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ABSTRACT: Insulin-like growth factor binding proteins (IGFBPs) function as carriers and regulators of the
insulin-like growth factors (IGF-I and -11). Within the family of six binding proteins, IGFBP-6 is unique

in having a 26-100-fold higher affinity for IGF-Il over IGF-I and appears to act primarily as an inhibitor

of IGF-II actions. We have recently determined the solution structure of the C-terminal domain of IGFBP-6
(C-BP-6), which shows the presence of substantial flexible regions, including three loop regions. In this
paper, we report results frokN relaxation measurements carried out in both the laboratory and rotating
frames. Analysis of convention#N relaxation dataRy, Ry, and steady-statéN-{'H} nuclear Overhauser
effect) indicated that there was a considerable number of residues involved in conformational/chemical
exchange. Measurements of off-resonal®é Ry, in the rotating frame ané®N relaxation dispersion

using an in- and antiphase coherence-averaged-®@amcel-Meiboom-Gill sequence were thus carried

out to gain further insight into the solution dynamics of C-BP-6. Although the off-resortéXaelaxation

data showed no clear evidence for residues undergoing microsecond moti&i tekxation dispersion

data allowed us to identify 15 residues that clearly exhibit submilli- to millisecond motion. A good
correlation was observed between residues exhibiting motion at submilli- to millisecond time scales and
those affected by IGF-1I binding, as identified through the perturbation of nuclear magnetic resonance
(NMR) spectra of C-BP-6 following IGF-II addition. A complete NMR relaxation study of C-BP-6
dynamics in complex with IGF-1l was hampered by peak broadening and disappearance of C-BP-6 in the
presence of IGF-1l. Nonetheless, current results strongly suggest possible conformation switching or
population shifting between pre-existing conformations in C-BP-6 upon binding to IGF-II.

Insulin-like growth factors (IGF-I and -l)are essential  preferential binding affinity for IGF-II over IGF-I, and it is
for pre- and postnatal physiological growth and have critical essentially an inhibitory IGFBP3].

roles in normal mammalian developmet. (GF-1 mediates All of the IGFBPs consist of three distinct domains of
most of the growth-promoting effects of the growth hormone, 4,pr0ximately equal size. The N- and C-terminal domains,
whereas IGF-Il is largely growth-hormone-independent. \yhich contain the IGF-binding sites, are cysteine-rich as well
D!sregulatlon of the IGF system h_as be'en |mp_I|cated in a 45 highly homologous in amino acid sequence among the
wide range of disease processes, including various cancersgiy family members. In contrast, the central-linker domains,
atherosclerosis, neuromuscular disease, and diabetic comypich are thought not to contain IGF-binding sites, are more
plications @). The actions of IGFs are regulated by afamily - giyergent in sequencal), The 3D structures of full-length

of six structurally related, hlgh-afﬁnlty IGF bmdmg proteins  |GEBPs have not yet been determined. The only structural
(IGFBPs 1-6). When the IGFBPs bind to the circulating  jntormation available is for residues 492 of the N-domain
IGFs, they regulate'the passage pf IGFs into tlssges andsf |GEBP-5 (Mini-IGFBP-5), alone5) and in complex with
greatly prolong the circulating half-lives of IGFs. Withinthe |G| (6).We have recently solved the 3D structure of the
IGFBP family, IGFBP-6 is distinct mainly in its marked  _tarminal domain of IGFBP-6 (C-BP-6) using NMR

spectroscopy (Figure 1; Headey, S. J., Keizer, D. W., Yao,
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insulin-like growth factor binding protein 6; CPMG, CaifPurcell- R inh i
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IGFBP-6 and a pProEx HTb vector (Life Technologies)
leader sequence of 27 residues (numbef2d to—1 here).
The uniformly*N-labeled sample used for NMR relaxation
measurements contained 1 mM protein in 10 mM sodium

-

-
S\

: 0 : T
q“j acetzate (pH 4.5) and 0.02% (w/v) sodium azide, in 950H
~ j‘ 5% 2H,0.
T) y gy < ) ¢"““ Relaxation Measurementall relaxation measurements
r>f\f/"\ - ‘i were carried out at 25C on a Bruker DRX600 spectrometer

using a triple-resonance probe equipped with triple-axis
gradients. Spectral widths of 7185 and 1700 HzYérand

