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In this paper, the slow backbone motions for segments of interleykiandl calbindin [ are characterized

and the effects of these motions on the interproton cross-relaxation effects are investigated. We assume that
the flexible loop segments are involved in three motions: fast librational vibrations, slow crankshaft motions,
and the overall tumbling motion of the protein. The parameters characterizing the conformers and dynamics
(amplitude and time scale) of the flexible segments are estimated by fitting the calculated data to the
experimental heteronucle&N relaxation data. NOESY spectra simulated by using the flexible model are in
better agreement with the experimental data than those simulated by using the rigid model. Neglecting flexibility
may cause biases in the estimated interproton distances derived from cross-relaxation peaks by up to 1 A.

1. Introduction of the relaxation matrix similar to that of chemical exchage
» ! _— or are taken to be proportional tF;oi/ri® wherer; is the
The recognition of the “induced fit mechanism” of enzyme  jterproton distance in thiéh conformer and; its proportior?
substrate interaction made it obvious that conformational |, this method a set of conformers is generated whose calculated

flexibility of biomolecules is crucially important to their  4yeraged proton nuclear Overhauser effects match the experi-
function. Thus determination of the conformation and dynamics ental ones. The validation of these conformers is then

of the flexible parts of a biomolecule is an important step toward problematic, since a sufficiently large number of conformers

a better understanding of its actiyi‘ty. may satisfy all the experimental data without being relevant.
Currently, NMR spectroscopy is one of the most powerful Furthermore, the time scale of the interconversion of conformers
techniques for the investigation of both the conformation and covers only a limited region of the lower time scale of motions
dynamics of proteins at an atomic level. However, NMR investigated by NMR heteronuclear relaxation (exchange con-
dynamical and structural studies remain rather separated.tribution to the transversal relaxation raRe).
Usually, the conformation of a protein is determined from the Lipari and Szabdintroduced parameters of theodel-free
homonuclear dipolar relaxation rates present on NOESY-type gpproachthat characterize the dynamics of each interatom
spectra, while the dynamics of the flexible regions are inferred \actor. The limitation of the method is that, in the case of
from measuremerllts of heteronuclear relaxation rates of back-jnterproton vectors, these parameters can be obtained only from
bone atoms'tN or **Ca). As a result, conformational flexibility ~ ong' molecular dynamics (MD) simulatiofisThe capacity of
identified from heteronuclear NMR relaxation data is ignored the currently available supercomputers sets the upper limit of
during the structure calculation process from NMR homo- |ength of MD to the nanosecond range for middle-sized proteins,
nuclear proton relaxation rates. Taking into account both types yhich restricts the time scale of the investigated internal
of information (honlo- and heteronuclear rates) in an energetic correlation time for interproton vectors to the tenth, i.e., “fast
€ost 2(Peaic — Pexp)® supposes the ability to simultaneously  motion” in terms of heteronuclear relaxation data (picosecond).
(back-)calculate them and represents undoubtely the major|n aqdition, this method generally overestimates the flexibility
difficulty. Up to now, the back-calculation methods of hetero- ¢ mopile and solvent-exposed segments of proteins.
nuclear and dipolar protefproton rates in the case of internal The final method introduced time-averaged restrairkse

motions are ma.dequate_ for this purpose.from our point of view. disadvantage of this approach is again the limited computational
We will first briefly review them and discuss their inconve- power, and thus the conformational transitions can be investi-
niences before presenting our strategy. gated only in the fast motion limit.

Available Methods for Back-Calculation of Homor:uclear Available Methods for Back-Calculation of Heteronuclear
Proton Relaxation Rates.One method assumes "slow €x-  pejayation Rates.The first back-calculation method computes

change” (as compared to the overall correlation time of the he neteronuclear relaxation rates from the time course of a MD
molecule) between conformations. Depending on the ratio gimjation, encountering the problem of computer capacity
between the longitudinal relaxation time and the interconversion .o tioned abové?

