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Structural basis of profactor D activation: from a
highly flexible zymogen to a novel self-inhibited
serine protease, complement factor D
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The crystal structure of profactor D, determined at
2.1 Å resolution with an Rfree and an R-factor of 25.1
and 20.4%, respectively, displays highly flexible or
disordered conformation for five regions: N-22, 71–76,
143–152, 187–193 and 215–223. A comparison with the
structure of its mature serine protease, complement
factor D, revealed major conformational changes in
the similar regions. Comparisons with the zymogen–
active enzyme pairs of chymotrypsinogen, trypsinogen
and prethrombin-2 showed a similar distribution of
the flexible regions. However, profactor D is the most
flexible of the four, and its mature enzyme displays
inactive, self-inhibited active site conformation. Exam-
ination of the surface properties of the N-terminus-
binding pocket indicates that Ile16 may play the initial
positioning role for the N-terminus, and Leu17 prob-
ably also helps in inducing the required conformational
changes. This process, perhaps shared by most chymo-
trypsinogen-like zymogens, is followed by a factor D-
unique step, the re-orientation of an external Arg218
to an internal position for salt-bridging with Asp189,
leading to the generation of the self-inhibited factor D.
Keywords: conformational change/crystal structure/
factor D/serine protease/zymogen activation

Introduction

Proteases are often synthesized as larger precursors, also
termed pro-enzymes or zymogens, which carry N-terminal
extensions that regulate the proteolytic activity (Neurath,
1984). The length of the activation peptides and their
mechanisms of action vary largely from one protease to
another, even within the same family, such as the serine
protease family (Bakeret al., 1993; Khan and James,
1998). Serine proteases with a chymotrypsin fold have
been studied extensively, and a wealth of information has
accumulated on the structural basis of zymogen activation.
Structural and functional comparisons between the zymo-
gens and mature enzymes have demonstrated that the pro-
enzymes of chymotrypsin-like serine proteases can be
activated through several different mechanisms. One com-
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mon mechanism involves the conformational change of
an activation domain, such as in chymotrypsinogen (Freer
et al., 1970; Wanget al., 1985), trypsinogen (Bodeet al.,
1976; Kossiakoffet al., 1977; Stroudet al., 1977; Bode
and Huber, 1978; Walteret al., 1982) and prethrombin-2
(Vijayalakshmi et al., 1994; Malkowski et al., 1997).
Another mechanism involves removal of a pro-region that
blocks accessibility to the active site, such as inα-lytic
protease where the C-terminal region of a pro-peptide
obstructs the substrate-binding site (Sauteret al., 1998).
Additionally, a single-chain tissue-type plasminogen activ-
ator was shown to use a unique Lys156 to induce an
active conformation in the zymogen (Bode and Renatus,
1997; Renatuset al., 1997). Considering the diversity of
the protease structures and functions, additional activation
mechanisms can be expected.

The focus of our study is the activation mechanism of
human complement factor D (FD). FD is a chymotrypsin-
like serine protease essential for the activation of the
alternative pathway of the complement system (reviewed
in Volanakis and Narayana, 1996). FD circulates in blood
devoid of an activation peptide, indicating a unique
mechanism regulating its activity. Numerous crystallo-
graphic and mutational studies on FD have indeed shown
it to be a unique serine protease. On the one hand, it has
extremely restricted substrate specificity, cleaving a single
bond of its only natural substrate, C3b-bound factor B,
and displays low esterolytic activity towards synthetic
substrates (Lesavre and Mu¨ller-Ebarhard, 1978; Kamet al.,
1987). On the other hand, it is a highly efficient protease
that apparently does not require regulation by a specific
activating enzyme or a natural protease inhibitor. These
unique functional characteristics were shown to correlate
well with the atypical structural features of the FD active
site. In six independent FD structural variants (Narayana
et al., 1994a; Coleet al., 1997, 1998; Jinget al., 1998),
we observed consistently atypical conformations for the
catalytic triad residue His57 and loop 214–218 that lines
one side of the primary substrate-binding pocket (S1
pocket). Its overlap with the inhibitor-binding positions
in typical serine proteases and a salt bridge formed between
Arg218 and Asp189 led to the proposal that loop 214–
218 acts as a self-inhibitory loop that dictates the resting
state conformation of FD (Jinget al., 1998). This loop
has also been proposed to be critical for binding the single
natural substrate of FD, together with two other flexible
loops near the active site. These structural features support
the model proposed by Volanakis and Narayana (1996)
that the natural substrate of FD induces a reversible
conformational change on FD, from the resting state to
an active state where the catalytic triad and substrate-
binding site are in catalytic conformation.