5N, respectively, were used throughout the measurements.
FiGURE 1. (A) Ribbon diagram of the solution structure of C-BP-6  Laboratory-frame'®N relaxation ratesR;, R,, and steady-
(161—-240) including a 27-residue leader sequence, showing the stateSN-{*H} NOE) were measured using pulse sequences

influence of the leader sequence on the shape of molecule and thus.. . . . T
the global reorientation behavior. Although the N-terminal hexa- Similar to those published previously4). A matrix size of

His tag is poorly defined in the structure because of a lack of 2048 x 180 and 32 scans pey increment were used. A

restraints in the structure calculation, its modet&&NOE values total of 14 relaxation durations, including 2 duplicated

(Figure 3C) suggest that it may actually have some contact with durations, ranging from 10 ms to 1.5 s fBf and 15.4 to

the C-BP-6. (B) 90 rotation around the vertical axis of A. This 540 ms forR, were used. The recycle times used were 2.2

figure was prepared using MOLMOL4Y). s forR; andR; and 3.2 s for the steady-staf#-{*H} NOE,

respectively. All data were recorded in an interleaved manner.
The off-resonance rotating-frarieN relaxation rateRy,)

was measured using a sequence modified from that used for

the Ry measurement, in which a radio frequency spin-lock

pulse with a field strength ab; and an offset oAQ from

the center of thé®N carrier frequency was applied during

the relaxation periodl, 16). The rotation of nuclear spin

magnetization toward and backward from the appropriate

effective field was achieved by an adiabatic half-passage

pulse of 4-ms durationl(7). Suppression of cross correlation

between dipoledipole and CSA relaxation during the

relaxation period was achieved B spin inversion every

5 ms (4). A matrix size of 2048x 128, 16 scans pex

' ) . =~ increment, and a recycle time of 2.2 s were used. The spin-

form and in complex with IGF-I, revealing changes in lock field strength employed was 1650 Hz, and the off-

dynamics on the pico- to nanosecond time scales for reSidueSresonance radio frequency field was placee@000,—6000
involved in the binding interactior®j. Recently, there has —4000. —3000. —2000. —1400. —1000. —600 _3’00 anél

been increasing evidence that protein dynamics in solutlon,0 Hz from the center of thdN carrier frequency. Eight

pfrt'clu'ar'.¥h°” tth'? m'”'fe.co.”‘z fime Sca'et’ may tcor{e'atle relaxation durations of 10, 20, 30, 50, 70, 100, 150, and 200
closely with proteirrprotein interactions at the structural - ,q \yere recorded for all off-resonance frequencies.

level (10, 11). This is significant because one of the 5y antiphase coherence-averagé transverse
_rnechar}|sm§ beh|rf1d protein Ifunct|r:)n and prr]c.){ﬁ’mte.m I relaxation ratesR;?PP) as a function of an extended Carr
Interaction hIS COS qlrlr.natlonr':}ll exc a&nge, w ICI typllca Y Purcel-Meiboom-Gill (CPMG) delay were measured using
oceurs at t elsudm| fI-CtOBr;I6ISbec[(\)]R/|RtIme sca GS.ZX dnh a pulse sequence modified from that used for Re
our strgcturz? stu_dy 0 I- . q y! hi 'r']t was nogce (tj at measurement, in which the relaxation period was replaced
a r:jum er g lreS| ues (Itl)cate_ V\ll't in the .se.cqih tr;:]m f with a relaxation-compensated CPMG segmeif, (19).

and second loop as well as in close proximity to the first Eight 3D data sets with Hield strengthsycpmg, of 50, 100,

loop) gave rise to dual peaks in th&N-"H heteronuclear 155 "167 550 333 500, and 1000 Hz (corresponding to
single-quantum coherence (HSQC) spectrum, possibly be'delays, between the center of two consecutive® J8dses

cause of slow chemical/conformational exchange. In this in the CPMG segment, of 10, 5, 4, 3, 2, 1.5, 1, and 0.5 ms,

pa:per,t_ we tpzjese?tctglea ‘rsesqlttﬁ of a compr;ahenéfwé trespec’[ively) at eight relaxation durations ranging from 2 to
relaxation study of &-bBr-b, With measurements carmed out 5545 g \vere recorded. A matrix size of 2048128, 16