2 _ , .
rate? the back-calculated NOE's are derived from a treatment The second method calculates the NMR heteronuclear

. - relaxation data from a physically relevant model of motion.
demgﬁgéscp&nﬂm- n"’q‘gtnht"; frFax. (33) 4 67 52 96 23. E-mail: helene. Apa|ytic forms of relaxation rates have been derived for a large
t Centre de'Biochimiepsirdcturale. number of physical models since the early times of relaxation

*Mount Sinai School of Medecine. studies!® However, since the number of unknown parameters
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describing these models may be very large, and the amount ofhelices, respectively. The results show that (i) backbone

experimental relaxation data is very limited, the discrimination

flexibility significantly affects only the weakest NOEs and (ii)

of physical models based only on experimental data is a largely simulated NOESY spectra are in better agreement with the

underdetermined problem.
The model-free approathis an alternative, convenient

experimental spectra when our model of flexible backbone
segments is used than when the rigid model is used. For both

method to interpret the experimental heteronuclear relaxation Proteins, distance determination is found to be significantly

data of backbone atom®¥Kl and3Ca.), without using a specific

biased for the weakest NOEs, whereas the effects of backbone

model of motion. This approach describes internal dynamics flexibility on the strong NOEs can be neglected.

with generalized order parameters and correlation times of the

N—H or Co—H spin pairs. In addition to the overall correlation

2. Back-Calculation of NOESY Spectra of Flexible

time of the protein, most relaxation parameters of residues Proteins by Using**N NMR Relaxation Parameters

located in the rigid parts of proteins can be described by two
parameters of librational motionss: (ps), which represents
an internal correlation time, arfil,s?, which characterizes the
spatial restriction of the vector’s motion. Extension of the
dynamical information obtained from heteronuclear relaxation
data about an HX bond using such an approach to the
dynamics of!H—H vectors is not straightforward. Recently,
LeMastet! pointed out that these small amplitude, fast motions
do not significantly distort the interatomic distance determina-

For the sake of simplicity we confine ourselves to the
treatment of the relaxation dfN backbone atoms, but our
observations and protocol are valid foo@Gtoms as well.

2.1. General Expressions for NMR Heteronuclear and
Homonuclear Relaxation RatesAt high field, the relaxation
of the 15N backbone atom is governed by the dipolar interaction
with its boundH atom and by its chemical shift anisotropy
Ao ** The relaxation rate constant®; (spin—lattice or
longitudinal relaxation) an&; (spin—spin or transverse relax-

tion. However, to characterize the relaxation of backbone atomsation), and the steady-state NOEH} —15N NOE, are given

located in flexible loops, one may have to include two additional
parametersggiow (100 ps to nanoseconds) aBgh.? character-
izing a much slower motion with a larger amplitud®{.? <
Sasd),*2 whose effects are yet to be characterized.

Strategy for Simultaneously Calculating Heteronuclear
and Proton Homonuclear Relaxation Rates in the Nanosec-
ond—Picosecond RangeMD simulations were able to provide
qualitative if not totally satisfactory quantitative information

about the types of intramolecular motions. For protein backbone

atoms, such as the N andaCatoms, MD simulations have
discriminated between two kinds of relaxation-active pro-

by

R, = {010} [J(wy, — wy) + 3)(w)) +
6J(wy + wy)] + I 15C2~Jred(wN)

R, = {d%20}[4J(0) + J(wy, — wy) + 3)(w)) + 6)(w,,) +
63(wy + o)l + 21 (1I0) + 1,0%(wy) (1)

NOE = 1+ {d*/(Ryyn)} [63(wy; + wpy) — Ay — wy)]

cesses: well-characterized fast motions in the subpicosecondVhere

and picosecond time scale, which are referred to as “librational

vibrations”, and slower motions on a much larger time scale

from tens of picoseconds to 100 ps and more. These slower

motions are usually too slow to be quantitatively characterized
by MD simulations. However, a considerable number of reported
MD simulations seem to indicate that most of the time, the
slower motions are crankshaft-type flips, i.e., anticorrelated
variations of neighbor backbone dihedral angjes; and¢; of

the ith residue, so that the quantityi—1(t) + ¢i(t) remains
constan®13 Fushmann et & have shown that when these flips
are present, they contribute to-#80% of the relaxation of the
respectivel®™N—1H vectors. These crankshaft flips appear to
occur in flexible loops connecting the more rigid subunits of
the protein. Residues located within the most rigid parts of the
protein such as helices aficsheets experience only the spatially
restricted fast librational motion and the slow overall tumbling
motion of the protein.

d = [uy(4m)]yuynh
¢ = yByAg;,

The !N chemical shift tensor is assumed to be symmetric with
Aoy = —160 ppm!® In egs 1,J)(w) is distance dependent,
whereasl®q{w) is not (see eq 3).

