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Background: The Ascaris trypsin inhibitor (ATI) is
a member of a new family of serine protease in-
hibitors isolated from the helminthic worm Ascaris lum-
bricoides var suum. This family comprises five chy-
motrypsin/elastase inhibitors and one trypsin inhibitor.
Members are characterized by the presence of five disul-
fide bonds (two of which are located on either side of
the reactive site) in a single small protein domain of
61-62 residues.

Results: The solution structure of ATI has been de-
termined at pH2.4 and pH4.75 by NMR spectroscopy.
Iterative refinement permitted the unambiguous as-
signment of the pairing of the five disulfide bridges
(Cys5—Cys38, Cys15-Cys33, Cys18-Cys29, Cys22-Cys60,
and Cys40—Cys54) which were previously unknown. The
structure includes four short B-strands arranged in two
approximately perpendicular B-sheets. The reactive site
loop is bounded by two disulfide bridges (Cys15—Cys33

and Cys18-Cys29) and is part of the long loop (residues
15-25) connecting strands Bl and B2. Comparison of
the nuclear Overhauser enhancement data at the two pH
values revealed significant differences centered around
the reactive site. While the reactive site at pH 2.4 closely
resembles that of other protease inhibitors, at pH 4.75
the reactive site loop undergoes a major conformational
rearrangement involving the \ backbone torsion angles
of the P,, P; and P;" residues (residues 30-32). This
is associated with a change in the positions of the side
chains of Arg31 and Glu32.

Conclusions: The overall three-dimensional structure
of ATI posesses an unusual fold and, with the exception
of the reactive site, shows no similarity to other serine
protease inhibitors. The observation that the reactive site
of the low pH form of ATI is similar to that of other
serine proteases suggests that this is the active form of
the protein.
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Introduction

Serine protease inhibitors function by binding to their
cognate enzyme in a substrate-like manner, forming a

stable complex. They are of broad interest because

serine proteases play key roles in such functions as
peptide hormone release, blood coagulation and com-
plement fixation, and constitute pathogenic factors
in numerous diseases, including some cancers, pul-
monary emphysema and inflammatory processes such
as glomerulonephritis and acute pancreatitis [1,2]. Ser-
ine protease inhibitors have been grouped into at least
10 families based primarily on sequence homology [3].
Variability at the reactive site within a family can lead
to differences in specificity for proteases within a given
mechanistic class. The three-dimensional structure of
inhibitors from several of these families have been
determined by X-ray crystallography [4-10] and NMR
spectroscopy [11-16]. The observation that inhibitors
from families having very different primary and tertiary
structures can share a similar reactive site conformation
and specificity for a given target protease indicates that
the specificity is determined by a small region of the
larger molecule [17]. Thus, these inhibitors serve as a
good example of convergent evolution.

The primary sequence has been determined for six
members of a new family of inhibitors isolated from
the helminthic parasite Ascaris lumbricoides var suum,
comprising five chymotrypsin/elastase inhibitors and
one trypsin inhibitor [18-21]. This family of protease
inhibitors, which shares no sequence homology with
other protease inhibitor families, is characterized by
the presence of five disulfide bonds in a single small
protein domain of 61 to 62 residues. The disulfide
bonds account for the unusual resistance to proteolysis
and heat denaturation of these proteins. Although a
preliminary report of the sequential NMR assignment
and secondary structure determination of the Ascaris
trypsin inhibitor (ATI) has appeared [22], no three-di-
mensional structure of any inhibitor from this class has
yet been determined.

Ascaris lives in the hostile environment of the gut,
and has developed specific mechanisms to protect it-
self from the host digestive enzymes. The protease in-
hibitors seem not to be secreted, but rather are bound
on the surface of the worm gut and other tissues, as
well as on the surface of eggs and developing larvae,
where they form complexes with host proteases [21].
The presence of inactivated proteases on the surface
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of the eggs and larvae ensure that the migrating lar-
vae are not perceived as foreign, thereby permitting
them to evade the host’s immune system as they mi-
grate from the intestines to the liver [21]. In addition,
the Ascaris protease inhibitors inhibit both clot lysis
by plasmin and streptokinase-activated fibrinolysis of
human plasma clots, suggesting that the presence of
inhibitors on the larval surface may also modify blood
homeostatis during larval migration [21,23]. In this pa-
per we report the first three-dimensional structure de-
termination of a member of the Ascaris family of pro-
tease inhibitors, namely the Ascaris trypsin inhibitor, by
means of NMR spectroscopy.

