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Abstract: This article presents an analysis of the internal dynamics of the Ca?*-binding protein calbindin,
based on the Networks of Coupled Rotators (NCRs) introduced recently. Several fundamental and practical
issues raised by this approach are investigated. The roles of various parameters of the model are examined.
The NCR model is shown to account for the modifications of the internal dynamics upon Ca?* binding by
calbindin. Two alternative strategies to estimate local internal effective correlation times of the protein are
proposed, which offer good agreement between predictions and experiment.

The ability of biological macromolecules such as proteins positionsof atoms, as in X-ray diffraction. Indeed, the NCR
and nucleic acids to sustain extensive internal motions is model describes the dynamics of an ensemble of rotators
believed to be essential to their function. Thus, beyond well- undergoing diffusion in a phenomenological potential that
established “structureactivity” relationships, there is increasing  represents many physical interactions (electrostatic, van der
evidence that internal mobility of macromolecules plays an Waals, etc.). This potential is comprised of pairwise coupling
important role in biological function and activibyt is tempting potentials that depend only on the deviation from equilibrium
to try to establish links between structure and mobility. This of the angle between two interaction vectors. The interaction
problem has been tackled in various ways, mainly by normal- vectors involved in the description of backbone dynamics may
mode analysis (NMA) of atomic motions described by sophis- be chosen among a set of internuclear vectors, collected in
ticated or simplified potential$.NMA offers a useful analytical ~ “vector types” such asi(N;HN), u(C'i0;), u(CiCi®) with i =
tool that is particularly well suited to rationaliz&factors in 1, ...N. This model shares a common feature with the approach
X-ray diffraction studies. The NMA approach, which is based of Haliloglu and Bahd¥in that the geometric constraints of the
on a harmonic motional approximation, allows one to calculate motions are determined by the structure. This may represent a
atomic mean-square displacements (AMSDs) of all atoms in a limitation of both models. However, despite its simplicity, the
protein. Internal motions can be studied experimentally by NCR approach can predict generalized order paramgteend
measuring longitudinal and transverse relaxation rateShof effective internal correlation timesge for each residue that
nuclei by nuclear magnetic resonance (NMR). Using a model- agree remarkably well with parameters extracted from experi-
free approach? one can extract a generalized order parameter mental relaxation rates.

Si? and an effective internal correlation tinag for all vectors Several questions regarding this model remain to be inves-
u(NiHiN) and, by extension, for all amide planes- 1 ... N in tigated. In particular, the way the parameters that define the
a protein withN residues. pairwise potentials influence the dynamic predictions should

Rationalizing local variations of order paramet§yin terms be clarified. Does the NCR model also allow one to take into

of a limited set of dynamic parameters is of both fundamental accountintermolecular interactions, such as those between a
and practical relevance. Recently, we have introduced a simpleprotein and various charged or neutral ligands, substrates, or
analytical model for predicting NMR order parameters, based cofactors? How do NCR predictions of internal correlation times
on the dynamics of a network of coupled rotators (NERJhis compare with those extracted from NMR relaxation rates by
model is particularly well suited for the study of NMR relaxation model-free analysis? Moreover, how does the NCR model
rates, which are sensitive to the fluctuations of dhientations compare with NMA? It may not be possible to give definite
of vectors and tensors that describe magnetic dipdipole or answers to such broad questions. It is instructive, however, to
anisotropic chemical shift interactions, rather than to the address these questions in the context of a particular example,
in order to identify trends that may be of general value. In this

8 ﬂzi}i’trt'jol\‘/’l".'ﬁj;\gaAnaeSrfoé‘fvs“t"érf'E”;_f\eﬂ%l?g?glll%%!il%‘]‘; a3 paper, we focus on the calcium-binding protein calbindin.
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model will be compared with experimental observations of NMR  Since proteins are densely packed molecules, the motions of
relaxation rates!9 and with experimental and calculaté most of the vectorsi; are restricted, and their amplitudes are
factors!! Finally, we introduce a new strategy for predicting necessarily limited. In this context, we have shown that the
local effective internal correlation times. This approach will be following form of the pairwise potentials gives a satisfactory
illustrated by applications to calbindin and compared with the description:

usual model-free approach. 1

The Model Uy = _(Q)KokTPiPi[“ix’ Uy U Uy] HU, Uy, U Uy

In the NCR approach, each member of an ensemble of )
internuclear vectorsy; is assumed to undergo a diffusional where the coefficients of the matrid relate the equilibrium
“wobbling” motion in a potential. This potential results from a  polar angles o, ¢io) and @0, $jo) of the vectors;Cand ;)
superposition of termbJ;, each of which reflects the coupling  while the components,; and uyi of u; are given in a local
between a pair of vectors; and u;. Thus the anglef(t) molecule-fixed Cartesian franf® = (a;, b;, ¢;), such that; =
subtended by these two vectors fluctuates about an equilibriumm;J Similar relationships hold fou;. Explicit expressions for
valuefy;, which is defined by the (average) equilibrium struc- the coefficients of the matrikl are given in earlier work.

