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ABSTRACT. The solution structure and backbone dynamics of the 58-residue C-terminal Kunitz domain
fragment ft3(VI)] of humana3-chain type VI collagen has been studied by two-dimensidfialtH and

IH—15N nuclear magnetic resonance spectroscopy at 303 K. The solution structure is represented by an
ensemble of 20 structures calculated with X-PLOR using 612 distance and 47 dihedral angle restraints.
The distance restraints were obtained by a complete relaxation matrix analysis using MARDIGRAS. The
root mean squared (rms) deviation is 0.91 A for the backbone atoms of the residues F@ig()(18),
Arg15(21)-Tyr35(41), and Gly40(46)Pro57(63). The centrg@l-sheet [residues lle18(24)yr35(41)]

and the C-terminabi-helix [residues GIn48(54)Cys55(61)] are better defined with a backbone rms
deviation of 0.46 A. The solution structure aB(VI) is virtually identical to the crystal structure of
o3(VI) and to the solution structure of bovine pancreatic trypsin inhibitor (BPTI). Nespin—Ilattice

and spir-spin relaxation rates and thel—15N heteronuclear nuclear Overhauser enhancement (NOE)
were analyzed using both the “model-free” formalism [Lipari, G., & Szabo, A. (1982m. Chem. Soc

104, 4546-4559 and 45594570] and the reduced spectral density mapping procedure [Farrow, N. A.,
Szabo, A., Torchia, D. A., & Kay, L. E. (1995%) Biomol. NMR 6153-162]. The results obtained from

the “model-free” analysis include an overall correlation timef 3.00 ns and backbone order parameters

< in the range from 0.28 to 0.93. The necessity of including an exchange term in the analysis of the
relaxation data from 14 residues indicated that these residues are involved in motions on the micro- to
millisecond time scale. The majority of the 14 residues are located in the vicinity of the Cys14(20)
Cys38(44) disulfide bond, suggesting the presence of a disulfide bond isomerization similar to the one
observed in BPTI [Otting, G., Liepinsh, E., & ihrich, K. (1993)Biochemistry 323571-3582]. Itis
suggested that this disulfide bond isomerization is the main reason for the surprisingly small effect on
trypsin inhibition observed when Thr13(19) a8(VI) is substituted with Pro.

The bovine pancreatic trypsin inhibitor (BPTI¥ a very product and may, therefore, cause a primary allergic reaction.
efficient inhibitor of several plasma serine proteinases, To circumvent this problem, considerable attention has been
including kallikrein, plasmin, and protein C, a precursor of focused on human homologues with corresponding proper-
a plasma serine proteinase (Fritz & Wunderer, 1983; Norris ties.
et al., 1990; Westaby, 1993). Kallikrein, plasmin, and protein ~ Sequences of approximately 60 residues, which are highly
C are all very important players in the process of blood similar to the sequences of serine proteinase inhibitors, have
coagulation, and BPTI (often also referred to as aprotinin) been found in large proteins,g, in a precursor protein of
is, therefore, highly interesting from a pharmaceutical point Alzheimer g-amyloid protein (Ponte et al., 1988; Tanzi et
of view. Thus, BPTI has been used as a therapeutic agental., 1988; Kitaguchi et al., 1988) and in the3 chain of
in connection with cardiopulmonary bypass surgery, where human type VI collagen (Chu et al., 1990). Alignment of a
it leads to improved hemostasis through the inhibition of 58-residue sequence from the C-terminal domain, C5, of the
kallikrein, plasmin, and protein C (Westaby, 1993). One human type VI collagen3 chain with the sequence of BPTI
drawback in BPTI therapy is that the protein is a bovine
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5 10 15 20 25 the well-known BPTI. Sequence numbers in parentheses
a3(VI): B ’l‘ I K LK D ETRD FL KWYD PNTKS refer to the corresponding sequence number in the complete
BPTI : RPD|F|C|L E[P|P Y T|GP|CIKAR|I[TRYFY|NAKAGL C5 domain.

30 35 40 45 50 55
a3(VI): A RYGG dGaN EKGQK EE K VA PV EXPERIMENTAL PROCEDURES
BPTI :|C|QT|E|V]Y GG (R A K RN|N|F|K|S|A ED|CIMR T|C|G G A
FiGURE 1: Alignment of the amino acid sequence of the62 (@) Sample PreparationRecombinanti3(VI) was pro-

fragment p3(VI)] of the human type VI collagen C5 domain and  duced in transformed yeast as previously described (Arnoux
BPTI. Identical residues are boxed. Note that the numbering of et g, 1995). Uniform isotropic labeling was obtained by
a3(VI) starts at 1 to maintain direct comparison with BPTI. use of15N-ammonium sulfate as the only nitrogen source

. during fermentation. The unlabele®(VI) was purified as
Levea:s (Fllgulred_l) ;ga.tdth?. tv;/o s%quences thavte béll ‘tf%described by Arnoux et al. (1995), while theN-labeled
omology including 18 identical residues, most notably the a3(VI) was purified as follows.

six cysteines. It is also noteworthy that both sequences have The veast supernatant. aporoximately 2 L. was adiusted

a basic residue in position 15, the active inhibitor (P1) site. to bH ?SIO with %0/ aceti;: an:Fi)d and hzs hc,)ric acidl and
Recently the NMR solution structure of the 76-residue appr))lied .to a 20 r;L column of S-Spepha?rose Fast’Flow

complete C5 domain (Zweckstetter et al., 1996) and the (Pharmacia) equilibrated with 50 mM formic acid, pH 3.7.

X-ray crystal structure of the 58-residue fragment from . . o
residue 7 to residue 64 (the-84 fragment) shown in Figure Alter thorough wa_shmg .W'th equmt_)rated bufter, th(’f’ column
was developed with a linear gradient over 100 min from 0

1 (Arnoux et al., 1995) were published. The solution ) . .

structure of the complete C5 domain contains a well-defined f,; i er'/\lrﬁgl ;nn(tjhf? ;;:?r:g gfgrgﬁf\j\?;re-crzgﬁgcl:?gjwiﬁi kfgtts

55-residue core (the residues from 8 to 62) and disorderedWere anal z,ed by reverse-phase HPLC. and fra.\ctior?s 21

N- and C-terminals (7 and 12 residues, respectively). The yzed by rse-phase H ’

global folds of the X-ray structure of the-B4 fragment 36 were combined for f[nal purification on a Vydac C4 (22

and the well-defined core of the complete C5 domain were x 250 mm) preparative reverse-phase HPLC column

found to be very similar to the global fold of BPTI. (2&/41_.'310_?&’ Th? Separatlgn Glroupc)j. -!—t?‘e flow(;gtetvaas 4

- . L mL/min. e column was developed with a gradient from

The 7-64 fragment of the C5 domain has no inhibitory 5% to 75 % acetonitrile in 0.1 M trifluoroacetic acid.

activity toward trypsin, kallikrein, plasmin, and other pro- : . -
teinases (Arnoux et al., 1995; Zweckstetter et al., 1996) Allquots_wer_e a_nfalyzed by HPL(_:' and fractions containing
the purified inhibitor were combined.

despite its structural similarity to BPTI and despite the basic
b Y b The yield of essentially pure recombinar8(Vl) was 84.9

residue in the active inhibitor site. The primary cause of h _ firmed b inal

the different inhibitory activity of the #64 fragment and mg. The primary structure was confirmed by N-termma_

BPTI is most likely the aspartate in position 16(22) of the sequence analysis. Electrospray mass spectrometry (Sciex
API Ill) demonstrated tha#3(VI) had been uniformly>N-

7—64 fragment (Dufton, 1985). Thus, both Arnoux et al. . :
(1995) and Zweckstetter et al. (1996) found that substitution !20€led with 100% efficacy (found MW 6699.6, calculated

of this aspartate with alanine results in partial recovery of 6699-4)- The purified product was concentrated and the

antiprotease activity. However, it was clear that other factors ?celtomtrlle was evaporated by vacuum/centnflégatlon_. 'Lhe
also contribute to the difference in inhibitory activity (Arnoux Ina conqenyranon 9&3(\/'.) was 44'.9 mg/mL as determine
et al., 1995). by quantitative amino acid analysis.

