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ABSTRACT: The serpins are an unusual class of protease inhibitors which fold to a metastable form and
subsequently undergo a massive conformational change to a stable form when they inhibit their target
proteases. The driving force for this conformational change has been extensively investigated by site directed
mutagenesis, and it has been found that mutations which stabilize the metastable form frequently result in
activity deficiency. Here, we employ hydrogen/deuterium exchange to probe the effects of a cavity filling
mutant of o;AT. The Gly117 — Phe substitution fills a cavity between the F-helix and the face of S-sheet A,
stabilizes the metastable form of a; AT by ~4 kcal/mol and results in a 60% reduction in inhibitory activity
against elastase. Globally, the G117F substitution alters the unfolding mechanism by eliminating the molten
globule intermediate that is seen in wild type unfolding. Remarkably, this is accomplished primarily by
destabilizing the molten globule rather than stabilizing the metastable native state. Locally, conformational
flexibility in the native state is reduced in specific regions: the top of the F-helix, 5-strands 5A, 1C, and 4C, and
helix D. Except for strand 4C, all of these regions mediate or propagate conformational changes. The F-helix
and strand SA must be displaced during protease inhibition, displacement of strand 1C is required for polymer
formation, and helix D is a site (in antithrombin) of allosteric regulation. Our results indicate that these
functionally important regions form a delocalized network of residues that are dynamically coupled and that
both local and global stability mediate inhibitory activity.
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The native state of most globular proteins is the conformation
with the lowest Gibbs free energy. However, for some proteins an
energy barrier prevents them from adopting the lowest free
energy state, thus trapping them in a metastable state. Some
typical examples are the membrane fusion proteins of some
viruses, o-lytic proteases, arrestin, and serpins. Serpins are a large
and widely distributed family of serine protease inhibitors which
include plasma protease inhibitors such as o;-antitrypsin
(AT, oy-antichymotrypsin, antithrombin III, plasminogen
activator inhibitor-1, and C1 inhibitor as well as noninhibitory
members such as ovalbumin and angiotensinogen (/). Inhibitory
serpins share a common tertiary structure consisting of
three f sheets (A, B, and C) and 8 to 9 helices, with the extended
reactive center loop exposed at one end of the molecule for
protease binding (Figure 1A) (2). Upon cleavage by a protease,
the amino terminal portion of the cleaved reactive center loop
(RCL) of the serpin inserts into the central § sheet A with
the protease covalently linked to it (3). This conformational
transition from stressed (S) (also referred to as native) form to
relaxed (R) form results in a dramatic increase in thermal stability
of the molecule (4). Unfavorable interactions in the native form
such as side-chain overpacking, buried polar groups, and cavities
present in the serpin molecule have been identified as the
structural basis for native metastability (5—38), and such metast-
ability thus turns out to be absolutely crucial for efficient protease
inhibitor activity. The metastability of serpins and their ability
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to undergo controlled conformational changes also rendered
these molecules able to convert to a latent inactive state (3).
In the latent form, the RCL of the serpin molecule inserts
into (-sheet A and therefore cannot react with the target
protease. This also makes them vulnerable to misfolding and
polymerization (9).

Extensive mutagenesis studies have probed the role of local
and global stability in serpins (/0—14). Single stabilizing muta-
tions near the RCL and in -sheet A result in decreased activity,
indicating that local instability in these regions is important for
function (/0—12). However, it has been shown that combinations
of multiple stabilizing mutations can compromise activity regard-
less of location, provided that the degree of stabilization exceeds a
threshold of ~13 kcal/mol (/4). From these studies, it appears
that both local and global instability contribute to serpin func-
tion. One drawback to these studies is that, while they determined
the effect of mutations on the stability of a;AT, they did not
investigate their effect on conformational flexibility, which is also
expected to play a role in inhibitory function.

Recently, the local distribution of both stability and confor-
mational flexibility in oy AT was investigated using hydrogen/
deuterium exchange and mass spectrometry (15, 16). Conforma-
tional flexibility was found to vary widely between different
regions, for example, the top of the F-helix is extremely labile,
while most of the fS-sheets A and B are rigid (15). In contrast,
stability was much more uniformly distributed. The entire
molecule undergoes a concerted transition to a molten globule
state at 0.8 M GdnHCI, while the AG of unfolding for all regions
clustered around a value of 5 kcal/ mole (16).

