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ABSTRACT: The three-dimensional structure of the bifunctional o-amylase/trypsin inhibitor (RBI) from
seeds of ragi (Eleusine coracana Gaertneri) has been determined in solution using multidimensional 'H
and >N NMR spectroscopy. The inhibitor consists of 122 amino acids, with 5 disulfide bridges, and
belongs to the plant a-amylase/trypsin inhibitor family for which no three-dimensional structures have
yet been available. The structure of the inhibitor was determined on the basis of 1131 interresidue
interproton distance constraints derived from nuclear Overhauser enhancement measurements and 52 ¢
angles, supplemented by 9 ¢ and 51 y; angles. RBI consists of a globular four-helix motif with a simple
“up-and-down” topology. The helices are between residues 18—29, 37—51, 58—65, and 87—94. A
fragment from Val 67 to Ser 69 and Gln 73 to Glu 75 forms an antiparallel 3-sheet. The fold of RBI
represents a new motif among the serine proteinase inhibitors. The trypsin binding loop of RBI adopts
the “canonical”, substrate-like conformation which is highly conserved among serine proteinase inhibitors.
The binding loop is stabilized by the two adjacent a-helices 1 and 2. This motif is also novel and not
found in known structures of serine proteinase inhibitors. The three-dimensional structure of RBI together
with biochemical data suggests the location of the a-amylase binding site on the face of the molecule
opposite to the site of the trypsin binding loop. The RBI fold should be general for all members of the
RBI family because conserved residues among the members of the family form the core of the structure.
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Determination of the Three-Dimensional Structure of the Bifunctional a-Amylase/
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Serine protease inhibitors are widespread in the biosphere
and are found in bacteria as well as in eukaryotic cells. On
the basis of sequence identities, these proteins are divided
into at least 13 distinct classes [for reviews, see Laskowski
and Kato (1980), Laskowski (1986), Laskowski et al. (1987),
and Richardson (1991)]. Representative three-dimensional
structures have been determined for most of these families
(Bode & Huber, 1992). Although their overall protein folds
are different, their common feature is a structurally conserved
binding loop, which protrudes into the active site of the
corresponding serine protease in a substrate-like fashion.

The a-amylase/trypsin inhibitor family (also termed cereal
inhibitor family) is a relatively new class of plant inhibitors
found in cereal seeds (Richardson, 1991; Laskowski & Kato,
1980). It currently comprises 24 members with known
sequences and an average size of about 120 amino acids
(Figure 1). This class of proteins is characterized by a high
content of cysteines that form four or five intramolecular
disulfide bridges (Maeda et al., 1983a,b; Poerio et al., 1991).
All functional members of the cereal inhibitor family are
either inhibitors of mammalian a-amylases or trypsin. The
bifunctional ai-amylase/trypsin inhibitor from ragi (Eleusine
coracana Gaertneri, Indian finger millet) (RBI)! is the only
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member possessing both functions simultaneously. The
amino acid sequence of RBI has been determined and
consists of 122 residues with 10 cysteines forming 5
intramolecular disulfide bonds (Campos & Richardson,
1983). RBI shares between 22% and 66% sequence identity
with the other members of the family (Figure 1). Biochemi-
cal data suggested that its binding to trypsin and o-amylase
is located in mutually exclusive binding sites since the
inhibitor is capable of forming a ternary complex with trypsin
and o-amylase (Shivaraj & Pattabiraman, 1981).

We have decided to determine the three-dimensional
structure of RBI as it represents both types of inhibitory

! Abbreviations: RBI, bifunctional a-amylase/trypsin inhibitor from
seeds of ragi (Eleusine coracana Gaertneri, Indian Finger Millet); P1,
P2, P3 and P1’, P2’, P¥’, inhibitor residues amino-terminal and carboxy-
terminal of the scissile peptide bond, respectively; BPTI, bovine basic
pancreatic trypsin inhibitor; CMTI, Cucurbita maxima trypsin inhibitor;
LDTI, leech-derived tryptase inhibitor; SDS—PAGE, sodium dodecyl
sulfate—polyacrylamide gel electrophoresis; Tris, tristhydroxymethyl)-
aminomethane; WAI 0.28, wheat a-amylase inhibitor 0.28; WAI 0.53,
wheat o-amylase inhibitor 0.53; MOPS, 3-(N-morpholino)propane-
sulfonic acid; IPTG, isopropyl 8-D-thiogalactoside; 2D, two dimen-
sional; 3D, three dimensional; CD, circular dichroism; CT, constant
time; D;0, deuterated water; DQF-COSY, double-quantum-filtered
homonuclear correlated spectroscopy; NMR, nuclear magnetic reso-
nance; NOE, nuclear Overhauser effect; NOESY, two-dimensional NOE
spectroscopy; HMQC, heteronuclear multiquantum coherence spec-
troscopy; HSQC, heteronuclear single-quantum coherence spectroscopy;
HNHA, 3D 'HN¥—"NH—IH® correlation spectrum; TOCSY (HOHAHA),
total correlation spectroscopy (homonuclear Hartmann—Hahn spec-
troscopy); TPPI, time-proportional phase incrementation; RMSD, root
mean square difference; rms, root mean square; SA, simulated
annealing; (SA), an ensemble of the SA structures; (SA)m, the structure
obtained by constrained minimization of the mean structure (the mean
structure is obtained by averaging the coordinates of the (SA)
structures).
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m&m}_;nhml SVGTSCIPGMAIPHNPLDSCRWYVSTRTCGV----GPRLAT---QEM~-KARCCRQLEATI PA-YCRCEAVRILMDGVVTSS - ~GQHEGRLLQD- LPGCPRQVQRAF-APKLVTEVECNLATIHG-G-- - - PFCLSLLGAGE

Txypgin inhibitors
Maize TIZ (66 %) SAGTSCVPGWAIPHNPLPSCRWYVTSRTCGI - - --GPRLPW-- - PEL-KRRCCRELADI PA-YCRCTALSILMDGAIPPGPDAQLEGR-LED-LPGC PREVQRGF -AATLVTEAECNLATISG-V- - - ~AECPWILGGGTMPSK
Rye TI3 (62 %) SVGGOCVPGLAMPHNPLGACRTYVVSQICHV--—-GPRLFT- --WDM-KRRCCDELLAIPA-YCRCEALRILMDGVVTQQ - -GVFEGGYLKD-MPNCPRVTQRSY -AATLVAPQECNLPTIHG-S- -~ - PYCPTLQAG
Barley TI/CMe? (56 %) FGDSCAPGDALPHNPLRACRTYVVSQICHQ- ~ - -GPRLLT- - -SDM-KRRCCDELSAIPA-YCRCEALRI IMQGVVTWQ- -GAFEGAYFKD~SPNCPRERQTSY - AANLVTPQECNLGTIHG-S- - - -AYCPELQPGYGVVL

