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ABSTRACT: Serpins are a class of protease inhibitors that initially fold to a metastable structure and
subsequently undergo a large conformational change to a stable structure when they inhibit their target
proteases. How serpins are able to achieve this remarkable conformational rearrangement is still not
understood. To address the question of how the dynamic properties of the metastable form may facilitate
the conformational change, hydrogen/deuterium exchange and mass spectrometry were employed to probe
the conformational dynamics of the serpin humanR1-antitrypsin (R1AT). It was found that the F helix,
which in the crystal structure appears to physically block the conformational change, is highly dynamic
in the metastable form. In particular, the C-terminal half of the F helix appears to spend a substantial
fraction of time in a partially unfolded state. In contrast,â-strands 3A and 5A, which must separate to
accommodate insertion of the reactive center loop (RCL), are not conformationally flexible in the metastable
state but are rigid and stable. The conformational lability required for loop insertion must therefore be
triggered during the inhibition reaction.â-strand 1C, which anchors the distal end of the RCL and thus
prevents transition to the so-called latent form, is also stable, consistent with the observation thatR1AT
does not spontaneously adopt the latent form. A surprising degree of flexibility is seen inâ-strand 6A,
and it is speculated that this flexibility may deter the formation of edge-edge polymers.

Inhibitory serpins act through a unique mechanism (1).
Unlike other protease inhibitors, which simply bind to the
active sites of their targets, serpins structurally disrupt their
target proteases, trapping the acyl-enzyme intermediate. This
disruption is accomplished through a massive conformational
change in the serpin molecule (2-4). During cleavage of
the reactive center loop (RCL)1 by a target protease, a
covalent bond is formed between the protease and serpin.
This covalent bond is kept intact while the RCL translocates
to the opposite end of the serpin structure and inserts into
the middle of the central Aâ sheet (parts a and b of Figure
1), becoming a sixth strand. As a result of this covalent bond,
the bound protease is translocated along with the RCL.
Transolcation of the protease relative to the serpin and the
resulting force on the ester bond pulls the catalytic Ser 6 Å
out of the protease active site, resulting in inhibition (2, 4).
As a result of loop insertion, the serpin becomes substantially
more stable (active serpins unfold at∼60 °C, while cleaved
serpins unfold atg120 °C) (5). It has been proposed that

the inhibitory active form of the serpin structure is destabi-
lized by conformational strain, resulting from poor packing
of residues (including steric clashes and cavities) (6-9).
Structural analysis of the cleaved form shows that packing
is improved in this conformation, and the cleaved form is
thus sometimes referred to as the “relaxed” form (10). Even
in the absence of cleavage by a protease, the RCL can insert
into â-sheet A, resulting in a “latent” conformation that is
also more stable than the active form (1). These observations
indicate that serpins, unlike most other proteins, do not
initially fold to their global free-energy minimum but instead
adopt a metastable conformation, and this metastability is
intimately linked to their biological function.

The major structural features of the highly conserved
serpin fold are illustrated in Figure 1c with the canonical
serpinR1-antitrypsin (R1AT) (6). R1AT consists of nineR
helices (labeled A-I) and threeâ sheets (A, B, and C). In
the cleaved and latent forms, the RCL inserts between strands
three and five ofâ-sheet A. Studies have identified several
regions that are important for the nativef cleaved and native
f latent transitions (10, 11). The highly conserved “breach”
region is located at the top ofâ-sheet A and is the site of
initial RCL insertion. The “shutter” region, which is also
highly conserved, includes the middle of strands 3A and 5A,
as well as a portion of strand 5B, and is believed to control
the opening ofâ-sheet A (10, 11).
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The structures of numerous serpins in a variety of different
conformations have been solved by X-ray crystallography
(1). In addition, forR1AT, extensive mutagenesis studies have
identified amino acid substitutions affecting stability and/or
inhibitory activity (9). Little is known, however, about the
dynamics of serpins in their inhibitory active conformation.
What is the distribution of rigidity and flexibility in the active
serpin molecule? Is there a relationship between the confor-
mational motions of serpins in the active state and the mo-
tions that they must undergo during the transition to the
cleaved form? Several regions in the serpin structure must
experience large displacements during the activef cleaved
transition; are these same regions already flexible even before
the RCL is cleaved? Answers to these questions would shed
light on the relationship between serpin structure and function.

