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ABSTRACT. The “knottin” fold is a stable cysteine-rich scaffold, in which one disulfide crosses the
macrocycle made by two other disulfides and the connecting backbone segments. This scaffold is found
in several protein families with no evolutionary relationships. In the past few years, several homologous
peptides from the Rubiaceae and Violaceae families were shown to define a new structural family based
on macrocyclic knottin fold. We recently isolated fratomordica Cochinchinensieeds the first known
macrocyclic squash trypsin inhibitors. These compounds are the first members of a new family of cyclic
knottins. In this paper, we present NMR structural studies of one of them, MCoTI-Il, angBefsp
rearranged form, MCoTlI-IIb. Both compounds display similar and well-defined conformations. These
cyclic squash inhibitors share a similar conformation with noncyclic squash inhibitors such as CPTI-II,
and it is postulated that the main effect of the cyclization is a reduced sensitivity to exo-proteases. On the
contrary, clear differences were detected with the three-dimensional structures of other known cyclic
knottins, i.e., kalata B1 or circulin A. The two-disulfide cystine-stabilifedheet motif [Heitz et al.

(1999) Biochemistry 3810615-10625] is conserved in the two families, whereas in the C-to-N linker,
one disulfide bridge and one loop are differently located. The molecular surface of MCoTI-Il is almost
entirely charged in contrast to circulin A that displays a well-marked amphiphilic character. These
differences might explain why the isolated macrocyclic squash inhibitors ¥fooochinchinensigisplay

no significant antibacterial activity, whereas circulins and kalata B1 do.

A number of small, stable disulfide-rich proteins have been  One such small and stable motif with three disulfide
found in plants and animals. The corresponding scaffolds bridges is found in the squash trypsin inhibito&—-(L6).
have been largely used by nature to achieve a variety of tasksThese small disulfide-rich proteins (282 amino acids, 6
(inhibition, toxicity, defense, regulation, etc.) and thus cysteines) are composed of a small antiparallel triple-stranded
represent very interesting starting frameworks for building S-sheet, one and a half-turn of a3elix, two g-turns and
new active molecules, i.e., by grafting active sites or the inhibitory loop. These secondary structural elements are
recognition fragments on them-4). organized around the three disulfide bridges that largely

However, only few different structural motifs are found participate in stabilizing the protein core. It was observed
in proteins with very diverse origins and functions and with that one disulfide bridge crosses the macrocycle formed by
no apparent evolutionary relationshif).(Although this is the two other disulfide bridges and the interconnecting
consistent with the fact that possible protein folds are limited backbone, hence the terms “knottins”, “cystine-knot”, or
in number and that similar folds can be observed in proteins “inhibitor cystine-knot” ((7—19). The knottin scaffold is
with essentially no sequence identitg—8), it appears based on the elementary cystine stabilizesheet (CSB)
necessary to accumulate information on new structural motifs motif (20), and opens new interesting perspectives for the
and on as many of their variants as possible in order to engineering of small stable proteins with various novel
rationalize the sequence structaifenction relationship. activities @1, 22).
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CPTI-IX = ----- RVCPKILMECKKDSDCLAECICLEHG-YCG--
CPTI-III - -HEERVCPKILMECKKDSDCLAECICLEHG-YCG- ~
CMTI-IV - -HEERVCPRILMKCKKDSDPCLAECVCLEHG-YCG- -
CMTI-III = = ----- RVCPRILMKCKRDSDCLAECVCLEHG-YCG- -
CMTI-I 20000000 m---- RVCPRILMECKKDSDCLAECVCLEHG-YCG- -
LLTI-I - - -<ERRCPRIYMECKHDSDCLADCVCLEHG-ICGG-
LLDTI-II = = = =----- RRCPRIYMECKHDSDCLADCVCLEHG-ICG- -
CVTI-I « =~ ~-GRRCPRIYMECKRDADCLADCVCLQHG-ICG- -
CMCTI-I =~ ------ MCPKILMKCRKQDSDCLLDCVCLKEG-FCG- -
CMCTI-III - - -<ERMCPKILMKCKQDSDCLLDCVCLKEG-FCG- -
CMCTI-IT — ~=-=-- RMCPKILMKCKQDSDCLLDCVCLKEG-FCG- -
CSTI-IV @~ ---- MMCPRILMKCKHDSDCLPGCVCLEHIEYCG- -
CSTI-IIB = =--==-- MVCPKILMKCKHDSDCLLDCVCLEDIGYCGVS
TTI-I MMEGVVACPRILMPCKVNDDCLRGCKCLSNG-YCG- -
TTI-II MMEGVVACPRILMPCKVNDDCLRGCKCLSNG-YCG- -
HMTI-I = ----- VGCPRILMKCKTDDDCLLGCKCLSNG-YCG- -
CMeTI-B = ----- VGCPRILMKCKTDRDCLTGCTCKRNG-YCG--
TGT-II SGRHGGICPRILMPCKTDDDCMLDCRCLSNG-YCG-~
LATI-1 @~ ------ ICPRILMECSHDSDCFGECICLSSG-YCG- -
LATI-2 = ee--- IRCPRIYMECKHDSDCLGECICLESG-FCG-~
LCTI-IX 200 ----- RICPRILMECSSDSDCLAECICLEQDGFCG--
LCTI-I @~ -een- RICPRILMECSSDSDCLAECICLEQG-FCG--
LCTI-IXII @~ ----- RICPRILMECSSDSDCLAECICLENG-FCG--
TGTI-I = = ==-==- ICPRILMPCSSDSDCLAECICLENG-FCG- -~
MCOTI-II SGSDGGVCPKILKKCRRDSDCPGACICRGNG-YCG- -
MCoTI-I SGSDGGVCPKILQRCRRDSDCPGACICRGNG-YCG- -
MCoTI-IIIX - - -<ERACPRILKKCRRDSDCPGECICKENG-YCG- -
MCTI-I - - - -ERRCPRILKQCKRDSDCPGECICMAHG-FCG- -
MCTI-III - ---ERGCPRILKQCKQDSDCPGECICMAHG-FCG- -
EETI-II = = =  ------ GCPRILMRCKQDSDCLAGCVCGPNG-FCG- -
BDTI-II = = ----- RGCPRILMRCKRDSDCLAGCVCQKNG-YCG- -
ELTI-I -KEEQRVCPRILMRCKRDSDCLAQCTCQQSG-FCG- -
ELTI-II = = =  ----- RVCPRILMRCKRDSDCLAQCTCQQSG-FCG- -
SATI-I = = = ----- RVCPRILMRCKRDSDCLAECTCQGSG-YCG- -
MRTI-I = = ----- GICPRILMECKRDSDCLAQCVCKRQG-YCG- -
MCTI-II{(lmct)  ----- RICPRIWMECTRDSDCMAKCICVAGH--CG--
TI-A = ==--- RSCPRIWMECTRDSDCMAKCICVAGH--CG- -
MCTI-II(1f2s)  ----- RICPRIWMECKRDSDCMAECICVMGH--CG- -
MCEI-IV - -EEERICPLIWMECKRDSDCLAQCICVDGH--CG--
MCEI-III ---EERICPLIWMECKRDSDCLAQCICVDGH--CG~ -
MCEI-II ----ERICPLIWMECKRDSDCLAQCICVDGH--CG- -

