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ABSTRACT:. Ca&*-dependent protein kinases (CDPKSs) are vitad'Ggagnaling proteins in plants and protists
which have both a kinase domain and a self-contained calcium regulatory calmodulin-like domain (CLD).
Despite being very similar to CaM>@0% identity) and sharing the same fold, recent biochemical and
structural evidence suggests that the behavior of CLD is distinct from its namesake, calmodulin. In this
study, NMR spectroscopy is employed to examine the structure and backbone dynamics of a 168 amino
acid C&*-saturated construct of the CLD (NtH-CLD) in which almost the entire C-terminal domain is
exchange broadened and not visible in the NMR spectra. Structural characterization of the N-terminal
domain indicates that the first €abinding loop is significantly more open than in a recently reported
structure of the CLD complexed with a putative intramolecular binding region (JD) in the CDPK. Backbone
dynamics suggest that parts of the third helix exhibit unusually high mobility, and significant exchange,
consistent with previous findings that this helix interacts with the C-terminal domain. Dynamics data also
show that the “tether” region, consisting of the first 11 amino acids of CLD, is highly mobile and these
residues exhibit distinctivg-type secondary structure, which may help to position the JD and CLD.
Finally, the unusual global dynamic behavior of the protein is rationalized on the basis of possible
interdomain rearrangements and the highly variable environments of the C- and N-terminal domains.

Plant cells are highly dependent on the accurate decodinghomology of the CLD and soybean CDRK-has been
of C&" signals to respond to a variety of stress and metabolic explored through sequence alignments and homology model-
conditions (). The intricate protein machinery involved in ing in previous studie2( 5). The first part of CDPK consists
the C&" response includes not only the ubiquitous calm- of an N-terminal tail sequence, which is not conserved across
odulin (CaM} secondary messenger protein but also unique species, and a kinase domain with homology to mammalian
C&'-dependent, CaM-independent enzymes, the calcium-CaM-dependent kinases. Between the kinase and calcium
dependent protein kinases, also known as the calmodulin-regulatory regions sits a junction domain (JD), which serves
like domain protein kinases (CDPK}) CDPKs have been  as both an autoinhibitory domain to the kinaée®) and a
shown to be crucial signaling agents in both plants and binding region for the CLD§, 9).
protists @, 4) but are not found in yeasts or animals.

The structural bases for the calcium-dependent regulatory

functions o_f CDPK are centered in. a Tabinding region based on work fromArabidopsisisoform CPK-1 (0) and
(the CaM-like domain, or CLD), with homology to CaM gy pean CDPKx (11). The former studyX0) demonstrates
(>40% amino acid sequence identity), located at the C- ot 5 11 residue segment, nicknamed the “tether” region
terminal end of the protein (Figure 1). The sequence oqigues A329G340) and located immediately downstream
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Ficure 1: Primary structure of (A) soybean CDRK-(B) NtH-CLD, and (C) the intermolecular complex of the JD with intact CLD)(

The region between 1 and 40 in (A) is the N-terminal tail, which is highly variable between CDPKs from different species. The region
indicated prior to residue 329 in (B) is the N-terminal His tag in the position typically occupied by the junction domain. The arrows in (B)
and (C) indicate the tether region, between residues A329 and G340, which connects the junction domain and CLD in CDPK. The four
dark, vertical areas in (B) and (C) indicate the positions of Gly residues in the four-thedig—helix Ca&"-binding loops. The positions

of the two lobes of the CLD are indicated between (B) and (C), with the region between the two lobes designated as the linker region.

To better understand the structure and dynamics of theand >N/*3C-NtH-CLD expressed in MOPS-based minimal
N-terminal lobe of the CLD, in this study a unique CLD medium (5) with 10 g/L unlabeled glucose and 3 gHC-
construct is examined, termed NtH-CLD (Figure 1B), in labeled glucose (CIL), respectively. Purification was achieved
which almost the entire linker region and C-terminal lobe essentially as described previously using an initiaf"Ni
(residues 404474) are exchange broadened when examined affinity column and subsequently &adependent hydro-

by NMR in a C&"-saturated state. Diffusion analysik3f
and fluorescence resonance energy transfer studids (
clearly indicate that the two lobes in the Taegulatory
region of soybean CDPI¢-are not independent in the &a
form. Hence having both the N-terminal lobe and C-terminal

phobic chromotographyl@). Purity was>98% as assessed
by Coomassie blue stained SBBAGE. Buffer exchange
into a 5 mM ammonium bicarbonate solution was ac-
complished using a PD-10 column (Bio-Rad), and subse-
qguently protein samples were lyophilized and stored 20

lobe attached is important and allows us to undertake a°C prior to use in NMR experiments.

detailed examination of the N-terminal lobe while maintain-
ing important global structural characteristics.

