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Abstract
The blood coagulation protein factor XI (FXI) consists of a pair of disulfide-linked chains each
containing four apple domains and a catalytic domain. The apple 4 domain (A4; F272-E362) mediates
noncovalent homodimer formation even when the cysteine involved in an intersubunit disulfide is
mutated to serine (C321S). To understand the role of noncovalent interactions stabilizing the FXI
dimer, equilibrium unfolding of wild-type A4 and its C321S variant was monitored by circular
dichroism, intrinsic tyrosine fluorescence and dynamic light scattering measurements as a function
of guanidine hydrochloride concentration. Global analysis of the unimolecular unfolding transition
of wild-type A4 revealed a partially unfolded equilibrium intermediate at low to moderate denaturant
concentrations. The optically detected equilibrium of C321S A4 also fits best to a three-state model
in which the native dimer unfolds via a monomeric intermediate state. Dimer dissociation is
characterized by a dissociation constant, Kd, of ~90 nM (in terms of monomer), which is in agreement
with the dissociation constant measured independently using fluorescence anisotropy. The results
imply that FXI folding occurs via a monomeric equilibrium intermediate. This observation sheds
light on the effect of certain naturally occurring mutations, such as F283L, which lead to intracellular
accumulation of non-native forms of FXI. To investigate the structural and energetic consequences
of the F283L mutation, which perturbs a cluster of aromatic side chains within the core of the A4
monomer, it was introduced into the dissociable dimer, C321S A4. NMR chemical shift analysis
confirmed that the mutant can assume a native-like dimeric structure. However, equilibrium
unfolding measurements show that the mutation causes a four-fold increase in the Kd for dissociation
of the native dimer and a 1 kcal/mol stabilization of the monomer, resulting in a highly populated
intermediate. Since the F283 side chain does not directly participate in the dimer interface, we propose
that the F283L mutation leads to increased dimer dissociation by stabilizing a monomeric state with
altered side chain packing that is unfavorable for homodimer formation.
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Introduction
Factor XI (FXI) is a human blood coagulation zymogen that is converted into its proteolytically
active form, factor XIa (FXIa), in response to blood vessel injury (reviewed in ref. 1). FXI
circulates in the blood plasma at a concentration of ~30 nM as a 160 kDa homodimeric
glycoprotein. The enzymatic activators of FXI (thrombin, factor XIIa or FXIa) cleave an
internal R369-I370 bond in each monomer of FXI, yielding FXIa, which consists of a heavy
chain of 369 residues and a light chain of 238 residues. The heavy chain comprises four 90 to
91-residue tandem repeat sequences termed apple domains (A1–A4) and the light chain
represents a trypsin-like serine protease domain with active site residues H413, D464, and
S557. The physiological substrate of FXIa is factor IX, which it activates by cleaving two
scissile bonds at R145 and R180.2 The primary role of FXIa is recognized as part of a feedback
loop, referred to as the consolidation phase of blood coagulation, resulting from activation of
FXI by the small quantities of thrombin that are generated by the tissue factor pathway prior
to its inhibition by tissue factor pathway inhibitor.3,4

The apple domains of FXI are 23–34% identical to one another at the sequence level, and 58%
identical with their respective apple domains of the intrinsic pathway zymogen prekallikrein
(PK), which circulates as a monomer. Each apple domain of FXI contains regions involved in
interacting with other proteins and with the platelet surface.1 Papagrigoriou et al. recently
reported a crystal structure of the dimeric FXI zymogen, which confirms that self-association
of FXI is mediated by dimerization of A4 involving both noncovalent interactions and an
intersubunit disulfide bond (Figure 1).5 FXI A4 directs reversible dimer formation even when
the cysteine responsible for the covalent linkage between the monomers, Cys321, is changed
to serine, resulting in a fully active protein (C321S A4) that exists as a dimer at concentrations
as low as 80 nM (monomer concentration), suggesting that the dissociation constant (Kd) for
reversible dimer dissociation is comparable to this value.6

FXI is the only homodimeric protein in the blood coagulation cascade, and the dimeric property
of FXI is thought to be important for concerted cleavage of both scissile bonds in factor IX.7
The physiological relevance of FXI dimerization was examined using FXI and PK chimeric
proteins in which the A4 domain of FXI was replaced by the monomeric PK A4 domain. The
resulting monomeric chimera, FXI/PKA4, failed to activate factor IX in the presence of
platelets, but was fully active in solution and in kaolin-triggered plasma clotting assays.8 This
finding suggests that the dimeric structure of FXIa is required for normal factor IX activation
in the presence of platelets.8

Several mutations in the population at large have been observed to lead to FXI deficiency,
which gives rise to a bleeding disorder of variable, but usually mild severity.1 Some of these
mutations, especially those in the FXI A4 domain, are thought to affect the folding and
dimerization of FXI, due to impaired secretion into plasma from hepatocytes.9,10 The type III
mutation, which results in a F283L amino acid change in A4 due to a single base substitution
in exon 9 of the gene encoding FXI,11 is one of the more common mutations causing FXI
deficiency. Along with the type II (E117stop) mutation, the F283L mutation accounts for more
than 95% of the known mutations from FXI deficient patients.12 The FXI levels in the plasma
of FXI deficient patients homozygous for this mutation are <10% of normal levels, while
heterozygous patients have 67% of normal levels.11,13 Although the catalytic activity in
plasma is <10%, purified FXIa F283L exhibits normal enzymatic activity,10 and pulse-chase
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and immunoprecipitation experiments showed increased levels of monomeric FXI within the
cell,10,14 suggesting that in vivo, the F283L mutation induces retention of FXI within liver
cells. Thus, elucidating the structural and thermodynamic basis for FXI homodimer formation
is important for understanding its role in the consolidation phase of blood coagulation.

In order to study dimerization and unfolding of the FXI A4 domain, the cysteine (C321)
responsible for covalent linkage with the adjacent monomer was mutated to serine (C321S),
and a global analysis method was used to fit guanidine hydrochloride (GuHCl) dependent
unfolding data of C321S A4 measured by circular dichroism (CD) and intrinsic fluorescence,
and to determine the free energy of dissociation describing the transition from dimeric to
monomeric states as well as the free energy of monomer unfolding. In addition, the type III
mutation (F283L) was introduced into the C321S construct, and its overall secondary structure
studied using 15N HSQC NMR spectra and unfolding behavior, relative to the C321S A4
protein. These data show that the F283L mutation in FXI does not cause major disruption of
the structure, but perturbs the structure of the dimer interface enough to raise the Kd by four-
fold, which has a major impact on protein maturation during FXI synthesis, helping to explain
the lowered levels of expression of FXI F283L.

Results
Optically detected unfolding and dimer dissociation

In order to understand the role of the A4 domain in mediating dimerization of FXI, we used
various spectroscopic and hydrodynamic methods to monitor the reversible denaturant-induced
unfolding transition of the covalently linked A4 dimer and its dissociable variant, C321S (see
Figure 1). To ensure complete equilibration, a series of samples at different denaturant
concentrations were incubated overnight prior to spectroscopic analysis (see Methods). The
CD signal at 225 nm was used to monitor changes in helical secondary structure content as a
function of GuHCl. As shown in Figure 2A, wt A4 undergoes a gradual increase in ellipticity
with increasing GuHCl concentration up to about 4 M GuHCl, followed by a sharp transition
centered at ~4.8 M GuHCl, corresponding to a significant loss in helix content concomitant
with the main structural unfolding transition. The linear portion above 5.5 M GuHCl is
indicative of non-cooperative changes within the denatured population. In contrast, the changes
in CD signal below 4 M GuHCl show some curvature and can be attributed to a conformational
transition from native A4 dimer to a partially structured intermediate state. The intermediate
possesses ~25% higher CD signal at 225 nm compared to the 0 M GuHCl sample.

