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Lamprey angiotensinogen (I-ANT) is a hormone carrier in the
regulation of blood pressure, but it is also a heparin-dependent
thrombin inhibitor in lamprey blood coagulation system. The
detailed mechanisms on how angiotensin is carried by I-ANT
and how heparin binds I-ANT and mediates thrombin inhibi-
tion are unclear. Here we have solved the crystal structure of
cleaved 1-ANT at 2.7 A resolution and characterized its proper-
ties in heparin binding and protease inhibition. The structure
reveals that I-ANT has a conserved serpin fold with a labile
N-terminal angiotensin peptide and undergoes a typical
stressed-to-relaxed conformational change when the reactive
center loop is cleaved. Heparin binds I-ANT tightly with a dis-
sociation constant of ~10 nm involving ~8 monosaccharides
and ~6 ionic interactions. The heparin binding site is located in
an extensive positively charged surface area around helix D
involving residues Lys-148, Lys-151, Arg-155, and Arg-380.
Although I-ANT by itself is a poor thrombin inhibitor with a
second order rate constant of 500 M~ ! s~ its interaction with
thrombin is accelerated 90-fold by high molecular weight hepa-
rin following a bell-shaped dose-dependent curve. Short hepa-
rin chains of 6 —20 monosaccharide units are insufficient to pro-
mote thrombin inhibition. Furthermore, an 1-ANT mutant with
the P1 Ile mutated to Arg inhibits thrombin nearly 1500-fold
faster than the wild type, which is further accelerated by high
molecular weight heparin. Taken together, these results suggest
that heparin binds I-ANT at a conserved heparin binding site
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around helix D and promotes the interaction between 1-ANT
and thrombin through a template mechanism conserved in
vertebrates.

Angiotensinogen genes exist throughout all vertebrates and
have evolved over 500 million years from early cyclostome
(lamprey) to human (1-3). Angiotensinogen functions as the
carrier of active angiotensin hormones of the renin-angiotensin
system that regulates body fluid homeostasis, blood pressure,
and blood vessel formation (4, 5).

Early studies have shown that angiotensinogen with the ang-
iotensin peptide located at its N terminus belongs to the serine
protease inhibitor (serpin) superfamily (6, 7). All serpins are
known to share similar tertiary structures with three 3-sheets,
8 -9 a-helices, and an exposed reactive center loop (RCL)* that
serves as a bait for proteolytic attack (8, 9). Once the target
protease recognizes and cleaves RCL, the serpin undergoes a
typical serpin stressed-to-relaxed (S-to-R) transition with the
insertion of the cleaved RCL into the central B-sheet as a middle
strand, which leads to translocation and inactivation of the
covalently linked protease (10, 11).

Classically, angiotensinogen is regarded as a passive hor-
mone carrier and a non-inhibitory serpin that lacks serpin
S-to-R conformational rearrangements upon RCL cleavage (12,
13); however, recent studies have found that angiotensinogen
derived from lamprey, a representative of an early lineage of
vertebrate, to be an inhibitor of thrombin, which is unknown
for other orthologues (14, 15). Thrombin is the central enzyme
of blood coagulation that has various substrates and cofactors.
Thrombin inhibition by serpins is crucial in regulation of blood
coagulation, and its control requires several serpins in varying
physiological settings in mammals (16). Antithrombin is the
principal inhibitor of thrombin during thrombosis and the nor-

“The abbreviations used are: RCL, reactive center loop; I-ANT, lamprey ang-
iotensinogen; HCII, heparin cofactor II; PN1, protease nexin 1; PAI-1, plas-
minogen activator inhibitor 1; ZPI, protein Z-dependent protease inhibi-
tor; PCl, protein C inhibitor; KLK7, kallikrein-related peptidase 7; KLK1,
kallikrein-related peptidase 1; LMW, low molecular weight; HMW, high
molecular weight; DP6 (DP8, DP12, DP16, DP20), heparin oligosaccharides
of 6 (8, 12, 16, 20) monosaccharide units; TNS, 2-p-toluidinylnaphthalene-
6-sulfonate; S-to-R, stressed-to-relaxed; S, stoichiometry of inhibition;
RMSD, root mean square deviation; H5%, high affinity pentasaccharide;
PDB, Protein Data Bank.
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mal hemostatic response (17). Heparin cofactor II (HCII) is also
an important inhibitor of thrombin in the arterial vasculature
(18, 19). Lampreys possess a simpler coagulation system with
lesser components and less than 10 serpins (20, 21). The gene of
antithrombin has not been found in the lampreys (Lampetra
fluviatilis, Petromyzon marinus, and Lethenteron japonicum)
(14, 22), but genes for angiotensinogen and HCII have been
cloned and shown to play key roles in thrombin inhibition in
lamprey (15). Notably, lamprey angiotensinogen (I-ANT) has
an Ile as the P1 residue instead of a thrombin-preferred Arg.

The interactions between serpins and proteases of blood
coagulation are often regulated by cofactors such as heparin
(23). Heparin binds residues of helix D or helix H of serpins,
such as antithrombin (10, 11, 24-26), HCII (27-29), protease
nexin 1 (PN1) (30, 31), plasminogen activator inhibitor 1
(PAI-1) (32), protein Z-dependent protease inhibitor (ZPI) (33,
34), and protein C inhibitor (PCI) (35, 36), and promotes the
interaction between serpin and protease either by an allosteric
mechanism where heparin induces conformational changes in
serpin or by a template mechanism where heparin bridges ser-
pin and protease together (8, 37). The reactions between I-ANT
and thrombin are also accelerated by heparin (14) and heparan
sulfate (15), but it is unclear how heparin binds and activates
I-ANT. Here we have solved the crystal structure of RCL-
cleaved I-ANT and characterized its properties in heparin bind-
ing and protease inhibition. This study provides information on
how the angiotensin system and the blood coagulation system
overlapped and diverged during evolution.

Experimental Procedures

Materials—The angiotensinogen cDNA of L. fluviatilis was
amplified from a cDNA library as described previously (14, 22).
Proteinases, including human «-thrombin (factor Ila), factor
IXa, factor Xa, factor XIa, kallikrein-related peptidase 7
(KLK?), kallikrein-related peptidase 1 (KLK1), trypsin, and
activated protein C were purchased from Hematologic Tech-
nologies. Low molecular weight (LMW) heparin (average
molecular weight of 5000) and high molecular weight (HMW)
heparin (average molecular weight of 17,000-19,000) were
purchased from Sigma. Heparin oligosaccharides of 6, 8, 12, 16,
and 20 monosaccharide units (DP6, DP8, DP12, DP16, and
DP20) were from Iduron (Manchester, UK). High affinity pen-
tasaccharide (H5*) containing an extra sulfate group was a gift
from Dr. Maurice Petitou (Sanofi Recherche-Centre Choay,
Gentilly, France) (38). All columns for protein purification were
purchased from GE Healthcare. All reagents and kits for crys-
tallization were purchased from Hampton Research.