Results and discussion

The converged structures

Complete NMR data sets on ATI were collected at
both pH2.4 and pH4.75, and examples of the qual-
ity of the data were provided in our previous paper
dealing with the resonance assignments and secondary
structure determination [22]. While the structure cal-
culations were based on data collected at 27°C, data
recorded at other temperatures (16°C, 40°C and 50°C
at pH 2.4; 30°C, 34°C and 40°C at pH4.75) were used
to resolve ambiguities. We found that the nuclear Over-
hauser effect (NOE) intensities and cross peak pat-
terns were different at the two pH values, particularly
around the reactive site (Table 1). Thus, there were 12
cross peaks that appeared only at the lower pH, and
3 that were present only at pH4.75. In addition, there
was a very large chemical shift difference in the reso-
nance of Glyl7(NH): namely, 8.27 ppm at pH 2.4 and
11.09 ppm at pH 4.75. Subsequent examination of the
structures revealed that the unusually large downfield
shift of the resonance of Gly17(NH) at pH 4.75 was due
to the presence of a hydrogen bond between the side
chain carboxylate of Glu39 and the backbone amide of
Glyl7, an interaction which was absent at pH 2.4

As in previous structure determinations from our lab-
oratory [24-27], an iterative strategy was employed in
which successive structure calculations included an in-
creasing number of restraints, This method makes use
of the information in the initial low-resolution struc-
tures to resolve ambiguities in the assignment of NOE
cross peaks and to permit addditional stereospecific as-
signments to be made. In this particular case, the itera-
tive approach was critical in identifying the correct pair-
ing of the five disulfide bridges which was previously
unknown. Thus, all initial calculations were carried out
without disulfide bridges and these were only intro-
duced once the structures were sufficiently well defined
to permit the unambiguous assignment of the disul-
fide pairings. In addition, the NOE data provided an
unambigous means of identifying the correct disulfide
pairings as, with the exception of the Cys18-Cys29 pair
(see below), at least two NOE cross peaks were ob-
served between the partners in each pair. Confirmation

Table 1. Differences in observed NOEs between the pH4.74 and pH 2.4
structures within the reactive site.
Residue Atom Residue  Atom NOE intensity
pH4.75 pH2.4
Pro28  CPH Cys29 NH - w
Cys29  NH Thr30 NH - w
Cys29  CB2H Thr30 NH - w
Cys29 C*H Thr30 CY2H vw w
Cys29  CoH Arg31 NH m -
Cys29  CBIH Arg31 NH w -
Cys29 B2y Arg31 NH vw -
Cys29 NH Cys29 CoH w m
Cys29  NH Cys29 CPH - w
Thr30 C*H Arg31 NH w s
Thr3o  CPH Arg31 NH - w
Thr30 Cr2H Clu32 NH - m
Thr30 CH Clu32 NH - w
Thr3o  Cr2H Clu32 CPH - vw
Thr30 Cr2H Glu32 CYH - vw
Arg31 C*H Glu32 NH m s
Arg31 CPH Glu32 NH m w
Arg31 NH Glu32 NH - m
Arg3i NH Arg31 CoH - m
Glu32 CeH Cys33 NH m s
Glu32 CTH Cys33 NH m w
Clu32 NH Cys33 NH s w
Clu32 NH Clu32 CoH - m
Glu32 NH Glu32 CY2H s m
Abbreviations: s, strong; m, medium; w, weak; and vw, very weak.

of the validity of the pairings was then afforded by ob-
serving that the addition of the five covalent S-S bonds
and associated bond angles to the covalent geome-
try restraints was achieved without any perturbation of
the global fold and only minimal atomic root mean
square (rms) shifts. The disulfide pairings found were
as follows: Cys5—Cys38, Cysl15—Cys33, Cys18-Cys29,
Cys22—Cys60 and Cys40—-Cys54.