As a complementary probe to monitor unfolding we measured the changes in tyrosine
fluorescence as a function of denaturant concentration (A4 contains four Tyr and no Trp
residues). Following procedures developed previously,15,16 we recorded a series of
fluorescence emission spectra at different GuHCl concentrations and used a global analysis
procedure to fit the combined data to a unimolecular three-state mechanism. Figure 2B shows
representative transition curves obtained by plotting the fluorescence signal at a given
wavelength vs. GuHCl concentration. The analysis is complicated by the relatively small
change in tyrosine fluorescence associated with the conformational transitions (~15% of the
total signal) and the steep baselines at low and high GuHCl concentrations. Nevertheless, we
were able to accurately reproduce the transition curves at each wavelength with a common set
of optimized transition parameters (Table 1) obtained by global fitting of a three-state model
to the combined data set (see Figure 2B for examples). The sharp decrease in fluorescence
between 4 and 5 M GuHCl parallels the loss in helix content observed by CD (Figure 2A),
indicating that disruption of both secondary and tertiary structure occurs during this cooperative
unfolding transition. The bend in the fluorescence curves near 2 M GuHCl can be attributed
to a decrease in fluorescence in going from the native state to an equilibrium intermediate;
because of the pronounced solvent-dependent increase in tyrosine fluorescence in all three
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conformational states, this results in a plateau rather than a net decrease in the observed signal
(Figure 2B). The fact that a single set of three-state equilibrium parameters (Table 1) accurately
reproduces both the combined fluorescence and CD data (lines in Figures 2A and 2B) strongly
supports our conclusion that a distinct structural transition occurs at denaturant concentrations
below the main unfolding transition. A unimolecular three-state unfolding equilibrium with an
ensemble of non-native states populated at intermediate denaturant concentrations (<4 M
GuHCl) is the simplest model consistent with the data; a two-state fit would require the ad
hoc assumption that the native state experiences complex (non-linear) solvent-induced changes
in the CD and fluorescence signals.

By plotting the fitted baseline values (intercepts at 0 M GuHCl) for each state vs. wavelength
(Figure 2C), the global analysis also yields information on the intrinsic fluorescence emission
spectra for the native (N), intermediate (I) and unfolded (U) states. The fitted spectrum of the
N-state (black symbols) has a maximum at 301 nm and accurately reproduces the equilibrium
spectrum recorded in the absence of denaturant (black line). Because of the steep positive slope
of the unfolded baseline the fitted U-state spectrum (green symbols), which represents the
unfolded state in the absence of denaturant, the emission maximum of the N-state is much
lower. The fluorescence spectra of the I-state (red symbols) is similar in shape to that of the
N-state, but 30% lower in intensity and slightly shifted to lower wavelengths. These spectral
changes are consistent with a progressive increase in solvent exposure for some of the tyrosine
side chains in the I- and U-states relative to the N-state, which gives rise to more efficient
solvent-induced fluorescence quenching.

In order to investigate the role of the covalent disulfide linkage in stabilizing the A4 dimer, we
studied the unfolding behavior of the C321S variant as a function of both GuHCl and protein
concentration (Figure 3). Since unfolding of this non-covalent dimer results in a monomeric
unfolded state, the transition curves also contain information on the equilibrium constant for
dimer dissociation, Kd. Figure 3A compares the normalized CD-detected transition curves for
the C321S A4 mutant at several protein concentrations. Compared to wt A4, the onset of
unfolding as observed by CD begins at lower GuHCl concentrations, and the transitions are
substantially broader, but the sloping native and unfolded-state baselines in wt A4 are also
observed for C321S A4. With increasing protein concentration, the transition curves become
steeper and the midpoint shifts to higher GuHCl concentrations. The fact that the denaturant-
induced loss in (helical) secondary structure varies with protein concentrations indicates that
both unfolding and dimer dissociation events contribute to the apparent transition curves. The
observation that protein concentration primarily affects the data between 1 and 4 M GuHCl
while the upper portion of the transition (>4M GuHCl) is less sensitive suggests the presence
of two distinct, but overlapping transitions where only the former involves a dimer-monomer
equilibrium.

We also used tyrosine fluorescence to monitor the GuHCl-induced conformational changes for
the C321S mutant of A4 (Figure 3B). As in the case of wt A4 (Figure 2B), interpretation of
these data is complicated by the steep slope of the baselines at low and high GuHCl
concentrations and the more limited range in protein concentration that can be measured
reliably. Nevertheless, the fluorescence data can be fitted adequately using the same set of
equilibrium parameters derived from a unimolecular three-state fit of the CD data (see below).

For a protein like C321S A4, which exists as a stable dimer under native conditions and forms
an unfolded monomeric state under denaturing conditions, one can consider three possible
models (see, e.g., ref. 17). (Scheme 1) Native dimer (N2) is converted into unfolded monomers
(U) through a cooperative mechanism without appearance of intermediates:

N2 ⇔ 2U (Scheme 1)
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(Scheme 2) unfolding of the native dimer precedes dissociation into monomers giving rise to
a dimeric intermediate, M2:

N2 ⇔ M2 ⇔ 2U (Scheme 2)

(Scheme 3) with increasing denaturant concentrations, the native dimer first dissociates into a
monomeric intermediate (M) before undergoing complete unfolding:

N2 ⇔ 2M ⇔ 2U (Scheme 3)

The CD and fluorescence data were globally fitted with equations representing the different
models for dimer unfolding (see Methods, equations 5, 6, and 7). This combined fit was optimal
when Scheme 3 was used (lines in Figure 3) whereas Schemes 1 and Scheme 2 were unable
to reproduce the data (see below). The thermodynamic parameters thus obtained are listed in
Table 1. The free energy for dimer dissociation in the absence of denaturant, ΔG1, is 9.5 ± 0.45
kcal mol−1, which corresponds to a dissociation constant Kd = 90 nM. The modest value of the
free energy for unfolding of the monomeric intermediate, ΔG2 = 2.61 ± 0.17 kcal mol−1,
indicates that the A4 domain is rather unstable in the absence of the stabilizing dimeric
interactions.

Supplementary Figure 1 illustrates our unsuccessful attempt to fit the CD and fluorescence
data using alternative equilibrium mechanisms. Neither Scheme 1 (solid lines) nor Scheme 2
(dashed lines) provide a satisfactory fit, judging from the χ2 parameters, which decreased from
0.307 for Scheme 1 to 0.0740 for Scheme 2 and 0.0394 for Scheme 3. In addition, the attempted
global fitting of the CD and fluorescence data with Scheme 2 gave a very unrealistic value for
the Kd of 50 M. This value is inconsistent with gel filtration experiments, which show the
C321S A4 protein to be completely dimeric at all loading concentrations >750 nM (data not
shown). A key prediction of Scheme 3 is that the first transition (i.e., the one occurring at lower
denaturant concentration) should become more pronounced at lower protein concentration
where the N2 ⇔ 2M transition is shifted towards the monomeric intermediate. This effect is
most apparent in Supplementary Figure 1A where the loss in native CD signal is more
pronounced at the lower protein concentrations studied. This gives rise to an apparent decrease
in the slope of the transition curves with decreasing protein concentration, as observed
previously for another dimeric protein.17 In contrast, the slope of the transition curves
predicted by the concerted unfolding/dimer dissociation mechanism (Scheme 1) is independent
of protein concentration, and in the case of Scheme 2, any variation with protein concentration
is expected to produce highly destabilizing conditions leading to dissociation of the dimeric
intermediate.

