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1.2 A Refinement of the Kunitz-Type Domain from the a3 Chain of Human Type VI Collagen
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Abstract

The recombinant Kunitz-type domain (C5) of human
collagen a3(VI) chain was previously described at 1.6 A
resolution at room temperature. By changing the
crystallization conditions and using synchrotron radia-
tion, we are able to record diffraction data to 1.2 A
resolution for crystals of the same space group at 291 K.
The protein-water—ion model has been refined aniso-
tropically against these new data using the program
SHELXL93; the results converged to an R factor of
15.0%, with all data between 7 and 1.2 A. The final
electron-density map reveals a clear chain tracing with a
few disordered residues and five residues out of 58 that
present alternate conformations. The Cys14-Cys38
bond presents the less frequently observed left-hand
conformation (x; = —60°). The solvent molecules and a
phosphate ion are well ordered with an average B of
38 A”. The high-resolution structure reveals the N and
C termini which were missing from the 1.6 A structure.

1. Introduction

Kunitz-type modules are structural domains composed
of a twisted antiparallel double-stranded B-structure
bordered by two a-helices corresponding to the N and
C termini. This structure is stabilized by 3 disulfide
bridges, two of which are buried in the hydrophobic
face of the molecule. First identified in protease inhi-
bitors such as bovine pancreatic trypsin inhibitor
(BPTI), the fold was also observed in a neural amyloid
precursor protein (APPI) (Kitaguchi et al., 1988; Ponte
et al., 1988; Tanzi et al., 1988). Both BPTI and APPI
share a common P1 site and a glycine in position 36,
features characteristic of antiproteases.

Recently it has been shown (Chu et al., 1990) that the
C-terminus domain (CS5) of the collagen «3(VI) chain
exhibits a homologous sequence to Kunitz-type domain.
The first 58 residues of the C-terminus domain of C5
were cloned and expressed in Saccharomyces cerevisae
(Arnoux et al., 1995) following conditions described for
APPI (Petersen et al., 1994). In terms of sequence (Fig.
1), the arginine residue in position P1 in C5 and APPI
could potentially give them an antiprotease activity. This
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prediction was confirmed for APPI (Van Nostrand et al.,
1995) but not for C5. CS has no inhibitory activity against
trypsin, chymotrypsin, thrombin, kallikrein, neutrophile
elastase, cathepsin G, factor VIla or Xa (Petersen,
unpublished results) or against mast cell chymase
(Mayer et al., 1994). This is not a result of proteolysis
because C5 is not cleaved by trypsin even at high
concentrations of enzyme (Bjorn, unpublished results).

1.1. Comparison with other Kunitz fragments

The structure of the C5 fragment was solved at 1.6 A
resolution by X-ray crystallography (Arnoux et al.,
1995) and more recently its solution structure has been
analyzed by NMR (Zweckstetter et al., 1996). From the
P’ cleavage side (residues 16-18), the aromatic Phel7
group, which is not conserved in BPTI and APPI, is
buried in an hydrophobic pocket composed of Trp34,
Tyr35 and Gly36. This unusual position of Phel7 forces
the carbonyl group of residue 16 and the backbone N
atom of residue 17 to rotate by more than 90°. This is
not enough to prevent the inhibitory activity because
the second domain of TFPI, the structure of which
(Birktoft et al., 1993) shows the same conformation as
CS for residues 16 and 17 (Petersen et al., 1996), inhibits
trypsin.

From the P side of this ‘active loop’ (12-14) two main
differences should be noticed. Concerning the disulfide
bridge (Cysl4-Cys18): in the C5 structure, this bond
shows a less frequently observed left-hand conforma-
tion (x; = —60°) in contrast with the major right one (x;
= +60°) in BPTI (Srinivasan ez al., 1990). Because of this
minor left position the constraint between Sy Cys38
and the main chain is decreased and the N atom of
Cys38 can form a hydrogen bond to the carbonyl O
atom of Thr13 which adopts a position opposite of that
observed in the APPI and BPTI structures. In BPTI, the
mutation G368 (Otting et al., 1993) induces a shift from
the major right conformation to the minor left one for
the disulfide bond 14-38. However, the G36S BPTI
mutant maintains its inhibiting capability toward the
serine proteinases, and in the G36S mutant the hydroxyl
group replaces one of the four internal water molecules
and stabilizes the minor left conformation.

