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ABSTRACT: Corn Hageman factor inhibitor (CHFI) is a bifunctional 127 residue, 13.6 kDa protein isolated
from corn seeds. It inhibits mammalian trypsin and Factor XIIa (Hageman Factor) of the contact pathway
of coagulation as well asR-amylases from several insect species. Among the plasma proteinases, CHFI
specifically inhibits Factor XIIa without affecting the activity of other coagulation proteinases. We have
isolated CHFI from corn and determined the crystallographic structure at 1.95 Å resolution. Additionally,
we have solved the structure of the recombinant protein produced inEscherichia coliat 2.2 Å resolution.
The two proteins are essentially identical. The proteinase binding loop is in the canonical conformation
for proteinase inhibitors. In an effort to understandR-amylase inhibition by members of the family of 25
cereal trypsin/R-amylase inhibitors, we have made three-dimensional models of several proteins in the
family based on the CHFI coordinates and the coordinates determined for wheatR-amylase inhibitor 0.19
[Oda, Y., Matsunaga, T., Fukuyama, K., Miyazaki, T., and Morimoto, T. (1997)Biochemistry 36, 13503-
13511]. From an analysis of the models and a structure-based sequence analysis, we propose a testable
hypothesis for the regions of these proteins which bindR-amylase. In the course of the investigations,
we have found that the cereal trypsin/R-amylase inhibitor family is evolutionarily related to the family of
nonspecific lipid-transfer proteins of plants. This is a new addition to the group which now consists of
the trypsin/R-amylase inhibitors, 2S seed storage albumins, and the lipid-transfer family. Apparently, the
four-helix conformation has been a successful vehicle in plant evolution for providing protection from
predators, food for the embryo, and lipid transfer.

A proteinaceous inhibitor of human blood coagulation
Factor XIIa (a term we will use to denote any activated form
of Factor XII or Hageman factor) has been purified from
corn seeds (1, 2) and extensively characterized (3, 4). The
inhibitor is a useful reagent since, among plasma proteinases,
it appears to inhibit only Factor XIIa (1, 5).

Factor XII is part of the “contact system” of plasma, along
with prekallikrein, high-molecular-weight kininogen, and
Factor XI (6). Contact with appropriate surfaces results in
an initial production of Factor XIIa, which, acting as a serine
proteinase, generates plasma kallikrein and ultimately acti-
vates the entire contact system. This system can trigger any
of several defense mechanisms, blood coagulation, the
complement system, fibrinolysis, or inflammation (6). Thus,
Factor XIIa occupies a strategic position physiologically, and
from this follows the importance of the corn inhibitor as a
tool to control and study these systems. As suggested by
Hojima et al. (1), we will call this protein CHFI,1 for corn
(activated) Hageman factor inhibitor (1).

CHFI is notable for its strict selectivity among plasma
proteinases for Factor XIIa. In contrast to many inhibitors
of Factor XIIa (7), CHFI does not inhibit plasma kallikrein
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(1, 4). Indeed, on the basis of direct (1) and indirect (5)
measurements, it does not appear to inhibit any plasma
proteinase other than Factor XIIa. In the terminology
introduced by Bode and Huber (8), CHFI is a canonical
inhibitor and it obeys the “standard mechanism of inhibition”
as elaborated by Laskowski (9). In the standard mechanism,
the proteinase both cleaves and ligates the reactive site
scissile bond; the inhibitor at equilibrium exists in both intact
and cleaved forms, and each is capable of binding to and
thus inhibiting the target proteinase. The peptide bond in
CHFI cleaved by Factor XIIa or trypsin (10) lies between
Arg34 and Leu35 (CHFI sequence numbering) (3, 11).

CHFI is a 127 residue, 13.6 kDa (11) member of the
“cereal superfamily” (12), which includes numerous other
proteins of similar length. Among them are proteinase
inhibitors,R-amylase inhibitors [at least some of which are
major food allergens (13)], and bifunctional proteins that
inhibit both serine proteinases andR-amylases. CHFI falls
in the last category: CHFI inhibitsR-amylases from the
yellow mealworm,Tenebrio molitor, and the red flour beetle,
Tribolium castaneum(14) in addition to its inhibition of the
serine proteinases Factor XIIa, mammalian trypsins (2), and
trypsin from larvae of the yellow mealworm.2

Three-dimensional structures have been determined for two
other members of this cereal superfamily. The first is that
of the ragi (Indian finger millet) bifunctional inhibitor (ref
15; RBI, See Table 1), obtained using NMR techniques and
used in the current work as a molecular replacement model.
The second structure in this family is that of the wheat
R-amylase inhibitor 0.19 determined crystallographically at
2.06 Å resolution (ref16; WAI-19, Table 1). While RBI,

like CHFI, is an inhibitor of both amylases and proteinases,
WAI-19 inhibits R-amylases only. CHFI shares 67%
sequence identity with RBI and 32% identity with WAI-19.
Despite the close sequence similarity, there is a surprising
degree of structural divergence among the three proteins.

In the search for structures similar to the protein fold of
CHFI, we have found that the family of nonspecific lipid
transfer proteins (ns-LTP) are homologues to the cereal
trypsin/R-amylase inhibitor family. It is interesting to note
that the ns-LTP from ragi (Indian finger millet) was once
considered to be anR-amylase inhibitor and sequenced under
that name but only later found to correspond to ns-LTP (17).

Identification of the proteinase inhibitory site in CHFI was
straightforward, and the results found in the current work
are in line with our expectation for the conformation of this
site. In the absence of an atomic resolution structure of
Factor XIIa, it is not possible to analyze the CHFI structure
in terms of its specificity for this protein.

With the advent of the CHFI structure determination
together with the structure of wheat amylase inhibitor 0.19
(16), we have attempted to locate the inhibitory site for
R-amylases in this family of proteins. To accomplish this
goal, we have relied on the extensive sequence information
available for the family together with three-dimensional
model building of selected family members. The current
work has resulted in a structure-based sequence alignment
of these proteins. From the models and the sequence
alignment, we are able to propose a testable hypothesis
concerning the location of theR-amylase inhibition site.