The tight binding of an inhibitor to the active site of the N the NMR samples the concentration of eitHéN-
target enzyme occurs in a reversible way (Laskowski & Kato, labeled or unlabeled3(V1) was 2 mM, while the pH was
1980) and is expected to depend not only on the structuralin the range from 2.8 to 3.0 (direct meter reading).
properties but also on the dynamical properties of both the ~ (b) Trypsin Inhibition. Kinetic studies of the inhibition
inhibitor and the enzyme. Internal motions on a time scale Of trypsin by a3(VI) and the [D16(22)A], [D16(22)A,
ranging from picoseconds to seconds have been proposed?15(21)K], and [T13(19)P, D16(22)A, R15(21)K] mutants
to play an important role in protein functions such as ligand of a3(VI) were performed using UV spectroscopy. The
binding, enzyme catalysis, etc. (Karplus & McCammon, Studies were carried out in 50 mM Tris-HCI and 150 mM
1983). However, so far the correlation between protein NaCl, pH 7.4 at 298 K in 96-well microtiter plates. The
function and protein dynamics is not completely understood. change in absorbance was measured at 405 nm by means of

Here we present the results of an independent NMR study@ SLT ELISA reader. Porcine trypsin (8.2 nM) was
of the 7-64 fragment of the C5 domain of the human type incubated with various fixed concentrations-800 nM) of
VI collageno3 chain. The results include a determination Wild-type a3(VI) or one of the mutants for 15 min. Substrate
of the three-dimensional solution structure as well as a (0.5 mM p-valyl-L-leucyl4i-lysinep-nitroanilide) was then
description of the backbone dynamics obtained fromttNe =~ added and residual activity was measured.
longitudinal and transverse relaxation rates andihe!SN The chromogenic substrate was obtained from Chromo-
heteronuclear NOEs. This combination of the solution genix (Molndal, Sweden). Porcine trypsin was from Novo
structure and the backbone dynamics provides new insightNordisk A/S (Bagsveerd, Denmark). The3(VI) mutants
into the factors important for the inhibitory activity. Also, Wwere obtained by site-directed mutagenesis and purified as
it allows further investigation of the different dynamical described for3(VI) (Arnoux et al., 1995).
behavior observed for the-64 fragment in the studies of (c) NMR Experiments A series of'H—!H and'H—'°N
Arnoux et al. (1995) and Zweckstetter et al. (1996). chemical shift correlated two-dimensional (2D) NMR spectra

In the following the 764 fragment is referred to as were recorded at &H frequency of 500 MHz and &N
a3(VI). Throughout the paper sequence numbers3(iV1) frequency of 50.68 MHz on a Bruker AM500 spectrometer
will start with residue 1 to maintain direct comparison with equipped for inverse detection. The temperature was 303
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K in all experiments. All spectra were recorded with Water suppression was achieved using a DANTE pulse
sequential quadrature in tiedimension (Redfield & Kunz,  during a 1.2 s prescan delay.

1975) and time-proportional phase increment (TPPI) in the The H—!>N nuclear Overhauser effects (NOEs) were
t, dimension (Drobny et al., 1979; Bodenhausen et al., 1980; measured using the jump-return pulse sequence previously
Marion & Withrich, 1983), allowing the spectra to be described (Sgrensen et al., 1995). Two sets of spectra were
represented in the phase-sensitive mode. recorded in order to cover the complete amide region. The

Five NOESY (Jeener et al., 1979; Macura et al., 1981) jJump-return delay was in one set 178 and in the other
spectra were recorded for the generation of distance restraints} 2048, corresponding to excitation maxima at 8.1 and 8.9
Four were recorded with a prescan delay of 3.75 s. Two of PPM, respectively. The set using a jump-return delay of 120
these were recorded on a sample #OHISing mixing times ~~ 4S Was recorded twice to evaluate of the uncertainty of the
of 100 and 170 ms, respectively, while two were recorded NOES. A prescan delayfd s was used in aiH—*>N NOE
on a sample in BO using the same mixing times. Further- €xperiments. Finally, &H—'"N HSQC (Bodenhausen &
more, a NOESY spectrum with a mixing time of 170 ms Ruben, 1980) spectrum was recorded for the assignment of
was recorded on the sample in®using a prescan delay the 15N1 fregsuenmes. _
of 1.55s. The five NOESY spectra each consisted of 1024 All *H—"N correlated spectra consisted of 266data

t; data points and 3009 data points. The sweep width was Points anld 3006, data points, the sweep width being 10 000
10 000 Hz in both dimensions. The total acquisition time Hz in the*H dimension and 1388.89 Hz in th# dimension.

achieved using a DANTE pulse (Bodenhausen et al., 1076)PPmM, whereas th€N carrier was positioned at 117.9 ppm.
during a 1.55 s delay (included in the prescan delay) The total recording time ranged from 14 to 42 h.
immediately prior to the first 90pulse. Additional water The digital resolution was 4.88 and 5.42 Hz/point in the
suppression was achieved by placing a*l8mposite pulse  ‘H and**N dimensions, respectively, after zero-filling and
in the middle of the mixing period. In the fingerprint region, Fourier transformation. The applied window functions were
correlations that involver-protons affected by the DANTE  identical to those used for théi—*H NOESY spectra.
pulse were identified in a NOESY jump-return spectrum. _ (d) Structure Determination: (1) Restraint&ased on the
This spectrum was used only for identification purposes and "H assignments published previously (Sgrensen et al., 1996),
not in the subsequenti@le infra) MARDIGRAS calculations. interproton d|_stance restraints were obtained from the
Three spectra were recorded for the determination of NoL>Y Experiments using the newly developed procedure
coupling constants used for generation of dihedral angle RANDMARDI (Liu et al., 1995) and the program MAR-

restraints. A DQF-COSY (Rance et al., 1983) spectrum was DIGRAS (Borgias & James, 1990). The volum_es of thg
. : X NOESY peaks, used in the complete relaxation matrix
recorded on the sample i@ to obtain thelynye coupling

constants. A DQF-COSY spectrum and an E.COSY analysis, were obtained by fitting a Gaussian line shape

(Griesinger et al., 1985, 1986, 1987) spectrum were recordedﬁmcnlﬁ)n t?fthe'peaks using t'he brogram SPARKY '(Un|ver-
on the sample in BD for the determination of théey sity of California, San Francisco). Distance restraints were

coupling constants. The DQF-COSY spectrum iaOH established with RANDMARDI using the peak volumes, the

