample was injected into the

starting buffer (flow-rate of 0.15 ml/min), which was
subsequently pumped for 50 min. The intermediate
gradient was then employed, which yielded the same
results as given in Fig. 2a, except for a slight
decrease in recovery. This result indicates that the
shift of peak area noted for slow gradients from the
early to late eluting peaks (Fig. 6a), was not caused
by an extended adsorption effect but rather by an
extended elution effect.

3.1.6. Temperature effects

The effect of changing column temperature on
chromatographic behavior of fibrinogen is shown in
Fig. 7. Increasing the temperature of the column
greatly reduced the area of the early eluting peak
(peak 1), while the area of the late eluting peaks
(peaks 2 and 3) were either maintained or increased.

3.1.7. Chromatography of fragments D, and E
Chromatography of purified samples of fragments
D, and E were separately done using the different
gradient speeds. Assignment of many of the peaks in
the fibrinogen chromatogram to a particular domain
binding could thus be made from these experiments.
Fig. 3 shows the results for the intermediate gradient,
where fragment D, corresponded to peak 1 of
fibrinogen and fragment E corresponded to peak 2 of
fibrinogen. Peak 3 of the fibrinogen chromatogram

) a

- :

Absorbance

1 1 ( i Ly

] 10 20 30 40 50 80 70 80

Time (min)

Fig. 7. Comparison of the chromatograms of fibrinogen obtained
at column temperatures 12°C (a), 25°C (b) and 40°C (c). Starting
mobile phase was buffer Al. The intermediate gradient method
was used. Injection amount was 100 ug of fibrinogen (Calbioch-
em) for each run. AUFS is 0.0500 AU.
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does not appear in the chromatograms of fragment
D, or fragment E.

Increasing the gradient speed resulted in an in-
creased number of peaks for fragment D, and
fragment E, which is similar to the results obtained
for fibrinogen. Fig. 4 and Fig. 5 show the chromatog-
raphy of fragments D, and E compared to the
chromatography of fibrinogen using a fast gradient.
Fig. 5 shows that the fragment D, peaks corres-
ponded to peaks 1, 2 and 3 of fibrinogen, while the
fragment E peaks corresponded to the fibrinogen
peak 4 doublet (both peaks) and the first peak of the
peak 5 doublet. Peaks 5 (second peak in the doublet),
6 and 7 of fibrinogen do not appear in the chromato-
grams of fragment D, or E.

4. Discussion
4.1. Possible explanations for multiple peaks

Heterogenous forms of fibrinogen have been re-
ported extensively in the literature [6,27). Variations
have been reported in molecular mass [28,29],
charge [30,31], sialic acid content [31], y-chain
composition [17,30,32-35], degree of proteolysis of
the Aa chain [17,36,37] and other properties such as
solubility and coagulability [38—-40]. Heterogeneous
forms have been separated on low-performance
DEAE columns [16,17]. However, the above-men-
tioned heterogeneity is not the over-riding explana-
tion for the multiple peaks observed in this study,
since a collected peak yields a similar multiple peak
pattern upon rechromatography (Fig. 2). Also, reduc-
ing gradient speed shifts the peak distribution to
essentially one late eluting peak (Fig. 6), which
would not occur if fixed heterogeneous forms were
present.

Another explanation given for multiple peaks is
the presence of different conformational forms of the
protein [25,41-48], which is consistent with the
observations of the present work. Normally, if a
protein can bind in a variety of conformations, a
broad peak would be observed, indicating a con-
tinuum of such forms [49]. The results here are
unusual in that discrete peaks are obtained instead of
a continuum. In general, early eluting peaks seem to
be associated with binding through the D-domain of

fibrinogen and late eluting peaks with E-domain
binding. The latest eluting peaks, however, do not
correspond to binding of any one domain.