MATERIALS AND METHODS

(A) Protein. Wild-type CHFI was extracted from corn
seeds and purified as previously described (10, 4). CHFI2 G. R. Reeck and K. J. Kramer, unpublished results.

Table 1: Protein Name Abbreviations and References

no. sequence PDB code abbrev refa description

1 1mzm maize 1MZM M-NSLTP P19656 Zea mays(Maize) nonspecific lipid-transfer protein
2 itrf maize 1BEA CHFI P01088 Zea maystrypsin/factor XIIa inhibitor
3 iaat eleco 1BIP RBI P01087 Eleusine coracana(Millet) bifunctional inhibitor
4 iaae horvu BTI P01086 HordeumVulgare(Barley) trypsin inhibitor Cme
5 itr rye S29002 Secale cereale(Rye) trypsin inhibitor
6 iaa horvu P16969 HordeumVulgareR-amylase/trypsin inhibitor pUP23
7 si5 sorbi S28202 Sorghum bicolor(Sorghum)R-amylase inhibitor SIR5
8 si4 sorbi SIA4 S28201 Sorghum bicolorR-amylase inhibiotr SIR4
9 ia01 wheat P16850 Triticum æstiVum(Wheat)R-amylase/trypsin inhibitor CM1

10 ia02 wheat P16851 Triticum æstiVumR-amylase/trypsin inhibitor CM2
11 iaaa horvu BCMA P28041 HordeumVulgareR-amylase/trypsin inhibitor Cma
12 ia03 wheat P17314 Triticum æstiVumR-amylase/trypsin inhibitor CM3
13 iaad horvu P11643 HordeumVulgareR-amylase/trypsin inhibitor CMd
14 ia16 wheat P16159 Triticum æstiVumR-amylase/trypsin inhibitor CM16
15 iaab horvu P32936 HordeumVulgareR-amylase/trypsin inhibitor CMb
16 pup13 horvu 57 HordeumVulgareR-amylase/trypsin inhibitor pUP13
17 iaa1 wheat 1HSS WAI-19 P01085 Triticum æstiVumR-amylase inhibitor 0.19
18 iaa5 wheat WAI-53 P01084 Triticum æstiVumR-amylase inhibitor 0.53
19 iaa2 wheat WAI-28 P01083 Triticum æstiVumR-amylase inhibitor 0.28 (CIII, WMAI-1)
20 wrp27 wheat WRP27 56 Triticum æstiVum inhibitor of rice weevilR-amylase
21 iaai horvu P16969 HordeumVulgareR-amylase inhibitor BDAI-1
22 iaa1 horvu P16968 HordeumVulgareR-amylase inhibitor BMAI-1
23 ra05 orysa Q01881 Oryza satiVa (rice) seed allergenic protein RA5
24 ra17 orysa RA17 Q01883 Oryza satiVa seed allergenic protein RA17
25 rag2 orysa Q01885 Oryza satiVa seed allergenic protein RAG2
26 ra14 orysa Q01882 Oryza satiVa seed allergenic protein RA14

1HYP P24337 Glycine max(soybean) hydrophobic seed protein
1PNB P24565 Brassica napas(rape seed) 2S seed storage protein

a Entries beginning with Q or P are SwissProt accession numbers. Entries beginning with S are PIR accession numbers. Entries not in SwissProt
or PIR are referenced.
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was also expressed inEscherichia coli using the pT7
expression vector and purified as earlier described (18); this
protein is referred to as 7n-CHFI. The sequence to residue
Cys 6 of this protein is-7 MARIPMASAGTSC 6. The
Met -7 is removed during expression of the protein.

(B) Crystal Growth. Crystals were grown using conditions
similar to those described in Pedersen et al. (19). Wild-
type CHFI was dissolved in water to a concentration of 25
mg/mL and mixed with an equal volume of reservoir solution
(30% PEG-400, 0.2M MgCl2, and 0.1 M Hepes at pH 7.5).
Crystals were grown in either a sitting or hanging drop
format. The data collection crystal for the wt-CHFI was
soaked in 0.1 M sodium acetate, 30% PEG-400, and 0.2 M
MgCl2, pH 5.8, prior to mounting. 7n-CHFI crystals were
grown in a hanging drop format from a protein solution at
10 mg/mL mixed with 1% 2-propanol, 1% PEG-4000, and
0.1 M sodium citrate, pH 5.4. Crystals for heavy atom
derivative searches were soaked using the native conditions
or a solution with the 0.1 M Hepes replaced by 0.1 M Tris-
maleate at pH 7.0. Both 7n-CHFI and wt-CHFI crystallize
with a ) b ) 57.12 Å andc ) 80.24 Å, space groupP42212.
The ratio of molecular mass to unit cell volume (20) is 2.6
Da/Å3, which converts to 51% solvent content (19).

(C) HeaVy Atom DeriVatization. After many unsuccessful
attempts with heavy atom soaking experiments, we placed
the crystals in a crystallization solution without MgCl2 (30%
PEG-400 and 0.1 M Tris-maleate, pH 7.0) for 24 h. This
resulted in visible degradation of the crystals. The crystals
were then soaked in 15 mM uranyl nitrate in 0.2 M NaCl or
0.2 M CdCl2 for an additional 48 h.

(D) Diffraction Data Collection. All diffraction data were
collected at room temperature with in-house Cu-KR X-ray
sources. Wild-type and 7n-CHFI native data sets were
collected on a Rigaku R-AXIS IIC image plate detector
equipped with a Rigaku RU200 rotating anode generator.
Data from this detector were processed with the R-Axis
software, PROCESS (21). Derivative data sets were col-
lected on a Siemens multiwire area detector. Data were
processed with SADIE and SAINT (22). Friedel mates were
collected for one uranyl nitrate derivative. Data collection
statistics are summarized in Table 2.