Cloning, Mutagenesis, Expression, and Purification of Recom-
binant Proteins—The angiotensinogen cDNA was cloned in
expression vector pE-SUMO3 as described previously (39). All
mutants were constructed by PCR mutagenesis using the KOD
Plus mutagenesis kit (TYOBO). The mutant AAR of I-ANT was
used for crystallization, where the P1 Ile was substituted with
Argand 2 Alaresidues were added between positions P2 and P3
(Fig. 1A). Plasmids were transformed into BL21 (DE3) cells and
grown in 2X TY at 37 °C until optical density at 600 nm reached
0.8. Then isopropyl-B3-p- thiogalactopyranoside was added to a
final concentration of 0.2 mm, and the culture was transferred
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to a 25 °C shaker for a further 12 h. The cells were collected by
centrifugation and resuspended in ice-cold buffer A (20 mm
Tris-HCL, pH 7.4, 0.3 M NaCl, and 20 mm imidazole) and dis-
rupted by a high pressure cell breaker. The supernatant of the
cell lysate was loaded onto a 5-ml HiTrap HisTrap FF crude
column, and eluted by a 0.02-0.2 M imidazole gradient. The
peak fractions were collected. Then protein was digested by
protease SENP2 to release the SUMO tag and dialyzed against
buffer B (20 mm Tris-HCI, pH 7.4, 0.3 m NaCl). Subsequently,
proteins were loaded onto a 5-ml Hitrap heparin column and
eluted by a NaCl gradient (0.3-1.5 M) with I-ANT eluted at
about 0.8 M NaCl. The peak fractions were collected and dia-
lyzed against buffer C (20 mm Tris-HCI, pH 7.4, 0.15 m NaCl).
Proteins for crystallization were further purified by a Superose
12 gel filtration column.

Complex Formation Assay for Protease Inhibitor Function—
Protease inhibitory function was checked by incubating 2 ug of
I-ANT with 0.5 pg of serine protease for 15 min at room tem-
perature in 20 ul of PBS. Ten proteases were selected, including
human a-thrombin, factor IXa, factor Xa, factor XIa, KLK7,
KLK1, elastase, trypsin, plasmin, and activated protein C. The
same procedure was applied to variant [-ANT PI1R variant,
where the P1 residue Ile was mutated to Arg (Fig. 14). The
effect of heparin on protease inhibition by I-ANT was further
checked by incubating 2 ug of I-ANT or P1R with 0.5 ug of
proteases in the absence or presence of pentasaccharide/HMW
heparin for 2 or 5 min at room temperature in 20 ul of PBS.

Crystallization, Data Collection, and Structure Determi-
nation—The 1-ANT AAR variant was cleaved by human
a-thrombin at a 2000:1 ratio (w/w) for 2 h at 4 °C and concen-
trated to 10 mg/ml. Crystallization was set up at 22 °C by mixing
equal volumes of protein and precipitation buffer (25% PEG
4000, 0.1 M sodium acetate, pH 4.6, 0.2 M ammonium sulfate) by
the sitting drop method. Crystals appeared after 20 days. For
data collection, a single crystal was soaked in 27% PEG 3350, 0.1
M sodium acetate, pH 4.6, 0.2 M ammonium sulfate, and 20%
glycerol and rapidly frozen in liquid nitrogen. The diffraction
data were collected at SSRF BL17U and scaled using Imosfilm
(40). The structure was solved by molecular replacement with
Phaser (41) in the CCP4 suite using the structure of cleaved
antitrypsin (PDB code 3NDD) as the initial search model. The
structure was refined with Refmac (42), and model building was
done with Wincoot (43). The surface electrostatic representa-
tion was analyzed by APBS (Adaptive Poisson-Boltzmann
Solver) (44). The figures were created using the open source
program PyMOL.

Heparin Affinity Chromatography of [-ANT Variants—The
relative heparin affinities of recombinant I-ANT variants were
determined by a 1-ml HiTrap heparin column. The proteins
were loaded onto the column pre-equilibrated with buffer B
and washed with 5 ml of buffer B followed by elution with a
20-column volume of 0.3-1.5 M NaCl gradient using the AKTA
system (GE Healthcare).

Dissociation Constants of Heparin Binding to [-ANT—Fluo-
rescence titration experiments were performed using an LS55
luminescence spectrometer (PerkinElmer Life Sciences).
Because tryptophan fluorescence changes of I-ANT were not
obvious when heparin was added, we followed the fluorescence
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change of 2-p-toluidinylnaphthalene-6-sulfonate (TNS) upon
the addition of I-ANT and subsequently heparin as described
previously for antithrombin, HCII, and PCI (18, 45, 46, 48).
TNS binding to I-ANT resulted in a significant fluorescence
increase, and heparin additions caused a 40 —70% fluorescence
quench with a 3—4-nm blue shift of the emission maximum.
Cleaved I-ANT had a significantly smaller effect on fluores-
cence change of TNS and a smaller fluorescence decrease upon
titration with heparin. TNS fluorescence was insensitive to the
heparin additions in the absence of protein. Fluorescence of
TNS was collected at emission wavelength of 430 nm with an
excitation wavelength of 340 nm during I-ANT titration. Dis-
sociation constants were calculated by Equation 1 (17, 18, 49).

AF = AF . X ((Kg + [P, + [H]o) — ((Kg + [P]o + [H]o)z —4
X [P, X [H]o)"*)/(2 X [P]y) (Eq.1)

In this equation, AF represents the fluorescence change fol-
lowing each addition of heparin, and AF, , represents the max-
imal change of fluorescence intensity. [P], and [H], are total
protein and heparin concentrations, and K, is the dissociation
constant. We confirmed that the dissociation constants were
independent of the concentrations of TNS and proteins. All
titrations were performed in solutions containing 5-10 um
TNS in 50 mm Tris-HCI, pH 7.4, 20% glycerol, 0.1% PEG 8000,
and the ionic strengths were adjusted by adding NaCl. Variant
proteins were used at 0.2—0.3 uMm for experiments with LMW
heparin (ionic strength 0.3 M NaCl) and 0.05-0.1 uM proteins
for experiments with DP8 (ionic strength 0.15 M NaCl). To
determine the effect of heparin length and ionic strength on
binding affinity, 0.05—-0.1 um wild type proteins were used in
combination with heparin oligosaccharides of 6, 8, 12, 16, and
20 monosaccharide units in length (DP6, DP8, DP12, DP16, and
DP20) at different ionic strengths ranging from 0.1 to 0.35 M
NaCl. The effect of heparin length was determined by a linear fit
using Equation 2 (18, 50).