= iv h,
Sorghum AI% (43 $) TVDVTACAPGLAIPAPPLPTCRTFARPRTCGLGGPYGPVDPS - - - PVL-KQRCCRELAAVPS-RCRCAALGFMMDGVDAP - - ————~——— LOD-FRGCTREMQRIYAVSRLTRAAECNLPTIPG-G----G-CHSLNSPR
Sorghum AI STalpha5% (41 %) ANWCEPGLVIPLNPLPSCRTYMVRRACGVSI - -GPVVPL- ——PVL-KERCCSELEKLVP-YCRCGALRTALDSMMTGY ~ EMR- PTCSWGGLLTF~APTIVCYRECNLRTLHG-R~---~PFCYALGAEGTTT
Barley cMa’ (41 %) TGQYCYAGMGLPSNPLEGCREYVAQQTCGVTIA-GSPVSSEPGDTP-KDRCCQELDEAPQ-HCRCEAVRYF——— - -~ IGRRSHPDWSVLKD-LPGCPKEPQRDF - AKVLVTPGQCNVLTVHN-A~-~- - PYCLGLDI
wheat AI 0.19% (26 8) SGPW-MCYPGQAFQVPALPACRPLLRLQ-CN—~—~~ GSQV----- PEAVLRDCCQQLAHI SE-WCRCGALYSMLDSMYKEH - -GAQEGQAGTGAF PRCRREVVK - LTAA- SITAV-CRLPIVVDASGDGAYVCK-DVAAYPDA
wheat AI 0.287(26 %) SGPWSWCNPATGYKVSALTGCRAMVKLQ-CV—- =~~~ GSQV----~ PEAVLRDCCQQLADINNEWCRCGDLSSMLRSVAQEL - -GVREGK - - ~EVLPGCRKEVMK - LTAA - SVPEV-CKVPI PNP-SGDRAGVCYGDWAAYPDV
wheat AT 0.5310 (25 %) SGPW-MCYPGQAFQVPALPGCRPLLKLQ-CN--- -~ GSQV--~-- PEAVLRDCCQQLADISE-WPRCGALYSMLDSMYKEH - ~GVSEGQAGTGAF PSCRREVVK - LTAA-SITAV~CRLPIVVDASGDGAYVCK-DVAAYPDA
o-Amylagse inhibltors active as heterooligomers
parley cMall (43 %) AAAATDCSPGVAFPTNLLGHCRDYVLQQTCAV-FTPGSKLP-X1 - PYLAKLYCCQELAEI PQ-QCRCEALRYFMALPVPSQPVD-X2 - SGLMD~LPGCPREMQRDF~VRLLVAPGQCNLATIHNVR--—— - YCPAVEQPLWI
wheat cM312 (41 %) SGS-CVPGVAFRTNLLPHCRDYVLQQTCGT - FTPGSKLP~X3 - PYLAKLYCCQELAEI SQ-QCRCEALRYFT1ALPVPSQPVD-X4 -SGLID-LPGCPREMOWDF - VRLLVAPGQCNLATTHNVR - — - - — YCPAVEQPLWI
wheat cM213 (42 %) TGPYCYPGMGLPSNPLEGCREYVAQQTCGV-GIVGSPVSTEPGNTP-RDRCCKELYDASQ-HCRCEAVRYF IGRTSDPNSGVLKD-LPGCPREPQRDFA-KVLVT PGHCNVMTVHN-T-- - ~PYCLGLDI
wheat cM114 (41 %) TGPYCYAGMGLPINPLEGCREYVAQQTCGISIS-GSAVSTEPGNTP-RDRCCKELYDASQ-HCRCEAVRYF IGRRSDPNSSVLKD-LPGCPREPQRDFA-KVLVTSGHCNVMTVHN-A-- - - PYCLGLDI
Barley cmMbl5 (39 %) VGSEDCTPWTATPITPLPSCRDYVEQQACRI-ETPGP--———~~ PYLAKQQCCGELANIPQ-QCRCQALRFFM-G- -~~~ RKSRPDQSGLME-LPGCPREVOMDF -VRILVTPGFCNLTTVHN-T- - - - PYCLAMDEWQWNRQFCSS
Wheat AT cM1716 (37 %) VGNEDCTPWTSTLITPLPSCRNYVEEQACRI - EMPGP~—~-—-— PYLAKQECCEQLANIPQ-QCRCQALRYFM-G--—-— PKSRPDQSGLME- LPGCPREVOMNF - VPILVTPGYCNLTTVHN-T- - - - PYCLGMEESQWS
Wheat AI cM1617 (36 %) IGNEDCTPWMSTLITPLPSCRDYVEQQACRI -ETPGS———~——— PYLAKQQCCGELANIPQ-QCRCQALRYFM-G—-—-~ PKSRPDQSGLME-LPGCPREVQOMDF - VRILVTPGYCNLTTVHN-T- - —-— PYCLAMEESQWS
Members without known inhibitorvy function
Barley pup2318 (52 %) AAATLGSVKDECQLGVDFPHNPLATCHTYVIKRVCGR -~ - ~GPSRPM- - - —~ LVKERCCRELAAVPD-HCRCEALRILMDGVRTPE-GRVVEGR-LGD~RRDCPREEQRAF -AATLVTAAECNLSSVQAPG- - - = VRLVLLADG
Rice 21719 (34 %) DHH---QVYSPGEQCRPGISYPTYSLPQCRTLVR-RQC~V-G-RGAS- AADEQ-V-WQDCCRQLAAVDDGWCRCGALDHMLSGIYRELGATEAGHPMA - EVF PGCRRGDLERA-AASLPA--FCNVDIPNGPG-- - -GVCYWLGYPRTPRTGH
Rice 21420 (33 3) DHHKDQVVY SLGERCQPGMGY PMY SLPRCR~AVVKRQC-V-GTR-SPG-AVDEQ-L-AQDCCRELAAVDDSWCRCSALNHMVGGI YRELGATDVGHPMA - EVF PGCRRGDLERA -AASLPA - -FCNVDIPNGTG- - - -GVCYWLGYPRTPRTGH
Rice a6221 (32 %) DHHKDQVVY SLGERCQPGMGY PMY SLPRCR-AVVKRQC -V-G-HGAPGGAVDEQ-L - RQDCCRQLAAVDDSWCRCSALNHMVGGI YRELGATDVGHPMA - EVF PGCRRGDLERA -AASLPA~ - FCNVDIPNGTG- - - —-GVCYWLGYPRTPRTGH
Rice a522 (30 %) EYHHQDQVVYT-RARCQPGMGYPMYSLPRCR-ALVKRQC-——~ - RGS--AAAAEQV--RRDCCRQLAAVDDSWCRCEATI SHMLGGI YRELGAPDVGHPMS - EVFRGCRRGDLERA -AASLPA- -FCNVDI PNGGG-- - -GVCYWLARSGY
Barley puP1323 (33 %) ERDYGEYCRVGKSIPINPLPACREYI-TRRCAV----GDQQV--- - PDVLKQQCCRELSDLPE-SCRCDALSILVNGVITED--GSRVGR--MEAVPRCDGERIHSM-GSYLTAY SEQNPHNPGTPR-— - -GDCV-LFGGGS
Barley pup442% (22 %) SGPWMWCDPEMGHKVSPLTRCRALVKLE-C-V-—--GNRV---~~ PEDVLRDCCQEVANI SNEWCRCGDLGSMLRSVYAAL-~GVGGGPE- ~ EVFPGCQKDVMKLLVA--GVPAL-CNVPIPNE-AAGTRGVCYWSASTDT