(E) HeaVy Atom Position Determination and Phasing.
Two software packages were used to identify heavy atom
sites in the cadmium derivative, xhercules (23) and RSPS
(24). Both packages indicated a single major heavy atom
site which was confirmed by examination of the difference
Patterson map. Difference Fourier maps indicated a second
minor cadmium site. MLPHARE (24) was used to refine
positions and occupancies of the two sites. Phases from the
cadmium derivative were used to prepare cross-difference
Fourier maps to determine the positions of uranyl ions in
the uranyl nitrate derivatives. All sites were checked against
difference Patterson maps calculated with xfft (23). All
heavy atom positions were combined and refined using
MLPHARE, and experimental MIRAS phases were deter-
mined. DM (24) was used for solvent flattening and histo-
gram matching to improve the experimental map. The pro-
tein backbone in the MIR map was traced using xfit (23).

(F) Molecular Replacement.Due to the relatively poor
phases from multiple isomorphous replacement, we used
molecular replacement to complete the phasing of this
protein.

A single best model of ragi bifunctional inhibitor, RBI,
was calculated from the ensemble of 20 NMR structures
deposited in the PDB by Strobl et al. (15). This model was
produced by Fourier transforming the set of 20 structures
(with occupancy set to 0.05) and using the calculated
structure factors as “Fobs” in a refinement of a single model
of RBI using X-PLOR (25). This single model with B
factors was reduced to a poly(ala, ser, pro, cys) search model,
and parts of the model not well-defined in the NMR
structures were removed. Residues were deleted if the root-
mean-square deviation of the CR atoms of the ensemble was
greater than 1.0 Å. Additionally, residues 67-78 were
removed because the sequence alignment through this loop
was uncertain.

The ensemble of 20 structures was also subjected to
simulated annealing with constraints from the deposited NOE
data and additional restraints imposed on the disulfide torsion
angles to bring them into agreement with angles observed
in high-resolution X-ray crystal structures. The resulting
ensemble of 20 structures was subjected to the procedure
above to produce another search model.

The evolutionary programming for molecular replacement
(EPMR) (26) was used to place the search model in the unit
cell. Only one solution was identified. This solution was
confirmed by checking against the MIRAS-phased map.

(G) Model Refinement.X-PLOR (25) was used for rigid-
body refinement of the molecular replacement solution and
for subsequent simulated annealing and positional refinement
(Table 3). Side chains throughout the molecule, which had
been excluded from the search model, had well-defined
density in a SIGMAA-weighted 2mFo - DFc map (27). Side
chains were rebuilt, and the backbone was traced for residues
omitted in the search model.

Following rebuilding and refinement with X-PLOR in-
cluding individualB factor refinement, waters were built into
the model. After iterative water building and refinement,

Table 2

Data Collection

% completenessmaximum
resolution (Å) last shell Rsym

a
no. of unique
reflections

native
wt-CHFI 1.95 92.1 81.8 N/A 9033
7n CHFI 2.20 77.8 57.5 0.08 5016

derivative
cadmium 3.1 97.2 53.4 0.20 2323
uranium 1 3.2 96.8 94.1 0.13 2379
uranium 2 2.5 66.5 25.8 0.09 3282

MIRAS Results

phasing powerc

no. of sites Riso
b centric acentric

cadmium 1 0.180 0.61 0.88
uranium 1 4 0.250 0.78 1.12
uranium 2 3 0.340 0.96 1.38

〈FOM〉d 15-2.5 Å

acentric centric all

0.380 0.640 0.430
a Rsym ) ∑|Ih - 〈Ih〉|/∑Ih. b Riso ) ∑||FPH| - |FP||/∑|FPH|. c Phasing

power ) ∑|FHcalc|/∑|(FP + FHcalc) - FPH|. d 〈FOM〉 ) mean of
∫{Phkl(R)eia}dR over all reflections.
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96 waters were incorporated. REFMAC (24) was employed
for positional refinement. Once the water structure was built,
X-PLOR was used to calculate a bulk solvent correction and
for final B factor and positional refinements.

The 7n-CHFI structure was determined by using the wt-
CHFI structure without waters to directly phase the isomor-
phous crystals, followed by simulated annealing and posi-
tional andB factor refinement with X-PLOR. Following
refinement, shaken omit maps were examined using xfit, and
side chains were corrected. Only 16 waters were determined
due to the lower resolution of the data.

(H) Characterization of CHFI. Electron density was
missing for both the N- and C-terminal regions of the wt-
CHFI and the 7n-CHFI. Mass spectra of a previous
preparation of wt-CHFI yielded a major (60%) and two minor
components (20% each). The major component corre-
sponded to residues 1-123, one minor component cor-
responded to residues 1-122, and the third component fits
best to residues 1-126. Edman sequencing with yet another
preparation indicated an intact N-terminus on the protein.
Hence, there is some possibility for ragged C-termini on the
material isolated from corn and used for crystallization in
this study.

Mass spectra were also taken on a prior preparation of
7n-CHFI than that used for crystallization and data collection.
In this case, the determination yielded the expected molecular
mass exactly for residues-6 to 127. Thus, we attribute the
missing electron density of both wt-CHFI and 7n-CHFI to
flexibility in the terminal regions.

(I) Structure-Based Sequence Alignments.Preliminary
sequence alignments were performed by the methods docu-
mented in Yee et al. (28). To refine the sequence alignments,
we used three-dimensional structural models of several pro-
teins. In this way, problematic insertions and deletions could
be evaluated from a structural standpoint and revised as
necessary. In some cases, the preliminary sequence align-
ments were significantly modified as a result of the model
building.

The basic idea used for model building in this study is to
maintain those portions of the three-dimensional structures

which are conserved between pairs of proteins and use the
geometric restraints and energy minimization capabilities of
X-PLOR (version 3.1) together with the visualization capa-
bilities of O to arrive at plausible structures for the unknown
portions.