Hydrogen/deuterium (H/D) exchange is a powerful method
for probing the conformational dynamics of proteins in
solution (12, 13). Backbone amide hydrogens can exchange
with deuterium when a protein is incubated in D2O. Amide

hydrogens that are not involved in hydrogen bonding and
located on the protein surface or in unstructured regions will
exchange rapidly, typically within several seconds at neutral
pH. If an amide hydrogen is buried in the protein interior or
participates in hydrogen bonding, it will exchange only when
fluctuations occur that disrupt its interactions with neighbor-
ing groups and expose it to the solvent. The exchange process
may be described by the model (12, 13)

where closed and open represent conformations in which
amide hydrogen atoms are inaccessible or accessible to the
solvent, respectively. The observed rate constant for the
exchange (kobs) is expressed as

where kopen and kclose are rate constants for opening and
closing processes, respectively, and the intrinsic exchange
rate constant (kint) is the exchange rate constant for a
completely unprotected amide hydrogen. At neutral pH and
in the absence of denaturants,kclose . kint so that eq 1
simplifies to

Thus, the degree to which a protein structure is susceptible
to transient disruptions by conformational fluctuations is
reflected in the exchange rates of amide hydrogens with
deuterium.

In this study, H/D exchange measured by mass spectrom-
etry was employed to monitor the conformational dynamics
of the 44 kD serpin WT-R1AT in its active conformation,
providing a detailed view of the distribution of conforma-
tional flexibility in this metastable protein. Further, knowl-
edge of this distribution reveals whether functionally im-
portant regions in the structure are particularly flexible or
rigid, providing an additional link between structure and
function.

MATERIALS AND METHODS

Expression, Purification, and ActiVity of Wild-Type (WT-
R1AT). WT-R1AT was expressed and purified on the basis
of the method of Kwon et al. (14) with slight modifications.
WT-R1AT was expressed as a recombinant protein in
Escherichia coliBL21 (DE3) cells carrying pEAT8-137
plasmid (15). All chemicals were obtained from Sigma unless
otherwise specified. Cells were cultured at 37°C, followed
by induction with 1 mM isopropylâ-D-1-thiogalactopyra-
noside. Cells were lysed in 50 mM Tris-HCl (pH 8.0), 50
mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
1 mM phenylmethanesulfonyl fluoride (PMSF, Roche), 1
mM â-marcaptoethanol (Bio-Rad) (buffer A) containing 0.2
mg/mL of lysozyme followed by sonication with a 6× 30
s cycle. Cells were centrifuged at 14 000 rpm for 45 min to
isolate inclusion bodies. Inclusion bodies were washed twice
with buffer A containing 0.5% Triton X-100 (Fluka). The
inclusion bodies were dissolved in buffer A containing 8 M

FIGURE 1: (a and b) Conformational transition during inhibition.
(a) Encounter complex between a serpin and target protease (PDB
ID 1K9O) (3). The protease is shown in orange. (b) Inhibitory
complex of a serpin and translocated protease (PDB ID 1EZX) (2).
The inserted RCL is shown in red. The F helix is shown in purple.
(c) Structure of activeR1AT (PDB ID 1QLP) (6). Functionally
important regions as described by Whisstock et al. are indicated in
circles. â-Sheets A, B, and C are in green, pink, and yellow,
respectively. AllR helices are shown in cyan. The RCL is shown
in red. All figures were prepared with MOLMOL (38).
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urea and refolded into 1.5 L of 10 mM sodium phosphate
(pH 6.5), 1 mM EDTA, 0.2 mM PMSF, and 1 mM
â-marcaptoethanol (buffer B). The sample was incubated at
25 °C for 1 h torefold and loaded onto Hiprep 16/10 DEAE
FF (Amersham). Proteins were eluted with a linear gradient
of 200 mL of buffer B containing 1 M NaCl. Fractions
containingR1AT were pooled, and the fractions were buffer-
exchanged into 20 mM bistris (pH 6.5), 1 mM EDTA, and
1 mM â-marcaptoethanol (buffer C) with Amicon Ultra-15
(Millipore) and Microcon YM-30 (Millipore). The sample
was loaded onto MonoQ 4.6/100 PE (Amersham), andR1-
AT was eluted with a linear gradient of 30 mL of buffer C
containing 250 mM NaCl. Fractions containingR1AT were
pooled and buffer-exchanged into 10 mM sodium phosphate
(pH 7.8) and 50 mM NaCl. The concentration ofR1AT was
determined in 6 M guanidine chloride usingA1cm