The structures calculated from the pH2.4 data were
based on a total of 1083 experimental NMR restraints
comprising 349 short range (1 <|i —j | <5) and 216
long range (|li —j|>5) inter-residue interproton dis-
tance restraints, 323 intra-residue interproton distance
restraints, 46 distance restraints for 23 hydrogen bonds,
and 59 ¢, 49 ¥ and 41 y; torsion angle restraints.
The structures calculated from the pH4.75 data were
based on a total of 1078 experimental NMR restraints
comprising 343 short range (1 <|i —j |<5) and 218
long range (|i —j|>5) inter-residue interproton dis-
tance restraints, 320 intra-residue interproton distance
restraints, 48 distance restraints for 24 hydrogen bonds,
and 59 ¢, 49 V¥ and 41 y; torsion angle restraints. At
both pHs, stereospecific assignments were obtained for
25 of the 43 B-methylene protons and for the methyl
groups of the two valine residues. The approximate
interproton distance restraints were classified into four
ranges, 1.8-2.7A,1.8-3.34,1.8-5.0Aand 1.8-6.04, cor-
responding to strong, medium, weak and very weak
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NOE intensities, respectively [11,28]). The minimum  method [29]. A summary of the structural statistics and
ranges employed for the ¢, ¥ and y; torsion angle  atomic rms differences is provided in Tables 2 and 3,
restraints, derived using a conformational grid search,  respectively, best fit superpositions of the backbone
were +30°, £50° and +20°, respectively [25]. and selected side chains are shown in Figs 1 and 2, re-

spectively, and plots of the atomic rms differences as a
A total of 32 structures were calculated using the hy-  function of residue are given in Fig. 3. All the structures
brid distance geometry—dynamical simulated annealing  satisfy the experimental restraints within their errors

Table 2. Structural statistics.2

pH4.75 pH24
< SAhigh > (S_Ahlgh)r <SAjow > SAiowh

Rms deviations from experimental distance restraints (A)b

All (929/934) 0.018 £ 0.001 0.019 0.019 + 0.002 0.021

Short range (1< |i — j| <5) (343/349) 0.019 + 0.001 0.022 0.022 % 0.002 0.024

Long range (1i - ]l > 5) (218/216) 0.022 £ 0.002 0.022 0.022 £ 0.003 0.023

Intra-residue (320/323) 0.070 £ 0.003 0.012 0.010 £ 0.002 0.010

Hydrogen bond (48/46)¢ 0.029 £ 0.003 0.027 0.032 £ 0.004 0.031
Rms deviations from experimental dihedral restraints (°) (149/149)b 0.108 £ 0.042 0.055 0.111 + 0.048 0.106

Fnoe (kcal mol = 1)d 9.0+1.2 10.3 106 + 1.7 1.3

Feor (kcal mol = 1d 012 £ 0.10 0.03 013 + 0.14 0.10

Frepel (kcal mol ~ 1 129+ 14 15.5 131+£18 20,5

By keal mol —Te —163+8 —152 —158+£9 - 146
Deviations from idealized covalent geometryf

Bonds (A) (925) 0.005 £ 0.000 0.005 0.005 £ 0.000 0.005

Angles ) (1684} 1.759 £+ 0.002 1.76 1.762 £ 0.003 2.851

Impropers (*) (343) 0.568 %-0.010 0.580 0571 £ 0.013 0.585

2The notation of the structures is as follows: <SApr> and <SA,,, > are the ensembles of 32 structures calculated at pH 4.75 and pH 2.4, respectively;
ahigh and ﬁk,w are the mean structures at pH4.75 and pH 2.4, respectively, calculated by averaging the coordinates of the structures within the
corresponding ensembile, best fitted to residues 5-60; (S_'Khigh)r and (SA,,,,), are the restrained regularized mean structures derived from §Khigh and SAig,
respectively [29]. The number of terms for the various restraints is given in parentheses with the values at pH 4.75 preceding those at pH 2.4. PNone of the
structures exhibited distance violations greater than 0.3 A or dihedral angle violations greater than 3°. €For each hydrogen bond there are two restraints:
fnHeor 17-23 A; ry_o. 24-3.3A. These restraints were only added in the final stages of the calculations. 9The values of the square-well NOE and
torsion angle potential energies (as per equations 2 and 3 in [28]) are calculated with force constants of 50 kcalmol=1A~2 and 200 kcal mol ~rad 2,
respectively. The value of the quartic van der Waals repulsion energy (as per equation 5 in [29]) is calculated with a force constant of 4kcalmol=1A~4
with the hard-sphere van der Waals radii set to 0.8 times the standard values used in the CHARMM empirical energy function {44}. €, _jis the Lennard—
Jones van der Waals energy calculated with the CHARMM [44] empirical energy function. It is not included in the target function used during the
simulated annealing. fThe covalent geometry restraints include the bond and angle terms for the disulfide bonds which were only introduced in the
final stages of the calculations. The improper torsion angles are used to maintain planarity and chirality. All peptide bonds are restrained to be planar
and trans.