In the present study, we have employed HXMS to study the
local dynamics and local/global unfolding in a mutant of a;AT
in which glycine 117 has been substituted with phenylalanine.
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FiGure 1: (A) Structure of the metastable form of a; AT. S-sheet A is shown in black, and other functionally significant regions are indicated with
arrows. (B) Close up view of the structure of G117F (21). Phel17isshown in red, and the surrounding residues are shown in green. The figures were

prepared using PyMol (38).

Gly 117 s on -sheet 2A, and the C* of the residue is surrounded
by Phe-119, Tyr-160, and Val-185 on the outer face of S-sheet A
(Figure 1B). This site forms a cavity that can accommodate larger
side chains without appreciably altering the main structure.
Substitution of Gly by the larger hydrophobic residue Phe fills
a cavity between helix F and -sheet A, and this substitution was
shown to both increase the thermodynamic stability of ;AT and
to reduce its inhibitory activity toward elastase (12). As the rate of
association with elastase was unchanged, it was assumed that
activity loss resulted from reduced efficiency of RCL transloca-
tion and insertion. Using this mutant, we tried to further
elucidate the respective roles of conformational flexibility and
stability in serpin function.

MATERIALS AND METHODS

Protein Expression, Purification, and Activity of G117F.
The mutant protein was expressed and purified as described
earlier (15). Activity assay of a;AT was performed against
trypsin (sigma) and elastase as described (12, 15). Because active
site titrants of porcine pancreatic elastase (PPE) are not readily
available, absolute activity was not determined. However, wild
type and G117F assays were performed simultaneously against
the same preparation of trypsin or PPE, and therefore, the
relative activity values are accurate.

Peptide Mapping by HPLC MS/MS. Peptide mapping
was performed as described before (15). In short, S ug of G117F in
10 mM sodium phosphate (pH 7.8) and 50 mM NaCl (Buffer A)
was digested with 5 ug of porcine pepsin dissolved in 0.05% (v/v)
TFA and incubated for 5 min on ice. The digested protein was
injected into a micropeptide trap (Michrom Bioresources) con-
nected toa C18 HPLC column (5¢cm x 1 mm, Altech) coupled to a
Finnigan LCQ quadrupole ion-trap mass spectrometer (Thermo-
Electron) for the sequencing of each peptic peptide.

Equilibrium Unfolding by H/D Exchange. Five micro-
grams of the protein was incubated in buffer A containing
different concentrations of GdnHCl for 1 h at room temperature.

The sample was then 10-fold diluted with 10 mM sodium
phosphate (pD 7.8) and 50 mM NaCl in D,O buffer containing
the same concentration of Gdn’HCl as the preincubation sample.
The exchange reaction was allowed to proceed for 10 s at room
temperature followed by the addition of 100 mM NaH,PO, (pH
2.4) as the quench buffer. The final protein concentration was 0.5
uM. The quenched sample was then quickly frozen in a dry ice/
ethanol bath and stored at —80 °C. The concentration of
GdnHCI and GdnH>CI were determined by refractrometry.

Conformational Dynamics Study by H|D Exchange.
Five micrograms of the protein in buffer A was 24 times diluted
with the same buffer prepared in D,O at room temperature to
label the sample. H/D exchange was terminated at different time
points by the addition of the quench buffer (100 mM NaH,PO, at
pH 2.4) and quickly frozen in a dry ice/ ethanol bath. The final
protein concentration was the same as that in the equilibrium
study. The samples were kept at —80 °C until use.

Isotope Analysis of HPLC Electrospray Ionization
(ESI). The frozen samples were quickly thawed and digested
with 5 ug of porcine pepsin for 5 min. The digested sample was
quickly injected into a micropeptide trap connected to a C18
HPLC column coupled to a Finnigan LCQ quadrupole ion-trap
mass spectrometer. Peptides were eluted in 12 min using a
gradient of 10—45% acetonitrile at a flow rate of 50 uL/ min.
The micropeptide trap and column were all immersed in ice
during the experiment to minimize back exchange.

