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The solution structure of dendrotoxin K (Toxin K), a protein consisting of one polypeptide
chain with 57 residues purified from the venom of the black mamba, Dendroaspis polylepis
polylepis, was determined by nuclear magnetic resonance (NMR) spectroscopy. On the basis
of virtually complete sequence-specific 'H NMR assignments, including individual
assignments for 38 pairs of diastereotopic substituents and side-chain amide protons, a total
of 818 nuclear Overhauser effect distance constraints and 123 dihedral angle constraints
were identified. Using this input, the solution structure of Toxin K was calculated with the
program DIANA, and refined by restrained energy-minimization with a modified version of
the program AMBER. The average root-mean-square deviation (r.m.s.d.) relative to the
mean atomic co-ordinates of the 20 conformers selected to represent the solution structure is
0-31 A for all backbone atoms N, C* and C’, and 0-90 A for all heavy-atoms of residues 2 to
56. The solution structure of Toxin K is very similar to the solution structure of the basic
pancreatic trypsin inhibitor (BPTI) and the X-ray crystal structure of the a-dendrotoxin
from Dendroaspis angusticeps (-DTX), with r.m.s.d. values of 131 A and 092 A,
respectively, for the backbone atoms of residues 2 to 56. Some local structural differences
between Toxin K and BPTT are directly related to the fact that intermolelcular interactions
with two of the four internal molecules of hydration water in BPTI are replaced by
intramolecular hydrogen bonds in Toxin K.

Keywords: dendrotoxin K; nuclear magnetic resonance spectroscopy;
protein structure determination; proteinase inhibitors; internal hydration water

1. Introduction reason, dendrotoxins have become important tools
for the analysis of voltage-dependent potassium
channels (Penner et al., 1986). The presently
reported NMR structure of Toxin Kt is the first

The dendrotoxins are a homologous group of
pharmacologically active proteins isolated from the
venoms of the black mamba (Dendroaspis polylepis
polylepis) and the eastern green mamba (Dendro-
aspis angusticeps). Originally identified on the basis
of sequence homology as members of the Kunitz
proteinase inhibitmj family, subsequently they Were  }vine pancreatic trypsin inhibitor; a-DTX,
found to have negligible trypsin and chymotrypsin a-dendrotoxin from the venom of the eastern green
inhibitor activities (Strydom, 1973). As no physio- mamba, Dendroaspis angusticeps; TFA, trifluoroacetic
logical role could be attributed to these proteins at  acid: 2D, two-dimensional; 2QF-COSY, 2D two-
that time, they became known simply as “trypsin  quantum-filtered correlation spectroscopy; 2Q-
inhibitor homologues” (Joubert & Strydom, 1978).  spectroscopy, 2D two-quantum spectroscopy; TOCSY,
The mode of action of these toxins was discovered 2D total correlation spectroscopy; NOE, nuclear
only later when it was shown that contrary to the  Overhauser effect; NOESY, 2D NOE spectroscopy;
neurotoxins, which are also present in these venoms E.COSY, 2D exclusive correlation spectroscopy; hina:

.. vicinal spin—spin coupling constant between the amide
and block neuromuscular transmission, dendro-

. . . proton and the a-proton; *J,4, vicinal spin-spin coupling
toxins facilitate the release of acetylcholine from constant between the a-proton and a B-proton; Yy on,

presynaptic membranes of cholinergic synapses vicinal spin-spin coupling constant between the
(Harvey & Karlsson, 1982). Further evidence B-proton and the y-hydroxyl proton in Ser or Thr;
suggests that this action is mediated by the ability REDAC, use of redundant dihedral angle constraints;
of dendrotoxins to specifically block potassium r.m.s.d., root-mean-square deviation; c.p.u., central
channels (Harvey & Anderson, 1985). For this  processing unit, p.p.m., parts per million.
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1 Abbreviations used: Toxin K, dendrotoxin K (or
trypsin inhibitor homologue K) from the venom of the
black mamba, Dendroaspis polylepis polylepis; BPTI,
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three-dimensional structure determination of a
dendrotoxin in solution, an X-ray crystal structure
of a-DTX having just appeared (Skarzynski, 1992).

Toxin K was one of the first proteins for which
sequence-specific 'H NMR assignments were
obtained (Keller et al., 1983). Furthermore,
measurements of backbone-backbone sequential
and medium range NOEs, >J/yy, coupling constants
and amide proton exchange rates showed that the
solution structure of this protein contains the same
secondary structures as BPTI (Pardi et al., 1983),
which confirmed earlier predictions based on analy-
sis of sequence homologies (Swenson et al., 1978). In
view of these results it appeared unwarranted in
1983, to make the then considerable effort of a
complete NMR structure determination of Toxin K.
In the meantime, several new developments have
made it worthwhile to reconsider this decision.
First, NMR structures of small proteins in solution
can now be determined with high precision.
Considering that it is clear from the earlier studies
(Pardi et al., 1983) that Toxin K and BPTI adopt
the same global polypeptide fold, and that the
sequence identity between the two proteins is only
419 (Table 1), it will be of interest to compare at
high resolution how the two sequences are accom-
modated in the same global fold. Second, there are
indications that some of the amino acid substitu-
tions between BPTI and Toxin K involve residues
next to internal hydration sites, which provides an
opportunity for investigating the effects of such
mutations on internal hydration (see also Berndt et
al., 1993). Third, a domain of the Alzheimer’s
amyloid f-protein precursor was found to have a
Kunitz inhibitor-type structure (Hynes et al., 1990),
so that detailed comparisons with this biologically
important protein will be of keen interest. These
different points will be approached further in the
Discussion.

2. Materials and Methods
(a) Protein preparation

The Toxin K was isolated from the venoms of either the
South African or Tanzanian black mamba, Dendroaspis

polylepis polylepis, (Latoxan) and batch-purified as
described previously (Strydom, 1972). Toxin K obtained
from these two venom sources was found to be identical.
Residual protein impurities were removed by two sub-
sequent chromatography steps. The protein fraction
containing roughly 909, Toxin K was first subjected to
ion exchange chromatography using a Mono-S 10/10
column (Pharmacia) equilibrated with 40 mM Hepes
buffer (pH 8:0) containing 0-45 M NaCl. The Toxin K was
eluted under isocratic conditions. Desalting of the protein
was performed by repeated ultrafiltration with water on
an Amicron YM-2 membrane after adjustment of the pH
to 40 to minimize protein—buffer ion pair interactions.
The second step involved a conventional reverse phase
chromatographic separation using a Nucleopore Cg
column and a linear gradient of 0-19, TFA in water to
0-19, TFA in acetonitrile. Analytical reverse phase HPLC
of the purified inhibitor yielded a single, symmetrical
peak as monitored by the absorbance of the effluent at
280 nm.

(b) Nuclear magnetic resonance experiments

All data used for the structure calculation were
obtained from spectra recorded from samples containing
10 mM Toxin K either in a mixture of 959, H,0/59%,
2H,0, or in 99-99% 2H,0 after complete exchange of all
labile protons. The pH was adjusted to 4-6 by the addition
of minute amounts of NaOH and HCl, or NaO?H and
2HCI, respectively, and the temperature was
36-0(40-5)°C. The NMR spectra were recorded on either a
Bruker AM500 or AM600 spectrometer using the phase-
sensitive mode with time-proportional phase incremen-
tation of the initial pulse (Marion & Waiithrich, 1983).
Quadrature detection was used in both dimensions, with
the carrier placed in the center of the spectrum. To
complete the previously reported sequence-specific reson-
ance assignments (Keller et al., 1983) with the identifica-
tion of the complete spin systems of the long amino acid
side-chains, standard homonuclear 'H-'H correlation
experiments were recorded (Wiithrich, 1986) and
analyzed with the interactive program package EASY
(Eccles et al., 1991).