1/Kg= 1/Kgie X (N= L+ 1) (Eq.2)

In this equation, K, is the dissociation constant obtained
from Equation 1 for N-monosaccharides heparin. L is the min-
imal heparin size fully occupying the binding site of - ANT, and
K, i is its intrinsic dissociation constant. The influence of
ionic strength was decided by a linear fit using Equation 3 (18,
50, 51).

log K; = logKy, + Z¥log [Na] (Eq.3)

In this equation, K, is the dissociation constant obtained
from Equation 1. K; is the dissociation constant for the non-
ionic interaction at 1 M Na™. Z is the number of ionic interac-
tions. ¥ is the fraction of a counterion that is bound to the
polyelectrolyte per ionic charge and that is released upon the
binding of the protein. The ionic strength-independent con-
stant of W calculated for heparin from its axial charge density is
~0.8 according to previous publications (51). All of the K, mea-
surements were repeated 2—4 times, and the means = S.D. are
shown in Tables 2 and 3.
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Stoichiometry of Inhibition—The stoichiometry of inhibition
(SI) was measured by incubating 0.25 um thrombin with
increasing concentrations of - ANT (0—1 um) without or with
heparin. Reactions were incubated for 1-2 h with I-ANT P1R
variant and for 12—-24 h with wild type I-ANT in PBS with 0.1%
PEG 8000 at room temperature. Residual protease activity was
determined by diluting the reaction mixture into 0.1 mm chro-
mogenic substrate S-2238 (Chromogenix) and measuring the
rate of substrate hydrolysis, as described previously (17, 45, 46).

Effect of Heparin on the Rates of Thrombin Inhibition by
[-ANT—The rates of thrombin inhibition by I-ANT were deter-
mined under pseudo-first-order conditions (17). For the hepa-
rin-catalyzed reaction, 10~ ° to 10 ug/ul LMW or HMW
heparin or 0.005-25 uM heparin oligosaccharides (8 —20 mon-
osaccharide units) were used. Thrombin (10 wl of 10 nM) was
mixed with 10 ul of 2 um1-ANT in PBS with 0.1 mg/ml BSA and
0.1% PEG 8000. For the P1R variant, 0.1 uM proteins were used.
The residual protease activity at timed intervals was deter-
mined by diluting the reaction mixture into the assay buffer
containing 0.1 mMm S-2238. The observed rate constant, k.,
was obtained from the slope of a semi-log plot of the residual
protease activity against time. The apparent second order rate
constant, k,,, was calculated by linear fitting of k,,, versus the
initial inhibitor concentration (0.4 —1.2 um wild type, 0.03-0.06
uM P1R) without or with LMW or HMW heparin at an optimal
concentration (17, 18, 45).

Results

Expression and Characterization of I-ANT—I-ANT was
expressed in Escherichia coli using the SUMO fusion expres-
sion system and purified by nickel and heparin affinity columns.
To test the effect of the P1 residue on the specificity and activity
of I-ANT, we also prepared variant P1R, where the P1 Ile was
substituted with Arg (Fig. 14). Activities of I-ANT and P1R
were analyzed by incubating these proteins with 10 serine pro-
teases, including a-thrombin, factor IXa, factor Xa, factor XIa,
KLK7, KLK1, elastase, trypsin, plasmin, and activated protein
C. Asshownin Fig. 1B,1-ANT could form a covalent SDS-stable
complex with thrombin, KLK7, and elastase (Fig. 1B, top gel).
However, P1R appeared to form complexes with almost all of
the proteases tested here apart from elastase (Fig. 1B, bottom
gel). Therefore, I-ANT was a relatively specific inhibitor toward
thrombin but became less specific once its P1 residue was
replaced by an Arg. The interaction between 1-ANT and throm-
bin was enhanced by HMW heparin, with significantly more
I-ANT-thrombin complexes formed (Fig. 2C, lane 4); however,
the well characterized H5* that promotes factor Xa inhibition
by antithrombin (lane 8) had no effect on the inhibition of
thrombin by I-ANT (lane 3). -ANT did not inhibit factor Xa,
but the P1R variant did form a complex with factor Xa. Both
HMW heparin and H5* had little effect on the activity of P1R
variant toward factor Xa (lanes 13 and 14). Overall, these data
confirm that I-ANT is a relatively specific thrombin inhibitor,
and its activity is enhanced by HMW heparin but not heparin
pentasaccharide.

The Overall Structure of Cleaved I-ANT—To further charac-
terize I-ANT, we tried to determine the crystal structure of
native I-ANT; however, crystals of native -ANT were small and
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FIGURE 1. Inhibition of proteases by I-ANT variants. A, RCL sequence of
I-ANT variants. B, protease inhibition by wild type I-ANT (top) or P1R (bottom).
2 g of I-ANT or P1R were incubated with 0.5 g of serine protease for 15 min
atroom temperature in 20 ul of PBS. Lane M, molecular weight marker; lane 1,
|I-ANT variants; lanes 2-11, I-ANT or P1R interacts with human a-thrombin
(factor lla), factor IXa, factor Xa, factor Xla, KLK7, KLK1, elastase, trypsin, plas-
min, and activated protein C, respectively. C, effect of heparin on protease
inhibition by I-ANT or antithrombin (ATIll). 0.5 ug of protease was incubated
with 2 g of I-ANT or P1R variant or antithrombin for 5 min in the absence or
presence of HMW heparin or H5*. All samples were analyzed by reducing
SDS-PAGE and stained by Coomassie Blue. The filled triangles show the posi-
tions of serpin-protease complexes (cpx), red triangles show the positions of
native serpins, and open triangles show proteases.

