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ABSTRACT: The intrinsic metastability of the serpin native state is the thermodynamic driving force for
both proteinase inhibition and the formation of inactive polymers. A number of mechanisms has been
proposed to explain how both these conformational changes are achieved. However, one aspect that has
received little attention is the movement of the F-helix, which physically impedes both these events. We
have applied a protein engineering approach to investigate the conformational changes of this helix during
proteinase inhibition, serpin folding, and polymerization. We systematically mutated two highly conserved
hydrophobic residues on the F-helix, V161 and I157, and in addition, removed a hydrogen bond between
D149 and the first turn of the helix. Our data demonstrate that while all three interactions are important
for the stability and folding of the molecule, their contribution during inhibition and polymerization differ.
The presence of I157 is crucial to all conformational changes as its loss results in inactivation of the
serpin and rapid polymerization. The replacement of D149 does not affect activity but significantly increases
the polymerization rate. The interactions formed by V161 play an important role only in maintaining the
native conformation. Taken together, these data suggest that the F-helix undergoes a reversible
conformational change in both its N- and C-termini during proteinase inhibition only the C-terminus
undergoes changes during polymerization, but there is a global change required for folding.

Members of the serine proteinase inhibitor (serpin) family
have the inherent ability to undergo dramatic structural
conversions (1, 2). These structural changes are essential for
successful proteinase inhibition (3, 4); however, they also
form the molecular basis for a range of devastating human
diseases (5, 6). Understanding how these structural changes
are accomplished is an intriguing problem with important
implications in both biological and medical sciences. The
native serpin molecule consists of threeâ-sheets (A-C)
surrounded by nineR-helices (Figure 1A) (7). Extending
from the fifth strand of the Aâ-sheet is the reactive center
loop (RCL), which is the region that directly interacts with
the proteinase. A large body of evidence has shown that the
native serpin molecule is metastable and that it is only when
the RCL is inserted into its own Aâ-sheet that the serpin
adopts a thermodynamically more stable structure (8, 9).
However, the fundamental cause behind an increasing
number of diseases is that the RCL residues of one serpin
can also insert into the Aâ-sheet of another serpin molecule,
leading to the assembly of long polymers (Figure 1B) (10,
11). These polymers can deposit within tissues and cause
diseases such as emphysema, liver cirrhosis, dementia, and
thrombosis.

The structural change involved in both proteinase inhibi-
tion and serpin polymerization involves the insertion of RCL
residues into the Aâ-sheet of either itself or another serpin
molecule (Figure 1B). Analysis of the serpin architecture

reveals that this is not a simple structural change as one
element of secondary structure, the F-helix, forms a sub-
stantial barrier during both proteinase inhibition and serpin
polymerization (Figure 1A,B) (12). Previously, is has been
proposed that during inhibition, the Aâ sheet opens, in a
shutter-like movement, with the F-helix moving as a block
with strands 1-3 of the A â-sheet (13-15). However, the
delta structure ofR1-antichymotrypsin revealed that the
F-helix could unwind its C-terminus and insert these residues
into the A â sheet (16). This conformational change was
coupled with partial insertion of the RCL at the top of the A
â-sheet, therefore suggesting that the F-helix can physically
open up the Aâ-sheet to allow complete insertion of the
RCL. The authors proposed that this conformation is formed
during proteinase inhibition, serpin folding, and polymeri-
zation reactions.

We have recently shown that the F-helix is conformation-
ally labile and capable of conformational change without
significant structural change within the rest of the molecule
(17). This instability is also supported by studies using
antibodies that suggested that within the serpin-proteinase
complex the F-helix is in equilibrium between a number of
conformational states (18, 19). These and other data have
lead to the hypothesis that a conformational change within
the F-helix is essential during proteinase inhibition to
overcome an energetic barrier. As such, the F-helix plays
an “active, critical role” during proteinase inhibition (12).

In this work, we have taken a protein engineering approach
to address the role of the F-helix in both proteinase inhibition
and serpin polymerization using theR1-antitrypsin (R1-AT).1
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The F-helix lays across the Aâ-sheet and is comprised of
four turns, a loop, and a hinge region adjoining the helix to
strands 3A and 1A. The helix is anchored to the Aâ-sheet
through a number of interactions. The most highly conserved
residues on the F-helix are V161 and I157, which are
conserved in over 70% of all serpin sequences (20). Both
V161 and I157 form hydrophobic interactions with both the
major loop of the F-helix as well as with strands 3A and
2A. To investigate the role of the F-helix in proteinase
inhibition and polymerization, we investigated the contribu-
tion of both V161 and I157 to the inhibitory, folding, and
misfolding reactions ofR1-AT. In addition, we investigated
the contribution of a single hydrogen bond formed between
D149 and the backbone of the first turn within the helix
(Figure 1A). Through kinetic analysis of six variants, our
data suggests that the F-helix undergoes a conformational
change within both its N- and C-terminal regions during
inhibition and folding, whereas only the C-terminal region
deforms during serpin polymerization.