Although no activation peptide is present on FD as it
circulates in blood, its cDNA encodes, in addition to the
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Fig. 1. The packing of four PFD molecules in one asymmetric unit.

mature FD sequence, a putative activation peptide (White
et al., 1992). This peptide is apparently cleaved off
intracellularly by some unidentified endopeptidase before
secretion of FD into blood. Expression of the cDNA using
mammalian cells produces mature FD, whereas expression
in insect cells using a baculovirus system produces pro-
FD (PFD) containing a six or seven residue long activation
peptide (Yamauchiet al., 1994). PFD expresses no proteo-
lytic activity, although it can be converted to functional
FD by catalytic amounts of trypsin. Thus, it can be
considered as a zymogen of FD (Yamauchiet al., 1994).
However, unlike zymogen activation of other typical serine
proteases, the conversion of PFD to FD results in the
atypical, self-inhibited conformation of the active site. To
understand the structural basis of the unique PFD activation
and its similarities to and differences from the canonical
zymogen activation mechanisms, we determined the struc-
ture of PFD and compared it with those of FD and
zymogen–active enzyme pairs of chymotrypsinogen, tryp-
sinogen and prethrombin-2.

Results

Overall description
The structure of PFD was solved at 2.1 Å resolution in a
P21 crystal form containing four molecules in the asymmet-
ric unit. The four molecules (A, B, C and D) are arranged
as two dimers related to each other by 12° of rotation
plus approximately a half translational component along
thec axis (Figure 1). Within each dimer, the two monomers
are related to each other by a non-crystallographic 2-fold
of 179.1 and 180.0°, respectively. The structure was
refined to anRfree of 25.1% and anR-factor of 20.4 for the
reflections ranging from 30 to 2.1 Å resolution (Table I).
The Luzzati coordinates error of the structure is
0.25 Å. Of the 821 residues observed, 99.3% are in the
core or additionally allowed regions in the Ramachandran
plot, five residues (A: Asp153, B: Asp173, C: Ala61A,
C: His171, C: His172) are in the generously allowed
regions, and no residues are in the disallowed regions.

The observed residues generally have high real-space
correlation coefficients (.0.9), as illustrated in Figure 2.

805

However, the electron densities are diffused for a few
flexible regions. Some of these regions have no traceable
density, while others can be traced by lowering the density
level to 0.5σ. The traceable flexible regions and the termini
of the completely disordered regions usually have high
B-factors that increase gradually from the ordered part to
the flexible part (Figure 2). This pattern and the location
of the highB-factor regions are consistent among the four
molecules, thus indicating a true flexibility for those
regions. Molecule A is the most complete structure of the
four, missing only the N-terminal extension residues
(N-15) and residues 144–151 (chymotrypsinogen num-
bering is used), while the other three molecules are missing
more residues, including N-21, 144–151, 187–192 and
217–223 (Table I). As described in detail below, most of
the disordered regions are involved in interactions with
the N-terminus in the mature enzyme. Besides these four
regions, three other regions also show flexibility in all
four molecules (Figure 2): residues 60–61C are in loop
L5 which is flexible in almost all FD structural variants
(Jing et al., 1998); residues 71–76 are in loop L6 which
interacts with residues 144–151 ordered in FD but dis-
ordered in PFD; and residues 170–175 are in helix H2,
which consistently has several residues with restrained
geometry (Narayanaet al., 1994a; Jinget al., 1998). After
aligning the structures and excluding the regions with Cα–
Cα distances.3.8 Å, the overall r.m.s.d. for each pair of
the four PFD structures is ~0.5–0.6 Å (Table II).

Similarly to FD, PFD displays a two-domainβ-barrel
structure with six or sevenβ-strands in each domain
(Figure 3). The flexible loops 60–61C and 71–76 are
located within the N-terminal domain but close to the
junction of the two domains, whereas all the other flexible
regions are located within the C-terminal domain. Interest-
ingly, all of these flexible regions are located on one
region of PFD, which in chymotrypsin-like serine proteases
carries all the structural elements for efficient catalysis:
the catalytic triad (Asp102–His57–Ser195), the oxyanion
hole (Gly193–Asp194–Ser195), the S1 pocket and the
non-specific substrate-binding site (loop 215–217) (Perona
and Craik, 1995). We therefore focus the structural compar-
isons on these elements to illustrate how their conforma-
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Table I. Statistics on diffraction data and refined model

Resolution range (last shell) (Å) 30–2.1 (2.18–2.1)
Data completeness 98.5% (96.8%)
Rmerge 6.6% (23.4%)
Average I/σ 13.8 (3.9)
No. of observations 93 825
No. of unique reflections (ù2σ) 43 713
Cell dimensions 65.05, 70.32, 85.30