very difficult to optimize. We then engineered an 1-ANT
mutant AAR, where the RCL was extended by 2 Ala residues
and the P1 residue was mutated to Arg (Fig. 14). This variant
becomes a substrate of thrombin due to the extended RCL (52).
The purified RCL variant was cleaved and prepared for crystal-
lization. The crystal structure of cleaved I-ANT was determined
at 2.7 A resolution (Table 1). There are two copies of I-ANT in
the asymmetric unit. The overall folds of the two molecules are
almost the same, with a root mean square deviation (RMSD) of
a carbon atoms of 0.18 A. Molecule A was chosen for subse-
quent interpretation because it was more complete with clear
electron density for 366 of the total 453 residues. Overall,
I-ANT showed very typical cleaved serpin folds, with the
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cleaved RCL completely inserted into (3-sheet A as a middle
strand (Fig. 2A4). When it is compared with other relaxed serpin
structures, such as latent antithrombin (PDB code 1AZX) (Fig.
2B), cleaved a-antitrypsin (PDB code 3NDD), or cleaved PCI
(PDB code 1LQ8), the RMSDs of atomic positions are between
1.4 and 1.7 A although the sequence identity is about 33% with
each of these three. Interestingly, in the I-ANT structure here,
the connecting loop on top of helix D forms a short extra strand
in B-sheet A (termed s1'A), and there is a large shift in position
of helix F when compared with latent antithrombin (Fig. 2B).
When the structure of I-ANT is overlaid with that of human
angiotensinogen (PDB code 2WXW) (Fig. 2C), the RMSD of
atomic positions is 2.7 A. In crystal structures of human, mouse,
and rat angiotensinogen, the angiotensin peptides are anchored
by a disulfide bond and partially buried within the body of ang-
iotensinogen (Fig. 2C); however, the N-terminal angiotensin
sequence of I-ANT was not visible in the structure, indicating
high flexibility of this part of the molecule.

Heparin Binding Sites—Surface electrostatic representation
analysis of I-ANT shows an extensive positively charged area
along helix D and on the edge of B-sheet B (Fig. 3A4). Because
numerous biochemical and structural studies have shown that
helix D is often a key area in serpins for heparin binding (10, 11,
24-34), we systematically compared this surface area of all of
the known heparin binding serpins, such as antithrombin (PDB
code 1AZX), HCII (PDB code 1JMJ), ZPI (PDB code 3FIS), PN1
(PDB code 4DYO), PAI-1 (PDB code 1B3K), PCI (PDB code
20L2), and C1 inhibitor (PDB code 20AY) (supplemental Fig.
1). It appears that I-ANT has the largest positive charged sur-
face around this region among all of the serpins. These posi-
tively charged residues in I-ANT include Lys-76 and Arg-79 of
helix A; Lys-148, Lys-151, and Arg-155 in helix D; Lys-162 and
Lys-163 on the s1’A chain; Arg-380 on the connecting loop
between helix ] and s5A; and Lys-438 and Arg-440 on the edge
of B-sheet B (Fig. 3C). Residues Lys-144, Lys-145, and Lys-146
of the CD loop, invisible in the structure, are also located in this
area. Antithrombin is the most well studied heparin binding
serpin with several heparin-antithrombin complex structures
solved (10, 11, 24). These residues of I-ANT spatially resemble
those of antithrombin (Fig. 3D), with residues 155, 162, and 163
of I-ANT corresponding to 129, 132, and 133 of antithrombin.
Also, sequence alignment of this region (from helix C to s2A) of
various heparin binding serpins shows that I-ANT has 9 posi-
tively charged residues in this region with 8 for PN1 and 7 for
antithrombin (Fig. 3E).

To verify the role of these residues in heparin binding of
I-ANT, we mutated these residues individually to Ala and then
assessed the effect on heparin binding. Activity assays showed
that all mutants formed SDS-stable complexes with thrombin,
the same as the wild type (data not shown). The relative heparin
binding affinities were determined by NaCl gradient elution
from a heparin column (Fig. 44). They displayed different elu-
tion profiles. First, the wild type I-ANT was eluted at about 820
mM NaCl, similar to that of a-antithrombin, indicating tight
binding (53). Three variants (K148A, K151A, and R155A) were
eluted at about 720 mm NaCl, significantly lower than the wild
type. Other variants, including K76A, R79A, K144A, K145A,
K146A, K162A, R163A, R380A, K438A, and R440A, were
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Cleaved |-ANT

I-ANT and h-ANT

I-ANT and AT

FIGURE 2. Overall structure of cleaved I-ANT. A, the structure of cleaved I-ANT exhibits a very typical serpin fold. The RCL (yellow) cleaved by human
a-thrombin is completely inserted into central B-sheet A (red) as a middle strand. A seventh chain of B-sheet A (termed s1’A here) is seen above helix D (cyan),
composed of residues 162-164. The N-terminal residues 1-72 and residues 138 -147 between helix C and helix D (indicated with an orange dashed line) are not
builtinto the structure because of poor electron density. Helix A is shown in green. B, overlaid structures of I-ANT and latent antithrombin (AT) (orange, PDB code
1AZX) indicate a large shift in helix F position and a different conformation of the connecting loop (blue) on top of helix D in antithrombin. C, overlaid structures
of I-ANT (gray) and human angiotensinogen (h-ANT) (green, PDB code 2WXW). The N-terminal fragment of human angiotensinogen is shown in blue, and the
hormone peptide is shown in red. The Cys-18-Cys-138 disulfide bond of human angiotensinogen is shown as spheres.

TABLE 1
Data collection and refinement statistics

Data collection

Beamline SSRF 17U
Space group P2,2 2
Cell dimensions
a,b,c(A) 42.40, 119.36, 141.59
a, B, v (degrees) 90, 90, 90
Wavelength (A) 0.97923
Resolution (A) 91.26-2.70 (2.83-2.70)*
Total no. of observations 127,579 (15,093)
Total no. of unique observations 18,674 (2271)
Rierge (%) 0.095 (1.065)
1I/al 123 (1.7)
Completeness (%) 90.9 (84.6)
Multiplicity 6.3 (6.6)
Refinement

Resolution (A) 91.26-2.70 (2.77-2.70)

No. of reflections 17,694 (1197)
No. of residues 732
No. of atoms 5704
Ryonid Revee . 0.223/0.284
B-factors (A?%) 62.3
RMSD

Bond lengths (A) 0.0088

Bond angles (degrees) 1.3057
Ramachandran plot 97.77/0

“ Values in parentheses are for the highest resolution shell.

eluted at about 780 mm NaCl, slightly lower than the wild type
(Table 2). When the 3 residues in helix D were mutated to Ala
simultaneously, the variant K148A/K151A/R155A (termed
AAA) was eluted with the lowest NaCl concentration of
615 mm.