NOE upper bounds on 'H-'H distances were obtained
from 3 NOESY experiments (Anil-Kumar et al., 1980)
with mixing times, 7,,, of 40 ms: a NOESY spectrum in
H,0 with 920 points in ¢, and 4096 points in ¢, ({;max=
60 ms, f,,,,, =270 ms) with selective suppression of zero-
quantum coherences (Otting, 1990; Rance ef al., 1985); a
NOESY spectrum in 2H,0 with 758 points in ¢, and 4096

Table 1
Amino acid sequences of Toxin K and selected homologous proteins

1 10 20

30 40 50 57

Toxin K
C13S1C3

Toxin I

AAKYCKLPLRIGPCKRKIPSFYYKWKAKQCLPFDYSGCGGNANRFKTIEECRRTCVG
AAKYCKLPVRYGPCKKKIPSFYYKWKAKQCLPFDYSGCGGNANRFKTIEECRRTCVG
ZPLRKLCILHRNPGRCYQKIPAFYYNQKKKQCEGFTWSGCGGNSNRFKTIEECRRTCIRK

a-DTX ZPRRKLCILHRNPGRCYDKIPAFYYNQKKKQCERFDWSGCGGNSNRFKTIEECRRTCIG
BPTI RPDFCLEPPYTGPCKARIIRYFYNAKAGLCQTFVYGGCRAKRNNFKSAEDCMRTCGGA
APPI VREVCSEQAETGPCRAMISRWYFDVTEGKCAPFFYGGCGGNRNNFDTEEYCMAVCGSA

Toxin K is from Dendroaspis polylepis polylepis (Strydom, 1973), C13S1C3 from Dendroaspis angusticeps (Joubert & Taljaard, 1980),
Toxin I from Dendroaspis polylepis polylepis (Strydom, 1973), and a-DTX from Dendroaspis angusticeps (Joubert & Taljaard, 1980);
BPTI is the bovine pancreatic trypsin inhibitor (Kassell et al., 1965) and APPI the human Kunitz-type protease inhibitor domain of
Alzheimer’s amyloid f-protein precursor (Ponte ef al., 1988). In Toxin I and «-DTX, Z stands for pyroglutamate.
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points in f, (ti; =50 ms, t,. =27 ms) with zero-
quantum coherences shifted and suppressed (Otting et al.,
1990); a soft-NOESY spectrum (Billeter et al., 1990a;
Briischweiler et al., 1988) in 2H,0 with 470 points in ¢,
and 4096 points in ¢, (f;max=trmac =130 ms), with the
selective pulse centered at 4:30 p.p.m. Vicinal spin—spin
coupling constants *Jyy, were determined from the afore-
mentioned NOESY spectrum in H,0 by inverse Fourier
transformation of the in-phase multiplets (Szyperski et al.,
1992), and values for 3Jau(j were obtained from an E.COSY
spectrum (Griesinger et al., 1985) recorded in 2H,0 with a
digital resolution of 2-2 Hz/point along w,. Time-domain
data were processed on a Bruker X-32 data station using
UXNMR software. Prior to Fourier transformation the
NOESY data were weighted with a cosine window and
zero-filled 2-fold in both dimensions. Baseline distortions
in the NOESY spectra were eliminated using the FLATT
procedure (Giintert & Wiithrich, 1992).

(c) Determination of the 3-dimensional structure

The input for the final structure calculation resulted
from several rounds of NOESY cross-peak assignments
and structure calculations with preliminary sets of input
data (Berndt et al., 1992; Giintert et al., 19915). Two
different “‘calibration curves” describing relationships
between cross-peak volumes, V, and corresponding upper
distance limits, b were used with the program CALIBA
(Giintert et al., 1991b). A 1/b° dependence was used for the
405 backbone proton—backbone proton or backbone
proton—B-proton NOESY cross-peaks , and a 1/b* depen-
dence for the 484 cross-peaks with side-chain protons and
the 191 cross-peaks with methyl groups. To obtain reson-
able upper bounds for both strong and weak NOEs, the
proton—proton upper distance bounds were in all cases
confined to the range 2-4 to 4-5 A before the application of
appropriate pseudo-atom corrections (Wiithrich et al.,
1983). For the final DTANA calculation with Toxin K,
refined calibration curves were determined based on plots
of the NOESY cross-peak volumes versus the average of
the corresponding proton—proton distances in a pre-
liminary set of 20 conformers. The structure calculations
with the program DIANA were performed using the
REDAC strategy (Giintert & Wiithrich, 1991) for
improved convergence. Each round of calculations was
started with 50 random conformations, and the 20
conformers with the lowest target function values were
used to represent the molecular structure. The 20 DIANA
conformers with the smallest target function values after
the final round of calculations were subjected to
restrained energy minimization using a modified version
of the program AMBER (Singh et al., 1986), which
includes pseudo-energy terms for distance constraints and
dihedral angle constraints (Billeter et al., 1990b). The
resulting 20 energy-minimized DTANA conformers were
used to represent the solution structure of Toxin K.

(d) Structure comparisons

For visual comparison of different structures, stereo
views were produced with the molecular graphics
programs MIDAS (Ferrin et al., 1988) or XAM (Xia,
1992). Global superpositions and pairwise r.m.s.d. values
for various subsets of atoms were computed as usual
(McLachlan, 1979). The mean solution structure was
obtained by first superimposing the 20 energy-minimized
DIANA conformers so as to minimize the r.m.s.d. for the
backbone atoms N, C* and C’ of the residues 2 to 56, and

then averaging the Cartesian co-ordinates of corre-
sponding atoms in the superimposed conformers.
Displacements, D (Billeter et al., 1989), were used to
quantify the local precision of the solution structure and
to identify local differences between crystal and solution
structures. Displacements are a generalization of the
r.m.s.d. values, since the set of atoms used for the super-
position of the conformers, M,,,, differs from the set of
atoms for which the root-mean-square deviation of the
positions is actually calculated, M, , 4. For example, for
the evaluation of the backbone displacement of a given
residue 4 in Toxin K after global superposition, Dy, M,,
consisted of the backbone atoms N, C* and ' of the
residues 2 to 56, and M, . 4 of the backbone atoms N, C*
and C’ of residue i. To evaluate local backbone displace-
ments for a residue i, Dpy, M,,, consists of the backbone
atoms N, C* and C' of the residues —1, ¢ and ¢+ 1, and
M, 4. consists of the backbone atoms of residue 4.

3. Results
(a) 'H NMR assignments for Toxin K

The previously reported sequence-specific reson-
ance assignments at pH 3-4 and 50°C (Keller et al.,
1983) were verified at the new experimental condi-
tions of pH 46 and 36°C used in this study. New,
additional assignments were made for the backbone
amide protons of residues Argl6, Glyl7 and Gly40,
and for long amino acid side-chains and labile side-
chain protons. As a result, the present list of 'H
chemical shifts of Toxin K includes all non-labile
protons with the sole exceptions of 6CH, of Lys3
and Lys26, all backbone amide protons, and numer-
ous labile side-chain protons (Table 2). The amide
proton of Gly37 is shifted to high field at
4-57 p.p.m., which is a similar chemical shift to that
of Gly37 in BPTT (Tiichsen & Woodward, 1987).