ture of the protein. For small fluctuations, for whigfhy — 6oj| Ming and Brischweilet* recently introduced pairwise po-
< z/2, one may postulate: tentials that tend to restore the angles between pairs of NH
vectors to their equilibrium values. Neighboring atoms contribute
U = —pipjoKTP,(cos@; — 0;)) (1) as in their earlier contact mod® Despite different functional
forms of the potentials, the model of Ming and "Bohweiler
wherek is the Boltzmann constant, the temperaturego, an and ours bear some similarities, with structure-based potentials

adjustable parameter that is common to all pairs of vectors, andwhere atomic packing plays a key role. However, the approach
Po(X) = (3x2 — 1)/2, the second-rank Legendre polynomial. presented by Ming and Bsehweiler does not provide a means
The potentialU; reaches a minimum fof; = 6g; and thus of calculating effective correlation times, since it does not
tends to restore the instantaneous afg(g between the vectors  incorporate any equations of motion. However, the time
ui and u;j to its equilibrium valuefoj. Moreover, each pair  evolution can be retrieved through molecular dynamics using
potentialU; is proportional to the produgk pj, wherep; andp; the Reorientational Eigenmode Dynamics (RED) of Prompers
are thelocal densitiesn the vicinity of the “reference atoms”  and Brischweiler!®

(see below) of the coupled vectors. Indeed, the local packing In the NCR model, the vectors are diffusing or “wobbling”
in the neighborhood of the coupled vectors is known to influence in the potential and are driven by stochastic Langevin forces.
their dynamic$:1213We define the overall potentid) as the Averages that are required for the calculation of NMR relaxation

superposition of all pairwise potentiell: rates, such as correlation functions and generalized order
parameters, can be determined by solving the rotational Lan-
U=3x_y, (2) gevin equation&® Thus the autocorrelation functia®y;(t) that

describes the fluctuations of a vectaris
The dynamics of each vector in the molecule thus depends 1
on all N coupled vectorsyj, with j = 1,...,N, j = i. Although Gii(t) = TsP,(uy(t) - u(0))U 4)
there is no explicit distance dependence in the interacting
potential, it is introduced implicitly by retaining only interactions
involving atoms separated by less than a cutoff distdRgex.
This point will be further examined below. The choice of the
vectors that together constitute the NCR network, and therefore
contribute to the potential, depends to some extent on the
purpose of the study. When internal protein motions are probed
by N relaxation, the vectorsi(N;H;N) must obviously be

!ncluded n the. Fe‘WO”‘- In many cases, it is adV|§abIe 0 Wwhere CO(t) and C;j'(t) are the correlation functions for the
incorporate additional types of vectors that are associated with . .
global and internal motions. For a vectar the latter can be

backbone or side-chain atoms. For example, the set of “backbonewritten_17
vectors” may include the vector type¢C'iO;), u(Ci*H;%), and '

u(C'iCi%), and the “side-chain vectors” may compris&;*Ci) 2 .

andu(Ci®T;), where T represents a heavy atom at the end of a Ci(t) = 2 & (22(0)) D(L;(H)0 (6)
side chain. As detailed below, several combinations, including m==2

up to three vector types, were used in this work. If one changes ynere the Euler angle® = (6, ¢) describe the fluctuating
the number of vector types used in the model, a recalibration jentation of the vectou; with respect to a reference frame
of the parametex, is necessary. rigidly attached to the molecule. Making the assumption of small
amplitude motions for the vectors, the order parametes;?

Here,Py(X) = 1/5(3x% — 1) is again the second-rank Legendre
polynomial. For molecules undergoing isotropic global rotational
diffusion, where global and internal motions can be considered
to be statistically independeft,each local correlation function
Ci(t) can be factorized

Ci(H) = C(t) C;'(t) )

(9) Akke, M.; Skelton, N. J.; Kalel, J.; Palmer, A. G., Ill; Chazin, W. J.
Biochemistry1993 32, 9832.

(10) Kordel, J.; Skelton, N. J.; Akke, M.; Palmer, A. G. I.; Chazin, W. J.  (14) Ming, D.; Bruschweiler, RBiophys. J.2006 90, 3382.
Biochemistry1992 31, 4856. (15) Prompers, J. J.; Bruschweiler, R.Am. Chem. So2001, 123 7305.

(11) Svensson, L. A.; Thulin, E.; Forsen, .Mol. Biol. 1992 223 601. (16) Coffey, W. T.; Kalmykov, Y. P.; Waldron, J. Tthe Langein Equation

(12) Halle, B.Proc. Natl. Acad. Sci. U.S.£002 99, 1275. World Scientific: Singapore, 1996.

(13) Zhang, F.; Bruschweiler, R. Am. Chem. So2002 124, 12654. (17) Daragan, V. A.; Mayo, K. HProgr. NMR Spectroscl997, 32, 63.
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can be expressed in the local fraiReas:18

99+ m

7 ()

S = lim Ci(t) ~ 1 — 3[W
With the above approximations, it is possible to derive a set of
ordinary differential equations for the averages involved in eq
7. Thus the network of coupled rotators allows one to predict
both the local order paramete®g® and the internal autocorre-
lation functionsC;/'(t), both of which can be compared with
those determined from NMR relaxation experiments.