Abbreviations of insertions:
Barley CMd: X1 = EWMTSAELNYPGQ; X2 = PSTGNVGQ; Wheat CM3: X3 = EWMTSASIYSPGK; X4 = PRSGNVGE;

FIGURE 1: Alignment of the RBI sequence with known sequences of other members of the (1983a); (5, 6) Bloch and Richardson (1992); (7) Garcia-Maroto et al. (1990); (8) Maeda et al.
a-amylase/trypsin inhibitor family. The number of sequences shown is limited to proteins (1983a,b); (9) Kashlan and Richardson (1981); (10) Maeda et al. (1985); (11) Halford et al.
exhibiting significant sequence identity over the whole range of the RBI sequence. Signal (1988); (12, 14) Garcia-Maroto (1990); (13) Gautier et al. (1991); (15) Medina-Acazar et al.
sequences were omitted. The N-termini of the proteins were either determined by protein (1993); (16) Lullien et al. (1991); (17) Gautier et al. (1990); (18) Lazaro et al. (1988a); (19)
sequencing or represent the putative cleavage site for the signal peptidase. Footnotes: (1) Campos Tzumi et al. (1992); (20, 21, 22) Adachi et al. (1993); (23) Paz-Ares et al. (1986); (24) Lazaro
and Richardson (1983); (2) Mahoney et al. (1984); (3) Lyons et al. (1987); (4) Odani et al. et al. (1988b).
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Structure of RBI

activities and as no structural information is presently
available on any protein of this family. Recently, the
crystallization and preliminary X-ray investigation of RBI
were published (Srinivasan et al.,, 1991), but the three-
dimensional structure of the protein has not been reported
so far. In this paper we describe the determination of the
secondary and three-dimensional structures of recombinant
RBI, its disulfide bond pattern, and the sequential assignment
of its NMR resonances. The secondary structure of RBI
consists of both o-helical and SB-structure elements. The
secondary structure topology and the three-dimensional fold
of the inhibitor are entirely different from known structures
of the serine proteinase inhibitors. The structural features
of RBI are discussed in terms of the conserved and substrate-
like inhibition mode among serine proteinease inhibitors and
in terms of possible sites of interaction with a-amylase. We
also show that the overall structure of the inhibitor is not
affected by cleavage at the reactive peptide bond responsible
for trypsin binding.

MATERIALS AND METHODS

Materials. N-Acetylcysteine was purchased from Sigma,
DO from Cambridge Isotope Laboratories, and [’N]-
ammonium chloride from Campro. Bacto-agar, Bacto-
tryptone, and Bacto-yeast extract were purchased from Difco
Laboratories (Detroit, MI). All other chemicals were from
Merck (Darmstadt, Germany).

Purification of Recombinant RBI. The RBI samples used
for our NMR studies were obtained by overproduction in
Escherichia coli and subsequent three-step purification
(Wunderlich & Glockshuber, 1993; K. Maskos, M. Wunder-
lich, and R. Glockshuber, unpublished results). For unla-
beled samples, E. coli IM83 cells (Yanisch-Perron et al.,
1985) carrying the plasmid pRBI-PDI (Wunderlich & Glock-
shuber, 1993) were grown in LB medium (Sambrook et al.,
1989). The uniformly *N-labeled and ['3N]glycine/serine-
labeled samples were produced in the E. coli strain BL21-
(DE3) (Studier & Moffatt, 1986), carrying the plasmid pRBI-
PDI-T7. This plasmid is a derivative of pRBI-PDI
(Wunderlich & Glockshuber, 1993) and contains the T7
promoter instead of the lac promoter. The cells were grown
on a M9 minimal medium (Sambrook et al., 1989) with [N}-
ammonium chloride (1 g/I.) as the only nitrogen source
(uniformly “N-labeled) and on minimal medium supple-
mented with [°*N]glycine (1 g/L) and the residual unlabled
amino acids, except for serine (selective ['*N]glycine/serine-
labeling) (Griffey & Redfield, 1985). Bacteria were grown
at 26 °C in the corresponding medium containing ampicillin
(100 ug/mL). At an optical density at 550 nm of 1.0, IPTG
and N-acetylcysteine were added to final concentrations of
1 and 5 mM, respectively. The bacteria were shaken for
another 16 h, harvested by centrifugation, and suspended in
10 mM MOPS/NaOH, pH 7.0 (1/100 of the original volume).
The cells were disrupted in a French pressure cell (1.374 x
108 Pa), and the lysate was centrifuged (48000g, 30 min, 4
°C). The soluble fraction was applied onto a DE-52 column
(Whatman) and washed with 10 mM MOPS/NaOH, pH 7.0.
The eluate was applied to an anhydrotrypsin affinity column
(Cuatrecasas et al., 1968; Pusztai et al., 1988). The inhibitor
was eluted by a shift to pH 2.3 with 150 mM NaCl and 5
mM HCI. These conditions lead to a dissociation of the
anhydrotrypsin/RBI complex. The eluate contained pure
RBI, but about 30% of the inhibitor was cleaved at Arg 34
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due to residual trypsin activity and facilitated cleavage of
RBI at acidic pH. To separate the native and cleaved forms
of the inhibitor, the eluate was dialyzed against 20 mM Tris-
HCI, pH 8.0, 100 mM NaCl, and 1 M ammonium sulfate
and applied to a phenyl-Superose HR 5/5 column (Pharmacia,
bed volume 2 mL). A linear gradient of ammonium sulfate
(1.0—0.0 mM) was used to elute the proteins. The cleaved
and native inhibitors were eluted at ammonium sulfate
concentrations of 0.40 and 0.25 M, respectively. The
purification was analyzed by SDS—PAGE (Fling & Greger-
son, 1986) using 15% (v/v) acrylamide gels with subsequent
silver staining. The yield of RBI was determined by its
absorbance at 280 nm (A2g0nm, 1 mgimL,1 em = 0.680). The final
yield of native RBI per liter bacterial culture was 0.41 mg
for the unlabeled, 0.09 mg for the >N-labeled, and 0.10 mg
for the [**N]glycine/serine-labeled sample. Only the native
inhibitor was used for NMR experiments. However, after
extended time in the NMR tube, a significant amount (30—
70%) of RBI was converted to the cleaved form, presumably
due to minute amounts of trypsin released from the affinity
column simultaneously with RBI.