1% ) 4.3 at
280 nm as described previously (7).

The active concentration of bovine trypsin (Sigma) was
determined as described previously usingP-nitrophenyl-P′-
guanidino-benzoate (Sigma) as a substrate (16). The stoi-
chiometry of inhibition (SI), the ratio of moles ofR1AT
required to inhibit 1 mol of active trypsin, was determined
as described previously (17). To determine the active
concentration ofR1AT, different molar ratios ofR1AT and
bovine trypsin were incubated in 10 mM sodium phosphate
(pH 7.8) and 50 mM NaCl for 15 min at 25°C with the
trypsin concentration fixed. After the incubation, the sample
was diluted 10-fold with 10 mM sodium phosphate (pH 7.8)
and 50 mM NaCl to stop the reaction. The residual trypsin
activity was determined by observing the absorption of
hydrolysis product ofNR-benzoyl-L-arginine-4-nitroanilide
hydrochloride (Sigma) at 410 nm. For all samples, the SI
was determined to be 1.0, 100% active WT-R1AT.

Peptide Mapping by High-Performance Liquid Chroma-
tography (HPLC)-Tandem Mass Spectrometry.A total of
5 µg (0.1 nmol) of purified activeR1AT in 100 µL of 10
mM sodium phosphate (pH 7.8) and 50 mM NaCl was mixed
with 95 µL of 100 mM NaH2PO4 (pH 2.4) followed by the
addition of 5µg of porcine pepsin dissolved in 0.05% TFA
and H2O for pepsin digestion.R1AT was digested for 5 min
on ice. The final concentration ofR1AT was 565 nM. The
digested sample was injected into a micropeptide trap
(Michrom Bioresources) connected to a C18 HPLC column
(5 cm × 1 mm, Alltech) coupled to a Finnigan LCQ
quadrupole ion-trap mass spectrometer (ThermoElectron).
Peptic fragments were eluted using a gradient of acetonitrile
(Burdick and Jackson) at a flow rate of 50µL/min for a
tandem mass spectrometry experiment to sequence each
peptic fragment. Peptic fragments were identified by using
the search algorithm SEQUEST (ThermoElectron) and
manual inspection.

H/D Exchange.A sample containing 5µg (0.1 nmol) of
active WT-R1AT in 10 mM sodium phosphate (pH 7.8) and
50 mM NaCl was diluted 24-fold with 10 mM sodium
phosphate (pD 7.8) and 50 mM NaCl dissolved in D2O at
25 °C (Cambridge Isotope Laboratories) to label the sample.
The deuteration reaction was quenched at different time
points by adding equal volume of 100 mM NaH2PO4 (pH
2.4) and quickly frozen in a dry ice-ethanol bath. Samples
were stored at-80 °C until use. The final concentration of
WT-R1AT was 565 nM. All deuterated samples were made

immediately after confirming 100% WT-R1AT activity by
the SI determination assay described above.

Isotope Analysis by HPLC-Electrospray Ionization Mass
Spectrometry (ESIMS).The frozen sample was quickly
thawed and digested with 5µg of pepsin on ice for 5 min
followed by immediate injection into a micropeptide trap
connected to a C18 HPLC column coupled to a Finnigan
LCQ quadrupole ion-trap mass spectrometer. Peptic peptides
were eluted in 12 min using a gradient of 10-45%
acetonitrile at a flow rate of 50µL/min. The micropeptide
trap and C18 HPLC column were immersed in ice to
minimize back exchange.