The major goal of this report is to advance our under-
standing of the role of the N-terminal lobe in the NtH-CLD,
given the highly dynamic nature of the interaction between
the N- and C-terminal lobes in this construct. In the first part
of this study, we solve the solution structure of the N-terminal
lobe of CLD by NMR spectroscopy, which proves to be

NMR Spectroscopysamples for NMR experiments were
prepared in a bufferless 90/10%®D,0 solution, 200 mM
KCI, 10 mM CaC}, and 1 mM DTT, pH 6.1. The pH was
adjusted with KOD and DCI, and the final pH was not
adjusted for isotope effects. TA&@N-NtH-CLD sample was
0.55 mM protein in 400uL, and the 1N/*3C-NtH-CLD
sample was~0.8 mM in protein in 600uL. *H/'N/*3C
backbone resonance assignments were accomplished with

somewhat distinct from the previously reported structure of sensitivity-enhanced version&g) of CBCA(CO)NH (17)/

CLD with a peptide encompassing the JI1). The second

CBCANH (18) and HNCO (6)/HN(CA)CO (19) experi-

part of this examination entails characterization of the ments on a 800 MHz Varian Inova spectrometer (NANUC,
backbone dynamic properties of the N-terminal lobe. Finally, University of Alberta). A 3D**N-edited NOESY spectrum
the presence of significant exchange in many parts of the (20) was also acquired at 800 MHz on th#N-NtH-CLD
N-terminal lobe is described, and special emphasis is laid Sample with a mixing time of 150 ms. Previously reported
on the biological consequence with respect to the implication NMR assignments from a JD-CLD completlj (CLD
of interdomain motions in CLD and related proteins. construct of Figure 1C), as well as H(CC)(CO)NH, (H)CC-
(CO)NH (21), and HBHA(CO)NH @2), were used to obtain
MATERIALS AND METHODS

side chain assignments. All side chain experiments were
Protein Expression and PurificationThe CLD cDNA

