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ABSTRACT. Neurogranin/RC3 is a neuron-specific,2Caensitive calmodulin binding protein and a specific
protein kinase C substrate. Neurogranin may function to regulate calmodulin levels at specific sites in
neurons through phosphorylation at serine residue within its 1Q motif, oxidation outside the 1Q motif, or
changes in local cellular €aconcentration. To gain insight into the functional role of neurogranin in the
regulation of calmodulin-dependent activities, we investigated the structure and dynamics of a full-length
rat neurogranin protein with 78 amino acids using triple resonance NMR techniques. In the absence of
calmodulin or PKC, neurogranin exists in an unfolded form as evidenced by high backbone mobility and
the absence of long-range nuclear Overhauser effect (NOE). Analyses of the chemic&fGRift3C;,

and *H, reveal the presence of a loocathelical structure for the region between residues -GR52.
Three-bondHy—1H, coupling constants support the finding that the sequence between residues G25 and
A42 populates a non-native helical structure in the unfolded neurogranin. Homonuclear NOE results are
consistent with the conclusions drawn from chemical shifts and coupling constaht®laxation data
indicate motional restrictions on a nanosecond time scale in the region from D15 to S48. Spectral densities
and order parameters data further confirm that the unfolded neurogranin exists in conformation with residual
secondary structures. The medium mobility of the nascent helical region may help to reduce the entropy
loss when neurogranin binds to its targets, but the complex between neurogranin and calmodulin is not
stable enough for structural determination by NMR. Calmodulin titration of neurogranin indicates that
residues D15G52 of neurogranin undergo significant structural changes upon binding to calmodulin.

Neurogranin/RC3 (NQ@)is a protein highly concentrated release CaM under high €aconditions b), acting like a
in the forebrain ). It accumulates postsynaptically in CaM capacitor 1). The C&'-independent CaM-binding
dendritic spines of neuron2)( This protein acts as a proteins in the family often possess a region that contains
messenger substrate of protein kinase C (PKC) that mediatesnainly basic and hydrophobic residues with a high propensity
molecular cascades during synaptic development and re-to form an amphipathia-helix (6—8). This highly conserved
modeling B, 4). NG is a member of the calpacitin protein region is referred to as the “IQ” motif (IQXXXRGXXXR)
family which includes other proteins such as neuromodulin (9, 10). It is considered to be the main structural and func-
(GAP-43), peptide protein 19 (PEP-19), Igloo and sperm tional domain. Structural studies in conventional myosins
protein 17 (SP17). Similar to other proteins of this family, have demonstrated that the IQ motif adoptscahelical
NG binds calmodulin (CaM) in low C4 environment and  conformation that is stabilized by the CaM-related proteins
(11, 12). On the other hand, NG and GAP-43 are unfolded
T This work was supported through grants (R154-000-149-101 to in vitro as found from CD spectroscopy studi8sX3). Upon
Bhi\(/vér\s(i?n%fag% Ra150“;;3000-113-112 to F. S. Sheu) from the National pinding to CaM in the absence of €aana-helix is induced
*Corrgspondir?g r:;uth'ors, email addresses: dbsydw@nus.edu.sg 0 Within the CaM binding domain (IQ motif) and the helix
W. Yang) and dbssfs@nus.edu.sg (F. S. Sheu). may propagate to some residues in the N-terminal side of
8 Both authors contributed equally to this work. the 1Q domain in both NG and GAP-48)( The stabilized

U Department of Biological Sciences, and Department of Chemistry, helix may span from G25 to K47 in rat NG as found from
National University of Singapore.

* Chinese Academy of Sciences. the study of a number of overlapping peptid&}, (vhere
#Department of Biological Sciences and the University Scholars the sequencesdQASFRGHMAR;y; corresponds to the 1Q
Program, National University of Singapore. motif. The serine residue (Ser-36 for Rat NG) in the 1Q motif

1 Abbreviations: NG, neurogranin/RC3; CAM, calmodulin; GAP- .
43, neuromodulin; PKC, protein kinase C; LTP, long-term potentiation; can be phosphorylated by PK@, (]'4) The phOSphorylatlon

LTD, long-term depression; NMR, nuclear magnetic resonance; CD, Within the 1Q domain lowers the binding affinity of NG for
circular dichroism; EPR, electron paramagnetic resonafgdongi- CaM (4, 5, 15); conversely, CaM binding attenuates PKC
tudinal _relaxatlgn timeTy,, rotating frame relaxatlop timdy, transverse _ phosphorylation at the serine site within the 1Q domdin (
relaxation time; NOE, nuclear Overhauser effect; TFE, trifluoroethanol;