Acta Crystallographica Section D
ISSN 0907-4449 ;5 1998



MERIGEAU et al.

Table 1. Crystallization conditions and data collection
parameters of the two crystals of C5

Crystal 1 Crystal 2
0.2 M lithium sulfate
0.1 M citric acid
0.074 M disodium hydrogen phosphate

pH 3.3
1.6 M ammonium sulfate

Buffer of crystallization

Precipitating agent
Concentration of protein

(mg ml™") 10 9
Space group P2,
Lattice constants (A, *)
a 25.69 25.87
b 38.04 38.28
¢ 28.64 28.84
B 109.20 109.04
% Solvent 39
Crystal size (mm) 2x04x04 1 x02x02
Resolution (A) 6.9-1.18 20.6-1.50
Total No. of reflections 53121 34459
Wavelength (A) 0.901 0.9375
Crystal-detector (mm) 150 120
Scan rate (° min™") 0.25
0 range (°) 0-180

1.2. How can antiprotease activity be recovered?

A tentative modelling of the complex between C5 and
trypsin (Arnoux et al., 1995) led to the conclusion that the
residues located in P3, P1" and P2’ (13, 16 and 17) appear
to be responsible for this non-antiprotease activity. The
carbonyl O atom of Thrl3 in C5, which has a different
conformation from that of Prol3 in BPTI prevents the
formation of a crucial hydrogen bond between O Thrl3
and N Gly216 of trypsin which occurs in BPTI/trypsin
complex. However the single mutation T13P does not
transform C5 to a proteinase inhibitor (no detectable
inhibition activity toward trypsin}, in contrast to the
results with D16A (K, = 250 nM) (Kohfeldt et al., 1996).
Each of the other single mutations requires the presence
of an alanine residue in position 16 to inhibit the enzyme.
This highlights the importance of the presence of an
alanine in P1’. The negative charge carried by the
carboxylate group of Asp16 on the surface of C5 is not
present in BPTI; in this protein the residue is alanine. The
negative charge of Aspl6 is not compatible with the
presence of Asp189 from the catalytic pocket of trypsin.

The rotation of the carbonyl residue of Asplé is
induced by Phel7 which prevents hydrogen bonding
between the main-chain N atom of Phel7 and the
carbonyl O atom of Phe41 of trypsin. The orientation of
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the phenyl ring of Phel7 in C5 structure would cause a
van der Waals contact violation with main-chain atoms
of GIn192 and Gly193 of trypsin (Fig. 2). It would also
cause a short contact distance between the carbonyl
group of Aspl6 (C5) and histidine 57 of the catalytic
triad of trypsin. Because Phel7 of C5 is buried in a
hydrophobic pocket, the single mutation F17R would
not be sufficient to restore the inhibitory activity
because it does not allow the formation of a hydrogen
bond between the guanidinium group of Argl7 (C5)
and the active site of trypsin. However, the W34V
mutation, would allows for the x, rotation of Phel7 and
the release of van der Waals contact constraint. This
explains why a double mutation is essential for the
restoration of activity. Based on the crystallographic
and NMR studies, various mutations were studied by
two groups. The double mutants D16A-F17R and
DI6A-T13P (Kohfeldt er al, 1996), DI16A-RISK
(Norris, unpublished data) present a K, of 2.8,
11.45nM, respectively. Finally triple mutations
(Kohfeldt et al., 1996) D16A-T13P-FI7R (K, =
0.023nM) and DI16A-T13P-W34V (K, = 0.046 nM)
fully restore trypsin inhibition with the same activity as
BPTI (Kp = 0.031 nM).