To quantify the binding affinity of -ANT toward heparin, we
established a method for dissociation constant measurement
through fluorescence titration. Although 1-ANT contains 5
tryptophan residues at positions 30, 182, 251, 266, and 333, the
addition of heparin does not induce any fluorescence change of
these tryptophan residues, so we used TNS as a fluorescence
probe as described previously for antithrombin, HCII, and PCI
(18, 45, 46, 48). I-ANT binding of TNS induces a TNS fluores-
cence increase at 430 nm, whereas the subsequent addition of
heparin causes a 40 —70% fluorescence quench with a 3—4-nm
blue shift (Fig. 4B). The K, values of these I-ANT variants were
determined by non-linear fitting using Equation 1 described
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under “Experimental Procedures” (Fig. 4C). The measurements
show that I-ANT binds LMW heparin very tightly, with a K, of
~10 nM at an ionic strength of 0.15 M NaCl. To allow accurate
and easy measurements, we subsequently measured the affinity
of I-ANT variants toward LMW heparin in buffer with 0.3 m
NaCl. We also measured the affinity of - ANT toward DP8 atan
ionic strength of 0.15 M NaCl with detailed data shown in Table
2. Comparative values were plotted as a column diagram (Fig. 4,
D and E). Cleaved I-ANT has a K, of 28 nm for DP8 and 180 nm
for LMW heparin, which are similar to those of wild type of 34
nM for DP8 and 170 nM for LMW heparin. This implies that the
S-to-R transition does not influence I-ANT heparin binding
affinity. The variants K148A and K151A have 2.5-3-fold reduc-
tion in binding affinity for both DP8 and LMW heparin. R155A
has a 2.7-fold reduction for DP8 binding and 1.8-fold reduction
for LMW heparin binding. K144A, K145A, and K146A also
result in 1.4—1.6-fold reduction in affinity toward both hepa-
rins. Mutation of Arg-380 induces a 2-fold reduction in affinity
toward both heparins. Moreover, the variant K148A/K151A/
R155A exhibited remarkable reduced affinity to heparin, with
K, for LMW heparin binding decreased by 8.9-fold and K, for
DP8 binding decreased by 3-fold. Other variants only exhibited
a slightly increased dissociation constant. Overall, these data
are largely consistent with the results from heparin columns,
indicating that residues from helix D (Lys-148, Lys-151, Arg-
155) and residue Arg-380 contribute most to heparin binding.
The lesser effect of this triple mutation on DP8 binding might
reflect that the short oligosaccharide chain could bind I-ANT in
an alternative orientation, as observed previously with PCI (36),
whereas long oligosaccharide chain might have less freedom
due to its bulkiness.

Heparin Binding Properties—To check the effect of heparin
length and ionic strength on binding affinity, dissociation con-
stants of I-ANT binding to DP6, DP8, DP12, DP16, or DP20
were measured at several NaCl concentrations (Table 3). The
effect of heparin length using the linear fitting of the association
constant (K, = 1/K,) on heparin length (N) according to Equa-
tion 2 was assessed at 0.2, 0.25, and 0.3 M NaCl, respectively (Fig.
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Antithrombin (1AZX) 105 VEKFDTI-- - -SEKTSDQIHFFFAKLNCRLYRKANKSSK 139

ZPI (3F1S) 106 GLHLQAL - - - -KPTKPGLLPSLFKGLRETLSR - -NLELG 13
PN1 (4DYO) 62" UMRY - -GVN=- - = - - - GVGKILKKINKAIVSKKNK-DI 5
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FIGURE 3. The heparin binding site near helix D. Surface electrostatic anal-
ysis shows that I-ANT (A) has a larger positively charged area than that seen in
the native antithrombin-heparin complex structure (B) (PDB code 1AZX). All
of the positively charged residues in this region are shown as spheres in C
(IFANT) and D (antithrombin), with these two structures shown as schematics
with the same orientation. The RCL is colored in yellow, B-sheet A in red, helix
Ain green,and helix D in cyan. Heparin is shown as magenta sticks. E, sequence
alignment of residues between helix C and strand 2A based on the structures
of heparin-binding serpins (HCII, antithrombin, ZPI, PN1, and PAI-1). All of the
Lys and Arg residues are colored in red. The residues of helix D are underlined
in cyan with the CD loop of I-ANT indicated by an orange dashed line and helix
P of antithrombin indicated by a brown dashed line.

5A), with the corresponding x intercepts of 5.9, 6.8, and 6.2. The
minimal heparin binding sizes (L) are given by the x intercept +
1 (Table 3). Therefore, the minimal heparin length to fully
occupy the heparin binding site of I-ANT is about 8 monosac-
charide units. The calculated result is consistent with the exper-
imental findings that K, for DP8 is much lower than K, for DP6
at the same ionic strength (>10 times lower at 0.15 M and 0.2 M
NaCl) and is much closer to that of DP12, due to full occupancy.
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Furthermore, 8 monosaccharides appear to fit well with the
height of the positively charged region near helix D of - ANT
(supplemental Fig. 1). The slope of the linear fitting (Fig. 54)
also gives the values of the intrinsic dissociation constant
(K4, ino) for the minimal heparin chain at these three ionic
strengths: 0.22, 0.77, and 1.6 uM for 0.2, 0.25, and 0.3 m NaCl,
respectively (Table 3).

The dependence of heparin binding on ionic strength was
derived from the plot of log K, against log [Na"]. The slope of
this plot when linearly fitted with Equation 3 gives the product
of numbers of ionic interactions (Z) and ¥, and the y intercept
gives the nonionic dissociation constant (K,;). When the bind-
ing affinities of DP6, DP8, DP12, DP16, and DP20 at several
NaCl concentrations were plotted (Fig. 5B), the slopes of these
lines for DP6, DP8, DP12, DP16, and DP20 were 3.8, 4.5, 5.0,4.8,
and 4.5, respectively. The calculated Z values are 4.7, 5.7, 6.3,
6.0, and 5.6, correspondingly (Table 3), indicating that ~5 ionic
interactions contribute to DP6 binding to I-ANT and ~6 ionic
interactions contribute to 8 —20-monosaccharide heparin. The
fitting curves also determine the nonionic dissociation con-
stants (Kj;) of 0.89, 0.20, 0.13, 0.069, and 0.026 mm for DP6,
DP8, DP12, DP16, and DP20, respectively (Table 3). These val-
ues are several thousand-fold greater than the observed disso-
ciation constants of I-ANT (~10 nwm), illustrating that the hep-
arin binding affinity mainly depends on ionic interactions.

The affinity measurements of the H5* toward I-ANT show
that H5* binds I-ANT very tightly, with a K, of 37 nm at 0.15 M
NaCl, which is close to that of DP8 and about 14-fold smaller
than that of DP6 under the same ionic strength. This increased
binding affinity of H5* is probably attributable to its ability to
form more ionic interactions with 1-ANT than DP6 because
H5* is highly sulfated.

Overall, affinity measurements show that I-ANT binds hep-
arin tightly, with a K, value of ~10 nm involving ~8 monosac-
charides and ~6 ionic interactions. In comparison, antithrom-
bin binds heparin with a K, of a few nanomolar and 4 -5 ionic
bonds (17). HC II binds heparin with K, of 26 uM, involving 13
monosaccharides and 4 -5 ionic interactions (18).