Figure 4A shows the fraction of the disulfide-linked dimers of native (N), intermediate (I), and
unfolded (U) species of wt A4 populated vs. GuHCl concentration, as predicted by the best fit
of the CD and fluorescence-detected unfolding transitions (Figure 2; Table 1). The I-state
fraction reaches a maximum of 75% at 4.3 M GuHCl and decays sharply as the fully unfolded
state accumulates in a steep transition centered around 4.8 M GuHCl. Figure 4B shows similar
plots for the dissociable C321S A4 variant at two protein concentrations (5 M and 42 M). The
relative populations of the native dimer (N2), the monomeric intermediate (M) and unfolded
(U) states were predicted on the basis of Scheme 3 (equation 4), using the fitting parameters
in Table 1. As expected from mass-action considerations, the monomeric M-state accumulates
more readily at lower protein concentration (5 M) where it reaches a peak population of 70%
at 3.0 M GuHCl. Conversely, higher protein concentrations favor the native dimer, causing a
shift in the native population to higher denaturant concentrations.
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Dynamic light scattering
To confirm the prediction that a monomeric, partially structured intermediate accumulates at
moderate GuHCl concentrations during C321S A4 unfolding, we used dynamic light scattering
(DLS) to measure the changes in hydrodynamic radius (Rh) across the unfolding transitions of
wt A4 and the C321S variant (Figure 5). The translational diffusion coefficient measured by
DLS can be related to Rh (using a globular protein model that assumes a spherical shape of the
protein; see Methods), and thus to the association state of the protein. As the GuHCl
concentration is raised from 0 to 4 M, the Rh for wt A4 (filled squares in Figure 5) increases
from 2.4 to 2.7 nm. This slight expansion (~20% of the overall increase in Rh on unfolding) is
consistent with the formation of a partially unfolded, but still relatively compact intermediate
of the cross-linked A4 dimer. A major increase in hydrodynamic dimensions (from 2.7 to 4.5
nm) occurs between about 4.5 and 5.2 M GuHCl, confirming that this transition comprises the
principal conformational change during unfolding of A4. As expected, the dimensions of the
dissociable C321S A4 variant are the same as wt A4 in the absence of denaturant (Rh = 2.4
nm). However, in marked contrast to the wt protein, the Rh of C321S A4 decreases initially
with increasing denaturant concentration, reaching a minimum value of ~1.9 nm at 3.5 M
GuHCl. This observation strongly supports our conclusion that a monomeric, partially
structured, intermediate accumulates under moderately denaturing conditions (Scheme 3). The
subsequent increase in Rh coincides with the second conformational event in Scheme 3, i.e.,
unfolding of the monomeric intermediate, which is expected to be accompanied by an increase
in Rh. Both the wt and C321S A4 DLS-detected unfolding transitions fit to their respective
three-state unfolding models (Schemes 4 and 1, respectively), with the same fit parameters as
those used for fitting the CD and fluorescence unfolding curves.

The Rh measured by DLS in the absence of denaturant is 2.34 nm for wt A4 and 2.44 nm for
C321S A4. These sizes correspond to spherical volumes of 54 nm3 for wt A4 and 61 nm3 for
C321S A4, which are consistent with the volume of an prolate spheroid (58.7 nm3) calculated
from the overall dimensions of the A4 dimer in the crystal structure of FXI (dmax = 5.65 nm,
dmin of 3.51 nm).5 The C321S mutant reaches a limiting Rh of ~3.4 nm at 6 M GuHCl, which
is substantially smaller than that of the fully unfolded state of wt A4 (4.5 nm) consistent with
the fact that the latter is a covalently linked dimer.

Characterization of C321S A4 by analytical ultracentrifugation
In order to unambiguously determine the oligomeric state of C321S A4, analytical
ultracentrifugation sedimentation equilibrium (AUC SE) measurements were performed on
C321S A4. Figure 6A shows raw absorbance data from equilibrium runs on a 201.4 M sample
of C321S A4 at two different centrifugal speeds (17,000 rpm, dash-dotted line and 25,000 rpm,
solid line). Figure 6B shows a plot of the weight fraction of species vs. total monomer
concentration derived from a global fit of a monomer-dimer-tetramer model of the raw data in
Figure 6A. A global fit of a monomer-dimer-tetramer equilibrium (Figure 6B) converged on
a unique set of fitting parameters, while a monomer-dimer equilibrium did not fully account
for the data. The dimeric state of C321S A4 (solid line) is the predominant species over the
concentration range from 32.9 M to 212 M, with a maximum of 7.2% of the protein present as
tetramer or higher order aggregates at 212 M (dashed line). Monomeric protein (dash-dotted
line) decreases from ~17% at 32.9 M to <5% at 212 M.

Since the protein concentrations used for unfolding and fluorescence anisotropy analyses (see
below) were less than or at the low end of this range, the AUC SE data show that the contribution
of tetrameric and larger oligomers to the unfolding and dissociation data is negligible over the
concentration ranges studied. In the highest C321S A4 protein concentration of 42 M from
unfolding experiments, the corresponding contribution from tetrameric protein is 1.4%, which
is not expected to contribute to the observed unfolding transitions.
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Fluorescence anisotropy
As an independent measure of the monomer-dimer equilibrium of C321S A4, fluorescence
anisotropy experiments were performed on protein samples labeled with Alexa Fluor 488
(AF488). The labeled lysine residue was identified by recording MALDI-TOF mass spectra
on trypsin-digested samples, which showed that AF488 was present only on K357 when the
labeling ratio was less than or equal to 0.35. The protein concentration and labeling ratio were
determined according to ref. 18.

Fluorescence anisotropy was measured as a function of protein concentration ranging from 7
nM to 870 nM (Figure 7). Upon dilution of the protein, the anisotropy decreases from ~0.11
to 0.02. A model of dimer-monomer dissociation (equation 8) qualitatively describes the
observed trend, but does not exactly reproduce the data, which change over a narrower range
of concentration than predicted for a monomer-dimer equilibrium (line in Figure 6).19,20,21
The anisotropy of the dimeric state (rD = 0.106 ± 0.004) is consistent with the anisotropy
expected from the measured limiting polarization value (P0, calculated from the Perrin-Weber
equation19). The P0 of 0.219 was measured at a protein concentration of 1 M at 4º C in 56%
sucrose, corresponding to a polarization value of 0.145 (anisotropy = 0.109), determined using
the Perrin-Weber equation (ρ = 2.22 × 10−8 sec, τ = 4.10 × 10−9 sec). However, the limiting
anisotropy for the monomeric state (rM) cannot be measured precisely due to sensitivity
limitations, which leads to additional uncertainty in estimating Kd. Given the size of the C321S
A4 monomer (MW = 10,057 Da), we expected a limiting anisotropy for the monomer, rM ~
0.06. The fact that we measured substantially smaller values at low protein concentration may
be due to an increase chromophore mobility in the monomeric state, which is known to lower
the observed anisotropy value.22 Despite this uncertainty, fitting a dimer-monomer model to
the anisotropy data of the dissociable A4 dimer (Figure 7) yields an apparent Kd of 50 ± 30
nM that is consistent with the value derived from the denaturant-induced equilibrium
measurements (90 ± 50 nm; Table 1).

Structural characterization and unfolding of F283L/C321S A4
Meijers et al. hypothesized that a Phe to Leu mutation at position 283 in FXI (a.k.a. type III
mutation) causes a defect in folding and/or dimer formation of the protein, preventing secretion
of FXI F283L by the kidney cell line used for these studies.10 In order to understand the effect
of this important mutation in FXI deficient patients on the unfolding and dissociation properties
of the non-covalent C321S A4 dimer, we introduced the F283L mutation into the C321S A4
construct. Optical, NMR and hydrodynamic methods were used to characterize the structure,
folding equilibrium and oligomerization state of the mutant A4 domain.