conducted at 500 MHz on a Bruker DRX spectrometer
from soybean CDPKx (residues A329-K508) was gener-  equipped with a triple resonance 5 mm TXI cryoprobe with
ously provided by Dr. A. C. Harmon (University of Florida). az-axis gradient channel. All spectra were acquired at 303
The region of the CLD gene with homology to CaM (A329 K and referenced with respect to' chemical shift of 0
K472) was PCR amplified out of the original pET-3b ppm for the most upfield resonance of 5,5-dimethylsilapen-
construct and cloned into the pET-19b vector (Novagen) to tanesulfonate (DSSR8). Data were processed with NM-
give the “NtH-CLD” gene. This step eliminated the C- RPipe 2.1 24) and analyzed with NMRView 5.0.26).
terminal tail, thought to be proteolytically cleaved during Structure DeterminatiorStructural NOE data for the NtH-
expressiong), and added a 23-residue N-terminal sequence CLD-protein were extracted from tHéN-edited NOESY at
((M)G-H;0-SSGHIDDDDKHM). Briefly, protein was ex- 800 MHz. ARIA 1.2/CNS 1.1 was used for all structure
pressed irEscherichia colBL21(DE3), with**N-NtH-CLD calculations 26, 27). Dihedral angle restraints were derived
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using both CSI28) and TALOS @9) based analysis of the  lowed by C&"-dependent hydrophobic chromatography, as
chemical shifts. Non-glycine residues with no CSl or TALOS judged by SDSPAGE (not shown). Fluorescence resonance
data were subject t¢ dihedral angle restraints 6f35° to energy transfer experiments also suggested a significant
—175 based on accepted geometry to accelerate structuralchange in the overall structure of the protein (Robertson,
convergence in the initial stages of structural calculations. Weljie, and Vogel, unpublished observations) similar to that
Eight of these residues were within the range of residues observed with the CLD construct4) of Figure 1C. As a
showing secondary structure; however, these restraints hadesult!®N-labeling of the protein was undertaken for NMR
an insignificant impact on the final data. Additional restraints structure determination of the €asaturated form of NtH-
of 2.40+ 0.40 A were introduced in the calcium-binding CLD. Initial H,®N-HSQC spectra o#5N-NtH-CLD sug-
loops for coordinating protein oxygen atoms to?C#ons gested a large degree of chemical exchange, with significant
based on the well-established EF-hand metal-binding motif attenuation of numerous peak intensities, as well as fewer
(30). The simulated annealing protocol was initiated from a than the expected 166 peaks present (Figure 2). Preliminary
fully extended conformation. In the final two iterations, 50 analysis of thé®N-edited NOESY spectrum suggested that
and then 200 structures were calculated, and the lowestthe intense peaks were in a well-folded region with numerous
energy 15 were selected for the final structure ensemble. TheNOE's evident, and thu¥N/**C-labeled protein was also
final ensemble was evaluated using AQUA 3.2 and prepared for assignment of this region.
PROCHECK 3.5 81). C-Terminal Domain Exchangén the course of analyzing
Backbone RelaxatiofSN Ty, T,, and{*H} —15N NOE data assignment datasets it became clear that the well-folded, non-
were acquired at 500 MHz using 2D-HSQC-type experi- €xchange-broadened region of NtH-CLD was primarily the
ments. Longitudinal delays of 5, 65, 145, 246, 366, 527, and N-terminal C&*-binding region. Nearly complete backbone
757 ms T1) and CPMG delays of 8.4, 25,1, 41.8, 58.6, 75.3, (HN, N, CA, HA, CO) and side chain (CB, HB, and side
108.8, 125.0, and 142.3 m$,] were used in acquisition of ~ chain protons) assignments were obtained for the tether
15N,IH correlated spectra3@). To minimize the effects of ~ region (A329-G340), as well as the remainder of the
heating in theT, experiments, a recyde de|a)f B s was N-terminal domain of NtH-CLD up to A399. Two other short
used, as were dummy CPMG pulses. Steady-state heterostretches were assigned in the C-terminal domain, four
nuclear{ 'H} —*N NOE data were obtained with and without  residues in the third Ca-binding region (D422 G425) and
3 s of proton saturation and a total recycle delay of 5 s, and the five C-terminal residues (A468&472). In addition, three
subsequently NOE values were extracted as the ratio of peakGly resonances were immediately evident between 10.5 and
volumes with and without proton saturatio82j. All spectra  11.2 ppm, highly characteristic of hetbtoop—helix Ca*-
were acquired using standard Bruker pulse programs whichbinding proteins, assigned to be from the first threé*€a
incorporate sensitivity enhancemed®) and water flip-back ~ binding loops (G353, G389, and G425). Interestingly, no
pulses 83). Acquisition size was 2Kx 128 points at 500  assignable resonances from the fourtf¥@inding region
MHz. Spectra were linear predicted, zero-filled, and baseline Were found (Figure 2), although a broad peak near the level
corrected in the indirectly detected dimension, and zero-filled Of noise near 9.6 ppniki)/112.6 ppm ©N) is proposed to
in the directly detected dimension. Analysis Bf and T be the G459 from the fourth €abinding loop. Taken
decay rates was accomplished via the rate analysis functiongogether, this provided a nearly complete assignment of the
in NMRView using peak volume integration to minimize HSQC, although some intense peaks remained unassigned
errors B4), and a noise floor of 3%, 4%, and 7% was used (Figure 2). Analysis of the assignments using the Chemical
in calculation ofTy, T,, and{*H} —15N NOE, respectively. Shift Index @8, 40) suggested that the secondary structure
Initial estimates of the global tumbling parameters were of the N-terminal domain was a dual_ hghbop—hgllx
obtained using Modelfree 4.1%%, 36), after excluding '€Peat as expected for an EF-hand"Gainding protein.
residues which had NOE values0.65. The method of As we were perplexed by the absence of peaks from the
Tjandra et al. 87) to account for conformational exchange C-terminal domain, a series of d|ffe°rent pHs (6.1, 6.5, 7.0,
was not successful in estimating the correlation time, /-5) @nd temperatures (25, 30, 35, 4T) were tested in an
presumably due to the presence of an excessive amount oftt€mpt to find conditions in which the C-terminal domain
exchange in all residues. As a result, an alternative strategyV@S assignable. The pH ftitrations had little effect, but
for initial estimates of, was employed whereby &—Rex !nterestlngly.the temperature tltratlons.elumdated an mjmgu—
model was used and the exchange constant was allowed td"9 effect (Figure 3). At 40C the protein clearly maintains
vary by one-half of theT, value. Subsequent analysis of S fold (Figure 2), and a number of unassigned peaks that
relaxation data was conducted using the extended model-WEre very weak at 25C became quite intense, while several
free formalism of Lipari and Szabd3§, 39), using the new pe_aks appez_ired. Gen_erally, the peak intensities of the
statistical approach of Mandel et a85j. Values for the'sN N-terminal domain peaks increased by about-1200%