4.2. Models in the literature

The feasibility of differential protein retention due
to site-specific interaction with the column is reason-
able, according to mechanisms proposed by others
for protein retention in ion-exchange chromatog-
raphy, as discussed below. The binding of a protein
in ion-exchange chromatography usually involves
electrostatic interaction between the stationary phase
and multiple charged sites on the protein. At low
ionic strength, there is little partitioning of the
protein between the stationary and mobile phases due
to the low probability of simultaneous dissociation of
the multiple binding sites. Regnier and co-workers
{50,51] derived an expression relating protein re-
tention to salt concentration of the mobile phase. The
capacity factor for the protein is inversely propor-
tional to salt concentration raised to the Z power.
with Z being the number of charged sites on the
protein that bind to the stationary phase. For Z
values>1, the protein is able to partition between the
mobile and stationary phases within only a narrow
gradient window. This window becomes even more
narrow as the Z value increases. In the other parts of
the gradient, the protein is strongly adsorbed (low
salt) or completed released (high salt). This is the
‘on—off” mechanism of protein chromatography.

Binding of a protein to the ion-exchange stationary
phase can only occur through a particular ‘face’, not
through every charged site present on the protein’s
three-dimensional structure [1]. Thus, orientation of
the protein is important, since a particular protein
can be adsorbed to a surface through different
regions on the protein [52]. However, it has been
suggested that an ion-exchanger can ‘steer’ the
orientation of a protein so that binding occurs
through domains having a high charge density [50].
The effect of protein domain in dictating retention of
the entire protein has been reported for hydrophobic
interaction chromatography of different isoforms of
estrogen receptors [53].

The appearance of multiple peaks in the present
work can be explained by the two mechanistic
aspects of protein binding described above (binding
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through specific regions and the ‘on—off’ retention).
Different adsorbed orientations would elute as sepa-
rate peaks, given the non-partitioning mechanism of
the ‘on—off” mechanism and assuming the protein
does not interact with the column further.

4.3. Kinetic versus thermodynamic effects on
binding orientation of fibrinogen

A model depicting the chromatography of fibrino-
gen is shown in Fig. 8. Binding via the E domain is
thermodynamically favored, since fragment E has a
longer retention time than that of fragment D,. The
E domain does, in fact, have a greater negative
charge density than the D domain [3]. Conversely,
binding through the D domain is kinetically favored,
since the D domains are more numerous and are
sterically accessible. It is hypothesized here that
activation energy is required to change the conforma-
tion of native fibrinogen to a form having an exposed
E domain. This is supported by the work of several
investigators who propose a structure for native
fibrinogen which has the Aa chain folding over the
E domain [4,7,8], making the E domain sterically
unavailable for binding. Francis et al. [17] noted a
shift to late eluting peaks in anion-exchange chroma-
tography when the Aa chain was significantly
degraded. In the present work, a steady increase in
the E-binding peaks is seen with increased time of

by binding via D domain

Elution RAetenllon characierized

by binding via E domaia

Fig. 8. Schematic representation of the binding model for fibrino-
gen in anion-exchange chromatography. Three forms of fibrinogen
are proposed: (a) native fibrinogen which binds via the D domain,
(b) denatured fibrinogen and (c) degraded fibrinogen which both
bind via the E domain.

storage of fibrinogen solutions (data not shown). This
suggests that the process of denaturation is occur-
ring, which exposes the E domain. In addition,
rechromatography studies given in Fig. 2 suggest
that there is interconvertibility between the peaks,
indicating the presence of different conformational
forms.

It is thus hypothesized here that there are at least
two binding forms of fibrinogen; a native form,
which shows D-binding retention characteristics and
an E-domain-exposed form (Aa-denatured and Aa-
degraded fibrinogen forms), which shows E-binding
retention characteristics. The presence of these forms
is demonstrated by comparing chromatograms of
fibrinogen from two different commercial sources.
Fig. 2 and Fig. 3 show that the binding pattern for
fibrinogen differs according to commercial source.
Fibrinogen from ICN (Fig. 2) has an increased
proportion of peak 2 compared to fibrinogen from
Calbiochem (Fig. 3), thus indicating an increased
proportion of denatured and/or degraded forms in
the fibrinogen from ICN. This difference in peak
proportions for fibrinogen from different sources is
also seen for the fast gradient runs in Fig. 4 and Fig.
5.