Effect of Heparin on the Rate of Thrombin Inhibition by
[-ANT—Here we measured the second order association con-
stants (k,) and the SI of the interactions between I-ANT and
thrombin in the absence and presence of heparin by a discon-
tinued method (Table 4). The SI measurement indicates that
about 1.5 molecules of I-ANT are required to inhibit one
thrombin molecule. In the presence of HMW heparin, about
2.5 molecules of I-ANT are required to inhibit one thrombin
molecule. The apparent second rate constant (k,,,) was deter-
mined from the slope of the plot of the apparent first order rate
(k,ps) versus inhibitor concentration (Fig. 6A). The k, of the
reaction between thrombin and I-ANT, given by the product of
k,pp X SLis 500 M~ 's ™', which is comparable with the previous
measurement by Wang and Ragg (14). To test the effect of hep-
arin on the reaction between I-ANT and thrombin, k,; was
measured at a fixed concentration of I-ANT in the presence of
LMW or HMW heparin ranging from 10~° to 10 ug/ul. HMW
heparin accelerated the reaction with a bell-shaped dose-re-
sponse curve (Fig. 6B) with a maximum k, of 4.5 X 10* M~ "s™!
(Table 4), which is 90-fold faster. Rates of thrombin inhibition
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FIGURE 4. Identification of heparin binding site. A, heparin column affinity of I-ANT variants. I-ANT variants were loaded onto a 1-ml heparin column and eluted
with a 20-column volume (x axis) with a gradient of 0.3—-1.5 M NaCl (right y axis, brown dashed line). The left y axis shows the absorption value at 280-nm wavelength. Wild
type I-ANT (black line) is eluted at 820 mm NaCl. Variants K144A (red line) and K151A (blue line) are eluted at about 780 mm NaCl and 716 mm NaCl, respectively. The
variant K148A/K151A/R155A (termed AAA, green line) is eluted at about 615 mm NaCl. The exact values of NaCl concentrations in elution peaks are listed in Table 2. B,
fluorescence spectrum of TNS. The fluorescence spectrum of 5 um TNS alone is given as a black line. The TNS fluorescence intensity increases with the addition of 0.3
M -ANT (red line) and decreases in response to the addition of 0.1 um LMW heparin (cyan line). C, dissociation constants are non-linearly fitted by Equation 1 as
described under “Experimental Procedures.” All titrations were performed in solutions containing 5-10 um TNS in 50 mm Tris-HCl, pH 7.4, 20% glycerol, 0.1% PEG 8000.
Theionic strengths were adjusted by adding NaCl. Filled circles, wild type I-ANT; open circles, K151A. D and E, column diagram of the relative dissociation constant values
(K/K4,0) of the variants binding to LMW heparin (D) or 8-monosaccharide heparin (DP8) (E). The exact values are listed in Table 2.

by I-ANT were also measured in the presence of short heparin
chains of 8 -20 monosaccharide units of heparin, but even 25
uM 20-monosaccharides had little effect on thrombin inhibi-
tion. Although LMW heparin (average molecular weight of
5000) also marginally accelerated thrombin inhibition by
I-ANT in a similar bell-shaped curve (Fig. 6B), we suspect that
this is due to the presence of a small amount of long chain
heparin. Wang and Ragg (14) reported that heparin could accel-
erate the reaction between I-ANT and thrombin by nearly 810-
fold instead of the 90-fold measured here. The difference may
reflect the difference in heparin used and/or the different pro-
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duction systems of the recombinant serpin. Nevertheless, our
results are consistent with their findings that heparin mediates
thrombin inhibition following a bell-shaped dose-dependent
curve.

We also measured the k, of the interaction between I-ANT
variant P1R and thrombin and assessed the effect of heparin
(Fig. 6, C and D). This substitution of P1 residues with Arg does
not affect the SI of -ANT/thrombin interaction but increases
the association rate to 7.5 X 10° M~ ' s~ (Table 4), nearly 1500-
fold faster than wild type 1-ANT. This reaction is further
enhanced by 20-fold in the presence of HMW heparin with a k,
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TABLE 2

Binding of I-ANT variants on heparin column and dissociation constants measured by TNS fluorescence titration

Heparin column affinity”

Dissociation constant”

DP8 LMW
Protein [NaCl] in peaks [NaCl]y — [NaCl],, iane K, K,/K,,, K, K,/K,,,
mm mm nm M

WwWT 820 0 341 1 0.17 = 0.01 1

Cleaved 820 0 28+1 0.80 0.18 = 0.03 1.05
K76A 786 34 66 = 2 1.93 0.21 = 0.01 1.22
R79A 768 52 48 * 04 1.38 0.20 = 0.01 1.15
K144A 782 38 49 =3 1.44 0.24 = 0.01 1.38
K145A 791 29 533 1.54 0.24 = 0.01 1.36
K146A 777 43 56+ 6 1.63 0.28 = 0.01 1.63
K148A 718 102 87*x1 2.54 0.44 = 0.02 2.54
K151A 716 104 96 =5 2.80 0.52 = 0.01 2.99
R155A 728 92 92*1 2.67 0.31 = 0.02 1.81
K162A 774 46 44 * 1 1.28 0.17 = 0.01 0.98
R163A 788 32 57*+1 1.62 0.18 = 0.01 1.01
R380A 800 20 72%2 2.10 0.33 = 0.01 1.88
K438A 785 35 57*1 1.66 0.20 = 0.02 1.16
R440A 784 36 61 =7 1.79 0.16 = 0.01 0.94
K158A/K151A/R155A 615 205 105 =3 3.04 1.62 £ 0.08 8.89

“1-ANT variants were loaded onto a 1-ml heparin column and eluted with a 0.3-1.5 M NaCl gradient. The NaCl concentrations ([NaCl]) of the elution peaks are shown on

the left.

® The dissociation constant K, values of I-ANT variants were determined at 0.15 M NaCl for DP8 and at 0.3 M NaCl for LMW heparin in the presence of 5-10 um TNS in 50

mM Tris-HCI, pH 7.4, 20% glycerol, 0.1% polyethylene glycol 8000.

