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Angiotensin lI-Forming Activity in a
Reconstructed Ancestral Chymase

Unnikrishnan M. Chandrasekharan, Subramaniam Sanker,
Manuel J. Glynias, Sadashiva S. Karnik, Ahsan Husain*

The current model of serine protease diversity theorizes that the earliest protease mol-
ecules were simple digestive enzymes that gained complex regulatory functions and
restricted substrate specificities through evolution. Among the chymase group of serine
proteases are enzymes that convert angiotensin | to angiotensin Il, as well as others that
simply degrade angiotensins. An ancestral chymase reconstructed with the use of phy-
logenetic inference, total gene synthesis, and protein expression had efficient and specific
angiotensin ll-forming activity (turnover number, about 700 per second). Thus, angio-
tensin ll-forming activity is the more primitive state for chymases, and the loss of such
activity occurred later in the evolution of some of these serine proteases.

Chymases are a family of closely related
mast cell serine proteases that are involved
in diverse functions such as peptide hor-
mone processing (1-4), the inflammatory
response (5), and parasite expulsion (6).
Although all chymases resemble chymotryp-
sin in that they hydrolyze peptide bonds at
the COOH-termini of hydrophobic aromat-
ic residues (such as Phe, Tyr, and Trp), the
use of an extended substrate-binding site
allows a remarkable degree of selectivity in
the bonds that are ultimately hydrolyzed
(7). For example, human and baboon chy-
mases efficiently form the potent vasocon-
strictor hormone angiotensin (Ang) Il by
cleaving the Phe®~His® bond in Ang I (2).
In the primate heart and its vessels, chy-
mase is a major Ang II-forming enzyme (8,
9). In contrast to chymotrypsin, which de-
grades Ang 11, the high specificity of human
chymase is illustrated by the fact that it
does not cleave the Tyr*~Ile® bond in Ang
I, and thus the generated Ang II is not
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degraded (2). Rat chymase-1 readily de-
grades Ang | and Ang 11 (3).

Is the specificity observed in some chy-
mases (that is, the formation of Ang II
without its subsequent degradation) an ear-
ly or late feature of evolution? Parsimony-
based reconstruction of ancestral ribonucle-
ase (10) suggested that a similar approach
could be used to reconstruct the original
state for chymase evolution. We created an
alignment of chymase and related leukocyte
serine protease sequences by using several
conserved primary and secondary structural
motifs as anchors (Fig. 1). The most parsi-
monious phylogenetic tree of leukocyte
serine proteases was inferred by parsimony
analysis, which has been shown to accurate-
ly predict known phylogeny (11). The boot-
strap value (95%) supports the segregation
of chymases as a distinct group of enzymes
within the leukocyte serine protease family
of enzymes. Within the chymase group of
enzymes, human chymase, baboon chymase,
dog chymase, and mouse chymase-5 form a
distinct subgroup that we have classified as
a-chymases (bootstrap value, 98%). Al-
though we classified the remaining known
mammalian chymases as B-chymases, the
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moderate bootstrap value (78%) assigned to
this branch makes it less certain whether
the B-chymases represent a homogeneous
subgroup. However, we believe that the
topology of evolutionary relations predicted
by parsimony is the best estimate of the true
phylogeny of the leukocyte serine protease
sequences, because analysis of these se-
quences by the unweighted pair-group

method of arithmetic averages yielded a
tree with an identical topology.

The predicted sequence of the 226-resi-
due ancestral chymase (Fig. 2) was recon-
structed by parsimony analysis (node 1, Fig.
1B); 93.4% of these residues were deter-
mined unambiguously by parsimony analy-
sis. Assignments for the remaining 15 resi-
dues were made from chymase sequences

(Fig. 2A). The ancestral chymase differs
from known chymases by 52 to 100 residues
(23 to 34% difference) (Fig. 2B). Because of
the number and wide distribution of these
changes (Fig. 2ZA), we found it necessary to
chemically synthesize the entire gene for
the ancestral chymase. This gene was con-
structed with the human chymase signal
and activation peptide sequences, and re-
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Fig. 1. Alignment and phylogenetic relations of several leukocyte serine g 75 m-GrG
proteases (17). (A) Alignment of chymases (Chy), granzymes [Gr and KCP 100 e E"“G'F
(Killer cell protease)], cathepsin G (CathG), and kallikreins (Kal). The prefixes 98 mGrD