. . . correlation times 2, 3, and 4 ns, and two different starting
\c/:vohnes::;i(i h(;f g(gglc(?;i( gggtsr uﬁ? @(%Z:%%sii?; gfo I1T)t§4 structures obtained from preliminary calculations using the
t; data points and 3000 data points. For both spectra the E/{ZgRrSTG g ,LASN(;ESg;irrgse\svi?rl{i’n 1§2h)[')MT:|§Dr;uvTabse;e9tf
sweep width was 7353 Hz in both dimensions. The E.COSY

. ; to 30, giving a total of 180 MARDIGRAS calculations for
spectrum consisted of 2048data points and 8198 data 4 : )
pFo)ints The sweep width was 625p0 Hz in both dimensions each (.)f the five NOESY spectra. The peak integration errors
: " used in RANDMARDI were obtained from a comparison

In all three spectra, water suppression was achieved using A% the volumes of the peaks above and below the diagonal
DANTE. pu!{_se during z?“l.z szgrtesiair; ﬁelay. The total whenever possible. From this comparison integration errors
acquisi |_or_1 'mes ran_ge rom ° ' of approximately 10%, 20%, and 35% were derived for
The digital resolution of the NOESY, DQF-COSY, and  strong, medium, and weak signals, respectively. In cases
E.COSY spectra was 4.88, 3.59, and 0.76 Hz/point in the where the volume could be obtained from only one side of
F2 dimension and 9.76, 7.18, and 3.05 Hz/point in Bie  ne diagonal, the peak integration error was evaluated from
dimension, respectively, after zero-filling and Fourier trans- the signal intensity using these errors. The upper and lower
formation. The window functions used for resolution pound for each restraint was taken as the largest and smallest
enhancement in the NOESY spectra were, inti@imen-  gistance, respectively, calculated from the five NOESY
sion, a Gaussian line-broadening function-af5 Hz and a  gpectra using the RANDMARDI procedure. No lower bound
scaling factor of 0.15 and, in thie dimension, a squared \yas used for restraints involving-protons affected by the
sine bell function shifted 70 In the DQF-COSY and  \yater suppression.
E.COSY spectra a combination of a sine bell function anda  pgeydoatoms were treated in the following way. Methy!
squared cosine bell function was used in both dimensions.groups, nondistinguishable 2,6H and 3,5H pairs in phenyl-
The™N relaxation ratesR; andR,, were measured using alanine and tyrosine rings, and nondistinguishable methylene
the pulse sequences suggested by Kay et al. (1992). A totalpairs were treated as pseudoatoms by MARDIGRAS, with
of seven spectra were recorded in bothRa@ndR; series. the resulting distance being to the geometrical center of the
The relaxation delays used were, in tReseries, 20, 100, proton group. A three-site jump model for intra- and
250, 400, 600, 850, and 1100 ms and, in Reseries, 18.9,  interresidue distances was used for modeling the internal
56.8, 94.6, 189.2, 302.7, 425.7, and 851.4 ms. The-€arr motion of methyl groups, and a two-site jump model was
Purcell-Meiboom-Gill spin—echo period was 0.9 ms. used for methylene groups and aromatic rings (Liu et al.,
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a b c of restrained molecular Verlet dynamics at 3000 K using
\ time steps of 0.001 ps. The next stepsvead pscooling to
C 100 K. During the cooling stage the temperature was varied
/ in steps of 50 K. Thus, 0.069 ps of restrained molecular
Verlet dynamics were performed at each temperature using
d e time steps of 0.001 ps. Subsequent to cooling, the structures
/H;__ **** H\ /H """ H\ were run through an additional 1000 cycles of restrained
C C C C energy minimization. In the DGSA protocol, the van der
/ Waals energies were represented by the simple repel function.
Ficure 2: Five different situations encountered with NOEs During the cooling stage, the van der Waals interactions were

(represented by dotted lines) between two nonstereospecificallyincreased by varying the force constant of the van der Waals

assigned methylene groups. The restraints between the geometritfell’_eI function from 0.003 to 4 keahol~2-A~4, _
centers were in arrangements a, b, and c the largest upper bound Finally, the structures from the DGSA calculation were

and the smallest lower bound. In arrangement d, the restraint wassubjected to 3000 cycles of restrained energy minimization.
taken as the largest upper bound plus a pseudoatom correction for|n this final refinement, the full CHARMM energy (Brooks

the group with NOESs to only one proton. A corresponding procedure R . .
was applied for the lower bound. In arrangement e, pseudoatomfat al., 1983; Brager, 1992) function was employed, includ-

corrections for both groups were added to the upper bound anding a Lennare-Jones potential function and an explicit
subtracted from the lower bound. hydrogen-bond energy term. The X-PLOR parameter file

parmallh3x.pro was used. During all calculations the force
1992). Accordingly, no pseudoatom correction was applied constants used for the NOE and torsion angle restraints were
in these cases. Nonstereospecifically assigned methylenes0 kcatmol-%A-2 and 200 kcamol~*rad2, respectively.
protons with different chemical shifts were treated individu-  (e) Relaxation Data AnalysisThe relaxation rate$; and
ally by MARDIGRAS. In cases where a NOE to only one R,, were found by a nonlinear least-squares fit of a single-
of the methylene protons could be identified, the restraint exponential function to the peak volumes. For each residue,
was to the geometric center of the methylene group, and athe'H—N NOE was calculated by dividing the volume of
pseudoatom correction factor (Muich et al., 1983) was  the peak in the spectrum recorded wikhsaturation by the
added to (subtracted from) to the upper (lower) bound. When corresponding volume in the spectrum recorded withbut
there were NOEs between both protons of a methylene pairsaturation. The'H—'°N peak volumes were determined
and another proton, the largest upper bound and the smallesusing the program CROSSFIT (University of Copenhagen),
lower bound were used as restraints to the geometric centerbased on a combination of linear prediction and least-squares
In cases where the NOEs were between two nonstereo-analyses (Gesmar et al., 1994; Kristensen et al., 1996).
specifically assigned methylene groups, distance restraints Relaxation Theory.The relaxation of thé>N nuclei at
between the geometric centers were as shown in Figure 2.high field strengths is primarily caused by the dipolar
The lower bound was automatically reset to 1.8 A, if the interaction with the directly attached proton and by the
above procedure resulted in a smaller value. Redundantchemical shift anisotropy (CSA) mechanism. TH&N
distance restraints were eliminated with the program DIANA relaxation parameters can be expressed using the values of
prior to X-PLOR structure calculations. the spectral density functiah evaluated at the five frequen-
A total of 39 Jynwe coupling constants were obtained from cies 0,wn, wn + wn, wn, andwy — wy (Abragam, 1961):
an analysis of the DQF-COSY spectrum as described )
il(:);e;'/vhere (Sarensen et al., 1996). In cases Whgke > R, = ~[3)(wy) + Hwy — wy) + 63wy + w)] +
Z, Innee > 9 Hz, Innke > 8 Hz, Jynwe < 6 Hz, and 4
Junke < 5 Hz by at least 1 standard deviation, the applied wy) (1)
restraints on the angles were-140 < ¢ < —100,—145<
¢ < —95,-160< ¢ < —80,—95 < ¢ < —45, and—85 < d?
¢ < —35, respectively. Thg angles were determined from  Re = gl4J(0) + 3) (o) + Hoy — o) + 6)(wy) +
a combination of intraresidual NHH* and NH-H? NOEs