Table 3. Atomic root mean square differences (A).2
Residues 5-60 Residues 5-28 and 34—60 Residues 29-33
Backbone All atoms Ordered® Backbone All atoms Ordered® Backbone All atoms
pH4.75 .
<SApigh> V5 SAngn 052+009 090+009 060009 048+£009 083£010 056+ 009 0254008 089 £ 020
<SAnigh> vs GAnighk 054008 0974010 063 +008 050+ 008 091011 060+ 008 026008 101+ 028
SAnigh vs SAnighly 014 0.38 0.20 013 035 0.20 0.07 0.55
pH2.4 _
<SAjgw> Vs Sﬁow . 0.50 £ 0.10 091 + 0.09 0.58 + 0.10 047 £ 0.10 0.84 £ 0.09 0.55 £ 0.10 0.38 + 0.10 0.87 £ 0.16
<5A|D_w> vs (ﬁbw), 0.54 £ 0.10 1.00 + 0.09 0.63 = 0.70 050 £ 0.10 093 + 0.10 0.60 + 0.09 042 + 013 1.01 £ 0.18
SAtow V5 (SA 0.18 0.43 0.24 017 040 0.24 0.19 0.61
pH4.75 versus pH 2.4
SApighe vs A, 096 2.08 1.05 055 074 0.60 184 471
aThe notation is the same as in Table 2. PAtoms distal to CB in residues Lys7, Lys14, Glu19, Arg31, Glu32, Glu39 and Glu58, and distal to CY in residues Glu10, GIn24, Lys25,
Lys34, Arg37, Arg48, GIn51 and Lys56 are excluded.
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(no violations >0.3A for the distance restraints and
3° for the torsion angle restraints), display very small
deviations from covalent geometry, and have good non-
bonded contacts as evidenced by the large negative
values of the Lennard—Jones van der Waals energies
(Table 1). In addition, all the ¢, \ angles lie within the
allowed regions of the Ramachandran plot (Fig. 4).

The amino terminus (residues 1-4) and carboxyl ter-
minus (residues 61-62) are poorly defined by the data
and appear to be disordered in solution. The remain-
der of the molecule (residues 5-60) is well defined for
both the pH2.7 and pH4.75 structures with a preci-
sion of ~0.5A for the backbone atoms, ~0.9A for all
atoms, and ~0.6A for all atoms which do not exhibit
conformational disorder. (The precision is defined as
the average atomic rms difference between the struc-

tures in a given ensemble and their mean coordinate
positions.)

The global fold

Two orthogonal views of a schematic ribbon drawing
of the structure of ATI are shown in Fig. 5. ATI has a
wedge-like shape with the reactive site located at the
apex of the wedge. The approximate dimensions are
as follows: the molecule is 25A wide and 26A high
in the view shown in Fig. 5a, and 17.5A wide at the
bottom of the wedge and 5A wide at the top of the
wedge in the view shown in Fig. 5b. The overall fold
of ATI is unusual and bears no resemblance to that
of any member of the other serine protease inhibitor
families. There are four short B-strands arranged in two
mini antiparallel B-sheets oriented approximately per-

Fig. 1. Stereoview showing the best-fit
(backbone residues 5-60) superposition
of the backbone (N, C% C) atoms and
cysteine side chains of the simulated an-
nealing structures of ATl at pH2.4 and
pH 4.75. There are 32 structures for each
pH value. The backbone and cysteine
side chains are shown in red and yel-
low, respectively, for the pH2.4 struc-
tures, and in blue and green, respec-
tively, for the pH4.75 structures.

Fig. 2. Stereoviews showing a super-
position of all atoms (except protons
and backbone carbonyl oxygen atoms)
of (a) residues 16-24, 38-40, 4647 and
55-60 of the 32 simulated anneal-
ing structures of ATl at pH24, and
(b) residues 8-13, 41-47 and 55-57 of
the 32 simulated annealing structures of
ATl at pH4.75. The backbone is shown
in blue and the side chains in red.
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Fig. 3. Atomic rms distribution of the 32 = 250
individual structures at pH 2.4 (open cir- '1:? 200
cles) and pH4.75 (closed circles) about 2 10
their respective mean coordinate po- g
sitions for (a) backbone atoms, (b) all g 100
atoms and (c) side chain atoms, best-fit- i 50
H Q
ted to the backbone atoms of residues ]
5-60. (d) Surface accessibility is shown E o
as a function of residue number. The cir- @
cles represent the mean values, and the
bars the standard deviation.