To make the models, the program SOD (29) was used to
make an O (30) macro file. This macro file, when used in
O, maps the sequence of the protein being modeled onto
the template structure. O was then used to manipulate the
modeled residues into appropriate positions. The result of
this operation is a model with a reasonable mapping of the
sequence to the structure. If the starting sequence alignment
is incorrect, it will be seen in a poor fit of the sequence to
the template, and appropriate re-alignment can be made.

For two of the models reported here, the coordinates were
written out, and X-PLOR (version 3.1) was used to energy
minimize the structures with 400 steps of Powell minimiza-
tion and 100 steps of Verlet dynamics (25). Models of
BCMA and BTI were constructed in this fashion using CHFI
as a coordinate template.

For the WAI-19 model, we wished to build the “flexible
loop” between residues 68 and 78 for ease of sequence and
structure comparisons and for use as a template for proteins
of the same subfamily. This loop was built for convenience
only; it is purely hypothetical since no electron density was
observed in this region of the experimental structure (16).
Because we also wished to have a model that accurately
represented the known portion of the experimental model,
we resorted to a procedure similar to that employed in
constructing the molecular replacement model.

Dr. K. Fukuyama kindly made available a prerelease set
of the coordinates (1HSS (16)]. All four independent
molecules of 1HSS were superimposed, and the occupancy
of each atom was set to 0.25. The set of four structures
was Fourier transformed using SFALL (24) and the resulting
structure factors subsequently treated as “Fobs”. This was
done by simply running the program SFTOOLS (24) and
writing an X-PLOR formatted output file. A plausible loop
was built for residues 68-78 using the lego loop subprogram
in O and chain A of the 1HSS coordinates. This constituted
the starting model of WAI-19. TheB factors of the model
were set to 20 Å2 and the model refined using X-PLOR.
The refinement steps consisted of rigid body refinement,
positional refinement, simulated annealing to 1000°C,
another positional refinement, and individualB factor refine-
ment. These steps were carried out with weights as the ideal
weights (25) except for the simulated annealing which used
4/5 of the ideal weight. The refinement was carried out at a
nominal resolution range of 40-2.5 Å. The finalR factor
was 0.10 (Rfree ) 0.11 for 10% of the data), and theB factors
for the constructed loop became very large. However, for
the 109 CR atoms in common between the X-ray derived
coordinates and the constructed model, the rms deviation was
only 0.29 Å. The majority of this deviation comes from
residues 68 and 78 which are adjacent to the modeled insert.
These residues haveB factors near 80 Å2 in the 1HSS
coordinates, so a large deviation (1 Å) of these two residues
is not badly out of line.

The same set of Fobs structure factors from 1HSS was
used to refine other models in this subfamily. The model
of the wheat monomeric inhibitor 0.28 (WAI-28) yielded a
final R factor of 0.20 (Rfree was 0.26). The wheat monomeric

Table 3: Refinement Statistics

wild-type 7n recombinant

RMS deviations from ideality
bonds (Å) 0.01 0.01
angles (deg) 1.75 1.54
dihedrals (deg) 24.34 21.32

no. of protein atoms 889a 879
no. of solvent atoms 96 14
Ramachandran Plot,

no. of residues in regions
core+ allowed+ generous 113 113
disallowed 1 1

mean B (RMS B)
main-chain atoms 33.2 (13.2) 29.1 (12.1)
all protein atoms 37.1 (16.9) 31.9 (15.6)
solvent 59.3 (16.7) 51.8 (10.3)

Rb,d 0.19 0.20
Rfree

c,d 0.29 0.27
resolution (Å) 45-1.95 45-2.2
a There are 10 fewer atoms in 7n-CHFI due to alternate conforma-

tions of Trp10 in wild-type CHFI.b R ) ∑||FPobs| - |FPcalc|/∑|FPobs|
calculated over the 90% of data used for refinement.c Rfree ) ∑||FPobs|
- |FPcalc|/∑|FPobs| calculated over the 10% of data excluded from
refinement.d Calculated including 2σ cutoff and bulk solvent correction.
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R-amylase inhibitor WRP27 gaveR) 0.24 andRfree ) 0.29.
In this case, the resolution range for refinement was 40-
3.0 Å. The model of rice allergen 17 (RA17) protein was
also refined with these structure factors. The finalRs were
0.25 andRfree ) 0.32 for the refinement from 40 to 2.5 Å
resolution. After refinement, energy minimization with the
same protocol as above was used to relieve bad stereochem-
ical contacts for these three proteins. This final energy
refinement step did not significantly reduce the fit of the
model to the relevant portions of the experimentally deter-
mined template.

For the sorghumR-amylase inhibitor protein 4 (SIA4),
there are several regions in the sequence which are difficult
to align with CHFI, and the Arg in the sequence, IYAVSRLT
(CHFI positions 93-99), is particularly problematic. To find
the correct alignment, a procedure similar to that used for
the WAI-19 model was followed. In this case, CHFI was
used as the template and coordinates of CHFI residues
surrounding the insertions were deleted. The structure factors
computed from this partial CHFI model were then used as
Fobs with X-PLOR refinement to constrain most of the SIA4
molecule while allowing the chain to adjust to geometric
factors in unknown regions. In the resolution range 40-
2.5 Å, the model hadR) 0.24 andRfree ) 0.30. Once more,
energy minimization followed the refinement to relieve bad
contacts. In this example, the Arg in the above sequence
was nicely accommodated in the modeled structure, was
moved from its original alignment position, and forced a gap
in the remainder of the proteins. We cite this as a
justification for the procedure.

All of the final models had good stereochemistry as
indicated by the Ramachandran plots (PROCHECK), and
analysis with Prosa II (31) indicated that the models were
satisfactory. The pairwise comparison of these structures
was used to guide the sequence alignment of close relatives.
Following modeling, all models were superimposed using
locally written least-squares programs with a cutoff for
equivalency of CR atoms of 3.0 Å.