Analyses of the unfolding curves were done according to the
method described in ref /6. Percent deuterium exchange at
different points was calculated as described previously (75).

Equilibrium Unfolding in GdnHCI by CD Spectroscopy.
CD spectra were obtained using an Aviv 215 series CD spectro-
meter at 25 °C with 1 nm/10 s signal averaging from 210 to 250
nm using a | mm path-length cell. The protein was incubated in
buffer A containing different concentrations of optical-grade
GdnHCI (Pierce) for 1 h at 25 °C. The equilibrium unfolding
curve was determined from the signal at 222 nm as a function of
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the concentration of denaturant. The data were fitted to a two
state unfolding equation.

RESULTS

The inhibitory activity of G117F against bovine trypsin was
found to be 20% less than that of wild type. This is a smaller
reduction than the 55—60% decrease seen against porcine
pancreatic elastase that is reported in this work and else-
where (12), but larger than the negligible change in activity seen
against chymotrypsin (/7).

Equilibrium unfolding of wild type o; AT by acid or chemical
denaturants follows a three state transition model as revealed by
CD spectroscopy (/8—20). The biphasic nature of the wild type
unfolding curve in Figure 2 indicates the presence of an inter-
mediate. The unfolding profile for the mutant G117F was found
to be different from that of the wild type. The far-UV CD spectral
data showed a two state transition with the transition midpoint at
1.4 M GdnHCI (Figure 2). The nature of the unfolding curve and
transition midpoint of G117F were in good agreement with that
found previously using fluorescence spectroscopy (12). The
transition midpoint of 1.4 M is slightly higher than the midpoint
of ~1.2 M found in ref /2, but this small difference may be due to
the difference in pH (pD 7.8 in this study; pH 6.5 in ref 12) as well
as to the fact that unfolding was monitored by different techni-
ques. For wild type a;AT, intrinsic tryptophan fluorescence
spectroscopy indicates two state unfolding (/2), while unfolding
monitored by far-UV CD spectroscopy clearly reveals three state
unfolding. In the case of G117F, both CD spectroscopy and
fluorescence provide no evidence for an intermediate in the
unfolding pathway.

To study site specific equilibrium unfolding, G117F was
incubated in various concentrations of GdnHCI at pH 7.8 for 1
h to attain equilibrium. After that, the protein was pulsed for 10's
with D,0 buffer (25 °C, pD 7.8) containing the same concentra-
tion of GdnCl as that of the preincubated samples. Under these
conditions, amide hydrogens in unfolded regions of the molecule
will undergo nearly complete exchange, while hydrogens in
folded regions will remain largely protected. This type of pulse
labeling experiment has been shown to be an effective method for
monitoring site specific folding and unfolding in proteins.

Figure 3 shows the MS spectra of peptide 38—60 in the
presence of 0.5, 1.4, and 3.4 M guanidine. At 0 M GdnCl, only
one mass envelope was noted. At 1.4 M GdnCl, two peaks of
equal intensity were observed, one at a lower and the other at a
higher m/z value. The appearance of such bimodal peaks
indicates that both folded and unfolded states are populated.
As the concentration of the denaturant was increased, intensity of
the peak at lower m/z started to decrease and disappeared above 3
M. Therefore, G117F was completely unfolded above 3 M
guanidine. The unfolded population at each denaturant concen-
tration was calculated as described in Materials and Methods and
plotted against denaturant concentration. The transition mid-
point obtained from the unfolding curve, fitted to a two state
transition model (Figure 4), matched well with that obtained
from CD spectroscopic measurements. We performed similar
analysis on all peptides obtained from peptic digests of G117F
(Table 1). Because of noise caused by the presence of denaturant,
some peptide signals were suppressed, and we present results for
13 peptides covering 42% of G117F. These peptides are, how-
ever, well distributed throughout the structure. The unfolding
curves for all peptides followed a two state transition with
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FIGURE 2: GdnHCI induced equilibrium unfolding curves of wild
type (@) and G117F (M) o, AT as measured by CD spectroscopy.
The far-UV CD signals were measured for samples equilibrated in
varying concentrations of GdnHCI. Data for wild type are repro-
duced from ref 76.