TABLE 3

The effect of heparin length and ionic strength on heparin binding affinity of I-ANT

The effect of heparin length was determined by a linear fitting using the Equation 2, and the influence of ionic strength was decided by a linear fitting using Equation 3 (see

Experimental Procedures). —, not determined.
Heparin K¢ (M)
length ) |MNaCI  0.15SMNaCl ~ 02MNaCl ~ 0225MNaCl  025MNaCl  03MNaCl 0.35M NaCl | Ky (mM)  Z
DP6 0.16+0.01 0.53+0.04 2.3+0.1 - - - - 0.89 4.7
DP8 - 0.034+0.005 0.12+0.01 - 0.45+0.05 0.71£0.04 - 0.20 5.7
DP12 - - 0.038+0.003 0.061+0.001 0.1620.01 0.27+0.01 - 0.13 6.3
DP16 ) - - - 0.093+£0.007  0.20+0.01 0.25+0.01 0.069 6.0
DP20 ) - - - 0.055+£0.006  0.11+0.01 0.49+0.05 0.026 5.6
K (M) 0.22 0.77 1.6
L 6.9 7.8 T2
of 1.4 X 107 M~ ' s~ * (Table 4) in a similar bell-shaped dose-de-  Discussion

pendent curve (Fig. 6D).

Antithrombin is a principal inhibitor of thrombin in human. Its
reaction with thrombin is not affected by short chain heparin but
rapidly increases by longer heparins (54). Its heparin-mediated
interaction also follows a bell-shaped curve, and the crystal struc-
ture of the ternary complex antithrombin:thrombin-heparin
confirms that heparin promotes their interaction by a bridging
mechanism (10, 11, 55). The bell-shaped dose-dependent curve
indicates that at an optimal concentration of long chain hepa-
rin, the inhibitor and protease bind the same heparin chain, and
at very high concentration, heparin attenuates the acceleration
rate of protease inhibition due to binding of the inhibitor and
protease to different heparin chains. The findings here that a
short oligosaccharide chain is insufficient to enhance thrombin
inhibition by I-ANT and that HMW heparin accelerates the
reaction following a bell-shaped dose-dependent curve suggest
that heparin mediates thrombin inhibition by I-ANT through a
similar bridging mechanism.
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Serpins are known to participate in many physiological pro-
cesses, such as blood coagulations, fibrinolysis, complement
activation, tumor suppression, hormone delivery, etc. (8, 56). In
this study, we have characterized lamprey angiotensinogen,
which has a dual function both in blood pressure regulation and
in blood coagulation in an early lineage of vertebrates. Appar-
ently, this ancient serpin kept its hormone carrier function over
500 million years, as seen in mammalian angiotensinogen,
whereas its function in the coagulation system has been
assumed by other serpins. Understanding the structural roles of
lamprey angiotensinogen in these two systems will shed light
on how the angiotensin system evolved to regulate blood pres-
sure and how thrombin activity was put under control in the
primitive coagulation system.

Lamprey Angiotensinogen as a Hormone Carrier—Lamprey
angiotensinogen shares about 30% sequence identity with ang-
iotensinogen from other vertebrates, with the angiotensin pep-
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FIGURE 5. Heparin-binding properties of I-ANT. A, effect of chain length on heparin affinity of I-ANT was determined by a linear fit using Equation 1/K, =
1/Ky ine X (N-L + 1). The x intercept of the linear plot gives the minimal heparin length L (x intercept + 1) at NaCl concentrations of 0.2 M (filled triangles), 0.25
M (open circles), and 0.3 m (filled squares), respectively. B, the effect of ionic strength on heparin affinity of I-ANT was determined by a linear fitting using the
equation, log K, = log Ky, + Z¥log [Na 1. The ionic interaction (Z) was calculated from the slope for DP6 (filled circles), DP8 (open circles), DP12 (filled triangles),
DP16 (open triangles), and DP20 (filled squares). The apparent strength of the nonionic interactions (Ky,) was determined from the y intercept. The detailed

values are listed in Table 3.

TABLE 4

Second order rate constants for the interactions between I-ANT and thrombin in the absence and presence of optimal concentration of heparin

The apparent second order rate constants (k) were determined from the slope of the linear plot of &,

app
the second order rate constant (k) corrected for SI values.

versus inhibitor concentration. The product of k,,, X Sl represents

obs

Rate of thrombin inhibition

Rate of thrombin inhibition + LMW

Rate of thrombin inhibition + HMW

I-ANT variants kal,p SI k2 (kal’p X SI) kapp SI k2 (kal,p X SI) kapp SI k2 (kapp X SI)
mts™! m st m st m st m st mts™!

WwWT 33+01X10> 1.5%+01 5.0X%10? 13*+0.1X10° 22*01 29x10° 1.8 £ 0.1 X 10* 25+01 4.5x10*

PIR 4.7 +01X10° 1.6*01 7.5X10° 1.9+02X10° 28=*0.2 53Xx10° ~4.7*0.5X10° 29*02 14X107

tide located at the N terminus (supplemental Fig. 2). Classically,
angiotensinogen is described as a passive hormone carrier;
however, recent findings indicate that human angiotensinogen
could actively regulate angiotensin release through an adjusta-
ble disulfide bond between residues Cys-18, near the N termi-
nus of angiotensinogen, and Cys-138 in the connecting loop
linking helices C and D (57). Both oxidized and reduced forms
of angiotensinogen are present in circulation, and angiotensin
release is affected by the redox state of this disulfide bond.
Interestingly, these 2 cysteines are largely conserved in all ang-
iotensinogens of vertebrates but not in early diverged lampreys
(supplemental Fig. 2). Also, it appears that only I-ANT possess
a functional reactive center loop for protease inhibition. The
crystal structure of lamprey angiotensinogen solved here (Fig.
2A) shows no electron density for the whole N-terminal tail
(~70 residues), which indicates that this part of the molecule is
highly flexible in lamprey angiotensinogen and is not anchored
closely to the body of the molecule, as seen with mammalian
angiotensinogens (57). Clearly, the addition of this disulfide
linkage between the N terminus and the helix C/D connecting
loop in higher vertebrates during evolution provides fine tuning
of hormone release from angiotensinogen, and the trade-off is
the loss of serpin typical S-to-R transition in angiotensinogen of
mammals.