Because the mass of a peptic fragment increases by one
for every amide hydrogen atom exchanged with deuterium,
the amount of deuterium in each peptic fragment can be
determined by comparing the mass of a labeled peptic
fragment with the mass of the same peptide without the label.
The centroid mass of each peptic fragment was determined
using the software package MagTran. To correct for the back-
exchange reaction of hydrogen atoms during pepsin digestion
and HPLC-MS, a fully deuterated sample was prepared by
incubating 5µg of R1AT in 6 M guanidine deuterochloride,
10 mM sodium phosphate (pD 7.8), and 50 mM NaCl for
30 min at 25°C. The deuterium incorporation of each peptic
fragment, corrected for the back exchange, was calculated
using the following equation (12, 13):

wherem is the mass of deuterated peptic fragment,m0% and
m100% are the mass of the unlabeled and fully deuterated
peptic fragments, respectively,N is the total number of
exchangeable amide hydrogen atoms in each peptic fragment,
andD is the number of amide hydrogen atoms incorporated
in each peptic fragment. The number of deuterium,D, in
each peptic fragment was plotted versus time and fitted to
the following equation:

whereNfast, Nint, andNslow are the number of fast-, intermedi-
ate-, and slow-exchanging amide hydrogen atoms, respec-
tively. The corresponding observed exchange rate constants
are kfast, kint, and kslow. Nonlinear least-squares fitting was
carried out using ORIGIN (OriginLab).

RESULTS

Peptide Mapping and CoVerage.Tandem mass spectrom-
etry experiments identified 94 peptic fragments covering 92%
of theR1AT sequence. The rapid HPLC gradient employed
for hydrogen exchange mass spectrometry (H/D-MS) experi-
ments reduced the sequence coverage to 89%. The 29 peptic
fragments analyzed in H/D-MS experiments are well-
distributed throughout the molecule, and the only significant
gap consists ofâ-strand 2A (Figure 2).

H/D Exchange.H/D exchange of activeR1AT was
performed at pD 7.8 at 25°C followed by HPLC-MS to
quantify the mass of each peptic fragment. Figure 3 shows
normalized deuterium uptake as a function of time mapped
onto the sequence ofR1AT. In general, regions containing
significantR-helical orâ-sheet content exchange more slowly

D )
m - m0%

m - m100%
× N (3)

D ) N - Nfaste
-kfastt - Ninte

-kintt - Nslowe-kslowt (4)
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than regions composed chiefly of loops or turns. For example,
it is clear that residues 51-78 (containing helices B and C),
215-245 (containing strands 3C, 1B, and 2B), and particu-
larly 331-340 (strand 5A) show slow exchange. Addition-
ally, the peptide consisting entirely ofâ-strand 3A (183-
190) clearly exchanges more slowly then either of the two
peptides flanking it, which are largely without secondary
structure. Surface loops such as the RCL, in contrast, show
rapid exchange. There are, however, some exceptions to this
trend. Residues 160-171 include six residues in the C-
terminal region of the F helix, yet this peptide exchanges at
a rate similar to that observed for unstructured surface loops
such as the RCL. Similarly, residues 276-299 show rapid
exchange despite the fact that they include all ofâ-strands
2C and 6A. The loop region between helix I and strand 5A
shows a somewhat slower exchange then other loops in the
protein, and this reflects the lack of solvent-accessible
backbone amides seen in this region in the X-ray crystal
structure.

From the mass shift of the peptide isotopic envelopes over
time (Figure 4a), deuterium incorporation was calculated and
deuterium versus time curves were each fit to a sum of three
exponentials as described in the Materials and Methods.
Normalized deuterium versus time curves for two typical