midpoints clustered very tightly around 1.4 M GdnCl, in good
agreement with the midpoint of 1.4 M obtained from fitting the
CD unfolding curve of G117F, but significantly higher than the
midpoint of 0.8 M for the native — molten globule transition in
wild type. The coincidence of the unfolding curves determined
from HXMS and CD indicates that, unlike wild type, G117F
unfolds via a single cooperative transition in which both stable
hydrogen bonding and secondary structure are lost simulta-
neously. Stabilization against chemical denaturation is increased
quite uniformly throughout the structure. Denaturation mid-
points are clustered around a median GdnHCI concentration of
1.4 M with a standard deviation of 0.3 M. This is 0.55 M higher
than the average transition midpoint of 0.85 M observed for wild
type (16). A note about these transition midpoints is in order. We
are comparing denaturation midpoints determined by HXMS.
However, it was shown previously (/6) that, for wild type a;AT,
HXMS detects only the first of the two transitions seen by CD.
Thus, we are here comparing the wild type native — molten
globule transition with the GI117F native — fully unfolded
transition. Despite this complication, the fact that all peptides
studied show a remarkably similar increase in their denaturation
midpoints indicates that the effects of the G117F substitution are
distributed fairly uniformly throughout the structure. Using the
denaturation m-value of 7.9 kcal/mol-M from ref /2, we can
calculate AAG values for all peptides: these cluster around a
median value of 4.2 kcal/mol. As with the shifts in transition
midpoints, these AAG values should be interpreted with caution,
as they represent differences in AG between two qualitatively
different transitions (native — molten globule and native — fully
unfolded).

In addition to examining the effects of the G117F substitution
on the unfolding mechanism, we also probed the effects of the
Gly — Phe substitution on the conformational dynamics of the
native state. We investigated the distribution of flexibility and
rigidity in the mutant by H/D exchange mass spectrometry in
order to assess the structural differences from the wild type. H/D
exchange was performed over a period of 3000 s at pD 7.8 at
25 °C followed by HPLC-MS to quantify the mass of peptic
fragments. Clear differences in rates of deuterium uptake are
evident in several regions of oy AT. Figure 5 shows normalized
deuterium uptake in the peptic fragment consisting of residues



8236  Biochemistry, Vol. 48, No. 34, 2009

Sengupta et al.

0 M GdnCl

MM‘M/V\AM

Intensity

1.4 M GdnCl

3.4 M GdnCl

zn 1274 1276 1278

1280 1282 1284 1236 1288 1250

m/z

FIGURE 3: MS spectra of a representative peptic fragment 38—60 deuterated in 0 M (top), 1.4 M (middle), and 3.4 M GdnCl.
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FiGURE 4: Equilibrium unfolding curve for peptic fragment 38—60
determined by H/D exchange mass spectrometry. The curve was fit to
a two-state transition model.

Table 1: Denaturation Midpoint of Each Peptic Fragment Determined by
Hydrogen—Deuterium Exchange Mass Spectrometry

residues [GdnCl]1/2 (M)
38—60 1.41
64—71 1.41
64—84 1.37
85—99 1.40
127—-142 1.40
131-142 1.42
143—-159 1.33
160—171 1.34
160—172 1.34
209-227 1.33
318—338 1.36
325-338 1.40
352-372 1.40
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FIGURE 5: Raw data showing the percent deuterium exchange at
different time points for the peptide fragment 190—208 derived from
the wild type (O) and G117F (M) o;-AT.

190—208 for both wild type (open circles) and G117F (filled
squares). By 500 s of incubation, the extent of deuterium uptake
in wild type is ~35% greater than that in G117F.

Differences in normalized deuterium uptake between G117F
and wild type at 10, 100, and 1000 s are shown for all peptides in
Figure 6. Noticeable differences in flexibility were observed in
peptides 160—171 and 160—172 containing six and seven residues
in the C-terminal region of the F helix. In the wild type, this
region showed exchange behavior comparable to that observed
for unstructured surface loops such as the RCL. Exchange
reached more than 80% in 100s time for the wild type, whereas
it took 1000 s to show 85% deuterium exchange in G117F.
Changes in the flexibility of the F helix were anticipated as the
mutation fills a cavity between the F helix and f strand A.
Significant changes were also seen in other regions of the
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FiGURrE 6: Difference in normalized deuterium exchange in G117F relative to wild type. For each peptic fragment, differences are shown for 10 s
(light blue bars), 100 s (purple bars), and 1000 s (dark blue bars) incubation in D,0.

molecule. -strands 5A (325—338), 1C (352—372), and 4C (190—
208) all showed reduced exchange compared to that of the wild
type. The top of strand 5A, together with the top of strand 3A,
comprises the breach region, which serves as the initial site of
RCL insertion. Unfortunately, we lacked coverage in strand 3A
and therefore were unable to determine whether the entire breach
region is stabilized in G117F.