Lamprey Angiotensinogen as a Thrombin Inhibitor—Throm-
bin, a key enzyme of blood coagulation, is present in all verte-
brates and shares important structural features, including the
60-loop, the anion binding exosites I and II, and the sodium site

24908 JOURNAL OF BIOLOGICAL CHEMISTRY

(58). Its activity is tightly controlled by serpins in mammals, and
the mechanisms by which serpins inhibit thrombin has been
well elucidated by several structures of serpin-thrombin
Michaelis complexes and many detailed biochemical analyses
(10, 11, 27, 30, 35). Thrombin inhibition often involves cofac-
tors, such as heparin or thrombomodulin, to allow localized
control of thrombin activity. Heparin can promote thrombin
inhibition either through an allosteric mechanism or a template
bridging mechanism. Although genome DNA sequence analy-
sis has shown that lampreys have a simple blood coagulation
system with fewer components, very little is known about how
lamprey thrombin is activated and how its activity is controlled
in vivo. Nevertheless, the amino acid sequence alignment of the
protease domain of lamprey and human thrombin shows that
~80% of thrombin residues are conserved during evolution
(supplemental Fig. 34). More importantly, ~90% of the key
residues of thrombin that form critical interactions with hepa-
rin and serpins, as identified from crystal structures of human
thrombin complexed with various serpins, such as antithrom-
bin, HCII, PCI, and PN1 (10, 27, 30, 35), are well preserved
(supplemental Fig. 3). Therefore, we have used human throm-
bin as a surrogate for lamprey thrombin and characterized
the heparin-mediated thrombin inhibition by lamprey
angiotensinogen.

Our study here shows that lamprey angiotensinogen has a
typical serpin fold with the ability to undergo S-to-R transition
and adopts the same suicidal inhibition mechanism in forming
covalently linked serpin-protease complexes as seen with other
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FIGURE 6. Effect of heparin on thrombin inhibition by I-ANT. Shown are the discontinuous measurements for the rates of thrombin inhibition by wild type

I-ANT (A) or P1R (C) without or with 0.1 ug/ul LMW or HMW heparin. The apparent second rate constants (k

app) Were determined from the slope of the plot of

kops versus inhibitor concentrations, which are listed in Table 4. Apparent first order rate constants (k) for wild type (B) or P1R (D) were measured with LMW
or HMW heparin ranging from 10 to 10 ug/ul under pseudo-first-order conditions containing 5 nm thrombin and 1.0 umI-ANT or 0.05 um P1Rin PBS with 0.1
mg/ml BSA and 0.1% PEG 8000. The k. values were obtained from the slope of semilog plots of residual enzyme activity measured from initial velocities of
S-2238 hydrolysis (A,s/min) versus time. Filled inverted triangles, |-ANT; open circles, -ANT + LMW; filled squares, I-ANT + HMW; filled triangles, P1R; open squares,

P1R + LMW,; filled circles, PIR + HMW.

inhibitory serpins. Furthermore, it has a much larger positively
charged surface area around helices D and A than other hepa-
rin-binding serpins (Fig. 3 and supplemental Fig. 1). Our
mutagenesis experiments indicate that the residues involved in
heparin binding in lamprey angiotensinogen are spatially con-
served when compared with antithrombin and HCIL. Residues
Lys-148, Lys-151, and Arg-155 in helix D are crucial for heparin
binding (Fig. 4D). Interestingly, it appears that Arg-380 located
in the connecting loop between helix ] and s5A also plays a role
in heparin binding. This indicates that lamprey angiotensino-
gen probably has an extended heparin binding site with heparin
binding lamprey angiotensinogen in an orientation slightly dif-
ferent from that of antithrombin (10, 11) and PN1 (30). A short
heparin with 8 monosaccharide units could be docked along
helix D with 3 sulfate groups forming interactions with these 4
key residues (supplemental Fig. 1).

More importantly, we have found that heparin binding does
not induce any significant conformational changes in lamprey
angiotensinogen. There are no changes in fluorescence inten-
sity and no changes in its inhibitory activity in the presence of
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short heparin oligosaccharides. This indicates that lamprey
angiotensinogen does not possess a delicate allosteric mecha-
nism adopted by antithrombin in inhibiting activated factor X
(24), but it utilizes a template mechanism where heparin could
bridge serpin and protease together by forming a ternary com-
plex (16). The heparin-accelerated thrombin inhibition by lam-
prey angiotensinogen requires an optimal concentration of
HMW heparin, where lamprey angiotensinogen and thrombin
could bind to the same heparin chain. High concentrations of
heparin attenuate thrombin inhibition due to binding of the
inhibitor and protease to different heparin chains. Therefore,
I-ANT inhibits thrombin through a heparin-mediated bridging
mechanism, and this heparin-mediated mechanism is well pre-
served during evolution from ancient vertebrates, such as lam-
preys, to high vertebrates over millions of years.

Another strategy that was adopted by this ancient serpin and
preserved in mammals is to maximize the inhibitor’s specificity
toward target protease by choosing a protease less favorable P1
residue and to increase activity through cofactor modulation.
In general, the single most important residue in determining
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the inhibitor’s activity and specificity is its P1 residue, which is
directly recognized by the active site of protease (8, 59). Most
serpins select a target protease via the use of preferred residues
at the P1 position for efficient recognition and inhibition. For
example, al-antitrypsin has a Met at P1 that enables efficient
inhibition of neutrophil elastase, and antithrombin, PAI-1, and
antiplasmin have Arg at P1 for their corresponding target pro-
teases. Mutations at P1 can result in serpins targeting wrong
proteases, leading to devastating consequences in humans as
observed with the al-antitrypsin Pittsburgh variant (60 -62),
where the original neutrophil elastase inhibitor is converted to
a potent inhibitor of thrombin and other trypsin-like proteases.
However, some serpins efficiently inhibit target protease
through non-conventional residues at P1 to avoid nonspecific
recognition by other proteases. For example, HCII possess a
Leu at P1 for thrombin inhibition, and ZPI holds a Tyr at P1 for
inhibiting factor Xa, although both proteases favor Arg at P1
(28, 63). The activity of these serpins toward their target pro-
teases could be enhanced and localized at sites where these
cofactors are present (16, 47). As seen here, lamprey angio-
tensinogen chooses Ile as the P1 residue for thrombin inhibi-
tion, and its reaction with thrombin is accelerated by heparin or
heparan sulfate (14). Once its P1 residue is mutated to an Arg,
the mutant reacts with thrombin more >1500-fold faster but
has far less selectivity toward other Arg favored proteases
(Fig. 1A).

Overall, this study shows that lamprey angiotensinogen, an
ancient serpin with dual functions in regulating blood pressure
and blood coagulation, has a typical serpin fold with a labile
angiotensin segment at its N terminus and inhibits its target
protease with the unique S-to-R conformational change. Fur-
thermore, it has an extended but spatially conserved heparin
binding site and inhibits thrombin through a bridging mecha-
nism, as seen with other heparin-binding serpins. Although
during evolution angiotensinogen has been relieved from its
duty in the blood coagulation system of higher vertebrates, the
unique features of lamprey angiotensinogen, such as S-to-R
transition, maximization of serpin specificity through selecting
a non-canonical P1 residue, and the cofactor-mediated tem-
plate mechanism in inhibiting protease, are persisting with
other serpins.
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