peptides (160-171 and 325-338), along with best fits, are
shown in Figure 4b. Exchange rate constants and the number
of fast-, intermediate-, and slow-exchanging amide hydrogens
in each peptic fragment are given in Table 1. The rate
constants for fast-exchanging hydrogens are on the same
order of magnitude as exchange rate constants found in
unstructured peptides (18). Thus, the obtained fast exchange
rate constants most likely represent exchange rate constants
for amide hydrogen atoms that are fully solvent-exposed.
Half-lives for intermediate-exchanging hydrogens range from
30 s to∼15 min. These rates are generally much slower
than those of completely unprotected hydrogens but are still
considerably faster than rates observed for hydrogens in
stable regions of folded proteins. These hydrogens likely are
in regions that are structured but are marginally stable and
undergo frequent fluctuations. Half-lives for slow-exchanging
hydrogens range from 488 s for peptide 24-32 to 1.7× 106

s for peptide 190-208, indicating that these peptides are
derived from regions that are both structured and stable. It
must be noted that the reported rate constants for slow
hydrogens are limited by our longest exchange time and thus
represent upper limits for the true rate constants.

One drawback of H/D-MS is that it is not generally
possible to achieve single-residue resolution. Because peptic

FIGURE 2: Peptic fragments used for H/D exchange analysis. Peptic fragments are indicated by double-headed arrows under the sequence
of R1AT. Some overlapping fragments have been omitted for clarity. Amino acid sequences corresponding to eitherR helices orâ strands
are shown below light gray or black bars, respectively. The RCL is also shown below a gray bar.
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fragments, especially the longer ones, may include multiple
structural regions when mapped onto the crystal structure
of the intact protein, simply ranking peptides by the exchange
rate may be misleading. For example, if a particular peptide
is derived from a region that is1/4 â-strand and3/4 surface-
exposed loop, the peptide as a whole will display rapid
exchange even if theâ strand itself is stable. To address
this, we adopt the following procedure: for each peptide,
we first count the number of amide hydrogens that are
hydrogen-bonded as part of anR helix or â sheet [by
analyzing the crystallographic structure using WhatIf (19)].
These hydrogens should exchange slowly if the secondary
structures are stable. We then compare this number with the
number of slow hydrogens that are experimentally observed

for that same peptide. For example, if a peptide contains 10
amide hydrogens in anR helix but only 3 slow-exchanging
hydrogens are observed, this indicates that a significant
portion of theR helix must be highly flexible. This method
has the virtue that it will not overestimate the degree of
flexibility in these secondary structures, although it can
underestimate it (if the assumption that the slow hydrogens
are located in helices and sheets is incorrect, this merely
implies that these structures are even more flexible). In Figure
5, the R helices andâ strands ofR1AT are color-coded
according to the method just described: where the number
of expected and observed slow-exchanging hydrogens is in
good correspondence (observed/expected ratio> 80%), the
structure is colored blue, and where there is a large

FIGURE 3: Percent exchange of peptides derived from different regions ofR1AT. Colored bars below the sequence represent, in descending
order, deuterium uptake at 10, 50, 100, 500, 1000, 2000, and 3000 s. Regions corresponding toR helices orâ strands are shown in light
blue or dark blue bars, respectively. The RCL (344-356) region is shown below a light green bar.
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discrepancy (ratio<20%), it is colored red, with a scale of
intermediate colors. This presentation of the H/D exchange
data complements the whole peptide exchange behavior
presented in Figure 3. The two methods of visualizing the
H/D exchange results are generally in agreement regarding
flexible and rigid regions (e.g., that rigidity ofâ-sheet B and
the flexibility of helix F). There are, however, some
differences.â-strands 1C, 2C, and 4C are all contained in
peptic fragments that also contain substantial amounts of
surface-exposed loop. On the basis of the exchange behavior
of whole peptides, theseâ-strands appear to be flexible, but
when the numbers of solvent-exposed versus hydrogen-
bonded amide hydrogens in each peptide are taken into
account, as just described, these same strands appear to be
stable. For example, residues 352-372 include six hydrogen-
bonded amide hydrogens according to the crystal structure,

three in â-strand 1C and three inâ-strand 4B, while the
remaining eleven amide hydrogens are in exposed loops.
Experimental H/D exchange results for peptide 352-372
indicate six slow-exchanging hydrogens, strongly suggesting
that the hydrogen bonds in strands 1C and 4B are stable.