MATERIALS AND METHODS

Cloning, Mutagenesis, and Expression

To study the role of the residues V161, I157, and D149,
we created seven variants proteins usingR1-AT as our
template (21). V161 was mutated to an alanine, leucine, and
isoleucine to produce the variants V161L, V161A, and
V161I, respectively, while I157 was mutated to alanine,
leucine, and valine to produce the variants I157A, I157L,
and I157V. D149 was mutated to alanine to produce the
variant D149A. All mutations were confirmed by DNA
sequencing, and the proteins’ identity was also confirmed
by mass spectrometry. The proteins were expressed and
purified as previously described (21).

Determination of the Stoichiometry of Inhibition and
Rates of Inhibition

All kinetic measurements were performed in a buffer
consisting of 50 mM Tris, 150 mM NaCl, 0.1% (w/v) PEG
8000, pH 7.4. Both the stoichiometry of inhibition (SI) and

the association rate constant (kapp) between chymotrypsin and
the R1-AT variants were determined at 37°C as previously
described (22).

Thermal Denaturation

Thermal denaturation was performed on a Jasco 810
spectropolarimeter. The heating rate was 60°C/h, and the
change in the far-UV signal at 222 nm was monitored. The
data were analyzed as previously described (23).

Chemical Denaturation

Stock solutions of guanidine hydrochloride (GdnHCl) in
50 mM Tris, 50 mM NaCl, 1 mM DTT (pH 7.8) were
prepared and filtered through 0.22µm membranes before
use. The GdnHCl concentration was determined by refractive
index measurements as previously described (24). Equilib-
rium unfolding curves were determined by measuring the
CD signal at 222 nm as previously described (21).

Equilibrium Unfolding Analysis

All unfolding curves were found to be fully reversible,
and the data were fit to a three-state unfolding model using
a nonlinear least-squares fitting algorithm as described (21).
The three-state analysis recognizes the presence of one stable
intermediate structure (I), populated during the transition
from the folded state (N) to the unfolded state (U). The
changes in conformational stability for each mutant (∆∆G)
were calculated using the following equation:

where∆Dm is the difference between the value of∆Dm for
the wild-type-mutant protein, and〈m〉 is the averagemvalue
(1.9 kcal/mol/M for the first transition and 0.72 kcal/mol/M
for the second transition). This method is preferable as the
m values varied between 1.7 and 2.1 kcal/mol/M, whereas
theDm was highly reproducible with standard deviations of
0.03 M.

Kinetics of Polymer Formation

Bis-ANS fluorescence measurements were all performed
in 50 mm Tris, 1 mM DTT, 50 mM NaCl, pH 7.8. The

FIGURE 1: Schematic representation of native and polymerizedR1-AT. (A) Ribbon diagram of nativeR1-AT with the reactive center loop
and the side chains of V161, I157, and D149A highlighted. (B) Ribbon diagram of the dimer unit from polymerizedR1-AT; the F-helix of
the acceptor molecule is shaded dark gray (11).

∆∆G ) 〈m〉∆Dm (1)
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fluorescence measurements were performed on a Perkin-
Elmer LS50B spectrofluorimeter; a constant temperature was
maintained with a thermostated cuvette holder and a circulat-
ing water bath. The solution in the cuvette (1 mL) was stirred
constantly, and fluorescence data were recorded every 1 s.
An excitation wavelength (λex) of 410 nm was used, and the
emission wavelength (λem) was 480 nm; excitation and
emission slit widths were 5 nm. The reaction mixture was
prewarmed to 60°C, and the bis-ANS fluorescence signal
was stabilized prior to addition of the protein. The polym-
erization kinetic data was characterized as previously de-
scribed (25).

RESULTS AND DISCUSSION

To probe the structural changes within the F-helix during
proteinase inhibition, serpin folding, and polymerization, we
mutated the highly conserved residues V161 and I157, both
of which form hydrophobic interactions with the Aâ-sheet,
and also D149, which forms a hydrogen bond at the
N-terminus of the helix (Figure 1). Seven variants, V161A,
V161I, V161L, I157L, I157V, I157A, and D149A, were
generated. Each variant was expressed in a soluble form and
purified to homogeneity, with the exception of I157A, which
could not be purified in a monomeric form and as a result
was not studied further.