Residue

pendicular to each other. Strand B1 (residues 11-14)
is hydrogen bonded to strand B2 (residues 36-39),
while strand B3 (residues 4549) is hydrogen bonded
to strand B4 (residues 52-57). Thus, strands 1 and 2
are connected by a long loop (residues 15-35) which
includes the reactive site (residues 29-33). Strands B3
and P4 are flanked by two double turns. The turn pre-
ceding strand B3 includes two hydrogen bonds from
the backbone amides of Ala45 and Gly45 to the back-
bone carbonyls of lle41 and Ala42, respectively. The
turn following strand B4 has hydrogen bonds from the
backbone amides of AspS9 and Cys60 to the back-
bone carbonyls of Lys56 and Phe57, respectively. The
turn connecting strands B3 and P4 includes both B-
turn and B-bulge-type hydrogen bonds from the back-
bone carbonyl of Asp49 to the backbone amides of
both Gly52 and Asn53. In addition, there is a hydrogen
bond between the side chain amide of Asn53 and the
backbone carbonyl of GIn51. A fourth turn, a type 1
B-turn, is found between residues 20-24 and it is sta-

bilized by backbone hydrogen bonds from GIn24(NH)
to Thr21(0) and from Thr21(NH) to GIn24(O).

The overall structure is dominated by the five disulfide
bridges which clearly constitute the major stabilizing in-
fluence on the fold. The disulfide bridge between Cys5
and Cys39 orients the amino terminus with respect to
strand 1. The three disulfide bridges, Cys15-Cys33,
Cys18-Cys29 and Cys22—Cys60 stabilize the long loop
connecting strands B1 and 2. The Cys15-Cys33 and
Cys18—Cys29 disulfide bridges are located on each side
of the reactive site, while the Cys22—Cys60 bridge ori-
ents the reactive-site loop with respect to the carboxyl
terminus of the protein. Finally, the disulfide bridge be-
tween Cys40 and Cys54 serves to orient the two antipar-
allel B-sheets with respect to one other.

As stated above, the boundaries of the reactive site are
formed by two disulfide bridges. Both are left-handed.
The disulfide bridge between Cys15 and Cys33 is char-
acterized by a short C*-C* distance (~4.7A) and ¥,
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Fig. 4. Ramachandran ¢, { plots of the 32 simulated annealing
structures of ATI at (a) pH 2.4 and (b) pH 4.75. Note the large dif-
ferences in the Y angles of Thr30, Arg31 and Glu32 (which con-
stitute the P,, P, and P,’ residues of the reactive site) between
the pH 2.4 and pH4.75 structures.

X2, %3, X2 and ¥, torsion angles of 150°, 110°, —60°,
—100° and — 80°, respectively. The disulfide bridge be-
tween Cys18 and Cys29, on the other hand, is char-
acterized by a long C*C2 distance of ~6.84 and a
conformation reminiscent of the disulfide bridges that
span B-barrels in immunoglobulins [30]. (The ¥;, %2,
%3, X2’ and y;" torsion angles for the Cys18-Cys29
disulfide have values of —60°, —130°, —90°, —150°
and —80°, respectively, for the pH2.4 structure, and
values of —40°, —180°, —110°, —160° and —80°, re-
spectively, for the pH4.75 structure.) It is worth noting

(b)

Fig. 5. Ribbon diagrams of the restrained minimized mean struc-
ture of ATl at pH2.4 shown in two approximately orthogo-
nal views in (a) and (b). Arrows indicate the region of B-sheet
{residues 11-13, 37-39, 45-49, and 53-57). The disulfide bridges
are indicated by the solid lines connecting the labeled cysteine
C® atoms. The reactive site in (a) is located in the upper right
hand corner between Cys29 and Cys33, and the orientation in
(a) is approximately the same as that shown in Fig. 1. (Figures
generated with the program MOLSCRIPT [46].)

that the alternative disulfide pairing of Cys15 with Cys29
and Cys18 with Cys33 is not feasible as the C*-C2 sepa-
ration between Cys15 and Cys29 is ~11A in the pH 2.4
structure and ~ 134 in the pH4.75 structure.