SDS, sodium dodecyl sulfate; EGTA, ethylene glycol bis(2-aminoethyl 8)- Thus, NG and GAP-43 have been assumed to regulate

ether)N,N,N',N'-tetraacetic acid. postsynaptic and presynaptic CaM levels, respectively, via
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PKC phosphorylation or changes in local cellular?Ca then put into theé"®N- and*3C-labeling medium. Each liter
concentration. of isotope labeling medium contained<1MOPS stock

PKC is an extrinsic membrane protein and phosphorylation buffer, 1.32 mM KHPO,, 50 mg of kanamycinl g of
of the PKC substrate is very likely to take place on the "NH4Cland 2 g of*C-glucose. The ¢ MOPS stock buffer
membrane surfacd §, 17). Before approaching PKC onthe contained 40 mM MOPS, 4 mM tricine, pH 7.4, 0.01 mM
surface of the membrane the segment surrounding the phosFeSQ, 0.275 mM KSQ,, 0.5 mM MgCh, 50 mM NaCl,
phorylation site is considered to interact with the membrane 0-54M CaCk, and was supplemented with 4# vitamins.
in vivo. The study of a peptide corresponding to residues The expression of NG was induced by adding 0.4 mM
28—43 of bovine NG (or A36-K45 of rat NG) using NMR,  isopropyl-p-thio-galactoside (IPTG). The cells were grown
EPR, and CD spectroscopy indicated thabahelix within for 6 h at 37°C until cell density reached an O.D. 600
the peptide is induced by association with SDS micelles and reading of around 0.8. The cells were harvested and then
with vesicles containing phosphatidyl serirdé); Phospho- ~ subjected to lysis for NG protein purification as described
rylation of NG is associated with long-term potentiation Previously @1). CaM was prepared as described previously
(LTP) and long-term depression (LTD). Therefore, it has also (32).
been proposed that NG and GAP-43 may play important NMR SpectroscopNMR spectra were recorded at 500
roles in long-term potentiation (LTP) and neuroplasticity by MHz using a three-channel Bruker Avance spectrometer
releasing CaM through serine phosphorylation within the IQ equipped with pulse field gradients. All the spectral data for
motif (1, 19). NG were acquired at a protein concentration of 0.7 mM, pH

Outside the IQ domain, NG contains four cysteine 6-5, 50 mM KHPO, buffer, 5 mM DTT, at 25°C. CaM
residues, which can be oxidized by nitric oxide and other titration was monitored byH—**N HSQC NMR at 25°C.
oxidants to form intramolecular disulfide linkage(€0¢ A total of 0.6 mg of CaM powder was taken each time and
22). On the other hand, NG and GAP-43 have been shown added directly to a protein solution containing 0.7 mM NG,
to regulate CaM-dependent nitric oxidate synthase activity 20 MM KHPQ, buffer, 5 mM DTT, 5 mM EGTA at pH
through sequestration of CaM3, 24). CD studies show that ~ 6-5- The total CaM added was 15 mg, corresponding to a
modification of NG by oxidation forming disulfide does not CaM/NG ratio of 2.5. Backbone resonance assignments were
affect thea-helical content of this protein in either water or ©Obtained using a number of triple resonance experiments,
TFE solution 25). However, oxidation of NG attenuates its including HNCACB @3), CBCA(CO)NH @34), HN(CA)-
binding affinity with CaM, indicating an alternative potential CO. and HNCO 85). *Juyna coupling constants were

mechanism other than phosphorylation for the regulation of Measured using the HNHA pulse sequeri@@.(To obtain
intracellular levels of CaMZ5). homonuclear NOEs, a 3D NOESY-HSQEY] spectrum was

recorded with a mixing time of 250 ms. An H(CCO)NH-
TOCSY experiment was used to obtain proton chemical
shifts 38). In all of the experiments, the proton spectral width
in the direct observation dimension was 7000 Hz with 512
complex points. The spectral width in the indirect proton
dimension was 5500 Hz for HNHA, NOESY-HSQC, and
H(CCO)NH-TOCSY, with 64 complex points. A total of 16
complex points were recorded on tHdl dimension using a
spectral width of 1014 Hz, while 32 complex points were
acquired for NOESY-HSQC. Forty complex points were
recorded in3C dimension using spectral widths of 7000 Hz
for CACB and 1250 Hz for CO, respectively. A relaxation
’edelay d 1 s was used for all the experiments. The number
of scans were 32 for NOESY-HSQC, 16 for HNCACB,

understand more about the role of NG and other membersCBCA(CO)NH’ HN(CA)CO' a}nd HNHA’ ant_:i 8 fpr HNCO.'
The data were apodized with a sine weighting function

of the calpacitin family of proteins in neurobiology, we have : . X . . .
characterized the residual structure and dynamics of the.snhd'f:gt% Zi:j”lgge ddgiﬁspgﬁgon%gﬁﬂsrfg ggnga thgs
reduced NG protein from rat (78 amino acids) using NMR Indi . imensions. : main w
techniques. The order parameters obtained from NMR doubled by linear prediction prior to the application of a

relaxation allowed us to estimate the conformational entropy (I;?)?JIrri]:r-?ﬁaunasrf?)?m\gg:)dnomeffl:rTgltlggt.a 'gzgcéﬁ:origg';g ¢ i‘gg 4
loss of the binding process. P '