90.00, 101.98, 90.00
R-factor 20.4%
Rfree 25.1%
Luzzati coordinates error (Å) 0.25
R.m.s.d. bonds 0.008
R.m.s.d. angles 1.432
R.m.s.d. dihedrals 28.415
R.m.s.d. impropers 0.766
No. of atoms 6766
No. of residues in the asymmetric unit 821
No. of water molecules 636
AverageB-factor of protein atoms 23.6
AverageB-factor of waters 32.4

A B C D
AverageB-factor 24.71 23.79 24.61 21.31
No. of observed residues 221 202 199 200
Observed residues 16–143 22–142 22–143 22–143

152–243 152–186 153–186 152–186
193–216 194–215 194–216
223A–243 223A–243 224–243

tions can be affected by the N-terminal extension of the
zymogen.

Comparison of PFD with FD
The structure of FD in complex with a small inhibitor,
isatoic anhydride, was chosen to represent FD because it
was determined at high resolution (1.5 Å), structural
differences from native FD are minimal and one molecule
is present in the asymmetric unit (Jinget al., 1998).
Molecule A was chosen to represent PFD because it is
more complete and comprises the common structural
features of molecules B, C and D.

In FD, the positively charged N-terminus forms a salt
bridge with Asp194. The side chains of the first two
residues, Ile16 and Leu17, participate in two distinct
hydrophobic clusters. The hydrophobic cluster associated
with Ile16 is internal, comprising Val138, Val158, Leu160,
Leu199, Val213 and Tyr228, whereas that associated with
Leu17 is smaller and more external, comprising Ile143,
Cys191 and Cys220. Immediately following the N-
terminus is a shortβ-strand (E1) located on the surface
of FD and forming main chain hydrogen bonds withβ-
strand E9. Topologically, the N-terminus and the E1
β-strand seem to make up a ‘hook’ that extends from the
C-terminal domain to the N-terminal domain, thus helping
to hold the two domains together (Figure 3). In PFD,
because of the presence of additional residues at the N-
terminus, the above interactions involving the N-terminal
region are disrupted. The extended N-terminal region flips
out, forcing the E1 strand to assume a loop conformation
(Figure 3). The N-terminal region extends towards a
neighboring molecule and differs from the corresponding
region of FD starting from residue His25.

Loop 144–151 becomes completely disordered because
of the displacement of the N-terminus. In FD, this loop
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makes several hydrogen bonds with the N-terminal region,
and the internal Ile16–Asp194 salt bridge is located
directly underneath it. Some of the residues from this loop
are close to the Ile16 and Leu17 hydrophobic clusters that
become partially destabilized in PFD due to the absence
of the interactions with Ile16 and Leu17. Loop 144–151
also interacts extensively with FD loops 71–76 and 187–
192, both of which are disordered or flexible in PFD.

Loops 187–193 and 216–223 form two of the walls of
the S1 pocket in FD, where the latter is also part of the
non-specific substrate-binding site. These two loops are
linked to each other through a disulfide bond between
Cys191 and Cys220 and the FD-unique salt bridge between
Asp189 and Arg218. In PFD, while these loops are
disordered in molecules B, C and D, they are traceable in
molecule A, and loop 188–193 is re-arranged into a 310
helix. Arg218 present on the left side of the S1 pocket
flips out and its guanidino group extends over the pocket
to the right side wall, where it makes a pseudo salt bridge
with the carboxyl end of the newly formed 310 helix
(Figure 3). Thus, the side chain of the Arg218 may act as
a latch, blocking the entrance to the S1 pocket. The
ordered conformation of these two loops in molecule A
preserves the disulfide bond between Cys191 and Cys220,
but their Cα atoms are 5 or 7 Å away from the respective
positions in FD. It should be noted, however, that some
intra- and intermolecular interactions observed in molecule
A, but not in molecules B, C and D, may be stabilizing
the conformations of these two loops in molecule A.

The disordering of loop 187–193 in molecules B, C
and D and its acquisition of 310 helical conformation in
molecule A result in the distortion of the geometry of the
oxyanion hole geometry in PFD. In the active serine
proteases, the oxyanion hole is composed of the amine
groups of three highly conserved residues, Gly193, Asp194
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Fig. 2. Structure qualities as indicated by (A) B-factor and real-space correlation coefficient plots and (B) electron density map of the active site.
Secondary structure elements shown on the top are numbered sequentially from the N- to the C-terminus, as those in FD. L, loops; E,β-strands;
H, helices.