It is possible to find a salt concentration which is
sufficiently high to cause desorption of fibrinogen
bound through the D-domain, but not high enough to
cause desorption of fibrinogen bound through the
E-domain. This explains the multiple peaks observed
with the intermediate and fast gradients (Figs. 2-5).
Fibrinogen adsorbed via the D-domain is desorbed
earlier in the salt gradient than E-bound fibrinogen.
For an intermediate/fast gradient there is insufficient
time for desorbed D-bound fibrinogen to reorient to a
conformation favoring re-binding through the E-do-
main. Thus, early eluting peaks are D-bound fibrino-
gen and late eluting peaks are E-bound fibrinogen.
By contrast, if the gradient speed is sufficiently low,
then the desorbed D-bound fibrinogen has enough
time to undergo a conformational change, permitting
readsorption through the E-domain. This accounts
for the shift of essentially all fibrinogen to one
E-binding peak with the slow gradient (Fig. 6a). In
contrast, there is no similar shift of the early eluting
peaks in the chromatography of FDPs (Fig. 6b). This
is because the early eluting peaks in the FDPs
chromatogram presumably result from fragment D,
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which does not have a stronger binding site to further
interact with the column after desorption occurs.

Not considered in this model is the possibility of
DE or DD binding. Such orientations could con-
ceivably account for the unidentified late-eluting
peaks for the fibrinogen profiles in the present work.
Other workers have reported that the D-dimer frag-
ment of fibrinogen elutes in two different peaks in
hydrophobic interaction chromatography [54]. This
could reflect different binding orientations of the
D-dimer, possibly single (D domain) and double
(D-D domain) binding, supporting the proposed
hypothesis for the latest eluting peak(s).

4.4. Temperature effects

The D domain is different than the E domain in
thermal stability. This property of fibrinogen offers
an additional opportunity to test the binding model.
Scanning microcalorimetric studies of fibrinogen and
its proteolytic degradation products reveal that the D
domain is denatured at approximately 55°C or lower,
while the coiled coil portion and E domain are stable
to approximately 70°C or higher [5]. The results of
the chromatography of fibrinogen at different tem-
peratures are shown in Fig. 7. The peak corre-
sponding to D-domain binding (peak 1) decreases
substantially with increased temperature. This is an
expected result, given the thermal lability of the D
domain. On the other hand, the relative proportion
(compared to D-bound peak) of the late eluting
E-bound peak (peak 2) is seen to increase with
increasing temperature. The increase in temperature
provides fibrinogen with energy, which could pro-
mote the change in conformation needed to expose
the binding regions of the E domain.

4.5. Implications for protein chromatography

In cases where there is evidence of alternative
protein conformations, it is important to determine if
the conformations exist naturally in solution or if
they are artifacts resulting from contact with the
stationary phase. For example, tumor necrosis factor
seems to dissociate from a trimer to monomers upon
binding in hydrophobic interaction chromatography,
which reassociate in solution to the trimer [55]. In
the case of anion-exchange of fibrinogen, when a

peak is collected and rerun, the same 3-peak pattern
is obtained (Fig. 2). However, the resulting dis-
tribution is skewed toward the peak originally col-
lected. The conformational shift is thus slow relative
to the time scale of the chromatography. This implies
that fibrinogen assumes alternative conformations
that really exist in solution and are not artifacts of
contact with the stationary phase. The difference in
chromatographic profiles for fibrinogen from differ-
ent commercial sources may also be evidence for the
actual presence of different conformations of fibrino-
gen in solution, although different proportions of
degraded fibrinogen could also explain the different
profiles.

In contrast to the ‘steering effect’ model, in which
the macromolecule orients on the stationary phase
via the strongest binding site [S0], our data suggest
that there are circumstances where macromolecules
can bind in metastable orientations. Under favorable
conditions, the macromolecules can subsequently
change conformation, leading to a more stable
binding. These factors are important since they can
lead to elution in broad bands [49] or even discrete
peaks (as seen in the present work). Fibrinogen is a
special case; having well-defined, isolated domains.
However, these factors are worth examining for
other proteins as well.