----- RICPLIWMECKRDSDCLAQCICVDGH--CG--
----- RICPRIWMECKRDSDCMAQCICVDGH--CG--
----GRICPRILMECKRDSDCLAECICQSGY--CG--

«<ERGRICPRILMECKRDSDCLAECICQSGY--CG--
*x ® * g ww * * *w

MCEI-I
MCTI-II(sw)
SATI-II
SATI-III

’ -»> - >
8G- - -SDGGVCPKILKRKC- -RRDSD- - -CPGACICRGNGYCG
- -VCGETCVGGT - -C- - -NTPGCTCS -WPVCT
- --CGESCVWIP--C-ISAALGCSCK-NKVCY
- --CAESCVYIP--CTVTALLGCSCS-NRVCY

MCoTI-II

kalata Bl
circulin A
cycloviolacin O1

Ficure 1: (A) Sequence alignment of members of the squash
inhibitors family. Sequences were taken frog8) and from the

Swiss-Prot, TrEMBL, and PIR databases, except for SATI-I, -Il,
and -lll (56). The alignment and sequence order is that given by
the CLUSTALW program §7). The precursor sequences were
truncated at the first corresponding residue in the MCoTI-lI

Heitz et al.

clization and by the disulfide bonds, render these molecules
very attractive.

In this paper, we report NMR solution structure studies
on the most abundant cyclic squash trypsin inhibitor, MCoT]I-
II, and on the rearranged form containingigAsp residue,
MCoTI-lIb. The peptide segment that was absent in noncylic
squash inhibitors but present in cyclic MCoTI-Il and -IIb
has been termed the C-to-N linker since it links residues that
used to be the C-terminus and the N-terminus in previously
known squash inhibitors. The well-defined conformation
calculated for MCoTI-Il is compared with both the confor-
mation of noncyclic squash inhibitors and the conformation
of nonsquash cyclic knottins. Structural similarities and/or
differences are detailed and their possible impact on func-
tional aspects are discussed.

MATERIALS AND METHODS

Materials The proteins were isolated from. cochinchin-
ensisseeds as described previoushg). Natural MCoTI-II
and MCoTl-llb were obtained in quantities sufficient for
structural studies.

Microbial Strains Escherichia coliD31 was from H. G.
Boman (Department of microbiology, University of Stock-
holm, Stockholm, SwedenMicrococcus luteus\270 was
from the Pasteur InstitutéNeurospora crassgCBS 327-
54) was a gift from W. F. Broekaert (Jansens Laboratory of
Genetic, Catholic University of Leuven, Heverlee, Belgium).

Antimicrobial AssaysAntibacterial activities were mea-
sured using a liquid-growth inhibition assay as described
previously @9). Briefly, 10 uL from 2-fold serial dilutions
of the peptides (1060.2 uM, final concentrations) were
incubated in 96-wells microtiter plates with a starting D
of 0.001. After a 24 h incubation at 2&, the antibacterial
activity was monitored by measuring the culture absorbance
at 595 nm using a microplate reader. The antifungal activity
againstN. crassaused liquid-growth inhibition assay$9).
Briefly, fungal spores (final concentration of 10spores/

sequence. Three sequences are reported for MCTI-Il and aremL) were suspended in a growth medium containing Potato

followed by the corresponding PDB ID or the indication sw (Swiss-
Prot) in parentheses. The bottom line indicates fully conserved
residues (*) or physicochemical properties (:). (B) Structural
alignment between MCoTlI-1l and cyclic knottins kalata B1, circulin
A, and cycloviolacin O1. The alignment was done manually. The
conserved triple-strande@l-sheet is shown as arrows and only
structurally conserved residues are aligned.

