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ABSTRACT. The shutter region of serpins consists of a number of highly conserved residues that are critical
for both stability and function. Several variants of antithrombin with substitutions in this region are unstable
and predispose the carrier to thrombosis. Although most mutations in the shutter region investigated to
date are deleterious with respect to serpin stability and function, the substitution of Phe51 by Leu in
o-antitrypsin results in enhanced stability. Here, we have investigated the effects of introducing an
analogous mutation into antithrombin (Phe 77 to Leu). The mutation did not affect the kinetics of interaction
with proteases. Strikingly, however, the thermostability of the protein was markedly decreased, with the
serpin displaying a 13C decrease in melting temperature as compared to wild-type recombinant
antithrombin. Further studies revealed that in contrast to wild-type antithrombin, the mutant adopted the
latent (inactive) conformation upon mild heating. Previous studies on shutter region mutations that
destabilize antithrombin revealed that such variants possess enhanced affinity for both heparin
pentasaccharide and full-length heparin. The N135A/F77L mutant had unchanged affinity for heparin
pentasaccharide, but the affinity for full-length heparin was increased. We suggest that the Phe77Leu
mutation causes conformational changes around the top of the D-helix in antithrombin, in particular, to
the arginine 132 and 133 residues that may mediate additional antithrombin/heparin interactions. This
paper also demonstrates that there are major differences between the shutter regions of antithrombin and
o-antitrypsin since a stabilizing mutation in antitrypsin has the converse effect in antithrombin.

Antithrombin is a plasma serine proteinase inhibitor center loop (RCL) from the AB-sheet to an exposed
(serpin), which plays a major role in the regulation of serine conformation more suitable for interaction with the target
proteases involved in the coagulation cascddeihibition proteases4). Higher molecular weight heparins containing
of thrombin and factor Xa by antithrombin proceeds at a the pentasaccharide sequence (denoted high affinity heparin;
slow rate until the serpin binds to heparin, which acts via a HAH) appear to have an action further to that of the
specific pentasaccharide sequenggtf induce a confor- pentasaccharide, postulated to be a bridging effect that acts

mational change in antithrombin, yielding a more potent to increase the rate at which the protease and serpin associate
inhibitor. The induction of the conformational change, which (5).

particularly accelerates the inhibition of factor X8),( Previous studies on both natural and engineered variants
culminates in the expulsion of the partially inserted reactive pave revealed that the shutter region is important for the

stability and function of serpin®). Many mutations in the
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antitrypsin 9). In this study, we introduced the analogous 1.15

mutation into antithrombin at position 77 (F77L) (equivalent > 0ol

to position 51 in antitrypsin). In contrast to the effect of this g — Wild type
substitution in antitrypsin, the F77L variant of antithrombin g8 077 Antithrombin
displayed decreased stability and an increased susceptibility 'f, E 0.5- --- Phe77Leu
to adopt the latent form of antithrombin. It also had an 20

unchanged affinity for heparin pentasaccharide but a higher ° 0-31

affinity for longer heparin species. = 0.1

EXPERIMENTAL PROCEDURES O o B e o s %

Materials. Heparin pentasaccharide was a gift from Temperature (°C)

Maurice Petitou, Sanofi Research, France. High affinity Eiggf\/%?{hermalbmelﬁtng ?trr?f“eSb_Of N1|35PE (wild typet) an(?b

: : : recompinant antuthrombin molecules as monitored oy
heparin (HAH) was prepared as desc_nbed prewou:f@.( continuous measurement of the changes in the CD signal at 222
Factor Xa was purchased from Boehringer-Mannheim. The .