Finding a simple approximation t&;'(t) represents an
important issue in NMR relaxation studies. A common approach
is to use a monoexponentially decaying function with a time
constantrie, Which is known as the effective correlation time
of the local motion. The quantityie can be defined as the
integral of theC;!(t) that decays to zerb:

« Ci'() — §°
Tie:,/:) 1——Szdt

This is consistent with the usual definition. Therefore, the
correlation functionC;'(t) is simply

chih=s°+@1-S9 9)

An alternative definition of the effective correlation titiés
based on the initial slope of the correlation functioi(t):

Siz B Clii(o)
d .
at Ci(l=o

8

*'[/Tie

e

Tie

(10)

Since this definition emphasizes the behavior of the correlation
function at the origin, it may be better suited to describe faster
internal dynamics. Of course, in the case of an exact monoex-
ponential correlation function as given by eq 9, both definitions
are identical. The ability of the NCR model to predict effective
correlation times found by experiment will be discussed below,
along with a comparison between the two alternative definitions
of the correlation times.

The Networks

Construction of NCRs for apo- and holo-Calbindin. The
present work is primarily concerned with the prediction of order

Figure 1. (a) The family of 33 structures adpo-calbindin (PDB entry
1CLB) obtained by NMR (gray) is superimposed with the X-ray structure
(red) of holo-calbindin (PDB entry 4ICB). Regions where the structure is
not well-defined correspond to the €abinding sites (indicated by blue
arrows) and to the linker between the two EF-hands (in the lower-right
region of the figure). (b) The X-ray structure lablo-calbindin (PDB entry
4I1CB) shows the two Cd ions (blue) connected to their binding oxygen
atoms (red balls) by vectors included in the network of coupled rotators
(blue arrows).

u(CaQ) vectors were introduced for each binding site, as shown
in Figure 1b. For thei(CaQ) vectors, the local distances were
determined for spheres centered on the oxygen atoms O

Calbindin Structures Used for the Calculations. The
structures ofapo-calbindint® (entry 1CLB in the PDB, 33
structures) antholo-calbindirt®21 (entry 1B1G in the PDB, 10
structures), which have been determined by NMR, were used
for the NCR calculations. The X-ray structurehaflo-calbindiri!

parameters and effective correlation times that can be ob'[ained(entry 4ICB in the PDB) could also serve as a basis for NCR

from experimental®N relaxation rates, which are determined
by the fluctuations ofu(NjH;N) vectors. This requires the
inclusion of allu(N;H;V) vectors in the NCR, i.e., one for each
residue, except for prolines, wheu¢N;H;N) must be replaced
by u(N;Ci%). Other types of vectors, such agC'O;) and
u(Ci*Hi*) (two such vectors for glycines), can be further
incorporated into the network. In order to study the changes in
internal dynamics of calbindin induced by €abinding, we
also introducedu(CaQ) vectors parallel to the CaO bonds
that are formed when the metal ions bind to the protein. Indee
calbindin possesses two €abinding sites with a characteristic
EF-hand motif. Inholo-calbindin, both C&" ions are bound to
oxygen atoms belonging to various backbone carborylOC
groups and to carboxylic groups of side chdihghus, six

d,

(18) Daragan, V. A.; Mayo, K. HJ. Phys. Chem. B999 103 6829.

5000 J. AM. CHEM. SOC. = VOL. 129, NO. 16, 2007

calculations: indeed, the hydrogen atoms were positioned using
the Hbuild routine of the CHARMM prograf?, with the
equilibrium geometric parameters of CHARMMZ22, thus allow-
ing to define theu(N;H;N) vectors required for the NCR
calculations.

Unfortunately, the X-ray structure @po-calbindin has not
been determined to the best of our knowledge. It was neverthe-
less interesting to predict the dynamics of calbindin from a
“fictitious” apo X-ray structure, which was obtained simply by
removing the C# ions from theholo X-ray structure. Of course,
this implies that some structural changes that might occur upon

(19) Skelton, N. J.; Kordel, J.; Chazin, W.J.Mol. Biol. 1995 249, 441.
(20) Kordel, J.; Skelton, N. J.; Akke, M.; Chazin, W. d. Mol. Biol. 1993
231, 711734.
(21) Kordel, J.; Pearlman, D. A.; Chazin, W.JJ.Biomol. NMR1997, 10, 231.
(22) Brooks, B.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comp. Chem1983 4, 187.
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Figure 2. Comparison of order paramet&gg®Predpredicted by our NCR approach (color code) wiR©®®) (black dashed lines) derived frottN relaxation
studies ofapo-calbindin. (a) Effect of the scaling factap: for small values ofc, there is no correlation between experimental and theoretical profiles,
whereas for large values ©§ all predicted order parameters tend to cluster to 1. (b) Comparison of predictions for a constant locapdertbifyredictions
obtained using thAe densities calculated from the NMR structure of the protein. (c) Effect of the cutoff dRyfZ#eeth R.™" = 0 A. (d) Variation ofR.Mn

with Rim* = 7.5 A,

80

C&" release would be overlooked. However, the comparison cantly, althoughs;2Pred values steadily increase wiiy. This

in Figure 1 of the 33 NMR-derived structuresayo-calbindin parameter thus acts as a scaling factor for the predicted order
with the unique X-ray structure diolo-calbindin shows that  parameters.

they are all quite similar, and their dispersion may reflect the  Taking the local density into account improves the agreement
heterogeneity of the native sté€Therefore, performing NCR  petween s2(Predand $2©9) as shown in Figure 2b. This should
calculations for th@pocase using the fictitious X-ray structure  pe related to the well-known influence of “packing” in proteins,
appears justified. Thus, the NCRapo-calbindin was obtained  \hich has been recognized as a critical factor of atomic

from its holo counterpart simply by removing ali(CaQ) mobility.1213However, the profiles in Figure 2b also show that
vectors. o N even if variations in local densities are ignored when defining
Effect of Model Parameters on Predictions: Critical the pairwise potentials, the predicted order parameters bear some