To make the hypothesis concerning theR-amylase inhibi-
tory site on this family of proteins, the superimposed models
were colored by residue category and examined with O in a

variety of combinations to test conjectures concerning the
site. This examination, together with a literature survey
summary of inhibitory activity allowed us to postulate the
residues involved inR-amylase inhibition.

The phylogeny of the sequence alignment was determined
using PROTPARS from the PHYLIP package (32) to
determine the topology of the dendrogram. Then ANCSTR
(33) was used to construct the branch lengths as a matrix
which was reduced using FITCH (32).

(J) Figures. Figures 1, 3, 5, and 6 utilized MOLSCRIPT
(34) and Raster3d (35) in their construction. Figure 2 was
drawn with LIGPLOT (36).

FIGURE 1: Schematic drawing of CHFI residues 5-120. Every 10th residue in the sequence is marked with a small black sphere. The
residues of the protease inhibition loop are fully drawn (residues 31-38). Arg 34-Leu 35 contains the scissile bond. Helix A consists of
residues 18-29, helix B consists of residues 37-49, helix C consists of residues 56-65, and helix D consists of residues 88-95. Residues
66-79 constitute the finger loop. Arg 79 is labeled and discussed in the text.

FIGURE 2: Schematic plot of the region surrounding Arg 79. This
residue is deviant in the Ramachandran plot (φ, ψ ) 84°, 132°).
Hydrogen bonds and their lengths are given by the dashed lines.
The rayed arcs denote nonpolar interactions with the residue.

Corn Hageman Factor Inhibitor Structure at 1.95 Å Biochemistry, Vol. 37, No. 44, 199815281



RESULTS

(A) Structure Determination.Difficulties were encoun-
tered in heavy atom derivatization of CHFI crystals, despite
a reasonable solvent content (51%). We do not observe
bound Mg2+ in the refined structure, so the difficulty was
apparently due to tightly packed protein and large solvent
channels, resulting in a small solvent-accessible surface of
the molecules in the crystal. It appears that soaking in Mg2+-
free solvent was necessary to disrupt the crystal packing
enough to make the heavy atom binding sites accessible. All
heavy atom binding sites are on large cylindrical solvent
channels. The heavy atom phasing was poor, with an MIR
figure of merit of only 0.43. We could observe the helices,
but the connectivities in the solvent-flattened MIR map were
discontinuous and difficult to trace. The attainment of the
molecular replacement solution simplified this problem.

Molecular replacement with NMR coordinates is often
problematic; in our case, AMoRe (37) and X-PLOR were
unable to identify the correct solution. Both a high-symmetry
space group and a search model with>1.5 Å rms differences
for the backbone contributed to these difficulties. Use of
the deposited NMR constraints along with restraints on the
disulfide bond dihedral angles in simulated annealing
produced a search model that was closer to the final refined
model than the averaged NMR coordinates. Finally, the six-
dimensional search, implemented in an evolutionary algo-
rithm to make the computation time reasonable, was essential
for the successful molecular replacement (26).

(B) Molecule Description. CHFI is folded into four
R-helices. The helices are arranged into two pairs of anti-
parallel helices, with an angle of approximately 60° between
the two antiparallel pairs (Figure 1). These helices are named
A-D. There is an extended loop, the “finger loop”, between
the C and D helices which is absent from the sequence or
moved in WAI-19 (16) but present in RBI (15). The only
â-structure in the protein occurs here between residue Ala
67 and Glu 77. This finger loop, extending from residue 66
to 79, forms the only direct protein contact along thec axis
in our crystal form. Some residues in the finger loop, namely
73-75, were visible but had poor density, with refinedB
factors near 80 Å2. Portions of the polypeptide not observed
in the electron density are residues 1-4 and 121-127.

The known proteinase inhibitory site loop from residues
Ile 31 to Pro 38 (P4 to P4′) is involved in a crystal-packing
contact with the same loop from a symmetry-related mol-
ecule. Despite the crystal contacts, the loop backbone is in
the canonical conformation for protein inhibitors of serine
proteinases. As can be seen in Figure 1, Arg 34 at the scissile
bond is fully exposed and projects away from the body of
the protein.

In the Ramachandran plot, one residue, Arg 79, is deviant
with φ,ψ ) 84°, 132°. Figure 2 shows the model in the
region surrounding this residue. From the figure, it would
appear that the disallowed conformation is generated by the
hydrogen bonding. The residue, together with the main-chain
atoms of Leu 80, is involved in a network of hydrogen bonds
which extends over Arg 79, Arg 21, Glu 81, and Asp 65 as
well as the main-chain carbonyl atoms of Ile 62 and Leu
63. In addition to these interactions, several water molecules
participate in the network of hydrogen bonds surrounding
Arg 21. This arrangement illustrates one of several extended
hydrogen bonding networks within the protein and between
the protein and major water clusters. Helix C in CHFI ends
with Asp 65 as the last helical residue and Gly 66 as the
first nonhelical residue. The CR atom of Arg 79 is only
4.18 Å from CR of Asp 65. Thus, it appears that Arg 79
“caps” helix C and assists in the formation of the finger loop
rather than allowing an extension of helix C such as occurs
in WAI-19 (16).

The 7n-CHFI structure was found to be essentially
identical to that of the wild-type protein (rms deviation of
0.44 Å for all atoms, 0.22 Å for backbone atoms). In wt-
CHFI, we find two alternate conformations of residue Trp
10 with relative occupancy of 0.75 and 0.25. In 7n-CHFI,
only a single conformation was observed, presumably due
to the lower resolution. Rfree increased when alternate
conformations were included in 7n-CHFI at Trp 10. Overall,
this 7n-CHFI structure confirms the known biochemical
similarity of isolated and expressed forms of CHFI and
justifies use of engineered CHFI derivatives in functional
and structural studies.