In the past few years, macrocyclic peptides kalataZ3), (
cyclopsychotride AZ4), circulin A and B 5), cycloviolacin
01 (26), and cycloviolins A-D (27) were shown to share
this structural motif, thus defining a new structural family
of macrocyclic knottins. All these peptides are homologous

Dextrose Broth [DIFCO, in half-strength, supplemented with
tetracycline (1@g/mL) and cefotaxim (1Q@g/mL)], dis-
pensed by aliquots of 9@L into wells of a microplate
containing 10uL of the serial dilution of the peptides, and
incubated for 48 h at 28C in the dark. Growth of fungi
was evaluated as above. Positive controls were obtained using
insect antimicrobial peptides (thanatin and androctonin).
NMR Spectroscopysamples were prepared by dissolving
peptides in either 90% #0/10%2H,0 (v/v) or 100%°H,0
to a concentration of approximately 2.5 mM with the pH
adjusted to 3.4 by addition of dilute HCI or NaOH. AH

and were named plant cyclotides. They were grouped into NMR spectra were recorded on a Bruker AMX-600 spec-

two subfamilies following sequence comparisorZo)(
However, shortly after, we identified new members of the
cyclic knottin structural family from seeds déflomordica
cochinchinensisa common cucurbitaceae in Vietna@s).
Two major cyclic trypsin inhibitors named MCoTI-I and -II
were isolated, along with rearranged forms containing a
B-Asp residue (MCoTl-Ib and MCoTI-1Ib). All these com-

trometer. Data were acquired at 12 and°€7 and TSP-d4
was used as an internal reference. All 2D experiments,
COSY, TOCSY, and NOESY, were performed according
to standard procedure8d) using quadrature detection in
both dimensions with spectral widths of 6849.3 Hz in both
dimensions. The carrier frequency was centered on the water
signal, and the solvent was suppressed by continuous low

pounds share large sequence identity with other squashpower irradiation during the relaxation delay and during the

inhibitors but only very low sequence identity, if any, with
previously known cyclic knottins (Figure 1). The small size
and yet very high stability afforded both by the macrocy-