Parameters. The parameteko of eq 1 defines the weight of  similarity with experimental values. This points to an additional
the coupling potential relative to the diffusion term in the fyndamental geometric factor that is at the heart of the NCR
Langevin equation$! On the one hand, ito were too small,  model, namely the importance of the relative equilibrium
diffusion would be dominant and the bond vectors would diffuse qrjentations of the vectorslilin the network, which are

almost freely. However, in such a case, the assumption of smallempodied in the pairwise potentials through the coefficients in
amplitude motions is violated and the NCR model should not g4 3 The definition of the network influences the quality of
be used. This explains the curves in Figure 2a obtained for smally, predictions of bot!§;2 andtie. In this respect, two factors

values ofico = 0.01 and 0.1 which prese§**dprofiles that 46 o particular importance: the type of vectors included in
are hardly correlated with the experimerg#©®) On the other o NCR and the spatial extent of the coupling within the

hand, for a large value ofo = 10 in Figure 2a, the coupling  peyork. As explained aboveyNiHN) vectors were included
pott_entlal QC_)m|nates the diffusion processdby far: th_e network in the NCR since they provide a direct link witbN relaxation,
|s| h|gh|y£|g_|roil1, and the %rdler paramet&g®re f)_‘le\rehcor.lsstint]y i which depends on the fluctuations ofN;H;N) vectors. Fur-
c Oie ol ey nelvert el €ss prgsert apro II et al':()|s still similar thermore, various combinations of up to three of the five types
tﬁt eheTgerlm_enia_onFe_. ntereé'stmghy, fcl_arva uesz:’;I ovekson;e of vectorsu(NiHN), U(C'0y), u(GPH®), u(C’ G, andu(CeT))
E:orrerzIz;ionk(z:c;aﬁicigntslgtl)J(;?we:Z{ trgdilcrlzzr air:j erj ne;i(:rze?\;al were tested to build the networks. For calculations

d ter<s 26red) and _z(egp) d i P i calbindin, the networks were supplementedu(¢aQ) vectors.
order parameterss; and Si 0 nhot vary signt Interestingly, the §Ped) order parameters were improved by

(23) Best, R. B.; Lindorff-Larsen, K.; DePristo, M. A.; Vendruscolo, Rtoc. afjdmg a Second_ vector type, but fad_dmg a third type of vector
Natl. Acad. Sci. U.S.A2006 103 10901. did not seem to improve the predictions further.
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Table 1. Linear and Spearman Rank-Order Correlation 1 —
Coefficients p; and ps Resulting from a Comparison of
NCR-Predicted Order Parameters Si7®ed) with S;2®®) Derived -
from 15N Relaxation Studies of apo- and holo-Calbindin?

=
)
|

NCR predictions based
on NMR or X-ray structures oI s

apo(NMR) 0.74+ 0.08 0.78+ 0.03
apo (“fictitious” X-ray) 0.59 0.78
holo (NMR) 0.71+ 0.1 0.49+ 0.03
holo (X-ray) 0.81 0.52

=
=3
I

=
=
I

a|n the former case, the NCR network includg€'i0;) and u(NjH;N)
vectors only; in the latter, it also comprise€CaQ) vectors.

s’ (experimental)

=
[X]
|

In order tq obtain an NCR that best repropluces_ the dynamics o holo-calbindin
of the protein, and to speed up computations, it is useful to - o apo-calbindin |
assume that couplings between vectors can be neglected beyond PN T TR
a cutoff distanceR/™ This represents a crude distance 0 0.2 2"’4 0.6 0.8 !
dependence in our definition of the potential, expressing the S™ (predicted)
intuitive V'eYV that the farther the atoms’ the weaker the coupling. Figure 3. Correlation between predicted and experimental order parameters
In order to implement this assumption, treference atomsf in apo-calbindin (red) ancholo-calbindin (black). Horizontal error bars
the vectorsi; were defined by convention as the backbone atoms correspond to the standard deviation of the order parameters calculated for
N; and G for u(NiH;N), u(Ci®H®), andu(Ci®T;), as the carbonyl M = 33 (@p9 andM = 10 (holo) NMR structures.
atoms G for u(C'iO;) and as the oxygen;@toms foru(CaQ).

For a distancer; between reference atoms belonging to two by either i S lai Hicic .
vectorsu; and u; such thatR; > R the coupling was y either linear or Spearman correlation coefficiefits, quite

neglected. The densitigswere calculated for spheres centered remarkable (see Table 1). Unless thervwse stated, the same_set
on these reference atoms by counting the total number of of parameters gn.d.vector types will be used throughout this
neighbors within a sphere of radi®™_Calculations were work. However, it is important to note that the parametBg8

performed for cutoff distances ranging froRa™ = 1.5 A ko) were determined specifically for calbindin. We do not claim
typical of a chemical bond length, B = 10.5 A. Thé to have determined a universal set of parameters that would be

valid for arbitrary proteins, although we believe to have
identified some important trends and features of the NCR model,
)}Jased on our calbindin study.