gyromagnetic ratio, bond length, and chemical shift anisot- PEtween 25 and 4%C. On the other hand, the peak intensity
ropy were —2.71 T s Y107, 1.02 A, and—172 ppm, increase for the C-terminal domain residues was generally

between 300% and 500%, clearly indicating that the behavior
of the two lobes of the protein was distinct. Residues from
RESULTS terminal and predicted loop regions show the smallest
increases and even some decreases, probably due to increased
In the initial stages of working with the NtH-CLD exchange with dephased water protons at higher temperature.
construct, the protein behaved very similarly to that in Regions with predicted helical structure show an increase
previously reported work% 11). A high degree of purity  in peak intensity, presumably due to decreased rotational
was achieved by initial Ni affinity chromatography fol- correlation time of the molecule promoting sharper NMR

respectively.
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Ficure 2: Temperature dependence of peaks from'th&N-HSQC of NtH-CLD, acquired at 25C (dark) and 40°C (light). In addition

to movement of the chemical shift with increasing temperature, the intensity of the peaks generally also increases, although in this case the
increase was not uniform between N-terminal and C-terminal residues. The presence of G425 near 10.5 ppm but the absence of G459
suggests that it is the fourth calcium-binding loop which is involved in an exchange phenomenon, although it appears to affect the entire
C-terminus.

line widths. The increase due to faster tumbling will be constraints is presented in Figure 4A, and the structural
equally applicable to both N-terminal and C-terminal do- statistics for the ensemble are presented in Table 1. A total
mains; hence the C-terminus must also be undergoing someof 883 NOE-derived distance restraints were used, of which
other type of exchange to account for the significant 765 were unambiguous, and a total of 130 dihedral restraints.
difference. Unfortunately, the protein was prone to precipita- The structure is characterized by a disordered N-terminus
tion and degradation at higher temperatures (data not shown){which includes a portion of the N-terminal His tag) and a
thus further experiments at £4C could not be conducted, reasonably well-ordered core region. Typical of EF-hand
and the remainder of the structural analysis was limited to C&*-binding proteins, the domain is organized as a dual
the N-terminal region. In addition, acquiring spectra at 500 repeat of a helixloop—helix motif, with a smallj-sheet
MHz (not shown) did not significantly alter the observed (residues 354356 and 396-392) connecting the two ion-
1H,15N-HSQC spectrum compared to 800 MHz. binding loops (Figure 4B). The helices are hereafter referred
NtH-CLD Structure Superposition of the 15 lowest energy to as A, B, C, and D, with A/B in the first calcium-binding
structures consistent with the NOE and dihedral angle loop and C/D in the second, extending from 343 to 347, 357
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Ficure 3: Comparison of percentage intensity increase at 35 amfiC4@ well-resolved'H,!®N-HSQC peaks on increasing temperature
as compared with a base intensity at°5of NtH-CLD. The assigned residues from the N-terminal domain generally exhibit less dramatic
intensity increases than unassigned peaks, which are presumably from the C-terminus (indicated by question marks).