mixing time for NOESY spectra. The 2D spectra were
obtained using 2048 or 4096 points for edglvalue, and
512t; experiments were acquired for COSY, TOCSY, and
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NOESY experiments. TOCSY spectra were recorded with rz andr,, parabolic restraints were applied. Outsidethe
spin lock times of 30 and 60 ms. The mixing time was 150 r, range, the restraints were linear with slopes identical at
and 300 ms in NOESY spectra. Spectra were processed usingarabolic slopes at points andr,. A similar strategy was
XWINNMR (Bruker). Thet; dimension was zero filled to  used for dihedral restraints. When no stereospecific assign-
1024 points anc/8- andsr/4-shifted sine bell functions were  ment could be achieved for methyl or methylene protons,
applied int; andt, domains, respectively, prior to Fourier an [i~%1%% averaging scheme was used instead of pseudo-
transform 3Jyp—nq coupling constants were measured on 1D atoms. Five thousand cycles of restrained energy minimiza-
spectra. The exchange of amide protons with deuterium wastion were first carried out followed by a 30-ps long simulated
studied at 12C on 2.5 mM samples lyophilized from,B annealing procedure in which the temperature was raised to
at pH 3.4 and dissolved ifH,0. A series of 1D, TOCSY, 900 K for 20 ps then gradually lowered to 300 K. During
and NOESY spectra were acquired over a 72-h pefidel. this stage, the force constant for the NMR distance and
13C HSQC spectra3(, 32) were recorded on the samples in  dihedral constraints were gradually increased from 3.2 to 32
2H,0. Spectral widths were 6849.3 and 25 000 Hz intie  kcal mot? A=2 and from 0.5 to 50 kcal mot rad2
and®®C dimensions, respectively. A total of 2048 data points respectively.
was acquired with 512 increments. Color Figures 8, 9, and 10 were produced with the
Structure CalculationsAll calculations were performed ~ MOLMOL (33) and POV-Ray (http://www.povray.org)
on a Silicon Graphics Origin 200 workstation. The structures programs.
were displayed and analyzed using either INSIGHT Il (MSI,
San Diego) on a Silicon Graphics O2 workstation or RESULTS AND DISCUSSION
MOLMOL 2K.1 (33) on a Linux box. The NOE intensities ) i
were classified as strong, medium, and weak, and converted_ N the late 1980s, we determined the first 3D structure of
into distance constraints of 2.5, 3, and 4 A, respectively. If EETI-Il, asquash trypsin inhibitor. This compound, with only
the connectivity involved side-chain protons, 3.0, 4.0, and 28 amino acids but three disulfide bridges arranged in a
5.0 A upper bounds were used instead to account for higherPSeudo-knotted topology, displayed a particularly high degree
mobility. For sequentiadi,y anddywy connectivities, we used ~ Of Stability along with protease resistan€g17). Since then,
bounds of 2.5, 3.0, and 3.5 A and 2.8, 3.3, and 4.0 A, more than 20 different small disulfide rich protein families
respectively. When necessary, the distance constraints werdVeré shown to share the same “knottin” topology. More
corrected for pseudoatoms4). ¢ angles of residues with rece_ntly, nearly 4Q homologous_ peptldes from plants of the
small or large®Jun—_nq coupling constants<4 Hz or >8.5 Rubiaceae and Vlolaceae fgmllles have beep reported to
Hz) were constrained in the90® to —40° or —160° to —80° belong to a new cyclic knottins strL_JcturaI famil@3 25— _
ranges. 71 angles of residues for which stereospecific 27- 41)- We reported recently the first known macrocyclic
attribution of thep-protons could be achieved were con- UYypsin inhibitors (T1) from the squash family, MCoTI-I and
strained in the corresponding range. Disulfide bridges were MCOTI-Il, and rearranged-Asp isoforms that belong to the
imposed through distance constraints of-2201 A, 3.0 cyc!m .knot.tm famlly but. display no ;lgnlflcant sequence
3.1 A, and 3.753.95 A on SiSj, Si-CBj, Sj—Cpi, and 5|m|]§1r|ty with cyclic knottins _of the Rublacea_e and Violaceae
CBi—CBij distances, respectively. No H-bond was imposed. families. We have determined the solution s_tructure of
3D structures were obtained from the distance and angleMCOTI-Il and MCoTI-lIb to analyze structural differences
restraints using the torsion angle molecular dynamics methodWith homologous noncyclic squash Tis and with nonho-
available in the DYANA program3s). Preliminary DYANA mologous cyclic knottins.
runs and analyses with the GLOMSA routirgs) were used Solution Structure of MCoTI-Il. (1) NMR Assignmeritse
to perform stereospecific assignment whenever possible.assignment of all théH and**C resonances present in the
Gly?, Gly®, and Gly* a-protons could be unambiguously —spectrum was achieved using well-established techni@s (
assigned with this method. One thousand structures were ther@nd part of the sequential assignment is presented in Figure
calculated with the standard simulated annealing protocol. 2. The lists of'H and*3C chemical shifts are available as
The thirty structures with the lowest violation of the target Supporting Information.
function were selected for further refinement. They were (2) Secondary Structurezigure 3 summarized the se-
submitted to molecular mechanics energy refinement with quential and medium range NOESn_n, coupling con-
the SANDER module of the AMBER 6 prograr@9), using stants, slowly exchanging amide protons and thecliemical
the parm94 force field38) and the GB/SA implicit solvation  shift index (CSI) 42, 43). The observation of two small
system 89). During the molecular dynamics runs, the 3Jyn-na coOupling constants for residues A%and Sel®, and
covalent bond lengths were kept constant by applying the thedwn(i,i+2), don(i,i+2), anddyn(i,i+3) NOESs in the region
SHAKE algorithm @0) allowing a 1.5 fs time step to be 16—21 shows the presence of a shoip Belix which is
used. The nonbonded pair list was updated every 20 stepsgenerally detected between the second and the third cysteine
and the temperature was regulated by coupling the systemof the TIs of the squash family. The NMR parameters
to a heat bath with a coupling constant of 0.2 ps. Pseudo-measured in the region 225 are in agreement with/aturn
energy terms taking into account the NMR interproton [dun(i,i+2) NOE and slowly exchanging amide proton of
distance restraints were defined as follows via four threshold residue 25]. It is now well-established that squash Tls share
distance valuesry, ry, r3, andr,. In all casesy; andr, were a common structural motif with others cysteine-rich peptides.
setto 1.3 and 1.8 A, respectively.was taken as the upper  This motif made of an antiparallel triple-strand@dheet is
boundary used in the DYANA calculations andvas chosen  well-defined in MCoTI-Il. The three regions of the sequence
asrs + 0.5 A. For an observed distance lying betwagn  involved in this motif are 1315, 26-28 and 32-34. Large
andrs, no restraint was applied. Betwearandr, or between 3Jun-Ha coupling constants and slowly exchanging amide
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R 3 Ficure 4: Distribution of the number of experimental constraints
ls.0 deduced from medium (hatched bars) and long range (filled bars)
NOEs as a function of the sequence of MCoTI-Il. Each constraint
is counted twice, once for each proton involved.
C8
&
r N vi b Table 1. Constraint Violations and Structural Statistics
0 v e 0 - spatial constraints
—— —_ — — ; ppm distances
ppm 9.5 8.0 8.5 8.0 7.5 short 86
FiGure 2: Fingerprint region of the 600 MHz NOESY spectrum Fgﬁdlt’gg e 31140
of MCoTHII at 12 °C and pH 3.4 in 90% bD/10% 2H,0. The dihadrnge
fzoslli)}/svlng sequences are traced:-8, 10-13, 16-20, 23-26, and é 8.11,15,16,18,19,21,26,32
) 21 8,15,18,20,21,25,27,30,32,33
10 20 30 constraint violation
SGSDGGVCPKILKRCRRDSDCPGACICRGNGYCG d'Sta”C§5> 02 A 0
number> 0.
o tr ottt 1 4 2.97 (0.81)
kex O EOR = mm ENEN  EEEN number> 0.1 A 1.17 (0.83)
dNN(i,i+1) —— —_— —— S - T, 11.46 (171)
dagliis) m — — — sum 0.55 (0.17)
dpatiion — -~ N — _ 2.49 (0.26)
o maximum 0.11 (0.02)
dNN(l',l'i-?) —_— —_— —_— 0.35 (0.07)
donliisd  — — dihedral
don(ii+3 —— number> 5° 0
0.67 (0.48)

e e e  BREE B A B number= 2 17070
N 1.37 (0.85)

Ficure 3: NMR data summary of the sequential and medium range

AMBER energies (kcal mol)

NOE connectivities3}n-ne coupling constants and slowly ex- bond 20.1(0.47)
changing amide protons observed for MCoTI-Il. The asterisk angle+ dihedral 189.9 (44.2)
indicate the sequential d#Ho(i—1) connectivities for proline van der Waals —113.7(3.54)
residues. The height of the bar correspond to the strength of the ger;erahkz)ed %orn *ﬁ‘o’f‘ (()1245'9)
NOE. The values of th&JHN—Ha. coupling constants are indicated f.utr ?ﬁi/lBaES}g 712'79(3' 43) 96
by | (<4 Hz) and? (>8.5 Hz). Open and filled squares indicate c%r?straint 551 (6 5(2) -96)
backbone amide protons that were still observed after 3 and 24 h, PROCHECK statistics ) :

i , itH,0. The chemical shift index (CSI) derived from ; ;
respectively, irfH, residues in most favored 85%

the G chemical shifts of MCoTI-1l is plotted at the bottom of the regions (A,B,L)

figure. residues in additional allowed 14%
regions (a,b,l,p)

protons measured in these parts of the sequence are in gy, e i geometry

agreement with this structure. In addition, all the character- bond 0.012 (16%)
istic inter-strand NOEs were detected. Region-28 is a angle 2.15(0.38)
B-hairpin with a-turn involving residues 2831 that was aValues in parentheses indicate standard deviatfbNsimber of

ascertained by the presence dfiy(i,i+2) and dun(i,i+2) constraints® Residue numbers.Values are for refined structures and