Sample Preparation. The purified protein was dialyzed
against 17 mM NaH,PO, and 100 mM NaCl and then
concentrated to 1.7—3.0 mM in a volume of 450 uL. After
addition of 50 uL of D,0 (H,0/D,0 = 9:1), the pH of the
sample was 4.5. In some experiments, the pH of the sample
was adjusted by addition of NaOH to 6.0. For recording
spectra in D,0, the samples were lyophilized and dissolved
in D,O. The pD was not corrected.

NMR Spectroscopy. All NMR experiments were carried
out at 37 °C on a Bruker AMX600 spectrometer. The two-
dimensional total correlation spectroscopy (TOCSY) was
performed according to the method of Rance (1987) with
the MLEV-17 sequence (Bax & Davis, 1985) for isotropic
mixing and spin-lock periods of 40, 50, and 70 ms. The
TOCSY pulse sequences included presaturation of the water
resonance for measurements in HO (Gueron et al., 1991).
Nuclear Overhauser enhancement spectroscopy (NOESY)
experiments (Jeener et al., 1979; Emst et al., 1987) were
recorded with a pulse sequence in which the last 90° pulse
was replaced by a jump-—return sequence to suppress the
water resonance (Plateau & Gueron, 1982). A homospoil
pulse of 8 ms during the mixing time of 100 ms was also
used. Essentially the same pulse sequences were used for
the D,0O samples, with the exception that no water suppres-
sion was necessary. Usually 4096 complex data points were
acquired in the time domain ¢, with a spectral width of 11.73
ppm in the F; dimension. A total of 800 increments in the
time period #; with an F; spectral width of 11.73 ppm and
96 scans per #; value were added. Quadrature detection in
the indirectly detected dimensions was obtained with the
TPPI method (Marion & Wiithrich, 1983). A CT-COSY
experiment (Girvin, 1994; Bax & Freeman, 1981) with an
optimized constant time delay of 36 ms and 512 #, increments
was recorded on the unlabeled H>O sample. The other
parameters were the same as in the 2D TOCSY and NOESY
spectra. The 2D 'H—N HMQC and HSQC correlation
spectra were recorded as described by Summers et al. (1986)
and Bodenhausen and Ruben (1980), respectively. The
spectral parameters were the same as in the *N-separated
3D experiments [the number of increments in the *N time
domain was larger (256)]. The 3D 'H—!5N NOESY-HMQC
(Zuiderweg & Fesik, 1989; Messerle et al., 1989) and 'H—
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N TOCSY-HMQC (Marion et al., 1989) spectra were
recorded with a mixing time of 100 and 40 ms, respectively,
and with 16 scans per #;—t; pair. The spectral width and
number of points acquired were 11.57 ppm and 90 complex
points in 'H (F;), 44.11 ppm and 24 complex points in *N
(F2), and 5.24 ppm and 1024 real points in 'H (F3) with the
'H (F)), PN (F,), and 'HN (F5) carrier frequencies placed at
4.73, 109.82, and 7.83 ppm, respectively. All 3D spectra
were processed with the software CC-NMR using linear
prediction up to 256 data points along #; and 80 data points
along #, to a final size of 256 x 80 x 1024 data points
(Cieslar et al., 1993). After the peak-picking routine the
assignment was carried out both manually and by use of
program alfa (Bernstein et al., 1993a).

Finally, for the 3D N-separated HN—H® correlation
spectrum HNHA, which yielded the 3/(HN—H®) coupling
constants from the ratio of the HN—H?® cross peak to the HY—
HN diagonal peak intensity (Vuister & Bax, 1993), the
spectral width in the 'H (F;) dimension was 9.00 ppm and
128 complex points were acquired. The 'H (F,) carrier
frequency was placed at 4.73 ppm, and 32 scans per t;—1;
pair were recorded. The spectrum was processed using linear
prediction up to 64 data points along #, and 256 data points
along #, to a final size of 64 x 256 x 1024 data points
(Cieslar et al., 1993).

An amide exchange experiment, consisting of a series of
2D NOESY experiments, was carried out with RBI lyoph-
ilized from buffered H,O and then freshly dissolved in D,0.
Within 24 h, three 2D data sets were recorded.

Stereospecific Assignments. For stereospecific assignment,
3J.s were extracted from the DQF-COSY in D;O. Ste-
reospecific assignments of C#H protons and methyl groups
of valines and leucines were obtained using procedures
described by Wagner et al. (1987) and Hyberts et al. (1987).
3Juons coupling constants were measured mostly from the
3D PN-separated HN—H®* correlation spectrum HNHA (see
above) and a few from DQF-COSY spectra in HO. The
apparent >Jyen# coupling constants measured from the
splittings of the NH—C®H cross peaks in DQF-COSY were
corrected for line width using a method of Kim and
Prestegard (1989).

Interproton Distance Constraints. NOEs were mainly
derived from the 2D NOESY spectra in H,O and D;0O at
mixing times of 80 and 100 ms, respectively, and from the
5N-filtered 2D NOESY spectra of ['*N]glycine/serine-
labeled RBI. Some additional NOEs were obtained from
the 3D “N-edited NOESY spectra. The intensities of the
2D NOE cross peaks were determined from volume integrals
and converted into distance constraints according to the
procedures described earlier (Holak et al., 1989). The
distance bounds of the distance constraints were set to d £
0.4 A for the distance constraints between 2.2 and 3.5 A
and to d —0.6 A/4+0.8 A for distance constraints between
3.6 and 4.5 A. All protons were explicitly defined in the
dynamical simulated annealing calculations; in some cases,
however, additional terms were added to the upper bounds
that correspond to the pseudoatom correction introduced by
Wiithrich (1986).

Torsion Angle Constraints. The distance constraints were
supplemented with backbone ¢ torsion angle constraints
derived from the *Jyop~ coupling constant data (Table 1S,
supporting information) and nine 3 angles (for the frans-
peptide bond of the X-Pro residues; Wiithrich, 1986). The
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¢ constraints were introduced in two stages. At the initial
stage of the structure calculation, only those ¢ constraints
were used which corresponded to the 3Jyeyy coupling
constants larger than 8 Hz (¢ = —120° £ 40°) (Pardi et al.,
1984; Wiithrich, 1986). The rest of the ¢ constraints were
introduced at a late stage of the refinement procedure (see
below). Fifty-one y; torsion angle constraints used in the
calculations were derived from the stereospecifically assigned
B-prochiral centers. The minimum ranges employed for the
¢, ¥, and yx, torsion angles were +£20°, £50°, and +20°,
respectively. A total of 223 non-NOE distance constraints
were also present in the calculations (Holak et al., 1989).