Effects of Mutation within the F-Helix upon the
Stoichiometry of Inhibition and Rate of Inhibition

The SI data show that there is a clear distinction in the
roles played by these three residues situated on the helix F
(Table 1). Removal of the hydrophobic interactions between
V161 and the Aâ-sheet and the hydrogen bond between
D149 and the first turn of the F-helix have little effect on
the serpins’ functionality. All the variants at position 161
and 149 had SI values virtually indistinguishable fromR1-
AT (Table 1). These data were confirmed by SDS-PAGE
analysis of the reaction components, which showed only the
presence of a serpin-proteinase complex (data not shown).
In addition, the apparent second-order rate constants for
inhibition (kapp) for all the V161 variants and D149A were
similar to those ofR1-AT.

The replacement of I157 with either leucine or valine
resulted in less efficient inhibitors, with SI values of 1.7 and
1.8 for I157L and I157V, respectively. The mutations also

resulted inkapp values approximately 2-fold slower thanR1-
AT (Table 1). However, when thekapp for the variants was
corrected for their respective SI values, to producek′app (26,
27), the values were comparable toR1-AT (Table 1). These
data indicate that the mutations affect the conformational
changes occurring after docking of the proteinase (i.e., during
translocation of the proteinase from one end of the serpin to
the other). These data suggest that the interactions formed
between I157 and the Aâ-sheet must be maintained
throughout the inhibitory reaction, as their loss results in
increased substrate behavior. In contrast, both the V161
variants and the D149A do not appear to affect the SI and
k′app, and as such, it would indicate that both the N- and the
C-terminal portions of the helix undergo reversible deforma-
tion during inhibition, whereby these interactions are broken
(Figure 4). Thus, conformational change occurring within
both termini of the F-helix facilitates rapid proteinase
translocation and inhibition.

Effects of Mutations within the F-Helix upon Serpin
Stability

The thermal stability of each variant was measured using
far-UV circular dichroism (Table 1). The thermal melts
obtained for the V161 and D149 variants show that the
mutations had a destabilizing effect on the serpin structure.
The presence of alanine at both V161 (TM ) 55 ( 1 °C)
and D149 (TM ) 56 ( 1 °C) destabilized the native state
relative toR1-AT. The presence of either leucine (TM ) 53
( 1 °C) or valine (TM ) 54 ( 1 °C) at position 157 was
more destabilizing, indicating that the interactions formed
by I157 are important to maintenance of the native state.

GdnHCl unfolding of the variants was monitored using
far-UV CD (Figure 2). The unfolding behavior ofR1-AT
has been well-studied and shown to correspond to a reversible
three-state process in which one intermediate species is
populated under moderately denaturing conditions (28-31).
All the variants displayed an Nf I transition that occurred

Table 1: Inhibitory and Thermal Stability Characteristics of
Modified R1-AT

SIa
kapp

b

(×106 M-1 s-1)
kapp

c

(×106 M-1 s-1) TM (°C)

R1-AT 1.1 ( 0.1 1.2 1.2 59( 0.5
D149A 1.1( 0.05 1.3 1.3 56( 1
I157L 1.7( 0.2 0.71 1.2 54( 1
I157V 1.8( 0.2 0.84 1.5 53( 1
V161A 1.1( 0.1 1.5 1.5 55( 1
V161I 1.1( 0.2 1.3 1.3 58( 1
V161L 1.2( 0.1 1.7 1.9 57( 0.5

a Stoichiometry of inhibition measured by titration of fixed amounts
of chymotrypsin withR1-AT or its variants as described in Materials
and Methods. Average values( SE from at least four titrations are
reported.b Calculated using the total concentration ofR1-AT. c Calcu-
lated using the fractional concentration ofR1-AT that forms an inhibitory
complex with chymotrypsin as described in the Materials and Methods.