256, and 128 points along the F3, F2, and F1 dimensions,

MATERIALS AND METHODS respectively. Processing of the spectra was carried out using
NMRPipe software 39). The spectra were analyzed using

Expression and Purification dPN- and*C-Labeled NG. NMRView software.

The construction of a bacterial expression vector containing The >N relaxation times Tand T, and*H—*N NOEs

the protein-coding region of rat NG cDNA has been reported were measured by inverse-detected 2D NMR methd@s (

previously @1). We used the same expression host of 41). Relaxation timed; were determined by collecting seven

Escherichia coliBL21 (DE3)(pLysS) to express the stable points with delays of 10, 90, 200, 300, 400, 500, and 600

isotope labeled NG for the present study. To expres&ite ms using a recycle delay @ s and 8 scans. Relaxation times

and®C-labeled NG, a single colony of the host strain was T, were measured by collecting seven points with delays

picked out from an agar plate grown overnight at’87and of 10, 30, 50, 80, 110, 140, and 170 ms using a spin-lock

CaM can differentiate the unfolded NG from its modified
forms and from other non-CaM binding proteins. Although
there is no structural information to interpret the recognition
mechanism, an important factor should be the apparent
change in conformational entropy in most residues involved
in the binding site 26, 27). For such a system where folding
and binding are coupled, the preference for an interaction
can be increased without increase in binding affinity provided
there is a compensational loss in conformational entr@gy (
29). The weak or medium binding affinity of NG is favorable
for the regulation of CaM-dependent activities through
sequestration and release of CaM. Except for CaM and PKC
the reduced NG is also a substrate for phosphorylase kinas
and may bind to membrane phospholipidsz,(30). To
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power of 1 kHz, 2.5 s recycle delay and eight scans. To @ -
. D L T R R — F108
measure the heteronuclear NOEs, two spectra were acquired = 4
with and without proton saturation. Saturation was achieved - W = 110
by using a train of 120H pulses applied o3 s after a 3 e o "
s recycle delay. All the data were recorded by using 96 and - L 1re
512 complex points irt; andt, dimensions, respectively, @ .
and with spectral widths of 1014 H#K) and 7000 HzH). = S _w re £
Relaxation Data AnalysisSpin—spin relaxation timel, ‘“@@mmﬁ" o 118 z&
was calculated fronT,, and T; according to Lm M W= £
P ol 1 e =l 120
== n2 § Yy K& ‘-"-'-"’l‘m & @m&m r122
1/T,, = 1/T, sin"6 + 1/T, cos’® (1) e B, =
B Mot @Y, =M L124
wheref = atan Aw/w,), andAw andw; are the resonance W T 1,“ W<, =1 L 1os
offset and spin-lock field strength, respectively. Relaxation Y I Y DY e 77
data were analyzed using the reduced spectral density "H(ppm)
mapping approachl(0), J(wn), andJ(0.87%wy) were calcu-  Fgure 1: H-1N heteronuclear single quantum correlation
lated using the following simplified equation42): spectrum (HSQC) of neurogranin recorded at@5The resonance

assignments are indicated by amino acid names followed by residue

1T, = d2/4[3J(wN) +73(0.87wy)] + CZJ(CUN) 2) ggtrgﬁgg (E\;t'asonances resulting from impurities are indicated by