Table II. Comparison of PFD, FD, chymotrypsinogen, trypsinogen and prethrombin-2a

A B C D

A – 0.492 (193) 0.594 (190) 0.620 (190)
B – 0.540 (190) 0.604 (196)
C – 0.581 (190)
D –

FD chymotrypsin trypsin thrombin
Zymogen molecule A 0.790 (188) 0.722 (227) 0.620 (205) 0.679 (216)
Zymogen molecule B 0.775 (192) 0.712 (227) 0.498 (212) 0.680 (209)

aR.m.s.d.s are calculated for all regions excluding the Cα–Cα distances.3.8 Å. The number of matched Cα atoms is listed in parentheses. The PDB
structures selected for comparisons are FD (1BIO, Jinget al., 1998), chymotrypsin (4CHA, Tsukada and Blow, 1985), trypsin (1PPC, Bodeet al.,
1990), thrombin (1PPB, Bodeet al., 1989), chymotrypsinogen (2CGA, two NCS-related molecules), trypsinogen (1TGN and 2TGT) and
prethrombin-2 (1HAG and 1MKX).

and Ser195, which together stabilize the negative charge
developing on the carbonyl oxygen of the P1 residue
during the transition state. In PFD, the carbonyl group of
Gly193 points towards the corresponding oxyanion hole
position in FD, thus changing the charge composition and
geometry of the oxyanion hole, resulting in disfavoring
of the binding of the P1 residue. This conformational
change is accompanied by a twist in Asp194 which,
instead of salt-bridging with the mature N-terminus, forms
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hydrogen bonds with His40–NE2 and/or the main chain
nitrogen or oxygen atoms of residues 43, 139, 141 or 142.

The catalytic triad displays active conformation. This
structural difference from FD can be explained by the
removal of the steric hindrance between His57 and the
self-inhibitory loop 214–218. The flipped conformation of
Arg218 described above results in lowering of the back-
bone of the self-inhibitory loop and subsequently of the
side chain of Ser215, thus allowing His57 to take up the
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Fig. 3. Stereo view of the overall and active site conformations of PFD in comparison with FD. (A) Overall structure and (B) active site. Molecule
A of PFD is shaded and FD is not shaded. The figure was prepared using RIBBONS (Carson, 1997).

typical serine protease conformation. However, His57 in
molecule C displays an atypical conformation similar to
that in FD, despite the absence of the self-inhibitory loop.
The side chain of His57 seems to have been pushed away
by the side chain of Ser195 whose Cα atom is shifted,
along with residues 194–197, by 1.5 Å towards His57.

In summary, the comparison between FD and PFD
shows that the major conformational changes are located
in the regions that are disordered or flexible in PFD.
Except for the catalytic triad, the other three catalytic
elements, oxyanion hole, S1 pocket and non-specific
binding site, have either disordered (molecule B, C and
D) or inactive (molecule A) conformations in PFD. This
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deformed catalytic apparatus could explain the resistance
of PFD to diisopropyl fluorophosphate (DFP) inhibition
and its lack of proteolytic activity (Yamauchiet al., 1994).

Comparison of PFD with other zymogens
The flexible regions and active catalytic triad conformation
described above for PFD had also been observed previ-
ously in a number of other zymogens, such as chymo-
trypsinogen, trypsinogen and prethrombin-2 (Table III).
In a review by Huber and Bode (1978), the disordered
regions in trypsinogen were first said to comprise an
‘activation domain’ that is inter-digitized in the active
enzyme. Glycine residues are found frequently at the
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Table III. Known zymogen structures in the chymotrypsin-fold family

Zymogen Conformation state PDB code (resolution) Reference

Chymotrypsinogen native 1CHG (2.5) Freeret al. (1970)
2CGA (1.8) Wanget al. (1985)

1 natural inhibitor 1CGI (2.3), 1CGJ (2.3) Hechtet al. (1991)
1 procarboxypeptidase 1PYT (2.35) Gomis-Ruthet al. (1995, 1997)
and proproteinase E

Trypsinogen native 1TGN (1.65) Kossiakoffet al. (1977)
1TGB (1.8) Fehlhammeret al. (1977)
1TGC (1.8), 1TGT (1.7) Walteret al. (1982)
2TGA (1.8), 2TGT (1.7) Walteret al. (1982)

1 natural inhibitor 4TPI (2.2) Bodeet al. (1978)
2TPI (2.1) Walteret al. (1982)
1TGS (1.8) Bolognesiet al. (1982)
3TPI (1.9), 2TGP (1.9) Marquartet al. (1983)