The chemical shift anisotropy of the proton is small enough
to be safely neglected. As a consequence, the relaxation
processes of protons are dipolar in nature and result in the
following measurable relaxation parameters for a given proton
H, where the summation is taken over all other protofis H

Ry = (Luo/<4n)]yH2h)2/102 Moy — wp) +
3(wy) + 6wy + wy)]

In this paper a quantitative characterization of the slow, g — 41V LZR)220S [4J(0) + Hwu — wo) +
backbone crankshaft motions is presented and their effects on o = (/) Z [430) + ey )

proton—proton cross-relaxation are investigated. Section 2
presents the theoretical basis for calculating heteronuclear and
proton—proton relaxation rates. The spectral density of the Oy = ([;40/(4ar)]yH2h)2/10[6J(wH + wy) — oy — o)
interproton vectors is calculated by assuming anticorrelated
jumps (crankshaft motions) between conformations. The pa- Equations 2 are strictly valid for nonlike spins, which is true
rameters of these jumps (amplitude and frequency) are derivedfor the class of protons investigated here. In eqs 1 and 2, the
from the heteronuclear experimental relaxation paramétsrs spectral density functionsl(w) and J*{w), are given by the
Ri and*N R, and steady-state NOE!H} —**N NOE. cosine Fourier transform of the orientational correlation function
In section 3, the conformation and dynamics of a flexible for a vector joining the two relevant atoms involved in the
segment of interleukin A and calcium-loaded calbindin are  dipolar interaction and for a unit vector along the principal axis
determined. Interleukind and calbindin [ are 151 and 75 of the symmetrical chemical shift tensor, respectively. In the
amino acid long proteins, essentially composef eheets and case of amidé>N—'H atoms, the direction of these two vectors

3wy) + 6)(wyy) + 6wy + wy)] (2)
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is identical. As a result, the spectral densities in eqs 1 can bethe model-free approach. Relaxation rates of the backbone amide
calculated with groups in the flexible segments, such as residues GIn32-Gly33-
Glu34-Asp35-Met36 for protein interleukingland Lys41-
J*w) = r () (3) Gly42-Gly43-Ser44 for protein calbindindQ cannot be de-
scribed by means of the original model-free approach; however,
Let us consider an isotropic protein molecule. We assume thatan extended version of the model-free approach can be used,

the correlation function of an internuclear vectéid{15N or which interprets the relaxation data in termsrgfzsiow, Ssiow?,
'H—1H) can be factored as follows: and Sas2.1819In the case of these two flexible segments, MD
simulations strongly suggest that the slow motion processes are
C(t) = exp7) Ciump(t) Cibrationalt) crankshaft type motiorfs? confirming the initial interpretation

) . . . of the relaxation data for these residues in terms of a two-state
where the first factor describes the overall tumbling motion of jump model by Clore et al. Clore et al. also calculated the

;he prgtelr! W'thda CO”?'aT;JO” time, (?nd the sec;ond factofr N corresponding angle of jump, for the HN vector. However,
escribes jump dynamics between discrete conformers of they,q caicylatedy angle is the relaxation active angle of the HN

protein. The third factor refers to the fast, small amplitude vector, which is different from the angle of jump, of the
librational motions and can be modeled according to Lipari and ,cpone torsion angles. To obtain thangle, for each residue
Szab® W'th. a generalized order parameter and an |ntgrnal i two conformations are generated from the average minimized
correlation timeSasf* andzras?, respectively. The Fourier cosine NMR structuré® by introducing a distortion of jump amplitude
transform of the correlation functio@(t), results in the spectral 6; to the backbone dihedral anglgsand y:

density functionJ(w):

| __ . ave | __ ave
I®) = Sastump@: 70 + (L= Sesumpl@?) (@) Viea = Win % =9 @)
2 ave 2 ave
wheret = Trstd(Trast + 7o) and from ref 16 eq 14.1: Via =¥ T O =4 !
Jml@, T) = where superscript “ave” refers to the average minimized
Jjump’ ' . .
2 N structure of the flexible segment and superscripts 1 and 2 to
(4n/5)r (1 + wztcz) z [Piwm(q)imol)/ris 24 the conform_ers of each residue within the _flexible segment.
ne=ol & Interconversion between conformers 1 and 2 is then a crankshaft
N N-1 2 type motion. Both conformers were superimposed on the original
z (4nlS)r (1 + wszz)m’imz Y (D) Y5, (@) average conformation, here conformer 1. The amplityjdend
= e ne= ) ) frequencyw; of the jump between conformers 1 and 2 were