Other significant interactions include the sequestration
of hydrophobic side chains on either side of the B-
sheet formed by strands B3 and 4. On the one side,
Val47 is flanked by Phe57, lle55 and Thr21 (Fig. 2a).
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Similar hydrophobic interactions exist between Phe46,
Ala44, and Ile41 on the opposite side of the sheet (Fig.
2b). In addition, there are a number of noteworthy side
chain-backbone hydrogen bonds: the hydrogen bond
between Asn9(03) and Lys56(NH) orients strand B1
relative to strand B4 and accounts for the positive ¢
angle of Asn9 (Fig. 4); the hydrogen bond between
Thr13(OY) and Cys15(NH) stabilizes the turn follow-
ing strand B1; and the two hydrogen bonds between
Glu19(0#) and Ala42(NH) and between Glu39(O#f)
and Gly17(NH) stabilize the interaction between the
loop following strand B1 and the loop connecting
strands P2 and B3. Of the latter two, only the former is
present in the pH2.4 structure.

Comparison of the pH2.4 and pH4.75 structures

A superposition of the restrained minimized mean
structures at pH 2.4 and pH 4.75 is shown in Fig. 6. The
fold is identical with the exception of the conformation
at the reactive site. The overall backbone atomic rms
difference for residues 5-60 is 0.96A which is signif-
icantly higher than the average backbone atomic rms
difference between the structures in each ensemble
and their respective means which is only ~0.5A (Table
3). However, when the reactive site (residues 29-33) is
excluded from this comparison, there is no difference
between the structures at the two pH values, and the
backbone atomic rms difference between the two re-
strained minimized mean structures (0.554) is compa-
rable with the precision of the two sets of structures
(Table 3). Thus, the two ensembles of structures are
superimposable for residues 5-28 and 3460 and there
is no difference between them within the error of the
coordinates. On the other hand, the backbone rms dif-

Fig. 6. Best-fit superposition of the re-
strained minimized mean structures of
ATl at pH24 and pH4.75. (a) Back-
bone (N, C% () atoms and cysteine
side chains. (The backbone and side
chains are shown in red and yellow,
respectively, for the pH2.4 structure,
and in blue and green, respectively, for
the pH4.75 structure.) (b) Reactive site
(residues 27-35) showing all atoms ex-
cept protons. (The backbone and side
chains are shown in red and pink, re-
spectively, for the pH 2.4 structure, and
in blue and light blue, respectively, for
the pH4.75 structure) The subscripts h
and | indicate the side chains of Arg31
and Clu32 at high pH (pH4.75) and low
pH (pH 2.4), respectively. Note that the
positions of these two side chains are
dramatically different at low and high pH.

ference for the reactive site between the two structures,
is large (1.844).

The difference in the reactive site conformation be-
tween the pH2.4 and pH4.75 structures is character-
ized by large changes (140-160°) in the backbone Y
angles of the P,, Py and P;’ residues (residues 30-32)
(Table 4). The resulting difference in the disposition
of the reactive site side chains is shown in Fig. 6b.
The most critical difference is the orientation of the Py
and Py’ side chains flanking the scissile peptide bond,
as these determine the specificity of the inhibitor for
its cognate enzyme. It can be seen that the Arg31 and
Glu32 side chains ‘swap’ positions at the different pHs.
At pH4.75, Glu32 points away from the body of the
molecule, while Arg31 is closer to the center. At pH 2.4,
the carboxylate side chain of Glu32 comes close to
packing against the hydroxyl group of Thr30, and the
Arg31 side chain points away from the core of the
molecule. The orientation of the Arg31 side chain in the
low pH conformation should permit the interaction of
the positively charged guanidinium group with Asp189
in the ‘specificity pocket’ of the protease, trypsin. It is
possible that the carboxylate group of Glu32 is pro-
tonated at pH 2.4, and the absence of charge may de-
crease its solvation.

Comparisgn with the reactive sites of other protease
inhibitors

The differences in the reactive site conformation of
the structures of ATI at low and high pH are espe-
cially interesting when compared with other protease
inhibitors. It has previously been noted that the struc-
tures of serine protease inhibitors from different fami-
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Table 4. Backbone ¢ and Y angles (*) in protease inhibitor active sites.a

inhibitorb P; (29) P, (30) Py 31) Py (32) Py (33)
¢ v ¢ v ¢ ¥ ¢ ¥ ¢ v

<SAugh> —160£9 19+9 —68+13 -10+9 ~63+9 —174£17 —117%15 ~7745 ~170 £ 4 114 £ 15
<SAjpy> —156+10  143+28 —85+33 —154%5 —7441 40+3 —108 + 10 87432 —12+29  121+16
BPTI ~84+2 ~7+£3 -84 159 + 4 -110+6 21+9 ~77£1 7142 -129+1 81+ 4
20V0 —13 155 -87 173 - 9% 9 —58 139 -99 93

2551 -130 147 -72 145 -9 89 -118 167 -116 90
1CSE —139 168 -62 143 115 45 —97 168 117 110

subtilisin inhibitor [6]; and 1CSE is eglin-c complexed with subtilisin Carlsberg [8l.