As a sensitive assay of any structural differences between C321S and F283L/C321S A4, we
recorded 1H-15N correlation NMR spectra (15N HSQC) for uniformly 15N labeled samples of
both proteins under native conditions (50 mM sodium phosphate, pH 6.0, 100 mM sodium
chloride). A comparison of the 15N HSQC spectra (Figure 8A) confirms that the mutant protein
retains a well folded, globular structure, since the cross peaks are well dispersed across the
typical range of 1H and 15N frequencies. However, the F283L mutation causes minor chemical
shift changes for a significant fraction of the residues, and several peaks decrease in intensity,
probably due to line broadening caused by changes in local mobility. Resonance assignments
for F283L/C321S A4 were obtained based on comparison of 15N NOESY-HSQC and 15N
TOCSY-HSQC data with an HSQC spectrum of C321S A4 under matching conditions. In
Figure 8B, the normalized chemical shift changes (see Methods) associated with the mutation
are plotted vs. residue number. Significant chemical shift changes (>0.1 ppm) are limited to
four of the β-strands: β2, which includes the site of mutation, β4, β5 and β7. All of these
segments contribute residues to a central cluster of hydrophobic side chains, including F283
and two other aromatic groups (F311 and Y351). Thus, the NMR chemical shift analysis

Riley et al. Page 7

J Mol Biol. Author manuscript; available in PMC 2008 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Figure 7B) reveals that the F283L mutation introduces local as well as medium range structural
perturbations mediated by side chains within the core, but does not cause major disruption of
the A4 structure.

To determine the effect of the F283L mutation on structural stability and monomer-dimer
equilibrium, we used the CD signal at 225 nm to follow the equilibrium unfolding transition
of F283L/C321S A4 vs. GuHCl concentration (Figure 9A). As in the case of C321S A4 (Figure
3), unfolding measurements at pH 7.5 (in 50 mM sodium phosphate, 100 mM sodium chloride)
were carried out at several protein concentrations (11.6, 25.5, and 84.8 M). The data were
globally fitted to a three-state dimer unfolding model with a monomeric intermediate (Scheme
3), which yielded an excellent simultaneous fit of all data (χ2 = 1.13 × 105). In contrast, the
cooperative two-state (Scheme 1; χ2 = 1.57 × 105) and three-state dimeric unfolding model
with dimeric intermediate (Scheme 2; χ2 = 1.35 × 105) did not reproduce the data as well.
Compared to the C321S A4 parent protein (Figure 3A), the first phase in the GuHCl-induced
signal change is shifted toward lower denaturant concentration, giving rise to a well-resolved
two-step transition. The midpoint of the first (low-denaturant) transition varies with protein
concentration, confirming that it represents a second-order dissociation step (N2 ⇔ 2M). The
global fit yields a Kd of 350 ± 20 nM, which represents a 4-fold increase in dimer dissociation
constant compared to C321S A4 (Table 1). The second step is independent of protein
concentration, and can thus be assigned to a unimolecular conformational event, i.e., unfolding
of the monomeric intermediate (M ⇔ U). Although the mutation has virtually no effect on the
midpoint of the main unfolding transition, it causes a significant increase in m-value (Table
1), and the corresponding free energy in the absence of denaturant (ΔG2 = 3.63 ± 0.04 kcal
mol− 1) is somewhat enhanced relative to the C321S A4 variant (ΔG2 = 2.61 ± 0.17 kcal
mol− 1). Comparing the CD signal of F283L/C321S A4 with that of C321S A4 (Fig. 8A, open
circles), we observe that there are striking differences in the shape of the unfolding transition
for F283L/C321S A4 relative to C321S A4. Most notably, the plateau in the F283L/C321S A4
data between 1.75 and 2.5 M GuHCl, which corresponds to formation of a monomeric
intermediate, is much less pronounced for C321S A4, indicating that the F283L mutation leads
to increased accumulation of a monomeric intermediate state. Thus, the F283L mutation
stabilizes the folded monomeric state at the expense of a weakened dimer interface.

DLS studies of F283L/C321S A4 unfolding (data not shown for brevity) gave results similar
to that of C321S A4, and confirmed that the mutant also unfolds via a monomeric intermediate,
as in Scheme 3 (N2 ⇔ 2M ⇔ 2U). In the absence of denaturant, the DLS measurements yield
an Rh of 2.34 nm, which, upon addition of GuHCl, decreases to 2.0 nm (at 2.9 M GuHCl)
before increasing again to a maximum of 3.4 nm at 6 M GuHCl. As in the case of C321S A4,
the decrease in molecular dimensions observed at intermediate denaturant concentrations
followed by renewed expansion at high denaturant concentrations is fully consistent with an
equilibrium unfolding mechanism involving a monomeric intermediate (Scheme 3).

In Figure 9B we plot the relative populations of the N, M and U state for F283L/C321S A4
obtained by global fitting of the CD data vs. GuHCl concentration. In comparison to the C321S
A4variant (Figure 4B), the N2 ⇔ 2M transition occurs at lower GuHCl concentration (due to
the 4-fold increase in Kd) and the M ⇔ U transition is shifted to the right (due to the 1 kcal/
mol stabilization of M relative to U). As a result, the M state population is increased, especially
at low protein concentrations where the native dimer dissociates more readily. At GuHCl
concentrations in the range of 1 to 2 M the M-state accounts for nearly 100% of the molecules.

Discussion
We have used several biophysical techniques, including CD, fluorescence, DLS and NMR, to
characterize the equilibrium unfolding behavior of wt A4 and two dissociable variants
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containing C321S and C321S/F283L mutations, respectively. The wt A4 dimer (Figure 1)
undergoes large-scale unfolding with a concomitant loss of helical secondary structure,
solvent-exposure of aromatic side chains and increase in hydrodynamic radius in a sharp
transition centered around 4.8 M GuHCl (Figure 2). This exceptionally high stability toward
solvent denaturation is not surprising, given that the A4 dimer contains a total of seven disulfide
bonds (three within each monomer and one between the subunits). However, further analysis
using global fitting techniques reveals a second, subglobal, unfolding transition at moderate
denaturant concentrations, which is accompanied by a 25% decrease in the CD signal due to
α-helical secondary structure, tyrosine fluorescence changes consistent with increased solvent
exposure and a ~20% increase in hydrodynamic radius (Figures 1 and 4, respectively). The
combined unfolding data can be fitted on the basis of a unimolecular three-state mechanism
consisting of two coupled unfolding transitions with free energy increments of 2.3 and 12.4
kcal mol− 1, respectively. While most globular proteins of small to moderate size exhibit two-
state unfolding transitions, accumulation of equilibrium intermediates at moderate denaturant
concentration is not without precedent.15,16,23 Although we have only limited structural
information, the presence of a partially unfolded state may well be related to the fact that the
disulfide bond connecting the subunits of the A4 dimer is located at the tip of an exposed pair
of loops;5 disruption of the non-covalent interactions between monomers would result in a pair
of domains connected through a flexible linker segment. This scenario is consistent with the
observed increase in Rh, and the changes in optical parameters, which can be attributed to
perturbations in the monomer structure upon disruption of the dimer interface.