Ina?r?;zrmzrl?nbs?r%ttoixgzgtrgaalltlr;tgs ftr)g?ket;r:g 3”&?:525;;0 scans pet; increment, and a recycle time of 2.2 s were used.
9 9 y y Analysis of Relaxation Dat&ll spectra were processed

pico- to nanosecond time scales, but also into those residues, . - S\\WINNMR (version 3.1, Bruker Biospin) and ana-
undergoing micro- to millisecond time scale motion and their Iyzeg with XEASY version 1 é:iO) 15\ relaxatri)on rate®
. . 21

potential correlation with IGF-II binding. Ri,, andR,2PP were obtained by fitting peak intensities at a
EXPERIMENTAL PROCEDURES series of relaxation durations to a two-parameter single-
exponential-decay curve using curvefit (A. G. Palmer,
Sample PreparationThe cloning, expression, and puri- Columbia University), whereas the fitting of a three-
fication of C-BP-6 used for structural and dynamics studies parameter exponential-decay curve was usedrfoErrors
have been described previoushs). The C-BP-6 construct  of the relaxation rates were determined by curvefit using a
used in the present study comprised residues—P8D of Monte Carlo simulation. The steady-stattN-{*H} NOE

%
5

the second and the third strands. A third, highly disordered,
loop and unstructured tail are located after the second
distorted type-I turn, beginning from Asp216.

Nuclear magnetic resonance (NMR) relaxation measure-
ments provide a means of characterizing the protein solution
dynamics over a broad range of time scales. Experimental
procedures for measuridgN relaxation parameter&], R,,
and steady-statéN-{H} nuclear Overhauser effect (NOE)]
as well as protocols for data analysis using Modelfree
formalism are well-established for the study of protein
backbone dynamics at pico- to nanosecond time scales (
8). NMR relaxation methods have been applied to numerous
protein systems, including mini-IGFBP-5, both in its free
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values were calculated from peak intensity ratios obtained whereR,2"¢ is the transverse relaxation rate averaged over
from spectra acquired in the presence and absence of protorthe in- and antiphase coherences &ads the rate constant

saturation. The uncertainties of peak intensitiesfdr Ry,
Rz, Ry, and R2PP measurements were derived from those

arising from chemical or conformational exchange between
sites. For two exchanging sites,

duplicated spectra, whereas corresponding uncertainties for

the peaks of steady-stateN-{*H} NOE spectra were esti-
mated from the background noise of the specis.(
Modelfree Analysisinitial estimation of the global reori-
entation time of C-BP-6 was obtained by analysidReR;
ratios from residues satisfying the criteria of both steady-
state’™®N-{'H}NOE = 0.6 and|Ty/T, — d4/T.[J < standard
deviation (SD) 21), which assumes the global reorientation
to be isotropic. The ratio of three principal moments of the
inertial tensor of C-BP-6 was obtained from its solution
structure using pdbinertial (A. G. Palmer, Columbia Uni-
versity). The rotational-diffusion tensor of the C-BP-6 was
obtained from the ratios oR; and R, values of selected
residues, which satisfy both steady-stéts-{*H} NOE >
0.65 and T/[T1 [+ TJ/M.0 < 1.5 SD @2) using r2r1_diffusion
(A. G. Palmer, Columbia University) and TENSORZ3).
Residues exhibiting slow submillisecond motion, as identified

Rex = (wp — wB)2pApBTex[l — 8tecpmc tanh(1/
(BvepmcTed)] (4)

wherewa, pa, ws, Ps, andzex have the same meanings as in
eq 2.vcpume is defined as 1/(&pwc), With 2tcpvc being the
separation between the center of two successivé p88es

in the CPMG segment. The experimen®at®P values were
fitted as a function obcpug according to eqs 3 and 4.

Amide ExchangeSlow amide exchange of C-BP-6 resi-
dues was detected from the persistence of their cross peaks
in the 1H-1®N HSQC spectra at 18C after dissolving in 10
mM sodium acetate (pH 4.5) and 0.02% (w/v) sodium azide
in 100%2H,0. A lower temperature was chosen in this study
to prolong the exchange process and therefore facilitate the
measurements. Rapid amide exchange was detected using

from relaxation dispersion studies (see below), were also CLEANEX sequence with mixing times of 26 and 52 ms,

excluded from determination of its global rotational-diffusion

parameters. Modelfree analysis was carried out using Mod-

elfree (version 4.0, A. G. Palmer, Columbia University) and
TENSOR2 23), but only the dynamics parameters from

respectively 26).