¥ ©) obtained by fitting the calculated da® ., Ry juny NOEmp
to the experiment-derived dat&(S,2 R)/S.? NOE). The

whereN is the number of conformations, is the internuclear ~ parameterg, and Q,)* are known from refs 18 and 19. In
distance in théth conformation[I;[is the probability of finding our calculations we assumed similar conformer energies. The
the molecule in théth conformation at equilibriumYZn(CD{"O') fitting was individually performed for the residues 41, 42, 43,
are the second rank spherical harmonics normalized accordingand 44 of calbindin and for the residues 32, 33, 34, 35, and 36
to Rose!” @™ specifies the polar angles of the internuclear Of interleukin 15. The sign of each jump amplitudé was
vector in theith conformation in a frame attached to the ¢chosen to drive, if possible, the protein into a favorable region
molecule, A, and ¢ are related to the eigenvalues and eigen- of the Ramachadran plot. This was not possible when the

vectors of the rate constant matrik, and 7y = 71 + Ay average protein conformation was not a favorable one. In this

The 1Jth off-diagonal element of this matrix iF,; = case, the sign was chosen so as to get the calculated interproton
v 6EEVAT \wherew,; is the number of trials for jump from  NOES in better agreement with the NOE experimental data. It
the Jth to thelth conformation per unit time, whilg is the is important to note, however, that the sign @fdoes not

energy of the molecule in thieh conformation. The diagonal influence the value of the calculated heteronuclear relaxation
element is calculated from the off-diagonal elements With ~ Parameters.

= =Y 3aTo. 2.3. Back-Calculation of NOESY Spectra of Flexible
If the librational vibrations are much faster than the tumbling Protein Backbone Segmentd.et M be the number of residues
motion and each of the jumps (i.@st < Ai~¥or everyi and in the flexible backbone segment. In the case of crankshaft

Trast < Tc), thenJump(®, 7c) > Jump(®, Tras). By means of this motions, the number of conformations of this segmentMs 2
approximation, the spectral density and the relaxation parametersThus the flexible segments of calbindin and interleukirhave
are 16 and 32 conformations, respectively, and the respective rate
constant matrixt' is a 16x 16 matrix for calbindin and a 32
J~ SastzJjump (w7) 32 matrix for interleukin g. By assuming similar conformer
energies and satisfying the principle of detailed balance, the
R exp™ SfastZ R jump (6) rate constant matriif becomes symmetric. Each row and each
' ' column of the matrix containlgl positive, off-diagonal elements.
NOE,,,~ NOE, These e_Iements are equal with th_e_ previously determined
frequencies:Tik = v, where the transition from thiéth to the
whereR jump, Rejump @and NOE,mp are calculated by using eqgs Jth conformation refers to a conformer change atitheesidue.
1 and the spectral densitidsby using eqgs 5. The diagonal elements afg; = —Zizfl v;. The above con-
2.2. Back-Calculation of the Heteronuclear Relaxation struction of theT matrix assumes that the conformer changes
Rates Using the Jump Formalism.Flexible segments can be are independent from each other and there are no multiple
identified by interpreting thé®N NMR relaxation data by using ~ changes simultaneously. The assumption of the independence
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Figure 1. Stereoview of the superposition of the 32 conformers
generated for interleukinflwith the crankshaft motion model. For 3 34 3
clarity, only the backbone atoms of the-298 region are shown. The residues

31-36 segment is highlighted in light gray.
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0,6 i e S S S ey Figure 3. !N relaxation parameters of the 336 region of interleukin
0,4 R ¢ 15 simulated using the jump model (gray boxes) versus the experi-
0.2 ” mentally derived datdR, exp/Sas?, R1 expBas?, and NOE (black boxes).
'0 Crankshaft motions of GIn32, Gly33, Glu34, Asp35, and Met36 are of

0 2 4 6 8 10 12 x108 (Hz amplitude—28, —56, 47, 40, and-28° and of frequency 5 108, 1.7

vV (Hz) x 108, 1.3 x 10, 2.5 x 1%, 3 x 1(® Hz, respectively. Key: (AR
) ) . ) (B) Ry; (C) {*H} —*>N NOE. Experimental®N relaxation data are taken
Figure 2. Simulation of the relaxatiofR, R,, and NOE parameters  from ref 18. Experimental schemes of acquisition are those described

using a two-state jump model as a function of the frequendgr Kay et al. in ref 27.
interleukin 18: the correlation time used for calculations is 8.3 ns.
The curves are drawn for different values of the amplitddé = 10° type motions of the flexible segments of these proteins. The