DISCUSSION

Previous structural and mutagenesis studies have shown
thatR1AT in the active state is strained because of overpack-
ing of buried residues, as well as a large number of cavities
and surface pockets (7-9). Although mutations that ame-
liorate the strain, such as those that fill cavities, can increase
the stability ofR1AT in the active state, these mutants have
decreased inhibitory activity (7-9). This tradeoff between
stability and function implies that the metastability ofR1AT
in the active state is important for function and that local
instabilities distributed throughout activeR1AT may play a
critical role in achieving the large conformational change
required for protease inhibition.

In this study, the distribution of local conformational
flexibility in active R1AT was probed by H/D-MS. The slow-
exchanging core is composed of helices B and C,â-sheet
B, and central strands ofâ-sheet A (Figure 5). This core
region composed of conserved residues corresponds to the
breach and shutter regions, previously suggested to play
important roles in the activef cleaved conformational
transition (10, 11). For the RCL to insert intoâ sheet A,
strands 3A and 5A must separate from each other. If the
hydrogen bonds between these two strands were already
labile in the active state, this would ease the transition to
the cleaved form by lowering the energy barrier to loop
insertion. In fact, the slow exchange observed in this region
indicates that the amide hydrogen bonds between strands 3A
and 5A are stable in the active form. Thus, the mobility that
is required of this region during inhibition must be triggered
by conformational rearrangements that occur after RCL

FIGURE 4: (a) MS spectra of doubly charged peptide 160-171.
Deuterium uptake of the peptide 160-171 at 0 (nondeuterated
reference), 5, 50 s and in 6 M guanidine deuterochloride (fully
deuterated reference) is shown. (b) Normalized deuterium uptake
versus time curves for two peptic fragments derived fromR1AT.
Peptides are 160-171 (9, s) and 325-338 (b, - - -). Lines
represent the best fit to eq 4.

Table 1: Results of Fitting H/D Exchange Curves to Eq 4

residues Nfast kfast (s-1) Nint kint (s-1) Nslow kslow (×10-5 s-1)

24-32 3 0.23 3 0.033 1 0.14
38-51 8 0.69 2 0.0020 3 3
38-60 6 0.40 3 0.0014 12 1
64-77 4 0.44 3 0.0026 6 3
64-84 10 0.42 1 8× 10-4 9 0.4
85-99 4 0.35 5 0.0038 4 2
120-142 8 0.36 7 0.0051 7 2
127-142 3 0.16 7 0.0033 5 7
131-142 3 0.085 4 0.0041 3 2
143-159 6 0.38 6 0.0014 4 3
160-171 7 0.17 2 0.0059 2 2
160-172 9 0.12 2 0.0038 1 0.9
173-182 6 0.69 2 0.024 1 0.23
183-208 9 0.29 6 0.0068 9 2
190-208 8 0.27 5 0.0035 4 0.04
209-227 7 0.23 2 0.0031 8 3
228-237 3 0.54 2 0.020 4 2
241-251 3 0.27 2 0.0015 4 0.9
251-275 9 0.23 6 0.0022 8 3
276-299 14 0.29 6 0.0019 2 7
297-303 3 0.37 1 0.0031 2 5
304-317 5 0.21 5 0.0019 4 1
318-338 7 0.20 4 0.0082 8 1
325-338 3 0.17 3 0.0031 6 0.6
339-351 10 1.0 1 0.0015 1 5
352-372 9 0.39 1 0.039 6 2
385-394 3 0.63 1 0.0044 4 0.6
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cleavage. Im et al. (20) engineeredR1AT variants in which
the RCL was extended by the insertion of (GlyGlySer)n

repeats (wheren ) 2, 3, 5, or 10), and the stability of those
folded mutants was found to be increased by up to 30 kcal/
mol compared to the WT-R1AT presumably because of
folding to the more stable latent form. On the basis of these
findings, they suggested that interactions betweenâ-strands
3A and 5A in the active form are not sufficient to prevent
loop insertion. However, our H/D exchange results do not
indicate significant flexibility in â-strands 3A and 5A.
Because Im et al.s’ were refolding experiments, the degree
of the active structure inâ-sheet A at the time of loop
insertion is unknown Thus, a direct comparison of the lability
of strand 3A-5A interactions implied in the study of Im et
al. with the rigidity seen in the present study cannot therefore
be made.