Because the NMR study demonstrated that CS5 is a
highly dynamic molecule at room temperature, with
multiple conformers which could not be properly
located in the 1.6 A resolution X-ray structure (Arnoux
et al., 1995), we have measured a new X-ray diffraction
data set at room temperature using wiggler beam
synchrotron radiation. We refined the structure using
SHELXL93 program (Sheldrick, 1993) at 1.2 A reso-
lution, which allowed for anisotropic refinement.

2. Experimental
2.1. Crystal and crystallographic data collection

The protocol initially devised by F. Norris (Arnoux et
al., 1995), was modified in the following way: the pH was
changed to 3.3, the temperature was 291 K and the
protein concentration was higher (Table 1). Two crystals
were used to record data at 291 K using station DW32
(Fourme et al., 1992) at LURE with an incident wave-
length close to 0.9 A. Data up to 1.18 A were recorded
using two crystals of C5 fragment, and were processed
using the MOSFLM program (Leslie, 1987), and merged
(Table 2) wusing the ROTAVATA/AGROVATA

30 35 40 45 S0 55

C5: ETDICKLPKDEGTCRDFILKWYYDPNTKSCARFWYGGCGGNENKFGSQKECEKVCAPY

APPI:VREVCSEQAETGPCRAMISRWYFDVTEGKCAPFFYGGCGGNRNNFDTEEYCMAVCGSA

BPTI : RPDFCLEPPYTGPCKARI IRYFYNAKAGLCQTFVYGGCRAKRNNFKSAEDCMRTCGGA

DEND: RRKLCILHRNPGRCYDKIPAFYYNQKKKQCEHFDWSGCGGNSNRFKTIEECRRTCIG

Fig. 1. Alignment of the amino-acid sequences of C5, APPI. BPTI and dendrotoxin. Cysteine residues involved in disulfide bridges arc printed in

bold.
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Table 2. Statistical parameters of the two C5 data sets

Resolution No. of unique
Data set range (A) reflections Multiplicity
1 6.9-1.18 16216 32
2 20.6-1.50 8300 37
Merged
1+2 20.45-1.18 16657 4.9

programs as implemented in the CCP4 suite of programs
(Collaborative Computational Project, Number 4, 1994).
A total of 84 000 reflections were processed to yield
16 657 unique reflections with an overall R, 0f 5.5%.
At the limit of resolution, data were 96% complete at
12A and 61% of the outer shell reflections have
I > 2a(1). The overall B factor deduced from the Wilson
plot slope is 21.7 A? between 22 and 1.2 A.

2.2. Refinement

22.1. X-PLOR 3.1. Refinement was started from the
isotropically refined coordinates (PDB entry 1KNT)
containing 440 non-H atoms, 43 water molecules and a
sulfate ion. At this stage, the N-terminal Glul residue
and the C-terminal Pro57 and Val58 residues were not
available because no electron density was visible in the
1.6 A map. The 1.2 A data set contained 16 657 reflec-
tions of which 1631 were isolated to calculate the Ry,..
factor as defined by Briinger (Briinger, 1992). The
protein—water—ion model was first refined using
X-PLOR 3.1 (Kuriyan ef al., 1991). Because a new data
set was used, a few cycles of rigid-body refinement were
carried out at 1.6 A resolution followed by 200 cycles of
Powell minimization using individual B factors. At this
stage, the R factor was 22.8% and the Ry, was 30.6%.
Then the resolution was increased step by step from 1.6
to 1.4 A and finally to 1.2 A including each time 200
cycles of conjugated gradient minimization which
brought the R factor down to 22.4% and the Ry.. lo
26.7%. It is interesting to note that a parallel refinement

l\cly 216

Thr 13

Gln 192 Gin 192

His 57

Ser 195

No. of
Completeness overlapping
{1/ (o) (%) reflections Reyin
44 94.1 0.075
5.3 96.2 0.034
RNQ"E
3.6 97.1 6486 0.055

using the RESTRAIN program (Driessen et al., 1989) led
to similar results.