predicted and experiment&? values in calbindin, measured

correlations between predicted and experime&al and zie
values steadily improve witR-ma% increasing up to about 7 A
and then slightly decrease. This suggests that, for excessivel
Iarge_ _cutoff distances, too many \_/ectors are included in the Predictions for
definition of the network, resulting in a potential that tends to

be almost isotropic and leading to an excessive uniformity of  Order Parameters. Order parameters predicted by the NCR
the vector dynamics across the entire protein. Interestingly, the approach based on the NMR structure of calbindin inape
low S;2 values that are characteristic of flexible regions of form!® were compared with NMR-derived order paramefers.

apo-Calbindin

calbindin could be predicted with thresholds as smalRés> Results are shown in Figure 4a. From the set of=M33
= 4.5 A. The best correlations between predicted and experi- structures deposited in the protein data bank (PDB), an average
mentalS;2 and i were obtained in the range 5.5 A Rmax < order parameter and its associated standard deviation were

7.5 A, in agreement with previous studi@4A cutoff distance predicted for each residueThus, the dispersion of the predicted

R-max= 7.5 A allowed the characterization of many important order parameters originates only from the variations in the PDB

protein properties. structures. The agreement between predicted and experimental
Finally, the influence of atoms located in close vicinity of order parameters is attested by a strong correlation between the

the reference atoms was considered. To do so, the networktwo sets of values. The average valgél= (1/M)Zj=1m p¥,

vectors were selected and the densities were calculated using avherep() is the correlation coefficient between the experimental

window with both lower and upper cutoffs, so as to include and predicted quantities for th#h element in the ensemble of

only neighbors with a distance to the reference aRf < R j =1, 2,...,M structures, and the corresponding standard

< Rm& For simplicity, the upper limit was set &M= 7.5 deviation

A, while R-™" was varied from 0< R/™" < 7 A in steps of 1

A. Interestingly, theS;2 profiles are not greatly affected for ]

values of R.mn below 4 A. This is in agreement with an 0,= \/1/M Zw(p(]) — Db[jz

observation by Hall&# and supports the idea that the effect of =T

the close neighborhood of backbone atoms is rather uniform,

so that it does not contribute much to variations of the order Of the correlation coefficients were then computed overithe

parameter along the protein. In contrast, more distant atoms= 33 structures. A correlation plot of predicted versus experi-

reflect the heterogeneity of the protein structure, which seems mental order parameters is shown in Figure 3. Both the linear

to explain the specificity of the protein dynamics. correlation coefficientp 0= 0.74 £ 0.08 and the rank-order
With a single set of paramete@ "> = 7.5 A andko = 2.5)

and an NCR comprising aU(NiHiN) andu(C'i0) vectors, as (24) Bahar, I.; Jernigan, R. L1. Mol. Biol. 1997, 266, 195.

(25) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, WN@imerical
well as u(CaQ) for the holo case, the agreement between recipes Cambridge University Press, 1989.
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0.8 i N
0,6 _ h
) i
S i i
n B
04 - -
r -8 Sz (exp) 1 N
021 . 3 (pred) . 02— +— with Ca-O vectors | |
| (a) apo-ca]blndln M Sg " (NMR) | CLl_— n—nx;r_hout CafD vectors| |
o—e 5. 7Y (X-ray) [ ]
0 0 L | L | L | L
0 20 40 60 80
T T T T E T T T residue
P T Figure 5. The effect of the insertion ai(CaQ) vectors into the NCR on
L b) apo-calbindin " | 9
(b) ap ;M predicted order parameteggXPed)for holo-calbindin. Black open squares:
N Cie (NMR) | NCR defined byu(N;H;N) andu(C'iO;) vectors only. Red filled diamonds:
/\ a -:‘_:“" (NMR) NCR with incorporation oti(CaQ) vectors, which leads to a reduction of
L A | the motions near the binding sites.
5 . ) N o
Te : 7 Ming and Brischweiler using their reorientational contact-
L i weighted elastic network model (rCENNY.Comparable cor-
. relation coefficients were obtained. This may be ascribed to the
B N similarities of the two models, both of which depend on the
= M i number of neighbors (“contacts”) and are based on pairwise
= : = A potentials.
L =] L 1 . . . . . .
0 20 40 60 80 Effective Correlation Times. The determination of the time-

residue . . : . )
Figure 4. (a) Black open squares: experimentally determined order ScaIeS_Of mter_nal motions Is an |m_p0rtan'F aSpeCF _Of prot(_em
parametersS; 2 based onN relaxation rates. Red diamonds: order ~dynamics. In this respect, the calculation of site-specific effective
parameters; *®e¥ predicted by the NCR approach, averaged over calcula- correlation timeg;e is of much interest, as they can be readily

tions for all 33 NMR structures ofipo-calbindin. Error bars indicate the compared with values obtained from NMR relaxation measure-
standard deviations; the linear and Spearman correlation coefficients are h C del h in th Ki
(0= 0.74+ 0.08 andps= 0.78+ 0.03. Blue circles:S5;2Predpredicted ments. In the NCR model, each vectarin the network is

by the NCR method from the X-ray structure. (b) Effective correlation times assumed to undergo isotropic rotational diffusion in the potential
Tie (brown triangles) andtie (magenta triangles) calculated with the  defined by eq 3. Thus, the value of the diffusion coefficibnt

alternative approaches of eqs 8 and 10 from the set of 33 NMR structures. ) A . .
Values selected according to the heuristic strategy described in the text areOf each vector; appearing in the rotational Langevin equatfbns

connected by a solid red line. Experimentally determing® values can be thought of as an adjustable parameter of the model.
obtained from a model-free analysare represented by open black squares. However, for sake of simplicity, one may arbitrarily assign the
The correlation coefficients weye = 0.57 -+ 0.10 andps = 0.65+ 0.05.  same diffusion coefficierD to all rotators. ThusD simply acts