Hydrodynamic Calculation and Translational-Diffusion
Measurementsdydrodynamic parameters of C-BP-6 were
also estimated from its 3D coordinates (closest to the average

Modelfree are reported here, unless otherwise indicated. AnOf the family of 20 structures, PDB 1RMJPY) using

N—H bond length of 1.02 A and an amidéN chemical
anisotropy of—170 ppm were used for the analysis. After a
model for the global reorientation of C-BP-6 was determined,
15N relaxation data oR;, Ry, and steady-statéN-{ 'H} NOE
were fitted to one of five combinations of Modelfree
parameters, similar to the model selection appro&eh (
Fitting of Nano- to Microsecond Dynamics Parameters.

HYDRONMR based on atomic-bead modelir&$); A value

of 0.8921x 103 Nm™2 s, the viscosity of water at 25C,

was used in the computation. Translational-diffusion-coef-
ficient measurements were performed on the same C-BP-6
sample and under the same experimental conditions as for
relaxation measurements. Details of the pulse sequence used,
the calibration of pulsed-field gradient strength, and the data

The relaxation rate measured in the presence of a transvers@nalysis have been described previougB).(Briefly, a series

spin-locking field applied off-resonance is given dy%(25)
with

R, = R, cog(6) + (R, + R, sir’(6) 1)

Rex = (04 = 08) PaPe(ted (L + To’er))  (2)
wherewa andpa, andwg andpg are resonance frequencies
and populations for the nuclear spin in sites A and B,
respectivelyre is the time constant for the exchange process;
wert = (Aw? + w192 is the strength of the effective field,
with w; being the strength of the spin-locking field applied
at an off-resonance frequendyw with respect to the spin-
resonant frequency. The andle= tan Y(w:/Aw) is the tilt
angle of the effective field in relation to the static magnetic
field. For a given offset of the spin-locking field(2), Aw

is residue-dependent. The apparent transverse relaxation rat

R, = R, + Rex at any givenwes values can be calculated
from experimentally measured®,, values using eq 1.
ResultantR, values were then fitted as a function @t
according to eqs 1 and 2.

The apparent transverse relaxation rd&¢¥?, obtained
from an in- and antiphase coherence-averaged CPM
sequence is given by (18)

RP=R™+R,, ®3)

of 12 diffusion-weighted spectra was recorded in a 2D
manner using gradient pulses of 6-ms duration, a separation
of 46.8 ms, and gradient strengths ranging from 3.4 to 36.5
Gcml

RESULTS

15N Relaxation DataRepresentativé®N relaxation decay
curves are shown in Figure 2. A summary of backb&he
Ri, Ry, R, (calculated using eq 1 froiRy, acquired with an
offsetAQ = 0.0 Hz), and*N-{*H} steady-state NOE values
for C-BP-6 is given in Figure 3. With the exception of a
few residues (Figure 3B)R, values appear in general
slightly faster than those from conventional CPMG methods,
reflecting the fact that the off-resonance effect in the
conventional CPMG sequence results in a slightly under-
estimatedr, (30). After the residues heavily overlapped in
the spectra were excluded, all thieg R;, and steady-state

e-5N-{ 1H} NOE values were measured for 79 residues, giving

averaged values of 1.56 0.18, 10.35+ 3.17, and 0.60Gt
0.28 s, respectively. Of these 79 residues, 68 residues arise
from the native C-terminal domain, 16240 of IGFBP-6,
and 11 from the leader sequence (C-BP-6 contains six

Gprollnes).

Amide ExchangeMost amide protons of C-BP-6 were
found to be in fairly rapid exchange with water. Only a few
amides from residues located within and near the type-I
turn (Aspl191-Gly194) were detected in tHd-'H HSQC
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FIGURE 2: RepresentativeN relaxation decay curves of C-BP-6. (R) and (B)R; for residues His166%), Vall78 (»), and Ser2210).
(C) Ry, of His166 at off-resonance frequencigs?, of 0 Hz (O), 1400 Hz ), 3000 Hz, ), and 8000 Hz ¢). (D) R,2°P of Asp216 at

CPMG field strengths of 100 HZY), 250 Hz (1), and 1000 Hz {).

spectra after being dissolved in acetate buffer in 168%®

for 4 h. The CLEANEX experiments revealed that the amide
protons in most rapid exchange with the solvent were located
in the disordered first and third loops, the distal half of the
second loop, and the C-terminal tail. Several amides on the
solvent-exposed side of the helix also showed relatively
rapid exchange witiH,O, including Arg165, Ser169, and
GInl172.