2
and Jye coupling constants as outlined by Wagner et al. 6J(wy + wy)] + C—[4\](0) + 3J(wy)] (2)
(1987). If one of the three staggered conformations was 6
identified unambiguously, g angle restraint of-30° was Yh 1 &
applied. The observation of one small and one lakggas NOE=+ — = —[6J(wy + wy) — Hwy — op)]
coupling constant indicates &tgor a £g® conformation. In ynRy 4

cases where these conformations could not be distinguished, (3)
ay: angle restraint of-120° + 100° was applied. whered? = (uoh/82)2y2ya A3, ¢ = oo — 00)%/3,

(2) Structure CalculationsThe structure calculations were  wy and wy are the Larmor frequencies of thel and 1N
carried out using the program X-PLOR 3.1 (Bger, 1992). nuclei, whileu, is the permeability of vacuunh,is Planck’s
The starting point was the generation of substructures usingconstant,yy and yy are the gyromagnetic ratios of thel
the DG-SUB-EMBED protocol. The backbone carbon, and®N nuclei,ryy is the nitrogen-proton bond length, and
nitrogen and hydrogen atoms and theandy-carbons were ¢, and ap are, respectively, the parallel and perpendicular
included in the substructures. Subsequent to the generatiortomponents of théN chemical shift tensor, assuming an
of substructures, distance geometry simulated annealingaxially symmetric chemical shift tensor. The value of the
(DGSA) calculations (Nilges et al., 1988) were carried out. chemical shift anisotropyo{ — op) varies with the confor-
The structures were first run through 1000 cycles of mation of the polypeptide backbone and takes approximate
restrained energy minimization and then subjected to 4 psvalues of—160 ppm @-helix and turns) and-150 ppm (-
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sheet and random coil) (Shoji et al., 1990). Faj = 1.02 in the limit 7; — 0. Insertion of eq 6 into eq 3 shows that

A, (04 — on) = —160 ppm, and a magnetic field strength of in this limit the heteronuclear NOE is independentSfs

11.74 T the valuesP? = 5.2 x 1° (rad/s¥ andc? = 8.6 x well as ofz;.

1 (rad/s¥ are obtained. A more elaborate form od(w) was proposed by Clore et
The spectral density functiod(w) is twice the cosine  al. (1990) to account for data that could not be described by

transform of the angular autocorrelation function (Lipari & eq 5. In this description it is assumed that internal motions

Szabo, 1982a), which describes the fluctuations of each NHon two different time scales are present, resulting in the

vector (Abragam, 1961). The spectral density function following form of J(w)

therefore gives the distribution of frequencies contained in

the fluctuations of the NH vector and consequently contains 2 SZTC (5}2 - 32)T
information on the dynamical behavior of the protein Jw) = 5 1+ w2 + 1+ w2 (7)
backbone. For a protein in solutiod(w) depends on both €

the pverall tumbling of the macromolecule and the internal \ynere the order parameters of the fast and slow internal
motions of the NH vector. . __ motions are calleds and &, respectively. The order
In adqmon to dipolar coupling and CSA relaxation parameters, is defined aﬁz'i and 1# = (/e + 1),
mechanismsi, can also be affected by chemical exchange 7is being the correlation time for the slow internal motion.
processes. In this case an exchange term Determination of the @erall Correlation Time The first
R,(0bs)= R, + zAex () step in a “model-free” analysis is the determination of the
overall correlation timer.. The ratioR/R; is independent
must be included. HerB; is given by eq 2 and\ex is the of both& andz; when the internal motion is negligible (Kay
increase in"N line width due to chemical exchange. etal., 1989), thus allowing a determinationzebn a residue-
Obviously, the thre@N relaxation parameters are insuf- Py-residue basis. In a first approximation we assume that
ficient to determine the spectral density function at the five intérnal motion is negligible for the NH vectors of residues
frequencies in eqs-43. Several solutions to this problem involved in secondary structure _elements. Accordingly, a
have been proposed, including analyses within the frameworkotal of 30 NH vectors [the residues Asp3{d)eu7(13),
of a specific theoretical model of motioe.g, the “wobbling- lle18(24)-Asp24(30), Asn26(32)Tyr35(41), residue
in-a-cone” model (Woessner, 1962; Kinosita et al., 1977; Phe45(51), and the residues GIn48(S¥l54(60)] were
Richarz et al., 1980). The most common approach is, used in a preliminary determination of, giving a value of

however, the so-called “model-free” formalism of Lipari and 2:95+ 0.26 ns. In the next step, the 10 NH vectors that
Szabo (1982a,b), in which the overall tumbling of the 9averise to a. outside 1 standard deviation were discarded,

molecule is described by a single correlation time, and the ar_ld the overall correlatiqn_was determined from the relax-
internal motions are described by two parametéss, a ation data of the 2_0 remaining NH vectors by a Ieast.-squ.ares
generalized order parameter and an effective internal cor-Procedure. In this procedure one overall correlation time
relation time. Alternatively, the “spectral density mapping” a_lnd the |nd|V|dya_I order parameters and_ internal correlation
approach (Peng & Wagner, 1992a,b) can be applied. In thistlmgs.wefe optlmlzed.smultaneously using eqs 5 or.6. The
approach, six relaxation parameters are determined to evalu®Ptimization resulted im. = 3.00 ns, which was used in the
ate the spectral density function at all five frequencies. There following calculations. .

are, however, some problems in this approach that have led The least-squares procedure used to determicensisted

to the “reduced spectral density mapping” (Farrow et al., ©f & minimization through a grid-search of

1995a,b; Lefere et al., 1996) based on thtN R, R;, and R(C) — RO12  [R(C) — R.(0)]2
NOE relaxation data exclusively. Analyses of tH&N = 1(C) ~ Ry(0) n A(C) ~ R(0) n
relaxation data ofa3(VI) using both the “model-free” ; o(Ry); o(Ry),
approach and reduced spectral density mapping will be . )
presented. NOE(c) — NOE(0)
Calculation of the “Model-Free” Parameters.In the o(NOE) (8)
“model-free” approach the spectral density functid(w) !
takes the form (Lipari & Szabo, 1982a) where the sum is over the involved residues, Bi(d), R«(c),
g and NOE(c) are the values calculated from eqs 5 or 6. The
Jw) = 2 Te + (1- 32)T ) o values are the corresponding standard deviations.
51+ wZTCZ 1+ % Determination of the Parameters Describing the Internal

Motions. Determination of$ andz; were done by optimiz-
where is an order parameter, is the correlation time for ~ ing these parameters in a least-squares procedure identical
the overall tumbling of the molecule, and # (1/r. + 1/), to the one described above. The optimization was done on
wherer; is the correlation time for the internal motion. For & residue-by-residue basis, keeping the overall correlation
an NH vector completely fixed or completely fre® takes time fixed at 3.00 ns. The spectral density functions in eqs
the values 1 and O, respectively. A physical interpretation 5 and 6 were used in the analysis of tHl backbone

of 7; is more difficult and requires a specific motional model. relaxation data of 31 and 20 residues, respectively. Note
The spectral density function in eq 5 reduces to that only theR; andR; terms were included in the analysis

when eq 6 was used, since the NOE in this case is

2 szfc independent of? (vide supra.
J(w) = = PR (6) Reduced Spectral Density Mapping Analysi$e reduced
1+ o7, spectral density mapping was done using method 2 of Farrow
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et al. (1995b). That isJ)(0.87wn), I(wn), and J(0) were 80 - . . . ,
determined from