1 DFP 2TGD (2.1) Jones and Stroud (1986)a

Prethrombin-2 1 hirugen 1HAG (2.0) Vijayalakshmiet al. (1994)
1 α-thrombin 1MKW (2.3), 1MKX (2.2) Malkowskiet al. (1997)

Proproteinase E truncated form 1FON (1.7) Pignolet al. (1994)
1 chymotrypsinogen 1PYT (2.35) Gomis-Ruthet al. (1995, 1997)
and procarboxypeptidase

Single-chain tissue-type 1 synthetic inhibitor 1BDA (3.25) Renatuset al. (1997)
plasminogen activator
α-Lytic protease complex with pro-region 4PRO (2.4) Sauteret al. (1998)
Profactor D native 1FDP (2.1) this study

aProtein Data Bank, accession code 2tgd.

termini of the disordered regions, and some of them have
aromatic residues next to the glycines. These residues have
been proposed to act as hinges and anchors, respectively,
facilitating the process of zymogen activation. We find
that the overall distribution of flexible regions in PFD is
similar to those in chymotrypsinogen, trypsinogen and
prethrombin-2 and correlates with the distribution of the
high B-factor regions (Figure 4). However, the magnitude
and width of the conformational changes following activa-
tion peptide cleavage are clearly different (Figure 5). In
an attempt to understand further the structural basis of
zymogen activation, especially the uniqueness of PFD to
FD conversion, we compared these four zymogen–active
enzyme pairs and correlated the differences in conforma-
tional changes with the differences in primary and second-
ary structures of the regions involved.

The activation peptides of PFD and trypsinogen are six
or seven residues long, whereas those of chymotrypsinogen
and prethrombin-2 are much longer and linked to the main
body of the structures by identical disulfide bonds between
Cys1 and Cys122. Consistently, the activation peptides of
chymotrypsinogen and prethrombin-2, despite having high
B-factors, patch on the protein surface with some loop
and some helical conformations, whereas those of PFD
and trypsinogen are completely missing (Figure 4). There-
fore, the length of an activation peptide and its disulfide
linkage with the rest of the structure probably determine
its degree of ordering. When the activation peptide gets
even longer, such as that inα-lytic protease, the pro-
region folds up into an individual domain and facilitates
protein folding (Sauteret al., 1998). Interestingly, the
fold displayed by this pro-region is similar to those in
procarboxypeptidase (Collet al., 1991; Guaschet al.,
1992) and pro-subtilisin (Gallagheret al., 1995) that
nevertheless display a serine protease fold different from
the chymotrypsinogen-fold.

The N-terminal region of PFD is distinct among the
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four zymogens because it deviates significantly from that
in FD up to residue His25, as compared with Gly19 in
the other three zymogens. Also, the Cα atom of Ile16
undergoes a 34.7 Å shift during the PFD to FD con-
version, as compared with shifts of 10.7 Å in
chymotrypsinogen, 13.0 Å in trypsinogen and 16.5 Å
in prethrombin-2. This implies that the N-terminal region
of PFD would be more exposed, as perhaps required for
efficient cleavage and secretion. Gly19 is conserved among
the four zymogens and probably plays two roles in
zymogen activation: in the mature enzymes, it allows the
main chain of the N-terminal region to bend and thus
helps to position the N-terminus near the Asp194; in the
zymogens, its flexibility helps to make the N-terminal
regions accessible to activating enzymes. However, in
FD–PFD it appears that the conserved Gly19 plays only
the former role, while the FD-unique His25 contributes
to the latter function.

As in PFD, loop 144–151 also changes dramatically
during the activation of chymotrypsinogen, trypsinogen
and prethombin-2 (Figure 5). While it is completely
disordered in PFD, a shift of up to 9.8 Å (residue 145) is
associated with the activation of chymotrypsinogen, 14.4 Å
(residue 149) with that of trypsinogen, and 8.6 Å (residue
144) with that of prethrombin-2. These changes are
apparently due to the absence of the interactions with the
N-termini, as described above for PFD. A sequence motif
Gly140–Trp141–Gly142 present at the N-terminal end of
this loop is conserved among the four enzymes, and
Trp141 constantly marks the beginning point of the
conformational change (Figure 5). The C-terminal end of
this loop, however, does not contain any glycine residue,
and residue 153 (Asp or Ser), or Ser154 in FD, constantly
marks the ending point of this conformational change.
The next residue, Leu155, is conserved among the four
zymogens, and thus may act as the anchor defining the
extent of the conformational change. Loop 144–151 is
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Fig. 4. Comparisons of four zymogen–enzyme pairs. (A) High B-factor regions in PFD, chymotrypsinogen (2CGA-A), trypsinogen (2TGT) and
prethrombin-2 (1HAG). From low to highB-factors are shown in cyan, green, yellow, orange, red and white. This panel was prepared using
RIBBONS (Carson, 1997). (B) Surface charge of the N-terminus-binding pockets in PFD–FD and trypsinogen–trypsin. Residues 16–25 of the mature
enzymes are shown in ball-and-stick model and are excluded in the surface calculations. They are superimposed onto the surface of the zymogens
based on structural alignments. This panel was prepared using GRASP (Nicollset al., 1991).

connected by hydrogen bonding to another loop, 70–79,
which also undergoes hinge conformational change during
the activation of PFD and chymotrypsinogen. Thus, it
probably should also be considered as a component of the
activation domain.