Overall Translational and Rotational Motion of C-BP-6.
The translational-diffusion coefficient of the C-BP-6 was
measured to be 1.28 0.05x 10 m? s’ at 25°C. The
result was reproducible over measurements carried out

= 2.19 + 0.05 x 10" s, respectively), while a fully
anisotropic model gave no statistically significant improve-
ment in the target function, as expected in such a c2®e (
Hydrodynamics calculations based on the closest to the
average of a family of 20 structures (PDB 1RMJ) resulted
in a translational-diffusion coefficient of 1.1% 10710 n??

s! and principal components of the rotational-diffusion
tensor of 2.02, 1.36, and 1.26 10’ s, respectively. This
gives an anisotropy,/Dp = 1.54, which is in reasonable
agreement with those derived from tH&l relaxation data.
Final values for the rotational-diffusion anisotropy D and
effective correlation time @5 + 2D;)~* of 1.5 and 8.0 ns,

several months apart as well as from several samples usedespectively, were obtained for the global rotational-diffusion

in the structural studies.

Of the 79 residues whodg;, Ry, and steady-stat&N-
{*H}NOE values were measured, 29 satisfy the criteria of
steady-staté®N-{*H}NOE = 0.6 and|T/T, — /T, <
SD, indicating that those nuclear spins are unlikely to
participate in either slow internal motion or chemical/
conformational exchange processes. An isotropic global
correlation time of 8.3t 0.5 ns was thus obtainedy, 31).

On the basis of the structure of C-BP-6 (in the presence of
the leader sequence) (Figure 1), the principal moments of

tensor of C-BP-6 after optimization using the combination
of Modelfree parameters for each residue (see below).
Modelfree ParameterdJsing an axially symmetric model
for the global rotational reorientation motion of C-BP-6,
Modelfree parameters{, t1/ts, and Re,) of individual
residues were obtained from fits of th&N relaxation data
(Ry, Ry, and steady-stat®®N-{*H} NOE) using the model
selection approach. A total of 65 residues, including 8 from
the leader sequence, were fitted successfully to one of the
five models as summarized in Figure 4. Numbers of residues

its inertia tensor were calculated to be 1:0.86:0.43. Parameterditted satisfactorily to each combination of Modelfree

of the axially symmetric rotational-diffusion tensor were
obtained using th&; andR; values of 38 residues, which
satisfy both steady-statéN-{*H} NOE > 0.65 and|T,/(T,0]

— T/, < 1.5 SD (22). r2r1_diffusion (A. G. Palmer,
Columbia University) resulted in a prolate model wiby
Dp=1.4+ 0.1. TENSOR223), on the other hand, revealed
two equally significant minima representing prolate and
oblate approximationd); = 2.324+ 0.12x 10’ s %, Dg =
1.894 0.02x 10’standD; = 1.724+ 0.08 x 10’ s %, Dp

parameters were 28), 12 (2 andty), 4 (F andRey), 7 (S,

7, and Rey), and 21 &, & and ts), respectively. The
averageds value over those 65 residues is 0.760.23,
and the corresponding value for C-BP-6 (3&40) is 0.77

+ 0.24. Averaged values d¥ for the four-turno helix
(Prol162-Thr176), three stranded antipargfiedheet g1 =
Leul85-Aspl9152 = Argl99-Ser204, an@#3 = Cys212-
Val215), the first loop region (Glul77-Thr184), the second
loop region (GIn205-Pro211), and the highly disordered third
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Ficure 3: Summary of backbon®¥N relaxation parameters (A}, (B) R,, and (C) steady-statéN-{!H} NOE for C-BP-6, measured at
25°C and®N frequency of 60.81 MHzR, values calculated frorR,, after correction for the off-resonance effect are also shown i@)B (
The Ry, data recorded at the offséfQ2 = 0.0 Hz were used in the calculation. Elevatgdvalues for residues Tht(13), Gly206, and
Cys212 are clearly evident in B.

loop region plus the C-terminal tail are 0.940.06, 0.90+
0.11, 0.71+ 0.13, 0.78+ 0.08, and 0.38+ 0.14, respec-
tively.