P, is the nomenclature of Schechter and Berger [45] for the residues surrounding the P;—P; scissile bond. The numbers in parentheses correpond to the residues in ATI.
b< SAnigh>and <SA,,, > are the averages for the ensemble of structures calculated for AT at pH 4.75 and pH 2.4, respectively. The values listed under bovine pancreatic
trypsin inhibitor (BPTI) are the averages of crystal forms | (4PTI; [, Il (5PTI; [9]) and Il (6PTI; [10]). 20VO is ovomucoid third domain of silver pheasant [7}; 2SSI is Streptomyces

lies are quite different, with the notable exception of
the conformation of the reactive site, which is pre-
served throughout [8]. As shown in Table 4, the ¢
and  angles of various serine protease inhibitors are
very similar when aligned about the P,—P;’ scissile
bond. While the reactive site of the pH 2.4 ATI struc-
ture shares the same pattern of ¢, | angles as the
other inhibitors, the { angles of the reactive site of the
pH 4.75 structure differ significantly at the P,, Py and P;’
positions. The similarity of the ¢ and { angles is also
reflected in the better fit of the low pH backbone C
carbons to protease inhibitor reactive sites, as shown
in Table 5. Thus, the C* backbone of the reactive site
of the pH 2.4 ATI structure lies within the ensemble of
reactive sites found for other serine protease inhibitors,
whereas that of the pH4.75 structure lies well outside
this ensemble.

Table 5. Backbone C® atomic rms differences (A) among the reactive
sites (residues Py—P,’} of different serine protease inhibitors.2

1CSE 255l 20V0 PT CAgw:
(SAnighlr 161 115 127 145 174
SAw: 0.41 0.88 0.59 0.52
2PTI 0.21 0.47 0.22
20V0 040 - 045
2551 055

aThe correspondence of PDB accession codes to serine protease in-
hibitors is given in Table 4. '

Biological implications

It is estimated that 25% of the world’s popula-
tion, including 4 million Americans, are infected
with Ascaris lumbricoides, with prevalence rates
of 80-100% in tropical and less developed coun-

tries [31]. While disease caused by Ascaris is in-
frequent, it generally correlates with the inten-
sity of infection. Consequently, clinical manifesta-
tions are generally found in the developing world.
Symptomatic cases fall into two categories: pul-
monary disease associated with the migration of
larvae in the small vessels of the lung, and intesti-
nal disease arising from obstruction due either to
the presence of a large number of parasites in the
small intestine or to the migration of adult worms
to the biliary tree or pancreatic ducts.

The trypsin and chymotrypsin/elastase inhibitors
of Ascaris play an important role in the life cy-
cle of the parasite and belong to a new family
of serine protease inhibitors which is character-
ized by the presence of five disulfide bridges in
a single small protein domain of 61-62 residues.
Two half cysteines are located at the P, and P3’
positions in the reactive site. In this paper we
present the first three-dimensional structure de-
termination of a member of this family of pro-
tease inhibitors, namely the Ascaris trypsin in-
hibitor (ATI) using NMR spectroscopy. The three-
dimensional structure bears no resemblance to
that of other serine protease inhibitors with the
exception of the reactive site (residues 29-33). At
pH 2.4, the reactive site conformation is very simi-
lar to that of other protease inhibitors. At pH4.75,
however, the reactive site undergoes a confor-
mational transition involving changes of 140-160°
in the y backbone torsion angles of the P,, Py
and P;’ residues (residues 30—32). This results in
a change in the positioning of the side chains
of Arg31 and Glu32. At low pH, the side chain
carboxylate of Glu32 packs against the hydroxyl
group of Thr30, and the Arg31 side chain points
into the solvent, thereby making a positive charge
available for interaction with Asp189 in the speci-
fity pocket of trypsin. At high pH, on the other
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hand, Glu32 points away from the molecule, while
Arg31 points towards the main body of the pro-
tein.