70+ (0>
30.87,) = 2N (NOE - 1)R ) 6o} :
. H 5d° Vu !
° 50+ B
R, — (7d%/4)3(0.921w : wl
Ny = 2 ( 2 ( : H) (10) s 40
3cP/4) + ¢ gl |
JO)= 20t | I | | II | .
R, — (c%/8)[3)(wy) + 13J(0.9550,)] — (Z/2)d(wy) ol g | ||§5! il ig |§ ElliI!"IH |
o2 + 213 sl e il Ml
0 & b [0
(1)) 10 20 30 40 50

where J(0.92kwy) and J(0.955v,) were derived from
J(0.87wy) throughJ(ewry) = (0.87k)2)(0.87wy), wheree = 35¢ (b) M
0.921 or 0.955. In the case of residues Glul11(17), Gly12-
(18), Gly37(43), and Lys44(50) no NOE could be measured,
and J(0.87wy) was set to the averagd(0.87wy) value __25b i
obtained from the other residues.

Standard deviations were obtained from a Monte Carlo
procedure in both the “model-free” approach and the reduced
spectral density mapping. Thus, 89, R;, and NOE data
sets were generated by adding random errors to the measured ;o
parameters. The errors are normally distributed with the
measured standard deviations. From the optimized param- 0.5
eters determined from the 30 data sets an average value and

3.0r R

rmsd (A

1.5r

a standard deviation were derived for each parameter. 10 20 30 40 50
RESIDUE
RESULTS Ficure 3: (@) Distribution of the NOEs used in the determination

. of the a3(VI) structure. All sequential and interresidual NOEs are
(a) Quality of the Calculated StructuresA total of 612 represented twice, once for each of the involved residues. The

nontrivial NOE distance restraints were obtained. These intraresidual, sequential, and interresidual NOEs are indicated by
restraints (Table 1 of the supporting information) are ablack bar, a dotted bar, and a empty bar, respectively. (b) Average
composed of 170 intraresidual restraints, 114 sequentialN. C, and C backbone rms deviations (in angstroms) from the
restraints, and 328 intraresidual restraints. In addition, 24 Q@igtiggﬁtgﬁeefg; the 20 solution structuresa@{V1) with the

¢ and 23 y; dihedral angle restraints (Table 2 of the '

supporting information) were included in the final calcula-
tions. The distribution of the NOEs is shown in Figure 3a.

Fifty structures were calculated using the procedure
outlined in Experimental Procedures. The average values
of the rms deviations of the 20 structures with the lowest
total energy from their mean structure are 1.47 A for all
heavy atoms and 0.91 A for all N¢Cand C backbone atoms
if residues Glul(7), Thr13(19), Cys14(20), Gly36(42)
Gly39(45), and Val58(64) are excluded from the fitting. The
corresponding rms deviations are 1.10 and 0.46 A if only
the S-sheet residues [lle18(24)yr35(41)] and thex-helix
residues [GIn48(54)Cys55(61)] are included in the fitting.
The residual rms deviations from the mean structure are
shown in Figure 3b. A best-fit superposition of the backbone
of the 20 structures is shown in Figure 4.

The statistics in Table 1 show that the calculated structures
are in good agreement with the experimental data. Further-
more, no residual distance restraint violation gxceeded 0.3 AFIGURE 4: Superposition of the 20 solution structuresodi(Vl)
in any of the 20 structures. Finally, the negative Lennard with the lowest total energy. Only the N;,@nd & backbone atoms

Jones van der Waals energy 6f249.433 kcal mot* for the residues from Thr2(8) to Gly12(18), from Arg15(21) to
indicates that the structures have good nonbonding contactsTyr35(41), and from Gly40(46) to Pro57(63) are superimposed.

(b) Description of the StructurePreviously (Sgrensen et
al., 1996) the secondary structure was determined from NOEsbackbone dihedral anglgsandy. Thus, residues lle18(24)
andJynne coupling constants. The observation gi-gheet Asp24(30) and Cys30(36)Tyr35(41) all havep angles in
spanning residues lle18(24Tyr35(41) is confirmed by the  the range from—180° to —60° andy angles in the range
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Ficure 5: Schematic representation of the structuread{VI) W (ppm)

highlighting the secondary structure. The figure was prepared using

the program MOLSCRIPT (Kraulis, 1991). FiIGURE 6: Contour plot of the firstH—15N spectrum in theR;

series. The assignments are marked by one-letter codes and residue

— numbers.
Table 1: Structural Statistics
mean range are involved in hydrogen bonds within tfiesheet or helical
rms Deviations from NOE Restraints and regions.
from the Idealized Geometry Used within X-PLOR The amide protons of Tyr23(29), Lys28(34), Ser29(35),
EOEFA) O 0(-)002166 0600182 Asn43(49), Lys44(50), and Val58(64) are all involved in
bggd :ﬁ&es((d)eg) 3.430 0.204 hydrogen bonds associated either with turns or with the
improper dihedral angles (deg) 0.430 0.107 tertiary structure of the pr(_)tein. Five of these six hydrogen
X-PLOR Potential Energies (kcahol%)2 bonds can be identified immediately from the calculated
total —969.599 120.308 structures. These are Tyr23(29) NH OC Asn43(49),
veg der Waals _24364330 356113 Lys28(34) NH--OC Asp24(30), Ser29(35) NHy OC
NOE restraints , 14 16.791 Thr27(33), Asn43(49) NH-0 OC Asn41(47), and Lys44(50)
dihedral angle restraints 0.274 0642 NH---OC GIu42(48). In 11 or more of the selected structures
2 The force constants of the NOE and torsion angle terms were 50 thage hydrogen bonds are characterized by the geometry [a
kcakmol1-A-2 and 200 kcalmol*rad-2, respectively. N—C distance< 3.5 A and a N-H—0 bond angle in the

range from 120to 180 (Baker & Hubbard, 1984)] necessary
from 20° to 180 in the structure with the lowest total energy. for establishing a hydrogen bond. A hydrogen bond between
The y angle of Ser29(35) is-154.7 + 4.1° in the 20 Val58(64) NH and Ala56(62) CO was found in eight of the
structures and consequently falls outside the above range. Iselected structures.
is therefore difficult to specify whether Ser29(35) is the last ~ The final six amide protons [residues Thr2(8), 1le4(10),
residue in the turn or the first residue in the sec@rstrand. Leu19(25), Asn26(32), Arg32(38), and Gly36(42)], originally
In addition, Phe45(51) hag andy angles in the above- identified as slowly exchanging, are not involved in hydrogen
mentioned range, which supports the observation (SgrenserPonds in more than, at most, six structures. This is in good
et al., 1996) that this residue associates by hydrogen bondsgreement with the fact that all six amide protons only gave
to the centra8-sheet to form a small third strand. Further- [ise to very weak signals in the TOCSY spectrum used for
more, the residues from GIn48(54) to Cys55(61) all have the identification of slowly exchanging amide protons.
andy angles characteristic of amrhelix; that is,¢ angles Finally, according to the definition above, three hydrogen
in the range from-40° to —18C° andy angles in the range  Ponds, Lys6(12) NH-OC Asp3(9), Thr27(33) NH-OC
from —10° to —70°. Accordingly, the backbone dihedral ASP24(30), and Cys55(61) NHOC Cys51(57), were found
angles suggest that Cys55(61) is the last residue in the!” 19, 18, and 20 of t_he calculated structures, respe(_:tlvely,
C-terminalo-helix. Finally, the observation of an irregular even though the amide protons were not characterized as

: : . slowly exchanging. Two of these hydrogen bonds are
3io-helix from residues Thr2(8) to Leu7(13) is also supported located in secondary structure elements [Lys6(12) NBC

by the¢ andy dihedral angles. A schematic representation . ) . .
pf the strgcture of3(VI) highlighting the secondary structure é}s/gi;(f()Sl?n)tk:ﬁ I\tlhtsrrgl-rt]glr%_izgxk?gl(ijx]cﬁﬁi?e(fSl'l)h':‘;?(oag)
Is given in Figure 5. NH---OC Asp24(30) is located in the turn.