NOEs. Concerning the C-to-N linker, wealk(i,i+2) and for DYANA structures in italics.

dun(i,i+2) NOEs were observed in the regior &, but all

the amide protons of the residues constituting this loop are sequential and 171 medium and long-range NOEs. The

rapidly exchanging. This part of the sequence thus appeardistribution of the medium and long-range NOEs along the

as rather flexible and poorly structured, in accordance with sequence is displayed in Figure 4. Nigeangles were

the CSI. determined from théJyn—pe coupling constants and stereo-
(3) Structure CalculationsThe three-dimensional structure  specific assignment of thefHprotons was achieved for 10

of the cyclic compound MCoTIl-Il was determined from residues (Figure 3 and Table 1). Although not experimentally

NMR data using the same strategy previously used for determined, the disulfide bridge pattern was assumed to be

structural studies of native squash inhibitor EETI Il and of the same as that derived from the three-dimensional structures

analogues 9, 20, 44—47). The NMR study led to 86  of closely related noncyclic homologues (Figure28)( The
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Ficure 5: Stereoview of the refined solution structures of MCoTI-II. Thirty structures were superimposed for backbone atoms of residues
13—33. Backbone atoms (N, CA, C, O) and disulfide bridges (atoms CB and SG) are shown, and cysteine residue numbers are displayed.

NMR data were converted into distance and angle constraintsTable 2. Global RMS DeviatioAgA)

as usual. The list of constraints used is available as residues 134 7—34 13-33
Supporting Information, and the statistics fpr constraint = o ution structures

violations and for molecular mechanics energies are shown trace 1.53 0.78 0.33
in Table 1. The program DYANAZ35) was used to compute (0.47) (0.30) (0.09)
1000 3D conformations compatible with the constraints using backbone 1.44 0.74 0.29

045)  (028)  (0.08)
heavy atoms 2.18 1.72 1.57
040)  (0.29)  (0.33)

the torsion angle dynamics method. The large number of
calculation was to avoid convergence problems due to the
highly constrained knotted topology of the molecule. Using  MCoTl-Il vs CPTI-II

AMBER 6.0 (37), the 30 best resulting models were further  trace 0.86 0.62
refined using a molecular dynamics simulated annealing _Packbone 0.82 0.57
protocol including a 20-ps long heating period (900 K) to aValues in parentheses indicate standard deviations.
better search the conformational space. Molecular dynamics
refinements in previous studies used either a cpu-intensive
explicit water treatment 10, 44) or a simple distance
dependent dielectric function coupled to reduced charges on
charged side chaing0@). In this study, the more accurate
GBJ/SA implicit solvation model ¥9), made available in
AMBER 6.0, was used instead.

Structure Analysis and Comparison with Noncyclic Squash
Inhibitors. The calculated structures satisfy the NMR data
very well with no distance and dihedral violation equal or
larger than 0.2 A or § respectively (Table 1). Statistical
analyses using the PROCHECK-NMR softwa#&)(show

that the overall stereochemistry of the MCoTI-II solution . 6 A due RMS deviation b culated
structures is very good with 99% of nonglycine and non- FIGUREG: Average per residue eviation between ca'cu'ate

. . N o structures of MCoTI-Il (plain line) and per residue RMS deviation
proline reSIc_iues lying in the most favored and additional between MCoTI-1l and CPTI-II (dashed line). MCoTI-Il structures
allowed regions O_f the Ramachandra_n map (Table 1). AS were superimposed pairwise for the backbone atoms of residues
expected, the refined models also display large negative13-33. The solution structure closest to the average conformation
molecular mechanics AMBER energies. The stereochemicalof MCoTI-Il was superimposed onto the X-ray structure of CPTI-

quality of the calculated structures, is supported by the very 'é:g; %%‘;';bsog? t"l"qtgTospoi;geiggge;ég’rirg?/'sce%g'é'n?sulT?]ir:'“g)_'to_N

good similarity with X-ray structure_s of homologous_pro?eins linker; Inh: inhibitory loop; CSB: cystine stabilizgtisheet motif.
(see below). These results constitute a good validation of

the refinement protocol using the implicit GB/SA solvation The structure of MCoTI-Il is particularly well resolved
model @9). Since it has been shown that the quality of with a very low global backbone RMS deviation of 0.29
solution structures may be correlated to the refinement 0.08 A for superimposition of backbone atoms of core
protocols or softwares4@), then the AMBER-GB/SA residues 1333 (Table 2 and Figures 5 and 6). Even the
combination does appear well suited to the refinement of inhibitory loop displays rather lows(1 A) RMS deviations.
solution structures. Only the C-to-N linker displays high RMS deviations well

RMS deviation (A)

C
o1 5 10 15 20 25 30 34
Residue number
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Ficure 7: Comparison of MCoTI-Il with noncyclic squash inhibitors. Structural superimposition of the solution structure closest to the
average conformation of MCoTI-II (thick lines) onto the X-ray structure of CPTI-II (thin lines). The two structures were superimposed for
backbone atoms of residues-133 (MCoTI-Il numbering). Side chains are shown as dashed lines with longer dashes for disulfide bridges.
Set, cysteines and basic residues are labeled.