With increasing denaturant concentration, the C321S variant, which lacks a covalent linkage,
undergoes a series of transitions involving both unfolding and dissociation of the native dimer.
By observing this second-order transition both as a function of denaturant and protein
concentration, we can not only characterize the conformational equilibrium, but also determine
the dissociation constant of the native dimer.17 Solvent-denaturation thus represents a valuable
alternative to conventional methods, such as size-exclusion chromatography and fluorescence
anisotropy, for measuring dissociation constants for homodimeric proteins and provides
additional information on the energetically linked unfolding reactions. Our sedimentation
equilibrium data (Figure 6) clearly show that in the absence of denaturant, the predominant
form of C321S A4 is a dimer over the whole range of protein concentrations used in our
biophysical experiments (~5 to 100 M). At the other extreme of the unfolding transition (~6
M GuHCl), the protein appears to be fully dissociated into monomers, based on its reduced
hydrodynamic radius compared to wt A4 (Figure 5). This leaves us with three possible folding/
oligomerization mechanisms in which intermediate states are either absent (Scheme 1), dimeric
(Scheme 2) or monomeric (Scheme 3), depending on the relative strengths of the intra- vs.
inter-subunit interactions. Among these, a fully cooperative unfolding/dimer dissociation
mechanism without intermediates (Scheme 1) can readily be ruled out, since it fails to explain
the observed biphasic unfolding behavior and protein concentration-dependent changes in
slope (Figures 3 and 9). The distinction between Schemes 2 and Scheme 3 is more subtle, since
both mechanisms predict populated equilibrium intermediates. We initially favored Scheme
3, since it resulted in somewhat lower χ2 values in our global fitting of the optical data (Figure
3). The DLS measurements provided striking additional evidence in favor of Scheme 3, since
this is the only mechanism that can account for the observed decrease in Rh at low to moderate
denaturant concentrations, where the native dimer dissociates into folded monomers. In
contrast, accumulation of a partially unfolded dimeric intermediate, according to Scheme 2,
would give rise to an increase in Rh, similar to that observed for wt A4 (Figure 5).

On the basis of this model, global analysis of the GuHCl unfolding data allows a reliable
determination of the dimer dissociation constant. The value obtained for C321S A4, Kd = 90
± 50 nM, is consistent with the value of 50 ± 30 nM obtained independently using fluorescence
anisotropy measurements vs. protein concentration (Figure 7). The Kd of full length dissociable
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FXI was recently reported to be ~70 nM from AUC SE studies of FXI G326C.24 Since this
value is comparable with that measured in the present study for the isolated A4 dimer using
GuHCl induced unfolding and fluorescence spectroscopy, FXI A4 must contain most, if not
all of the dimer interface surface area between FXI monomers. This conclusion is consistent
with the crystal structure of the full length FXI zymogen, which shows that all of the residues
responsible for dimer formation reside within FXI A4.5

Qualitatively, if we compare the population plot for C321S A4 (Fig. 3B) with that of wt A4
(Fig. 3A), it is apparent that the C321 inter-subunit disulfide bond conveys a dramatic increase
in both stability and cooperativity. For the dissociable variant, the fully unfolded form begins
to appear around 1.5 M GuHCl and builds up over a wide range of denaturant concentrations
extending above 6 M and is characterized by a relatively low m-value (0.6 kcal mol− 1 M− 1;
Table 1). The wt protein, on the other hand, shows no detectable unfolded population at
concentrations <4 M GuHCl, followed by a very sharp transition at concentrations >4 M
GuHCl. The corresponding m-value (2.57 kcal mol− 1 M− 1) indicates a major increase in
solvent-accessible surface area, as expected for a globular protein of the size of the A4 dimer.
25 However, a more quantitative comparison of the equilibrium parameters is complicated by
the accumulation of intermediate states and the fact that the unfolded states of the two proteins
represent different oligomeric states. In the case of C321S A4, the dimeric interactions are lost
in the first transition from native dimer to the monomeric intermediate, while in wt A4 inter-
subunit contacts are at least partially preserved during the first unfolding transition. These
additional interactions and buried surface area stabilize the intermediate for the covalently
linked dimer and render its unfolding transition more cooperative relative to the dissociable
variant. In Table 1, we express the denaturant-dependence of dimer dissociation for C321S A4
in terms of an m-value (m1 = 1.2 kcal mol-1 M− 1), which is related to the amount of surface
area that is buried in the dimer and becomes exposed to the solvent upon dissociation. The m-
value for the second transition, m2 = 0.6 kcal mol− 1 M− 1 reflects the exposure upon unfolding
of residues buried within each monomer. Thus, the overall increase in solvation is proportional
to mtot = m1 + 2×m2 = 2.4 kcal mol−1 M−1. In the case of wt A4, the m-value for complete
unfolding is mtot = m1 + m2 = 3.4.kcal mol−1 M−1. This discrepancy cannot be readily attributed
to the denatured state, since the cross-linked dimer is expected to retain more, not less, residual
structure after unfolding. Therefore, the difference in total m-values must be attributed to
structural differences of the folded states causing an increase in solvent-accessible surface area
for C321S A4 relative to the wild type. A major contribution may come from the two disulfide-
linked loops around C321, which are in close contact in the crystal structure of FXI,5 but were
found to be more flexible in an NMR structure of the A4 dimer determined recently in our
laboratory (Samuel, Cheng, Riley, Walsh and Roder, submitted for publication) Thus, the loops
may undergo local unfolding upon disruption of the inter-subunit disulfide bond, giving rise
to a 30% increase in solvent-accessible surface area.

Physiological concentrations of FXI in the blood plasma are ~62.5 nM (in terms of monomer),
but the protein concentration of FXI during protein synthesis in the ER of liver cells is expected
to be higher than secretion levels in the plasma. The contribution of the inter-monomer disulfide
bond involving C321 toward stabilizing the folded dimer is expected to be primarily due to the
loss of translational degrees of freedom of the cross-linked unfolded state compared to the
C321S variant whose subunits can freely diffuse upon unfolding. However, a quantitative
analysis of this effect is complicated by the fact that both wt A4 and C321S A4 exhibit multi-
state unfolding transitions involving structurally distinct intermediates. The presence of an
inter-subunit disulfide per se is probably not essential for function, since rabbit FXI, which
lacks this covalent bond, functions normally.26 On the other hand, the formation of stable
noncovalent interactions between monomers appears to be essential for secretion of fully active
FXI. This is underscored by our observation that the F283L mutation stabilizes the monomer
at the expense of the dimer (Figure 9), which is consistent with the previous findings that the
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mutation leads to elevated levels of retained monomeric protein inside cultured human kidney
cells expressing FXI F283L relative to cells secreting wt FXI.10,14 These reports indicated
that intermonomer disulfide bond formation occurred to a lesser extent in FXI F283L cells
relative to wt FXI cells, strongly suggesting that the F283L mutation partially prevents
formation of disulfide-linked homodimeric FXI protein in this cell culture model. While the
in vivo secretory pathway of FXI in liver cells is not well understood and the intracellular
localization of disulfide bond formation is not known, two separate reports from cell culture
studies suggest that intermonomer disulfide bond formation is important for secretion of FXI
at normal levels.10,14

The F283L mutation results in a four-fold increase in Kd relative to C321S A4 (350 nM vs. 90
nM), but does not inhibit formation of a native-like dimeric structure, as indicated by the close
similarity between the 15N HSQC NMR spectra of the two proteins. The effect of this
conservative amino acid change on dimer stability is surprising, since the side chain of F283
is not directly involved in the A4 dimer interface, although the adjacent L284 side chain
participates in a hydrophobic inter-subunit contacts.5 As illustrated by Figure 10, F283 is part
of a cluster of aromatic side chains, along with Y278, F311 and Y351, which make up the bulk
of the hydrophobic core between the 5-stranded and the 2-stranded β-sheets of A4.5 A likely
scenario for explaining the effect of the F283L mutation in shifting the equilibrium from the
native dimer toward the monomeric intermediate is that the Phe to Leu amino acid change
results in some side chain rearrangements within the core of A4 that are energetically favorable
in terms of monomer stability, but cause unfavorable structural perturbations at the dimer
interface. This scenario is consistent with the NMR chemical shift analysis shown in Figure 8,
which showed significant chemical shift changes not only for residues at or near the site of
mutation, but also residues in the C-terminal half of the protein located on the opposite side of
the aromatic cluster (Figure 10).