1T, = d2/8[ 4(0) + 3)(wy,) + 133(0.87w,,)] + obtained frog1 anlé-I(CCO)—TOCSY spectrum. Figure 1 shows
2 the assignedH—1"N HSQC spectrum of rat NG protein. A
c76[43(0) + 3d(wp)] (3) couple of weak peaks in the glycine region (not labeled) are
attributed to proline isomerization.
NOE = 1+ T,(y"/y™)(d"/4)[53(0.87w,,)] (4) Analysis of Chemical Shiftd3C,, 13Cg, 13C', and H,
chemical shifts are useful indicators of secondary structure
whered = (uoh/872)y"yNrun 3, ¢ = wn (o) — o0)/V/3, 7 is in folded proteins 47, 48). To identify residual structures
the gyromagnetic ratioh is Planck’s constanty is the in unfolded proteins, chemical shift deviations from random
permeability of a vacuunty is the N—H bond length (1.02 il values for'3C,, 13C;, 13C', and*H, have to be calculated
A), 0y andor are the parallel and perpendicular components properly. We used random coil values derived from model
of the assumed axial symmetric chemical shift tensor, and peptides GG—X—A—G—G at 1 M urea, pH 5 at 25C
o) — onis taken as-170 ppm. (49). The random coil shifts were further normalized to the
Recently, we have proposed and validated a simple methodyajues expected for the peptides-G—X—G—G by taking
for obtaining order parameters from NMR relaxation data into account the effect of alanine on the chemical shifts of
of both folded and unfolded proteingd3). The approach  residue X in the model peptides, i.e., 0.17 ppm faradd
provides physically meaningful order parameters for even g.03 ppm for H were added to the random coil shif&s0y.
unfolded proteins, which has also been described by SChurrSequence dependent effects were corrected according to
et al. and Alexandrescu & Shortlé4, 45). The square ofa  previously described methodsQj. For nonproline residues,
generalized order parameté&®)(is extracted from the fit of  the effect of residue X on its neighboring residue Z is
an individual residue using a simple Lipari-Szabo modé):(  relatively small and can be approximated as the effect of
_ 5 5 residue X on residue G (glycine). Thus, the correction factors
Jo) = 0.4[S7, /(1 + 0’1,) + (1 — SHrd(1 + 0’r))] have been simply estimated from the chemical shift variation
(5) of glycine residues in peptides-&G—X—G—G relative to
) ] ) . those in a peptide GG—G—G—G (50). For proline residues,
where 7io; is the apparent correlation time for a specific however, the correction factors are large and have to be
residue ande is the effective correlation time that satisfies  ¢ajcylated from other methods. The proline correction factor
the relationze < 7ioc. B for C, was estimated from the chemical shift differences
between the two sets of model peptides;&X—A—-G—G
RESULTS AND DISCUSSION and G-G—X—P-G—G (49, 50). Similarly, we calculated
Resonance Assignmeng&equential assignment by stan- the correction factor B of proline for Hand found it to be
dard triple resonance 3D experiments such as HNCACB and—0.29+ 0.02 ppm. When the preceding residue of proline

CBCA(CO)NH normally relies on the dispersion 8, is glycine, the correction factors obtained from peptides
13C4, 1N, and*Hy. Routine methods usually fail when the G—G—X—G—G are still valid since there is no approxima-
resonances are poorly dispersed, especially*¥8g, 1°Cg, tion in this case, i.e., the factor B is0.6 ppm for G and

as in the case of NG. Fortunately, the chemical shift —0.11 ppm for H, respectively.

dispersion of carbony#*C is still large enough in unfolded Figure 2 shows the corrected chemical shift deviations

proteins. We have thus exploited the CO dispersions andfrom the random coil shifts. The ,Cchemical shifts are
used HNCO and HN(CA)CO together with HNCACB and significantly larger than the random coil shifts for the region
CBCA(CO)NH to obtain the sequential assignment. Reso- G25-A42, indicating the presence of residuathelical
nances for all nonproline residues were assigned; except thestructures for this fragment. Most of the residues outside this
first five residues (MtT5) due to their weak signals in the  region show similar chemical shifts as random coil values.
HSQC spectrum. Aliphatic proton resonance assignment wasResidues 119 and D23 show significant upfield shifts, which
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Ficure 2: Deviation of chemical shifts £(a), G (b), and H, (c)
from the sequence-corrected random coil values.
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FIGURE 3: (a)3Jun,Ha COUpling constants derived from HNHA 3D
experiments. (b) Deviation of the coupling constants from context-
corrected statistical random coil values.

may result from an improper correction factor for proline
residue. The chemical shift deviation forg GAC;) is
significantly less thamC,. The negativeAC; values for
G25-R38, however, also support the presencedielical
propensities for residues in this region. Unlikgi€sonances,
Cs resonances are shifted only slightly from random coil
positions in helical structure4g), which explains for its
relatively poor diagnostic capacity in the study of unfolded
NG. Similar toAC, andACg, the deviation of i chemical
shifts from random coil values is negligible for most of the
residues in C-terminal and N-terminal regions. The negative
values of AH, for residues P20A42 further confirm the
existence of aru-helical structure in this region. All the

Ran et al.

since its coupling constant value is affected by its preceding
residue %1, 52). The random coil value for glycine residue
given in the literatureg2) (5.9 Hz) is smaller than what we
expected. There are 18 glycine residues in NG, and most of
them are in the random coil state as indicated by chemical
shifts. Therefore, the averagevalue (7.0+ 0.2 Hz) over

14 glycine residues located at the C terminal region, 655
D78, is used as a reference for random coil coupling constant.
The deviation of coupling constants from the corrected coil
values is shown in Figure 3b. The coupling constants for
residues in the region from L21A42 are significantly
smaller than the random coil values, supporting the argument
that G25-A42 preferentially populate the-region of @,

1) space.