Table 1: Statistics for the 15 Lowest Energy NtH-CLD Structures Table 2: Interhelical Angles for CLD, CaM, and sTnC Structures

rmsd from distance restraints (A) 0.0210.002 structure (PDB code) helices A/B (deg) helices C/D (deg)
rmsd from dihedral restraints (deg) 0.3240.082 B}
deviations from idealized geometry \’]\EHCCI:_II‘)D ﬁ%i Z 1?)?& g
bonds (A) 0.002t 0.0001 apo-CaM 128+ 2 130+ 4
angles (deg) 0.366: 0.018 Ca*-CaM (NMR, 1370) 102+ 1 100+ 2
impropers (deg) _ 0.282 0.039 Ca&+-CaM (X-ray, 1CLL} 86 87
PROCHECK Ramaphandran analysis (%) apo-sTnC (NMR'lTNF’) 128+ 3 1254 5
most favored regions 74.9 Ca*-sTnC (NMR, ITNW} 79+ 3 7847
additional allowed regions 22.2
generously allowed regions 2.9 aFrom ref49. ® From ref42. ¢ From ref4l 9 From ref50. ¢ From
disallowed regions 0.1 ref 51.
van der Waals energy (kcal/mol) 245
rmsd from lowest energy structure (A) o
343-398 (well ordered) A/B angle is similar to that of the CaM crystal structure{86
backbone 0.912 and more open than that of the NMR structure (#02°);
unamhb?gxgus restraints (total) 1";22 the opposite is true for the C/D angle (X-ray,°8NMR,
intraresidue 202 1QOi 2°). (_Zompared to skeletal _mu_scle trop(_)nin C, another
sequential 288 bilobal helix-loop—helix C&"-binding protein, the A/B
medium range 172 angle of NtH-CLD is very similar to sTnC (72 3°), while
arAgir‘guLi"sgzstraimS (ot 1(1?8 the B/C loop is about Z0more closed than sTnC (78 7°).
dihedgral restraintsit, ¢) 130 Even more interesting is the comparison with the recently

described JD-CLD complex. The C/D helical angles are well

to 365, 373 to 383, and 393 to 396, respectively. Interest- Within the experimental uncertainty (JD-CLD, 1636°);
ingly, some structures in the ensemble have slightly extendednowever, there is a significant difference between the
A (toward the N-terminus) and/or D helices (toward the ©Observed A/B helical orientations (JD-CLD, 1164°), with
C-terminus), which is not altogether surprising considering the complex structure being much more closed.
that the consensus regions consist of oniyl15 turns (five Backbone rmsd measurements further underscore the
and four residues, respectively). In both cases, chemical shiftdifference between the NtH-CLD structure and the N-
index data suggest that indeed the helices extend further tharierminal domain of JD-CLD. The rmsd between the well-
the calculated structures demonstrate (data not shown). Alscordered regions of NtH-CLD and JD-CLD is 3.16 A, while
common to both helices is evidence of significant exchange between NtH-CLD and the €a-CaM crystal structure it is
broadening in théH,'N-HSQC of the residues where the 2.32 A. The rmsd between JD-CLD and C&CaM is
helical regions break (i.e., 341 and 342 for A and 398 and reasonably close at 2.26 A, which is not altogether surprising
399 for D). Conformational exchange of these residues is based on the interhelical angles. An overlay of the backbone
corroborated by backbone relaxation data, as described laterfor CaM, NtH-CLD, and JD-CLD (Figure 4C) demonstrates
Interhelical contacts are observed between helices A/B, that, as suggested by the helical angle and rmsd data, the
A/D, B/C, and C/D, as is seen with JD-CLD 1) and also conformation of C&™-CaM in the crystal structure lies
CaM. Table 2 lists the interhelical angles of NtH-CLD, JD- between a relatively open NtH-CLD and a closed JD-CLD.
CLD, apo-CaM, and C4-CaM [X-ray (41) and NMR @2)]. Figure 4C presents a surface electric potential plot of the
NtH-CLD demonstrates a relatively open conformation, with  NtH-CLD structure. There is a large hydrophobic cleft
interhelical angles of 83 9° for A/B and 97+ 8° for C/D. comprised of residues L343, M346, 1347, L360, L364, L379,
(Note: the relatively large range is due to the short A and Y393, F396, and 1397. This pocket is more extensive than
D helices, where slight differences in spatial position give that found in the structure of JD-CLD and involves more
rise to relatively large effects on the calculated angle.) The residues from the N-terminal helix. This is explained by the
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A N-term