Meijers et al. hypothesized that the F283L mutation in FXI affects protein folding and interferes
with efficient secretion of FXI F283L.10 The FXI F283L mutant shows much lower secretion
levels compared to wild type (<10%) and the enzymatic activity in plasma is <10% of normal.
11 When purified, however, FXIa F283L exhibits normal enzymatic activity in a specific
clotting assay.10 A Phe at position 283 is highly conserved in FXI A4 domains from various
species. A Phe is also found in the corresponding position of two other apple domains of human
FXI, A1 and A3, but is replaced by a Met in A2. Since these homologous domains are
monomeric, we can conclude that an aromatic or long aliphatic side chain is critical for the
stability of the monomeric state of the apple domain. This is consistent with the fact that the
F283 side chain is partially buried within a cluster of other aromatic side chains (Figure 10).

It is interesting that a second member of this aromatic cluster, Y351, is the site of another
patient mutation (Y351S), and displays a similar phenotype as FXI F283L.27 In addition, two
other patient mutations have been found to target G350, which precedes Y351 in the the C-
terminal strand of the β-sheet (Figure 10). The G350E mutation resulted in a very low secretion,
14 whereas the G350A mutant is secreted at ~44% of normal levels, but showed low catalytic
activity.28 Thus, 4 patient mutations, from a total of 14 known point mutations within the A4
domain 29 affect residues participating in or adjacent to the aromatic cluster, indicating that
this is a critical structural feature, both in terms of monomer stability and maintaining a
favorable interface for homodimer formation.

In conclusion, our biophysical evidence that the folding/unfolding equilibrium of dissociable
(C321S) variants of A4 feature a well populated monomeric intermediate state has implications
not only for understanding the folding of this dimeric protein, but also provides a rationale for
understanding functional effects of certain mutations in patients with clotting deficiencies. In
particular, the phenotype of the F283L mutation, which results in retention of momomeric FXI
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in the cytosol of liver cells, is consistent with our observation that the mutation results in a
structurally more stable monomeric intermediate while destabilizing the native dimeric form.
We hypothesize that the Phe to Leu substitution perturbs the side chain packing within a central
aromatic cluster that results in energetic stabilization of the monomer at the expense of
interactions between the subunits of the dimer.

Materials and methods
Restriction enzymes EcoRI, and PstI, and T4 DNA ligase were from Invitrogen (Carlsbad,
CA). 30% (37.5:1 (acryl:bis) acrylamide mixtures used for SDS-PAGE were purchased from
National Diagnostics, (Atlanta, GA). Chemicals used in buffers and media were from Sigma-
Aldrich Corp. (St. Louis, MO). Ultrapure GuHCl was from ICN Biochemicals (Irvine, CA).
Pfu polymerase, QuikChange® Site-Directed Mutagenesis Kit, and competent cells were from
Stratagene (La Jolla, CA). The Bacterial Protein Extraction Reagent (BPER®) and the
GelCode® Blue gel stain reagent were from Pierce Chemical Co. (Rockford, IL). The Protean
II mini-gel apparatus used was from Bio-Rad Laboratories (Hercules, CA). The AKTA FPLC
system, Superose 12™ column, and HiLoad™ 16/60 Superdex™ 75 column was from
Amersham Biosciences (Piscataway, NJ). The Alexa Fluor® 488 (AF488) labeling kit and
NanoOrange® protein quantitation kit were from Invitrogen (Carlsbad, CA).

Protein purification and characterization
For E. coli bacterial expression and purification of wt A4 and the C321S and F283L/C321S
variants, we followed the methods reported by Dorfman & Walsh30 with some modifications.
Since the recombinant A4 protein is expressed in bacterial inclusion bodies, the 6xHis tag was
removed with a PCR primer against the ribosomal binding site immediately upstream of the
5′ end of the FXI A4-6xHis tag fusion construct. The sequence of this primer was:5′-
ATATGAATTCATTAAAGAGGAGAAATTAACTATGTTCTGCCA
TTCTTCATTTTACCATGACACTGATTTTA-3′. The primer 3′PstI descibed in Dorfman &
Walsh30 was the reverse primer, with the sequence 5′-AAAACTGCAG(TTA)
CTCATTATCCATTTTACACAA. Purified PCR products were treated with EcoRI and PstI,
ligations performed, and clones with the expected DNA sequence C321S A4 sequence without
the 6xHis tag present were transformed into M15 [pREP4] bacterial cells. In addition, the
F283L mutation was introduced into the C321S A4 construct using the QuikChange® Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA). BPER® (Pierce Chemical Co. Rockford,
IL) was used to isolate the inclusion body fraction from IPTG-induced cells. After purification
of the inclusion bodies, solubilization was carried out by the method of Rudolph et al.,31 which
called for resuspension of inclusion bodies in 6 M GuHCl, 20 mM HEPES pH 7.4, 100 mM
NaCl, 100 mM DTT. After removal of the DTT using dialysis against 4 M urea, 100 mM HCl,
the total protein concentration was determined using the NanoOrange® protein quantitation kit
(Invitrogen, Carlsbad, CA) then diluted to 0.40 mg/ml for in vitro folding as described in
Dorfman & Walsh.30 In vitro folding was performed using a thiol/disulfide exchange protocol
involving cysteine as the reducing agent.32 Unfolded protein samples were dialyzed against
20 mM Tris-HCl pH 9.0, 100 mM NaCl in the presence of 2 M Urea and 2 mM cysteine. Six
buffer changes followed, with respective urea/cysteine concentrations of 2 M/2 mM, 1 M/1
mM, 0.5 M/0.5 mM, 0.25 M/0.25 mM, 0.10 M/0.10 mM, and buffer only. Purification of the
refolded A4 protein was performed by gel filtration chromatography using the AKTA FPLC
system with a HiLoad™ 16/60 Superdex™ 75 column (GE Healthcare, Piscataway, NJ). For
NMR studies, uniformly 15N-labeled samples of A4 were prepared in M9 minimal media using
bacterial expression methods described previously.33

FPLC purified samples were analyzed by SDS-PAGE, using DTT to reduce intra and
intermonomer disulfides. Samples were loaded onto a 15% acrylamide mini gel attached to a
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Protean II mini-gel apparatus (Bio-Rad Laboratories, Hercules, CA). Staining was performed
using the GelCode® Blue gel stain reagent (Pierce Chemical Co. Rockford, IL).

In order to assess the purity of wt A4, C321S A4, and F283L/C321S A4 protein obtained from
bacterial inclusion body fractions, SDS-PAGE was used to compare inclusion body fractions
and FPLC-purified proteins in the absence or presence of 0.1 M DTT (data not shown for
brevity). Comparison of C321S A4 inclusion body protein to FPLC purified C321S A4 showed
that purification was completed to homogeneity. FPLC purified wt A4 shows the expected 20
kDa band on SDS-PAGE under non-reducing conditions due to the presence of the
intermonomer disulfide bond at C321. Reduced wt A4 and both nonreduced and reduced C321S
A4 samples show the same 10 kDa MW band on SDS-PAGE due to the absence of the
intermonomer disulfide at C321. F283L/C321S A4 also shows the expected 10 kDa bands in
the absence and presence of reducing agent. The C321S A4 and F283L/C321S A4 samples all
show a 20 kDa band, representing < 5% of the intensity of the monomeric band in both the
presence and absence of DTT, possibly due to strong noncovalent interactions between the
monomers persisting in the presence of SDS. Molecular weights of the protein constructs were
confirmed by matrix-assisted laser desorption/ionization time of flight mass spectrometry
(MALDI-TOF MS) measurements. Thus, these SDS-PAGE and MS data show that the
expression and purification procedures for these proteins gave the expected results.