Hydrogen Bond and Disulfide Bridge Constraints. RBI
contains 10 cysteine residues; the S—S pairings were estab-
lished during the determination of the secondary structure
(see below). Since, however, Cys 44 and Cys 45, and Cys
55 and Cys 57, are close to each other, the initial structures
were calculated without the presence of any disulfide bridges;
i.e., neither corresponding disulfide distance constraints nor
S—S bonds were introduced in the calculations (Holak et
al., 1989; Wiithrich et al., 1986). These structures confirmed
the predicted disulfide pairing, and in the final calculations
the S—S bridges were treated as normal bonds.

Structure Calculations. Structure calculations were carried
out essentially according to the basic protocol described
previously (Holak et al., 1989). A total of 20 structures were
calculated by a hybrid distance geometry—simulated anneal-
ing method (Holak et al., 1988, 1989) with the program
X-PLOR 3.1 (Briinger, 1993). Minor modifications included
simulation of 2D NOESY spectra in the final refinement
stages to check whether NOE peaks calculated from NMR
structures match experimental NOESY spectra (Bernstein et
al., 1993b).

Structure Refinement. For the final refinement, the NOE
tables were supplemented by 64 constraints for the 32
hydrogen bonds identified on the basis of the examination
of the structures during the secondary structure analysis.
Also, the NOE tables were supplemented at this stage with
the ¢ constraints derived for the Jyey~ coupling constants
equal to 8 Hz and <6 Hz (Holak et al,, 1989). These ¢
constraints were introduced for residues for which ¢’s were
close to the mean value (within £20°) and fulfilled the
Karplus relationship (Wiithrich, 1986) in structures calculated
without the dihedral constraints.

RESULTS

Sequence-Specific Assignment of the 'H and "N NMR
Spectra. The NMR studies of RBI were carried out at both
pH 4.5 and pH 6.0. The data at pH 4.5 are presented in this
paper. The spectra measured at this pH were used for
sequence-specific assignments. The data collected from the
samples at higher pH served for confirmation of assignments.
The 2D NOESY spectra at both pHs studied are very similar,
indicating an identical structure of the protein within the pH
range studied. An example of the 'H—'"N HSQC spectrum
of RBI is shown in Figure 2.

Trypsin can cleave RBI at its reactive peptide bond
between residues Arg 34 and Leu 35 (Campos & Richardson,
1983). The RBI samples always contained mixtures of the
cleaved and native inhibitor at various ratios, presumably
due to minute amounts of trypsin released from the affinity
column and copurified with RBI and to a facilitated cleavage
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FIGURE 2: HSQC spectrum of uniformly labeled ['SN]RBI. Peaks of residues Trp 22 and Gly 30—Met 40 of the cleaved inhibitor are
marked with an asterisk (see also the text). Cross peaks connected by arrows correspond to the side-chain NH, groups.

of RBI at acidic pH. The expression yield of the N-labeled
inhibitor was low (see Materials and Methods), and the
protein also was obtained as a 1:2 mixture of native and
cleaved forms. The use of the !N-labeled sample for
assignments was therefore in part limited by these complica-
tions. Nevertheless, the °N-edited spectra provided helpful
information for the sequential assignments (Figures 2 and
3). The NMR spectra of RBI were assigned with 2D and
3D NMR methods (Wiithrich, 1986) based on the following
spectra; NOESY, TOCSY, and COSY, 'H—'5N HSQC, H—
BN TOCSY-HMQC, and 'H—'’N NOESY-HMQC. Proton
resonances of all backbone atoms were assigned with the
exception of the amide and a-protons of residue 1 and the
a-proton of proline 95 (see below). The complete spin
systems of Pro 13, Pro 33, Pro 52, Pro 83, Pro 86, and Pro
112 could be identified. All of them are in the trans
conformation because strong H%(i)P*—H%i—1) NOE contacts
were observed in the NOESY spectra. These contacts are
diagnostic for the trans conformation of the proline amide
bond (Wiithrich, 1986). Although it was not possible to
assign the entire spin systems of the other three prolines (Pro
8, Pro 16, and Pro 95), there were enough data to conclude
that they are also in a trans conformation. Both HN(i+1)—
Ho()P and HO(j)P*—H%(i—1) connectivities could be ob-
served for Pro 8 and Pro 16. In the case of Pro 95, neither
the connectivity Hé(i)P*—H2(i—1) nor a H¥({)P*—H*(—1)
NOE (characteristic of the cis conformation) was observed.
There were, however, two strong cross peaks at the Ala 94
amide proton frequency at 4.14 and 3.35 ppm in the NOESY
spectrum. These resonances were tentatively assigned to the
H? frequencies of Pro 95. We assumed that the HO(j)Pro—
H*(i—1) cross peaks were too weak to be observed and
concluded from the presence of the H3()P*—HN(i—1) cross
peaks that Pro 95 is also in the trans conformation. A
complete list of assignments is given in Table 1S of the
supporting information.
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FIGURE 3: Strips from the 3D NOESY-HMQC spectrum of [°N]-
RBI showing resonances of residues Q88— A94 belonging to a-helix
4. The strips, ca. 65 Hz wide, are taken at the SN and 'HN chemical
shifts of the residue of interest. Rectangles mark the intraresidual
peaks; arrows indicate sequential connectivities.

Secondary Structure. Figure 4 summarizes the sequential
and short-range NOEs observed in the spectra of RBI. These
NOEs are the basis for the determination of the secondary
structure of the protein (Wiithrich et al., 1984; Wiithrich,
1986). Many sequential HY())—HN(i+1), HN()—HN(i+2),
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6 h.

and H*({)—HN(i+3) cross peaks, typical for a-helices, were
found in the spectra (compare Figures 3 and 4). §-Strands
were identified by the presence of strong sequential H*(i)—
HN(i+1) cross peaks, weak intraresidual H*(i))—HM(/) cross
peaks, and HN(}))—HY(j) interstrand NOEs. As shown in
Figure 5, four well-defined a-helices could be identified
between residues 18—29, 37—51, 58—65, and 87—94. The
two short S-strands, which form an antiparallel S-sheet, were
found between residues 67—69 and 73—75. One interstrand
H*({)—H%(j) cross peak and two interstrand HN())—HN())
cross peaks were observed, allowing the identification of
three hydrogen bonds between the two different 3-strands
(Wiithrich, 1986). Another short 8-strand may be present
from residues 78 to 81. This region is characterized by
strong sequential H*({)—NH(i+1) and weak intraresidual H*-
({)—NH(J) cross peaks. However, since these residues do not
form any hydrogen bridges to another 3-strand, and as some
of the a-protons show an unusual high-field shift (L78 4.27
ppm, L79 4.33 ppm, D81 4.29 ppm; Table 1S, supporting
information), this stretch of secondary structure could not
be firmly described as 3-strand.” On the basis of its NOE
cross-peak pattern, the turn between residues 82 and 85 could
be ascribed to a type II turn.