Hydroxyl protons of serine and threonine are
known to have intrinsically different chemical shifts
from that of water. Nonetheless, because of rapid
exchange with the solvent they are usually not
observed as separate signals in standard 'H NMR
experiments (Chazin & Wright, 1988; Otting &
Wiithrich, 1989). In Toxin K the hydroxyl protons
of Ser20 and Ser36 are observed in 'H NMR spectra
in H,O (Table 2) even when using pre-irradiation of
the solvent resonance. The assignment of these
resonances was confirmed by intraresidual
CPH-O"H cross-peaks in a 2QF-COSY spectrum, as
well as by NH-O"H, C*H-O"H and C*H-O"H cross-
peaks in a TOCSY spectrum. These cross-peaks
disappeared after complete exchange of the labile
protons with deuterions. The observation of these
hydroxyl protons under conditions of solvent pre-
irradiation is indicative of low solvent accessibility
and suggests their participation as proton donors in
intramolecular hydrogen bonds.

(b) Survey of the final set of conformational
constraints and the final structure calculation

A total of 1080 different NOE cross-peaks were
unambiguously assigned and integrated in the three
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Table 2
'H chemical shifts for Toxin K at pH 46 and 36°C

Chemical shift, é (p.p.m.)?

Residue NH aH BH Others

Alal 411 1-44

Ala2 742 4-28 0-87

Lys3 893 390 181,168  yCH,, 1-45, 1-50; eCH, 3:00, 3-00

Tyrd 662 4-48 322,296 6H 691; ¢H 691

Cys5 7-30 446 314, 3-10

Lys6 693 424 117, 136 yCH, 0-49, 0-73; SCH, 0-98, 1-05; eCH, 2-22, 2-29

Leu7 7-39 444 200, 163  yH 1:91; 6CH; 1-09, 0-99

Pro8 4-57 1-88, 2:36  yCH, 211, 211; 6CH, 3-58, 3-80

Leu9 7-80 379 051, 1-14  yH 0-65; 6CH; —1-07, 0-22

Arglo 778 4-61 1-80, 1-80  yCH, 1-53, 1-61; 6CH, 3-18, 3-28; eNH 7-20; nNH, 668
Tlel1 862 412 1-89 _ yCH, 1-34, 1-63; yCH, 1-35; 5CH; 1-01

Glyl2 820 3-98, 526

Prol3 478 222, 1:97  yCH, 2:05, 2:05; 6CH, 3-61, 3-54

Cysl4 7-60 4-59 264, 3-49

Lysl5 837 4-56 130, 1:63  yCH, 2-09, 2:09; 5CH, 1-41, 1-41; ¢CH, 2-95, 2:95; {NH$ 740
Argl6 794 4-40 1-44, 1173  yCH, 1-56, 1:66; 6CH, 313, 3:13; ¢eNH 7-12; nNH, 668
Lysl7 806 415 144, 162  yCH, 1-06, 1-23; 6CH, 1-61, 1-61; ¢CH, 2-91, 291

Tlel8 898 4-52 1-80 yCH, 1-01, 1-29; yCH; 0-85; 6CH; 0-68

Prol9 4-49 1-99, 230 . yCH, 1:99, 2-15; 6CH, 4-00, 3-78

Ser20 883 497 246, 3-55 yOH 3-66

Phe21 9-07 586 263,290 SH 675, 6:75; ¢H 7-39, 7-39; (H 7-39

Tyr22 1004 535 291, 3:00 SH 7:00, 7:00; eH 6-56, 6-56

Tyr23 10-25 473 296, 3-65 SH 7-40, 7-40; ¢H 6:46, 6-46

Lys24 828 4-38 128,175  yCH, 0-95, 1-27; 5CH, 1-53, 1-53; ¢CH, 2-81, 2:99
Trp25 788 390 368, 333  6'H 741; ¢2H 7-52; ¢'NH 10-18; {*H 7-56; {*H 7-09; n*H 725
Lys26 848 367 141, 1-54  yCH, 0-99, 0-99; eCH, 2:90, 2:90

Ala27 678 431 1-22

Lys28 7-52 354 1-87, 1199  yCH, 1.23, 1.23; 6CH, 1:56, 1-56; ¢CH, 284, 284
GIn29 634 461 1:50, 1-81  yCH, 2:23, 2:23; eNH, 7-21, 672

Cys30 860 547 329, 2-58

Leu3l 937 512 142, 1-69  yH 1-29; 6CH; 081, 093

Pro32 4-88 1-85, 200 yCH, 2:16, 2:16; 5CH, 3-87, 3:93

Phe33 850 468 285,319 SH 699, 6:99; eH 7-25, 7-25; (H 6-91

Asp34 851 4-81 2:58, 1-91

Tyr35 832 464 276, 276  SH 7-79, 6:73; ¢H 6-56, 6:68; nOH 9-50

Ser36 796 4-40 382,348 yOH 571

Gly37 4-57 295, 430

Cys38 776 477 3-08, 3-77

Gly39 854 3-88, 3-88 ’

Gly40 812 3-86, 4-21

Asndl 856 4173 324,278 ONH, 798, 833

Ala42 7-55 390 076

Asn43 771 475 316,299 ONH, 7-71, 829

Argad 678 4-80 140, 1176 yCH, 1-21, 1-34; 6CH, 235, 2:47; ¢eNH 6-73; nNH, 6-06, 6-45
Phed5 965 501 259, 340  SH 720, 7-20; ¢H 7-80, 7-80; {H 7-39

Lys46 9-37 4-59 2:09, 209 yCH, 163, 1:73; 6CH, 1-80, 1-80; ¢CH, 308, 3:08
Thr47 7-217 4-83 458 yCH, 1:27

Tle48 823 305 055 yCH, 0-88, 0-88; yCH; 0:63; 6CH; 0-75

Glu49 835 3-85 1-83, 200 yCH, 217, 2:39

Glu50 775 3-87 215, 223  yCH, 237, 2-37

Cys51 705 2:00 2:81, 3-13

Arg52 857 366 178,169  yCH, 1-46, 1-46; 6CH, 3-05, 3:05; ¢eNH 7-12; yNH, 6:76
Arg53 821 395 175, 1-.83  yCH, 165, 1-65; 6CH, 3:14, 3-14; ¢eNH 7-37

Thr54 7-36 393 3-84 yCH; 1-36

Cysb5 779 476 1-87, 144

Val56 7-84 396 2:23 yCH; 0-92, 0:92

Gly57 7-90 361, 3-80

* For methylene groups, 2 chemical shifts are given only when 2 resolved resonances were observed, or when the presence of 2
degenerate signals had been established unambiguously by observation of a remote peak in a 2-quantum experiment in 2H,0.
Individual assignments for pairs of diastereotopic substituents or side-chain amide protons of Asn or Gin obtained using the programs
HABAS or GLOMSA are indicated by underlined chemical shift values (see text for details). For methylene protons or isopropyl methyl
groups, the chemical shift of the proton or methyl group with the lower branch number is then listed first, e.g. the B2 proton, or the '
methyl in Val. For the side-chain amide protons of Asn and Gln, the first value is the chemical shift of the proton that has the shorter
distance to the nearest methylene carbon (C* for Asn, C” for Gln).