Ficure 4: Structure of NtH-CLD displayed as a (A) stereoview backbone trace of the 15 lowest energy structures, (B) ribbon diagram of
the lowest energy structure, and (C) electrostatic potential plot compared withkGad (41), blue, and JD-CLD11), green. All figures

are in the same orientation. Note in (A) that the N-terminal region prior to the first helix, encompassing the tether region, is relatively
disordered, although helical structure is evident in several structures for the first three residues and as an N-terminal extension to the first
helix. In (C) negative charge areas are highlighted in red, positive in blue, and uncharged residues in white. Note the large pocket formed,
the surface of which is lined by hydrophobic residues as outlined in the text. In (B) and (C) the fold is evidently very similar to JD-CLD
and CaM; however, significant deviations are highlighted as the region between the two calcium-binding loops and helix D. The interhelical
angle between the two helices in the first?Céop is on average- 30° more open in the NtH-CLD structure as compared to the JD-CLD
structure, giving rise to the observed differences. Figures created with MoBapl (

fact that the NtH-CLD structure shows an A/B angle almost selection process eliminated residues 329, 330, 333, 334, 335,
30° more open. Similar to JD-CLD, there is a cluster of nega- 336, 370, and 371. Structurally, these residues are located
tively charged residues on the opposite end to the tether re-either in the unstructured N-terminal region or the loop
gion, consisting of E370, E375, and D378, and a number of between the two helixloop—helix calcium-binding motifs.
negative charges below the hydrophobic cleft from residues The remaining residues were used to calculate parameters
involved in calcium binding. Interestingly, there is also a for the initial estimate of the isotropic,. All attempts to
cluster of positive charges near the N-terminus, part of which obtain an initialr, using the usua®? or $—1. model failed.
comes from R331, and the rest from residues in the His tag. This could be explained by the fact that the dominant

Backbone Dynamicslo better understand the dynamic exchange broadening observed in the nearby C-terminal is
characteristics of NtH-CLD'*N relaxation parameterdy{, also present in the N-terminal domain, although to a lesser
T,, and {*H}—N NOE) were obtained at 500 MH#H extent. Consequently, proper fit for the initia estimate
frequency. Residues which could not be reliably fit due to could only be obtained by taking into account the effect of
overlap or poor signal to noise ratio were discarded, exchange broadening affecting tfie of most residues.
providing 55 residues in the CLD region of the construct. Residues 348, 355, 365, 367, 369, and 399 did not fit well
Most regions of the protein were well represented by the with the —R., model and were not used for the initiah
available data, although only residue 338 was available estimate. The remaining 41 residues were therefore selected
between 337 and 341 (Figure 5). as good global representatives for the dynamics present in

Initially, residues selected for determination of thewere the N-terminal domain, and an initia}, of 9.84+ 0.27 ns
filtered by eliminating residues witPN NOE <0.65. This was obtained.
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FIGURE 5: (A) 15N Ry, (B) N R,, and (C){H}—1°N NOE relaxation data at 500 MH# frequency plotted as a function of residue
number of NtH-CLD. Note thaR; and R, are the reciprocals of; and T, respectively. (D) Backbone rmsd values are for the entire
ensemble of structures.

The relaxation data were used to calculate motional CLD is quite short (+1.5 helical turns). Finally, significant
parameters for individual residues using the statistical model- exchange was evident for residue 383, at the end of helix C,
free approach3b). The final correlation time for the domain  which has been demonstrated to be important for interactions
once appropriate models were chosen for all residues wasbhetween the N- and C-domains of the CLDLY.