BaculoGold kit was supplied by Pharmingen, San Diego,
CA. RESULTS
Production and Isolation of Variant Forms of Antithrom-
bin. Site-directed mutagenesis of the antithrombin human

cDNA was carried out using a two stage PCR systé). (

Production of Recombinant Antithrombifhroughout this
study, thes form of antithrombin (N135A) was used as the
. wild-type background. The N135A mutation has been shown
The whole sequence was checked by DNA Sequencing., generate a homogeneous form of antithrombin in the

Insect peII expression of N.135A and N13_5A/F77L ar)ti- Baculairus expression systeni®). Sequencing of both the
thrombin molecules was carried out as previously descnbeles5A and the N135A/E77L clones demonstrated the

(12). Purification of recombinant protein from cleared esence of mutagenic nucleotides and absence of other
supernatant was carried out using a modification of the 1, tations in the DNA. Purification of both N135A and
method of McKay £3) in which active fractions from  N135a/F77L recombinant proteins on heparin-Sepharose and
heparin-Sepharose were further purified on a Superdex 758uperdex-75 yielded pure proteins as judged by nondena-
column. turing PAGE and SDSPAGE (results not shown).

Kinetic and Binding Assay<inetic experiments were Kinetics of Inhibition. Both recombinant antithrombin
carried out in a 20 mM NayPQ;, 0.1% (w/v) PEG 8000,  molecules were shown to have a stoichiometry of inhibition
0.1 mM EDTA, pH 7.4 buffer with the addition of 0.1, 0.25, for thrombin and factor Xa of one and exhibited similar
0.35, 0.45, or 0.55 M NaCl to give ionic strengths of 0.15, second-order rate constants of associatlQg) (with factor
0.3,0.4, 0.5, or 0.6 |, respectively. Stoichiometry of inhibition Xa (kassvalues were 4.2 0.33 x 10 Mt st and 4.94+
and second-order rate constants were measured again€d.15 x 10° M~! s! in the absence and presence of
thrombin and factor Xa as previously describetd)( pentasaccharide, respectively, for N135A and 4130.24
Equilibrium dissociation constants for pentasaccharide and x 10° M~ st and 4.49+ 0.03 x 10° M~* s7 for N135A/
HAH were determined by monitoring the intrinsic fluores- F77L). Similarly, the introduction of the mutation also had
cence enhancement during polysaccharide titrations as previno effect onkassbetween thrombin and the variants (31
ously describedi(). 0.05x 10* M~* s for N135A and 1.1+ 0.18 x 10* M1

The contribution of nonionic and ionic bonds to the s for N135A/F77L in the absence of pentasaccharide).

binding of heparin and antithrombin was calculated by Stabi_lity StudiesThe stability of the recomt_)inant anti-
plotting the logarithny, (Iog) of the ionic strength versus the thrombin molecules was assessed in comparison to plasma

log of the equilibrium binding constarig) measured at this ~ &ntithrombin, by analysis of thermal melting curves using
ionic strength 8). Linear regression analysis of this line is (arUV circular dichroism (CD) spectroscopyly). The
used to obtain the number of ionic interactions from the Plasmaand recombinant N135A forms of antithrombin had

o : ; imilar midpoints of thermal denaturatiofy{) [59 °C + 1
slope, when divided by the heparin charge density parametersIml : .
(0.8), and also the number of nonionic interactions, which for plasma antithrombin and 5& + 2 for N135A], but the

) : . N135A/F77L mutant was considerably decreased in its
Is represented by the ordmat§ |nterc§pt. . stability toward heat, with it3,, decreased by 1345°C +