222. SHELX1.93. The X-PLOR coordinate file was
converted to the SHELXL93 format using the PDBINS
program, whereas the reflection file was converted
using the F2MTZ program. 10% of the data were set
aside to calculate an Ry,... The procedure for selecting
these 10% of reflections is different from that in
X-PLOR,; instead of a random extraction of 10%, every
tenth reflection was selected by the SHELXL93
program. A first run of conjugated-gradient least-
squares refinement using isotropic B factors led,
respectively, to an R factor of 20.7% and Ry, of 24.7%
with data from 7 to 1.2 A resolution. Then all non-H
atoms were given an anisotropic B factor and refine-
ment was resumed. After ten cycles, Ry.. and the R
factor were lowered to 22.2 and 16.2%, respectively, for
10 762 reflections greater than 4o. Analysis of the
electron-density map revealed alternate conformers for
residues (Thr2, Asp3, Thrl3, Aspl6, Ilel8). Two of
them (Thrl3, Ilel8) were already observed at 1.6 A
resolution, but were not stable enough to be refined.
Moreover, clear electron-density peaks appeared at the
locations of the missing residues 1, 57 and 58. New
conformers and residues were introduced in the
refinement, first with isotropic B factors.

In the 1.6 A refinement a sulfate ion was included in
the model. Phosphate or sulfate ions present the same
geometry with respect to their angles even if P—O
bonds (1.56 A) are longer than S—O bonds (1.42 A).
Because of higher resolution data, we tried to discri-

l\cxy 216

Thr 13

Fig. 2. Modeling of Phel7 environ-
ment of C5 (red) superimposed
with the BPTI molecule of the
trypsin  (black)/BPTI  (blue)
complex (2PTC) showing prohib-
ited van der Waals contacts.
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residues are found in the favorable regions of the
Ramachandran plot except for Cys14, the conformation
of which will be discussed below. It is clear, however,
that the refinement is at the frontier between isotropic
and anisotropic refinement. Data obtained at cryogenic
temperature may lead to a better resolution.

3.2. Comparison with the 1.6 A structure

The protein scaffold has not changed during this
refinement at higher resolution, the r.m.s. is 0.1 A for all
Co atoms between the two models. However, residues
Pro57 and Glul, which were not previously observed in
the electron-density map at 1.6 A resolution, have been
traced without ambiguity, although the electron density
fades past Cy of Glul (Fig. 3). The main-chain electron
density of Val58 is weak, and its side chain was not
located.

Alternate conformers have been introduced for side
chains of Thr2, Asp3, Thrl3, Aspl6 and Ilel8 (Fig. 4).
The last three residues belong to the binding loop
corresponding to the P’ side of BPTL It has been
postulated (Arnoux et al, 1995) that the absence of
antiprotease activity of C5 can be due to a 180 rotation
of the carbonyl group of Aspl6é and the backbone N
atom of Phel7. Phel7 probably does not have alternate
conformations because it is buried in a hydrophobic
pocket consisting of Trp34, Tyr35, Gly36 and a few
backbone C atoms. These conformations have also been
observed in the second Kunitz domain of the tissue
factor pathway inhibitor (TFPI) (Petersen ef al., 1996).
Side chains of Lys28, Lys49 and Glu42 have very large
thermal motion, but they were not consistent with
alternate stable conformers. The percentage of residues
presenting alternate conformations is in total agree-
ment with that observed in other structures refined at
atomic resolution (Dauter er al., 1995).

3.3. Solvent

During the 1.2 A resolution refinement it was
possible to include 10% more water molecules than in
the 16A model. Because of the noncryogenic
temperature used during data measurement, this
percentage is obviously less than for a structure refined
at 150 K or lower temperatures. Nevertheless a network
of water molecules could be observed surrounding the
protein; some of them belong to the second hydration
shell. The average number of hydrogen bonds to a
water molecule is two. Two water molecules are buried
and present no contact with the bulk solvent. These two
water molecules lie in a pocket between residues 8-10
and residues 40—44. These internal water molecules are
tetrahedrally bonded and are found at the same loca-
tion as two out of four found in the different structures
of BPTI determined either by X-ray crystallography
(Deisenhofer & Steigemann, 1975; Wlodawer, 1987) or
NMR (Berndt et al., 1992; Otting e al., 1993).