h, b, d, r, and m refer to sequences from human, baboon, dog, rat, and
mouse, respectively [see (73) for sources]. The numbering system used here
is based on the sequence of the mature human chymase. Asterisks denote
residues that are conserved in all serine proteases described here; dashes
indicate alignment gaps. Enzyme sequences were trimmed to remove signal
and activation peptide sequences. Where necessary, COOH-terminal se-
quences of some enzymes beyond residue 226 (chymase numbering) were
also deleted. (B) Phylogenetic relations within leukocyte serine proteases as
derived from parsimony analysis of the 23 aligned enzyme sequences shown
in (A). Parsimony trees were inferred with PAUP (78). The trees were rooted
with two closely related mouse kallikrein sequences as an outgroup. A heu-
ristic method was used to find the shortest trees. However, because heuristic
parsimony algorithms can-get trapped in local optima (78), multiple starting
trees were generated through random addition. One most parsimonious tree
of 1171 steps was found by this method. The bootstrap resampling method
(79) was used to evaluate the support for the internal branches of this tree.
Bootstrap percentages from 525 replications are shown on each supported
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Fig. 2. (A) Primary structure of the ancestral chymase at node s (Fig. 1B)
predicted by parsimony analysis. Except for eight residues indicated below,
the ancestral ‘chymase sequence was inferred through PAUP (77, 18). The
numbering system used is based on the sequence of the mature human
chymase. Residues conserved in all chymases are indicated by a dot. Non-
conserved residues in chymases that are found in one or more «- and 3-chy-
mases are indicated by an asterisk; those found in one or more «- but not
B-chymases are indicated by the symbol +; and those found in one or more 3-
but not a-chymases are indicated by the symbol . For 15 residues (under-
lined), parsimony-based assignments were ambiguous. Assignment for seven
of these residues was arbitrarily determined by PAUP. The remaining

combinant protein was generated (12, 13).
Kinetic studies revealed two properties
of the ancestral chymase. First, the ances-

tral chymase specifically cleaves the Phe®-
His? bond in Ang I to generate Ang 11, but
does not cleave the Tyr*-Ile’ bond in Ang

eight residues were assigned to adjust the net positive charge of the ancestral
chymase to +18. The net positive charge on a typical chymase is between
+12 and +22 and is organized in two clusters. These positively charged
clusters may play an important role in binding to heparin within the mast cell
granule and in heparin-dependent zymogen activation (73). The substrate-
binding cleft is located centrally but is far from these two charged clusters (20).
In the final construction, 3 of the 15 ambiguously assigned residues were
found exclusively in a-chymases; the rest were found exclusively in B-chy-
mases. (B) Similarity of the ancestral chymase to known chymases. Values
show percentage identity among known chymases and the ancestral chy-
mase (an-Chy, ancestral chymase; other abbreviations as in Fig. 1).

I and II that is sensitive to rat chymase-1
and chymotrypsin (Fig. 3 and Table 1).
Ancestral chymase-dependent cleavage of
the Phe®~His” bond is at least 1000 times as
fast as cleavage of the Tyr*-Ile® bond (Ta-
ble 1). Second, the turnover number for the
a cleavage of the Phe®~His” bond by the an-
cestral chymase (k_,, =~ 700 s™!) is about
a five times that for human chymase and
about 80 times that for Ang [—converting
¢ enzyme (14); indeed, it is one of the highest
turnover numbers reported for any protease.

We previously showed that multiple de-
terminants, both in the acyl and leaving
groups of the substrate, are necessary for the

Fig. 3. Differences in specificities of DRVYIHPFHL

rat chymase-1 (r-Chy1), human ab——— ((Angl) a
chymase (h-Chy), and ancestral b——— (Angll) b
chymase (an-Chy) toward angio- 3 ’—‘_'

tensins as shown by high-perfor- e : -

mance liquid chromatography f —

(HPLC) profiles of degradation of

Ang |. Time-dependent incubations e de

(20 to 60 min) were performed with b4

each protease (2 to 100 fmol) in as- < I ¢

say buffer (20 mM tris-HCI buffer, l L
pH 8.0, containing 0.5 M KCI and E\\@ J
0.1% Triton X-100) containing 500 TN <

wM Ang |I; the products were re- A X :
solved by reversed-phase HPLC as 6 é “1

described (7). Only one time point,
representing a ~50% degradation

Table 1. Kinetic constants for Ang Il formation from Ang I by human and ancestral chymases, and for Ang
Michaelis constant). Kinetic constants were determined as
value for the degradation of Ang | by rat chymase-1 could not be determined (ND)

Il degradation by rat chymase-1 (n = 3; K
described (7). A k_,
because two peptide bonds were split simultaneously.

m’

Retention time (min)

of Ang |, is shown for each chymase. HPLC peaks occurring at the retention time of Ang I, Ang Il, Ang
I-(6-10), Ang I-(1-4), Ang I-(9-10), and Ang I-(5—8) synthetic standards are labeled a, b, c, d, e, and f,
respectively [the residues contained in each standard are shown (77)]. Note that rat chymase-1 cleaves
the Tyr*-lle® bond in Ang | more rapidly than it cleaves the Phe®-His® bond, thereby degrading Ang | at
a much faster rate than it can form Ang Il. Human chymase and ancestral chymase only cleave the
Phe8-His® bond in Ang |, thereby leading to a stable formation of Ang Il. A,,,, absorbance at 214 nm.