Homonuclear NOES'H—'H NOE is another indicator of
the presence of residual structures for unfolded proteins. We
measured homonuclear NOEs usitiyl-edited NOESY-
HSQC experiments. The NOE connectivities and their
relative intensities are shown in Figure 4. Strong or medium
dang, i+1) NOES are observed for most of the residues in the
N-terminal region E6-G49, while weak g, i+1) NOEs are
observed for the residues in the C-terminal region, indicating
the high mobility of this part. gh,i+1) NOESs for two regions
G25-S36 and D15-D18 are observed. The relative intensi-
ties of the sequentialof, i+1y and ding,i+1 NOES provide
an estimation of the relative population of backbone dihedral
angles at each residue in thee and f-regions of the
conformational ¢, 1) space. The region D318 displays
the smallest Gg,i+1y/dang, i+1) ratio (<0.3), indicating the
existence of a very small population afconformations in
this part of the sequence. The population of ¢theonforma-
tions is so small that it is undetectable by chemical shifts
andJ couplings (Figures 24). In the region of G25K32,
the ratio dingi+1y/dang, i+1) IS apparently large~1.0), imply-
ing that this part of the sequence has the highest population
of dihedral angles in the-region of the ¢, v) space. The
relatively smaller sequential NOE ratios in the region+33
S36 indicate that this fragment samples both ¢heand
pB-regions of the conformational space, but the population
of a-conformations is lower than the fragment G2832.
Although chemical shifts and coupling constants indicate
the presence of residual structure in the region 6236,
no medium-range NOEs such aggi+2) were detected. One
possibility is that the residual structure undergoes rapid
exchange with random coil conformers. Thus, insufficient
amount of stablex-helical structure exists to give rise to

chemical shift data are consistent with the presence of adetectable medium- or long-range NOEs.

residualo-helical structure in the region from G25 to A42.
The mean population af-helix can be estimated by using
helical secondary chemical shifts of 2.8 an@.3 ppm for
C. and H, (48), respectively. The resultant helical popula-
tions for the fragment G25A42 were 22 and 28% as
calculated from ¢ and H, chemical shifts, respectively.
3Junhe Coupling ConstantsThree-bond J coupling con-
stants are sensitive to dihedral andgieand provide valuable
information about secondary structufé.nne values which
significantly deviated from random coil values<{8.5 Hz)
indicate definite propensities for the secondary structures.
Figure 3a shows the experimental results. Thalues for

Hydrogen exchange rate between amide and water protons
depends on the degree of exposure of the amide proton to
solvent. For random coil, the residence time of the amide
protons is in the order of milliseconds. On the other hand,
the residence time can be much longer (seconds to weeks)
for amide protons involved in hydrogen bonds in regular
secondary structures. The cross-peaks between water protons
and amide protons observed in the NOESYSQC spectrum
result from water-amide proton exchange. The water NOESY
peak intensities shown in Figure 4 provide a rough estimation
of the relative exchange rates. The weaker the exchange peak
intensity (din,1,0) IS, the larger the protection factd3) is.

several residues could not be obtained accurately due toResidues located at regions G2534 show small exchange

resonance overlap. Similar to chemical shifts, the random
coil J values of all amino acids were corrected for local effect

rates, indicating that they are less accessible to solvent as a
result of residual structure formation. Consistent with this,
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due to overlapping resonance are indicated by asterisks (*).

the amide proton temperature coefficients in this region are 15fa
also significantly smaller than the rest of the sequence. The 2. o
average values are5.7 + 1.5 ppb/K for G25-Q34 and = i e o0
—8.5 + 1.0 ppb/K for the rest of the residues in the se- 05 s oy it T
quence. It has been found that amide located in hydrogen- A 40 B0 -
bonded regular secondary structure displays a more positive % 06 b% PR
roton temperature coefficient t . , while = [ 0% 1
p D fficient thard.5 ppb/K 64), whil AP A T "R ]
amide located in random coil shows a more negative 02t * . TERTm®, o @]
coefficien; than—8.0 préKld(Ss:,i ﬁS)I Thgrrelfore_, a smhall 0 a0 50
amount of cooperatively folded-helix might exist in the ole P p—— "
region G25-Q34. [ e T _
Residues D15D18 display weak exchange peaks in the - 2 ? N m"%%
HQSC-NOESY spectrum, but their amide proton temper- - : s
ature coefficients are more negative thaB.0 ppb/K. Except e

for .the amide proton exchange rate, other. factors_ such aSFIGURE 5: Relaxation times T(a) and & (b) and heteronuclear
amide proton relaxation and water suppression can influencei sy NOE ©).