Disulfide Bridge Pattern. Ten of the 122 residues of RBI
are cysteines. All of them are involved in the formation of
disulfide bridges (Campos & Richardson, 1983; Wunderlich
& Glockshuber, 1993). Disulfide bridges between cysteine
residues 6 and 55, 20 and 44, and 29 and 85 could
unambiguously be identified on the basis of the diagnostic
NOE connectivities H3(7)—HF(j), H*())—HA(j), and H*()—
H%(j), where i and j are the residues in a S—S pair. To
determine the location of the remaining two disulfide bridges,
NOEs between one of the cysteines with another residue

located in the vicinity of the second cysteine were used, for
example, Cys 103 and Leu 48 (close to Cys 45); alternatively,
long-range NOEs between residues which are in the vicinity
of both cysteines were used, for example, Ala 53 and Pro
112, which are close to Cys 57 and Cys 114, respectively.

Cys 45 and Cys 57 are close to Cys 44 and Cys 55 in the
primary sequence, respectively. In principle, therefore, alter-
nate S—S bonding could be possible (Cys 57 to Cys 6, Cys
45 to Cys 20, and Cys 114 to Cys 33, for example). How-
ever, these configurations could be excluded, because at least
one of the residues in all these putative pairs already had
been assigned unequivocally to another disulfide bridge. The
final disulfide bonding pattern of RBI is shown in Figure 6.

Comparison between the Native Inhibitor and the Inhibitor
Cleaved by Trypsin at the Arg 34—Leu 35 Peptide Bond.
As already mentioned, the RBI samples contained a mixture
of native RBI and RBI cleaved by trypsin at the reactive
Arg 34—Leu 35 peptide bond. As a consequence of the
disruption of the primary sequence in the cleaved form,
chemical shifts of the HN and H* protons of residues 30—40
and the chemical shifts of the aromatic protons of residue
22 were different from the corresponding shifts of the native
form by more than 0.01 ppm (Table 28, supporting informa-
tion). There is no indication, however, that the secondary
and tertiary structures of RBI are changed significantly
between the two forms. Despite the substantially different
chemical shifts of the native and cleaved inhibitor for residues
22 and 30—40, and some smaller differences in chemical
shifts for other residues, the NOE intensities of the cross
peaks were essentially identical for both forms, except for
residues 32—38. Residues 32—38 appear to be unstructured
in the cleaved form as no medium- and long-range NOEs
could be detected in the spectra for these residues. Like
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FIGURE 6: Schematic representation of the disulfide bond pattern
of RBI and comparison with the known disulfide patterns of the
related inhibitors WAI (.28 and WAI 0.53.

native RBI, the cleaved inhibitor was fully stable during the
NMR examination.

Tertiary Structure. The three-dimensional structure of RBI
was calculated from 1131 approximate interresidue distance
constraints. No intraresidue constraints were used. Also,
some redundant (i — i+1) constraints were not included in
the list of NOEs. The H*(i)—H™(i+1) NOEs were always
used for each pair of sequential residues. The other (i —
i+1) connectivities were included only when strong and
unambiguous. Figure 7 shows a diagonal plot of the NOEs

identified in the RBI NOESY spectra. The global folding
of the polypeptide chain is uniquely defined due to the large
number of NOEs in the core of the protein (Figures 8 and
9). An average number of interresidue constraints per residue
in the core of the protein was 12. All structures satisfy the
experimental constraints with small deviations from idealized
covalent geometry (Table 1). The average atomic rms
difference for heavy atoms in the core of RBI (residues
5—111) among the structures was 0.5 + 0.2 A for the
backbone atoms and 1.3 + 0.3 A for all atoms. The average
rms difference in the ¢, y angles was <15° and <40°,
respectively. Larger rms differences (ca. 3 A for the
backbone atoms and ca. 80° for the backbone torsion angles)
were observed for the C- and N-terminus, for cysteine 55
(which makes the disulfide bridge with cysteine 5), and for
Lys 96. For the two latter residues, the Jyvye were ca. 6.5
Hz, preventing differentiation between positive and negative
¢ angles that were present in the calculated structures. This
results in large RMSD for the ¢ angles whereas the RMSD
for the atomic coordinates is small because the spatial
positions of the C* and nitrogen atoms are similar among
the structures. Figure 10 indicates that the backbone of RBI
is well determined with the exception of residues 1—35 and
the C-terminal residues 111—122. These two regions of the
protein seem to be completely unstructured. There were no
long-range NOEs observed for these segments, and the
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sequential NOEs were much weaker than NOEs of the
residues in the core of the protein. Also, the TOCSY peaks
were stronger with noticeable reduction in the line widths
compared to the peaks of residues in well-structured regions.

In general, conformations of the side chains are also well-
defined. Panels A and C of Figure 10 show that only side
chains of residues 1—6, 34, 43, 96, and 116—122 have
greater rms differences in the calculated structures. This may
be caused by the inability to make stereospecific assignments
for these side-chain protons. A second reason is the lack of
side-chain—side-chain contacts and long-range NOEs for
these residues which makes it impossible to fix the side
chains of these residues.

Most of the backbone torsion angles for non-glycine
residues lie within the allowed regions of the Ramachandran
plot (Figure 11). The few non-glycine residues that fall
outside these regions are the residues that are located at the
structural interfaces of helices and connecting loops.

The global fold of RBI and its secondary structure
elements are shown in Figure 12A. The core of RBI consists
of a globular four-helical motif with a simple “up-and-down”
topology. The helices are between residues 18—29, 37—
51, 87—94, and 58—65. A fragment from Val 67 to Thr 69
and Gln 73 to Glu 75 forms a antiparallel 3-sheet with a
reversal short loop at residues 70—72 (Figures 5, 9A, and
12A). The turn between residues 82 and 85 has a type II
configuration. The RBI molecule has an approximate 2-fold
symmetry with a symmetry plane perpendicular to the plane
of Figure 9A and intersecting residues Leu 78 and Gly 110.
Excepting the binding loop (see below), there are no
similarities in the three-dimensional structure of RBI to other
serine proteinase protein inhibitors for which structures have
been solved up to now (Bode & Huber, 1992).