Much ofâ-sheet C also exhibits slow exchange. Separation
of â-strand 1C from the neighboring strand 2C is required
for the transition to the latent form to occur (21-23). The
peptide derived from strand 1C contains six residues that
form hydrogen bonds as part ofâ strands (three from strand
1C and three from strand 4B), and our results indicate six
slow-exchanging amide hydrogen atoms in this peptide with
an average rate constant of 2× 10-5 s-1. Thus, the amide
hydrogen bonds that fix strand 1C appear to be stable, in
keeping with the fact that active WT-R1AT does not
spontaneously convert to the latent form. The stability of
strand 1C together with the stability of strands 3A and 5A
in active WT-R1AT appears to prevent the latency transition.

NumerousR1AT mutations have been identified in the
human population, which result in misfolding and/or po-

lymerization (24, 25). These mutations can be categorized
as (1) those which retard protein folding, (2) those which
result in folding or conversion to the latent form, and (3)
those which promote polymerization from the folded form.
This latter class of mutations are believed to act by forcing
the structure to expand and creating an opening between
â-strands 3A and 5A, thus allowing the RCL of another
molecule to insert and form a loop-sheet linkage (10). All
but one (G115S) of the loop-sheet polymer-promoting
mutations occur in the regions that we define as the slow-
exchanging core ofR1AT. Likewise, mutations that result
in spontaneous conversion to the latent form are also located
in the slow-exchanging core (24). This is consistent with
the observation that these mutations disrupt the active
conformation ofR1AT (24). There is no similarly clear trend
with regard to misfolding mutations. Glu342Lys and
Asp256Val are both located in fast-exchanging loop regions,
while Leu41Pro is located in a region of helix A, which
shows reasonable protection against exchange.

In the available crystal structures of active and cleaved
serpins, the F helix lies directly in the path that the RCL
and bound protease must traverse during the conformational
transition that results in inhibition (Figure 1a). The F helix
must, therefore, be displaced during the activef cleaved
transition and return to its position on the face ofâ-sheet A
when the transition is complete. This could be accomplished
either by a rigid-body movement of the F helix or by partial
helix unfolding (26, 27). The rate of H/D exchange observed
in the C-terminal half of the F helix is comparable to
exchange rates in solvent-exposed loops such as the RCL,
indicating that this region is extremely labile in the active

FIGURE 5: Three-dimensional structure of activeR1AT (PDB ID 1QLP) withR helices andâ strands colored according to the ratio of the
number of slow-exchanging hydrogens (experiment)/the number of protected hydrogens (determined from WhatIf) as described in the
Results. (a) Front view of the structure of activeR1AT with stability color coded. The structure is rotated 180° about they axis in b. Loops
are colored gray in both figures. The figure was prepared with PyMOL (39).
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state, possibly populating a partially unfolded conformation.
Such conformational flexibility could ease the activef
cleaved transition because a highly flexible and/or marginally
stable F helix will be more readily displaced from its position
at the front of â-sheet A. Several independent lines of
evidence indicate that lability in the F helix plays a role in
the activef cleaved transition. On the basis of site-directed
mutagenesis experiments, it was suggested that the F helix
undergoes conformational changes at both the N and C
termini during inhibition (26). In another study, G117 in
â-strand 2A was mutated to a series of residues with
hydrophobic side chains capable of interacting with Y160
in the top of the F helix (28). These mutations, which fill a
cavity, both stabilize the active state and decrease inhibitory
activity without affecting the association rate constant with
a target protease. Thus, flexibility at the top of the F helix is
likely required for the translocation of target proteases. In a
naturally occurring variant of the serpin antichymotrypsin,
a conformation has been observed in which the last turn of
the F helix is unraveled and it as well as the loop connecting
it to strand 3A are inserted between strands 3A and 5A,
forcing them apart (29). It has been proposed that this
structure represents an intermediate state formed during
inhibition, with the F helix facilitating loop insertion be
parting strands 3A and 5A. All of these results suggest that
pre-existing flexibility in the F helix, as observed here by
H/D exchange, would facilitate the activef cleaved transi-
tion.