Slow Motional Parameters from Direct Measurements.
Representativé®N transverse relaxation rate®,, as calcu-

at micro- to millisecond time scales, which may provide
potentially valuable information in understanding protein
function and proteifrprotein interactions, may also be
achieved through direct NMR relaxation measurements using
a number of alternative methods, including analysis of
lated from rotating framé®;, data at a number of effective ~ backbon€e“N relaxation parameters measured at sevegal B
field strengths, andR,2"° values at a series of CPMG field fields (33), off-resonancé®N Ry, in the rotating frame(5,
strengths (relaxation dispersion curve) are shown in Figure 16), and 1N relaxation dispersion data using an in- and
5. For all 79 residues where the rotating fraRg values antiphase coherence-averaged CPMG sequdi&49). In
were measured, no decline iR, as a function of the the present study, we have carried 0N relaxation
effective field strength was evident. All of the data appeared measurements of C-BP-6 in both the laboratory and rotating
to be scattered around their “mean” values (Figure 5A). frames. Although the off-resonané® relaxation data fail
Attempts to fit the data to eqs 1 and 2, therefore, were to detect any residues undergoing microsecond motion, a
unsuccessful. In contrast, from experimentally measured substantial number of residues exhibit motion at submilli-
relaxation dispersion data (coherence-averaBg® as a  to millisecond time scales, as identified by Modelfree
function of CPMG field strengths), 20 residues were fitted analysis and>N relaxation dispersion data obtained using
successfully to egs 3 and 4 with values ranging from 0.52  the coherence-averaged CPMG method. These residues
to 2.4 ms, as summarized in Table 1. correlate well with those affected by IGF-Il binding, as
identified through the perturbation of NMR spectra upon
IGF-II addition 34) (Figure 6).

Conventional'sN relaxation measurement®&( R,, and Probing Microsecond Motions of C-BP-fia Rotating
steady-staté>N-{ *H} NOE) provide information on protein ~ Frame Off-Resonance RMeasurementsRotating frame off-
backbone mobility at pico- to nanosecond time scales as wellresonance experiments have been applied successfully in
as slow motion on the millisecond time scale. The latter is several protein systems recentBp(36). In the present study,
achieved through Modelfree analysis BN R;, R,, and however, there was no evident dependencé&kgfon the

DISCUSSION

steady-staté®N-{'H} NOE data with the inclusion of an
additional term,Rey, to account for contributions from

effective field strengths applied, as would have been expected
for residues undergoing conformational exchange at time

chemical/conformational exchange. Studies of protein motion scales ranging from micro- to submillisecond. One possible
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Ficure 4: Summary of Modelfree parameters for C-BP-6 obtained using the extended spectral density function and the model selection
approach. An axially symmetric rotational-diffusion tensor was used to describe the global rotational motion of C-BP-6. (A) Order parameter,
F (= & x F). (B) Effective internal correlation timere (zs or 75). (C) Apparent chemical/conformational exchange contribuRgnto

the transverse relaxation rafe.