The 310 helical conformation of residues 185–193 of
PFD was also identified in two independently determined
prethrombin-2 structures (Vijayalakshmiet al., 1994;
Malkowski et al., 1997), although the helices are a little
shorter than the one in PFD. The longer helix in PFD
could result from the stabilization of the helix dipole by
the guanidino group of Arg218. The maximum shift of
this loop during zymogen activation could range from
5.5 to 8.6 Å (Figure 5). Despite the dissimilar conforma-
tions for this loop, a common feature shared by the four
zymogens is the distortion of the oxyanion hole geometry.
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This is perhaps the common mechanism used by the
zymogens to disable the premature substrate binding and
cleavage. The N-terminal end of this loop in PFD lacks
the conserved Gly184, and the C-terminal end has a highly
conserved GDSGGP sequence patch for residues 193–
198. However, no hydrophobic residues are conserved
next to these glycines.

Loop 216–223 is strikingly different in PFD compared
with the other zymogens. Its conformational change for
PFD is the largest among the four zymogens, in terms of
both magnitude and width. A shift up to 10 Å was
observed during PFD conversion to FD, as compared with
2.6 Å during chymotrypsinogen, 4.3 Å during trypsinogen,
and 6.4 Å during prethrombin-2 activation. Twelve
residues differ by.1.0 Å from the corresponding positions
in FD, as compared with 6–8 residues in the activation of
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Fig. 5. The regions with substantial conformational changes during zymogen activation. (A) The magnitudes and widths of conformational change,
as indicated by the Cα–Cα distances between a mature enzyme and two of its zymogen structures (indicated by thick and thin lines, respectively).
The PDB codes of the compared structures are shown in Table II. Shifts of.10 Å are not shown. (B) Amino acid sequences of the activation
peptides and the flexible regions. The residues inβ-strands are bold and italicized, the residues in helices are italicized, and the residues with
.1.0 Å shifts are underlined.

the other three zymogens (Figure 5). In the other three
zymogens, the conformations of the loop are the same as
those in the active enzymes up to Trp215 because the
interactions mediated by Trp215 are the same in the
zymogens as in the active enzymes. These interactions,
including a hydrophobic clustering with neighboring res-
idues, a β-sheet interaction between the backbone of
residues 212–215 and 226–229, and several other hydrogen
bonds such as that between Ser214 and Asp102, make
this loop very stable in both the zymogens and active
enzymes. In contrast, FD has a threonine at position 214,
serine at position 215 and arginine at position 218. As a
result, this region takes a loop conformation in FD, losing
not only the hydrophobic interactions mediated in other
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serine proteases by the conserved Trp215, but also the
β-sheet-forming potential. A slight compensation for this
loss is an FD-unique salt bridge between Arg218 and
Asp189. This interaction is probably enhanced by the
nearby disulfide bond between Cys220 and Cys191, which,
however, is common to every trypsin-like serine protease.
In PFD, this salt bridge is absent, although Arg218 in
molecule A forms a less stable pseudo-salt bridge with
the carboxyl end of the 310 helix.

Discussion

In the present study, we determined the crystal structure
of PFD and compared it with that of FD and three other
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zymogen–active serine protease pairs. The comparisons
were focused on the effects of the activation peptide on
the geometry of the active site, including that of the
substrate-binding pocket, the non-specific substrate-bind-
ing site, the catalytic triad and the oxyanion hole. The
similarities and differences derived from the comparisons
revealed, in addition to our previous understanding of
the zymogen activation process, other structural aspects
of zymogen activation, such as the degree of the conforma-
tional changes and its relationship with the primary struc-
ture. Here, we summarize the common features shared by
the zymogen activation, explore the possible origin of
these conformational changes and address in particular
how the self-inhibited conformation of FD could be shaped
during the zymogen activation.