Hydrogen Bonds A total of 27 amide protons have been (c) Relaxation Parameters An almost complete!SN
identified previously as slowly exchanging (Sarensen et al., resonance assignment f@8(V1) was obtained from aH—
1996). It is therefore not surprising that the structure of 5N HSQC spectrum (Table 3 of the supporting information).
o3(VI) obtained is characterized by numerous hydrogen Figure 6 shows a contour plot of tHel—'5N correlation
bonds. Thus, 15 of the 27 slowly exchanging amide protons experiment with the shortest delay in tRe series. The
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Ficure 7: Plots of (a) theR; and (b) theR, relaxation curves for residues Thr2(a)( Trp21(27) @), and Gly40(46) @) and of the
measured®N relaxation parameters and the parameters obtained from the analysis (see text) as a function of residue number: (c) The
1H—15N heteronuclear NOE; (d) the order paramegr,(e) thel®>N spin—lattice relaxation rate constai; (f) the exchange termiex;

(g9) the 13N spin—spin relaxation rate constarRy; and (h) the value of the spectral density function at the frequency #@p,

quality of the relaxation data is illustrated by the relaxation N atoms range from 1.28 to 2.89's whereas the
curves shown in Figure 7a,b. correspondindR, values range from 1.72 to 10.4%s The

The calculated spinlattice and spir-spin relaxation rate  average backbon®N R; value is 4.41 st if the R, values
constants and the heteronuclébl—>N NOEs are plotted  larger than 5.2°¢ are ignored [residues Asp10(16), Gly12(18),
as a function of the amino acid sequence in Figure 7. The Arg15(21), Gly36(42), Gly37(43), Gly39(45), Gly40(46),
corresponding values are given in Table 4 of the supporting Asn41(47), Lys53(59), and Val54(60)]. The backbdpié
information. The experimentd® values of the backbone  NOEs span the range from0.60 to 0.69.
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The “model-free” order parameter® obtained from values of & correspond to motions on the pico- to nano-
analysis of the relaxation data are plotted in Figure 7d. The second time scale, whereas the necessity of including an
backbone order parameters range from 0.28 to 0.93 with anexchange termAex, in the analysis indicates motions on
average of 0.82 0.13. An exchange term was included in the micro- to millisecond time scale. Low values i{D)
the analysis of the relaxation data obtained for 14 residues.obtained from the reduced spectral density mapping indicates
These residues all haye > 10 and aR,/R; ratio above high-frequency motions. In contrast, motions on the micro-
average. The exchange terrhex, is plotted against the to millisecond time scale will, as reflectedia values, result
amino acid sequence in Figure 7f. in larger values ofl(0) (see eq 11).

Three nonterminal residues [Tyr22(28), Gly46(54), and  As mentioned above, the study of the complete C5 domain
Cys55(61)] havey? > 10 and aRy/R; ratio significantly (Zweckstetter et al., 1996) indicated the presence of a
below average. This indicates the presence of two internal Cys14(20)-Cys38(44) disulfide bond isomerization in the
motions on different time scales (Clore et al.,, 1990). C-terminal Kunitz domain from human type VI collagen,
However, application of eq 7 in the analysis did not yield similar to the one observed in BPTI (Otting et al., 1993).
realistic dynamics parameters. A similar situation was Further evidence for this isomerization is provided by the
encountered for Leu136 acillus subtilisglucose permease relaxation data presented here. Thus, the increased values
Ila domain (Stone et al., 1992). of R, observed for residues Gly12(18), Arg15(21), Gly36(42),

The calculated “model-free” parameters are listed in Table Gly37(43), and Gly39(45) (Figure 7g), the corresponding
5 of the supporting information. Figure 7h shows a plot of exchange terms (Figure 7f), and the larg@) values (Figure
J(0), the spectral density function at frequency 0, obtained 7h) all show that these residues are involved in motions on
from the reduced spectral density mapping analysis. Thethe micro- to millisecond time scale. Szyperski et al. (1993)
calculated values of the spectral density function at the found a correlation time of approximately 2 ms at 309 K
frequencies Owy, and 0.8wy are listed in Table 6 of the  for the Cys14-Cys38 disulfide bond isomerization process

supporting information. in BPTI. Thatis, the Cys14Cys38 disulfide bond isomer-
ization in BPTI and the motion affecting residues Gly12(18),
DISCUSSION Arals :
g15(21), Gly36(42), Gly37(43), and Gly39(45) aB(VI)

(a) Correlation between the Precision of the Calculated occur on similar time scales. It should be noted that since
Structures and the Dynamics aB(VI). The 20 structures  no signals were observed in thé—'5N spectra from residues
of a3(VI) shown in Figure 4 and their rms deviations (Figure Thr13(19), Cys14(20), and Cys38(44), no relaxation param-
3b) reveal that the secondary structure elements are well-eters could be determined for these residues. It seems likely
defined in terms of convergence. However, the region that the signals from these residues are exchange-broadened
around the Cys14(26)Cys38(44) disulfide bond is poorly  beyond detection.
defined, which could indicate increased flexibility in this The largeR; value observed for Asp10(16) is probably
region. On the other hand, the poor definition primarily not a result of a Cysl14(26)Cys38(44) disulfide bond
stems from the fact that only few structural restraints are isomerization but is caused by interactions with internally
observed and could, therefore, also be caused by spectrabound water. Zweckstetter et al. (1996) and Arnoux et al.
overlap and/or geometric factors. The cluster of glycines (1995) found two internal water molecules in a pocket
in positions 36(42), 37(43), 39(45), and 40(46) raises the between the residues from Pro8(14) to Asp10(16) and from
guestion whether the small number of NOEs observed in Gly40(46) to Lys44(50). Exchange of internal water mol-
the region around the Cys14(26¢ys38(44) disulfide bond  ecules with the bulk solvent has previously been seen to
is simply a consequence of the lack of side chains or reflectsresult in increasedN R, values (Clore et al., 1990).
a higher flexibility in this part of the molecule. In contrast to the above-mentioned correlation between a