_ Thermal St_ab|I|ty of the Antithrombin Vanant@h.anges 2 (Figure 1). Exposing serpins to heat commonly leads to
in the protein secondary structure were monitored by one of two outcomes, the formation of the so-called latent
continuous measurement of the changes in the CD signal atorm, in which the RCL of the serpin inserts into its own A
222 nm using a Jasco J-810 spectrapolarimeter. The proteins-sheet, thus inactivating itL6), or polymers of serpins, in
samples (0.1 mg/mL) were incubated in 20 mM sodium which the RCL of one serpin inserts into the A op3&heet
phosphate, 0.1 M NaCl, 0.1 mM EDTA, 0.1% (w/v) PEG of another serpin molecule, thus propagating the formation
6000, pH 7.4, 0.15 I. The rate of temperature change within of a polymeric form of the moleculelf—19). We incubated
the cuvette was at IC/min, and the temperature ranged from N135A and N135A/F77L recombinant antithrombin at 40
25 to 90°C. The thermal melt data are an average from three °C for 1 h, following which the proteins were chromato-
separate experiments. Data were fitted to the curve to yield graphed on a Superdex 75 gel filtration, and the inhibitory
a thermal melt temperaturé&{) as described by Huntington  activity of the eluted fractions was measured. No polymer
et al. (L5). peak (expected to elute at the void volume) was detected
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Ficure 2: lonic strength dependence of the binding of high affinity
heparin species to recombinant antithrombin. {s@d the observed
equilibrium binding constants of high affinity heparin with N135A
(a) and N135A/F77L ¢) and heparin pentasaccharide with N135A
(m) and N135A/F77L ¥) were plotted against the log of the ionic
strength at which the equilibrium binding constant was obtained.
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sociation constants, using a double logarithmic plot of ionic
strength versusKy as previously described (Figure 2).
Analysis of these data gave slopes of 3888.27 and 5.24

=+ 0.34 for the N135A and N135A/F77L forms, respectively,
which indicates that the contribution from ionic bonds is 4.8
for N135A and 6.6 for N135A/F77L binding to high affinity
heparin. The nonionic interactions were quantitated as 5.85
=+ 0.10 for N135A and 5.56: 0.13 for N135A/F77L. These
results indicate that the equivalent of two extra sodium ions
is liberated during the interaction between HAH and N135A/
F77L, while the number of nonionic interactions contributing
to the binding remains essentially the same.

DISCUSSION

In this study, a mutation was introduced into the shutter
region of antithrombin at an equivalent position to that which
had a stabilizing effect on another serpin;antitrypsin 9).
Initially, Kwon et al. Q0) identified the Phe 51 residue in

for either protein, and each eluted at the position expectedos-antitrypsin as being important for thermal stabilitycof