In addition to helix F, parts of helix I (304—317) and helix D
(85—99) also exhibited lower deuterium uptake than wild type.
There are also some secondary structures in the mutant showing
greater exchange behavior compared to that of the wild type.
Residues 228—237 (comprising 1B and some unstructured
surface loops) and 64—77 (comprising a loop and a portion of
helix C) showed higher exchange behavior compared to that of
the wild type at longer time points, although this showed less
exchange at shorter time points. A plausible explanation for this
behavior is that the least protected amide hydrogens in these
regions (those that chiefly contribute to exchange at short
labeling times) have been stabilized by the G117F substitution,
while those amide hydrogens that are the most strongly protected
against exchange are somewhat destabilized. Residues 385—395
also show slightly increased exchange at both short and long
labeling times. Figure 7 represents the different structural regions
of o AT which show significant changes in native state dynamics
due to mutation. Conformational dynamics in other parts of the
molecule remained more or less similar to that of the wild type.

DISCUSSION

It was previously demonstrated that the G117F substitution
increases the stability of the metastable form of o;AT. Employ-
ing HXMS, we have found that this substitution also completely
alters the unfolding mechanism. It is remarkable that a single
amino acid substitution is sufficient to abolish the molten globule
intermediate during equilibrium unfolding from the metastable
state to the unfolded state. While position 117 has relatively low
solvent accessibility, it cannot be considered as occupying the
core of a;AT. Position 117 lies on the outside of -sheet A, and
the phenylalanine side chain will face outward, interacting
primarily with the F-helix as revealed by the crystal structure (21).

FiGure 7: Relative deuterium levels at 100 s in G117F compared to
that of wild type mapped onto the three-dimensional structure of
o;AT. Both front (A) and back (B) views of the structure are shown.
The figures were prepared using PyMol (38).

Furthermore, the G117F substitution alters the unfolding me-
chanism not primarily by stabilizing the native state (although
there is some stabilization relative to the native — molten globule
transition of the wild type) but by destabilizing the unfolding
intermediate (Figure 2). At 2.5 M GdnHCI, for example, G117F
is already fully unfolded as judged by CD, but the wild type still
retains considerable secondary structure. This is especially sur-
prising since the introduction of a large nonpolar Phe side chain
would, if anything, be expected to stabilize a compact denatured
state. How this destabilization of the molten globule is achieved is
unclear. Presumably, the Phe side chain must disrupt stabilizing
interactions in the intermediate state ensemble. From H/D
exchange, we know that the intermediate lacks both stable
secondary structure and a well packed hydrophobic core, but
this does not rule out local or even long ranged side chain
interactions. Lacking detailed information on the structure of the
intermediate, we cannot say which specific interactions are
disrupted by the G117F substitution. We are aware of one other
instance in which 3 state unfolding is eliminated through
destabilization of the intermediate rather than stabilization of
the native state, and it is notable that this instance involves
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another member of the serpin family. The thermophilic serpin
thermopin contains a C-terminal extension not found in eukar-
yotic serpins. Chemical denaturation of thermopin shows 3 state
unfolding. Deletion of the 5 C-terminal residues eliminates the
unfolding intermediate without substantial stabilization of the
native state (22).