Isomerization of the Cys4Cys38 disulfide bond in BPTI  poorly defined region and protein mobility, the larger rms
has been observed previously (Otting et al., 1993), suggestingdeviations observed for the residues infeirn [Asp24(30)-
that the poor definition of the Cys14(20Lys38(44) region  Ser29(35)] doesot reflect increased conformational flex-
of a3(VIl) may be the result of a similar conformational ibility. This is evidenced by the fact that these residues have
flexibility. Furthermore, in a study of the complete C5 order parameters and{0) values (Figure 7d,h) similar to
domain, Zweckstetter et al. (1996) found the loop region the well-defined3-sheet residues. The structural uncertainty
around the Cys14(26)Cys38(44) disulfide bond to be more  of this region is therefore a result of geometric factors and
disordered than the rest of the 55-residue core. Although spectral overlap, both of which reduce the number of
these observations strongly suggest that a higher conforma-observable NOEs, and illustrates the care one must take in
tional flexibility is indeed present, they cannot be taken as making conclusions about protein mobility on the basis of
final proof. Recently, measurements &N relaxation structural uncertainty.
parameters have allowed a description of the backbone (b) Comparison of the3(VI) Structure with Other Kunitz
dynamics on time scales ranging from picoseconds to Domains The structure of several Kunitz domains has been
milliseconds [see, for example, the review by Peng and determined by X-ray crystallography and/or NMR, including
Wagner (1994)]. Thé"N relaxation data presented in Figure the structure of BPTI (Berndt et al., 1992; Deisenhofer &
7 therefore provide the additional information needed to Steigmann, 1975; Wlodawer et al., 1984, 1987), APPI (Heald
establish whether or not poor structural definition reflects et al., 1991; Hynes et al., 1990), dendrotoxin | (Lancelin et
genuine flexibility. al., 1994), dendrotoxin K (Berndt et al., 1993), and a Kunitz-

Motions on the picosecond time scale are reflected in lower type proteinase inhibitor from the sea anem8tiehodactyla
values of the heteronucle@ii—>N NOE, whereas motions  helianthus (Antuch et al., 1993). Recently, the X-ray
on the micro- to millisecond time scale result in larder structure ofa3(VI) (Arnoux et al., 1995) and the NMR
values (Kay et al., 1989). In the “model-free” analysis, low structure of the complete C5 domain (Zweckstetter et al.,
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18 Comparison of the NMR Structures @8(VI) and BPTI

The overall folds of BPTI and.3(VI1) are, not surprisingly,
very similar. However, a superposition of the two structures
indicates that the backbone of BPTI has a bend at position
40(46), whereas the backboneaB(VI) is extended at this
position. The extended structure @8(VI) is the result of

the Lys44(50) side chain, which is turned toward Glu42(48)
and consequently “pushes” the backbone into the extended
conformation at Gly40(46). The position of the Lys44 side
chain in the pocket between the residues from Pro8(14) to
Aspl10(16) and from Gly40(46) to Lys44(50) may explain
why only two internal water molecules are found in this
pocket (Arnoux et al., 1995; Zweckstetter et al., 1996),
whereas three internal water molecules are found in the
similar pocket in BPTI (Otting & Wthrich, 1989).

(c) Comparison of the Dynamics of3(VI) and Other
Kunitz Domains: (1) Comparison with the Complete C5
Domain. The NMR study of the complete C5 domain
(Zweckstetter et al., 1996) showed that this 76-residue protein

N o ) exists in several multiple conformations. Thus, three patches
Ficure 8: Position of the Trp21(27) ring in the 20 solution

oo = A of residues with multiple conformations were identified: (1)
structures (thin lines) and the crystal structure (thick line). The N, | d in th h | d d
C', and ¢ atoms of the residues from Thr2(8) to Gly12(18), from one located in the centrgi-s _eet,_ (2) one located aroun
Arg15(21) to Tyr35(41), and from Gly40(46) to Ala56(62) in the the Cys14(20)Cys38(44) disulfide bond, and (3) one
solution structures were superimposed on the crystal structure. located in the vicinity of the Cys5(1+)Cys55(61) disulfide

bond. In contrast, no evidence for the presence of multiple

1996) were published. A comparison between the NMR and conformations inx3(VI) was found in the crystallographic
X-ray structures ot3(VI) and between the NMR structures  data (Arnoux et al., 1995). As mentioned above, multiple

of a3(VI) and BPTI is given below. conformations in the centrgtsheet have also been observed
Comparison of the NMR and X-ray Structuresa@{VI). for a3(VI) in solution (Sgrensen et al., 1996). Furthermore,
Superposition of the well-defined part of the avera@éVI) the relaxation data ak3(VI) show that the residues around

NMR solution structure [the residues from Thr2(8) to the Cys14(20)Cys38(44) disulfide bond are indeed con-
Gly12(18), from Arg15(21) to Tyr35(41), and from Gly40(46) formationally flexible. It is therefore somewhat surprising
to Ala56(62)] with the X-ray crystal structure shows that that no evidence is found in the NMR data @8(VI) for

the overall fold of the structures in the two phases is very conformational heterogeneity of residues in the vicinity of
similar. The rms deviation of the backboné&, @, and C the Cys5(11)Cys55(61) disulfide bond; that is, only one
atoms is 1.23 A. Of particular interest in a comparison of signal was observed for the protons of Cys5(11), Lys6(12),
the NMR and X-ray structures is the position of Trp21(27). Leu7(13), and Cys55(61) even at 285 K.

In a previous paper (Sgrensen et al., 1996), it was concluded The different dynamical behavior observed for these
thata3(VI) exists in two unequally populated conformations residues in the complete C5 domain and(VI), respec-
that differ in the orientation of the Trp21(27) ring. This tively, must be a consequence of the additional six N-terminal
conclusion was based partly on the expectation of similar residues and 12 C-terminal residues in the complete C5
positions of residue Trp21(27) in the solution and crystal domain, as almost identical experimental conditions were
structures ofa3(VI). Figure 8 shows that the position of applied in the NMR studies of the two proteins. It seems,
this residue is indeed the same in the solution and the crystaltherefore, as if the disordered N- and C-terminals in the
structures. Furthermore, it can be seen that the side chainrcomplete C5 domain trigger or affect a dynamical process
of Trp21(27) is very well-defined in the NMR structures. leading to the observation (Zweckstetter et al., 1996) of two
This is a consequence of the large number of NOEs (74) signals with similar intensities for residues Cys5(11), Lys6(12),
involving Trp21(27) (Figure 3a), which is due to the position Leu7(13), and Cys55(61). Itis, however, not clear whether
of Trp21(27) in the hydrophobic groove between fhsheet the additional 18 residues of the two termini affect the
and the C-terminabi-helix. Thus, a reorientation of the exchange rate or the equilibrium constant of the dynamical
Trp21(27) ring is in excellent agreement with the observation process, or both. The fact that the residues Cys5(11),
of two sets of chemical shifts (Sgrensen et al., 1996) for Lys6(12), Leu7(13), and Cys55(61) are all close to the
protons in both the3-sheet and the C-terminat-helix, Cys5(11)-Cys55(61) disulfide bond indicates that an isomer-
corresponding to the two conformations of Trp21(27). It ization of this disulfide bond may be the dynamical process
should be noted that the orientation of the Trp21(27) ring responsible for the multiple conformations observed for these
shown in Figure 8 is the orientation in the major conforma- residues in the complete C5 domain (Zweckstetter et al.,
tion. The two conformations are slowly exchanging on the 1996).