Acknowledgments

This work was partially supported by a Grant-in-
Aid from the American Heart Association, Northeast
Ohio Affiliate and a Research and Creative Activities
Grant from the Graduate College at Cleveland State
University. The authors wish to thank one of the
referees who provided a valuable critique of the
work, gave extensive suggestions for reorganizing
the discussion section and suggested several perti-
nent references for the rewrite of the manuscript.

References

[1] F.E. Regnier, Science, 238 (1987) 319.

[2] A.Z. Budzynski, CRC Crit. Rev. Oncology/Hematology, 6
(1986) 97.

[3] R.F. Doolittle, Sci. Am., 245 (6) (1981) 126.



72 Y. Liu et al. | J. Chromatogr. A 753 (1996) 63-72

[4] JW. Weisel, CV. Stauffacher, E. Bullitt and C. Cohen,
Science, 230 (1985) 1388.

[5] PL. Privalov and LV. Medved, J. Mol. Biol., 159 (1982)
665.

[6] J.A. Shafer and D.L. Higgins, Crit. Rev. Clin. Lab. Sci., 26
(1988) 1.

[7] A. Apap-Bologna, F. Raitt, A. Webster and G. Kemp, in
G.D.O. Lowe, J.T. Douglas, C.D. Forbes and A. Henschen
(Editors), Fibrinogen 2 Biochemistry, Physiology and Clini-
cal Relevance, Excerpta Medica, Amsterdam, 1987, p. 31.

[8] H.P. Erickson and W.E. Fowler, Ann. NY Acad. Sci., 408
(1983) 146.

[9] V). Marder, Thromb. Diath. Haemorrh. Suppl., 39 (1968)
187.

[10] CW. Francis and V.J. Marder, in W.J. Williams, E. Beutler,
AJ. Erslev and M.A. Lichtman (Editors), Hematology, 4th
Ed., McGraw-Hill, New York, 1990, Ch. 138.
{11] SV. Pizzo, M.L. Schwartz, RL. Hill and PA. McKee, J.
Biol. Chem., 247 (1972) 636.
{12] 1. Azpiazu and D. Chapman, Biochim. Biophys. Acta, 1119
(1992) 268.
[13] EW. Ferguson, L..J. Fretto and P.A. McKee, J. Biol. Chem.,
250 (1975) 7210.
[14] F. Harverkate and G. Timan, Thromb. Res., 10 (1977) 803.
[15] LR. Purves, G.G. Lindsey, G. Brown and J. Franks,
Thromb. Res., 12 (1978) 473.
[16] J.S. Finlayson and MW. Mosesson, Biochemistry, 2 (1963)
42.
-[17] CW. Francis, D.H. Kraus and V.J. Marder, Biochim. Bio-
phys. Acta, 744 (1983) 155.
[18] R.F. Doolittle, K.G. Cassman, B.A. Cottrell, S.J. Friezner
and T. Takagi, Biochemistry, 16 (1977) 1710.
[19] 1. Kalvaria, AV. Corrigall and R.E. Kirsch, Thromb. Res., 29
(1983) 459.
{20] J.P. McConnell and D.J. Anderson, J. Chromatogr., 615
(1993) 67.
[21] J.R. Shainoff, B. Lahiri and F.M. Bumpus, Thromb. Diath.
Haemorrh. Suppl., 39 (1970) 203.
[22] N. Yoshida, S. Terukina, M. Okuma, M. Moroi, N. Aoki and
M. Matsuda, J. Biol. Chem., 263 (1988) 13848.
[23] VJ. Marder, N.R. Shulman, and W.R. Carroll, Trans. Assoc.
Am. Physicians, 80 (1967) 156.
[24] V.J. Marder, N.R. Shulman and W.R. Carroll, J. Biol. Chem..
244 (1969) 2111.
[25] B.L. Karger and R. Blanco, Talanta, 36 (1989) 243.
[26] E. Mihdlyi, Acta Chem. Scand., 4 (1950) 344.
[27] MW. Mosesson, Ann. NY Acad. Sci., 408 (1983) 97.
[28] I. Lipinska, B. Lipinski and V. Gurewich, J. Lab. Clin. Med.,
84 (1974) 509.
[29] MW. Mosesson, D.K. Galanakis and J.S. Finlayson, J. Biol.
Chem., 249 (1974) 4656.