Zymogen activation in general
The comparison of the four zymogen–active enzyme pairs
showed that some aspects of zymogen activation are
common. These include the similar distribution of the
flexible regions in the zymogens, the maintenance of a
typical catalytic triad conformation during the activation
(except for FD, as described below) and the induction of
the active conformation of the primary substrate-binding
site and oxyanion hole in the zymogens. Therefore, zym-
ogen activation can be considered as a process in which
functional catalytic elements, namely the substrate-binding
site and the oxyanion hole, mature by direct or indirect
interactions with the newly formed N-terminus. This
process is accompanied by large conformational changes,
from a highly flexible zymogen to an ordered mature
enzyme. This ordered conformation, shown to be similar
in many mature serine proteases, is perhaps critical for
specific substrate binding and cleavage, whereas the flex-
ible and proteolytically non-functional conformation of
the zymogens is essential for preventing premature proteo-
lysis. It should be mentioned that in some of the zymogen
structures compared, intermolecular contacts contribute to
a certain extent to the stabilization of regions of the
activation domain. Such an effect is described here for PFD
and has been described previously for chymotrypsinogen
(Wang et al., 1985) and prethrombin-2 (Vijayalakshmi
et al., 1994; Malkowskiet al., 1997). However, in solution,
these regions could be expected to be more flexible.

The origin of the conformational change during zym-
ogen activation had been considered commonly to be
driven by the electrostatic interaction between Asp194
and the N-terminus. Recently, mutagenesis and thermo-
dynamics studies on trypsinogen showed that the hydro-
phobic moiety of Ile16 contributes more to activation than
its N-terminal positive charge (Hedstromet al., 1996). An
examination of the surface charge distribution around the
N-terminus-binding pocket suggested, in addition to these
interactions, a possible hydrophobic interaction mediated
by residue 17. As shown in Figure 4, the binding pocket
for the N-terminus is pre-formed in both PFD and trypsin-
ogen and is slightly negatively charged. Thus, it may have
a potential to attract the positively charged N-terminus,
Ile16, for initial positioning. The active enzymes also have
binding pockets for the next residue, Leu17 in FD and
Val17 in trypsin. In the zymogens, while the pocket for
Ile16 is partially shaped and spacious, the pocket for
residue 17 requires substantial conformational change to
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accommodate its side chain. As described above in FD,
Leu17, Cys191 and Cys220 form a small hydrophobic
cluster located near the surface of the mature enzyme.
The hydrophobic cluster is also conserved in the other
three mature enzymes. Therefore, the association of residue
17 with the two cysteine resides, upon cleavage of the
activation peptide, would probably result in the correct
positioning of the disulfide bond and its associated loops,
185–193 and 216–223. This process may be facilitated by
the formation of the Ile16–Asp194 salt bridge and the
association of Ile16 with its hydrophobic cluster, and it
may occur in concert with the correct positioning of Ile16.
Conformational change of the activation domain can also
be induced by strong ligand binding in the presence or
absence of the activation peptide (Bodeet al., 1978; Huber
and Bode, 1978; Bode, 1979). Therefore, ordering of the
activation domain is a cooperative phenomenon.

Unique conversion of PFD to FD
Unlike the other zymogen activation processes, the conver-
sion of PFD to FD is unique in that the product is not an
active enzyme, but an enzyme displaying a unique resting
state conformation that is not regulated by any ligands
(Volanakis and Narayana, 1996). As the resting state
conformation is dictated by the self-inhibitory loop 214–
218 (Jinget al., 1998), the formation of this loop is critical
for the PFD to FD conversion. The structural comparisons
have shown that, unlike the other zymogen–active enzyme
pairs, the self-inhibitory loop does not have strong inter-
actions with the rest of the structure, except for forming
a salt bridge between Arg218 and Asp189. In PFD, Arg218
seems to be associated temporally with the carboxyl end
of a helix that is highly flexible by itself. In addition, the
distinct plasticity of PFD, especially around the substrate-
binding site, seems to provide a suitable environment
allowing Arg218 to flip easily. Therefore, once the
Cys191–Cys220 disulfide bond interacts with Leu17, the
nearby Arg218 probably assumes a stable conformation
by salt-bridging with Asp189, which seems to be the only
and the best choice. Consequently, Ser215 from this loop
will flip upwards and push His57 away to the atypical
position, which is nevertheless a common conformation
among the normal histidines in protein structures (Sprang
et al., 1987).

Compared with the other mature serine proteases, the
fewer interactions of the self-inhibitory loop with the rest
of the structure imply that this loop has the potential to
undergo further substrate-induced conformational change
(Volanakis and Narayana, 1996). Thus, the flexibility of
the loop is intrinsic, but hidden in the resting state of FD.