NMR Solution Structure of Dendrotoxin K 739

amino acid sequence

Plot of the number of NOE distance

Figure 1.
constraints per residue, n, wversus the amino acid
sequence of Toxin K (black, intraresidual; cross-hatched,
sequential; vertically hatched, medium-range, white,
long-range).

NOESY spectra used (see Materials and Methods).
Stereospecific assignments for 35 pairs of diastereo-
topic substituents and individual assignments for
the side-chain amide protons of one Gln and two
Asn residues (Table 2) had been obtained using the
programs HABAS (Giintert et al., 1989) and
GLOMSA (Giintert et al., 1991a,b). After pre-
processing of this data set with the program
DIANA to eliminate irrelevant distance constraints
(i.e. those that are either independent of the con-
formation or do not constrain the conformation)
and to make appropriate corrections for NOEs to
diastereotopic substituents without stereospecific
assignments (Wiithrich et al., 1983), the number of
NOE upper distance constraints was reduced to 809
(Fig. 1). For all 47 non-glycine residues containing
backbone amide protons the coupling constants
*Juna Were measured in the same NOESY spectra
that were used to collect the NOE distance
constraints, using the method of Szyperski et al.

(1992). The 3Jyn, values ranged between 3-5 and
10-2 Hz. Vicinal spin-spin coupling constants 3.]0,”
for 35 residues were obtained from an E.COSY
spectrum in 2H,0 solution (Griesinger et al., 1985).
Values of %J,; ranged between 1-9 and 12:6 Hz. The
six residues Lys17, Lys26, GIn29, Glu49, Glu50 and
Arg53 showed 3Ja,, coupling constants indicative of
conformational averaging about y' (Nagayama &
Wiithrich, 1981) and were not used to generate
constraints for the structure calculation. In addi-
tion, all NOEs to H?? and H?? of these residues were
referred to a pseudo-atom, QF, with the appropriate
correction (Wiithrich et al., 1983). From the treat-
ment of the raw data with HABAS, the numbers of
dihedral angle constraints were 44 for ¢, 44 for ¥
and 35 for x'. The three disulfide bonds 5-55, 14-38
and 30-51 were explicitly constrained by three
upper and three lower distance limits each
(Williamson et al., 1985). No supplementary
constraints were used to enforce hydrogen bonds
during the DTANA structure calculations.

In the final DTANA calculation with the REDAC
strategy (Giintert & Wiithrich, 1991), 47 out of 50
starting conformers led to a final target function
value of less than 2:0 A2. This calculation for Toxin
K took a total of 38 minutes of c.p.u. time on a Cray
Y-MP computer, using one processor. The best
20 DTIANA conformers all have target function
values below 075 A% and fulfill the NOE distance
constraints and dihedral angle constraints almost
perfectly (Table 3). The low AMBER energies
before energy minimization show that bad steric
overlaps were successfully removed already by
DIANA. Subsequent restrained energy minimiza-
tion with AMBER resulted in low-energy conforma-
tions with nearly identical molecular geometries,
and with only a small increase of the sum of the
residual constraint violations. The average of the 20
pairwise r.m.s.d. values between -corresponding
conformers before and after energy-minimization is

Table 3
Analysis of the 20 best DIAN A conformers of Toxin K before and after restrained
energy minimization with the program AMBER

Average value +standard deviation (range)*

Before energy minimization

After energy minimization

Quantity
DIANA target function (A2)® 050+ 014
AMBER energy (kcal/mol) 81437
NOE constraint violations
Number >0-1 A 3-8+2:1
Sum (A) 33404
Maximum (A) 015+ 0:05
Angle constraint violations
Number >5° 0
Sum (deg.) 61+24
Maximum (deg.) 1-8+09

(019 ...074)
(0...162) —655+57  (—746... —480)
©...7 01402 ©0...1

(20 ...38) 52404 43...60)

(0-:07...031) 009+000  (0-09...011)

0
(24...106) 62417 (32...101)
06...42) 119403 (1-2...24)

A total of 50 structures were calculated with DIANA using REDAC, but only the 20 structures with
the smallest final target function values were subjected to energy minimization.

? Of the values for the 20 individual conformers.

® The weighting factors for the NOE upper distance constraints were 1, for the van der Waals lower
distance limits 2, and for dihedral angle constraints 5 A%, After energy minimization the target
function is not defined because the refined conformers do not have the ECEPP standard geometry.
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Figure 2. Stereo view of the all-heavy-atom representation of one of the final, energy-minimized DIANA conformers
of Toxin K. The backbone heavy-atom positions N, C* C" and O’ are connected by thick lines, the best-defined
side-chains (see Table 4) are represented by lines of medium thickness, and other side-chains by thin lines. Note that the
local conformation of some of the surface side-chains varies widely among the 20 conformers used to represent the
solution structure (see Figs 3 and 4). The positions of the first and last residue, 1 and 57, are identified.

only 0-25(40-08) A for the backbone atoms N, C*
and C', and 0-37(+012) A for all heavy-atoms in
the complete polypeptide chain 1 to 57. The energy-
minimized conformers exhibit smaller maximal
violations of NOE distance constraints (Table 3),
because the corresponding penalty term in the
modified AMBER program is steeper than in
DIANA (Billeter et al., 1990b). The average of the
rm.s. deviations of the bond lengths and bond
angles from their equilibrium values is 0-0064 A and
1-8°, respectively, for the 20 energy-minimized
DIANA conformers. The average deviation of the w
dihedral angles from 180° is 5:7°.

(c) The solution structure of Toxin K

The complete solution structure of Toxin K is
shown in Figure 2, and a visual impression of the
quality of the structure determination is afforded by
Figure 3. The regular secondary structure elements
consist of a 3,,-helix of residues 3 to 7, a twisted
p-hairpin of residues 18 to 35, a one-residue anti-
parallel B-strand consisting of residue Phe45, and an
a-helix of residues 47 to 56. This coincides very well
with earlier predictions based on sequence homology
to the Kunitz proteinase inhibitor family (Swenson
et al., 1978; Dufton, 1985) or on NMR pattern
recognition (Wiithrich, 1986; Wiithrich et al., 1984)
involving NOEs, 3Jyn, coupling constants, and
amide proton exchange data (Pardi et al., 1983). The
small global r.m.s.d. value of 0-31 A obtained for the
backbone atoms N, C* and C' of residues 2 to 56

(Table 4) is representative of a high-quality NMR
structure. The same is reflected by the highly
restricted ranges for the backbone dihedral angles
along the polypeptide chain (Fig. 4), where some-
what larger values occur exclusively for the chain-
terminal residues and the glycine-rich segment 37—
40. Local r.m.s.d. values (Fig. 5(A)) and displace-
ments after global superposition for the backbone
atoms N, C* and C’ (Fig. 5(B)) further document the

Table 4
r.m.s.d. values for different selections of atoms in the
solution structure of Toxin K

Atoms used for comparison® r.m.s.d. (A)°
Backbone 2-56 0-31 +0-06
Same + best-defined side-chains® 0-33+0-06
All heavy-atoms 2-56 090+ 0-06
Backbone 18-35 (B-sheet) 0-17+0:05
All heavy-atoms 18-35 0-56 +0-08
Backbone 47-56 (a-helix) 0-12+0-03
All heavy-atoms 47-56 1:01+£0-15

2 Backbone stands for the atoms N, C* and C’ of the residues
indicated by the sequence positions.

® Average and standard deviation of the pairwise r.m.s.d.
values between each of the 20 energy-refined DIANA conformers
and the mean solution structure.