The low pH conformation is important for the de-
veloping Ascaris. The initial infection occurs by
ingestion of the embryo. The larvae pass through
the intestine to the liver, and then to the lungs
where they are swept up the trachea to the
mouth and ingested a second time. Thus, the
developing worm is exposed twice to the low
pH environment of the stomach and its atten-
dant proteases. Physiological studies have shown
that ATI and the other Ascaris protease inhibitors
are bound to the surface of the worm gut and
other tissues and to the surface of the developing
eggs and larvae where they form complexes with
the host proteases [21]. This not only inactivates
the host proteases (thereby protecting the worm,
eggs and larvae from digestion) but also ensures
that the migrating larvae are not perceived as for-
eign. This permits them to evade the host immune
system as they migrate from the intestines to the
liver. The finding that the conformation of ATI at
pH 2.4 is very similar to that of other serine pro-
tease inhibitors supports the physiological studies
and strongly suggests that the active from of ATI
is the low pH form. The origin for the conforma-
tional transition in the reactive site at higher pHs
is unknown. One possible explanation is that at
low pH (i.e. pH 2.4) the carboxylate side chain of
Glu32 is protonated. The resulting absence of a
negative charge which would be present at higher
pH values (pH4.75), may decrease its solvation.

Materials and methods

Sample preparation

ATI was prepared from Ascaris lumbricoides var suum collected
from the intestinal contents of hogs [32] and prepared as de-
scribed previously [22]. Samples for NMR spectroscopy con-
tained approximately 3.3 mM ATI in either 90 % H,0/10 % D,O
or 99.9% D,0. Spectra were recorded using samples at pH 2.4
(16°C, 27°C, 40°C and 50°C) and pH 4.75 (27°C, 30°C, 34°C and
40°C).

NMR spectroscopy

All’spectra were recorded on a Bruker AM-600 spectrometer.
Two-dimensional NMR experiments were recorded in the pure-
phase absorption mode using the time-proportional incremen-
tation method [33]. Complete assignment of the 'H-NMR spec-
trum of ATT at pH 2.4 has been reported [22]. Sequential assign-
ment of the TH-NMR spectrum at pH 4.5 was carried out as de-
scribed in [22] using standard procedures [34,35]. Examples of
the quality of the NMR spectra are provided in [22]. Intra-residue
and sequential interproton distance restraints were derived from
50 ms nuclear Overhauser effect (NOESY) [36] spectra, while all

other interproton distance restraints were derived from 150 ms
mixing time NOESY spectra. 3Jyn, and 3], coupling constants
were measured from H,O primitive correlated (P.COSY) [37]
and D,O primitive exclusive correlated (PE.COSY) [38] spectra,
respectively.

Structure calculations

All interproton distances were classified into one of four ranges:
1.8-2.7A, 1.8-334, 18504, or 1.8-6.04, corresponding to
strong, medium, weak, and very weak NOE intensities, respec-
tively [11,28]. Upper limits for the distance constraints involving
methyl protons and non-stereospecifically assigned methylene
protons were corrected appropriately for center averaging [39].
In addition, the apparent higher intensity of methyl protons was
corrected by the addition of 0.5 A to the upper distance bound
[12,13].

Stereospecific assignment of B-methylene protons and ¢, ¥ and
y torsional angle restraints were obtained on the basis of 3Jyny
and 3J,g coupling constants and the intra-residue and sequential
NOEs involving the NH, C*H, and CPH protons using the confor-
mational grid search program STEREOSEARCH [40]. Stereospe-
cific assignments of the methyl groups of valine were obtained
as described in [41].

Three-dimensional structures were calculated on the basis of the
experimental NMR restraints using the hybrid distance-geometry
simulated annealing method of Nilges et @l [29] with minor
modifications [26] using the program X-PLOR [4243]. The tar-
get function minimized by the simulated annealing protocol
comprises square-well quadratic potentials for the experimental
distance and torsion angle restraints, quadratic harmonic poten-
tials for the covalent geometry, and a quartic van der Waals repul-
sion term to prevent atoms from coming too close together. No
Lennard—Jones van der Waals, electrostatic or hydrogen bonding
potentials were included in the target function.

The coordinates for the 32 simulated annealing structures of the
low and high pH forms, as well as the corresponding restrained
minimized mean structures, and the complete set of experimen-
tal NMR restraints have been deposited in the Brookhaven Pro-
tein' Data Bank.

Note added in proof

The structure of the Ascaris chymotrypsin/elastase inhibitor
complexed with porcine elastase has recently been solved inde-
pendently by X-ray crystallography (K Huang, NCJ Strynadka, VD
Bernard, RJ Peanasky, MNG James, Structure 1994, 2:679-689).
The fold and disulfide pairings are identical to those of the As
caris trypsin inhibitor reported in this paper.
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