Surprisingly, a high degree of flexibility is observed in
residues 276-299. This region encompasses a portion of the
helix H and all ofâ-strands 2C and 6A, which should be
well-ordered. There are 13 amide hydrogen atoms participat-
ing in hydrogen bonding in this region, yet H/D exchange
result indicates only 2 slow-exchanging amide hydrogen
atoms and 6 intermediate-exchanging amide hydrogen atoms
in this region. This surprising flexibility may be explained
by the functional requirement to avoid aggregation.â-Strand
6A is a largely solvent-exposed edge strand. Such edge
â-strands present a potential danger because their conforma-
tion allows them to interact with any other edge strand that
they encounter. Indeed, for the serpin plasminogen activator
inhibitor I polymers have been crystallized in which the RCL
of one molecule anneals to strand 6A of another, becoming
strand 7A (30). A survey of known protein structures found
that natural proteins employ a number of “negative design”
strategies to suppress edge-edge interactions, including
distortion from the optimalâ-strand geometry and strategi-
cally placed prolines or charged side chains (31). The highly
dynamic nature ofâ-strand 6A ofR1AT may represent an
additional such strategy.

While little is known of the interactions ofR1AT with
molecules other than its target proteases, several other serpins
are known to participate in specific binding to other
molecules for regulatory purposes. Antithrombin, heparin
cofactor II, plasminogen activator inhibitor I, and protease
nexin 1 are all known to interact with regulatory glycosami-
noglycans, primarily through basic residues located in helix
D (antithrombin residues near the adjacent N terminus of
helix A are also involved) (1). Current theories of binding
and allostery in proteins suggest that a pre-existing instability
at a ligand-binding site is required for binding interactions
to propagate to distant regions of a protein structure (32,

33). H/D exchange indicates that both helix D and the
N-terminal region of helix A are flexible (Figure 5). Of the
nine hydrogen-bonded amides in helix D, only four are slow-
exchanging, indicating that much of this helix experiences
frequent conformational fluctuations. AlthoughR1AT does
not require activation by glycosmainoglycan binding, the
local flexibility in this region, if conserved, might be
exploited by other serpins. Additionally, conformational
lability in this region may be related to the evolution of the
serpin family. Numerous evolutionary studies have suggested
that conformationally flexible regions are more tolerant to
mutations than rigid regions (34). Indeed, it is intriguing that
the helix D completely lacks conserved residues among the
serpin family (11). For example, in thermophilic bacteria such
asPyrobaculum aerophilumandThermobifida fusca, helix
D is absent or truncated respectively (11, 35). Some viral
serpins also lack helix D (36, 37). However, these organisms
are still capable of inhibiting target proteases, indicating that
helix D does not directly participate in inhibition. Thus,
during the course of the serpin evolution, residues in helix
D were likely selected for functional regulation rather than
for stability or inhibitory function.

CONCLUSIONS

This study has characterized the distribution of confor-
mational flexibility in the canonical serpin humanR1AT and
identified several features of potential functional significance.
There has been much speculation on the role of the F helix
in the serpin inhibitory mechanism because of its position
in the structure where it apparently blocks the conformational
change. Because the F helix must be somehow displaced
from its position during the activef cleaved transition, the
pre-existing flexibility in the F helix identified by H/D
exchange may facilitate a rapid transition. Both the low
degree of flexibility seen inâ-strands 3A and 5A and the
high flexibility in â-strand 6A may potentially discourage
inappropriate conformational changes and/or polymerization,
while the rigidity seen inâ-strand 1C is consistent with its
proposed importance in preventing the transition to the latent
form. Numerous X-ray crystal structures of serpins in a
variety of conformations are now available, but little is
known regarding their conformational dynamics, despite the
fact that dynamics may play an important role in serpin
function. The present study of the serpinR1AT is a first step
toward filling in this missing piece of the current picture of
serpin function.
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