(©), 6 =20° (O), 6 = 30° (+), 6 = 40° (x).The values derived from  superposition of the 32 backbone conformers generated by the
experimentsR; explSasf, R, expasf, and NOE of GIn 3Z are also  crankshaft motions of the region 387 for interleukin B is
depicted as horizontal solid lines. shown in Figure 1. Eventual bumps between the backbone atoms
. . . caused by the jumps were checked by using the Bump routine
is supp_orted by all MD S|rr_1ulalt0|ons reported to our knowledge ¢ Insightll (MSI, San Diego), and none was found. The
for flexible parrt]s of pqute|n§v. As a COnsequenc? of thﬁse crankshaft motions affect only the local backbone structure of
assumptions, the resu ik jump Rz jump an(_:i NOBymp for eac . the 31-37 segment of interleukingland its close surroundings.
residue are th_e same as the ones previously calculated usmg:igure 1 shows that the peptidic plane of each residue in the
two conformations. 32-36 segment exists in two different conformations. The

. ) ) b1 _
IFor _3|mulat|r_19 the NOESY spectra_ﬁrstht X H Ry fcom‘ormers are equally populated because each conformer is
relaxation matrix was constructed by using the eigensystem of ;<5\ ,med to have simiiar energy.

the 2/ x 2M rate constant matriX and egs 2 and 5. The matrix Parts a-c of Figure 2 show for residue GIN32 tiRe jumg(»)
exponentiall. = exp(~Ryzm) was constructed, by using the  p, . () “and NOE,m(») curves, respectively, each calculated
mathematical program libraries, Blas and Lapack, to diagonalize 4 s, s different jump amplitudes, wherev, the frequency of
the relaxation matrixRu. All spin diffusion processes are taken 1,4 jump, is the independent variable. These curves were
into account with this procedure. The accuracy of the calcula- 10jated by using eqgs 1, 5, and 6. In Figure 2, the experimental
tions was che(iked by simulating a NOESY spectrum with 5,65 0fR)/S,s?, R/Sas?, and NOE relaxation parameters for
mixing time zm = 0 ms. The accurac/{ of NOE-based distance he GIn32 residue of interleukingiare also shown (solid lines).
Qetermlnat|on was fognd to be (,)'02 - For graphical visualiza- 1g three relaxation parameters determine nicely and unambigu-
tion, the output was in the Felix 95 format and plotted from ously bothv andé, 5 x 10° Hz and 28, respectively. A similar
there. fitting procedure resulted in the following jump amplitudes and
3 Result frequencies for each residue of the-336 segment:-28, —56,

- esulls 47, 40,—28 and 5x 10f, 1.7 x 10, 1.1x 108, 2.5 x 1, 3

The minimized average structures, derived from NOESY x 10° Hz. Parts ac of Figure 3 show the excellent agreement
spectra, represent the global folding of interleukifi and between the experimental relaxation parameters and the theo-
calbindin?® The global folding is not affected by the crankshaft retical values calculated by using the above jump amplitudes



4668 J. Phys. Chem. A, Vol. 103, No. 24, 1999 Démeéne and Suga

A TABLE 1: Comparison of the NOEs and Derived Distances
Simulated for the 31—-37 Segment of Interleukin J3, Using
the Flexible and Rigid Models

Leu Gin Gly GIn Asp Met
31 32 33 34 35 36

NHi/NH; 1

rigid model distance  4.09 4.17 3.74 3.14 3.18 3.29
flexible model distance 4.21 4.29 3.66 3.52 3.46 3.05
exp NOE we m ND sm s sm
NOEseyibie/NOEsigig® 0.83 0.85 1.13 0.50 0.61 1.57

NHi/NH;+

rigid model distance 4.36 4.73 4.58
flexible model distance 471 4.84 4.39
exp NOE ND ND ND
NOEsexipie/ NOEsigig® 0.63 0.87 1.30

NHi/NHi 3

rigid model distance 4.66
flexible model distance 5.31
exp NOE ND
NOEsexibie™ Erigig 0.34

NHi/NH;+4

rigid model distance 5.06
flexible model distance 5.75
exp NOE ND
NOEexibie/NOEsigig® 0.55

aHi/NHHl

rigid model distance 246 2.62 2.82.72 380 3.65 3.86
flexible model distance 2.54 2.91 2.782.77 3.91 3.54 3.83
exp NOE M S sm sm m ND
NOEseyipie/NOEsigig® 0.85 0.54 1.121.13 0.85 1.20 1.05

(lHi/NHHz
rigid model distance 3.443.68 3.82 3.91 4.10
flexible model distance 3.81-4.01 3.65 3.98 4.10
exp NOE mw w ND ND
NOEgexibie/ NOEigia 0.60-0.55 1.32 0.90 1.00
(lHi/NHH.g
rigid model distance 4.624.44 4.47 4.05
flexible model distance 5.05-5.19 4.67 4.02
exp NOE ND ND ND