Unfolding equilibrium studies
For studies of the unfolding of the covalently linked wt A4 dimer, a unimolecular three-state
model describing a transition from the native state through a partially structured intermediate
to the unfolded state, was employed, as previously reported.16 The dependence of the measured
signal (Y0) on GuHCl concentration is described by equation (1),

Y0 = YnFn + YiK1Fn + YuK2K1Fn (1)

where Yn, Yi, and Yu are the intrinsic signals of protein in native, intermediate, and unfolded
states, respectively, Fn is the fractional population of native protein (Fn = 1/(1+K1+K1K2)),
and K1 and K2 are equilibrium constants for the transitions from native to intermediate state
(K1) and from intermediate to unfolded state (K2). The equilibrium constants for each
transition, Ki, are related to denaturant concentration, c, via the relationship Ki = exp(mi(c
−Cmi)/RT), where Cmi and mi describe the midpoint and slope, respectively, for a given
transition i. The corresponding free energy in the absence of denaturant is given by ΔGi(0) =
mi × Cmi, assuming a linear dependence of the free energy of each transition on denaturant
concentration, ΔGi(c) = ΔGi(0) − mi × c. For global analysis of the family of fluorescence
curves vs. GuHCl concentration at different emission wavelengths (290–390 nm), we relied
on procedures detailed in Latypov et al.16 The three-state equilibrium parameters (Cm1, m1,
Cm2, m2) were treated as global fitting parameters. The intercepts and slopes of the N-state,
I-state and U-state, respectively, were treated as local parameters. The slope for the I-state
baseline was assumed to be the average of the N-state and U-state slopes.

To describe the unfolding transition of a native dimer, there are three possible equilibrium
mechanisms, as outlined in Hobart et al.17 A cooperative two-state transition from the native
dimer (N2) to the unfolded monomer (2U) without accumulation of an intermediate (Scheme
1) is described by equation (2), where, Y0 represents the CD or fluorescence signal at a given
denaturant concentration, Yn andYu represent the signal in the native or unfolded states,
respectively, and Fu is the fraction of unfolded protein.

Y0 = Yn(1 − Fu) + Yu(Fu) (2)
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Alternatively, two equations are given below that describe unfolding through a partially
structured dimeric intermediate (Scheme 2, equation 3), or unfolding via a monomeric
intermediate (Scheme 3, equation 4). In equations (3) and (4), Pt stands for the total protein
concentration (in terms of monomer), and K1 and K2 are the equilibrium constants for the first
and second transition. In the case of the three-state unfolding transition with a dimeric
intermediate (equation 3), K1 describes the conformational unfolding step while K2 represents
the equilibrium dissociation constant (Kd) for dimer dissociation. As in the case of a
unimolecular equilibrium described above, we assumed that the free energy of the second-
order transition, ΔGi = −RT ln(Kd), varies linearly with denaturant concentration, and the
corresponding slope, mi,reflects the effect of the denaturant on dimer dissociation. In the case
of a three-state transition with monomeric intermediate (equation 4), K1 corresponds to the
Kd for dissociation of the native dimer while K2 describes the unfolding equilibrium of the
monomer.

Y0 = Yn((2PtFu2) / (K1K2)) + Yi((2PtFu2) / (K2)) + YuFu (3)

Y0 = Yn((2PtFi2) / (K1)) + YiFi + Yu(K2Fi) (4)

For global fitting and summary plots, the CD data were normalized according to Fu = (Y0 −
Yn)/(Yu − Yn), using the fitted intercepts and slopes of the native and unfolded baselines in
the raw data to determine Y0 and Yu, respectively. The fluorescence data were scaled relative
to the signal of the sample at 0 M GuHCl; the steep slopes of native and unfolded state baselines
prevent us from normalizing the fluorescence data.

CD measurements of wt A4, C321S A4, and F283L/C321S A4 were made on an Aviv Model
62DS CD spectrometer (Aviv Associates, Lakewood, NJ). Time dependent measurements
were taken at 225 nm, 22° C for 600 sec. GuHCl concentration was varied from 0 to ~7.5 M
while the protein concentration relative to total monomer was held constant at 20 M for wt A4,
5.1, 9.2, 13.7, or 42 M, for C321S A4, and 5.48, 11.6, 25.4, or 84.8 M, for F283L/C321S A4,
all relative to the monomeric species in 50 mM Na2HPO4 pH 7.5, 100 mM NaCl. Samples
were prepared by mixing aliquots of equimolar stock solutions of native and fully unfolded
(7.5 M GuHCl) stock solutions. To ensure complete equilibration, samples were incubated
overnight at 22 °C prior to measurement. The final GuHCl concentration in each sample was
confirmed by refractometry, using a Reichert-Jung Abbe Mark II refractometer (Leica
Microsystems Nussloch GmbH, Nussloch, Germany). Data were fitted using Igor Pro version
4.09 (Wavemetrics, Lake Oswego, OR). The protein concentrations were verified with
absorbance measurements at 280 nm, using an extinction coefficient of 6210 M− 1 (monomer)
cm− 1 along with the NanoOrange® assay (Invitrogen, Carlsbad, CA).

Steady state tyrosine fluorescence measurements were performed at 22° C using a Photon
Technologies International (PTI, Lawrenceville, NJ) fluorescence spectrophotometer, using
an excitation wavelength of 280 nm (2 nm bandwidth) and an emission bandwidth of 4 nm.
The signal at 303 nm was acquired for 600 sec. The protein and GuHCl concentrations were
the same as those used for the CD measurements.

Dynamic light scattering
DLS data were recorded on solutions of 75 M wt A4, 100 M C321S A4, and 75 M F283L/
C321S A4 in a buffer containing 50 mM Na2HPO4 pH 7.5, 100 mM NaCl, while GuHCl was
varied from 0 to ~7.5 M. Samples were prepared by mixing aliquots of equimolar amounts of
native and fully unfolded (7.5 M GuHCl) stock solutions, with overnight equilibration prior to
measurement. DLS measurements were performed on a Wyatt technologies DynaPro™ Titan
molecular sizing system at 23° C operating at a wavelength of 824.7 nm. The data analyzed
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using DYNAMICS V6, and Igor Pro version 4.09 (Wavemetrics, Lake Oswego, OR) was used
to fit autocorrelation curves. Protein concentrations were verified with absorbance
measurements at 280 nm, using an extinction coefficient of 6210 cm− 1 M− 1 (monomer) along
with the NanoOrange® assay (Invitrogen, Carlsbad, CA).

Analytical ultracentrifugation
AUC experiments were performed using a Beckman Coulter (Fullerton, CA) XL-I AUC unit
equipped with Rayleigh interference optics. Sedimentation equilibrium (SE) measurements
were performed at 25° C with 201.4 M C321S A4 in 20 mM HEPES pH 7.4, 100 mM NaCl
using absorbance at 280 nm to monitor the protein species during centrifugation at 17,000 or
25,000 rpm, using measurement and fitting methods published previously for studying
ribonucleotide reductase.34,35

Fluorescence anisotropy
Fluorescence anisotropy measurements were performed and analyzed according to refs. 19,
22. Equation (5) relates the degree of dissociation, α, to the observed anisotropy value, where
α = 1 represents the fully dissociated state, and α = 0 represents the fully associated state in a
given population of dimeric proteins.19,22 Q is the relative quantum yield of the monomer vs.
the dimer, defined as Q = QM/QD. For simplicity, we assume that the quantum yield of the
dimeric protein is equal to an equimolar amount of monomer protein, and Q = 1. Anisotropy
is abbreviated here as rD for the dimeric value of anisotropy, and rM for the monomeric value.

α = (rD − robs) / (rD − rM), assuming Q = 1 (5)

The α term can be related to the total protein concentration with respect to monomer (c) and
the Kd by equation (6). If the right side of equation (5) is substituted for the α term in equation
(6), and the positive quadratic solution taken of the expanded combination of terms, we get
equation (7), which can be used to fit curves of α versus c, and the Kd determined.