Calculations were made usingN;H;) andu(Ci'O;) vectors, withkg = 3 . . . .
andR™*= 7.5 A. When the relaxation rates required an extended model- 5 @ scaling factor for all time-scales of internal dynamics

free approach, the residues are marked with blue stars (see text for details)predicted by the model. This is obviously a very crude
approximation, but it has the advantage of keeping the number
Spearman coefficierps= 0.78+ 0.03 confirm the agreement  of adjustable parameters as small as possible.
between experimental and predicted values. The 7je profiles were predicted by NCR using the usual
The two EF-hand loops involved in €abinding, as well as definition eq 8 and compared with experimental effective
the linker between helices Il and Ill are regions that exhibit correlation times obtained from a model-free anal§Sighe
more variability within the PDB set. By restricting the calcula- results are shown in Figure 4b faapo-calbindin® The
tion of the correlation coefficients to these regions, we obtained correlation coefficients between predictions and experiment are
[p0= 0.65+ 0.1 andlps1= 0.68 + 0.06. These values are p = 0.57 + 0.10 andps = 0.65+ 0.05. The predictions of
somewhat lower than in the remainder of the protein, and have internal effective correlation times. and7,e computed by the
larger standard deviations. This is a consequence of localtwo alternative definitions of eqs 8 and 10 were then compared.
variations among the PDB structures, and illustrates the Interestingly, both give similar correlations with experimental
dependence of NCR predictions on the structure. values, but as expected, is always larger thaiie. This is not
Alternatively, order paramete&? were predicted from the  surprising, since the calculation af emphasizes contributions
fictitious X-ray structure opo-calbindin, as explained above. to correlation functions at longer times, reflecting slower
The network was built with the same vectors as in calculations motions. Besides, it is remarkable that there is no simple scaling
based on the family of 33 NMR structures. Computations between either of the calculated effective correlation times
yieldedp = 0.60 andos = 0.78, which fall within the standard ~ and 7, on the one hand, and the experimentgP*®), on the
deviations of the correlation coefficients obtained for the NMR other. Adjusting the shorter to experimental results leads to
structures, suggesting that the fictitious X-ray structure (i.e., with underestimatingie in loop regions, where;®* is longer.
the C&" ions removed) is just as suitable as the NMR structures Alternatively, fitting zie to the latter yields an unreasonable offset
to make dynamic predictions f@apo-calbindin (see Table 1).  of the ensemble of smallar.. These observations suggested
Order parameters were also predicted dpo-calbindin by that 7 andzie may be good approximations for fast and slow
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Figure 6. (a) Comparison of order parametegg®red predicted by our
NCR approach (red and blue symbols) fmio-calbindin withS;2(xP) (open
squares) derived frodPN relaxation studies. The correlation coefficients
werep, = 0.714 0.13 andos = 0.48+ 0.03. (b) Experimental and predicted
effective correlation timesrie and 7je calculated with the alternative
approaches of eq 8 (open circles) and eq 10 (open squares) with correlatio
coefficientsp; ~ 0.74,ps ~ 0.57. The network was composeduffN;iH;V),
u(C'i0) andu(CaQ) vectors, withcp = 3 andR.™2 = 7.5 A. The symbols
have the same meaning as those in Figure 4.
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Table 2. Effect on NCR Predictions of the Incorporation of
u(Ca0)) Vectors for holo-Calbindin?

without u(Ca0)

with u(Ca0)

NCR predictions I Ps I Ps

Gi2(Predys §2@®) 0,614+ 0.14 0.51+0.03 0.71+0.13 0.48+0.03
TiePeDys 7;2®P)  0.63+0.13 0.48+0.08 0.68+0.12 0.55+ 0.06

alLinear and Spearman rank-order correlation coefficigntand ps
resulting from a comparison between predicted and experimental order
parametersS;2(Pred) and S;2x) and between predicted and experimental
effective correlation timesP"® andr;(*). Calculations are based on the
family of 10 NMR structures.

internal motions, respectively. Thus, the predictedalues were
separated into two categories, correspondinghtartandlong
effective correlation times, respectively. In practice, values o

Table 3. Comparison between NCR-Predicted Effective
Correlation Times 7/ and 7/ [see Eqs 8 and 10] in apo- and
holo-Calbindin, Based on Their NMR Structures

Tie(€q 8) %ie (69 10)