¢ The best-defined side-chains are those of the following 32
residues: Ala2, Tyr4, Cys5, Leu7, Pro8, Leu9, Ilell, Prol3,
Cysl4, Tlel8, Prol9, Ser20, Phe21, Tyr22, Tyr23, Trp25, Ala27,
Cys30, Leu3l, Pro32, Phe33, Tyr35, Ser36, Asn4l, Alad2, Asn43,
Phed5, Thra7, Iled48, Cys51, Thrb4, Val56 (see text for details).
All heavy-atoms of these residues were used in the calculation of

the r.m.s.d. value.




Figure 3. Stereo view of the all-heavy-atom representation of the 20 final, energy-refined DIANA conformers of
Toxin K: A, residues 1 to 17 (AAKYCKLPLRIGPCKRK); B, residues 18 to 35 (IPSFYYKWKAKQCLPFDY); C,
residues 36 to 46 (SGCGGNANRFK); D, residues 47 to 57 (TTIEECRRTCVG). The residues shown are the same as those
used for the superposition for minimal r.m.s.d. of the backbone atoms N, C* and C’, except that the first residue in A and
the last residue in D were not included in the superposition.
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Figure 4. Plots of the dihedral angles ¢, y and x! versus
the amino acid sequence of Toxin K. The bars indicate
the range of values observed in the 20 final, energy-
minimized DIANA conformers. Dots within the bars indi-
cate the values for the individual conformers.

fact that with the exception of the two terminal
residues and a displacement larger than 0-5 A for
Lysl5, the polypeptide backbone is very well
defined by the NMR data.

We identified 32 ‘“best-defined” residues (listed
individually in Table 4), for which the side-chain
displacements after global backbone superposition
are below a threshold of 0-8 A. The global r.m.s.d.
values calculated for the backbone atoms of residues
2 to 56 and the heavy atoms of these 32 best-defined
side-chains are virtually identical to those for the
backbone atoms alone (Table 4), and for these
residues the variation of the dihedral angle x*
among the 20 final, energy-minimized DIANA
conformers is also very restricted (Fig. 4). A large
proportion of the remaining side-chains, most of
which are located near the protein surface (Fig. 2),
are significantly less well defined (Fig. 3), with
outstandingly large variability of ' observed for
residues Lys6, Lys15, Lysl17, GIn29, Lys46, Glu49,
Glu50 and Argb3 (Fig. 4).

(@)
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Figure 5. Local precision of the NMR solution struc-
ture of Toxin K, and comparisons with BPTT and with
the X-ray crystal structure of a-DTX. The following
quantities are plotted versus the amino acid sequence.
(A) The average of the local backbone r.m.s.d. values for
tripeptide segments, RMSDES, between the 20 energy-
minimized DIANA conformers and the mean solution
structure of Toxin K (continuous line). Corresponding
local RMSDY? values between the mean solution structure
of Toxin K and the mean solution structure of BPTI
(dotted line), between the mean solution structure of
Toxin K and the X-ray crystal structure of «-DTX
(short-dash line), and between the mean solution struc-
ture of BPTI and the X-ray crystal structure of a-DTX
(long-dash line) are also shown. (B) The average of the
global backbone displacements, D%, of the 20 energy-
refined DIANA conformers of Toxin K relative to the
mean structure of Toxin K (continuous line), and of the
20 energy-refined DIANA conformers of BPTI relative to
the mean structure of BPTI (dot-dash line). For both
proteins the superposition was for residues 2 to 56.
(C) Global backbone displacements, Dglob, between the
mean solution structures of Toxin K and BPTI (dotted
line), the mean solution structure of Toxin K and the
X-ray crystal structure of a-DTX (short-dash line), and
between the mean solution structure of BPTI and the
X-ray crystal structure of a-DTX (long-dash line) after
superposition of residues 2 to 56. The data on the NMR
solution structure of BPTT are from Berndt et al. (1992),
those on the crystal structure of a-DTX from Skarzynski
(1992).

Using the criteria described in the footnotes to
Table 5, a total of 22 backbone—backbone hydrogen
bonds and ten backbone—side-chain hydrogen bonds
were identified in Toxin K. Nearly all of the back-
bone amide protons involved in these hydrogen
bonds have been found to be slowly exchanging at
pH 46 and 36°C (Antuch et al., 1993), the excep-
tions being Cys5, Lys6, Ala27, Lys28, Glu50 and
Val56 (Table 5). Five of these six residues were
previously found to exchange sufficiently slowly at

pH 3'5 and 24°C for their amide proton NMR lines
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Table 5
Hydrogen bonds identified in the solution structures
of Toxin K and BPTI

Table 6
Pairwise r.m.s.d. values between Toxin K and
selected homologous proteins

Donor® Acceptor® Toxin® BPTI®

A. Backbone amide proton—backbone carbonyl oxygen hydrogen
bonds

5 Cys NH 2 Ala (P) O 11 7

6 Lys (L) NH 3 Lys (D) O 19 20

7 Leu (E) NH 4 Tyr (F) O 20 19
14 Cys NH 12 Gly (04 6 14
18 Ile NH 35 Tyr o’ 19 20
20 Ser (R) NH 33 Phe o’ 20 20
21 Phe (Y) NH 45 Phe o’ 20 19
22 Phe NH 31 Leu o’ 20 20
24 Lys (N) NH 29 Gln (L) O 20 17
27 Ala NH 24 Lys (N) O 18 20
28 Lys (G) NH 24 Lys (N) O’ 19 20
31 Leu (Q) NH 22 Tyr (F) O 20 20
33 Phe NH 20 Ser (R) O 20 20
35 Tyr NH 18 Tle (04 20 20
36 Ser (G) NH 11 Ile (T) O 19 15
44 Arg (N) NH 42 Ala (R) O 16 20
45 Phe NH 21 Phe (Y) O’ 20 20
51 Cys NH 47 Thr (S) O 15 19
52 Arg (M) NH 48 Ile (A) O 20 20
53 Arg NH 49 Glu o’ 20 20
54 Thr NH 50 Glu (D) O’ 18 20
55 Cys NH 51 Cys o 20 18
56 Val (G) NH 52 Arg (M) O 18 15
B. Hydrogen bonds involving side-chain atoms
20 Ser (R) yYOH 18 1Ile (0% 10 —
23 Tyr NH 43 Asn 60 20 16
24 Lys (N) (6NH,) 31 Leu (Q) (£0) — 12
26 Lys NH 24 Lys (N) (60) — 20
35 Tyr nOH 37 Gly (03 10 5
35 Tyr nOH 38 Cys o’ 7 12
36 Ser (G) yOH 111le (T) O 20 —
43 Asn ONH, 7 Leu(E) O 20 15
43 Asn ONH, 23 Tyr o' 20 17
43 Asn NH 41 Asn (K) 60 19 —
44 Arg (N) nNH, 10 Arg (03 15 —
50 Glu (D) NH 47 Thr (S) 30 17 16
54 Thr y0H 50 Glu (D)-0O" 16 12

In each individual conformer a hydrogen bond is identified if
the proton-acceptor distance is less than 2-4 A, and the angle
between the donor-proton bond and the line connecting the
donor and acceptor atoms is less than 35°.