Seo et al. showed that the accumulation of multiple stabilizing
mutations in a; AT results in activity deficient variants (/4). They
further found that substantial activity loss is accompanied by the
disappearance of the unfolding intermediate (seen in the wild type
and modestly stabilized mutants) and the onset of two-state
rather than three state unfolding. Having demonstrated using H/
D exchange and other techniques that the intermediate seen in the
three state unfolding of wild type o, AT is a molten globule, we
proposed that the ability to populate a molten globule is
correlated with, and perhaps necessary for, efficient protease
inhibition by serpins (/6). We suggested that the reason for this
correlation is that oy AT must undergo transient disruptions
throughout the structure, and not just at the loop insertion site,
during inhibition. This is also supported by the work of Baek et
al. where they used H/D exchange mass spectrometry to show
that oy AT undergoes transient unfolding in several structural
regions, including regions distant from the loop insertion site,
during protease inhibition (23). Now with G117F, we have also
demonstrated that decreased activity due to a stabilizing muta-
tion is accompanied by loss of the ability to populate the molten
globule state at low concentrations of denaturant. If large scale
transient disruption of the folded structure is indeed required for
RCL insertion during inhibition, then the altered unfolding
observed here could influence activity through two mechanisms.
On the one hand, the G117F mutation introduces favorable
interactions that stabilize the folded structure. On the other hand,
this mutation appears to destabilize the molten globule by an
unknown mechanism. Both effects will increase the energetic
distance between the folded state and the compact denatured
state, thus increasing the energy barrier to be surmounted during
the inhibitory conformational change (if in fact o; AT must pass
through a compact denatured state during inhibition).

We note that the effects of the G117F mutation are not
identical for all denaturants. Gooptu et al. found that primary
effects of G117F on urea denaturation were to shift the onset of
unfolding to higher concentrations (from 0.7 M for the wild type
to 2.0 M for G117F) and to shift the midpoint of transition (from
3.4t04.3M) (21). There was no clear indication that an unfolding
intermediate had been eliminated. This is not surprising given
that the unfolding behavior of wild type o, AT is quite different in
urea and GuHCI. When it was monitored by CD spectroscopy,
GuHCI denaturation of a;AT shows a very clear unfolding
intermediate in which nearly 70% of the native ellipticity at 222
nm is retained (/9). In contrast, the unfolding intermediate in
urea is much less distinctly resolved by CD (it is more apparent to
tryptophan fluorescence) and retains at most ~25% of its native
ellipticity at 222 nm (24). The unfolding mechanism of ;AT (and
perhaps other serpins) thus shows unusual plasticity: the inter-
mediates populated (or not) and the degree of structure they
retain can be significantly altered either by changing the dena-
turant employed or by amino acid substitutions.

In addition to its effects on the unfolding mechanism, the
GI117F substitution also affects local conformational dynamics.
On the basis of the location of position 117 and the expected
contacts between the F helix and the Phe side chain, the
significant reduction in flexibility seen in the C-terminal half of
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the F helix is not surprising. On the basis of crystal structures, the
F helix blocks the path traversed by the RCL during transloca-
tion and must be physically displaced in order for complete loop
insertion to occur. Therefore, it has an important role in serpin
function (25—31). Previous H/D exchange data on wild type
;AT showed that the top of the F helix is highly dynamic in
solution, indicating weak interactions with j sheet A (15). It was
suggested that these weak interactions would facilitate easy
displacement of the F helix and thus allow efficient loop
translocation. The recently published 3.2 A crystal structure of
G117F showed that the F helix is shifted toward the bottom of
the /3 sheet 3A by half a turn. Also, introduction of the extra
aromatic ring (Phe 117) into the helix F—f sheet A interface
increases favorable packing interactions ultimately leading to the
stabilization of helix F (27). This might also retard loop
translocation (as the F helix is more difficult to move aside) in
G117F, thus leading to decreased activity.

Despite the fact that the crystal structure of G117F indicates
no significant conformational changes other than those in and
around the F helix, we find that distant regions show altered
dynamics in G117F. This is consistent with the proposition that
allosteric communication between distant protein regions can
occur without a discrete conformational change (32). Interest-
ingly, the effects of the substitution are not uniformly distributed
in the structure, despite the global effect on the unfolding
mechanism, and in much of the structure, native state dynamics
are not significantly altered by the mutation. Although in the
crystal structure no significant changes were seen in 5 sheet A or 5
sheet C (21), regions showing significant changes in H/D
exchange behavior include strand SA, strands 1 and 4C, and
helix D. They all show reduced flexibility/increased stability in
G117F. Strand SA makes contacts with residues on the loop C
terminal to the F helix, which, in turn, makes contacts with the F
helix itself. Stabilization could propagate through these interac-
tions. More surprising is the significant stabilization of § strands
1C and 4C. These are =40 A from position 117 and make no
contacts with helix F or strand SA.