. NOEexibie/NOEigig® 0.50-0.46 0.77 1.05
4'5 4'0 O.Hi/NHi+4

rigid model distance 4.79
F1 (ppm) flexible model distance 5.76

Figure 4. Simulated NOESY spectra of the 337 region of exp NOE ND
interleukin 18 showing the NH&H dipolar correlations: (A) for the NOEtexibie/ NOEqigig® 0.33
rigid model; (B) for the jump model. The calculations were performed
with the relaxation matrix calculated for the whole protein, using a e of the NOESY experiment, 100 s> Distances calculated using
mixing time zm = 100 ms. For clarity, only the resonances of interest the rigid and flexible models, respectivehExperimental NOEs, taken
are shown. from ref 21. They were collected on 2D homonucléasH NOESY
spectra and 3D heteronuclé@il NOESY HMQC spectra recorded on
and frequencies. For each residue the deviation between thea 2.5 mM sample ofN-labeled interleukin 8. ¢ Ratios of the simulated

calculated and experimental values is below the maximal NOEs using the flexible and the rigid modetXey: s, strong; sm,
experimental error reported for similar measurements (as nozg?encgéged'“m? m, medium; mw, medium-weak; w, weak; ND, non
error estimates are reported for interleukjf, We assumed a :

relative error of 2%, 2%, and 0.02 &, R, and{H} —15N
NOE, respectively). The good agreement between the calculate

aThe correlation time used for calculation is 8.3'hand the mixing

dthe most intense peaks. These are the peaks used to derive
. - . constraints for the determination of the average protein structure.
and experimental data strongly supports our interpretation for

the relaxation parameters. The obtained jump amplitudes and. Table 1 lists the calculated NOEs for backbone atoms with

frequencies define 32 configurations and their interconversion Interatomic d_|stances <5A _The S|_mu_lated NOEs, obta_uned
rates from the flexible model, are in qualitative agreement with the

o ) ) experimental oned: The NOBunpy/NOEgi4 ratio ranges from
After determining the conformers and dynamics of the flexible 33t 1.57. Not surprisingly, the major deviations from unity
segment of interleukin 4, one can simulate the respective gre found for residues undergoing the largest amplitude motions,
NOESY spectra as explained in section 2. The ddtfiportion and they are also the residues that are the most mobile ones
of the NOESY spectrum simulated at mixing time 100 ms is according to the model-free analysis of their relaxation data.
shown in Figure 4b. For comparison, Figure 4a shows the The distances in Table 1 were calculated from the NOEs by

simulated spectrum for the rigid, average conformation of using an external theoretical peak refereffcahich ensures
interleukin 18. It is clear from the comparison of the spectrain that the distance differences in Table 1 are the theoretically
Figure 4 that there are no major differences in the heights of minimal differenced! Taking a simulated peak as a reference
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Figure 5. Plot of the NOE derived distances with the flexible model A 42 43 44
versus the rigid model for interleukirBlusing (a) an external theoritical residues

peak reference and (b) the calculated NOE effect between the geminal
protons of Cys 8 as reference. For all calculations, the mixing time of
the NOESY experiment was set to 100 ms.

|

} 1

Il
LI I

Figure 6. 15N relaxation parameters of the 424 region of calbindin

Dok simulated using the jump model (gray boxes) versus the experi-
mentally derived dafd (black boxes) R, exp/Sas?, Ri expBasft, and

. . NOE. Crankshaft motions of Lys 41, Gly 42, Gly43, and Ser 44 are of
peak would probably increase the differences because of thegmpiitude 44, 72, 69, and 2@&nd of frequency 3.6« 1C8, 3.6 x 105,

spin diffusion. From the relationshjpr/r| = Yg|(ANOE/NOE) 3.2 x 108, and 3.3x 1 Hz. Key: (A) R; (B) Ry; (C) {*H}—15N

it follows that for the same variation of NOEs, the major NOE. Experimental’>N relaxation data are taken from ref 19.
distortions in distance determination appear for those protons Experimental schemes of acquisition are those described by Skelton et
that are far from each other, i.e., for protons with small 2- " ref28.

respective NOEs. Indeed, in Table 1, the maximum distortion
in distance determination, 0.97 A, is found for the distance
between thexH proton of GIn 32 and the NH proton of Met
36, resulting from a 33% decrease of the respective NOE. The
mean distance bias for strong NOEs is 0.08 A, for medium
NOEs 0.22 A, and for weak NOEs 0.31 A, while the overall reference. Only distances bel® A were taken into account.