reason is the relatively large experimental uncertainties contribution of additional chemical/conformational exchange,
associated with the transverse relaxation measurements irwas required for 11 residues (Figure 4C). Unlike other
the rotating frame, as reported previousdy. Off-resonance  protein systems, where residues exhibiting conformational/
Ry, measurements require the application of a spin-lock pulse chemical exchange were scattered across the sequ&fce (
during the relaxation period, which limits the longest in C-BP-6, they form a small cluster at the end of the second
relaxation duration that can be used because of samples strand and the beginning of the second loop of C-BP-6,
heating. A longer relaxation duration, however, is desirable involving residues Ser204, GIn205, Gly206, and GIn207,
in certain cases to allow the magnetization to decay suf- along with others in close proximity, such as Cys212,
ficiently, in particular when6 approaches 0 and Ry, Trp213, and Asp216. The observation that a considerable
approachesr;. Typically, a maximum relaxation duration number of residues in this region undergo conformational
of around 200 ms can be used before sample heating becomesxchange at the submillisecond time scale is not too
noticeable, which corresponds to an approximately 35% surprising because it might arise from isomerization of the
decay of the magnetization only &t= 15° for spins with disulfide bridge between Cys201 and Cys212.
15N relaxation rates oR; = 1.67 andR, = 10 s*. Clearly, Conformation Exchange of C-BP-6 from Modelfree Analy-
this error will be more pronounced for spins undergoing sis and Coherencew&raged CPMG Measurement®nly
conformational/chemical exchange, which have a shorter 3 residues of the 11 which exhibit millisecond motion from
apparent}, and thus a poor signal/noise ratio. In addition, Modelfree analysis coincide with residues showing slow
the effects of spin-lock Bfield inhomogeneity are more  motion according to the coherence-averaged CPMG method
severe at larger offsets. As a consequence Rpevalues (Table 1). This is not too surprising because these two
measured at small tilt angles of the effective field are likely methods are complementary to each other in terms of the
to incur larger errors. In the present study, elevaid motional time scales that they detect. Furthermore, protein
values were observed for those calculated frBgp data conformational/chemical exchange detected by the Modelfree
recorded with offsets of-6000 and—8000 Hz. analysis will, to some extent, be influenced by the pre-
Dynamics of C-BP-6 from Modelfree Analysi average determined global rotational-diffusion paramete38)( The
< value of 0.78 indicates that the backbone of C-BP-6 is accuracy of estimating global rotational-diffusion parameters
fairly mobile, while highers values across the helix and remains limited because of a lack of independent measures
f strands, 0.94 and 0.89, respectively, indicate less flexibility of molecular rotational diffusion in solution. This is par-
compared to the loop regions. To satisfactorily fit the ticularly true for relatively flexible molecules, where only a
Modelfree formalism, &R, term, which accounts for the limited number of residues satisfy the criteria for use in the
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A Table 1: Dynamics Parameters of C-BP-6 Residues Undergoing
Relatively Fast Conformational/Chemical Exchange frSih
R Relaxation Data Measured Using the Coherence-Averaged CPMG
15 - a Method
s o= o residues Tex (MS) Detex (S7)° R2ve(s7Y)
- ° a3 Gly161 1.20+ 0.20 11.6+ 0.9 14.4£0.4
2 Fo—o—1 5 S Cys163 0.9% 0.46 5.3+ 1.0 18.1+ 0.8
(s Argles 1.20+ 0.50 6.8+ 1.7 22.7£ 0.7
Leul71 1.00+ 0.50 15.2+ 4.0 20.6+ 1.6
5 - GIn17% 0.50+0.10 9.2+ 0.8 18.8+ 0.7
Cys190 0.58+0.24 9.1+ 15 215+ 1.2
Argl93 1.20+£0.20 3.6+ 0.4 10.5£ 0.2
Gly19# 2.10+ 0.80 17.1+ 4.5 20.3+1.0
0 " ! j ' j ! ) Phel95 2.40- 0.30 19.7+ 2.4 20.6+ 0.3
10 20 8.0 4.0 5.0 Ser203 0.52+0.15 7.9+ 0.8 24.9+0.7
Ve (kH2) GIn207 0.93+ 0.60 9.8+ 3.0 16.1+ 1.7
Arg209* 1.15+0.49 17.6+ 4.2 20.6+1.9
40 Gly21¢! 0.89+ 0.55 24.4+ 8.6 15.8+ 3.0
B Asp216 1.40+ 0.40 18.1+ 2.9 21.9+ 1.0
35 4 Ser221 1.75: 0.30 8.0+ 1.0 15.8+ 0.2
aMotion at the millisecond time scale was also observed for several
30 - residues from the leader sequence &), Thr(=12), Met(3), Gly(—