P Ps P Ps

0.5A40.10 0.65+0.05 0.61+0.09 0.61+0.04
0.68+0.12 0.55+-0.06 0.69+0.12 0.45£0.05

apo-cabindin
holo-calbindin

has the functional form given by eq 9. However, for some
residues (marked by stars in Figure 4b), an extended model-
free (EMF) approactf was required. In this case, internal
dynamics occur on both fast and slow timescateand s,
associated with distinct order paramet&fsandS2. If 7 < 7,
the internal correlation function is monoexponential
CH=S+("-He™ (12)
and it is possible to extraat, S, andS. In the case ofpo
calbindin, residues which required an analysis of relaxation data
by this EMF approach are located in the linker and in the loop
Il EF-hand, i.e., in regions with slower internal mobilty.
Interestingly, the NCR model was able to approximately
reproduce the profiles of the effective correlation times extracted
from experimental data, even for residues where the EMF level
of analysis was required (see Figure 4b). This suggests that
effective correlation times based on a single NCR model may

cover both situations, without additional adjustable parameters.
Predictions for  holo -Calbindin

Order Parameters. The same strategy was implemented in

"the case oholo-calbindin to investigate the effects of €a

binding on the predictions of the internal dynamics of the
protein. Binding to C& ions strongly alters the dynamics of
the loop Il region of calbindif. Indeed, order parameters
Si2exp) obtained from NMR relaxation measurements show a
significant reduction of backbone motions in t&E-hand loop
regions upon Ca binding. In an attempt to predict these effects,
the NCR composed ofi(NiH;N) and u(C'iQ;) vectors was
supplemented witin(CaQ) vectors corresponding to the €@
bonds formed in the complex. As a test of the efficiency of this
strategy, order paramete®? were predicted for NCRs with
and withoutu(CaQ) vectors, based on the NMR structure of
holo-calbindin. The results are depicted in Figure 5: as expected,
the insertion of theu(CaQ) vectors into the network affects
the predicted dynamics of the protein in the neighborhood of
the C&" ions. Binding to C&" ions clearly induces a higher
rigidity, as attested by an increase of the order paramg&psd)

¢ In both calcium-binding loops. Thus, addingCaQ) vectors

Tie that were closer than a standard deviation to the averagel© the network significantly improves the agreement between

Fie= (1/N) Zi=1n Tie OVer theN residues were categorized as

predicted and experimentally derived order parame$gie<r)

short, and the predicted effective correlation times were set to IN holo-calbindin. The linear correlation coefficient between
#.. For the remaining residues, the predicted effective correlation Predicted and experimental order parameters increasesgrom

times werert,. With this heuristic definition of effective =~ = 0-61%+ 0.14 top = 0.71+ 0.13 upon supplementing the
correlation times, one finds a simple proportionality between NCR with u(CaQ) vectors (see Table 2).

experimental and predicted values (see Figure 4b), covering the | n€ effects of including tha(CaQ) vectors are summarized
full range of all7ic®® values. in Figure 6a, where predicted and experimental order parameters

Interestingly, the experimental effective correlation times Si’ are compared for all residues (see also the correlation plot
obtained by Akke et #.were extracted from relaxation data " Figure 3). Comparison between experimental data and
using a simple model-free approach for most residues. In this
case, the internal correlation function of théN;H;\) vectors

(26) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C.; Gronenborn,
A. M. J. Am. Chem. S0d.99Q 112, 4989.
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Figure 7. (A) Solid line: B(N;)-factors of the amide N atoms obtained from a Normal Mode Analysis (NMA) based on the Elastic Network Model (ENM)
of a “fictitious” structure ofapo-calbindin obtained by removing the €&dons from the X-ray structure dfolo-calbindin. Order parameters 1 S;2(Pred{N;HN,)]
predicted by the NCR model, using two vector typg£€'i0;) and u(N;HiN) and the same structures apo- and holo-calbindin (dashed and dotted lines,
respectively). (B) Dashed line: experimenB{C%)-factors of the @ atoms inholo-calbindin. Dotted lines:B(C*)-factors of the € atoms obtained from

an NMA analysis based on the X-ray structure. Solid line: order parameters3#Pred{C%H%)] predicted by NCR foholo-calbindin using three vector
typesu(C'i0), u(NiHN), andu(Ci*H;%) with ko = 2 andRma& = 7.5 A

predictions based on the NMR structurehofo-calbindin yields observation suggests that there is some scope for further
p = 0.71+ 0.13 andos = 0.484+ 0.03 for the linear and rank-  improvement of the model. For example, the predictions might
order Spearman coefficients. These coefficients take the valuesbe improved by taking into account the effect of water molecules
o = 0.81 andps = 0.52 when the predictions are based on the in exposed areas.

X-ray structure of calbindin. It is worth noting that the linear Effective Local Correlation Times. The effective correlation
correlation coefficient does not vary much €& 0.7) between times were predicted fdrolo-calbindin with the two alternative
the apo- and holo-forms, whereas the rank-order correlation definitions of eqs 8 and 10, like those fapo-calbindin. The
coefficient ps is markedly lower inholo-calbindin. The large correlation coefficients between predicted and experimeHtal
difference ofps can be understood by noting that t§&®red in Tie are pp = 0.68 + 0.12 andps = 0.55 £ 0.06. In addition,

the loop Il region is not completely uniform in thelo case comparable correlations between predictgdind i) were

but still shows a (significantly attenuated) dip, which does not obtained: py = 0.69+ 0.12 andps = 0.45+ 0.05 (see Table
appear in the experimental profiles (see Figures 4a and 6a). The3). This confirms that effective correlation times calculated by
rank-order correlation coefficient therefore decreases. However,either definition have very similar profiles. The heuristic
the linear correlation remains strong, owing to the fact that selection strategy introduced above was used to obtain a
predicted values remain close to the experimental ones. Thiscompromise set of predictets"e') values. The results are
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Table 4. Linear Correlation Coefficients between B(C/®)- and
B(N)-Factors and NCR-Predicted Order Parameters S;2(Pred) for
Various Internuclear Vectors in holo- and apo-Calbindin, Based on
Their NMR Structures