Kd = (8α2c) / (1 − α) (6)

α = (( − Kd +√ (Kd2 + 32cKd)) / (16c) (7)

The C321S A4 protein contains four tyrosines and no tryptophans, which did not give sufficient
signal in preliminary fluorescence anisotropy measurements. In order to attain sufficient
fluorescence, an analog of fluorescein isothiocyanate was used to label the protein, the substrate
Alexa Fluor 488 (AF488, Invitrogen, Carlsbad, CA). One 50 g vial of AF488 was reacted with
400 M C321S A4 protein for 60 minutes at room temperature in a volume of 0.5 ml. The
reaction mixture was then passed through a Superdex™ 75 HiLoad™ 16/60 FPLC column. The
protein concentration and labeling ratio were determined according to ref. 18.

Steady-state fluorescence anisotropy measurements were performed with an ISS PC1
spectrofluorimeter (ISS, Champaign, IL). The anisotropy was measured over a range of 7 to
870 nM with a labeling ratio of 0.35 per monomer. Samples were incubated at room temperature
for at least 12 h in 20 mM HEPES pH 7.4, 100 mM NaCl prior to measurements.

NMR spectroscopy
NMR spectra were collected in a Bruker DMX-600 spectrometer equipped with a 5-mm x,y,z-
shielded pulsed-field gradient triple-resonance probe (Bruker Biospin GmbH, Rheinstetten,
Germany), at a total protein concentration of 1.5 mM (monomer basis) at 37° C in 20 mM
Na4P2O7 pH 6.0, 100 mM NaCl. Felix (Accelrys, San Diego, CA) and Sparky36 were used
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for processing and resonance assignments, respectively. Chemical shift values for 1H, 13C
and 15N resonances of C321S A4 were assigned on the basis of CBCANH CBCA(CO)
NH, 15N-HSQC, 15N-HSQC-TOCSY, and HNHA experiments.37,38,39

The normalized 15NH chemical shift difference (CSD) of double-mutant (F283L/C321S) vs.
single-mutant (C321S) A4 was calculated using equation (8),

CSD = (15NF283L/C321S A4−
15 NC321S A4) / 3.77)2 + (1HF283L/C321S A4−

1 HC321S A4) / 26.8)2 (8)

where the F283L-induced chemical shift difference for 15N and 1H resonances are normalized
with respect to the corresponding chemical ranges. Graphical displays of structures were
generated using Chimera (www.cgl.ucsf.edu/chimera).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used
AF488  

Alexa Fluor® 488

AUC  
analytical ultracentrifugation

A4  
apple 4 domain of factor XI

CD  
circular dichroism

DLS  
dynamic light scattering

FXI  
factor XI

FXIa  
factor FXIa

FPLC  
fast protein liquid chromatography

GuHCl  
guanidine hydrochloride

HEPES  
(N-(2-hydroxyethl)piperazine-N′-(2-ethanesulfonic acid)

HSQC  
hetronuclear single-quantum correlation spectroscopy

MALDI  
matrix laser desorption ionization

NMR  
nuclear magnetic resonance

PK  
prekallikrein
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SDS-PAGE  
sodium dodecyl sulfate polyacrylamide gel electrophoresis

TOF  
time of flight
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Figure 1.
Ribbon diagram of the of the A4 dimer (residues F272 through E361 of FXI), based on the
crystal structure of the FXI zymogen.5 Disulfide bonds, including the one linking the
monomers via Cys321, are shown in stick representation.
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Figure 2.
GuHCl-induced unfolding/dimer dissociation of wt A4 monitored by CD and tyrosine
fluorescence. A. Molar mean-residue ellipticity at 222 nm (θMRE) vs. GuHCl concentration.
B. Tyrosine fluorescence signal at representative emission wavelengths vs. GuHCl
concentration. The lines represent a global fit of the combined fluorescence data (transition
curves at 1 nm increments from 290 to 390 nm) to a unimolecular three-state model of protein
unfolding (equation 1). The optimized global fit parameter (Cm and m-values for each
transition; Table 1) also reproduce the CD-detected unfolding curve (line in panel A). C.
Intrinsic tyrosine fluorescence spectra in the absence of denaturant for each of the three
equilibrium states obtained by global fitting of the combined fluorescence data.
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Figure 3.
Normalized ellipticity (A) and relative fluorescence (B) of C321S A4 protein as a function of
GuHCl globally fitted to three-state dimeric model with monomeric intermediate. Normalized
molar residue ellipticity (A) and relative fluorescence (B) of C321S A4 at 5.1 M (red circles),
9.2 M (green squares), 14 M (black triangles), and 42 M (blue inverted triangles) vs. GuHCl
concentration. Data were fit to a three-state dimeric model of protein unfolding with a partially
structured monomeric intermediate (Scheme 3, equation 4).
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Figure 4.
Relative populations of native (N, black lines), intermediate (I, red lines), and unfolded (U,
green line) states of (A) wt A4 (20 M) and (B) C321S A4 protein at 5.1 M (dashed) and 42 M
(solid) as a function of GuHCl concentration. The populations for wt A4 (A) were calculated
from a unimolecular three-state model (equation 1), using the parameters obtained by fitting
the data in Figure 2. The population for the dissociable C321S mutant (B) were calculated from
equation (4), which describes a three-state dimer-dissociation/unfolding transition with
monmeric intermediate (Scheme 3), based on the fit of the CD and fluorescence data in Figure
2 (cf. Table 1).
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Figure 5.
Hydrodynamic radius (Rh) versus GuHCl concentration for 75 M wt A4 (filled squares) and
100 M C321S A4 (open circles) measured by DLS. The wt A4 data were fitted on the basis of
the unimolecular three-state unfolding model (equation 1), while the fit to the C321S A4 data
represents a three-state dimeric unfolding model with monomeric intermediate (equation 4).
Both fits were constrained using the parameters obtained from the analysis of the CD and
fluorescence data (Table 1).
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Figure 6.
Analytical ultracentrifugation sedimentation equilibrium (AUC SE) analysis of C321S A4. (A)
Global fit of absorbance at 280 nm vs. the radial distance from the center of the centrifuge rotor
to the sample cell measured at 17,000 rpm (circles) and 25,000 rpm (squares). (B) The fit
parameters from panel A were used to calculate the relative fractions of monomeric (solid line),
dimeric (long dashes), or tetrameric (short dashes) species vs. the total monomeric protein
concentration in M.
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Figure 7.
Dimer dissociation of fluorescence-labeled C321S A4 observed by fluorescence anisotropy.
The fluorescence anisotropy of C321S A4-AF488 (circles) is plotted vs. total protein
concentration in nM (per monomer). The line represents a fit of a dimer-monomer equilibrium
model (equation 7).
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Figure 8.
NMR chemical shift analysis of F283L/C321S A4 in comparison to C321S A4. (A)
Comparison of the 15N HSQC spectrum of F283L/C321S (green) with that of C321S A4 (red).
Peak assignments were obtained by standard heteronuclear NMR techniques (see Methods).
(B) Graph of 15NH normalized chemical shift differences between F283L/C321S A4 and
C321S A4, calculated according to equation (8). Secondary structure elements are indicated
using cylinders for α-helices arrows for β-strands, based on the crystal structure of FXI.5
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Figure 9.
Unfolding/dimer-dissociation equilibrium of F283L/C321S A4. (A) CD signal at 225 nm
vs.GuHCl concentration measured at protein concentrations 12 M (red circles), 25 M (green
squares), and 85 M (blue triangles) along with global fits of a three-state unfolding model with
monomeric intermediate (lines). The unfolding transition for 5.1 M C321S A4 (cf. Figure 2A)
is shown for comparison (black triangles). (B) Relative populations of native (black lines),
intermediate (red lines), and unfolded (green lines) states for 5.48 M (dashed) and 84.8 M
(solid) F283L/C321S A4 protein vs. GuHCl concentration obtained using the global fitting
parameters in Table 1.
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Figure 10.
Ribbon diagram of a monomer of wt A4, based on the crystal structure of FXI.5 Side chains
are shown for residues involved in an aromatic cluster, some of which are altered in FXI patient
mutations (F283L, Y351S, as well as the adjacent G350A/E).
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