* The residue type given with the 3-letter code corresponds to
the sequence of Toxin K. When different, the one-letter code of
the corresponding residue in BPTI is given in parentheses. NH
and O’ are the backbone amide proton and the backbone
carbonyl oxygen, respectively. Side-chain atoms are identified
with greek letters. Amide protons exchanging more slowly than
001 min~! at p?H 46 and 36°C are indicated in bold face. In
addition, the residues Argl0, GIn29, Cys38, Asn4l and Thr47,
which are not listed here, are also slowly exchanging by this
criterion (see text for details).

® These columns list the number of conformers among the 20
conformers used to represent the solution structure for which the
hydrogen bond was identified. Hydrogen bonds are reported if a
hydrogen bond is identified in at least half of the 20 energy-
refined conformers of either Toxin K or BPTI. A dash indicates
that the corresponding side-chain atoms are not present due to
an amino acid substitution between Toxin K and BPTI. The
data for BPTI are taken from Berndt et al. (1992).

to be observed after dissolving the protein in *H,0
(Pardi et al., 1983). Conversely, the four backbone
amide protons of Argl0, GIn29, Cys38 and Thr47
were identified as slowly exchanging at pH 46 and

r.m.s.d. (A)?
(BPTI)® 5PTI® a-DTXY  APPI®
(Toxin K)f 1-31 1-32 0-92 1-21
(BPTI)® 0-76 1-17 0-91
5PTI® 095 068
a-DTX¢ 066

* The r.m.s.d. values were calculated after global superposition
of the backbone atoms N, C* and C’ of residues 2 to 56.

® Mean solution structure of BPTI (Berndt et al., 1992).

¢ X-ray crystal structure of BPTI form II (Wlodawer et al.,
1987).

4 X-ray crystal structure of a-Dendrotoxin (Skarzynski, 1992).

¢ X-ray crystal structure of the Kunitz-type protease inhibitor
domain of the Alzheimer’s amyloid f-protein precursor (Hynes et
al., 1990).

f Mean solution structure of Toxin K.

36°C but are not consistently hydrogen bonded in
the group of 20 refined DIANA conformers
(Table 5). However, if the geometric criteria were
slightly relaxed, Lys24 O’ and Ser36 'O would be
identified as hydrogen bond acceptors for residues
29 and 38, respectively, in a majority of the
conformers. The significance of the slow amide
proton exchange of residue Cys38 will be discussed
further when comparing Toxin K with BPTI (see
below).

4. Discussion

Structural similarity between Toxin K and homo-
logous proteins has long been the subject of both
theoretical (e.g. see Swenson et al., 1978; Dufton,
1985; Harvey & Anderson, 1986) and experimental
investigations (e.g. see Arseniev et al., 1982; Keller et
al., 1983; Pardi et al., 1983). However, a basis for
detailed comparisons of the three-dimensional struc-
tures was established only recently with new high-
resolution structure determinations for four of the
proteins given in Table 1, in addition to the
previously determined three crystal structure forms
of BPTI (Deisenhofer & Steigemann, 1975;
Wilodawer et al., 1984, 1987). These data show that
the four proteins (Toxin K, BPTI, a-DTX and
APPI) have very similar polypeptide backbone
folds (Fig. 6). This is confirmed by the global r.m.s.
deviations calculated for the backbone atoms
(Table 6); although these are small, they are
nonetheless significantly larger than those among
the bundle of solution conformers of Toxin K
(Table 4). Except for residues 39 and 40 and the
chain-terminal dipeptide segments there are no
large local backbone r.m.s. deviations between these
proteins (Fig. 5(A)). Following a global super-
position of residues 2 to 56 (Fig. 5(B) and (C))
significant displacements are confined to residues 24
to 29 in the f-hairpin, and again to residues 39 to
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Figure 6. Stereo view of a superposition for best fit of the C* atom positions of residues 2 to 56 of the mean solution
structure of Toxin K and the X-ray crystal structures of BPTI form II, «-DTX and APPI. The structures are displayed
with decreasing line widths in this order, and only the virtual bonds linking sequentially neighboring C* atoms are shown.
The dotted spheres represent the 4 internal water molecules identified in the crystal form IT of BPTI (from top to bottom

W122, W113, W112 and WI111).

40, which are part of a loop that is not well deter-
mined by the NMR data for Toxin K. These struc-
ture deviations correlate with differences in the
amino acid sequence of BPTI when compared with
all the other proteins of Table 1 (i.e. BPTI contains
the tripeptide Arg-Ala-Lys in positions 39 to 41,
whereas the tripeptide Gly-Gly-Asn is found in these
positions in the other proteins). Furthermore, BPTI
does not contain any prolyl residues in the regular
B-structure, which also contrasts with the other
proteins (Table 1). In the following we concentrate
on a comparison between the NMR solution struc-
tures of BPTI and Toxin K, where the latter is
selected to broadly represrent the group of proteins
that also includes APPI (Ponte et al., 1988) and
a-DTX (Strydom, 1973; Joubert & Taljaard, 1980).
The BPTI structure (Berndt et al. 1992) was
obtained with identical procedures to those used
here for Toxin K. The main emphasis will be
focussed on analyzing how the many amino acid
substitutions between Toxin K and BPTI are
accommodated in the same global polypeptide fold,
and how the numbers and locations of the interior
hydration water molecules compare in the two pro-
teins. The question of the structural basis for the
variable inhibitory activity of BPTI and the
dendrotoxins wversus proteases has recently been
addressed by Skarzynski (1992). His treatment
applies to toxin K in a similar way as for the other
dendrotoxins.

(a) The primary and tertiary structures of BPTI
and Toxin K

Although the sequence identity between Toxin K
and BPTI is only 419, (Table 1), the total number
of non-hydrogen atoms in Toxin K (458) is almost
the same as in BPTI (453), which provides a
rationale for the fact that the side-chains of both
proteins can be accommodated within a nearly iden-
tical backbone fold. The local structural similarity is
even higher than what one might have expected
from the global r.m.s.d. values (Table 6). Thus,
differences  between corresponding backbone
dihedral angles ¢ and ¥ do in no instance consis-
tently exceed 20° between all 20 energy-minimized
DIANA conformers Toxin K and BPTI, and differ-
ences between corresponding side-chain dihedral
angles x' exceeding 20° were observed only for the
residues in positions 3, 5, 7, 34, 41 and 52. Further
inspection of the two structures then provided
direct evidence that the differences in the backbone
conformations of the two proteins manifested in the
global r.m.s.d. value are due primarily to displace-
ments of larger segments of the polypeptide chain
with respect to the rest of the protein molecule,
rather than to local structural variations on the
level of individual backbone dihedral angles. In the
standard orientation of Figure 1, the top parts of
the two molecules containing the anti-protease loop
with residues 11 to 18 and 34 to 39 can be super-
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Figure 7. Stereo views of superpositions of the mean solution structures of Toxin K (thick line) and BPTI. In A and B -
the superposition was made for the backbone atoms N, C* and C’ of the polypeptide segments 11-18 and 34-39 as
identified in A, and in C and D for those of segments 19-24, 29-34, 42-45 and 50-51 as identified in C.
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Table 7
Amino acid substitutions between Toxin K and BPTI, accessible surface areas of
the individual residues, and comments on the conformational consequences of the
amino acid substitutions