Except for strand 4C, all of the significantly affected regions
are involved in regulating or propagating conformational
changes, either in ;AT or in other serpins. Strand 5A is part
of the breach region and must separate from strand 3A during
RCL insertion. The release of strand 1C from the rest of sheet C is
critical for both the native — latent transition and for polymer-
ization (33). G117F shows retarded polymerization in addition to
decreased activity against some proteases (27). The most obvious
explanation for this is strengthened interaction between the F
helix and the face of 5 sheet A, as seen in the crystal structure. Our
results suggest that stabilization of strand 1C may also contribute
to retarded polymerization. Additionally, the observed stabiliza-
tion of strand 5A is also consistent with retarded polymerization.
Increased stability in strand SA might discourage polymerization
by making it more difficult to separate from strand 3A (in the
loop sheet model of polymerization) or by making it more
difficult to entirely expel strand 5 from sheet A (in the recently
proposed domain swap model of polymerization (34)). In serpins
such as antithrombin, helix D plays a key role in allosteric
activation; the effects of heparin binding to helix D are
transmitted to the breach region and result in expulsion of the
partially inserted RCL (4). Finally, large displacements are
required of helix F during RCL insertion (30). The fact that
the dynamic effects of the G117F substitution are concentrated
in these functionally important regions suggests that they may
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form a network of dynamically and energetically coupled
residues. Such coupling would facilitate the propagation
of conformational changes between different regions of the
molecule.

Proteins in solution exist as statistical ensembles, sampling
many different conformations more or less frequently based on
their relative energies. Hilser et al. have proposed that both local
stability/flexibility and long-range cooperative interactions in
proteins are mediated by the global protein ensemble (35).
In the context of ligand binding and allostery, this approach
suggests that instability is critically important for the propagation
of binding induced structural changes to distant regions in a
protein’s structure. Ensemble based models indicate that binding
effects are propagated to distant regions most efficiently if
a portion of the binding site is highly unstable in the absence
of ligand and is stabilized upon ligand binding (36). This
ensemble based view may aid in understanding the dramatic
global effects of the G117F substitution in oy AT. Previous H/D
exchange studies of wild type o AT found that the top of the F
helix is one of the most unstable regions of the molecule,
exchanging at rates comparable to that of an unstructured loop.
The effect of introducing a Phe side chain at position 117 can
be thought of as analogous to ligand binding to an unstable
binding site in that it forms contacts with the F helix and
dramatically stabilizes it. Such stabilization would lead to a
redistribution of the native state ensemble in a manner similar
to that proposed for allosteric ligand binding. Applying an
ensemble based computational algorithm to a large set of
enzymes, Lui et al. also found that functional residues showed
stronger energetic coupling to the rest of the molecule than
nonfunctional residues (37). o;AT is not an enzyme, and
therefore, the functional residues are not easily defined. o;AT’s
function requires a massive conformational change involving
much of the molecule, and the intensive mutagenesis efforts of
Yu et al. have established that functional residues are in fact
distributed throughout the structure (/0). This unusual property
of o4AT (and perhaps of inhibitory serpins in general) may
explain the unusually strong energetic coupling whereby
local stabilizing interactions between sheet A and the F helix
propagate to distant regions and eliminate cooperative unfolding
to the molten globule intermediate at low concentrations of
denaturant.

This perspective in which energetic coupling between local
regions is mediated by the overall protein ensemble suggests
that both local and global changes in stability contribute to
decreased activity against trypsin and elastase. Locally,
strengthened interactions between the F helix and f-sheet A
will make displacing the F helix more difficult, thus retarding
loop insertion. However, this strengthened F helix—sheet A
interaction modulates the entire ensemble of o; AT, increasing
the thermodynamic stability of the active state and apparently
decreasing the stability of the compact intermediate. If dis-
tributed transient unfolding is required during the inhibitory
transition, as the work of Baek et al. suggests (23), then this
reordering of the relative stability of states will also retard
loop insertion by increasing the energy barrier that must be
overcome.
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