As expected, the CHFI structure is quite similar to the
structures determined for RBI (15) and WAI-19 (16) in
overall topology. There are differences in helix packing
between CHFI and RBI, with differences of 1.61 and 1.74

FIGURE 3: Superposition of nonspecific lipid transport protein of maize (M-NSLTP) and CHFI. Three of the four helices superimpose well,
but helix-C of M-NSLTP is displaced relative to CHFI in order to form the lipid binding groove between helix-C and helix-D. Every 10th
residue of CHFI is labeled as in Figure 1. Thick lines represent CHFI and thin lines mark the CR atoms of M-NSLTP.
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Å between CHFI and the average RBI backbone and all atom
coordinates, respectively. While the folds are the same
overall, there are differences in the side-chain packing, and
major differences in disulfide bond dihedral angles.

(C) Distantly Related Structures.Oda et al. (16) have
found that WAI-19 possesses the same protein fold as a
soybean hydrophobic protein (ref38; PDB entry 1HYP), an
allergen (39) with unknown function. The crystallographic

FIGURE 4: Sequence analysis of the trypsin/R-amylase inhibitor family. (A) Maximum parsimony phylogenetic tree as determined from the
sequence alignment with PROTPARS (32) using the maize nonspecific transfer protein as an outgroup. Branch lengths indicate phylogenetic
distance. (B) Structure-based sequence alignment of the cereal trypsin/R-amylase family of proteins. In this Figure only selected members
of the family are presented. Gaps in all proteins indicate one or more proteins of the family are longer in this region. Conserved residues
within the entire family are marked as (*) 9, 8, ..., 4) 20-25, 19, 18, ..., 14 identities among the 25 cereal trypsin/R-amylase inhibitor
proteins in the complete alignment. In panel B, the first line is the CHFI sequence numbering. The next four lines are the sequences of
proteins 2, 3, 8, and 11. Five lines of AI-subfamily sequences follow for proteins 17, 18, 19, 20, and 24. A key to these protein numbers
and other abbreviations is located in Table 1.
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model of this protein also superimposes well with CHFI (1.48
Å deviation of CR for 37 equivalenced residues). Addition-
ally, we have found with DALI (40) and SCOP (41) that
the crystallographic model of the maize nonspecific lipid-
transfer protein (ref42, M-NSLTP) has the same topology
as CHFI and fits quite well with three of the four helices
(Figure 3). This structural similarity has been noted by the
SCOP authors (41) because RBI and M-NSLTP are classified
in the same superfamily. The disulfide bridge pattern is
slightly different from that found with CHFI, apparently an
accommodation to allow helix C to translate away from the
other three and form the lipid-binding pocket. When the
X-ray coordinates of M-NSLTP are superimposed on CHFI,
the rms deviation is 1.74 Å for 42 equivalenced CR atoms.
The fit to WAI-19 (1HSS, molecule A) is somewhat closer,
1.43 Å for 44 equivalenced CR atoms. Sequence alignment
based on the structure superposition with CHFI shows that
the percent identity of M-NSLTP is marginally closer to
WAI-19 (20%) than to CHFI (17%).

The cereal trypsin/R-amylase inhibitor family3 of proteins
is also homologous with the family of 2S seed storage
albumins. The similarity is picked up by BLAST searches
(43) with the CHFI sequence, and the similarity is noted on

the PRODOM server (44). The structure of one representa-
tive of the 2S seed storage family of proteins is available
from an NMR study (ref45, PDB identifier 1PNB). In this
family of proteins, posttranslational proteolysis results in a
two-chain mature protein. It is noteworthy that the cleavage
into two chains occurs in the proteinase loop of the trypsin/
R-amylase inhibitor family. The structural alignment of the
energy minimized average of 1PNB with CHFI gives six of
the eight Cys residues of 1PNB aligned with the correspond-
ing Cys residues of CHFI. The rms deviation of 37
equivalent CR atoms is 1.89 Å; however, the NMR structure
is only preliminary at this time (45).

(D) Sequence Analysis.By the construction of three-
dimensional models for sequence alignment of the members

3 We have termed the family of 25 homologous sequences dealt with
in this manuscript as the “cereal trypsin/R-amylase inhibitor” family.
This family plus the 2S seed storage proteins was called “cereal
superfamily” by Richardson (12). The family we consider is termed
“trypsin/R-amylase family” in the SwissProt database. Since the close
members of this family have been found only in cereals to date and to
distinguish the members from other bifunctional inhibitor families, we
have attempted to include both Richardson’s terminology and the
SwissProt terminology in the name “cereal trypsin/R-amylase inhibitor”
family.

FIGURE 5: Stereo diagrams of the superposition of WAI-19 and CHFI together with noteworthy residues. (A) Superposition of WAI-19
(1HSS, chain A) and CHFI. The specific residues shown include Arg 56 (53 in WAI-19), Tyr 54 (Trp 51 in WAI-19), and Arg 34 for
orientation relative to the scissile bond. CHFI is colored green while WAI-19 is magenta. The break in the chain of WAI-19 occurs between
residues 68 and 78 of this protein. Every tenth residue of CHFI is marked with a small black sphere. (B) Stereo diagram illustrating the role
of Tyr 23 and Phe 94 in serving as a scaffold for the conformation of the protease loop in CHFI. In the figure, Arg 27 of CHFI points out
into the solution, while Gln 27 of WAI-19 is directed back toward the hydrophobic core of the protein as a result of smaller residues at
CHFI positions 23 and 94. This difference appears to result in the observed difference in conformation of the protease loop between the two
proteins.
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of the cereal trypsin/R-amylase inhibitor family, we hoped
to accomplish two goals. First, a structure-based sequence
alignment should reflect significant similarities and differ-
ences among the family members. This would highlight the
importance of particular residues in the architecture of these
proteins. Second, we wished to be able to formulate hypoth-
eses concerning theR-amylase inhibition site in this family
of proteins. It was felt that the site would be an extensive
surface rather than confined to a single contiguous sequence.
Consequently, a family of three-dimensional structures might
be more useful than a simple sequence alignment to test trial
conjectures concerning this site.