Position® Toxin K® BPTI® Comments®
1 A (46) R (45) Chain end; largely exposed
2 A (15 P (20) Chain end
3 K (62) D (48) Largely exposed
4 Y (26) F (16) Similar ring conformations
6 K (39) L (32) Lys in Toxin K is largely exposed and disordered
7 L (25) E (17) Involved in H,O replacement (see the text)
9 L (27 P (25
10 R (35) Y (31) Largely exposed and disordered
11 I (28) T (24) Similar rotamer states of —60° about x!
16 R (48) A (24) Arg in Toxin K is disordered
17 K (52) R (55) Largely exposed
19 P (47) I (42) Different backbone conformations (see the text)
20 S (6) R (19) See position 44
21 F (18) Y (19) Similar ring conformations
22 Y (3) F (7) Similar ring conformations
24 K (24) N (11) Different backbone conformations (see the text)
25 W 27 A (29) Trp in Toxin K is packed against the protein surface
28 K 43 G (21) Largely exposed
29 Q (36) L (35) Largely exposed
31 L (200 Q (29)
32 P (39) T (34) Different backbone conformations (see the text)
34 D (22) V (29) Different x! rotamer states; Asp is disordered beyond BC
36 S (1) G (0) Involved in H,O replacement (see the text)
39 G 27) R (55) Involved in H,O replacement (see the text)
40 G (13) A (30) Involved in H,O replacement (see the text)
41 N (15) K (32) Involved in H,O replacement (see the text)
42 A @31) R (52) Largely exposed
44 R (22) N 9) AsndO in BPTI forms H-bond to Arg20 nNH,
47 T (24) S (19) yOH forms N-cap of the a-helix (see the text)
48 I (21) A (21
50 E (29) D (24) Largely exposed
52 R (35) M (30) Largely exposed
56 \'% (31) G (21) Chain end

* The numbering is identical for the 2 proteins (Table 1).

® These columns list the amino acid types found in the 2 proteins and, in parentheses, the average of
the solvent-accessible surface of the residue (Richmond, 1984) in the 20 energy-refined DIANA
conformers in 9%, of the total surface. Residues listed with bold letters are among those with best-
defined side-chains, i.e. the side-chain displacements after global backbone superposition are smaller

than 0-8 A (see also Table 4).

¢ Brief characterization of the conformational states of the 2 different residues; “‘exposed’ stands for
solvent-exposed, ‘‘disordered” indicates that the conformation is not uniquely defined by the NMR
data and, by implication, probably flexible and disordered.

imposed nearly exactly (Fig. 7A and B), with con-
comitantly increased deviations for the other
molecular regions, and similarly a close fit can be
obtained for the central parts of the two molecules
with residues 19 to 24, 29 to 34, 42 to 45 and 50 to
51 (Fig. 7C and D).

The Table 7 lists the 33 differences between the
amino acid sequences of Toxin K and BPTI,
together with the accessible surface areas of the
individual residues and with brief comments on the
nature of the conformational effects of the amino
acid substitutions. Three substitutions at the chain
termini (residues 1, 2 and 56) can readily be accom-
modated, although all of these residues have only
limited solvent accessibility. Near the protein
surface the positions 3, 6, 10, 16, 17, 28, 42, 50 and
52 all involve a charged residue in at least one of the
two proteins, and the side-chains are largely dis-
ordered in the NMR structures and exposed to the

solvent, with an average surface accessibility of
389,. In the positions 4, 21 and 22 we have conser-
vative substitutions of Tyr with Phe, and the posi-
tioning of the aromatic rings is preserved. In
positions 11, 20, 24, 25, 31, 44, 47 and 48, which
have surface accessibilities of 6 to 299, the dihedral
angles @, ¥ and x' are well preserved between the
two proteins. In several cases, such as Ile/Thrl1 and
Thr/Ser47, the similarities extend all the way to the
periphery of the side-chains, so that these occupy
approximately the same locations in space, or
provide similar structural functionality. For
example, the y-oxygens of Thr/Ser47 are both accep-
tors for the ‘“N-cap” hydrogen bond of the a-helix
(Presta & Rose, 1988; Richardson & Richardson,
1988). The presence of the long, flexible disordered
side-chain of Argl6 in Toxin K, which replaces Ala
in the anti-protease loop of BPTI, is presumably
one of the factors responsible for the fact that
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Toxin K does not inhibit the proteases trypsin or
chymotrypsin (Strydom, 1973). In contrast to
BPTI, Toxin K contains two Pro residues within
the B-sheet at positions 19 and 32; the slightly
different backbone conformations of the B-hairpin
18-35 in the two proteins might be partially due to
these substitutions, as Pro residues do not fit into a
standard f-sheet structure (Schulz & Schirmer,
1979). There are nine additional amino acid differ-
ences in the f-hairpin; in particular, although this
side-chain is partially solvent-exposed near the pro-
tein surface, the packing requirements of Trp25 in
Toxin K, which replaces Ala25 in BPTI, are likely
to contribute to the observed difference in the back-
bone conformation of residues 24 to 29. For
Asp/Val34, the backbone dihedral angles have
similar values in Toxin K and BPTI, but the !
dihedral angles are in different rotamer positions,
and the rest of the Asp side-chain is disordered in
Toxin K. The residues 7, 36 and 39 to 41 are
involved in the replacement of an internal water
molecule, which will be discussed in detail below.
Overall, from inspection of the individual amino
acid substitutions we find for most positions that
both side-chains can be readily accommodated in
the given three-dimensional molecular architecture.
A small number of amino acid substitutions can be
quite clearly related to the previously discussed
local differences in the polypeptide backbone
conformations.

(b) Hydrogen bonds

A comparison of the hydrogen bonds in the solu-
tion structures of Toxin K and BPTI (Berndt ef al.,
1992) shows that in addition to those involved in
regular secondary structures, all backbone-back-
bone hydrogen bonds are conserved between the
two structures (Table 5). Five side-chain—backbone
hydrogen bonds are also conserved between the two
structures. The N and C-caps to the a-helix in BPTI
(Berndt et al., 1992), which are thought to stabilize
the helical conformation (Presta & Rose, 1988;
Richardson & Richardson, 1988), are a conserved
feature despite the substitution of Thr for Ser at
position 47. The fact that the side-chains of these
“capping’’ residues are among the best-defined ones
in the solution structures of both proteins, although
they are located on the surface of the molecule, is
evidence for the high population of the observed
spatial arrangements and their importance in the
overall solution structure. The other three
conserved side-chain—backbone hydrogen bonds all
involve the side-chain of Asn43, which is strictly
conserved among all proteins of the Kunitz-type
proteinase inhibitor family (Creighton & Charles,
1987), bridge the C-terminal end of the 3,,-helix
with the B-hairpin, and probably form a cornerstone
for this type of polypeptide fold.

As might be expected from the residue identity of
only 419 between Toxin K and BPTI (Table 1),
there are a number of differences in hydrogen bonds
involving side-chain atoms. The two hydrogen

bonds Asn24 6NH,-GIn31 &0 and Asn24 60-
Lys26 HN, present in the solution and crystal struc-
tures of BPTI, cannot be formed in Toxin K due to
substitutions of Lys and Leu at positions 24 and 31,
respectively. This may also contribute to the signifi-
cant displacement observed for the loop connecting
the two strands of the f-hairpin (Figs 5(C) and 6).
Four hydrogen bonds with side-chain atoms of
Toxin K involve non-conserved residues and cannot
occur in BPTT (Table 5). The NMR observation of
the hydroxyl protons of Ser20 and Ser36 in Toxin K
under conditions where these hydroxyl protons
normally exchange too rapidly to be seen as
separate lines, is a direct result of their involvement
in hydrogen bonds in the protein interior.