FIGURE 2: Unfolding of the F-helix variants. The far-UV CD signal
at 222 nm is shown as a function of GdnHCl concentration for 0.2
µM protein in 50 mM Tris, 50 mM NaCl, 1mM DTT, pH 7.8 at 25
°C in a 1 mmcuvette.
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up to 0.3 M GdnHCl lower thanR1-AT, indicating that the
native state of the variants was destabilized by up to 3 kcal/
mol. The mutations, however, had no effect upon the If U
transition (Figure 2 and Table 2). To determine the relative
integrity of each interaction within the native and intermedi-
ate state, we usedφI analysis. This analysis has been used
by several groups to investigate the structure of equilibrium
intermediates (32, 33). The difference in free energy of
unfolding between the wild-type protein and the mutant is
calculated for both the native/intermediate (∆∆GNI) and
intermediate/unfolded (∆∆GIU) transitions. The integrity of
a given interaction within the intermediate ensemble (φI) is
then given as

where∆∆GNU ) ∆∆GNI + ∆∆GIU. A φI close to 0 indicates
that the interaction removed by mutation is lacking in the

intermediate, and aφI of 1 indicates that the interaction is
present in the intermediate. TheφI values for all of the
mutations were very close to 0 (Table 2), indicating that the
interactions formed by these residues in the native state are
not present in the intermediate. Therefore, the whole length
of the F-helix is in a non-native conformation within the
intermediate ensemble (Figure 4). Additionally, our data
suggest that the conformation of the intermediate ensemble
is not theδ structure (16), as both I157 and V161 form a
significant number of interactions in this conformation.

Characterization of the F-Helix Mutations upon
Polymerization

Serpin polymerization is the molecular basis for a wide
number of disease states (10). R1-AT forms polymers through
a two-step process, in which the native protein forms a
partially structured species (termed M*), which then self-
associates to form long chain polymers (34, 35). In this

Table 2: Effects of Mutations within the F-Helix on the Stability and Polymerization Kinetics ofR1-AT

DNI
a

(M)
∆∆GNI

a

(kcal mol)
DIU

a

(M)
∆∆GIU

a

(kcal mol) φI
b

kcc
c

(s-1)
kagg

c

(s-1)

WT 0.85 2.50 0.025( 0.003 4( 0.1× 10-4
D149A 0.49 -3.36 2.50 0.00 0 0.097( 0.005 2( 0.2× 10-3
I157L 0.49 -3.36 2.55 0.03 0.01 0.24( 0.01 3( 0.1× 10-3
I157V 0.53 -2.9 2.70 0.16 0.05 0.36( 0.03 4( 0.2× 10-3
V161A 0.53 -2.9 2.64 0.09 0.03 0.11( 0.004 6( 0.2× 10-4
V161I 0.71 -1.31 2.55 0.038 0.03 0.021( 0.004 3( 0.2× 10-4
V161L 0.68 -1.6 2.4 -0.06 0.04 0.031( 0.003 3( 0.1× 10-4

a The unfolding data from Figure 2 were analyzed using a three-state model as described in the Materials and Methods; the results represent the
average of five individual unfolding curves.DNI andDIU represent the midpoint of denaturation for the native to intermediate and intermediate to
unfolded transitions, respectively.∆∆GNI and ∆∆GIU represent the difference in free energy between the variants andR1-AT for the native to
intermediate and intermediate to unfolded transitions.b φI is the integrity value of the interactions as described in the Results and calculated as
previously described (32, 33). c The kinetics of polymerization were determined by following the changes in bis-ANS fluorescence as previously
described (25); each value represents the average of five independent time courses.kcc represents the rate of conformational change, andkagg

represents the rate of aggregation.

FIGURE 3: Characterization of the polymerization properties of the
F-helix variants. (A) Samples of protein (10µM) were incubated
at 60°C and then removed and analyzed by native-page at the time
points indicated. The figure follows the loss of monomeric protein
band with time. (B) The change in bis-ANS fluorescence was
followed when the proteins (10µM) were incubated, with constant
stirring, at 60°C in a 1 cmquartz cuvette.

φI ) ∆∆GIU/∆∆GNU

FIGURE 4: Schematic representation of F-helix movements. Top:
ribbon diagram ofR1-AT with the F-helix highlighted. Bottom:
schematic illustrating the alternative conformations of the F-helix
during folding, inhibition, and polymerization. Regions that do not
undergo structural change are represented by ribbons, and the region
undergoing conformational change is shown as a coil.
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process, the Aâ-sheet expands, allowing the insertion of
the RCL from another molecule, and it is clear that the
F-helix acts as a potential inhibitor to this interaction by
physically blocking its path (Figure 1B) (11). To investigate
the effects of the mutations on polymerization, we used
conditions (60°C) under which all the variants readily
polymerized over a reasonable time period (1 h), allowing
for a more accurate and reproducible assessment of the
aggregation kinetics. Polymers formed through this treatment
have been shown to be identical to those observed both in
vivo and at lower temperatures (11, 36).