3

3.4. Phosphate or sulfate ion

Phosphate ions location in X-ray structures have
been reviewed (Chakrabarti, 1993) and recently impli-
cated in a facilitation of crystal packing (Takahashi et
al., 1993). It is also reported that they can alter the
relative stability of the protein, as shown by molecular
dynamic simulations, mutational studies and the
conservation of residues around the ion. These suggest
a possible role for phosphate ions in stabilizing parti-
cular intermediates in the folding/unfolding process
(Schiffer & van Gunsteren, 1996).

The location of the phosphate ion in the C5 structure,
hereafter called site 1, is quite far from the one (site 2)
presents in all crystal forms of BPTI. The BPTI ion
phosphate is in the divalent form (HPO;") at neutral
pH whereas, because of the pH 3.3 used during the
crystallization process, the C5 phosphate ion is in the
monovalent form (H,PO;). The latter settles in site 1
near Trp21. Any location of a phosphate ion in the same
region of BPTI would correspond to a negatively
charged region, but this would be incompatible with the
negative charge of the phosphate ion. This may be
linked to the overall negative charge (—3 e™) of APPI
compared with the positive values for BPTI (+6e™) at
pH 7.0 and C5 (+9e7) at pH 3.3. The absence of a
phosphate ion at site 2 in the CS5 structure is not due to
a change of environment from that in BPTI, as it
corresponds to a region which is as positive as the one
occupied by the current C5 phosphate ion. Indeed, the
requirement of Tyr35 for binding the phosphate ion is
necessary as shown by the mutant Y35G (8PTI) which
does not contain a phosphate ion.

3.5. Analysis of normal mode calculations

The energy minimization using the CHARMM
program for the CS structure was performed up to an
energy gradient of 8 x 10> kcalmol™' A~" (334

®

x 107 kI mol™' A™"). The r.m.s. coordinate deviation

i L 'S A AL
10 20 30 40 50 60
Residue number

Fig. 5. Fluctuations (in A} of Co atoms obtained by the normal mode
analysis (red) and by the anisotropic temperature factors (blue)
analysis. Large dots indicate the total fluctuations and small ones to
the largest component of the principal axes of fluctuations.



312

between the crystal structure and the minimized struc-
ture is 1.1 A for the main-chain atoms and 1.39 A for all
atoms. This relatively large difference in three-dimen-
sional structures is due to the fact that for the mini-
mization, an tsolated single molecule was considered
without any consideration of crystal packing contacts.
The fluctuation matrix of a given atom obtained by
normal mode analysis was diagonalized to obtain the
principal axes of fluctuations. The largest value and the
total fluctuation obtained for each Ca atom were plotted
(Fig. 5) as a function of residue number in order to get
the extent of anisotropy in the fluctuations. The same
kind of values obtained from the crystal anisotropic
temperature factors were also presented for comparison.
The normal mode results indicate fluctuations with a
large anisotropy since the total fluctuations are close to
the largest component of the principal axes of fluctua-
tions. The anisotropy in the crystal fluctuations are less
marked. However, a good correlation between the
theoretical fluctuations and the X-ray profiles are
observed. The largest fluctuations are obtained for the 7~
10, 14-18, 24-28, 31-35 and 54-58 regions in both
analyses, but the normal mode fluctuations obtained for
the 24-28 region is more pronounced than in the crystal
case. This could be explained by the analysis of crystal
packing. The 24-28 region of the minimized structure can
be easily superimposed on the refined 1.2 A structure of
C5 by a single rigid-block rotation of this loop. Its posi-
tion is shifted toward the center of the molecule due to
the presence of the Thr2 residue belonging to the N-
terminus domain of a symmetry-related molecule in the
crystal structure.

A more detailed analysis of the normal modes
showed that the large fluctuations observed for the 15—
18 and 24-29 regions are mainly contributed to by the
first two lowest frequency normal modes (5.4 and
6.2 cm™'). The fluctuation of the region 9-12 is mainly
contributed to by the third lowest frequency modes
(7.1 cm™"). These regions display a large motion along
preferred directions as given by these lowest frequency
modes.
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