mean distance distortion is 0.29 A. Calibration with this internal reference peak resulted in an
The model dependent differences are mainly in the intensities gyerall underestimation of distances. But, independently from
of the minor peaks (see Table 1). All of these peaks belong to the type of the reference, the effects of the models remain
nonsequential residues: HN 36/HN 32; HN 34/HN 36; HN 35/ similar. The introduced flexibility decreases generally the NOEs,
HN 33; HN 36/HN 33; HN 35/HN 32; HN36/H:33, HN 36/ i.e., increases the derived distances, and this phenomenon is
Haz 33; HN 35/Hx; 33, HN 35/Hx, 33; HN 36/Hx 32, HN more pronounced at larger distances. Our simulation also shows
36/Ho 34, HN 34/Hx 31, HN 37/Hx 35. In this list of non  that the difference between the distance obtained from the
sequential NOEs, only the NOEs HN 333, HN 35/Hx, flexible and rigid models is more pronounced when distances
33, and HN 36/l 34 are reported to be present in the are derived from an internal reference peak; i.e., the rigid model
experimental spectra, with a medittweak and weak intensi-  underestimates the distances in the range of-3.4 if one
ties, respectively. The respective interproton distances derivedtakes an internal peak as reference (see Figure 5b), while in the
from the simulation using the rigid model (348.68 and 3.82) case of an external reference, the underestimation is obvious in
seem to be in better agreement with the distances obtained fromthe range of 45 A (see Figure 5a).
experimental NOEs than the distances derived from NOEs of We also investigated the effect of calculating the spectral
the flexible model (3.8%+4.01 and 3.65). However, for all the  density in different ways on the simulated spectra. The spectral
experimentally undetected nonsequential NOEs, the NQ@E densities of protons in the 3136 segment of interleukinfL
NOE;giq ratio is less than 1 (except for NH 36/NH 38 aaHl were calculated by means of the (i) exact jump dynamics, (ii)
35/NH 38). Although these peaks are still present in the static -0 averaging over the conformers, and (iii) more
simulated spectra of the flexible model, it is likely that the “dynamic” i~3[3 averaging over the conformers. Each of these
experimental noise prevents their detection. simulations was performed at zero mixing time. Thus there is

Parts a and b of Figure 5 compare the distances derived from
the spectra simulated using the flexible and rigid models with
an external peak and an internal peak as reference, respectively.
To limit the spin diffusion effect as much as we can, we chose
the peak between the gemirfiprotons of Cys8 as an internal
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TABLE 2: Comparison of the NOEs and Derived Distances Simulated for the 3944 Segment of Calbindin By, Using the
Flexible and Rigid Models®

Ser 38 Leu 39 Leu 40 Lys 41 Gly 42 Gly 43 Ser 44
NHi/NH; ;1
rigid model distance 3.02 3.62 3.30 2.97 3.71 2.40 4.35
flexible model distance 3.03 3.61 3.58 3.67 3.90 2.46 4.51
exp NOE 4.6 3.2 N 3.8 55 3.1 ND
NOEgexibie/NOEigig® 1.00 1.01 0.61 0.28 0.75 0.87 0.82
NHi/NH; 2
rigid model distance 4.24 4.92 4.49 4.35
flexible model distance 4.23 5.41 5.38 4.41
exp NOE 3.2 ND ND ND
NO Egeyipie/ NOErigia® 1.01 0.56 0.34 0.92
(lHi/NHi+1
rigid model distance 3.90 4.06 3.94 3.80 3-088 3.26-3.16 2.78
flexible model distance 3.90 4.05 4.12 3.74 3.182.97 3.33-3.30 2.79
exp NOE 3.2 ND ND 3.8 4.6 4.6 5.5
NOEgeyibie/NOErigia® 1.00 0.567 0.77 1.11 0.871.04 0.94-0.74 1.00
O.Hi/NHi+2
rigid model distance 4.82 4.40 4.53 3:68.32
flexible model distance 4.83 5.05 5.38 3.633.34
exp NOE 4.2 55 ND 0
NOEgexipie/NOErigia® 1.00 0.44 0.36 1.160.97
oHi/NHi3 rigid model distance 4.53 3.81 4.26
flexible model distance 4.90 4.66 5.34
exp NOE 55 ND ND
NOEgeyibie/NOErigia® 0.62 0.297 0.258

aThe correlation time used for calculation is 4.25'%and the mixing time of the NOESY experiment, 200 mbBistances calculated using the
rigid and flexible models, respectivelyExperimental NOEs (Dr. Walter Chazin, personal communication). They were collected on 2D homonuclear
IH—1H NOESY spectra recordech@ 5 mMsample of calbindin B. ¢ Ratios of the NOEs simulated using the flexible and the rigid motie[3:
nondetected.