The polymerization characteristics of the proteins were
followed using native-PAGE analysis, which tracks the loss
of monomeric protein as the protein polymerizes and
ultimately is unable to enter the running gel. In addition,
the kinetics of the reaction was determined by following the
changes in bis-ANS fluorescence as the protein polymerizes.
These spectroscopic changes monitor both the rates of
conformational change (kcc) and polymerization (kagg) (25,
34). In the absence of mutation, monomericR1-AT is not
visible by native-PAGE after 30 min of incubation at 60°C
(Figure 3). The kinetics demonstrate that the conformational
change from M to M* occurs rapidly (kcc ) 0.025 s-1) and
that polymers then form with an observed aggregation rate
of 4 ( 0.1× 10-4 s-1 (Table 2). In contrast, the presence of
mutations at positions 149 and 157 accelerate the overall
rate of polymerization. Native-PAGE analysis shows that
monomeric protein disappeared from the gel within 5 min
of incubation. Spectroscopic determination of the kinetic
parameters for the reaction demonstrates that bothkcc and
kagg are significantly faster than that ofR1-AT (Figure 3 and
Table 2). Intriguingly, mutation of V161 did not affect the
overall rate of polymerization as compared toR1-AT, as
determined by native-PAGE. Kinetic analysis showed that
V161I and V161L had unchanged rates of conformational
change and aggregation. V161A displayed a 4.4-fold faster
rate of conformational change as compared toR1-AT;
however, the rate of aggregation was almost unchanged
(Table 2). Cumulatively, these data indicate that the interac-
tions formed between D149 and I157 and other parts of the
F-helix and Aâ-sheet are involved in forming and stabilizing
M*. The loss of the hydrophobic interactions between V161
and the underlying Aâ-sheet showed no effect on the actual
polymerization rate (kagg), suggesting that these interactions
are absent in M*. Overall, this is indicative of the C-terminal
region undergoing a large conformational change during the
conversion of M to M* (Figure 4).

Differing Roles of the F-Helix

The ability of a serpin to inhibit proteinases and to
polymerize involves similar conformational changes. During
both these events, the Aâ-sheet must open, which allows
insertion of either its own RCL (proteinase inhibition) or
the RCL from another molecule (polymerization). Our data
suggest that the F-helix, which sterically blocks both
transitions, responds differently in these scenarios.

Theoretical studies have suggested that the F-helix must
undergo reversible conformational changes and that these
provide a potential mechanism that makes proteinase inhibi-
tion energetically favorable (12). Previously, it has been
shown that the F-helix is conformationally labile and

undergoes a partial unfolding when the Aâ-sheet expands
(17). Here, we show that the partial unfolding during
proteinase inhibition is limited to both the N- and the
C-termini of the helix (Figure 4). While we cannot define
these conformational changes at a molecular level, we
hypothesize that extending the helix in such a way would
allow the helix and the loop connecting the helix to the A
â-sheet to become more mobile, which would facilitate the
rapid insertions of the RCL during proteinase inhibition. Our
data also demonstrate that I157 maintains its interactions
throughout the inhibitory pathway and that the loss of these
results in increased substrate behavior. Similar behavior was
observed in the Rouen IV mutation of antithrombin where
loss of N187, which is positioned in the middle of the F-helix,
forming critical interactions with strand 3A results in a loss
of inhibitory activity (37). The requirement for a productive
conformational change within the F-helix was also demon-
strated when the F-helix in PAI-1 was deleted, which leads
to substrate-like behavior in the serpin (38).

Serpin polymerization involves a similar conformational
change to proteinase inhibition, in that the Aâ-sheet must
expand and RCL residues from another serpin must bury
under the F-helix (Figure 1B). Our data demonstrate that
polymerization involves the deformation of the C-terminal
of the F-helix (Figure 4). This conformational state is
reminiscent of theδ conformation, in antichymotrypsin,
where the C-terminus of the F-helix is unwound and inserted
into the A â-sheet. Theδ conformation was shown to be
highly polymerogenic (16). Related to our polymerization
finding is the conformation of the F-helix observed in the
folding intermediate; here, the F-helix appears totally
disrupted (Figure 4). We propose that the Aâ-sheet is closed
in the folding intermediate conformation, to minimize
polymerization, and that the final stage of folding involves
expansion of the Aâ-sheet (39) and formation of the F-helix.

Our data and that of others (12) indicates that the F-helix
is by no means a passive structural element. Here, we have
shown that it is able to undergo conformational changes in
response to different environmental pressures. So while
numerous structures/snapshots of serpin structures have been
determined, what is becoming more apparent is that there is
an intrinsic complexity in how these conformational changes
are achieved, a complexity that undoubtedly gives an
evolutionary advantage to the serpin superfamily.
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