2), and Serf1)]. P dex = (wa — wg)?paps. ¢ Residues showing a
significant increase iR, upon IGF-II binding.d Residues witAH-1N

app 25 4 . . . i
R, < cross peaks, which disappeared in HSQC spectra upon addition of IGF-
(s" 4 1. ¢ Residues where millisecond motion arising from conformational/
20 1 chemical exchange was also indicated from the Modelfree analysis.
3 3
15 4 ﬁ—ﬁ = 3
L N} <]
10 v T M T M T M T T T T
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Ficure 5: Transverse relaxation rat®, calculated fromRy,
values as a function of the effective field strengths in the rotating
frame (A) and apparent transverse relaxation RatePas a function

of CPMG field strengths (B) for residues Val178)( GIn207 (),

and Asp216 ¢), respectively. In A, the lines are drawn at the
averagedR, values across the range of the effective field for
residues Vall78-), GIn207 (- —), and Asp216 (- - -). In B, the
line is drawn for residue Vall78 at its averdg@rPvalue, whereas

for residues GIn207 and Asp216, the lines represent the best fit to
egs 3 and 4.

estimation of global rotational behavior. As a consequence,
the resultant global rotational parameters may not reflect the
full picture of the global anisotropy of the moleculgdj.
On the other hand, while conformational exchange deter- ) )
mined from the coherence-averaged CPMG method is not '6URE 6: Surface diagrams of C-BP-6 (16240) showing

. residues exhibiting conformational exchange (A) and residues
affected by how accurately the global rotational parameters e cted by IGF-II binding (B). Color schemes: (A) red, identified
of a molecule are determined, residues undergoing relativepy coherence-averaged CPMG sequence; orange, identified by
slow conformational/chemical exchange and therefore ex- Modelfree analysis; and pink, identified by both; (B) yellow,
hibiting elevatedR, values may not be measurable at all in identified by *H-'N cross peaks, which disappeared in HSQC

) pectra upon addition of IGF-1l; and green, identified by those
the coherence-averaged CPMG method because of the'Sshowing significant increases Ry at a C-BP-6/IGF-Il ratio of 1:1.

extended CPMG interval as well as the inclusion of an This figure was prepared using Insightll (Accelrys, San Diego, CA).
antiphase magnetization evolution perid®,(40). This was
the case for residues Thr(3), Gly206, and Cys212 in the  NMR spectra upon IGF-II addition3¢). Figure 6 shows
present study. It is also worth noting that, while the amide syrface diagrams of C-BP-6 highlighting residues exhibiting
exchange study indicated that most amides of C-BP-6 wereconformational exchange and those affected upon IGF-II
in relatively fast exchange with water, including residues pinding highlighted. Clearly, there is a good correlation
located on the solvent-exposed side of thaelix, several  petween residues exhibiting motion at submilli- to mil-
residues (Cys163, Argl65, and Leul71; see Table 1) within jisecond time scales and those involved in IGF-II binding.
the a. helix of C-BP-6 also exhibited conformational ex- \Measurements of complete relaxation parameters of C-BP-6
change. in complex with IGF-II, as described here for C-BP-6 in free
Implications of C-BP-6 Conformational Exchange for IGF- form, were not possible because many peaks disappeared
Il Binding. Residues of C-BP-6 involved in IGF-1I binding  upon addition of IGF-II into'*N-labeled C-BP-6. This was
have been identified recently through the perturbation of still the case even after an IGF-11/C-BP-6 ratio of 2:1 was
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reached, although peaks were restored when the pH wascorrelation between residues exhibiting conformational ex-
reduced to 3.0, where binding no longer occlg4)( change at submilli- to millisecond time scales and those
Proteins in solution experience varying degrees of mobil- involved in IGF-1I binding is clearly apparent. This observa-
ity, which permits the coexistence of various closely related tion strongly supports the hypothesis that protein conforma-
conformations. Conformational changes are a common tional exchange may play an important role in the interactions
feature of protein function and protetiprotein interactions  between IGFBPs and IGFs. Moreover, it will be of great
(10, 12). It has also been suggested recently that lessinterest to extend this study to full-length IGFBP-6 in the
structured and flexible residues of a molecule span a largerfuture, because full-length IGFBP-6 binds IGF-II with higher
conformational space, allowing them to bind to target affinity, so that a detailed relaxation study of IGFBP-6 in
molecules more quickly4(). Observation of relatively broad = complex with IGF-II may then become possible.
lines in previous studies of IGF-II by NMR had suggested
the possible presence of nonspecific aggregation and/orACKNOWLEDGMENT
conformational averagingd®). Dual resonant peaks were
observed for a number of residues of C-BP-6 in tié-1H
HSQC spectrum, suggesting their possible involvement in
slow conformational/chemical exchange. Moderate line
broadening was also evident for C-BP-6 in solution, as
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