abow 1 A and therefore clearly constitutes the most mobile with the two sets ofy values. It must be remembered that
part of the molecule. structure calculations were performed with an implicit
The conformation of MCoTI-II closest to the average has solvation model [the GB/SA modeBg)]. However, a water
been superimposed onto X-ray structure of the noncyclic molecule has been determined in X-ray structures of squash
squash TI CPTI-I115) (Figure 7). CPTI-Il has been selected inhibitors which is located inside the inhibitory loop and is
for comparison because this structure has been determinedheld in place via H-bonds from carbonyls of strictly
with good accuracy, and because its sequence is closer taonserved residues Prand llé! of the inhibitory loop (1,
MCoTI-Il as compared with other squash inhibitors with 15). In MCoTI-Il, water molecules were not treated explic-
known 3D structure. The sequence identity for the 28 itly, thus precluding observation of such effect and the
C-terminal residues is 64% between MCoTI-Il and CPTI-Il carbonyl of Pr preferentially turns outward to the bulk
whereas it is 57 and 54% between MCoTI-Il and CMTI-I solvent. Nevertheless, the inhibitory loop of MCoTI-Il in
or EETI-II, respectively (Figure 1). Global RMS deviations solution exhibits a high conformational similarity with the
between structures are reported in Table 2 and local RMSloop conformation of homologous inhibitors in complex with
deviation along the sequence is displayed in Figure 6. Thetrypsin, strongly supporting previous observations that these
two structures are strikingly similar with low RMS deviations binding loops do not change their conformation upon binding
of 0.57 A for backbone superimposition of residues-33 to trypsin @4, 50).
that correspond to the CSB motif. Superimposition of Detailed comparison of MCoTI-Il with noncyclic CPTI-
residues 734 leads to a slightly larger value of 0.82 A. Il (Figure 7) reveals a very good structure conservation,
This increase is essentially the result of a rigid group motion showing that the knottin structural motif is barely affected
of the inhibitory loop (residues-812) versus the CSB motif by peptide cyclization between the N- and C-termini. All
in the MCoTI-Il solution structure when compared to the three disulfide bridges display similar conformations, even
CPTI-II X-ray structure. It is worth noting, however, that the Cy§—Cys® bridge that is sequentially and spatially close
the local conformation of the inhibitory loop in MCoTI-Il  to the C-to-N linker. All prolines in MCoTlI-II are in the
is still strikingly similar to the conformation of the loop of trans conformation. P#that occupies position 1 of/aturn
CPTI-Il in the complex with trypsin. The RMS deviation has dihedral angle values rather close to values for the
for superimposition of the backbone atoms of only residues corresponding Leu 16 in CPTI-lip(yp = —80°/4+-166° and
8—12is 0.69 A, and the only conformationally significant —83°/+14%, respectively).
difference between structures in this region is an ap- All H-bonds that define the elements of secondary struc-
proximately 180 flip of the peptide bond that links Pto  ture in noncyclic squash inhibitors have been observed in
and Lys? (residue P1, MCoTI-Il numbering) due to change MCoTI-I
in they dihedral angle of PfoPrd y value is 149in CPTI-
I, whereas 19 of 30 MCoTl-Il structures display values g_sheet: @%:-HN3 O*%-+-HN'®, 0%%--HN**,
between—18° and+13°. The 11 remaining structures display O HNZE OF2...N2
values between 6%nd 120. Whether this difference is a !
true consequence of trypsin binding would be difficult to 3,5-helix: O'+«-HN?* O*%...HN?!
ascertain. The only related NMR data is sequential NOEs
for the HN proton of Ly&° (Figure 3), which is compatible ~ f-turns: G%--HN%, O?+-HN>! HN*2
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Ficure 8: Comparison of backbone conformations of cyclic squash inhibitors with other cyclic knottins. Schematic view of MCoTI-II
(green) superimposed onto kalata B1 (blykBtrands are displayed as flat rounded arrows, whereas glel® in MCoTI-1l is displayed

as a flat ribbon. Disulfide bridges are shown as orange sticks and cysteines of MCoTI-II are labeled. (Left) The displacement of the C-to-N
linker is indicated by an arrow. (Right) Perpendicular view after ar@@ation around a vertical axis (i.e., viewed from the white triangle
viewpoint in the left image). For sake of clarity everything on the left of the dashed line in the left-handed view has been omitted in the
right-handed view.