the exchange peak intensity. The C-terminal residue D78
should not be involved in backbone hydrogen bonding structure, and this may allow PKC to access this site more
interaction. Its temperature coefficient is7.6 ppb/K, but eas”y and facilitate the Cata|ysi5 process.
its exchange peak is very weak. Hence, amides with very Relaxation Properties of NGThe relaxation parameters
fast exchange rates may give very weak exchange peaksT;, T,, and heteronuclear NOE were measured for all
According to chemical shifts, sequential NOEs and temper- detectable backbone amides in NG. Unambiguous intensity
ature coefficients, the region D®18 is in a random coil  measurements were possible for resonances from 56 of the
state with a slight preference toward tleregion of 71 nonproline residued, was calculated frorTy, and T.
conformational space. Figure 5 is a plot ofTy, T2, and the heteronuclear NOE for

It is interesting to observe that residues around S36 these residues. Relaxation timiggradually decreases with
(A35—A42) show relatively large wateramide exchange distance from the termini and then reaches a plateau formed
rates and large negative proton temperature coefficients. Inbetween residues D13 and S48, forming an upside-down bell-
addition, with the information of chemical shifts (Figure 2), shape profile. Interestingly, the profile is asymmetric around
we can argue that the region surrounding the phosphorylationthe center of the protein sequence, while a symmetrical
site (S36) populates the-region of the §, v) space but do profile is expected for a random coil polypeptide6). In
not form folded secondary structure. A previous study using NG, most of the residues in the N-terminal half of the protein
a peptide corresponding to residues A3(45 of rat NG are located at the plateau. Similarly, the distribution of
showed that the peptide has a tendency to fornadmelix heteronuclear NOEs along the amino acid sequence displays
in the region surrounding the phosphorylation sit8)( The an asymmetric bell-shape profile. The NOE values for the
region F37G39 was proposed to form a folded structure residues in the plateau are about zero, while others are
in aqueous solution1@). Due to the lack of a number of negative, indicating that residues between B$38 form a
residues (AsN27A28A20) With high a-helix propensity at the  relatively compact structure instead of a random coil.
N-terminus of the peptide, the peptide forms a less stable Relaxation timeT, follows a similar profile asT; does.
helical structure in the N-terminal region A3@34 com- However, unlikeT; and NOE,T, values show significantly
pared to the full-length protein. Although residues F&39 local variations along the sequence, especially for residues
are located in the middle of the peptide, interestingly, their in the C-terminal domain. Such local variations result from
structures can still be affected by additional amino acids at slow motions on the millisecond to microsecond time scale.
both termini of the peptide as evidenced by the structural Spectral Density AnalysisThe values of the spectral
difference between the peptide and full-length protein. The density functions for NG were calculated and are illustrated
region surrounding the phosphorylation site adopts a fluid in Figure 6. The flexibility along the protein backbone can
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& are shown in Figure 7. To estimate the effect of slow
exchange proces®R{,) on the accuracy of calculating’,
we did similar simulations as described previoudl§)( with
be characterized by correlating the spectral density valuesthe exception thae«was added to the synthesized transverse
with the protein sequence. Spectral density paramd(@js  relaxation rate (I.). When & < 0.5, the error in the
J(wn), andJ(wy) indicate that the region between D15 and resultants? is still less than 10% in the case wherg <
S48 is more restricted than other residues. The increase in0.15 ns. Thus, several residues with lafge that showed
J(0) for the C-terminal region G55D78 arises from an 7. > 0.15 ns were excluded from Figure 7. The average
increase in molecular motions on the microsecond to Values were 0.48- 0.02 for residues G25K44, 0.39+ 0.02
millisecond time scale. Similarly, the abnorni0) values  for residues D15D23, and 0.36t 0.03 for the region from
for residues A8, L17, G39, A42, and K47 result from slow 146 to R53. The order parameters for the residues in the
backbone motions. C-terminal domain (G55D78) were less than 0.3 (average
Unfolded proteins in which there is little ordered structure Valueé 0.22+ 0.07, many data are not shown in Figure 7
are characterized by relatively uniform backbone dynamics due to larger, values).S describes the degree of motional
and smallJ(0) values that are nearly equal &wy). For restriction and a value of 1 corresponds to cc_)m_pletely rigidity
example, the unfolded apo-plastocyanin (99 residues) undehile a value of zero corresponds to no res’grlctlon. Therefore,
nondenaturing conditions at 3& has aJ(0) value of about  the order parameters support the conclusion that the region
0.3 ns/rad and(wy) values of about 0.2 ns/ra87). On the from D15_to S48 is relatively rigid and moves collectively
other hand, unfolded proteins with significant amount of N @ certain degree.
ordered structure show nonuniform backbone dynamics and NG—CaM Interaction In the CaM titration of*N-labeled
much largeld(0) values and a substantial difference between NG (NG protein concentration of 0.7 mM, pH 6.5, 50 mM
J(0) andJ(wy). For example, unfolded drk SH3 domain (61 KH2PQ, buffer, 5 mM DTT, 5 mM EGTA, at 25C), many
residues), which possesses a significant amount of residuakross-peaks in thtH—>*N HSQC spectrum showed gradual
structure, shows a gradual decrease J{@) values at decreases in intensity and no significant changes of positions
increasing positions toward both termini. TA) values with increases of CaM concentration. Finally, most of the
(~1.0 ns/rad) are much larger thalfwn) (~0.3 ns/rad) peaks disappeared and several new weak cross-peaks ap-
values for the residues in the middle of the SH3 sequencepeared in the HSQC spectrum. Even at a CaM/NG ratio of
(59). The spectral density profiles of NG (Figure 6) are quite 2.5:1, most residues in the region Di651 were not
different from those with little residual structures, but similar observed. The diminishing of peaks is not because the
to the drk SH3 domain. This further confirms the conclusion complex is more rigid and larger than the free NG, but is a
drawn from secondary chemical shifts addcoupling result of very weak binding between the two proteins. In
constants. Spectral density parameters indicate that residuethis case, NG can exchange between free and complex states
between D15 and S48 move collectively in certain degrees.and has significant populations in both states. Previous
For a folded protein with about 75 residues, the overall studies showed that the binding affinity between the reduced
rotational correlation time is about 4 ns at 26, corre- NG and CaM was 5.4M at pH 7.2, 100 mM NaCl, and 2
sponding to a maximuni(0) of 1.6 ns/rad and a maximum mM EGTA as determined by CD spectroscopy, while the
J(wn) of 0.62 ns/rad. Most of the residues within the region affinity between the CaM and an NG mutant was 2.9 and
G25-A42 display J(0) values of~0.8 ns/rad (Figure 6), 14uM, respectively, as determined by CD spectroscopy and
corresponding to local correlation times-ef ns. TheJ(0) sedimentation equilibrium. Our NMR results however show
andJ(wy) values of NG (Figure 6) show that the protein is that the dissociation constant for the reduced form is much
still quite flexible although about 20%-helical structure larger than uM.
exists in the region G25A42. If the exchange occurs at a time scale of milliseconds to
Model-Free AnalysisOur previous study demonstrated microseconds, an amide may not be detectable in the HSQC
that order parameters for unfolded proteins can be extractedspectrum when the chemical shifts of 4 and/or'>N are
according to eq 443). In this case, an apparent local different in both states. The disappearance of a cross-peak
correlation time was applied to each residue although a globalis a good indication of the corresponding residue involved
correlation time is no longer valid. The calculated values of in binding and/or undergoing significant structural changes.