NMR time scale at the temperature employed in the present (2) Comparison with BPTI.Figure 7h reveals that the
study (303 K) and therefore give rise to separate signals. Invalues ofJ(0) are in general larger for the residues from
principle, this allows the determination of both conforma- Glu42(48) to Val54(60) [averag0) value 1.13+ 0.07 ns/
tions. However, as a consequence of its low population rac®) than for the 3-sheet residues from l1le18(24) to
(6.4%) no structural restraints could be obtained for the minor Tyr35(41) (average(0) value 0.994 0.06 ns/raé), which
conformation. suggests that the dynamics of the two regions are different.
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This is somewhat surprising, as tight interactions between bonds [Thr13(19) NH-O Cys38(44) and Cys38(44) NHO
the two regions are imposed by the Trp21(2Phe45(51) Thr13(19)] are established in the crystal structure®fVv1).
hydrogen bonds and the Cys30(3®)ys51(57) disulfide It was suggested (Arnoux et al., 1995) that the orientation
bond. To determine whether this sequence-dependent dif-of the Thr13(19) carbonyl oxygen toward Cys38(44) NH
ference in thel(0) values is present in other Kunitz domain would reduce the inhibitory effect significantly by preventing
proteins, a reduced spectral density mapping was performedthe formation of a hydrogen bond between Thr13(19) O of
for BPTI using theR; andR; values obtained by Szyperski a3(VI) and Gly216 NH of trypsinj.e., the hydrogen bond
et al. (1993) [for all residues in the regions from 1le18 to corresponding to the Gly216 NHO Pro13 hydrogen bond
Tyr35 and from Arg42 to Thr54 théH—"N NOEs were observed in the BPTI/trypsin complex (Marquart et al., 1983;
set to 0.43, which is the maximum theoretical value assuming PDB access code 2PTC). However, trypsin binding studies
the overall correlation time (2 ns) found by Szyperski et al. show that substitution of Thr13(19) with Pro in the [D16(22)A,
(1993)]. The averagd0) values for the residues from lle18 R15(21)K] mutant ofx3(VI) only lowersKp toward trypsin
to Tyr35 and from Arg42 to Thr54 in BPTI are 1.230.08 from 45 to 22 nM and that this reduction is onl that
and 1.284 0.12 ns/radl respectively (residues Ala48 and obtained by substituting Arg15(21) with Lys in the D16(22)A
Arg53 were excluded from the calculation, as no relaxation mutant Kp 335 nM— 45 nM). The NMR data presented
data are available for these residues). Clearly, in the casehere give some hints on the surprisingly small effect of
of BPTI there is no indication of significantly larg&(0) substituting Thr13(19) with Pro. Thus, Thr13(19) is located
values for the residues from Arg42 to Thr54 compared to in a poorly defined region with increased flexibilityide
the residues from 1le18 to Tyr35. suprg. Accordingly, the orientation of Thr13(19) O is not
The different sequence dependenced(6j observed for restricted to the one observed in the crystal structure,
a3(VI) and BPTI suggest that there is a difference in the allowing the Gly216 NH--O Thr13(19) hydrogen bond to
relative dynamical behavior of the residues from Glu42(48) be formed in the solution complex between trypsin and
to Val54(60) compared to the residues from 1le18(24) to a3(VI).
Tyr35(41) in the two molecules. The largé¢0) values
observed for residues Glu42(48) to Val54(60)dB(VI) CONCLUSIONS

indicate that these residues are involved in a dynamical ¢ present study shows that the global fold8{V1) in
process on the micro- to millisecond time scale. However, sqytion is virtually identical to its global fold in the crystal
the origin of this dynamical process (or processes) is Not phase and to the global folds of the well-defined core of the
clea_lr at present. , ) complete C5 domain and of BPTI. The backbone dynamics
Finally, Figure 7h shows that Gly46(S2) is characterized getermined from théN relaxation data provides further

by a low J(0) value (0.84), which indicates the presence of q\iqence of a Cys14(26)Cys38(44) disulfide bond isomer-
high-frequency motions. These high-frequency motions are j,ation that occurs on the micro- to millisecond time scale

not on the picosecond time scale, since’tie- N NOE of  j, 43(v1). Itis suggested that this dynamical process is the
0.62 observed for Gly46(52) (Table 4 of the supporting reason for the surprisingly small increase in trypsin affinity

ipformation) is very close to the upper limit of 0._64. Most  gptained by substituting Thr13(19) aB(VI1) with Pro, thus
likely the low J(0) value observed for Gly46(52) is a result g rther emphasizing the importance of including protein
of a highly flexible glycine in a position where the Kunitz dynamics in the discussion of protein function.
domain structure bends. Thus, there is no evidence for high- *, contrast to the study of the complete C5 domain by
frequency motions in the relaxation data for the correspond- 7, eckstetter et al. (1996), the results obtained here show
ing residue, Lys46, in BPTI (data not shown). - no evidence of multiple conformations of the residues in the
(d) Relation between the Structure and Dynamias3{V1)  yicinity of the Cys5(11}-Cys55(61) disulfide bond of
and Its Trypsin Inhibition The crystal structure ai3(V1) a3(VI). This indicates that the additional six N-terminal
revealed that the residues Phel7(23) and Thr13(19) have gggjgues and the 12 C-terminal residues in the complete C5

dramatic influence on the structure of the reactive loop [the yomain affect a dynamical process in the well-defined core
residues from Glul1(17) to 1le18(24)] compared to BPTI ¢ the complete C5 domain.

(Arnoux et al., 1995). Thus, in the crystal structurex3{VI)

the aromatic ring of Phel7(23) packs closely to the hydro- ACKNOWLEDGMENT

phobic pocket consisting of Trp34(40) and Gly36(42). This )

is also observed in the NMR structures of the complete C5 _ We thank Drs. Georg Ole Sgrensen, Anne Marie Munk
domain (Zweckstetter et al., 1996) and(VI). As already Jorgensen, and Sqren M. Kristensen fp_r computational
discussed by Arnoux et al. (1995) and Zweckstetter et al. aSSistance and advice and Mrs. Else Philipp and Mr. Jan

(1996), the presence of a phenylalanine in position 17(23) Ma_kropoglos for technical _assistance. The fermentation_,
should have a negative effect on the binding to trypsin @Mino acid sequence analysis, mass spectrometry, and amino

through (1) removal of the stabilizing hydrogen bonds in acid analysis were kindly done by Drs. Jargen Petersen, Lars
the BPTI/trypsin complex between Arg17 of BPTI and His40 ' Nim, Per F. Nielsen, and Mogens Christensen, respectively.
of trypsin and through (2) steric hindrances between the Dr- He Liu and Mr. Marco Tonelli are acknowledged for
aromatic ring and the residues GIn192 and Gly193 of trypsin. Many valuable suggestions. The BPTI relaxation data were
Also, the presence of a threonine in position 13(19) is kindly provided by Professor Kurt Whrich and Dr. Thomas

expected to have a negative influence on trypsin binding SZYPerski.

(Arnoux et al., 1995). The X-ray structure a@f3(VI)

indicates that Thr13(19) causes a rotation of the backboneSUPPORTING INFORMATION AVAILABLE

orientation compared to BPTI, which has a proline in position  Six tables containing the distance and dihedral constraints,
13. As a result of this rotation, two new internal hydrogen the!SN chemical shifts, théN Ry, R;, and NOE values, the
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results of the “model-free” analysis, and the spectral density Kraulis, P. J. (1991). Appl. Crystallogr 24, 946—950.

mapping (21 pages). Ordering information is given on any
current masthead page.
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