8.06 £ 0.47 ns. Of the 58 residues that were fitted, 1 was DISCUSSION

best fitted with theS—7. model, 41 were best fitted with
the $—R., model, 15 were best fitted with th&—7.— Rex Global Motion versus Interdomain Meement. It is
model, and 1 was best fitted with the two time scale model. remarkable just how distinct the conformational behavior of
Therefore, most residues could be fitted with a two-parameterthe CLD from CDPK is from CaM, despite sharingt0%
model. Values obtained fo®, 7., and Rex are plotted in sequence identity and a common fold for both the N-terminal
panels A-C of Figure 6, respectively. Generally, the data domain and C-terminal domairp,(11). On a global level,
suggest fairly uniform movement of the entire domain with in the C&* form, the rotational correlation time calculated
notable exceptions. It is readily apparent that much of the in this study (-8 ns) is slightly larger than that expected if
N-terminal tether region is highly mobile, up to and including the N-terminal domain of the CLD was tumbling indepen-
the “extended” portions of helix A (from residues 33%42). dently. For example, the correlation times for the two lobes
This region shows that lower than averggel} —N NOE of CaM are~6—7 ns @3) when using a similar approach to
values, higher than average internal motiong, @nd lower  that employed in this study, although this may be misleading
than average exchange ternfs,{ were required for fitting. ~ due to the presence of slow interdomain motiof).(

Also of note are lower than averag&} —°N NOE values Particularly intriguing is the exquisite equilibrium between
of the linker region between helices B and C dividing the the N-terminal and C-terminal domains and the roles that
two Ca&'-binding loops. This result suggests increased the JD and C-terminal tail might play in stabilizing this
flexibility of this region, although the order parameters for interaction. For example, the difference between the construct
residues 370, 373, and 374 are higher than average. Thisused in this study and that used for a complex with the JD
region also exhibits the highest exchange constant valuesand CLD (1) is an additional N-terminal His tag and the
in particular residues 376369, and interestingly, their line  removal of the C-terminal tail in NtH-CLD (Figure 1C). The
shapes in théH—*N-HSQC were correspondingly exchange key C&*-binding motifs, notably encompassing the entire
broadened as compared to other resonances. Significantegion which is homologous to CaM, is conserved in both
exchange constants are observed for residue 398 at theconstructs, yet almost the entire C-terminal domain is
termini of helix D, which in the determined structure of NtH- broadened in the NMR spectra of NtH-CLD (Figure 3),
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FIGURE 6: (A) Order parametersX), (B) internal motions%), and (C) exchange constank) obtained using the final, of 8.06+ 0.47
ns.

presumably by conformational exchange. It is worth noting  Intradomain exchange is indicated not only by fRe
that our previous work has shown that the JD-CLD interac- terms in the dynamics data in all areas of the structure (i.e.,
tion occurs primarily in the C-terminal domain, and hence not only those areas which could be interacting with the
this region may be sensitive to the presence of the N-terminal C-terminal domain) but also by the difference in the
His tag in this study, which is in a homologous position to interhelical angles between NtH-CLD and JD-CLD. The
the JD in the intact CDPK. difference between the A/B helices in the two structures is
The exact time scale of the interdomain motions presentssurprisingly>30°, with the NtH-CLD structure being more
a complicated question, especially in light of the numerous open. Moreover, a noteworthy interaction in this context is
intradomain motions which are likely taking place concur- observed for NtH-CLD between G338 and Y393. G338 is
rently. This presents an interesting situation, where the overallthe first of two Gly residues at the interface between the
motion of the two domains is not necessarily independent. “tether region” at the immediate N-terminus of the CLD and
Complete analysis of this type of motion has been performed the remainder of the Cé&binding region. This interaction
on other protein systems for more accurate quantification is not observed in the JD-CLD structure as the resonances
(44—46) and certainly represents another avenue for study. for G338 and G339 are not observed due to exchange
Nevertheless, we can speculate about the spatial nature of théroadening. This result may be a consequence of having
interdomain motion. The JD-CLD structure demonstrates that residues appended N-terminal to the CLD (in this case the
helix C and helix E (from the C-terminal domain) interact His tag used for purification), which were not present in the
(11). The unusual% values observed for residues at the JD-CLD study.
beginning of this helix, coupled with the significant exchange = Nevertheless, it is clear that some factor, whether it be
term for A383, indicate that there are some unusual dynam-the presence of the JD in JD-CLD or the additional
ics, probably because A383 has been found to interact with N-terminal residues in NtH-CLD, causes a significant change.
the C-terminal domainl{l). The extent of resonance broad- It has been suggested that CaM’s ability to bind multiple
ening in A383 of NtH-CLD is significantly less than in JD- targets has some origin in the plasticity of the N-terminal
CLD, however, indicating that the interaction with the domain as evidenced by different interhelical angles in the
C-terminal domain is less pronounced or in a fast-exchangeC&" form as derived by NMR 42) and X-ray crystal-
regime. This is consistent with the calculated correlation time lography @1). We speculate that a similar “scissoring”
of ~8 ns, which indicates that the N-terminal domain is rela- motion may be involved in binding of the JD. Several
tively independent of the C-terminal domain in NtH-CLD. biochemical studies have been carried out to characterize
Intradomain ExchangeThe low {*H}—1°N NOE values the interaction between the JD and CLD (for example, refs
observed for residues in the linker region between the two 8 and 9), and consistently, the enzyme activity of intact
metal-binding motifs and at the beginning of helix C suggest CDPK is significantly greater than activity derived from
that there are relatively large amplitude motions in this area, bimolecular reconstitution using exogenous CLD. Our results
and it may be acting as a “hinge” in the intradomain motion suggest that this may be the result of a significant confor-
of the N-terminal domain. This postulation is supported by mational change in the A helix of CLD. Qualitatively, the
the relatively high exchange terms in this region, as comparedline broadening of the peaks in NtH-CLD, especially in
to the fairly homogeneous values through the rest of the helices A and D, is much less evident in the N-terminal
protein. domain than that seen for JD-CLD, suggesting that either
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the movement of the NtH-CLD is in a faster exchange regime 3.