Ficure 6: Spectral density function J(0) (a),«}) (b), and
J(0.8%vy) (c) derived from relaxation data.
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can stabilize the helix through hydrophobic interactions

65,67 G]uA@J,’l,,g%(ﬁf»mGw L 108 ! ! h
s Ty I L between the membrane and hydrophobic residues in the IQ
G S0 100 domain (8). Recently, a structural model of apo-CaM
- 102 binding to the first IQ motif in an unconventional myosin
L 104 was built 60). The model revealed that polar residues in
ks rE the 1Q motif participate in the formation of many hydrogen
L o (g bonds with residues of CaMb(). On the other hand, the
0 [108 & hydrophobic residues within the IQ motif (corresponding to
WM e b B8 16 120 the first, fifth, and eighth residues in the consensus sequence)
” = [ interact with the apolar interior of the semi-open C-terminal
e B - lobe of CaM 60). For NG, the continuous hydrophobic
R s [ 124 surface formed by the residues within the IQ domain can be
— " - 126 extended to A30 and then to A26 in anhelical structure
&7 ' 8 83 81 719 11 715 conformation. The hydrophobic surface might signal the
'H (ppm) position of the C- and N-terminal lobes of CaM as they wrap

FiIGURE 8: I1H—15N heteronuclear single quantum correlation around the NG. Although the-helix in the region G25

spectrum (HSQC) of neurograrittaM complex recorded at 25~ A42 iS nascent, the probability of finding a continuous

°C. The resonance assignments are indicated by amino acid name&ydrophobic surface in such a nascent structure is lower than

followed by residue numbers. Resonances resulting from impurities in a stableo-helix, but much higher than in a random coil

are indicated by asterisks (*). state. Therefore, the existence of a nascent helical structure
facilitates the recognition of NG by CaM.