[30] MW. Mosesson, J.S. Finlayson and R.A. Umfleet, J. Biol.
Chem., 247 (1972) 5223,

[31] C. Kuyas, A. Haeberli and PW. Straub, Thromb. Haemos-
tasis, 47 (1982) 19.

[32] CW. Francis, V.J. Marder and S.E. Martin, J. Biol. Chem.,
255 (1980) 5599.

[33] DW. Chung and EW. Davie, Biochemistry, 23 (1984) 4232.

[34] C. Wolfenstein-Todel and MW. Mosesson, Biochemistry. 20
(1981) 6146.

[351 CW. Francis, R.L. Nachman and V.J. Marder, Thromb.
Haemostasis, 51 (1984) 84.

[36] MW. Mosesson, J.S. Finlayson, R.A. Umfleet and D.
Galanakis, J. Biol. Chem., 247 (1972) 5210.

[37] N. Semeraro, D. Collen and M. Verstraete, Biochim. Biophys.
Acta, 492 (1977) 204.

[38] B. Blombiick and M. Blombick, Ark. Kemi, 10 (1956) 415.

[39} L.A. Sherman, MW. Mosesson and S. Sherry, Biochemistry,
8 (1969) 1515.

[40] MW. Mosesson, N. Alkjaersig, B. Sweet and S. Sherry,
Biochemistry, 6 (1967) 3279.

[41] S.-L. Wu, A. Figueroa and B.L. Karger, J. Chromatogr., 371
(1986) 3.

[42] R. Rosenfeld and K. Benedek, J. Chromatogr., 632 (1993)
29.

[43] S. Lin and B.L. Karger, J. Chromatogr., 499 (1990) 89.

[44] T. Nishikawa, H. Hasumi, S. Suzuki, H. Kubo and H.
Ohtani, Chromatographia, 38 (1994) 359.

[45] S.A. Cohen, K.P. Benedek, S. Dong, Y. Tapuhi and B.L.
Karger, Anal. Chem., 56 (1984) 217.

[46] X.M. Lu, K. Benedek and B.L. Karger, J. Chromatogr., 359
(1986) 19.

[47] E.S. Parente and D.B. Wetlaufer, J. Chromatogr., 314 (1984)
337,

[48] J. Withka, P. Moncuse, A. Baziotis and R. Maskiewicz, J.
Chromatogr., 398 (1987) 175.

[49] A.J. Alpert, J. Chromatogr., 359 (1986) 85.

[S0] K. Kopaciewicz, M.A. Rounds, J. Fausnaugh and F.E.
Regnier, J. Chromatogr., 266 (1983) 3.

[51] F.E. Regnier and RM. Chicz, in K.M. Gooding and F.E.
Regnier (Editors), HPLC of Biological Macromolecules,
Marcel Dekker, New York, 1990, Ch. 4.

[52] T.A. Horbett and J.L. Brash, in J.L. Brash and T.A. Horbett
(Editors), Proteins at Interfaces Physicochemical and Bio-
chemical Studies (ACS Symposium Series, No. 343), Ameri-
can Chemical Society, Washington D.C., 1987, Ch. 1.

[53] S.M. Hyder and J.L. Wittliff, J. Chromatogr., 444 (1988)
225.

[54] D.R. Ellis, A.S. Eaton, M.C. Plank, B.T. Butman and R.F.
Ebert, Blood Coagulation Fibrinolysis, 4 (1993) 537.

[55] M.G. Kunitani, R.L. Cunico and S.J. Staats, J. Chromatogr.,
443 (1988) 205.