or the motions are restricted to a more limited range of
residues as indicated byt fitting of the dynamics data
(Figure 6).

The Tether RegiorA major advantage of studying NtH-
CLD over the JD-CLD construct is the ability to examine
the behavior of the tether regiot@). This region consists
of the first 11 residues of CLD (A329G340) and has been

found to be critical in intramolecular binding of the CLD to 6.

the JD, yet is completely exchange broadened in JD-CLD.

In the structures calculated in this study, the first three -
residues are consistently structured in a helical turn with the
last two residues of the N-terminal His tag, consistent with
observeddyy NOE's. It is not clear if this represents innate
helical character of this region, which would be attached to

the CaM-binding region of the JD in intact CDPK, or an 9.

artifact of the His tag. Recent chemical shift data from
ArabidopsisCDPK isoform CPK-1 suggests that the JD is
helical when attached to the CLI27), and the helical bend

of the initial part of the tether region may well be innate.
Subsequently, there is a clear break in the helix, with a series
of strongd,n NOE'’s between residues 33335, character-
istic of g-structure 48). This is quite intriguing, as it
establishes a defined structural means by which the JD may
be sterically positioned with respect to the CLD. Overall,
this region appears to be quite mobile and undergoing
conformation exchange as indicated by the I8twalues
andRexterms, and it may be a combination of high mobility
and break in the helical structure between the JD and helix
A of the CLD which renders the tether region sensitive to
intramolecular activation of CDPK.

This work has specifically examined the®dorm of the
CLD, and while the construct used in this study is different
from previous structural work done with soybean CDRK-
CLD, itis intriguing to note that, in all cases, the C-terminal
domain appears to be more conformationally variable than
the N-terminal domain. For example, chemical shift mapping
studies 11) specifically demonstrate that there is a significant
change in the C-terminal lobe between the”'GE&LD and
C&"™-JD-CLD construct (i.e., Figure 1C with and without
the JD peptide). In the current study, the C-terminal domain
is essentially not NMR visible, due to conformational
exchange, highlighting the importance of this domain. It is
not clear if the invisibility of the C-terminal domain, in
particular the fourth Cd-binding region, is due to partial
unfolding and/or a very weak calcium binding in NtH-CLD,
or some other phenomena, and is certainly an avenue for
further investigation. Combined with other data which
provide information about the global changes associated with
C&" binding and interaction of the CLD with the J03,

14), it is tempting to suggest that the conformational
exchange observed, and in particular the positioning of the
two domains, is important for the fine-tuned functioning of
the CLD.
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