for monomeric antithrombin. Upon testing for activity,

antitrypsin by using a random mutagenesis approach, which

N135A antithrombin was found to be fully active, while yielded a Phe51Cys mutant with enhanced stability. Further
N135A/F77L antithrombin was found to be completely mutagenesis studies showed that increasing the size of the
inactive. This led us to conclude that the heating of the side chain at position 51 decreased stability, while decreasing
N135A/F77L variant caused it to adopt the latent conforma- size stabilized the protein, establishing important rules for
tion, while N135A antithrombin was stable to the conditions the overall functioning of the shutter region, which were
used in the experiment. subsequently borne out by analysis of a large amount of data
Interaction with Heparin.The conformational change from natural serpin variant$). This helped to define the
induced in antithrombin upon pentasaccharide binding may shutter region of the serpins as being vital in the control of
be monitored through characteristic changes in intrinsic stability of serpins, mostly because of the importance of the
tryptophan fluorescence3), The fluorescence emission region in controlling the mobility of the A6-sheet strands,
spectra of N135A and N135A/F77L in the presence and which in turn is pivotal to serpin function and stability.
absence of pentasaccharide showed that the percentage Previous studies on natural variants of antithrombin with
change in emission at the peak of the spectra (340 nm) uponmutations in the shutter region (N187D, T85M, and T85K)
the addition of pentasaccharide was 32.2.5% for N135A (7, 21) have revealed that the portion of the shutter that abuts
and 30.1+ 1.6% for N135A/F77L (data not shown). This the heparin binding helix (the D-helix) is both important for
indicates that the extent of the pentasaccharide inducedstability and important for the transmission of a conforma-
conformational change was not significantly altered by the tional change from the heparin binding site to the RBJL (
F77L mutation. Interestingly, all of these variants possessed enhanced heparin
The affinity of N135A and N135A/F77L for heparin  affinity, and it was reasoned that destabilizing mutations in
pentasaccharide and high affinity heparin were measuredantithrombin that result in spontaneous RCL insertion into
using equilibrium binding titrations obtained by monitoring the Aj-sheet (i.e., conversion to the latent or polymeric state)
the changes in intrinsic fluorescence of the protein on the would logically also possess an enhanced ability to undergo
addition of heparin species. Analysis at ionic strengths of conformational rearrangement to the heparin activated, RCL
0.3, 0.4, and 0.5 revealed that the affinity of the N135A/ expelled form 8). In this study, we were interested to
F77L mutant for heparin pentasaccharide was not signifi- establish whether the mutation (F77L) that we predicted
cantly changed as compared to that of recombinant would have the opposite effect (i.e., result in a variant
antithrombin (N135A) [Figure 2]. The equilibrium dissocia- possessing enhanced stability) would lower the affinity for
tion constantsKg) of the two antithrombin forms for HAH  heparin pentasaccharide and HAH.
were also determined at four ionic strengths, revealing that The N135A/F77L form was shown to be similar to
theKy at 0.3 | was 3-fold lower for the N135A/F77L mutant  recombinanis-antithrombin in its behavior in a number of
than for N135A antithrombin, at 0.4 | it was 1.7-fold lower, systems, having similar S| arldss with factor Xa (in the
and at 0.5 | it was 2-fold lower (Figure 2). At an ionic presence and absence of heparin) and thrombin and a similar
strength of 0.6, th&y was approximately the same for both conformational change upon binding heparin pentasaccharide.
recombinant proteins. Hence, the binding of high affinity = To our surprise, the N135A/F77L form was dramatically
heparin to the N135A/F77L mutant was more favorable at destabilized in terms of its heat stability as compared to the
low ionic strengths, but as the ionic strength increased the recombinan{3-form, forming the latent form readily at 40
effect was negated, indicating a contribution from the ionic °C. Thus, it seems likely that the environment surrounding
bonds between the high affinity heparin and the recombinantPhe77 in antithrombin must be quite different from-
antithrombin. antitrypsin, where the effect of introducing a smaller side
The contribution that nonionic and ionic bonds made to chain is to stabilize rather than destabilize the molecule.
the interaction between the recombinant proteins and high To investigate the affinity of the N135A/F77L mutant for
affinity heparin was calculated from the equilibrium dis- heparin pentasaccharide and HAH, the equilibrium binding
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Ficure 3: (A) Structure of wild-type (PDB 1QLPJ;-antitrypsin with the position of F51 and F384 highlighted in pink. The positions of

L51 and F384 in F51L antitrypsin (PDB 1PSI) are in yellow. 1188 and F190 are in light green van der Waal spheres. The D-helix is in dark
blue and the RCL in magenta. The A-sheet is in red ribbon, the B-sheet in green, and the C-sheet in yellow. Strand s2A of the A-sheet is
indicated. (B) The shutter region of native, partially inserted antithrombin (PDB 2ANT). Coloring is as in panel A. F77 and F422 are
represented by van der Waals spheres and are labeled. F221, 1219, and L140 are labeled. R132 and K133 are in dark blue. Strand s2A of
the A-sheet is indicated.

constants were determined at several ionic strengths. Thepartially inserted conformation, the stability of N135A/F77L
equilibrium binding constants for the interaction of the antithrombin would not be enhanced in an analogous manner
N135A/F77L form with the specific heparin pentasaccharide to a;-antitrypsin since the RCL of antithrombin has already
were essentially the same as those for N135A, within inserted to the P14 position, whereasoipantitrypsin it is
experimental error. Thus, the N135A/F77L variant is unlikely predicted that the F51L mutation would act to disfavor this
to have affected the conformation of the primary heparin jnitial insertion.

pentasaccha!ride binding r_esidues. Furtherr_nore, since the rate The partial insertion of the reactive center loop of
of conformational change induced by heparin pentasaCCha”deantithrombin into the top of the A8-sheet results in the
is unaffected, these data suggest a role for F77 distinct from

the conformational pathway affected in the antithrombin res!dues. equalent to F190 (F221) find 1188 (1219n
variants T85M and T85K. antitrypsin sliding across the underlying@sheet to allow