h-Ch);n-Chy high specificity of human chymase (7),
b r-Chy which implies that the extended substrate-
. . ' binding site of human chymase is involved
6 8 10 in determining substrate specificity. Be-

cause molecular modeling showed a mosaic
of a- and B-chymase residues in the ex-
tended substrate-binding site of the ances-
tral chymase, it is unclear which residues
in this site are responsible for the observed
specificity. We believe that the 15 resi-
dues in the ancestral chymase sequence
that could not be assigned unambiguously
(Fig. 2) did not bias the kinetic results in
favor of Ang II-forming activity (a-chy-
mase phenotype), because (i) only 3 of
these 15 residues were from a-chymases,
and (ii) molecular modeling indicated
that none of these 15 residues occur in the

Enzyme Substrate K., (11M) K, (s7) kcelt<Krrl ; substrate binding site, and hence they are
(WM™ likely to alter specificity. These results
unlikely to alter spec y

Human chymase Ang | 40+ 1.3 146 + 1.9 36 imply that before a- and B-chymases di-

Ancestral chymase Ang | 166 = 16 720 + 65 4.3 verged, the ancestral chymase was an effi-

Rat chymase-1 Ang | - ND - cient Ang [I-forming enzyme. Thus, chy-

Human chymase Ang Il - <0.05* - mases with lower substrate specificity [for

Ancestral chymase Ang Il - <0.05 - example, rat chymase-1 (3)] must have

Rat chymase-1 Ang 5516 4.7 £ 0.04 0.085 evolved later for less discrete digestive

*Minimum k., detectable was 0.05 s~ 7. functions; however, more reconstructions
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are required to determine at what point in
evolution this loss of specificity occurred.

Only a single a-chymase gene is
present in humans and baboons (8) and
only a single a-chymase has been de-
scribed in dogs. In contrast, five chymase
isoenzymes have been identified in mice
and two in rats. Four of the five mouse
chymases are of the 8 subtype, and one is
of the a subtype; both rat chymases are of
the B subtype (13). One possibility that
could explain this distribution of chymase
isoenzymes is that the a- and B-chymases
split apait when rodents branched off from
other mammals. We believe, however,
that the division into a- and B-isoenzymes
occurred long before mammals branched
off from therapsids because mouse chy-
mase-5 segregated from other rodent chy-
mases as an a-chymase (bootstrap value,
98%; Fig. 1B). This hypothesis implies
that humans and baboons have lost their
B-chymase genes and that rats have lost
their a-chymase gene. Ang Il contributes
to cardiovascular regulation in several
nonmammalian species (15), but pathways
for its synthesis have been explored largely
in mammals. Because mast cells occur in
frogs, birds, and lizards (16) and because
the reconstructed ancestral chymase is an
efficient Ang Il-forming enzyme, we spec-
ulate that a chymase-dependent pathway
of Ang II formation occurred early in ver-
tebrate evolution.
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Molecular Cloning and Disease
Association of Hepatitis G Virus:
A Transfusion-Transmissible Agent

Jeff Linnen, John Wages Jr., Zhen-Yong Zhang-Keck,
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An RNA virus, designated hepatitis G virus (HGV), was identified from the plasma of a
patient with chronic hepatitis. Extension from an immunoreactive complementary DNA
clone yielded the entire genome (9392 nucleotides) encoding a polyprotein of 2873 amino
acids. The virus is closely related to GB virus C (GBV-C) and distantly related to hepatitis
C virus, GBV-A, and GBV-B. HGV was associated with acute and chronic hepatitis.
Persistent viremia was detected for up to 9 years in patients with hepatitis. The virus is
transfusion-transmissible. It has a global distribution and is present within the volunteer

blood donor population in the United States.

Although sensitive and specific tests for
detection of the known hepatitis viruses are
available (1), the etiology of a substantial
fraction of post-transfusion (2) and commu-
nity-acquired hepatitis (3) cases has re-
mained undefined, suggesting the existence
of additional causative agents. To identify
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such an agent, designated hepatitis G virus
(HGV) (4), molecular cloning was initially
performed with plasma from a patient des-
ignated PNF2161, who was originally iden-
tified as having non-A, non-B viral hepati-
tis through the Centers for Disease Control
and Prevention (CDC) Sentinel Counties
Study of Viral Hepatitis (3). Patient
PNF2161 was initially believed not to be
infected with hepatitis C virus (HCV), on
the basis of consistently negative results
with a first-generation immunoassay (the
Ortho HCV ELISA Test System; Ortho
Diagnostics, Raritan, New Jersey). Howev-
er, subsequent testing with a second-gener-
ation HCV immunoassay (also from Ortho)
and a polymerase chain reaction (PCR)
assay based on HCV 5’ untranslated region
primers (5) demonstrated that PNF2161
was infected with HCV.

Library construction and immuno-
screening with plasma from PNF2161 were
performed as described (6). Sequence anal-
ysis of immunoreactive clones isolated from
the PNF2161 A gt11 library revealed HCV-
related sequences as well as several sequenc-
es that did not match any in the GenBank
database (7). PCR primers designed from
these nonmatching sequences were used to
determine that they were exogenous to
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