Figur hows théH—1N trum of th mplex at .
gure 8 shows thé specitim of e complex & The detail of the structural rearrangement that occurs, when

respective protein concentrations of 0.7 mM for NG and 1.75 . X :
mM for CaM, pH 6.5, 50 mM KHPQ, buffer, 5 mM EGTA NG binds to its partner, is not clear. However, the apparent
5 mM DTT’ at 25 ’oC The resonance ’assignment \’/vas change in conformational entropy of many of the residues
confirmed b’y HNCACb and HNCOCA spectra. In com- involved in binding is significant. Such entropy change will

parison with the spectrum of the free NG form (Figure 1), play a critical role in determining the strength of protein
the highly flexible terminal parts R53D78 and E6-D13 protein interaction. We have recently developed an approach

remains unchanged upon binding to CaM. Most of residues for predicting conformational entropy change between con-
in the region D15-G52 do not give signals in the HSQC formational states based on NMR derived order parameters
spectrum. Several residues in this region show weak signals(6). Whens? is smaller than 0.95, the prediction method is
with shift positions. The results indicate that residues 15 ~@pplicable. Itis important to note that the predicted entropy
G52 in NG undergo significant structural changes upon change reflects only changes in rapid motions visible by
binding to CaM. NMR relaxation. Of course, additional contributions from

Gerendasy et al. studied nine peptides (NG NGy 24, slow motions, collective motions, bonds other tharH
NGi6-42, NGos_a7, NGass1, NGao_s5, NGas_ss, NGss_g6, and vectors and solvent will be involved in the net entropy
NGes_75) that cumulatively span the entire amino acid change. For drk SH3 domal_n, the average entropy change
sequence of NG and their interactions with CaM, using CD between the folded and partially unfolded states was about
spectroscopy. It was concluded that CaM stabilizes an 12 J/mol K per residue. Although the prediction method is
amphiphilica-helix within NG (G25-K47) in the absence oversimplified, this value is very similar to what has been
of C&* (8). A highly basic stretch of residues R4B47 estimated for protein folding using a number of techniques
outside the IQ domain was identified to be crucial CaM- (62). The averagé&” values were 0.36 0.03, 0.48+ 0.02,
binding residues8). In addition, 133, $S36, and R38 within and 0.39+ 0.02 for regions D15D23, G25-K44, and
the 1Q domain were found to be important for CaM binding 146—G52, respectively. Assuming an N&t value of 0.85
to NG in vivo (59). From our NMR results, we could not ~ for the residues located in binding regions in the NGaM
define which residues were involved in the binding sites. complex, we predicted that the conformational entropy
However, it is clear that besides the IQ domain many residueschanges were 14.3 0.4, 11.9+ 0.4, 13.7+ 0.4 J/mol K
(D15—K32 and K44-G52) are involved in the interaction ~ per residue for the three regions D123, G25-K44, and
with CaM or undergo significant structural changes. G52 is 146—R53 upon NG binding to CaM. Assuming that entropy
still visible in Figure 8, but its chemical shifts change is additive, the energy cost for immobilizing the residues in
significantly upon binding CaM. region D15-G52 will be about 146.3 kJ/mol at 2&. From

Implication for Protein-Protein Interaction and Complex  the simple calculation, we can see that the entropic cost for
Stability. The interaction between NG and CaM has been NG residues rigidly held by CaM is tremendous. This can
considered to be mediated through the 1Q domain. The IQ account for the instability of the complex. If this region is
domain plus nine residues consecutive to the N-terminus of as flexible as the C-terminal domain residug$ £ 0.22),
the 1Q motif have a greater propensity to form @helix. immobilization of the same fragment will cost 192.6 kJ/mol
As found in many IQ motifs, the hydrophobic and basic at 25°C. The presence of a nascent helical structure in the
residues along the putative-helix exhibit a characteristic ~ region G25-A42 of free NG significantly reduces the energy
pattern. A patch of hydrophobic residues (133, F37, M41, cost for forming proteir-protein complex, and thus NG can
and A42 in NG) is found on one side of the helix, while a bind to CaM. At the same time, the flexibility of the unfolded
patch of positively charged residues (K32, H40, R43, K44, NG allows it to interact with different proteins such as CaM,
and K45) is found on the opposite side. Membrane (micelle) PKC, and possibly some other unknown proteins.
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