) . the insertion (see Figure 3B). As iq-antitrypsin, F221 and
The Frzﬂ‘ form r\]/vas shO\;)vn ;IO have rlqncreas_edl afflnltfy for 1519 pack against F422 (equivalent to F384rantitrypsin).
2’22‘ -iI(-)r:iS;:V\t/)iSncSis Ot\;\:a r;ntg foermgg tv(\)/f;[eﬁ ?r?s“ll\lalzgtA?F;V;E In antithrombin, F221 also packs against L140 on strand s2A
bound full-length heparin, in comparison to the N135A form. of the A/5-sheet, which in turn packs against the loop joining

The structures of wild-typei-antitrypsin @2), F51L - strand s2A to the top of t_he D-helix (see Figure 3B). It.is
antitrypsin @3), native antithrombinZ4), and pentasaccha- suggested that the mutation of the Phe77 to aleu ' esidue
ride-bound antithrombin4) were examined to elucidate would cause a change in conformation of F422 that in turn

possible reasons for the decreased thermal stability in theMay cause a change in the conformation of F221. F221 is
antithrombin mutant and the high affinity for long chain located directly underneath the partially inserted RCL, and

heparins. we suggest that a change in conformation in this residue may
A close examination of the packing around position F51 promote further RCL insertion, thus explaining the overall

. ) : ) decrease in stability of the molecule. In addition, a change
n the three'd'm_e“s'oﬁa' structures of wild type and the_ FoIL in conformation of the side chain of F221 may also have a
variant ofo-antitrypsin revealed that the F51 mutantip

. . . C T knock on effect to L140, in turn affecting the conformation
%n;i}:ayrgzl:t ri]r?sth%nlgi doenihrzﬁioéfegggz \(A(:r:écuhr és;g;l?;gcant of residues at the top of the D-helix. More specifically, the

No other changes are seen, most likely because the movemeAﬁOp joining strand s2A to th? D-helix conta_lns.two residues
in F384 does not result in disruption of the packing around &t have been shown to be important for binding full length
the top of the Aj-sheet. However, F384 is located in a heParn-Argl32 and Lys13335). In native antithrombin,
critical position, in that it packs between F190 and 1188, thls_ loop |s.thought to be ﬂexllbléZ@). The strugture of native
and these two conserved residues slide across the underIyin%}”t'thr‘?mb'n bound to heparin pentasacchar#jéigs shown

B f-sheet during the conformational change to the cleaved that this loop forms an extra two tums at the top of the
(or inserted) states]. Hence, the increase in stability of the D-helix, bringing Arg132 and Lys 133 in line with the
F51 mutant can be explained by the adjustment in the sidePentasaccharide binding residues. Thus, the F77L mutation
chain of F384 resulting in more favorable packing of F190 may change the conformation of the loop joining s2A to the
and 1188, making the movement of these residues andD-helix and bring Arg132 and Lys133 into a more suitable
consequent conformational changes, especially insertion ofconformation for initial binding to long chain heparin,
the oy-antitrypsin RCL, less favorable. Therefore, why does resulting in the equivalent of an extra two ionic interactions
the F77L mutation in antithrombin result in a decrease in in the initial binding of long chain heparin to N135A/F77L
stability? It is argued that since antithrombin exists in a antithrombin.
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Thus, the initial hypothesis that the F77L mutation in the
shutter region of antithrombin would create a stabilized
mutant that would be of interest to explore in terms of its
interaction with heparin was proven incorrect. What was

eventually obtained was a destabilized mutant that interest- 12.

ingly had higher affinity specifically for longer chain heparin.
The results obtained in this study highlight the differences

between antithrombin and other serpins, mainly because of

the partially inserted RCL of this serpin and the changes

this engenders in the shutter region of the molecule. The 13.

shutter region of serpins is vital in the control of the serpin

mechanism and also for stability. The results of this study 14,

highlight that antithrombin is perhaps more precariously

balanced than other serpins in terms of the balance between

partial and full insertion of its RCL into the #-sheet.
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