Strobl et al.
DISCUSSION

Secondary Structure. Up to now, secondary structure
analysis of the cereal inhibitor family was based on circular
dichroism spectra from a few inhibitors. The secondary
structure content predicted from the CD spectra was for RBI
approximately 10% o-helix and 30% S-strand (Alagiri &
Singh, 1993), for the rye trypsin inhibitor and the rye
o-amylase inhibitor, 36—37% o-helix and 18—20% S-strand,
and 39—40% a-helix and 11—13% S-strand, respectively
(Lyons et al.,, 1987), for the maize trypsin inhibitor, ap-
proximately 40% o-helix and 20% (3-strand (Mahoney et al.,
1984), and for the wheat oi-amylase inhibitor 0.19, about
33% o-helix and 16% f-strand (Petrucci et al., 1976). Our
data show unequivocally that the secondary structure of RBI
contains 33% a-helices and about 7% S-structure elements.
Four well-defined a-helices and at least two short 3-strands,
which form an antiparallel S-sheet, could be determined. This
result is in disagreement with the prediction of Alagiri and
Singh (1993) and in good agreement with the secondary
structure predictions deduced from CD measurements for the
other members of the inhibitor family. Within the pH range
examined, the secondary structure elements are basically
unaltered in the inhibitor cleaved at the reactive peptide bond
Arg 34—Leu 35, indicating that the overall polypeptide fold
is not significantly affected by the cleavage.

All ten cysteines in RBI are oxidized and form disulfide
bridges, which obviously contribute to the overall stability
of the protein against denaturation by heat or chemical
denaturants (Shivaraj & Pattabiraman, 1981; Alagiri & Singh,
1993). The disulfide bridge pattern of two other members
of the cereal inhibitor family, WAI 0.28 and WAI 0.53, had
been determined before (Maeda et al., 1983a,b; Poerio et
al., 1991). A comparison of disulfide bond patterns of RBI
and WAI 0.28 reveals an identical disulfide topology (Figure
6), which together with its 26% amino acid similarity to RBI
(Figure 1) suggests that the secondary structure elements are
likely to be similar in WAI 0.28 and RBI. In contrast, the
cystine pattern of WAI 0.53 differs from RBI and WAI 0.28
in that the 9 cysteine inhibitor lacks one disulfide and one
of its disulfides (Cys 6/Cys 115) has a different connectivity
pattern (Figure 6). However, the secondary structure ele-
ments are likely to be also conserved in WAI 0.53. Although
Cys 6 and Cys 114 in RBI, corresponding to the Cys 6/Cys
115 disulfide in WAI 0.53, do not form a disulfide, the
absence of Cys 55 would allow this alternative 6—114 cystine
bridge. This assumption is supported both by the three-
dimensional structure of RBI and by an engineered RBI
mutant lacking Cys 55 (Maskos et al., unpublished results).
Its CD spectrum and inhibitory activity against trypsin are
comparable to those of the wild-type inhibitor. Moreover,
like WAI 0.53, this RBI mutant forms a dimer due to
oxidative dimerization via the free cysteine residue. There-
fore, we propose that the secondary structure content is
basically conserved throughout the whole cereal inhibitor
family, independent of the different disulfide bridge patterns
reported for some members of the protein family.

There are no similarities in the secondary structure
topology of RBI to other members of the group of serine
proteinase protein inhibitors for which three-dimensional
structures have been solved up to now (Bode & Huber,
1992). The scaffold stabilizing the trypsin binding loop of
RBI exhibits a new motif, quite different from the other



Structure of RBI

70 e —
-‘mnbcr of
o Contacts

6
|

50

404

,ﬂl u,'l FH | r' !”  i !,n-.'-_n

10 20 30 40 50

60 70 80 90

Biochemistry, Vol. 34, No. 26, 1995 8289

= long range
o medium
@ sequential |

i

L

110
Residue

FIGURE 8: Plot of the number of NOE distance constraints per residue versus amino acid sequence of RBI. All constraints appear twice,
once for each interacting residue. No intraresidue constraints were used.

FIGURE 9: (A) Stereoview of the backbone atoms (N, C%, C, and O) for residues 6— 111 of RBI structures best fitted to N, C%, and C atoms
of the residues 13—114. (B) Stereo picture of the C* tracing of one of the RBI structures with side chains of residues important for the

protein core formation.
serine proteinase inhibitors, in that its binding loop is
positioned between two a-helices.

The overall secondary structure content of 40% is rather
low in RBI. However, this is not unexpected since a number
of other small protein inhibitors of serine proteinases with
high disulfide bond content such as Bowman—Birk-type
inhibitors (Werner & Wemmer, 1991) and hirudins (Rydel

et al., 1990; Folkers et al., 1989; Haruyama & Wiithrich,
1989) have also few secondary structure elements. Obvi-
ously, in these extraordinarily stable secretory proteins,
intramolecular disulfide bond cross-linking compensates for
a low content of stabilizing secondary structure.

Tertiary Structure. Conserved residues present in all
members of the RBI family contribute to the apolar core of
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Table 1: Average Deviations from Ideality, Energies of the
Structures, and rms Differences between Experimental and
Calculated Distance Constraints”

parameter (SA) (SA)m

deviations from idealized geometry
bonds (A) (1840)
angles (deg) (3338)

0.004 = 0.001  0.004
0.815+0.035 0.845

impropers (deg) (935) 0538 £0.024  0.560
energies (kcal mol ')

ExoE 237+ 15 316

E 0.180 £ 0.020 0.378

Erepel 203 + 33 305

no. of residual constraint violations
(RMSD in A} for all 1131 constraints

0.2 =RMSD =04 T7+4 20
0.4 <= RMSD = 0.5 11 3
=0.5 0 0

rms differences from experimental
constraints (A)

all (1131)
sequential (458)
interresidue (|i — j| = 5) (202)
long (|i — j| = 5) (248)
non-NOE distances (223)
intraresidue (0)

0.063 £ 0.009  0.094
0.048 £ 0.008  0.044
0.054 £ 0.003  0.083
0.072 £ 0.010  0.102
0,003 £ 0.002  0.030

“(SA) represents an ensemble of the 20 final structures, (SA)m is
the structure obtained by constrained minimization of the mean
structure. The mean structure was obtained by averaging the coordi-
nates of the 20 final (SA) structures best fitted to N, C*, and C atoms
of all residues except residues 1—6 and 110—122. The number of bond,
angle, and improper terms is given in parentheses. Force constants used
to calculate energy terms are the same as reported previously (Holak
et al., 1989, Table 1). The rms deviations (in angstroms) from the
interproton distance constraints were calculated as described in Holak
et al. (1989). The number of distance constraints is given in
parentheses. The hydrogen bond constraints are included in the long-
range distance constraints.