Also, two H-bonds between carboxylic acid side chains and for residues flanking the modified aspartyl residue, but the
backbone atoms present in CPTI-Il are conserved in MCoTI- carbon chemical shifts remained quite insensitive to this
Il calculated structures, Asp--HN?” and Asp%--HN6HN’, modification. The NOEs detected for the two peptides were
It should be noted that the latter bifurcated H-bond was not only different in the region 36 of the sequence. The two
observed in the NMR structures of CMTI-I [PDB ID 3cti  NOEsdun(i,i+2) between residues 3 and 5 and residues 4
(51)], but this might well be a result of the refinement and 6 and onel(i,i+2) NOE between residues 3 and 5
protocol rather than a true specific difference between detected in MCoTI Il were no longer observed in MCoTI-
MCoTI-lIl and CMTI-I. Indeed, the NMR structures of Ilb. This can be simply explained by the introduction of a
CMTI-I did not reproduce either the salt bridge between'Arg CH, group in the main-chain, leading to a still larger
side chain and the carboxy-terminus that is present in theflexibility of the already flexible C-to-N linker.
X-ray structures of CMTI-1 and of CPTI-II (note that there Structural Comparison with Other Cyclic KnottirSche-
is no corresponding arginine and associated salt bridge inmatic drawing of MCoTI-Il and comparison with kalata B1
MCoTI-ll). is shown in Figure 8. Although the global folding is similar,
Superimposition of MCoTI-Il onto CPTI-Il in complex clear structural differences are immediately apparent.
with trypsin provides a reasonable model of the interactions The loops between cysteines have different lengths: 5
between MCoTI-II and trypsin. This model is close to the residues vs 4 residues between the second and third cysteine
model presented in our previous report on MCoTI2BY and 3 residues vs 4 residues between the third and the fourth
that was homology modeled from the crystal structure of cysteine, in MCoTI-Il and kalata B1, respectively (Figure
CMTI-I complexed with trypsin [PDB ID 1ppe 1()]. 1). In the former loop, there is naghelix in kalata B1. In
Analysis of this model complex shows that Aspf the the latter loop, a proline occupies position 1 of fhéurn in
C-to-N linker in MCoTlI-Il is reasonably close to L§% and MCoTI-Il but position 2 of the turn in kalata B1. Although
Lys??? of trypsin with Asp-Lys Co—Ca. distances of 6.9  prolines are usually considered as preferred residues in
and 8.9 A, respectively. On the other hand, it is worth noting position 2 of3-turns, statistical analysis of segments in the
that none of the six positively charged residues in MCoTI- Protein Data Bank with conformations similar to the-25
Il is in direct contact with trypsin. Indeed, the interaction loop of MCoTI-Il indicates that prolines are frequent in
site of trypsin with the inhibitor is essentially composed of position 1 of this turn as well (data not shown).
polar, positively charged, and hydrophobic residues. Only one disulfide bridge is structurally superimposable
Structural Impact of thg-Asgt Modification. During the with very closey; dihedral angles for the cysteine side chains.
isolation of MCoTI-II, two derived compounds were also This disulfide bridge is between Cysand Cy&’ and
identified. One included a succinimide cyclization at the connects the two external strands of the triple-stranded
Asp*—Gly® bond, the other was shown to displayasp’ B-sheet present in both structures. They€ys* disulfide
residue, probably due to reopening of the succinimii. ( bridge is slightly modified in kalata B1, essentially because
The latter form called MCoTlI-llb was obtained in sufficient the loop 15-21 is shorter and has a clearly different
guantities and submitted to NMR analyses. All the parametersconformation (no  helix). This results in cysteine 21 being
measured on the spectra of MCoTI-Ilb appeared to be very differently located in kalata B1 and close to Aspf MCoTlI-
similar compared to those measured for MCoTI-Il. The most Il (Figures 1B and 8). Cy3 must therefore adopt a different
important proton chemical shift differences were detected y; dihedral angle in order to link to C¥sthat is well
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conserved between the two structures fthangle of Cyst
is approximately-60° and 180 in MCoTI-1l and kalata B1,
respectively). The Cys-Cys® disulfide bridge of MCoTlI-
Il is the most largely displaced in kalata B1, although €ys

Heitz et al.

to be electrostatic via exposed cationic residues (at least two
excess positive charges) on the peptide surfa@ {[Then
amphiphilicity due to hydrophobic cluster (about 50%
hydrophobic residues) appears as an essential feature for

is quite well conserved between the two structures. However, antimicrobial activity 63). The biological role of trypsin

the Gou—Ca distance of Cy%sfrom the corresponding cysteine
in kalata B1 is about 8.2 A. This is clearly in relation with
the very large displacement of the C-to-N linker in kalata
B1 as shown by an arrow in Figure 8. The C-to-N linker

inhibitors from plants is not fully understood either but could
also participate in defense mechanisms. Indeed, it has
recently been shown that an antifungal protein fidedian-

thus annuudlowers displays an associated activity against

between the last and the first cysteine is one residue shorteitrypsin (64). All this prompted us to check macrocyclic

with one more hydrophobic residue in kalata B1 (GSGS-
DGGV vs TRNGLPV). The linker in MCoTI-Il has been
shown to be the most flexible part of the protein. This is not
surprising given the presence of four glycines in this eight-
residue long segment. Examination of the kalata B1 NMR
structures [PDB ID 1kalZ3)] shows that the C-to-N linker
does not display particular flexibility, but rather that the
flexibility is equally distributed among all loops. This
observation also holds for circulin A [PDB ID 1bh25)]
and for cycloviolacin O1 [PDB ID 1df6 26)]. More
generally, the C-to-N linker of homologous peptides from

trypsin inhibitors fromM. cochinchinensigor antimicrobial

or antifungal activity. However, despite the structural homol-
ogy of MCoTI-1l with other cyclic knottins, antimicrobial
and antifungal activity measurements on this compound were
unsuccessful. The peptides present no significant antimicro-
bial activity against microbial strains chosen for their very
high sensitivity to antibiotics.

Therefore, the proposition that the cyclic knottin topology
may represent a molecular structure of antimicrobials and
may provide a useful template for the design of novel peptide
antibiotics, as suggested by Tam and co-workg?s chould

the Rubiaceae and the Violaceae families is shorter than thebe tempered. The existence of noncyclic knottins with

linker of MCoTI-II, and contains one proline but only one

antimicrobial or antifungal properties is also of interesS)(

glycine. These differences in sequence are significant enoughlt was then interesting to search for the structural differences

to explain, at least in part, the lower flexibility of the C-to-N
linker in plant cyclotides. Thus, the cyclic squash inhibitors

that are responsible for the absence of antimicrobial activity
of macrocyclic squash inhibitors frofd. cochinchinensis

display a well-defined conformation for most residues except Electrostatic potentials at the surface of MCoTI-II and

those of the highly flexible C-to-N linker. On the contrary,
the C-to-N linker of plant cyclotides displays a flexibility
that is similar to the rest of the molecule.