no spin diffusion involved in the following results. Because the the flexible model they are 4.66 and 5.34 A. The larger
[f—®0and 3@ averaging take into account conformational interproton distances, predicted by the flexible model, explain
flexibility, it is expected that the corresponding average distanceswhy the NOEs were experimentally not detected. As we noted
are closer to the distances obtained from the flexible than the above, the larger interproton distances, i.e., the weaker NOEs,
rigid model. For interleukin 2, the root mean square (rms) are affected mostly by the model we use. In our example for

deviation of the interproton distances obtained from the flexible
model with the distances obtained with thie3[3 averaging is

0.23 A while the rms deviation with the distances obtained with
the @—%Caveraging is 0.27 A. The maximal distance deviation
for 133 averaging was found for the HN 35/HN 37 distance
calculated to be 5.38 A with the flexible model versus 4.94 A
with the 133 averaging, i.e., 0.44 A. This is to be compared
to the maximal deviation of 0.94 A found between rigid and
flexible models. Not surprisingly, introducing dynamical averag-

calbindin, the rigid model incorrectly predicts most of the
medium—weak, nonsequential NOEs, while in the case of the
flexible model these peaks are probably buried under the noise
level.

4. Discussion and Conclusion

In this paper the effects of crankshaft type motions on the
interproton cross-relaxation rates are investigated. We focus on
this type of anticorrelated motions, because, according to MD

ing reduces the maximal distance distortion caused by mobility simulations, they are the main relaxation active processes in

by a factor 2.

flexible loops of proteins. It is important to note that for

The above-described calculations were repeated to investigateconstrained cyclic peptides the assumption of crankshaft motions

the 41-44 segment of the calbindin protei#iN relaxation data

is not valid, since MD simulations on anthanamide showed that

suggested the occurrence of crankshaft motions in this segmentdistortions of the backbone exhibit a variable degree of

A good fit of the calculated and observéfN relaxation

anticorrelatior?2 We assume that the conformers, of the flexible

parameters was obtained by using the model of crankshaftloop are equally populated. To determine the population of the

motions with amplitude® of 44, 72, 69, and 48and jump
frequencies of 3.6« 108, 3.6 x 10%, 3.2 x 10, and 3.3x 1C®

conformers, one would need to measure at least another
relaxation parameter. Unfortunately, the commonly measured

Hz. Figure 6 shows good agreement between the calculatedrelaxation parameters, such as thigNN, andH/ NNy rates, are

relaxation parameters and the experimental ones. In Table 2not reliable enough for our purpose because of the presence of
experimental (Dr. Walter Chazin, personal communication) and proton relaxation leakage. However, we note that the recent
calculatedtH—'H NOEs are listed. The calculated NOEs were advances in the measurement of new relaxation parameters of
obtained from both the rigid and the flexible models. In every 15N and!3C atoms could alleviate this problef®.

case, the flexible model was a better predictor of the experi- The conformers and dynamics of flexible protein segments
mental NOE than the rigid model. The most striking model were determined according to the following protocol. Short
dependent differences for nonsequential NOEs were found for flexible segments of interleukingland calbindin were previ-

the aH 39/HN 43 andaH 41/HN 44 contacts, which were not  ously identified by analyzing the respective experimental
experimentally detected, and whose N@ENOE;gq ratios are heteronuclear relaxation data'® The overall correlation time

0.3 and 0.26, respectively. The respective interproton distancesand the order parameter of the librational motions of theHN
calculated from the rigid model are 3.81 and 4.26 A, while from vectors were those previously extracted by means of the
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extended model-free approath-8 Then, the parameters of the  with loose upper and lower bounds. The present study shows
crankshaft motions (amplitudes and frequencies) were deter-that the distance constraints can be tightened for those segments
mined separately for each residue by fitting the simuldtéd of proteins where only limited conformational flexibility, i.e.,
heteronuclear relaxation data to the experimental ones. Welibrational vibrations, is revealed by heteronuclear NMR
investigated the effects of the crankshaft motions on the relaxation measurements.

homonuclear proton NOEs. The presence of crankshaft type
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