holo-calbindin apo-calbindin
S(CHY)  S(C'0)  SHNH)  S(CeH®)  SXC'O)  SANH)
B(Ci*)-factors —0.85 —-0.81 —-0.80 -0.88 -0.87 -0.84
B(N;)-factors -0.83 -0.83

collected in Figure 6b and clearly show the improvement of
the predicted effective correlation timegMeu) over either of
the methods of eq 8 or 10. Interestingly, as notedapo

see Table 4). This can be related to the fact that although the
Elastic Network Model (ENM) and NCR models are very
different, they both rely on harmonic potentials, with an energy
minimum for the equilibrium structure of the protein. Obviously,
there is no formal relationship betwedhfactors and order
parameterss;2 predicted by our NCR approach, since vector
orientations are not directly related to atomic displacements. It
is however possible to derive order parametg&%from the
ENM approach, although at the expense of more or less
unwarranted geometrical assumptigig.

In Figure 7b, the NCR-predicted order parameters—1
S;2(eredY Co4H%)] are compared with those of NMA-predicted

calbindin, the NCR model is able to reproduce correlation times @1d experimentét B(Ci%)-factors inholo-calbindin. This graph

even for residues that require an extended model-free analysi

of the experimental relaxation measurements.
Comparison with  B-Factors

One way of assessing internal protein mobility consists in
determining atomic mean square deviations (AMSDs), denote
[AR?Owhere AR = R — [RUis the displacement vector of a
given atom, which can be obtained experimentally from X-ray
diffraction. TheB-factor is proportional taAR2[]

B = (87%3)AR’0 (11)

Our NCR approach provides an alternative description of

Llearly illustrates that, despite local discrepancies, both NMA-

and NCR-based predictions yield analogous dynamical pictures
of the protein, as indicated by very similar profiles. The
agreement between predicted and experimdsaltors is not
satisfactory in the linker region, where the experimental

¢ B-factors may reflect static disorder (crystal defects), rather than

dynamical effects. It is nevertheless clear from Figure 7b that
the correlations of experimentBifactors in both C&™-binding
loop regions (residues 24 and 54-62) are more satisfactory
with the NCR-predicted order parameters{15;2 (Pred{Ci*H;%)]

than with the NMA-predictedB-factors. This can easily be
understood by noting that the two binding <d@ons are not
explicitly considered in the Elastic Network ModéIin contrast,
Ca—0 bonds formed upon €a binding are explicitly intro-

internal protein dynamics that is adapted to NMR studies, where qyced as vectors in our NCR approach, which therefore takes
relaxation rates are related to molecular motions through c+ pinding into account in a natural and straightforward

fluctuations of dipolar and chemical shift anisotropy interactions,
rather than to atomic displacements from equilibrium positions.
The B-factors of ¢ and amide N atoms were obtained from a
normal-mode analysis (NMAsing the Elastic Network Model
(ENM) based on a simple Hookean potential.Calculations
were made using the Ele Web interfac@® The B-factors
obtained by NMA computations for amide N atoms in the X-ray
structure ofholo-calbindin are depicted in Figure 7a, together
with values (1— S;2€*) determined by*N relaxation. In order

to compare NCR-predicted [t S;2(Pred{Ci*H;%)] with B-factors

of Ci* atoms, which are commonly reported in protein studies,
we incorporatedi(Ci*H;%) vectors into our network, in addition
to u(N;H;N) andu(C'iO;) vectors. The values of the parameters
in the potential of eq 1 were modified accordinghky & 2,
RMax= 7.5 A). Correlation coefficients betwed@hfactors for

Ci atoms and order parameters-{15;2(red{CieH;%)] are given

in Table 4 for bothapo- andholo-calbindin. These calculations
show strong correlations between the mobility of backbone
atoms andi(C'iO)), u(Ci*H;%), andu(N;H;") vectors p, > 0.80,

(27) Tama, F.; Sanejouand, Y. Rroteins: Struct., Funct., Gene200Q 41, 1.
(28) Suhre, K.; Sanejouand, Y. Mlucleic Acids Res2004 32, 610.
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manner.
Conclusions

In this paper, we have presented a detailed analysis of the
internal dynamics of both th@po and holo-forms of the
calcium-binding protein calbindin, using the networks of coupled
rotators (NCRs) introduced recently. It was demonstrated that
incorporation into the NCR model of(CaQ) vectors represent-
ing the weak interactions between?Caons and oxygen atoms
in the binding pockets allowed us to predict variations of order
parameters and effective internal correlation times along the
backbone. The application of the NCR model to #pe'holo-
calbindin system illustrates the versatility of our approach and
suggests that it is applicable to a wide range of systems.
Moreover, a new heuristic strategy for the prediction of internal
correlation times was introduced, improving the agreement with
experiment. Further developments of the methodology, which
include the prediction of side-chain dynamics, are under way.

JA067429W

(29) Sunada, S.; Go, N.; Koehl, P. Chem. Phys1996 104, 4768.