Despite the large modifications of the linker and of the
Cys—Cys* disulfide bridge discussed above, the antiparallel
triple-stranded3-sheet and associated typical H-bonds are
well-conserved in MCoTI-1l and kalata B1 (Figure 8). The
22—25 -turn and the H-bond O22N25 are present in both
molecules, although it is a type | turn in MCoTI-ll but a
type Il turn in kalata B1. In the other cyclic knottins with
known 3D structure, circulin A and cycloviolacin O1, this
loop is longer and includes one turn of helix.

circulin A were compared (Figure 9). MCoTI-1l sequence
contains six positively charged residues and three negatively
charged residues resulting in a net charget& This is
more positively charged than circulin A and cyclopsychotride
A (net charget2). Thus initial interaction with microbial
surface should not be restricted by the specific sequence of
MCoTI-II. However, with nine charged side chains and only
four clearly hydrophobic residues (Vallle!!, Leu'?, and
l1e?%), MCoTI-II displays a molecular surface which is almost
entirely charged with no significant hydrophobic cluster
(Figure 9). This is in clear contrast with circulin A and
cyclopsychotride A that display distinct hydrophobic and

From this analysis, it is clear that the structurally conserved positively charged clusters on their surface with seven and

regions between MCoTI-Il and other cyclic knottins cor-
respond to the elementary cystine stabilifegheet (CSB)
motif (20). It is worth noting that the cysteines that belong

eight clearly hydrophobic residues, respectively (Figure 9).
Therefore, the lack of large hydrophobic patch on the surface
of M. cochinchinensisyclic squash inhibitors might be part

to the triple strande@-sheet (cysteines 15, 27, and 33) or of the explanation of the absence of antimicrobial activity
close to it (cysteine 25) are remarkably well conserved of these compounds. Kalata Bl appears as a peculiar
between the two structures with similar side-chain conforma- antimicrobial peptide with only one positively charged
tions. Outside the CSB maotif, large atomic deviations are residue and no net charge, and with only five clearly
observed, although the overall topology and the disulfide hydrophobic residues (Table 1B), and suggests that this
connectivities are conserved. These structural differences arepeptide might use a different mechanism of action.
likely to be necessary to accommodate the very different
biolggical activities. Y g CONCLUSION

Biological functions of cyclic knottins from the Rubiaceae A large number of small disulfide-rich proteins have been
and the Violaceae families in the plants are not known. isolated from plants and animals in the last two decades.
However, they are supposed to participate in a defenseNMR solution structures were reported for many of them,
mechanism, and interestingly, antimicrobial activities were and the number of structures for small disulfide-rich proteins
reported for several of these cyclic knottirk). Kalata B1 has grown exponentially. Despite this fact, the number of
and circulin A were shown to be effective specifically against folds available in this class of proteins remains limit&j (
Gram-positive bacteria, whereas circulin B and cyclopsy- and it becomes apparent from the very diverse functions
chotride A displayed activity against both Gram-positive and satisfied by similar folds that these small architectures
Gram-negative bacteria. These cyclic peptides also displayedconstitute extremely interesting models for drug design. We
moderate activity against two strains of fung2). Initial have shown recently that knottin fold consists of an essential
interaction with the microbial surfaces are usually supposed structural submotif containing only two disulfide bridges that
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MCoTI-II

Circulin A

Ficure 9: Comparison of the electrostatic potential at the molecular surface of MCoTI-Il (top) and circulin A (bottom). The right-handed
views are after a 180rotation around the vertical axis from the left-handed views.

Macrocyclic knottin Knottin CSB motif

Ficure 10: Schematic view of knottin structural folds of decreasing complexity.

we called the CSB motif and that this elementary motif is resistance. Also, their well-defined conformation allows
an autonomous folding uni2(). It is a possibility that the  accurate geometrical analyses and predictions in the course
numerous small disulfide rich protein families containing the of design strategies.
CSB motif have evolved from an ancestral smaller protein, Three different topological frameworks of CSB motif
although no such natural protein has yet been observed. containing molecules with increasing complexity are com-
In this paper, we have described the 3D conformation of pared in Figure 10. The simplest CSB motif has the
the first known member of a new family of cyclic knottins. advantage of a smaller size and of including only two
Disulfide bridges and cyclization may be responsible for the disulfide bridges. This limits the number of potential disulfide
protease resistance and well-defined structure of this com-isomers to three, and may facilitate selective synthesis of
pound. These knottin fold containing compounds are small the desired correct disulfide bridges for modified sequences
and easily accessible to synthesis, but thanks to disulfidethat would otherwise give rise to disulfide isomers. The
bridges, they still display remarkable stability and protease knottins possess one more disulfide bridges increasing the
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number of potential disulfide isomers to 15. This may bring 21.
synthesis and/or purification problems. However, the ad-
ditional disulfide also affords a higher stability and a sup-
plementary loop. This arrangement is also the most frequent
in nature. Finally, the cyclic knottins display a still higher — ,5
stability and the advantage of good resistance to exopro-
teases, at the expense of more complex chemical synthesis.og.
A significant number of natural proteins with this arrange-
ment have been identified in the last few year, but the process

by which the in vivo cyclization occurs remains to be 25
determined. Understanding this process would be of interest
if one wants to use this very interesting scaffold in combi-
natorial approaches such as the phage display technology.
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