Figure 4A gives the phylogeny of the sequences of family
members we have found in the published literature. For this
analysis, the complete sequence alignment given in the
Supporting Information was used. The alignment is con-
densed in Figure 4B, and the gaps due to alignment with
M-NSLTP have been squeezed out. M-NSLTP was aligned
with CHFI on a structural basis and used as an outgroup for
the family to root the dendrogram.

As has been noted by others, the sequences of the cereal
trypsin/R-amylase inhibitor family fall into two major
groupings. We have termed these two major subfamilies as
AI (R-amylase inhibitors) and TI (trypsin inhibitors). The
TI subfamily includes proteins 2-16 of Figure 4A. Actually,
only proteins 2-5 are capable of inhibiting trypsin-like
proteinases. Some proteins such as 6 and 16 are character-
ized only by the known sequence. Proteins 9-15 include
R-amylase inhibitors, but only some are inhibitory; the
sequences have been characterized as subunits of the
tetrameric wheat and barleyR-amylase inhibitors (46-48).
Proteins 9,10, and 12-15 are not inhibitory as monomers.

In the second major grouping, AI, are included both dimeric
(proteins 17, 18, and 21) and monomeric (proteins 19, 20,
and 27)R-amylase inhibitors. Proteins 22-26 have not been
tested for R-amylase inhibition, but are rice or barley
allergens associated with Baker’s asthma. In Figure 4A, the
branch lengths indicate phylogenetic distance.

Figure 4B gives the sequence alignment of a set of proteins
limited to a few for which models were constructed. For
discussion of positions, the CHFI numbering will be used.
Figure 5, top, shows a superposition of CHFI and WAI-19
(1HSS, chain A). As noted by Oda et al. (16) significant
differences occur between the secondary structure of WAI-
19 and the TI subfamily as represented by RBI (15). Figure
5, top, is presented as an aid in the following discussion of
sequences.

(E) Noteworthy Residues in the Family of Structures.
Among the TI family members, Tyr 23 is conserved (Figure
5, bottom). This residue interacts with Phe 94. The pair of
residues causes the Arg or Gln of the TI family proteins at
position 27 to point out into the solvent and continue helix
A as shown in Figure 5, bottom. In the AI group of proteins,
Tyr 23 becomes Leu, Met, or Val. These smaller residues
and the smaller Thr, Ala, or Leu at 94 allow the residue at
27, generally Gln, to orient toward the hydrophobic core of
the protein, ending helix A. The result of these interactions
is that Cys 29 of the TI group does not align with Cys 28 of
the AI group. Thus, indirectly, the Tyr 23-Phe 94 interac-
tion can be viewed as the scaffold for the proteinase loop
configuration among the trypsin inhibitors.

A part of the structure which is conserved among all
members of this family is the arrangement surrounding Arg
56. The nonpolar portion of the Arg side chain contributes

FIGURE 6: Comparison of WAI-19 and WAI-53. Residues differing between these two proteins are shown in color. Note that the change
of Cys 52 to Pro (WAI-19 numbering) will make the N-terminal region more flexible in WAI-53; the gray Cys 6 connects to Cys 52 in
WAI-19. Additionally, a charge difference results from the conversion of His 47 to Asp. WAI-53 is 50-fold less effective as an inhibitor
than WAI-19 against human pancreaticR-amylase (54). Coloring is as follows: acidic residues red, basic residues blue, polar residues
cyan, nonpolar residues green, Pro and Gly yellow-green. Trp 51 and Arg 53 are gray.
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significantly to the hydrophobic core of the protein and the
guanidinium group ties the inaccessible main-chain carbonyl
oxygens of the surrounding residues together with four
hydrogen bonds. The main-chain atoms which are bonded
in this structure are Nε‚‚‚O-48, Nε‚‚‚O-51, Nη1‚‚‚O-107,
and Nη2‚‚‚O-49. We observe similar arrangements in the
hydrogen bonding surrounding Arg 56 among all the models
constructed for the sequence alignments. This structure
appears to be fundamental to forming the proper disulfide
bridges and also to set up the change from helix B to helix
C in the family of proteins. The arrangement also appears
important for exposure of the (usually) aromatic Tyr or Trp
at position 54.

DISCUSSION

(A) Structure Determination.The structure determination
of CHFI relied on a combination of multiple isomorphous
replacement and molecular replacement techniques. We tried
many heavy atom compounds in routine soaks without
finding an effective derivative. Also, in many surveys of
crystallization conditions, we did not find additional crystal
forms for this protein. Both of these factors led us to try to
distort the crystal by removal of the Mg2+ prior to the heavy
atom soak. While the electron density of the MIR-phased
map was poor, it was nevertheless good enough that we could
immediately recognize the correct molecular replacement
solution when it was found.

There are several advantages in using a single model rather
than the entire ensemble observed in the NMR results in
molecular replacement trials. It was done in this case to
simplify changes to the model. The idea of using the Fourier
transform to average the models was inspired by the work
with the “probability map” of Bonvin and Brunger (49). In
our case, we are simply using the structure factors in the
same fashion as Fobs to arrive at a single representative
model of the protein using an ordinary crystallographic type
of refinement. TheB factors found upon refinement correlate
well with the rms deviations among the models. Parts of
the model which have largeB factors (>80 Å2) can then be
excised for the actual molecular replacement trials.

Initially, upon inspection of the RBI NMR ensemble, we
thought the failure in the molecular replacement could be
due to improper determination of the dihedral angles in the
disulfide bridges. It was for this reason that we decided to
try to restrain the disulfide bridge dihedral angles to(90°
as observed in high-resolution crystal structures. Restraining
the dihedral angles and also constraining the CR-CR
distance to 5.5( 0.6 Å across the disulfide bridge did not
have as much effect on the model as we expected, although
it did improve the model slightly as indicated by a drop of
0.1 Å in rms deviation from the final CHFI coordinates.