the molecule (Figure 9B). None of these residues could
directly form a contact with trypsin or a-amylase. Rather,
residues conserved in the RBI family appear to be responsible
for packing of the apolar core that defines the three-
dimensional fold. The RBI fold should therefore be general
for all members of the RBI family. Ten cysteines are almost
completely conserved among all members of the family and
appear to be primarily responsible for the stabilization of
the overall fold. The only exceptions from the ten cysteine
rule are the wheat inhibitor WAI 0.53'° (lacking the fifth
cysteine), barley pUp13'* (lacking the tenth cysteine), and
barley pUP13%* (lacking the ninth cysteine) (Figure 1). WAI
0.53 differs from RBI in that one of its disulfides (Cys 6/Cys
115) has a different connectivity pattern and one disulfide
is lacking. Nevertheless, the RBI fold seems to be conserved
for this inhibitor too, and most probably it is also conserved
for the barley pUp13'™ and pUP13%. Other residues from
the core of the protein are also highly conserved throughout
the family. These are hydrophobic residues, Pro 16, Leu
17, Val 24, Leu 48, Ile 51, Ala 59, Val 60, Leu 63, Leu 97,
and Val 98, and two charged/polar residues, Arg 56 and Gln
90, which are completely buried (Figure 9B). Almost all
these residues, together with Ile 12, are located at the
interface between helix 1—2 and helix 3. Residues Val 24
and Leu 97, and additionally Tyr 23 and Val 102, underpin
the course of the polypeptide that defines packing between
the end of helix 1, the middle of helix 4, and residues of the
C-terminal loops.

Strobl et al.
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FIGURE 11: Ramachandran plot for the (SA)m structure of RBI.
Glycine residues are represented by triangles.

Conformation of the Trypsin Binding Loop. The trypsin
binding loop of RBI is connected to the core of the protein
via helix 18—29, the disulfide bridge 29—85, a-helix 37—
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FIGURE 12: (A) Ribbon drawing of RBI showing the secondary structure, disulfide bridges, and side chains of residues R34, L35, and K96.
(B) The (SA)m structure with details of the canonical conformation of the binding loop (residues 32—37). All backbone atoms, with the
exception of hydrogen, are shown.

51, and disulfide bridges 44—20 and 45—103 (Figure 12).
The conformation of the binding loop corresponds to the so-
called “canonical” conformation observed for many other
serine proteinase inhibitors, where the conformation of the
residues surrounding the scissile bond (residues P3 to P3")
enables tight binding of the inhibitor to the target protease
in a substrate-like manner (Bode & Huber, 1992). Within
the canonical loop segment, the chain is in an extended
conformation, such that the side chains surrounding the
scissile bond (with the exception of P3) are exposed to the
solvent or target protease and project away from the
supporting scaffold. The typical features of the binding loop

from P3 to P3’ comprise a main-chain conformation (i) of

an antiparallel S-strand (—140° < ¢ < —120° 140° <y <
170°) at the P3 position (except BPTI), (ii) of polyproline 11
(—100° < ¢ < —60°; 139° < 3 < 180°) at P2 and P1", (iii)
of an approximate 3;p-helix (—120° < ¢ < —95°%,9° < ¢
< 50°) at PI, and (iv) of parallel S-strands (—140° < ¢ <
=99° 70° < y < 120°) at P2’ and P3’ (Bode & Huber,
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1992). In RBI, all residues Gly 32 (P3), Pro 33 (P2), Arg
34 (P1), Leu 35 (P1%), Ala 36 (P2), and Thr 37 (P3’) are in
accord with these criteria: Arg 34, at position P1, is the
primary determinant of specificity of the inhibitor, consistent
with trypsin inhibition, and is exposed and poised for
insertion into the specificity pocket. A proline residue is
present at position P2 in RBI: proline at this position is also
found in CMTI (Holak et al., 1989), LDTI-C (Miihlhahn et
al., 1994), and ovomucoid inhibitors (Bode & Huber, 1992)
and in all cases adopts the canonical conformation. For the
ensemble of conformations of the binding loop in RBI the
¢ and v angles were Gly 32 120° £ 3° and 180° £ 4°, Pro
33 —65° £ 1° and 143° & 3°, Arg 34 (P1) —114° £ 2° and
45° £ 5°, Leu 35 (P1") —75° £ 1° and 173° £ 3°, and Ala
36 (P2") —92° £+ 1° and 62° + 2°, respectively. The trypsin
binding loop of RBI exhibits a new motif of connection to
the protein core different from all other inhibitors in that its
binding loop is stabilized and positioned between two
o-helices (helices 1 and 2).
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The o-Amylase Binding Site. In contrast to the well-
established mechanisms of inhibition of serine proteinases
by protein inhibitors (Laskowsky & Kato, 1980; Laskowsky,
1986; Bode & Huber, 1992) and the fact that their sites of
interaction with the corresponding proteinases have been
identified, relatively little is known about the mechanism by
which protein inhibitors of a-amylases interact with their
target enzymes. The only structural information available
so far is the three-dimensional crystal structure of the
complex between porcine a-amylase and tendamistat, an
extraordinarily strong inhibitor of the enzyme. Tendamistat
interacts with a-amylase near the polysaccharide binding site
and thus appears to inhibit enzyme in a competitive manner
(Wiegand et al., 1995).

Recent experiments on the inhibition of porcine o-amy-
lases by RBI indicated a mixed-competitive inhibition
mechanism (Maskos et al., unpublished results). Conse-
quently, the RBI binding site of a-amylase must be different
from the polysaccharide binding pocket, and a ternary
complex between RBI, a-amylase, and polysaccharide
substrate must exist.

Attempts to correlate sequence segments of the cereal
inhibitors (Figure 1) with their inhibitory functions, in
particular, the presence or absence of a-amylase inhibition,
did not suggest which residues are essential for a-amylase
binding. The existence, however, of a ternary complex
between trypsin, RBI, and o-amylase excludes residues
within or near the trypsin binding loop as candidates for the
interaction with a-amylase (Shivaraj & Pattabirman, 1981;
Maskos et al., unpublished results). Chemical modification
experiments indicated that Lys 96 in RBI may be involved
in binding to mammalian ¢-amylases (Shivaraj & Pattabir-
man, 1981; Alagiri & Singh, 1993). This is in accord with
the three-dimensional structure of RBI, as the a-carbon of
Lys 96 is located 23 A away from the a-carbon of Arg 34
in the trypsin binding loop (Figure 12). The proposal that
the inhibitor’s Trp 22 and Tyr 23 residues are involved in
o-amylase binding (Alagiri & Singh, 1993) is not supported
by the RBI structure, as these residues are mainly involved
in the stabilization of the trypsin binding loop.
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