Taken together, the structural comparisons suggest that
activation of FD may proceed through two steps. The first
step would be the irreversible zymogen activation step
where the active site changes from the one displaying
molecule A-like conformation, with typical catalytic triad,
deformed S1 pocket and non-functional oxyanion hole,
to that displaying the self-inhibited conformation, with
atypical catalytic triad, obstructed S1 pocket and functional
oxyanion hole. The second step would be thein situ,
reversible conformational change induced only by the
single natural substrate, where the active site changes to
an active conformation, with typical catalytic triad, avail-
able S1 pocket and functional oxyanion hole. The three
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different conformational states are highly correlated with
their distinct functions: the first one (PFD) is proteo-
lytically inactive and DFP resistant; the second (resting-
state FD) is also proteolytically inactive, but is susceptible
to DFP inhibition and has low reactivity towards peptide
thioester substrates; and the third is perhaps similar to
trypsin, expressing proteolytic activity as well as normal
esterolytic activity, although the latter cannot be demon-
strated.

Two complement serine proteases, factor B and C2,
have no functional N-termini in the proteolytically active
forms (reviewed in Volanakis and Arlaud, 1998). Together
with the unique PFD to FD conversion and substrate-
induced FD activation, these examples certainly add more
diversity to the zymogen activation mechanisms and to
the regulation of serine protease activities.

Materials and methods

Protein expression and purification
The recombinant PFD was expressed and purified as described previously
(Yamauchiet al., 1994). Briefly, a plasmid containing hg31 factor D
cDNA was used to co-transfect Sf9 insect cells with wild-type baculovirus
AcNPV DNA. Recombinant virus stocks were used to transfect insect
cells in serum-free media. The recombinant PFD was isolated from the
cell growth media using Bio-Rex 70 and MonoS cation exchange
chromatography.

Crystallization and data collection
PFD was dialyzed against buffer 10 mM Tris, 0.1 M NaCl, pH 7.0, and
concentrated to 10 mg/ml. Crystals were obtained at room temperature
by the hanging drop vapor diffusion method. The reservoir solutions
contained 10–12% PEG-6000 and 30 mM MES (pH 5.2) (Narayana
et al., 1994b). The drops contained an equal volume of reservoir solution
and PFD. Diffraction data were collected at 95 K using mother liquor
plus 8% ethylene glycol as cryo-protectant, on an in-house X-ray
generator (40 kV, 100 mA) and RAXIS-IV detector. The solvent content
of the crystal is 36% and the Vm value is 1.9 Å3/Da. Diffraction data
were processed using DENZO and SCALEPACK programs (Otwinowski
and Minor, 1997).

Structure determination and analysis
The structure was solved by the molecular replacement method using
the FD structure as the search model. The orientation and location of
the four molecules were determined using AMoRe (Navaza, 1994). Only
three cross Patterson peaks were identified initially, and the fourth peak
was deduced from the relationship of these three and a sense for
favorable crystal packing. After rigid-body refinement, the correlation
coefficient andR-factor are 55.7 and 43.2%, respectively.

Real-space 4-fold non-crystallographic symmetry (NCS) averaging
was performed using the program DM (Cowtan and Main, 1993), and a
monomer mask built using MAMA (Kleywegt and Jones, 1994) and O
(Joneset al., 1991). For the regions with no obvious densities in the
averaged map, the corresponding residues are removed from the molecu-
lar replacement model, and they were added later only when the density
showed up. With the phase restraints from averaging, the partial structure
was subject to torsion angle dynamics and positional refinements in
X-PLOR (v3.851) (Bru¨nger, 1996) without NCS restraints. Except for
10% of the reflections excluded forRfree calculation (Bru¨nger, 1992;
Kleywegt and Bru¨nger, 1996), all reflections from 8.0 to 2.1 Å were
used in the refinement, and at later stages solvent corrections allowed
the inclusion of low-resolution data to 20 Å. Sigma-weighted electron
density maps (Read, 1986) were calculated with reflections from 20 to
2.1 Å and they guided manual rebuilding on O (Joneset al., 1991).
Special care was given to the flexible regions. The OOPS program
(Kleywegt and Jones, 1996, 1997) was used throughout cycles of
rebuilding for quality checks.

The final structure was checked using PROCHECK (Morriset al.,
1992; Leskowskiet al., 1993), WHAT_CHECK (Hooftet al., 1996) and
X-PLOR (Brünger, 1996). The PFD structures were aligned with each
other and with FD and three other zymogens structures using O (Jones
et al., 1991) and LSQMAN (Kleywegt, 1996). The structure and
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diffraction data have been deposited in the Protein Data Bank with
accession codes of 1fdp and r1fdpsf, respectively.
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