The six-dimensional search program, EPMR (26), was
essential for solving this molecular replacement problem.
Neither AMoRe nor X-PLOR were able to identify the
correct solution in either the rotation or translation functions.
Only after partial refinement of the search model with
X-PLOR (to anR of 33%,Rfree ) 42%) were the molecular
replacement methods of X-PLOR able to “recognize” the
correct solution.

The conformation of the proteinase loop was pretty much
as expected. The molecule can be superimposed on the

CMTI-I inhibitor-trypsin complex (50) and with some small
modifications to the Arg 34 side chain, the CHFI model fits
well. In the absence of a structure for Factor XIIa, however,
we are unable to answer the question why this inhibitor is
so exquisitely selective for this proteinase among all the
plasma proteinases.

(B) Sequence Analysis.The first objective of our sequence
alignment was to aid in mutagenesis or other functional
analysis of family members. Superposition of the CHFI
model and the other models constructed in this study indi-
cates that the “finger loop” of the TI subfamily should not
be aligned with the “flexible loop” of the AI subfamily.
When the two subfamilies are separated and aligned, quite
distinct “signature residues” are observed which reflect
structural differences in the two subfamilies.

Our second objective in the model construction and
alignment was to locate theR-amylase inhibitory site on the
surface of CHFI and (presumably) the rest of the family.
Taking together the models and experimental observations
we can hypothesize the location of theR-amylase inhibition
site. First, we assume the site is similar among all the mem-
bers of the family. Second, because RBI can form a ternary
complex of trypsin, RBI, andR-amylase (51, 52), the amylase
site must be distinct from the proteinase loop. Third, based
on the WAI-19 dimerization site, we can exclude the
“platform loop” in the C-terminal region. WAI-19 inhibits
Tenebrio molitorR-amylase as a dimer (53), and one face
of the “platform loop” is buried in the extensive dimer
interface (16).

These assumptions and observations can be put together
with four experimental results as criteria for the site
identification. The observations are as follows. First, study
of the complex of RBI with porcine pancreaticR-amylase
(54) indicated involvement of aromatic residues in the
complex. Second, modification of amino groups (Lys or the
N-terminus) abrogatedR-amylase binding to RBI (51).
Third, the lack ofR-amylase (Tenebrio) inhibitory activity
of CHFI mutated as 4n-11 (18) has further implicated the
N-terminal region in the inhibitory site. Fourth, binding of
the inhibitors to their cognateR-amylase is tight, in the
nanomolar range forKi (14), indicating extensive surface
involvement in the inhibitor-enzyme complex.

In the region surrounding the CHFI Arg 56 site, at CHFI
position 54, an aromatic tyrosine or tryptophan occurs in
almost all of theR-amylase inhibitors. Additionally, the
residues in this region superimpose well among all of the
models. We think that this is one portion of the site (see
Figure 5, top, and 6). A second position of interest is the
conserved structure near the N-terminal between residue 6
and 15 (possibly as far as residue 18). The third region
which may be part of the site is located in the surroundings
of residue Glu/Gln 47 where there are charge differences
between the WRP27 and WAI-28 proteins possibly causing
the former to lose itsTenebrioR-amylase inhibition. The
charge pattern of Arg, Glu, and Asp on the surface of helix
B (residues 42-44) may be involved in specificity deter-
mination of the inhibitors with their cognateR-amylase. A
last mention must be made of Asn 105. The residue shows
remarkable conservation, and no structural basis for it can
be discerned by examination of the RBI or CHFI structures.
This portion of the platform loop is close to the exposed
aromatic residue at position 54 and so may be involved in
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the binding to R-amylase by some of the monomeric
inhibitors.

This proposed set of sites has some experimental verifica-
tion in the following form (Figure 6). WheatR-amylase
inhibitor 0.53 differs by only seven residues from the wheat
0.19 inhibitor. Two positions are Cys 55 (52 in WAI-19)
f Pro and nearby His 50 (47 in WAI-19)f Asp. The
remaining five changes are near the flexible loop or do not
involve alteration of charges. The lack of a Cys 6-Cys 55
disulfide bridge should increase the flexibility of the N-
terminal region as well. The profound effects these few
changes have on the activity (55), taken together with the
activity specificity differences in the pair of WAI-28 and
WRP-27 (56) lend support to our hypothesized inhibition
site.

A question which this hypothetical site does not address
is why a clustering of aromatic residues occurs in the C-ter-
minal regions of these molecules in this family of proteins.
There is quite a bit of variability among the modeled
structures in the positioning of these aromatic residues, so
we were unable to arrive at a satisfactory hypothesis for their
involvement in the inhibition mechanism.

(C) Conclusions.The structures determined in this work
indicate that there is no particular, peculiar conformation of
the proteinase inhibitory site of CHFI which might determine
its specificity for Factor XIIa among all the plasma serine
proteinases. While models with trypsin are quite satisfactory,
models with thrombin give substantial steric clashes when
complexes with CHFI are constructed. We doubt that struc-
tural modeling of Factor XIIa would be sufficiently accurate
to answer detailed questions regarding interacting residues,
so we have not approached that problem in this work.

The finding of structural similarity with the nonspecific
transport protein of maize opens further questions on the
evolution of this diversified group of proteins. Apparently
this four-helix motif and its variants have proven to be of
great utility in cereal evolution by providing protection from
predators, food for the embryo, and lipid transfer.

We have tried to ask questions about theR-amylase inhi-
bition site on this family of proteins, and have proposed a
set of residues for this site, centered around Arg 56 and Tyr
54 of CHFI. It is hoped that this proposal will be tested
soon by chemical or molecular biological experiments.
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NOTE ADDED IN PROOF

Since this manuscript was submitted and revised, the
following paper has appeared: Strobl, S., Maskos, K.,
Wiegand, G., Huber, R., Gomis-Ruth, F. X., and Glockshu-
ber, R. (1998) A novel strategy for inhibition of alpha-

amylases: yellow meal worm alpha-amylase in complex with
theRagibifunctional inhibitor at 2.5 Å resolution.Structure
6, 911-921.
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