(c) Internal hydration water molecules

BPTI contains four “internal”’ water molecules,
which participate in hydrogen bonds to protein
atoms and constitute an integral part of the native
protein structure. They were identified by both
X-ray diffraction (Diesenhofer & Steigemann, 1975;
Wilodawer et al., 1984, 1987) and NMR (Otting &
Wiithrich, 1989). A single water molecule (W122)
forms hydrogen bonds to residues Thrll, Cysl4 and
Cys38, and a group of three water molecules (W111,
W112 and W113) is located in a cleft formed by the
residues 7 to 10 and 40 to 44, with hydrogen bonds
to residues Glu7, Pro8, Tyrl0, Lys4l, Asn43 and
Asn44 (Fig. 6). Amino acid substitutions in the
homologous proteins APPI and o-DTX have
resulted in the displacement of the water molecule
W111 (Hynes et al., 1990) and the waters W111 and
W122 (Skarzynski, 1992), respectively, as deter-
mined by X-ray diffraction. The present determina-
tion of the solution structure of Toxin K confirms
earlier suggestions (Pardi et al., 1983; Hollecker &
Creighton, 1983) that residue Ser 36 in Toxin K
replaces Gly36 as well as the internal water molecule
W122 in BPTI. This represents a unique structural
feature of the family of dendrotoxins, because
residue 36 is Ser in all known dendrotoxins (Table 1)
and Gly in all protease inhibitors (Dufton, 1985). In
the following, the local environments of the two
molecular regions which contain internal water
molecules in BPTI are examined in the solution
structure of Toxin K.

The side-chain conformation of Ser36 is well-
defined by four intraresidual and six interresidual
NOEs involving the hydroxyl proton (see also
Berndt et al., 1993). The resulting orientation of the
hydroxyl proton could further be confirmed by
coupling constants between the hydroxyl proton
and the p-protons, *Jpy,on, since the FH-yOH
2QF-COSY cross-peak patterns in H,O are indica-
tive of a small and a large coupling constant. The
well-defined orientation of the hydroxyl proton
determined only by NOEs and %/, is fully con-
sistent with this observation. In all 20 energy-
refined NMR structures, the hydroxyl proton of
Ser36 is hydrogen-bonded to the carbonyl oxygen of
Tlel1 (Table 5). If one uses a hydrogen bond length
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of 27 A (rather than 2-4 A as in Table 5), the hydro-
gen bonds HN Cys14-0” Ser36 and HN Cys38-0?
Ser36 are also present in at least half of the energy-
minimized NMR structures. The slow exchange of
the amide proton of Cys38 (Table 5) further
supports its involvement in a hydrogen bond.
Compared to the hydrogen bonding network
involving the internal water W122 in BPTI, this
scheme leaves only the carbonyl of Cys38 as an
unsatisfied potential hydrogen bond acceptor, since
the water proton interacting with this carbonyl
oxygen in BPTI has no counterpart in Ser36 of
Toxin K. In the X-ray crystal structure of a-DTX
(Skarzynski, 1992), where the hydroxyl moiety of
Ser36 also occupies the position of the internal
water molecule W122 in BPTTI, it forms four hydro-
gen bonds, with the additional hydrogen bond in
O"H Ser36-0’ Cys38 being part of a bifurcated
hydrogen bond involving the hydroxyl proton. In
the solution structure of Toxin K such an inter-
action would have an unfavorable hydrogen bond
angle (>67°). This apparent discrepancy between
the two dendrotoxin structures probably results
from the uncertainty in the hydroxyl proton posi-
tion in the X-ray crystal structure of a-DTX.

In the crystal structure form II of BPTI
(Wlodawer et al., 1984) the internal water molecule
WI111 forms three hydrogen bonds with 0 Glu7,
O’ Pro8 and HN Asn43, and one hydrogen bond to
H W112, the neighboring internal water. In
Toxin K the substitution of Leu for Glu at position
7 removes one hydrogen bond acceptor, and the
side-chain carbonyl oxygen of Asn4l hydrogen
bonds with the amide proton of Asn43. A hydrogen
bond between the side-chain amide proton of Asn41
and the carbonyl oxygen of Pro8 is also found in
most of the NMR conformers, with a hydrogen bond
length of 27 A. In this way, all hydrogen donors
and acceptors that interact with the internal water
WI111 in BPTI are involved in intramolecular
hydrogen bonds. The aforementioned structural
differences between BPTI and Toxin K for the
tripeptide segment 39—41 are probably required for
proper positioning of the side-chain of Asn4l in
Toxin K, since the amide group can otherwise not
match the geometry of the replaced water molecule,
which is also replaced by identical amino acid
substitutions (Table 1) in both «-DTX and APPI.

In a different, complementary approach to the
analysis of the internal hydration of Toxin K, NMR
experiments using a selective spin-lock instead of
selective irradiation to suppress the water signal in
NOESY and ROESY spectra (Otting, et al., 1991)
were used to identify protein-bound water molecules
in Toxin K. A number of intermolecular protein—
water NOEs were observed at the w,; 'H chemical
shift of the solvent resonance, which could be unam-
biguously assigned to specific protons in Toxin K.
Cross-peaks of the water resonance with the residues
11 to 14 and 36 to 38 that are characteristic of the
internal water molecule W122 in BPTT (Otting &
Wiithrich, 1989) are absent in corresponding spectra
of Toxin K, and nearly all these cross-peaks in

BPTI are replaced by corresponding cross-peaks
with the hydroxyl proton of Ser36 in Toxin K.
These data were also compared with identical
experiments performed with a mutant BPTI,
BPTI(G36S), which differs from the wild-type pro-
tein only by a substitution of Gly36 by Ser (Berndt
et al., 1993). This comparison confirmed again that
the hydroxyl group of Ser36 in Toxin K occupies
the position of the single internal water molecule
WI122 in BPTI. Furthermore, the significantly
reduced trypsin and chymotrypsin inhibitory
activity of the mutant BPTI(G36S) will compel us
to re-examine the cause of the abolition of such
activities in the family of dendrotoxins.

Six protons from the residues Glu7 Hf%3, H?%:3)
and Asn43 (H??, NH") have short distances of less
than 4-0 A to the internal water molecule W111 in
the crystal structure of BPTI form II (Otting &
Wiithrich, 1989). None of the corresponding protons
of Toxin K show cross-peaks with the water reson-
ance. In contrast, the protein-water NOEs to the
two other internal water molecules in BPTI, W112
and W113, are also present in corresponding spectra
of Toxin K, showing that these two internal water
molecules are also present in Toxin K. Overall,
these comparative studies provide a nice illustration
that structural integrity of globular proteins can be
based either on the presence of some internal water
molecules or on the formation of corresponding
intramolecular hydrogen bonds in mutant poly-
peptide chains. This underscores both the impor-
tance of fulfilling the hydrogen bonding requirement
of buried polar atoms in globular proteins, and the
ability of a stable polypeptide fold to accommodate
local structural changes with minimal loss of overall
conformational stability.
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